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FOREWORD

This report was prepared by Aluminum Company
of America under contract NAS8-20396 entitled
"Study of Crack-Initiation Phenomena Assoclated
with Stress Corrosion of Aluminum Alloys" for
the George C. Marshall Space Flight Center of
the National Aeronautics and Space Administration.
The work was administered under the technical
direction of the Astronautics Laboratory,
Materials Division of the George C. Marshall
Space Flight Center with Me., J, G. Williamson
acting as contracting officer's representative.

A number of Alcoa Research Laboratories
personnel made significant contributions to
this work. Mr. D. L. MecLaughlin conducted some
of the light microscope investigations.
Mr, J. J. Ptasienski conducted the remainder
of the light microscope examinations, the
electron ftransmission examinations of corroded
thin films and some of the electrochemical
measurements. Mr. R. W. King also assisted
with the electrochemical measurements.
Mr. D. L. Robinson conftributed fthe thin-foil
transmission micrographs showing alloy structure
and the electron mlcroscope phase identification.
Mr. D. 0. Sprowls and Mr. J. D. Walsh supervised
and conducted the environmental screening tests.
Mr., H. Gilcher assembled and operated the equip-
ment used in acoustic emission studies.

This report has been reviewed and approved by
Mr. H. Y. Hunsicker, Chief of Physical Metallurgy
Division, Alcoa Research Laboratories. The section
on Effect of Environment has also been reviewed and
approved by br, J. L. Brandt, Chief of Chemical
Metallurgy Division, Alcoa Research Laboratories.
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ABSTRACT

An investigation has been made of stress-corrosion crack
initiation phenomena in thick plate of 2219, 7075, X7375, 7079
and 7039 alloys with emphasis on the short-transverse direction.
Techniques used included light and electron microscopy, electron
fractography, x-ray and electron diffraction, the electron micro-
probe and acoustic emission monitoring. A number of effects were
evaluated including those of structure and structural evolution,
grain orientation, stress level and direction, surface roughness
and pre-corrosion, surface film, and environment.

The prime requisites for initiation of cracking were a
combination of a particular environment s grain boundary region
susceptible to selective attack in that environment and the
presence of tensile stress. Cracking was promoted by the
presence of long, continuous crack-susceptible paths oriented
perpendicular to the stress direction, by high stress levels and
by large differences in orientation between the grains adjoining
the cratk-susceptible boundary regions. Dislocations, dispersoids,
zone-type precipitates and microconstituent particles had no
intrinsic effect on crack initiation. Boundary precipitate
particles did not affect initiation, although in 2219, 7075 and
7079 alloys, thelr formation generated the crack-susceptible paths
adjacent to boundaries.

Stress level affected only the rates of initiation and
propagation. Stressing direction was very important because of
the rapid crack propagation when boundaries were largely perpen-
dicular to the stress. With 2219-T37 and 7075-T6, both longitudinal
and short-transverse stresses initiated cracks rapidly in
appropriate environments, but cracks propagated rapidly only with
short-transverse stress. Secratches and mechanical or corrosion
pits had no affect on crack inifiation, and mechanical surface
abrasion had only a temporary effect on crack development. The
effects of intergranular pre-corrosion could not be judged
accurately because corrosiocn crevices widened by stress had the
appearance of stress-corrosion cracks. \Surface films delayed but
did not prevent crack initiation. Environment, along with
localized composition and structure at boundarles, determined
whether cracking would cccur and controlled the. rates of initiation
and propagation.

Acoustic emission monitoring disclosed that esnergy bursts are
generated by sudden mechaniecal crack propagation but not by crack
initiation or propagation by stress-corrocsion.

In the course of the work, new methods for electron fracto-
graphic examination were developed. Also, a means was devised
for simulating metallurgical conditions within grains and in
depleted boundary regions so that electrochemical relationships
can be measured.



INTRODUCTION

The stress-corrosion cracking of high-strength
aluminum alloys imposes limitations in the design and use of
certain alloys and tempers in components and structures that must
be subjected to stress under corrosive conditions. Much effort
has been expended in analyzing the stress-corrosion procegs, and
a number of very lngeneous and well-documented mechanisms have
been proposed to explain this phenomenon. These proposed
mechanisms have been so many and varied, however, that one can
only conclude that it is highly unlikely that all can be
operative at the same time and, therefore, that each may apply
only with certain rather specific combinations of material,
stress and environment.

In analyzing the stress-corrosion mechanism in high
strength aluminum alloys, the majority of past work has been
devoted to the testing of various alloys in various en&ironments,
and to the determination of failure times and threshold stresses.
Under this contract, however, a different approach has been taken
by focusing attention on the initiation of stress-corrosion
cracks. Crack initiation is perhaps the most important stage
in stress-corrosion cracking because if failure is to occur, a
crack must first initiate, and if a crack does initiate, failure
almost certainly will result if conditions conducive to cracking

are maintained.



SCOPE OF INVESTIGATION

The broad objective of this investigation has been
to develop a better understanding of the mechanisms of stress
corrosion of commercial high-strength aluminum alloys by a
comprehensive analysis of factors which might affect crack
initiation. Major emphasis was placed on the influence of
metallurgical structure on crack initiation, including thorough
analyses of microstructures, determination of where and how cracks
initiate on a microscopic scale, observation of the development of
microstructures during fabrication, and estimation of potential
relationships that could exist in crack-susceptible regions. Other
factors evaluated were the effects of stress level and direction,
of surface roughness, of surface film,and of environment. In
achieving these objectives, a wide wvariety of techniques were
used, including light microscopy, transmission (and to a limited
extent scanning) electron microscopy, x-ray and electron
diffraction, electron microprobe analysis, electrochemical
measurements, and accustic emission monitoring. Much of the work
was of the searching, probing type, in an endless search for new
approaches to the analysis of crack initiation. As a result, a
few sectlons of this report contain relatively l1little conclusive
information and are primarily indicative of paths that might
profitably be followed by future investigators.

MATERIALS

The alloys used in this investigation were of three

main types, 2219 representing the Al-Cu type of high-strength



alloy, 7075 and 7079 representing the Al-Zn-Mg-Cu type, and 7038
representing the Al-Zn-Mg type. These alloy types differ in the
compositions of their dispersoid and precipitate phases, the
electrochemical potentials of their precipitating phases and,
therefore, the solution potentials of solute-depleted regions.
In addition, limited work wes done with X7375 alloy which is
similar to 7075 alloy but contains no chromium., This alloy was
used to evaluate the effects of grailn shape because, lacking
chromivum, it recrystallized to an equiaxed structure on heat
treatment.

The alloys were obtained as plant-fabricated plate
having a thickness of two inches or more. This form was selected
because of the inferior stress-—corrosion resistance of certaln
tempers associated with structural directionality and the
inability to obtair a rapid quench with thick sections. Also,
thick plate has a specific and predictable directionality of
structure, permitting tests of specimens stressed short
transversely with respect to the microstructure. The 2219
alloy plate was 4" thick and the 7075 alloy plate was 3" thick.
Confirming tests on these alloys were made with 2.5" thick plate.
The thickness of the 7079 allcy plate was 6" and that of 7039 and
X7375 alloy plate was 3".

The 2219 alloy plate was received in the stress-
corrosion-prone T351 and T37 tempers, portions being precipitation’
heat treated in the laboratory to the stress-corrosion-resistant T851

and T87 tempers by treatments of 18 hours at 350 F and 24 hours at



325 F resgpectively. The 7075 alloy plate was solution heat
treated at 870 F in the laboratory, quenched in cold water and
aged four days at room temperature before being precipitation heat
treated 24 hours at 250 F for the T6 temper and 6 hours at 225 F
plus 24 hours at 325 F for the T73 temper. The 7079 alloy plate
was plant solution heat treated at 830 F, spray quenched, stretched,
and precipitation heat treated 48 hours at 240 F to the T651 temper,.
The 7039 plate was solution heat treated at 870 F, quenched in cold
water, aged four days at rocm temperature, and precipitation heat
treated 8 hours at 225 F + 16 hours at 300 F to the T6 temper.
With the X7375 alloy plate the treatments used were those applied
to 7075 alloy. Lacking chromium, X7375 does not age as rapidly as
7075 alloy and, therefore, immunity to stress-corrosion cracking
after application of the two-step precipitation heat treatment
was not expected. For crack initilation studies, this was
inconsequential. The composition, tenslle properties and other
characteristics of the plate materials are given in Tables TI-VIII.
All materials are typical for the respectlive ealloys and tempers.
All tests and examinations related to structure and
crack initiation were made at locations one-inch below the surface
of the plate and at least one-inch away from any edge exposed
during the quench. This was done to he in a region of vrelatively
slow cooling during gquenching, and to obtain materials cooled at
about the same rate regardless of plate thickness.

PROCEDURE AND RESULTS

Effect of Metallurgical Structure

A major concern of this contract was the relationship

between crack initiation and metallurgical structure. The work in



this category was divided intoc nine interrelated sections, each
logically following its predecessors. First, the mlicrostructure
of the plate materials was characterized thoroughly by light and
electron microscopy, x-ray and electron diffraction, and the
electron microprobe. Next, the initiation and prégress of
corrosion in the absence of stress was observed microscopically
to define the existing anodic sites and electrochemical relation-
ships. Then, the initiation and early growth of cracks was
followed by light and electron microscopy and fracture surfaces
were examined by electron fractography and the microprobe. In
addition, attempts were made to follow corrosion and crack
initiation directly by transmission electron microscopy. Other
investigations related to metallurgical structure included a
study of the manner in which the crack-susceptible paths in 7075
alloy were generated, calculations of compositional gradients in
boundary regions based on diffusion data, and attempts to relate
crystallographic orientation to crack initiation tendenciles.

Characterization of Material

Light Microstructure

In analyzing and recording light microstructures,
sections were taken in the longitudinal (YZ) and transverse (XZ)
planes® and were prepared by conventional metallographic procedures.
By examining these mutually perpendicular planes, the direction-
ality of structure and grain shape, as well as the constituent and

precipiltate phases, were seen. The arrays of mlecroconstituent

#Based on convention that X is transverse to the rolling
direction, ¥ is the rolling direction, and Z is the
thickness direction.



particles were observed on as-polished surfaces at 500 diameters
magnification. General microstructure, directionality, and grain
shape were apparent at 100X magnification after etching with
Keller's etch. The finer structures were seen on etched specimens
at a magnification of 500 diameters. In all micrographs of etched
specimens, the precipitate particles appear larger than actual
size because of the exaggerating effect of the etch.

The micrographs selected to illustrate microstructures
in this report are of longitudinal (YZ) sections only. These are
adequate to define the structures acted upon by the short-transverse
and longitudinal stresses that were used in the contract work.

Full sets of micrographs have appeared in the Quarterly Reports
under this contract.
Alloy 2219

The light microstructures of 2219 alloy plate in the
T351 and T37 tempers were the same because the higher amount of
cold work applied after quenching to produce the T37 temper does
not alter the microstructure. These tempers are characterized by
high grain contrast (Fig. 1) because of the high amount of copper
in solid solution. At low magnification (Fig. 1 - top), indications
of the dendritic ingot structure remain, and the grains are somewhat
elongated in the rolling direction. At higher magnification
(Fig. 1 - bottom), boundary precipitate particles are apparent,
and "white boundaries," indicating matrix depletion in boundary
regions, are evident. These structural features are the result of
precipitation which occurred during the gquench on selected grain
boundaries. In the as-polished condition (Fig. 2), the constituent

arrays and some larger boundary precipitate particles are seen,



with the constituent particles generally alighed in the rolling
direction.

Very definite changes in light microstructure resulfed
from the precipitation heat treatments. In the T851 temper, pro-
duced by aging the T351 temper at 350 F, the grain contrast is
reduced considerably (Fig. 3) because of the decrease in copper in
solid solution that accompanied precipitation. Also traceries of
slip plane precipitation are apparent as a streaking or cross-
hatching of most grains. This slip plane precipitation is
revealed most clearly at high magnification (¥Fig. 3 - bottom),
where the general matrix precipitate, grain boundary precipitate and
depleted boundary regions characteristic of this temper can be seen.

The structure of the T87 temper, produced by pre-
cipitation heat treating the T37 temper at 325 F, differed in two
respects from that of the T851 temper. Copper depletion of the
matrlix was greater, as indicated by the lower grain contrast after
etching (Fig. 4 ~ top). In addition, the matrix precipitation in
the T87 temper was distributed generally and was not aligned along
slip planes (Fig. 4 vs. Fig. 3). The changes in light micro-
structure were confined to the fine structures, because the
constituent particles and large boundary preclpitates are not
affected by artificial aging.

The higher power examination of etched specimens
(Figs. 1, 3 and 4) indicated that at least two types of micro-
constituents were present and were common fo all ftempers. Those
present in the greafest number and having a dark appearance are
primarily the insocluble iron-bearing phase Cu,FeAl;. The rounded

varticles, fewer in number and retainlng a white appearance, are



probably particles of the copper-bearing phase CuAl,. This

phase is soluble in aluminum but, because of the high copper
content of 2219 alloy,which exceeds the solubility 1limit, the
presence Of undissolved particles of this phase is entirely normal.

Alloy 7075

The general microstructures of the 7075 alloy plate
were similar in both the T6 and T73 tempers, and consisted of
‘aggregations of irregularly shaped grains, highly elongated in
the rolling direction (Fig. 5 - top). These grains consisted of
clusters of grain fragments gnd apparently represented the
fragmented and distorted remains of grains originally present in
the ingot or new grains that may have formed by dynamic
recrystallization during the early stages of hot reolling. It
appears that, as these grains were deformed during fabrication,
some of the grain boundaries were extensively broken and their
continuity was destroyed. Others, however, maintained their
identity and are apparent in the structure of the final product.
Considering the forces at work during fabrication of the plate,
fragmentation of a grain boundary would be related to its angle
with respect to the rolling direction. Those initially oriented
at a high angle to the rolling direction would tend to be broken
and dispersed, whereas those initially parallel to the rolling
direction would tend to be elongated rather than broken. It is
believed that this accounts for the fact that in the final product
the most prominent boundaries are generally those parallel to the
rolling directilon.

The fragmented gralin structure, certain of the

precipitate structures and the extreme elongation of boundaries
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in the 7075 alloy plate are shown at higher magnification in

Fig. 6. 1In both the T6 and T73 tempers, considerable grain and
fragment boundary precipitate is apparent., the majority occurring
on grain boundaries. This precipitate was alsc present in the W
temper, indicating that it developed during the quench. In the Té
temper (Fig. 6 -~ top) there is only a minor speckling of the
matrix, whereas in the T73 temﬁer (Fig. 6 - bottom), matrix
precipitation is more extensive. This difference was related to
the amount and size of matrix precipitation, as will be discussed
during consideration of electron microstructuras.

On the basis of their etching characteristics, the
microconstituents in 7075 alloy were primarily of two types,
Cup,FeAl; from the iron impurity and Mg,Si. The microconstituent
volume fraction was less in 7075 alloy than in 2219 alloy, with
the result that the constituent clusters were smaller and not as
continuous in 7075 alloy. There was the usual constituent
alignment in the direction of rolling (Fig. 5 - bottom).

Another microstructural feature, observed primarily
on longitudinal sections, consisted of tiny voids between pairs
of constituent particles (Fig. 5 - bottom). These volds develop
during fabrication when pairs of contiguous microconstituent
particles are separated or when individual particles are
fractured. Even though the matrix is flowing plastically, 1t
is unable to conform immedlately to the contour of the separateéd
particles and occupy the space between them. The result is a
void. Such volids can be of importance during mechanical fracture

because they constitute sites for formation of some of the dimples
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observed hy electron fractography. Their effect on stress
corrosion is probably very small, however, since cracking in
aluminum alloys follows an intergranular path, while constituent
particles and clusters are not generally situated on grain
boundaries.

Alloy X7375

In contrast to the structure of 7075 alloy, which had

an unrecrystallized, highly-elongated structure, the X7375 alloy
pla%é was completely recrystallized and consisted of equiaxed
grains (Fig. 7). No difference was apparent between the T6 and
T73-type tempers either at low or high light microscope magni-
fications. The precipitate structure of X7375 alloy consisted
of strings of particles along grain boundaries (Fig. 7), the
particles having developed during gquenching. Constltuent
structures of X7375 alloy consisted of particles of Cu,FeAls
and Mg,S1, with only slight directionality.

Alloys 7079-T6 and 7039-T6

The light microstructures of the T079-T6 and 7039-T6
plate materials resembled very closely that of 7075 alloy. Both
were substantially unrecrystallized and consisted of fragmented
grains elongated in the rolling direction (Fig. 8 - top and
Fig. 9 - top). The extent of structural elongation and the
degree of constituent alignment (Fig. 10) were in proportion to
the thickness of the plate, being much less in the 7079-T6 plate
than in the other materials because this item was six inches
thick. Both alloys had considerable boundary precipitate, both
on primary boundaries and on fragment boundaries (Figs. 8 - bottom

and 9 - bottom).



1]~

Electron Microstructures

In characterizing the structure of the plate materials,
the electron microscope was used to examine the finest micro-
structural features including dislocations, dispersoids and
precipitates, employing magnifications of from 20,000 to 100,000X.

The fine structure of the 2219-T351 plate was
characterized by a relatively small number of dislocatiops and
a few comparatively large precipitate particles on boundaries
(Fig. 11). The dislocations were undoubtedly generated during
the stretching of the plate because their density was that
expected for the 1.5-3% streteh. The large precipitate particles
on boundaries were formed during guenching and correspond to
those seen in the light microstructure (Fig. 1).

The electron microstructure of the 2219-T37 plate
reflected the higher degree of cold work as compared to the T351
temper. The T37 structure was characterized by dense forests of
dislocations such as those seen in Fig. 12.

Examlnations of the preciplitation heat treated tempers
of 2219 plate revealed clearly the details of the precipitate
structures indicated in the light micrographs. In the T851 temper,
the matrix had a densely packed array of interlocking precipitate
plates (Fig. 13) with well-defined crystallographic alignment.

In addition to this matrix precipltation, there were many small
boundary precipitate particles which formed or grew during the
precipitation heat treatment, and Mn-bearing dispersocid particles

previously developed during ingot preheating.
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The structure of the 2219-T87 plate was also
characterized by a dense matrix precipitate of interlocking
plates (Fig. 14). These plates appear to be finer and more
numerous than those in the T851 temper, which would be expected
from the greater amount of cold work and the lower aging tempera-
ture. The size and shape of the plates and the more uniform
distribution of dislocations which provided the sites for their
nucleation explain the more uniform and general precipitation
apparent under the light microscope (Fig. 4).

In comparing the electron microstructures of the T351
and T851 tempers, it was noted that dislocations had been elimi-
nated by the precipitation heat treatment. From this, and the
fact that stress-corrosion cracking is virtually eliminated by
precipitation heat ftreating, it might be concluded that the improved
behavior resuited from elimination of the dislocations. It should
be pointed out, however, that the precipitation treatment also led
to pronounced matrix depletion and the development of extensive
matrix precipitate. It is much more likely that these latter
major structural chanées, rather than elimination of dislocations,
per se, brought about .the improvement in stress-corrosion behavior.

Structures of 7075 alloy in all tempers
were characterized by numerous E-phase (CraMgs:Alig) dispersold
particles scattered throughout the structure (Figs. 15-18). In
addition, fthere were a number of relatively large boundary pre-
cipitate particles, apparently developed during guenching. In
the W temper (Fig. 15), dislocations were present, but their

number was Quite small because of the relatively slow quench
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that the material had receilved. These dislocations were fairly
evenly scattered throughout the matrix and no concentrations in
grain boundary reglons were observed. The dislocations were
generally quite long, which is a characteristic of those formed
during moderately slow guenching, and almost all were pinned to
the E-phase dispersold particles.

Precipitation heat treating to the T6 tgmper had no
noticeable effect on the dispersoid or dislocation structures
(Fig. 16 vs. Fig. 15). This treatment, however, developed a very
fine zone-type precipiftate in the matrix as well as some fine
grain boundary precipiltate (Fig. 17 vs. Flg. 15). No depleted
boundary regions were observed in this temper.

The extended, high-temperature precipitation treatment
to develop the TT73 temper did not alter fthe dispersoid structure
but completely eliminated the dislocations and produced more
advanced precipitate structures (Fig. 18 vs. Figs. 15-17). The
precipitate particles on grain boundaries were increased in number
and size, the matrix zone-type precipitates grew appreciably, and
some M' or M-phase precipitates (MgZn,) developed. Occasional
depleted boundary regions were cobserved in the TT73 temper.

The electron microstructures of X7375 alloy were
illustrated and described in detail in the Filrst Annual Report on
this contract but, since this alloy was used only to evaluate
effects of grain shape and recrystallization, this information is

.hot included in this report.
The electron microstructure of the T7079-T6 plate was

similar in most respects to that of the 7075-T6 alloy plate.
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Numerous E-phase (Cr.Mg3Al,s) dispersoid particles were scattered
throughout the structure, with certaln areas having a high concen-
tration of particles, and others being almost dispersoid-free.
Numerous precipitate particles were present on boundaries,
including large particles developed during quenching and much

finer particles formed during precipitation heat treatment. With-
in the matrix, there was a moderate number of dislocations, a large
percentage of which were pinned by the E-phase dispersoid particles.
Also present in the matrix was a multitude of fine zone-type
precipitates. These were randomly distributed except at some
boundaries where narrow (200-300 A) precipitate-free regions were
apparent. Transmission structures of the 7079-T6 plate are shown
by Figs. 19-20.

The structure of the 7039-T6 plate was also similar
to that of 7075-T6 alloy. E-phase dispersolds were falrly
numerous and unevenly distributed, two distinet sizes of boundary
precipitates were apparent, and some dislocations were present in
the matrixz. Precipitate-free regions were similar to those in
7079-T6 , although possibly somewhat wider (250-400 A). Trans-
mission structures of the 7039-T6 plate at two magnifications are
shown by Figures 21-22.

Considering the possible metallurgical nature of'
the precipitate~free boundary regions, they could be free of
precipitate because they were depleted in solute by diffusion
to the boundary and formation of the fairly extensive grain
boundary precipitate. On the other hand, these regions may be

free of precipitate because they are depleted in vacanciles which
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assist the development of zone-type precipifate. In either case,
these regions would be different from the remainder of the grain,
both mechanically and electrochemically. They could be weaker
mechanically, and thus selectively more susceptible to mechanical
rupture, either because they contain less solute or because they
do not have the strengthening effect of the zone-type precipita-
tion. From the electrochemical standpoint, these regions could
be a selective anodic path eifher because they are depleted in
copper by diffusion or because they are not depleted in zinc
because precipitation did net occur.

Phase Identification

To further characterize the plate materials, the
Phases present were identified by z-ray and electron diffraction
and by the electron microprcobe. The results confirmed those
deduced from the l1light and electron microscope examinations.

The 2219 alloy plate contained the phases CulAl, (8),
CuzFeAls, and 8', which is a coherent transition precipitate of
CuAl, composition. The CulAl; (8) represented undissolved particles,
and the Cu,FelAl; represented insoluble Fe-bearing phase, both of
which were apparent in the l1light microstructure. The 8' phase was
present 1n a very small amount in the T351 and T37 tempers and
rresumably represented a few particles formed during the guench,
This phase was present in large amounts in the T851 and T87 tempers,
and corresponded to the large number of densely packed platelets
that were evident in the electron microstructure.

The 7075 alloy plate contained the phases Mg,Si,

CusFeAl;, E-phase (AliasMgoCr or Al;gMgsCrsy), and M-phase [MgZn
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or possibly a phase of the form Mg(Zn,Cu,Al):]. The Mg,Si was
present in a very small amount as undissolved constituent particles.
The CuzFeAls represented insoluble iron-bearing ccnstituent
particles, and the Cr-bearing E-phase was the dispersoid developed
by solid stbate precipitation during ingot preheating. The M-phase
was also present in relatively small amount and, in the T6 temper
plate, apparently represented the large particles on boundaries
that developed during gqguenching. In the T73 temper, the greater
amount of M-phase presumably consisted of additional boundary
precipitate particles and the larger particles developed within
grains by the higher temperature precipitation treatment. The
coherent precipitate, M', was probably also present in 7075,
particularly in the T73 temper, but diffraction effects from this
more complex structure tend to be obscured by the diffraction
lines from the M-phase.

The phases present in 7079-T6 and 7039-T6 were similar

and consisted of Mg.,Si, (Fe,Mn,Cu) Alg, Al;.(Fe,Mn);Si, and E-phase

(Al,2MgsCr or CraMgslAlis). These phases can be matched with
Teatures observed in the microstructure. The Mg.S8i represents
undissolved Mg combined with Si, and the Fe-bearing constituents
are the combination products with this insoluble impurity element.
Both of these are apparent in light microstructures. The E-phase
particles are the relatively fine dispersoid particles resoclved
only in the electron microstructure, and represent high temperature
precipitation of this phase during preheating.

In interpreting the electron microstructures of the TXXX
alloys used in this contract, the intermediate-sized dispersoid

particles have been described as E-phase. This was based on the
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fact that these dispersoids were present only in alloys'containing
Cr and the x-ray diffraction analysis that observed major amounts
of E-phase in thse alloys. This interpretation, however, is
contrary to statements made in the literature and in reports on
other contracts that the particles in guestion are MgiZn, (M-phase}).
Selected area electron diffrsction analyses were made
to identify the intermediate-sized dispersoid in the 7075-T6,
7079-T6 and 7039-T6 plate. This work proved conclusively that
the dispersoid particles were predominantly E-phase (Cr.MgiAlis).
Some M-phase particles were identified but these were definitely
in the minority. Electron micrographs of E~phase and M-phase
particles, and the corresponding diffraction patterns of the
area within the dotted square, are shown in Figs. 23-24,

Microprobe Analyses

The electron microprobe was also used to evaluate the
homogeneity of the solid solution matrix in 7075-T6 plate and,
in particular, to search for compositional variations in grain
boundary regions. Homogeneity was checked by making step-scans
at five-micron intervals along straight lines in the short-
transverse direction. In T7075-T6, localized variations were
found for Mg, Cu and Zn, the variations being of a periodic
nature, with elemental compositions differing somewhat between
grains that appeared dark after a metallographic etch and those
that appeared light (Fig. 25). The most pronounced variation
was in Mg, the point-to-point values ranging from 2.16 to 2.59%
and tending to be higher in dark-etching grains. Copper varied

from 1.35 to 1.46% and changed inversely to Mg. Variations in
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Zn were from 5.67 to 5.88% and tended to change in the same
direction as Mg, but were less pronounced than the Mg and Cu
variations. It is doubtful that the compositional variations
within the matrix had any direct effect on crack initiation.

The solid solubion matrix of the 2219-T351 plate had
a uniform copper content of 5.7%, the maximum solubility for the
solution heat treating temperature used. No differences related
to locatlon or etched appearance were detected, the latter
depending solely on orientatilon.

The search for compositional differences near grain
boundaries was made in the hope of detecting depleted boundary
regions that could be anodic sites for crack initiation. To
enlarge the effective width of any such region, the path of the
probe trace was oriented at a very low angle to the boundary.
Thus, although the beam was translated 2 microns per step along
the direction of the scan, this amounted to only a fraction of s
mieron in a direction perpendiuelar to the boundary. This is
essentially the method J. B. Clark used to detect depleted zones
in Al-Ag alloys /.

The results of one such scan with 7075-T6 are
presented in Fig. 26. Eight measurements in the vieinity of
the grain boundary showed significantly lower Mg than in the grain
bodies on either side. Cu and 7Zn also show apparent depletion.
There is one high analysis for Cu exactly on the boundary.
Conceivably , this could be evidence of a grain boundary precipitate.
although coincident high Mg and Zn would be expected if the
particle were M-phase.

Analyses across other boundaries, however, 4did not

confirm in detall the results with this boundary. Depleted zones,
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if present, were in most cases narrower than the ones shown,
Sometimes depletion of Zn was more pronounced than that of Mg
and it was often uncertzin whether there was any localized
depletion of Cu. Thus, the microprobe showed some evidence for
depleted zones in the viecinity of at least some grain boundaries
but did not produce definite proof of thelr existence.

Corrosion of Unstressed Specimens

As part of the groundwork for the crack initiation
studies, the initiation and progress of corrosion in the absence
of stress was observed using light microscopy. Specimens from
the longitudinal (YZ) plane of the various plate materials were
polished metallographically and were exposed to a corrosive
environment while under constant observation with the light
microscope. The metallographle finish was selected because it
produces a film-free surface suitable for microscopic examination.
The envircnment selected for all alloys except 7039-T6 was an
agueous sclution of 1M NaCl + 0.21M AlCls, adjusted to pH 1.0
with HC1l. This solution had been used in other contract work,(z)
and was chosen because 1t developed corrosion and stress-—-corrosion
cracking at the proper rate for continucus observation and record-
ing. The results obtained in this solution were representative of
the behavior of the materials in more conventional environments,
because the types of attack matched those of the corrosion test
per MIL-H-6088D, and cracking tendencies matched those in the
3.5% NaCl alternate immersion test. The solution chosen for

7039-T6 was an agueous solution of 0.5N NaCl + 0.5N Na,CrO.
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adjusted to pH 2 with HC1., This change was required because
cracks did not initiate in 7039-T6 in the NaCl-AlCl; solution.
To record the initiation and progress of corrosion,
areas were selected after an initial brief corrosion exposure,
and successive micrographs were made of this same area. A
comparison of continuous and interrupted exposures showed that,
although the progress of corrosion was slower in the interrupted
exposure, the initiation sites and path of corrosion were the
same in both. Since the delay times during the taking of micro-
graphs could not be kept constant, the exposure times cn the
illustrative micrographs cannot be used to judge corrosion rates.

Light Microscopy

The initiation and progress of corrosion were similar
in 2219-T351 and 2219-T37 alloys; both being susceptible to inter-
granular attack in the absence of applied stress. Corrosion
started at discrete points on grain boundaries and spread along
these boundaries until a well-defined intergranular network of
corrosion had developed. In the absence of applied stress, this
network indicated continuous anodic paths on or adjacent to
boundaries. A series of micrographs illustrating the development
of the intergranular network in the T3-type tempers of 2219 alloy
is shown in IFig. 27 and Tig. 29 ~ top. '

The sequences of corroslon in the precipitation heat
treated tempers of 2219 alloy (T851 and T87) were similar but
differed greatly from that In the T351 and T37 tempers. The
majority of the corrosion in the precipitation heat treated tempers

began at ov adjacent to the CulAl, and CuzPelAl;microconstituent
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particles. This indicates that the particles were cathodic to
the matrix, as would be expected., In addition to the pitting
attack, some corrosion of grain boundary segments was noted, but
this attack developed only on portions of widely scattered
boundaries and appeared to be very shallow. This was not
unexpected because precipitation heat treatment of this alloy
does not completely eliminate intergranular attack although it
substantially eliminates stress-~corrosion cracking. A series of
micrographs illustrating the typical development of unstressed
corrosion in the precipitation heat treated tempers of 2219 alloy
is shown in Fig. 28 and Fig. 29 - bottom.

With 7075-T6 plate, the first corrosion was a random
speckling of The matrix and localized attack in short segments
of grain boundaries. As the exposure continued, the localized
boundary attack extended and attack also developed at the
bounidaries of the fragments within grains. This indicates that
both grain boundaries and fragment boundaries are anodic, and are
about equally anodic, to the s0l1id solution matrix. The initiation
and progress of corrosion of the 7075-T6 plate are shown by.Fig. 30
and Fig. 32 - top.

Corrosion of the 7075-T73 plate was of the cubic
pitting type, initiating primarily at random sites in the matrix.
The pits increased in size with continued exposure and frequently
developed in stralght lines, as if following particular crystallo-
graphic planes. There were no.indications of anodic regions in
this temper. The progress of corrosion in the 7075-T73 plate is

shown by Fig. 31 and Fig. 32 - bottom.
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Unstressed corrosion of the X7375-T6 alloy plate
developed as a speckling of the matrix and an outlining of the
grain structure by discrete pits and crevices along boundaries
(Fig. 33 - top). The latter is indicative of anodic boundary
regions. With the X7375 alloy plate in the T73-type temper,
unstressed corrosion was primarily of the intergranular type, but
was combined with cubic pitting of the type observed in 7075-T73
alloy (Fig. 33 - bottom).

The unstressed corrosion of 7079-T6 plate was similar
to that of T075-T6 with intergranular attack initiating first on
grain boundaries and later on fragment boundaries. As corrosion
progressed, some meabtrix pitting occurred and nests of inter-
fragmentary attack developed along the sides of the intergranular
fissures produced earlier. Thus it appears that both the grain
boundaries and fragment boundaries were anodic to the remainder
of the grains, and that the grain boundaries were slightly anodic
to the fragment boundaries. Features of the unstressed corrosion
of 7079-T6 are shown in Fig. 34.

With 7039-T6 exposed unstressed to the NaCl-Na,CroO,
solution, only very little corrosion occurred even in relatively
long exposure times. The majority of the corrosion that did
develop consisted of constituent removal and pits associated with
particles or clusters of microconstituents (Flg. 35). In cross
section, the corrosion tended to be very shallow and did not
follow a selective path, indicating that no ancdic paths were

present in the absence of stress.
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Electron Microscopy

The details of the unstressed corrosion of the 2219,
7075 and X7375 alloy plate exposed to the NaCl-AlCl; solution at
pH 1 were investigated using electron microscopy. For this work,
the oxide replica technigue was used because it has the almost
unique ability to reveal the internal surfaces of tiny fissures,
crevices and cracks, as well as the surface topography of a
specimen. The manner in which the oxide replica reveals
structure is shown in Fig. 36. In the formation of the replica,
the solution penetrates any cracks or crevices and oxide film is
produced on all exposed surfaces. When the metal is removed and
the oxide film is examined by electron transmission, the image
will have different densities, determined by the thickness of
oxlide penetrated. With surface features, or structures within
the open mouth of a crack or crevice, the electron beam penetrates
a single thilckness of replica and the image is relatively light.
Areas within a crack or crevice appear dark because the electron
beam must penetrate three layers of the replica, that on the
surface of the specimen plus the films on both surfaces of the
crack. The furthest penetration of the dark area represents the
corrosion front or crack front.

Examinations of replicas of 2219 alloy unstressed
specimens in the T351 and T37 tempers, both of which were
susceptible to intergranular attack, revealed a corrosion front
which penetrated between grains in a very irregular manner

(Fig. 37). The corrosion front developed channels and
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crystallographic tunnels along boundaries and often channels of
corrosion joined, isolating, at least temporarily, certain
portions of the boundary region. As corrosion progressed, grain
boundary particles and islands of corrosion products were left
behind, .
With the 2219-T851 and 2219-T87 plate, the electron
microscope examinations showed that the fine speckling corrosion
seen with the light microscope consisted of g multitude of cubic
pits. Some were aligned along grain boundaries, tTending to define
the grain structure in certain regions, but there was no signifi-
cant boundary penetration. In the matrix, the pits were
scattered at random but were aligned in the direction of the
precipitate platelets developed during precipitation heat treat-
ment, wéich were also apparent in the replicas. Figure 38 shows
a typical corrosion pattern.

These examinations also demonstrated the role of
certain constituent particles as cathodes, promoting corrosion
of the surrounding matrix. Some particles showed a heavy
concentration of pits at the particle-mgtrix inferface. Others
had pits in a region around the particle, with pit concentration
decreasing as the distance from the particle increased (Fig. 39).

‘Examinations of replicas from corroded 7075-T6
specimens, which were susceptible to intergranular attack,
revealed a very irregular corrosion front penetrating along
boundaries. The corrosion front had an angular shape and the
grain surfaces exposed by the corrosive attack had a faceted

appearance (Fig. 40), indicating that corrosion was by a cubic-

pitting mode.
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Attack of 7075-T73 was not selective but was also
by a cubic-pitting mode. Many fine pits were observed in the
matrix, as was the case with the precipitation heatft treated
tempers of 2219 alloy. Also, there were large faceted areas
(Fig. 41), which presumably represented the large cubic pits
ocbserved with the light microscope. 1In addition, there was some
concentration of pitting on grain boundaries and on fragment
boundaries, but this attack did not penetrate to the extent
observed with samples in the T6 temper.

While X7375 alloy was not of prime concern to the
contract objectives, electron microscope examinations of
unstressed corroded specimens provided some excellent iliustra-
tions of the devious paths by which intergranular attack can
penetrate a boundary region. One of these is shown in Fig. 42,
which 1llustrates the extreme irregularity of a corrosion front,
numerous isolated areas, and extensive penetration to the side
from a comparatively narrow entrance on a boundary.

Stressed Specimen

A special "tuning-fork" type of specimen was
designed for this contract (Fig. 43). With this specimen, tensile
stress is applied to the outer surface of the base of the fork by
bringing together the two legs, and the design is such that the
area of maximum stress is comparatively small., This feature
facilitated microscopic examination of crack initiation by
restrieting the area in which cracks were most likely to form.
The dimensions of the specimen were selected to permit testing

the plate one inch below the surface under short-transverse or
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longitudinal stress., With the end of the specimen in the
longitudinal plane gf the plate, short-transverse stress is
applied when the axis of the bolft 1s perpendicular to the surface
of the plate, and longitudinal stress is applied when the axis of
the holt is parallel to the rolling direction.

With a specimen of this type, the sftress on the end
face is actually of a biaxial nature. Taking this into account,
the relationships between deflection and short-transverse stress
were determined (Fig. 44). Because of the biaxial stress
condition, the stress perpendicular to the major stress was
about one guarter of the major stress.

In preparing the specimen for exposure, 1t was first
stressed to an appropriate level. The stressed face was then
ground and polished through all but the final metallographic
polishing operation. All surfaces except the stressed face
were then coated, first with glyptal and then with a beeswax-
rosin mixture, to ilnsulate them from the solution when the
specimen was exposed. The final polishing operation was then
performed, a pre-cut mask was applied to the polished surface,
and the specimen was exposed. The opening in the mask was
rectangular in shape, about one square centimeter in area, and
was located in the approximate center of the mask. This
restricted the exposed area to the most highly stressed region
of the face, eliminated any edge effects, and provided an area
small enough to be examined rapidly under the light microscope.

A stressed specimen ready for exposure is shown in Fig. 45.
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Corrosion of Stressed Specimens

Studies of crack initiation in the various contract
materials were carried out using both light and electron microscopy
of stressed tuning-fork specimens. The investigations described
in this section were all made with a short-transverse stress of
75% ¥S and with exposure to the NaCl-AlCl; solution at pH 1 for
all alloys except 7039-T6, for which the NaCl-Na,CrO. solution
at pH 2 was used. Tests at other stress levels, with longitudinal
stress, and in other environments were made and will be reported
in other sections of this report. The methods of preparing
specimens, and of continuously cbserving and recording events
have been described previously. The interruptions for micrographs
which had delayed the corrosion of unstressed specimens also
retarded the resumption of crack growth but did not change the

crack path.

At this point in this investigation, the guestion
arose as to what constituted the "crack initiation" stage with
which this work was primarily concerned. This stage was
arbitrarily chosen to extend from the time the specimen was
immersed, through the time when a crack was first visible in
the light microscope (about 0.00002"), and until it reached a
length of about 0.002", at which point it was still not visible
to the unaided eye. In reality, this stage included both
initiation and early propagation.

Light Microscopy

Alloy 2219

In the tests of 2219-T351 and 2219-T37 specimens,
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cracks initiated on boundaries oriented normal to the direction
of principal tensile stress and, in some cases, at grain junctions.
They progressed along boundaries perpendicular to the stress, and
proceeded quite rapidly as long as boundaries having this favorable
orientation lay in their path. Because of the relatively equiaxed
grain structure of 2219 alloy, however, the growing crack would
frequently encounter an unfavorable boundary orientation (not
perpendicular to stress) and the crack would become stalled. An
instance of this is shown in Fig. 46 where a crack developed to
a considerable length along a series of favorably oriented
boundaries during 12 minutes of exposure and then ceased to grow.
As indicated by Fig. 47, which shows the ends of the initial
crack at higher magnification, both ends of the crack encountered
unfavorable boundary orientation and it became easier to form new
cracks along more favorably oriented paths than to extend the
original crack.

Cross sections of this same specimen showed that
only a-few of the cracks observed on the surface penetrated to
appreciable depth. Those that did grow selected the grain
boundaries most nearly perpendicular to the stress (Fig. 48).
The crack 1llustrated tended to branch at several points, but
the resolved stress on these other boundaries was less and the
erack sought and found a more favorably oriented path.

The critical effect of grain-boundary orientation
is also shown in the high-power light micrograph at the top of
Fig. 49, Here two parallel cracks have formed, the lower one

along the favorably oriented boundaries of a series of seven
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grains. Many other boundaries were present along this crack
but development was slight because of insufficient stress across
these boundaries.

The constituent particles in 2219 alloy had little or
no direct influence on crack initiation as shown by the lower
micrograph in Fig. 49. Numerous particles are present in this
field, both within grains and on boundaries. The major portion
of the crack, however, is along a boundary having only occasional
particles. To the lower left, crack development has selected
boundaries free of particles and has ignored a boundary containing
& number of particles.

In tests of the precipitation heat treated tempers of
2219 alloy, which are resistant to stress-corrosion cracking, a
tendency for directional pitting with a few short intergranular
fissures was noted, but no cracks initiated (Fig. 50).

Alloy T075

In tests of 7075-T6 tuning fork specimens, cracks
initiated and developed very rapidly. They were very straight
and narrow and were perpendicular to the stress (Fig. 51). They
always initiated on grain boundaries (Fig. 52) which, for reasons
discussed previously, were always highly elongated in the rolling
direction and, therefore, perpendicular to the short-transverse
stress. Occasionally cracks initiated at Mg.Si constltuent
particles on boundaries, or at pits developed by dissolution of
these particles (Fig. 53 - top) but more often they formed at

random boundary sites (Fig. 52 and Fig. 53 - bottom). Since

crack initiation time was the same with and without constituent
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particles or pits, it was concluded that although pits may act
as foecal points for crack development, they are nol a requirement
for crack initiation.

Additional features pertinent to crack initiation in
7075~T6 are seen in Flg. 52, which shows a string of tiny stress-
corrosion cracks, the longest of which is only 0.0005". At each
end of each minute crack, the localized stress has eXxceeded the
yield strength and caused plastic deformation as indicated by the
rumpling of the polished surface seen in the uppér micrograph.
The lower micrograph shows that the crack initiated on a boundary
between grains showing a difference in etching coloration and
therefore having considerably different orientations. This
suggests that the relative orientation of adjoining greins may
affect crack initiation on their mutual boundary.

Cross sections of 7075-T6 specimens in which dominant
cracks had develcped showed clearly how cracks propagate in their
early stages. With a typlecal erack observed in this manner
(Fig. 54), develépment occurred almost entirely along boundaries,
and generally along those boundaries oriented most nearly normal to
the short-transverse stress. As it progressed, the crack came to
boundary junctions and branches started to form, but each time the
most favorable boundary orientation was selected for propagation.
Near the midpoint of the crack, a fairly large branch formed
toward a group of constituent particles. It could not be
established whether this branch stopped because of the particies

or because of an unfavorable boundary orientation, but it is
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apparent that the particles were not harmful. In certain regions
the crack was not continucus on the polished section, the crack
apparently having sought a favorable boundary orientation above
or below the plane of polish.

To obtain further insight into crack initiation in
7075-16, simultaneous observations of initiation and propagation
were made on the longitudinal (YZ) and transverse (XZ) surfaces
of tuning-fork specimens. In preparing the specimens for this
type of exposure, both the end face and one side face were
metallographically polished in the usual manner, both surfaces
were masked off except for a narrow band adjacent to their mutual
edge, and exposure was than conducted in the usual manner. Cracks
initiated primarily at the exposed edge and progressed both along
the most highly stressed end face (Fig. 55) and along the side
surface (Fig. 56) where stress would decrease as the crack became
deeper. Cracks initiated on grain boundaries and progressed along
such boundaries in the manner noted in observations of the end
face only.

Occasionally, cracks would form on portions of a
boundary on the two exposed faces very close to their mutual edge
and would progress away from the edge. This developed very high
stress on the unfractured metal at the edge, and mechanical
fracture would occur. Thils mechanical fracture dld not follow
the boundary on which the stress-corrosion cracks had initiated.
Thus, examinations of the surface of such a fracture might
indicate that the crack had started transgranularly and had then

sought an intergranular path. Actually, the sequence of events
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was reversed and the transgranular portion of the fracture did
not occur first and was produced by a mechanical rather than a
stress-corrosion mechanism. It is believed that this was the
case in the region shown in Figs. 55 and 56. While the majority
of the cracking is definitely intergranular, the fracture appears
to be transgranular (or perhaps interfragmentary) a the corner.

This examination also provided additional evidence
of the necessity of favorably oriented, susceptible paths for
stress-corrosion crack propagation. In the area shown in
Figs. 55 and 56, the crack initiated and developed rapidly during
the first ten minutes of eXposure. In the next tTen minutes,
however, very little propagation was noted, even though there
were no major neighboring cracks, the development of which would
relieve the stress. Metallographic etching disclosed that the
crack had developed along a favorably oriented boundary between
grains having different orientation. The crack had stalled when
it reached the end of one of these grains, even though favorably
oriented paths along grain and fragment boundaries were still
available. Thus, relative orientation on the two sides of a
boundary may influence crack initiation, either as a separate
factor or as it influences the corrosion susceptibility of the
boundary path.

Stressed specimens of 7075-T73 alloy did not develop
cracks. Corrosion was of the cubic-pitting type and showed no
directionallity with respect to either the direction of stress or

the directionality of microstructure (Fig. 57).
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Alloy X7375

With stressed specimens of X7375-T6 alloy, cracks
initiated quite rapidly at random sites on grain boundaries
perpendicular to the stress. They propagated along the boundaries
of the large recrystallized grains, seeking series of favorably
oriented boundaries (F%g. 56), and were widest on boundaries
oriented normal to the stress (Fig. 59a). When unfavorably
oriented boundaries were encountered, plastic deformation occurred
at the crack tip because of localized high stress (Fig. 59b).

In the T73~-type temper, X7375 developed large cubic
plts and a broad intergranular attack (Fig. 59¢ & d), similar %o
that of unstressed specimens (Flg. 33). There was no indication
of stress-corrosion cracking or of any effect of stress on
corrosion, in spite of the fact that failures were encountered
in the stress-corrosion tests of this material.

Alloy 7079

Crack initiation in 7079-T6 plate was similar to
that of 7075-T6 plate described previously. Cracks initiated
and propagated on boundaries perpendicular to the stress, some
initiating at Mg,Si particles (Fig. 60) but others originating
elsewhere in similar times (Fig. 61). In certain regions, where
cracks ceased growing because of local stress relief from the
passage of larger cracks nearby, interfragmentary attack, typical
of unstressed corrosion, developed beside the cracks and within
adjoining grains (Fig. 61).

Alloy 7039

In the investigation of crack initiation phenomena

with 7039-T6 alloy, it was origlnally intended to use the
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NaCl-AlCls solution at pH 1 that was used with gll other alloys.
In tests with two lots of 7039-T6 plate and with short transverse
stresses of both 75% YS and 90%, however, no cracks initiated
although considerable general corroslon occurred. Since experience
has shown that a large amount of general corrosion often reduces
the tendency for stress-corrosion, it was concluded that the
NaCl-Al1Cl; solution at pH 1 was inappropriate for this investiga-
tion. In its place, a solution of 0.5N NaCl + 0.5N Na,CrOs
adjusted to pH 2 with HC1 was used.

In the NaCl-Nao,CrC, solution, with short-transverse
strecs of 75% Y3, cracks initiated on grain boundaries and only
at Mg,S3i constituent particles or pits from which these particles
had been dissolved (Figs. 62 and 63). Cracks initiated and
propagated on grain boundaries perpendicular to the stress and

assocliated themselves with constituent particles only when they

were on boundaries (Fig. 64). This association of crack
initiation with Mg,S1 constituent parsicles in 7039-T6 is
contrary to observations with all other alloys, where constituent

particles played only an incidental part in crack initiation.

Electron Microscopy

Electron microscope examinations were made of cracks
in specimens selected from those described in the previous sectlon
of this report. The oxide replica technique was used because, as
described previously, these replicas are capable of revealing
topographical features within a crack or crevice, as well as on
a surface. These examinations confirmed the results of 1light
microscope examination and, 1n addition, revealed other features

of crack initiation.
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In 7075-T6, cracks initiated and propagated on
grain boundaries but not on fragment boundaries. Some cracks
appeared to initiate at M-phase particles on boundaries but, more
often, initiation occurred at boundary sites not associated with
any microstructural feature. Cracks frequently criginated af
multiple locations along a boundary and the embryonic fissures
Joined. to make a larger crack. A crack that has initiated on a
grain boundary and has penetrated beneath the specimen surface
is shown in Fig. 65. The veining of the walls of the crack may
represent fragment boundaries or the boundaries of a polygonized
structure, the evolution of whiech is discussed in a later section
of this wreport. An embryonic crack, just starting to penetrate a
boundary, is shown in Fig. 66. The raggedness of the crack front
and the progress of the crack sidewards as well as inwards are
apparent. Along some boundaries, frequently ahead of cracks
growing laterally, strings of pits were observed (Fig. 67). The
lighter parts of these markings appear to be pits generated by
the dissolution of beoundary precipitate particles. The darker
parts are where corrcsion is entering the boundary region or
where a stress—corrosion crack is developing.

With 7075-T73 samples, similar pits resulting from
dissolution of boundary particles, and shallow boundary penetra-
tion from these pits were observed. Since this temper did not
develop cracking, it can be concluded that these pilits are not a
prime cause of crack lnitiation and may not even be a particularly
important factor.

Similar examinations of stressed 2219-T351 and

X7375-T6 specimens revealed features similar to those observed
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with 7075-T6. Cracks initiated at boundaries and, in X7375, at
particles on boundaries. Crack penetration was highly irregular,
occasionally by-passed certain small areas temporarily, proceeded
sidewards zlong grain surfaces, and left markings on grain faces
which were either boundary particles or pits resulting from
dissolution of such particles. Typical crack penetration of
2219-T351 is shown in Fig. 68. Cubiec-~type crack penetration and
boundary penetration from pits in X7375-T6 are shown in Fig. 69.

With T7079-T6, cracks initiated as fine scale attack
of the boundary, possibly starting at precipitate particles, and
frequently at polygon boundarlies representing the junction of
dispersoid-lean regions with reglons of average structure (Fig. 70).
Cracking proceeded downward along the boundary region developing a
veined appearance similar to that observed with 7075-T6. The
crack front was always very irregular since it apparently
propagated by dissolving new metal along narrow tendrils in a
crystallographic mode (Fig. T1).

With 7039-T6 specimens, stressed and exposed to the
NaCl-Na.CrO, soluticn at pH 2, the attack that constituted the
start of cracking tended to initiate on polygon boundaries in
dispersoid-lean regions. Crack initigtion in this alloy was
Investigated more extensively with specimens exposed to the
atmosphere, which will be described in a later section of this
report.

Microprobe Investigations

In addition to its use in characteriging compositional

variations in the plate materials, the microprobe was evaluated
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in two other ways as a means of investigating crack initiation.

Corrosion Films

To relate crack initiation to the surface films or
reaction products developed during a corrosion exposure, stressed
7075~-T6 specimens were exposed to the NaCl-A1Cls; solution at pH 1
until cracks initiated. At this period the exposed surface was
still relatively clean except for a few speckled patches of
surface ©ilm,

Electron beam scanning pictures showed an uneven
distribution of oxygen and chlorine on the surface, with none
in clean areas, small amcunts in the speckled film areas, and
consliderably larger amounts at the stress-corrosion cracks.
Quantitative step-scans across a number of small cracks gave ‘
values between the extremes shown in Figs. 72 and 73. The
actual wvalues may have been considerably higher than those shown
because the electron beam could not be confined wholly to the
crack. The crack corresponding to Fig. 72 was a very narrow
crack, whereas that for Fig. 73 was comparatively wide. In the
lattesr crack, the oxygen and chlorine levels were lower and the
aluminum concentration was closer to that of Al,;05.

This work indicates that stress-corrosion cracking
in T075-T6 involves the formation of an oxide-type corrosion
product ceontaining chlorine, possibly as an absorbed chloride,
The microprobe technique holds promise for the investigation of
stress—-corrosion phenomena.

Fracture Surfaces

Another attempted application of the microprobe to

crack initiation was in the analysis of fracture surfaces. It
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was reasoned that if stress-corrosion cracking proceeds through’
a graln boundary zone depleted in alloying elements, and the zone
is not completely consumed by corrosion, remnants of the zone
will be found on the faces of the fracture. Microprobe analysils
of the fracture faces would then show the composltion of the zone
if the depth of analysis was confined to small enough dimensions.

This technique was applied to a T075-T6 specimen
which had been broken open to expose the surface of a relatively
large stress—-corrosion crack. After mechanically flattening the
fracture surface to minimize roughness effects, comparative
analyses were made of the stress-corrosion and tensile portions
of the fracture. Analyses with a wide analytical spot showed
what appeared to be significant differences in Mg and Zn but not
in Cu. To obtain statistically significant data, 40 separate
analyses were made on each of the two types of fracture with the
beam focused to a fine analytical spot. Histograms showing the
distribution of the various analyses are shown in Fig. T4,
Weibull analyses of the results showed that the values for Zn
and Mg were different whereas those for Cu and Cr were not.
Numerically, the stress-corrosion fracture showed 0.26% less Zn
and 0.03% less Mg than the tensile fracture.

A boundary region depleted in Zn and Mg is not
unexpected because of the relatively high diffusion rates of
these elements and the fact that precipitation on grain boundaries
had occurred. Such a situation however would not support an

electrochemical theory of stress-corrosion cracking because a



-30-

region depleted in zinc would be cathodic to the matrix and
would not be corroded preferentially. On the other hand, it
must be remembered that (1) any anodic region might have been
completely corroded away during the cracking process and (2) the
penetraticn of the microprobe beam may have been much greater
than the depth of the region involved in stress-corrosion
cracking.

Differences in composition between fracture surfaces
produced by stress-corrosion and by mechanical means were also
found with 2219-T37 alloy, but for a different reason. With the
microprobe spot defocused to cover a relatively large area, a
stress-corrosion fracture analyzed 6.91% Cu and 0.25% ¥Mn, as
compared to 9.98% Cu and 0.42% Mn for a tensile fracture. The
fact that the copper contents are much higher than the amount
present in the alloy indicates that the number of Cu-bearing
constituent particles is inordinately high in the mechanically
fractured area. When analyses obviously from constituent
particles were discarded, both areas analyzed about 5.87% Cu
and 0.23% Mn.

This points out that the difference in analysis
between the two fracture regions was due not to a difference in
matrix composition but to a difference in the number of
constituent particles on the fracture surface. This agrees with
cther electron microscope observations which have indicated that
tensile fracture in 2219-T37 occurs preferentially through
constituent particle clusters while stress-corrosion fractures

show no such inclination and include relatively few particles.
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Electron Fractography

Methods

Two improved replica methods were developed for
investigating crack initiation in tuning-fork specimens by
electron fractography. These were particularly useful because
they permitted precise differentiation between the stress-corrosion
and mechanically fractured regions on a fracture surface. In both
methods, the first step was to form a relatively thick (22 volt)
oxide replica. The specimen was then broken open by squeezing
the legs in a vise, exposing a fracture surface having oxlde -
covered stress—corrosion cracks and a bare tensile fracture surface.
In the one method, a second oxide replica was tThen formed on fthe
fracture surface at 15 volts. Because of the lower forming
voltage, oxide was formed only on surfaces developed by the
mechanical fracturing. This oxide appeared lighter in the
glectron microscope because it was thinner.

The second forming, moreover, repaired damage to the
original oxide film and permitted differentiation of topographical
features developed during the stress-corrosion test from those
developed mechanically during final fracturing of the specimen. An
examrple of the use of this technique is shown by Fig. 75.

In the second method, an evaporated carbon film was
substituted for the second oxide film. Application of the carbon
at an angle, or using chromium shadowing, also showed whether the
various features were above or below the general fracture surface,
An illustration of the combination oxide-carbon replica technique

is shown by Fig. T76.



=4j-

The oxide-carbon replica method was useful also
for wvisual and light microscope examinations of fractures because
of a color difference between the two regions. The stress-
corrosion\portion of the fracture, having both oxide and carbon
films)was a blulsh-gray color which contrasted strongly with the
brown color of the mechanically produced surface which had only
the carbon film. At a glance one could tell the number and depth
of stress-corrosion cracks present. Under the light microscope
the difference in color showed unequivocally which type of
fracture was being examined,

Fracture Surfaces - Transmission Microscopy

Electron fractographlc examinations provided
additional information regarding crack initiation in 7075-T6 and
2219-T37 stressed short transversely and exposed to the NaCl-AlCl;
solution at pH 1. In 7075-T6, the stress-corrosion fracture had
a finely faceted appearance with a network of furrows (Fig. 77).
This configuration apparently represented the surfaces and
boundaries of either the polygonal grain fragments seen in the
light microscope or the relatively equiaxed polygons observed in
the electron microscope in dispersoid-lean regions. Except for
the irregularity of the small facets, the stress-corrosion crack
surfaces were guite flat, with relatively few branches, indicating
that the craqks confined themselves to as planar an interface as
the polygon boundaries would allow. Constituent and dispersoid
particles were frequently seen but there was no indication that

either intevacted with the crack.
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There were some areas within the stress-corrosion
fracture which showed the dimpled appearance characteristic of
tensile rather than stress-—corrosion fracture. These were
generally quite small and apparently represented either (1) reglons
that had fractured mechanically after having been bypassed by
branches of the growing stress-corrosion crack or (2) areas that
had nct cracked during the test but were produced during the
subsequent mechanical fracture, Other than these small areas, no
indications were seen that plastic deformation played a significant
part in crack initiation or propagation.

The tips of stress-corrosion cracks had fine-scale
irregularities, sometimes cubic, but more generally rounded
(Fig. 78). This and other features of the crack front were the
same as those seen in examinations of surface oxide replicas.
Beyond the stress-corrosion crack front there was usually a flat,
rather featureless area representing the initial rapid tensile
or "pop-in" failure produced when the specimen was being broken
open. Beyond this region was the dimpled fracture appearance
characteristic of tensile failure (Fig. 79). Each dimple was
associated with a tiny dispersoid particle, indicating the strong
interaction of this type of particle with tensile fracture, but
not with stress-corrosion fracture.

Similar examinations of 2219-T37 specimgns showed
that unlike the 7075-T6 failures, where the deepening stress-—
corrosion crack followed a network of polygonal fragments between

unrecrystallized grains, cracks in 2219-T37 followed relatively
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planar boundaries between recrystallized grains. At high
magnification the fracture surfaces had a finely etched
appearance apparently produced by the corrosion associated with
stress—corrosion crackiﬁg. In a few areas, the micro-roughness
of the fracture surface was in the form of fine parallel lines
(Flg. 80). This is perhaps an etching effect, but might be the
remnants of slip steps and, hence, evidence for plastic deforma-
tion occurring in the stress-corrosion zone. Small rectangular
constituent particles were commonly found lying on the stress-
corrosion face of 2219 fractures, but there was no evidence that
they contributed to the fracture.

There was ample evlidence that the stress-corrosion
cracks in 2219-T37 proceed in a very irregular manner rather than
on a broad front. There were many islands within the stress-
corrosion area that falled in a tensile manner, and at the ends
of cracks, there were often spade-like tendrils advancing in
front of the main crack beneath the surface (Fig. 81).

Fracture Surfaces - Scanning Microscopy

During the demonstration of a scanning electron
microscope (SEM), examinations were made of the fracture surface
of one specimen each of 7075-T6 and 2219-T37 that had been
stressed short transversely to 75% ¥YS, exposed to the NaCl-A1Cls
solution at pH 1 until stress corrosion cracks initiated, and
then fractured mechanically. While both the stress-corrosion
and mechanical fracture areas were examined and were described
in the Eleventh Quarterly report, only the former will be

described here.
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In the 7075-T6 specimen, the surface of the stress-
corrosion fracture was comparatively smooth and featureless
(Fig. 82). Surfaces of individual grains were visible and
constituent particles left by the advancing stress-corrosion
crack were evident. In certain areas between grains, markings
chargcteristic of tensile fracture were present, presumably
developed when a bridge between two approaching cracks was broken
mechanically as a result of localized stress concentration,

In the stress-corrosion region of the 2219-T37 sample,
the fracture had a somewhat faceted surface, presumably repre-
senting grain faces exposed by the stress-corrosion crack (Fig. 83).
In addition, it was noted that in thils region a small fragment of
metal had pulled away from the main fracture. The sides of this
chip were marked by elongated facets, evidently produced by the
rassage of the stress-corrosion crack. Their appearance suggests
that the layers represent the "series of grains having favorably
oriented boundaries," which were the crack propagation paths in
this alloy.

Evolution of Grain Boundaries

Throughout the light microscope phases of this
investigation, it has been apparent that stress-corrosion cracks
in 7075-T6 initiate preferentially on certain boundaries oriented
perpendicularly to the stress. Electron microscopy showed that
these boundaries were of two types and that stress-corrosion
cracks initiated and propagated on both. One boundary represented
the Junction of two grains (clusters of fragments) of different

orientation. The other type, however, was a region of finite
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width, composed of relatively equiaxed polygonal cells, and
oceurring in regions having a low concentration of E-phase
dispersoids. An investigation was made to trace the origin and
evolution of this type of boundary region., This was done by
following the composition, microstructure and stress-corrosion
behavior of an ingot section of 7075 alloy as it was rolled to
2,15" thick plate. In one experiment, an 8" thick ingot section
was hot rolled to plate with samples beinpg taken at various
thicknesses. In another, a 10" thick ingot section was sawed to
a ftapered shape so that when 1t was rolled to plate the amount
of' reduction by hot rolling would vary linearly from zero at one
end to 80% at the other. Changes 1n degree of mlcrosegregation
were determined with samples in the as-fabricated (F) and T6
tempers. All other work was performed on T6 temper samples only.

Composition

The electron microprobe was used to study progressive
changes in microsegregation as the ingot was rolled to plate of
decreasing thickness. In the ingot, the elements Zn, Mg and Cu,
being eutectic elements, were found to be more concentrated at
the edges of dendrite cells. Chromium, on the other hand, is a
peritectic element, and was concentrzted more toward the center
of the dendrite cells. As the ingot was preheated and reduced
by hot rolling the compositional variations in Zn, Mg and Cu
were reduced because these elements diffuse readily. Conversely,
chromium has a low diffusion rate and microsegregation is not

eliminated easily. This effect is shown in Fig. 84 which shows
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microprobe composition profiles for Cu and Cr across a dendrite
cell in 7075 ingot given a Té heat treatment.
Data from the microprobe analyses in the two tempers,
F (as hot rolled) and T6, are shown graphically in Figs. 85-88.
For each element, the lower portion of the figure shows the range
of the point-to-point wvariations, and solid curves denote the
average solute content of the matrix. The upper portion of each
figure shows the change in segregation coefficient with increasing
hot rolling vreduction for the two tempers. A4s this coefflecient
approaches zero, the degree of homogenelity is increasing.
Preheating and relatively small rolling reduction
were sufficlent to distribute Cu fairly uniformly in the unheat-
treated plate. The approach to uniformity in the elements Zn
and Mg, however, was more gradual, increasing as rolling progressed.
Heat treating provided a substantial further lncrease in homogeneity
with respect to Zn, Mg and Cu, with the degree of microsegregation
in the T6 temper being essentially independent of plate thickness.
In the case of Cr, neither fabrication nor thermal treatment
affected the range of element distribution in any way, and the
range of observed Cr in the final plate was just as great as in
the original ingot (Fig. 88). Thus, the low chromium content at
dendrite boundaries (Fig. 84) will be present in the final T6-
temper plate. Recalling that chromium retards recrystallization
(7075 vs. X7375), it would then be expected that the dendrite cell
boundaries low in chromium would tend to recrystallize more readily.
This has actually been noted in the electron microstructure where
dispersold-free regions have had an equiaxed structure of fine

polygons or grains., Thus, it can be concluded that the type of
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boundary formed by the highly polygonized cells originated as
a dendrite cell boundary in the ingot.

Microstructure

The changes in microstructure assoclated with
different amounts of reduction by hot rolling followed by heat
treatment were examined by transmission electron microscopy.
Samples from the plate rolled from the tapered ingot were used.

In the region that had received no reduction, the
dispersoid-free regions assoclated with localized low chromium
content were apparent, but no poelygonization or development of
cells had occurred (Fig. 89). In the portion of the plate reduced
30-40% , the dispersoid-free regions had been elongated signifi-
cantly and, since there were no dispersoid particles to obstruct
dislocation movement, these regions remained relatively dislocation-
free. The dispersold particles in adjoining regions, however,
were effective obstacles to dislocation movement and many pinned
dislocations were apparent (Fig. 90). Also, and perhaps of
greater importance, dispersoids were also obstacles to grain
boundary movement.

With reductions of 50-60%, interactions between
dislocations had produced low-angle polygon boundaries within
the dispersold-rree bands and, Lo a lesser extent, within the
adjoining regions of average disperscid content (Fig. 91). The
polygon boundarles were prevented from penetrating very deeply
into the reglons of high dislocation density because of the

dispersoid obstructions. As a result, the polygon boundaries
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along the borders of the dispersold-free band became more
prominent as they accumulated more dislocations (Fig. 92).

These observations defined the evolution of the
polygonized, cellular bands found on some boundaries. These
bands developed preferentially in regions of low E-phase dispersoid
conéent, which were apparently also low in chromium. These regions
could be grain boundaries in the original ingot or, as deduced in
the previous section, boundaries of original dendrite cells.

Stress Corrosion Behavior

The effect of the different amounts of reduction and
the accompanying changes in microstructure on resistance to stress-
corrosion cracking were evaluated by stress-corrosion tests of
short-transverse specimens stressed to 50% and 75% Y3, and exposed
to the 3.5% NaCl alternate immersion test. The test results
(Table TIX) show that resistance to stress corrosion decreases as
the percent reduction increases. At 75% YS, all samples failed,
but those with reductions of 20% or less had longer failure times.
At 50% ¥S, there was a fairly sharp transition, with all samples
failing in relatively short periods when reductions were 40% or
more, and most samples not falling in 84 days when reductions
were 30% or less,

Similar relationships were noted in the crack
initiation times of tuning-fork specimens stressed short trans-
versely to 75% YS and exposed to the NaCl-AlCl; solution at pH 1.
When the reduction was 35%, cracks initiated in 20 minutes. As

the percent reduction increased, crack initiation time decreased



~49-

until, at 80% reduction, cracks initlated after only six minutes
and propagated rapidly across the specimen.

The relation between stress-corrosion behavior and
microstructure was evident from electron microscope examinations
of replicas from the tuning-fork specimens. With 25% reduction
or less, boundaries were relatively straight, even in regions
having few dispersoid particles. Cracking initiated on these
boundaries (Fig. 93). With 35% reduction some of these boundaries
acquired short branches indicative of the start of cell formation.
Cracking initiated on the grain boundaries and on the embryonic
cell boundaries (Fig. 94). With 45% reduction many of the
boundaries were cellular rather than planar, with the cells
lying in dispersoid-lean regions, and preferential attack
oceurring on polygon boundaries (Fig. 95). The cellular con-
figuration and attack of polygon boundaries was even more
pronounced with 80% reduction (Fig. 96).

This investigation of theevolution of the crack-
susceptible paths in 7075-T6 plate has shown that stress-corrosion
resistance in the short-transverse direction deteriorates with
increasing reductions from the ingot. One cause is apparently
the development of polygonal structures, having continuous
boundary paths, in regions having low E-phase dispersoid content.
Another cause is the fact that the more conventional type of
boundaries (junction of grains having different orientation) are
oriented perpendiculariy to the stress, either because they were

in this position initially or because they were rotated into this
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orientation during fabricatiocn.

Corrosion of Thin Films

It was planned to study crack initiation directly by
transmission electron microscopy using specimens from 7075-T6 and
7039-T6 plate. The specimens were to be thinned sufficiently for
transmission microscopy and were then to be exposed to appropriate
media both unstressed and stressed. Thils technique had been used
successfully in pre-contract investigations of corrosion and
stress~corrosion phenomena.

Attempts to duplicate this work with the plate
materials involved in the contract met with a series of problems
that were never completely solved., The primary difficulty was
that with all of the usual thinning procedures, the plate
materials were attacked selectively, developing configurations
that could not have been distinguished from features developed
during corrosion exposure. Another major problem was that of
stressing the thinned specimens either quantitatively or

consistently., No satisfactory method was found.

Near the end of the contract, changes were made to at
least demonstrate the capabilities of this approach. An improved
thinning process was developed, a change was made from 7075-T6
plate to sheet, and qualitative stressing was employed. Thinning
was accomplished by reducing the sheet to .005" by conventional
procedures, and performing the final thinning electrochemically in
an electrolyte of 67% methanol and 30% nitric acid maintained at

a temperature below -20 F. After the specimen had perforated, it
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was rinsed first in methanol at -20 ¥, and then in methanol at
room temperature. Specimens for transmission examinations were
taken from the edge of the perforation.

Examinations of thinned specimens of 7075-T6 exposed
unstressed to the NaCl—-AlCl; solution at pH 1 revealed a random
cubic pitting type of corrosion, apparently not related to any
microstructural feature (Pig. 97). When specimens were stressed
qualitatively by pressing them lightly against the bottom of a
beaker containing the same solution, intergranular stress-corrosion
cracks initiated (Fig. 98).

Even with the resolving power of the electron
microscope, the exact path taken by the crack was not certain.
Precipitate particles lying on the grain boundary itself did not
seem to be Involved in the cracking process and were by-passed by
the erack. This suggests that the crack followed a very narrow
band just adjacent to the actual boundary and that the precipitate
particles were cathodic to this band. Sometimes the specimen in
advance of the crack tip appeared to be thinner near the grain
boundary than within the grain body. This suggests that the
imposed stress, perhaps aided by the stress concentrating effect
of the crack, made the metal in the vicinity of the boundary more
electrochemically active so that dissolution in the corroding
medium was more pronounced.

Caleulations of Grain Boundary Composition

The composition of the region adjacent to boundaries,

in relation to those of other solid solution regions, boundary
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precipitate particles and matrix precipitates, are important to
stress-corrosion crack initiation. Little 1s known about the
composition of this region in commercial alloys, however, because
analytical methods do not yet have sufficient resolution to
selectively analyze the extremely narrow boundary region. In a
theoretical approach to crack initiation, calculations of the
bomposition of the boundary reglon were made for 7075, 2219 and
7039 alloys. These calculations were based on known diffusion
rate data and simple assumptions concerning the composition at
the actual grain houndary.

During the solution heat treatment of 7075 alloy,
essentially all of the Zn, Mg and Cu are in solution at the heat
treating temperature. On quenching, however, the solid solution
becomes supersaturated in these elements, precipitatiocn occurs,
and to different degrees depending on the rate of quench. The
rate of cooling between 750 and 550 F is a very important factor
affecting the stress-corrosion resistance of certain aluminum

(3) When 7075 is quenched through this range at a rate

alloys.
greater than 300 F per second, the alloy is stress—corrosion
resistant. When 1t is cooled at a rate of about 50 F per second
or less, it 1s susceptible. Stated another way, 1f 7075 remains
in the critical temperature range less than one second it is
resistant to stress corrosion, while if it remains more than
about four seconds it is susceptible.

The model used for the calculations assumes that

the structure produced during quenching is the same as would be
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produced by holding the metal at 680 F for a similar period. This
temperature was selected because i1t is in the upper portion of the
critical range, where changes occur most readily, and because the
required diffusion data are available for this temperature.

Because atomic mobility on the grain boundary itself
is very high, it can be assumed that nucleation of precipitates
begins much more readily there than in the bulk of the grain.

The solute removed from solution by the preciplitation produces a
compositional gradient which favors diffusion of further solvent
from within the grain toward the boundary. It is not known,
however, exactly how much of each solute element is removed from
solution at the boundary.

A reascnable assumption is that the solute contents
adjacent to the grain boundary approach the eguilibrium solublility
limits for the respective elements at 680 F during quenching and
approach them much faster than in the bulk of the grain. If it
is assumed that equilibrium solubility dis attained instantaneously
within the grain at the boundary, the calculated diffusion profiles
after wvarious periods are as in Fig. 99. Because the solubility
for Zn at 680 F is not much lower than that at the solution heat
treating temperature, the gradient in Zn is not very steep. The
sclubility of Cu and Mg are, however, drastically reduced. When
solution potentials are calculated from the known effects of
these elements, it is seen that fhere is an anodic peak in the
vieinity of the grain boqndary due almost exclusively to the loss
of Cu to the boundary. The region adjacent to the boundary is
significantly anodie To the bulk of the grain and could indeed

provide a preferential path for stress-corrosion cracking.
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Another factor contributling to the electrochemical
relationships in grain boundary regions is the nature and compo-
sition of boundary precipitate particles. Since elements depleted
from the boundary region appear on the boundary, the relative
amounts of these elements on the boundary were calculated. These
values, with a listing of precipitate phases that might form, are
given in Table X.

To this point, the calculations have utilized only
the bulk diffusion rates at 680 F. Diffusion occurs by a vacancy
mechanism, however, and the number of vacancies is strongly
temperature dependent. During the initial steps of quenching,
excess vacanciles are present and as they migrate to boundaries
in an attempt to establish equilibrium, they assist migration of
solute atoms. If each type of solute atom were affected equally,
the only effect of vacancy-assisted diffusion would be to widen
the solute-depleted zones. Actually, copper atoms trap vacancies
more efficiently than do zinc atoms,

Assuming that all excess vacancies are captured by
copper atoms, and that diffusion rate is proporticnal to the
number of vacancles, the copper diffusion rate would initially
be increased about 6.8 times, decreasing to the normal level as
vacancies were annihilated. Under these conditions, the potential
gradient in boundary regions would be similar to that in Fig. 100.
By comparison with the curves in Fig. 99, it is seen that excess
vacancy-enhanced diffusion would increase the extent of solute
depletion but would have little effect on the shape of the potential

gradient. Actually, since diffusion of all elements is enhanced
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by diffusion, the most accurate egstimates of potentlial gradients
would be between those in Figs. 99 and 100.

The excess vacancy-enhanced diffusion will also lead
to a change in the amount of solute elements at boundaries. One
can assume that the diffusicn rates are enhanced in proportion to
the binding energy of each element for a vacancy. Taking these to
be 0.06 ev for Zn, 0.19 ev for Mg, and 0.25 ev for Cu,(u) the
material deposited at the boundary is seen to be high in Mg,
intermediate in Cu, and low in Zn (Table X).

In 2219 alloy, the only element affecting solution
potential and free to diffuse is copper. Calculations were made
for this alloy using the same assumptions as with 7075, namely,
that compositional differences are established at about 680 F,
and that compositions adjacent to boundaries reach equilibrium
values for this temperature. The calculations indicated that a
grain boundary region anodic to the bulk of the grain would be
generated during quenching because of the loss of copper to the
boundary (Fig. 101). With the longer effective times at the
critical ftemperature resulting from slower qguenches, the width
of the anodic region would increase,

In the case of 7039, which does not contain copper,
the formation of anodic regions by diffusion of copper would not
be possible. Because the solubility for Zn and Mg is not much
lower at 680 F than at the solution heat treating temperature,
the model does not predict a significant variation in composition

in the vicinity of grain boundariés after quenching (Fig. 102).
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This suggests that 1f significant composition gradients are
established, they develop at temperatures below 680 F.

The next step was to calculate the effects of
artificial aging on the depleted boundary regions developed in
7075-T6 during slow quenching. These calculations were based on
the solution potentials known to result when the T6 and T73 aging
treatments are applied to material of the compositions calculated
to be produced during gquenching. The computations predicted a
shift in compositions and solution potentials in the boundary
regions as a result of artificlal aging, but indicated that the
potential gradients would not be changed appreciably. Thus,
anodic boundary regions were indicated not only for the T6 temper
which was susceptible to cracking but also for the T73 temper
which was not (Fig. 103).

Two possible explanations come to mind to explain
the anomalous relation between actual stress corrosion behavior
and the potential relationships predicted for the T73 temper.
One, based on microstructure, relates to the relatively large
precipitate particles developed throughout the grains during T73
aging. Since <these particles are M-phase high in zinc, they would
provide a multitude of corrcsion anodes of equal or more anodic
potential than the boundary region depleted in copper. The
improvement in resistance to stress-corrosion cracking observed
with extensive precipitation in Al-Mg alloys has been attributed
to the reduction in current density at anodic boundaries as a

(5)

regult of an increase in the anode/cathode area ratio.
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The other possible explanation of the anomaly is
related to the assumption that the composition at the boundary
was that 1n equilibrium at 680 F, regardless of the rate of
gquench. This would be only a 1limiting case and, actually, the
approach to the equilibrium value would be governed by rate of
quench. This would alter the predictions of compositions in
boundary regions which, in turn, would alter the response to
artificial aging. It was planned to follow this lead, but time
did not permit. This approach, however, appears potentially
profitable in explaining stress corrocosion behavior.

Another interesting feature of the calculations with
7075-T6 is that the mechanlcal properties in the boundary region
are also probably affected by gquench rate. Estimating the yield
strengths on the basis of calculated compositions, it can be seen
that the boundary may be significantly weaker than the grain
body (Fig. 103). This may be important since some theories of
stress corrosion envision a mechanical contribution. In addition,
concentrations of deformation in a weak boundary region may affect
the local solution potentials.

Grain Orientation

It was noted frequently, during light microscope
observaticns of crack initiation, that major cracks developed on
high-angle boundaries, as Jjudged by the coloration of adjoining
grains after metallographic etching. Also, in one instance, a
crack propagating along such a boundary stopped growing when it
reached the end of one of the grains invelved, even though a

favorably oriented continuing path was avallable but between
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grains of more nearly similar orientation.

It was planned to explore the effect of the relative
orientations of adjoining grains on the tendency for crack initia-
tion on their mutual boundary. Grain orientation was to be deter-
mined by using a Kossel camera attachment to the microprobe, which
has been promoted as a precise means of determining orientation.
Despite numerous attempts to employ this procedure, satisfactory
patterns were never obtained, and it was necessary to change to
etch-pit techniques for determination of orientation.

The principal difficulty with the etch-pit method
was that of the many solutions for producing crystallographically
oriented pits in unalloyed aluminum, none produced satisfactory
pits with the high strength aluminum alloy plate. An appropriate
solution was avallable for 2219-T37 from work on the effect of
surface roughness, however, and toward the end of the contract
reriod, some work was done with fthis alloy. The results sub-
stantlated the microscope observations that boundaries between
grains of greatly different orientation tend to be preferred sites
for erack initiation. An example is shown in Fig. 104, which shows
two etch-pitted grains and a stress-corrosion crack on the inter-
vening boundary. Figure 105 is a stereographic projection showing
the orientation of the two grains relative to the boundary. These
grains differ rather widely in orientation, the nearest cube poles
being 46° apart.

In this example, there was no particular crystallo-

graphic relation between the grains that would be conducive to

crack initiation other than the rather large difference in
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orientation. In the limited number of cases investigated, this
has been found to be generally true. This suggests that increasing
atomic mis-match at a grain boundary promotes crack formation.

Effect of Stress

The effect of stress on crack initiation phenomena
was investigated for 2219, 7075, 7079, and 7039 alloys. The tests
included evaluations of stress level, stressing direction and in
some cases, combinations of the two. The "standard" environments
were used, namely, the NaCl-AlCl, solutlion at pH 1 for 2219, 7075
and 7079 alloys, and the NaCl-Na,CrO, solution at pH 2 for 7039.
Certain tests made with 7039-T6 in other environments will be
reported in a later section,

Stress Level

2219 Alloy

With 2219 alloy a comparison was made between short
transverse stresses of 75% and 90% YS, using both the T351 temper
that did develop cracks and the T851 temper that did not. With
2219-T351, the number of cracks was fewer at 90% than at 75%
(Figs. 106 vs. 46) but the cracks initiated and propagated more
rapidly, and initiation sites and propagation paths were the same.
At the 90% stress level more localized plastilic deformation was
visible in the vicinity of cracks.

With 2219-T851, increasing the stress to 90% produced
intergranular crevices of the type seen at 75% ¥S (Fig. 50), but
no true cracks linitiated.

7075 Alloy )
With T7075-T6 at the 90% YS stress level, cracks

initiated and propagated very rapidly and considerable plastic
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deformation was noted in the vieinity of small cracks (Fig. 107).
Initlation sites and propagation paths were the same as at 75% ¥S.
With 7075~T73 only non-directional pitting developed, as was the
case at 75% ¥S (Fig. 57).

In view of the fact that c¢rack initiation times were
shorter at the higher stress level, possible quantitative relation-
ships were investigated with 7075-T6 specimens stressed to eight
levels between 50 and 90% ¥S. A séﬁi—logarithmic relationship
was found (Fig. 108).

In addition to tests at very high stress levels, crack
initiation near the threshold level was also investigated. Speci-
mens from 7075-T6 plate stressed to 20, 15 and 10% YS were used
because this material had shown failures at 15% Y8 in standard .
tests (Table V). At the 20% and 15% stress levels, cracks
initiated in fairly short periods and were readily distinguishable
from the inftergranular and interfragmentary corrosion that also
developed (Figs. 109 and 111).

With the 10% YS stress level, a few cracks formed but
it would have been very difficult to distinguish them from crevices
of intergranular corrosion except for the fact that they were
exclusively oriented perpendicular to the stressing direction
(Fig. 110) and were clearly apparent in cross seection (Fig. 111).
Cracks were much fewer at these lower levels than at the 75% stress
level, presumably because cracks developed on only the most sus-—
ceptible and most favorably oriented boundaries. The crack
initiation sites and path and mode of propagation were the same as
at the higher stress levels, except that no plastic deformation at

crack tips was noted.
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7079-T6 alloy

In tests of 7079-T6 stressed short-transversely to
90% YS, cracks 1nitiated more rapidly than was the case at 75% ¥S,
but the cracking sites and propagabion paths were the same. Cracks
initiated on boundaries, and frequently at constituent particles
and clusters if they were present on boundaries (Fig. 112). Propa-
gation occurred quite rapidly and along boundaries lying most
nearly perpendicular to the stress (Figs. 112 and 113). In the
cross section (Fig. 113), these paths were not particularly
straight because the 7079-T6 plate was much thicker than the

octher plate items, and did not have as much structural elongation.

7039-T6 Alloy

Tests of 7039-T6 stressed short-transversely included
stress levels of 90, 50 and 25% in addition to the 75% stress tests
already described. As with the other alloys, cracking time was a
function of stress level. Initiation time was a few minutes at
90% YS, several hours at 75% YS, 48 hours at 50% Y3, and no cracks
developed in 33 days at 25% ¥YS in the NaCl-Na,CrO, solution at
pH 2, Initiation sites and propagation paths were always on
boundaries perpendicular to the stress at all stress levels. At
the 50% and 75% stress levels, the boundary initiation sites were
always at Mg.Si particles or at pits from which these particles
had been dissolved. At 90% YS’initiation generally but not always
occurreé at these sites (Flg. 114 and Fig. 115 - top). Also, at
this stress level, the ends of comparatively long cracks departed
from the boundaries and entered the grains by either an inter-

fragmentary or transgranular path (Fig. 115 - bottom). It was not
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established whether these tiny cracks and branches from the main
crack were stress-corrosion cracks or mechanical cracks developed
by the stress concentration at this locatlion.

To summarize the effect of stress level, crack
initiation time and propagation rate were functions of stress
level, but initistion sites and propagation paths were always on
boundaries perpendicular to the stress. The only difference
among alloys was with 7039-T6 alloy whilch showed a pronounced
tendency for initiation at MgsSi particles on boundaries or at
plts from which such particles had been dissolved.

Stressing Direction

In view of the difference in stress-corrosion behavior
frequently encountered between the short-transverse and longitudinal
directions of aluminum alloy plate, crack initiation in longitudinally
stressed specimens was investigated. Tests were made only on
materials that cracked in short-transverse tests. The tests used
tuning~fork specimens exposed to the environments used previously
for the various alloys.

With 2219 alloy stressed longitudinally, cracks
initiated very rapidly and at the same location as in specimens
stressed short-transversely, that is, on boundary segments
oriented perpendicularly to the stress. These particular
boundaries, however, would have blocked the progress of cracks
initiated by short-transverse stress. As the exposure continued,
the cracks 1in longitudinally stressed specimens grew very slowly
if at all (Fig. 116), because they were blocked by unfavorably

oriented boundaries.
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With longltudinally stressed T075-T6 samples, cracks
also initiated very rapidly but propagated very slowly (Fig. 117).
The cracks that did form were located on grain boundaries but
since the grains were highly elongated in the rolling direction,
only their ends were highly stressed by longitudinal stresses. In
addition, the boundaries below the exposed surface were parallel
to the rolling direction (Fig. 118)., Thus, crack initiation and
growth were doubly difficult, first because there were very rfew
favorably oriented boundaries of appreciable length on the surface
and, second, because most of these had an unfavorable orientation
below the surface.

The effects of stressing direction were shown quite
dramatically by a direct comparison of relatively large areas of
stressed specimens at relatively low magnification. With short-
transverse stress applied to 2219-T37 (Fig. 119), series of
favorably oriented boundaries along the recrystallized grains
were avallable and relatively long cracks developed easily. With
longitudinal stress (Fig. 120), however, cracks also developed
rapidly but continuity of optimum boundaries was not available
and cracks remained short.

This effect was even more pronounced with 7075-T6
alloy because of its highly elongated, unrecrystalllized grain
structure. With short-transverse stress (Fig. 121), long cracks
developed easily along boundaries. With longitudinal stress
(Fig. 122), however, very few cracks developed even after long
exposure. In this figure, some cracks will be noted parallel to

the stressing direction. These were formed under the influence
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of the low short-transverse stress assoclated with the biaxial
stress condition. This emphasizes strongly the effect of grain
configuration and stressing direction because a relatively low
short-transverse stress developed more and larger cracks than a

longitudinal stress several times greater in magnitude.

Further evidence of these effects was observed with
X7375 alloy which has an almost equlaxed recrystallized structure.
With short-transverse stress, cracks formed readily along the
boundaries of the large grains (Fig. 123). With longitudinal
stress (Fig. 124), boundary orientation was also quite favorable
and cracks initiated and developed with almost ‘equal ease.

To determine the effect of stress level with longi-
tudinally stressed specimens, samples of 7075-T6 were exposed with
a 90% YS stress. Behavior was identiecal to that at 75% ¥YS, cracks
initiating very rapdily but propagating only with great difficulty.

Electron microscope examinations were made of cracks
in longitudinally stressed specimens of 7075-T6 and 2219-T37.
Crack initiation and boundary penetration wers the same as with
short-transverse stress, cracks initiating at random sites on
boundaries and propagating along a ragged intergranular front
between grains, With the longitudinally stressed specimens,
however, a number of cracks initiated on boundaries parallel to,
or at a low angle to the stressing direction (Fig. 125). As
explained previously, this was associated with the biaxial stress
condition in the specimen and the ease of crack initiation under
the much lower short-transverse direction stress.

The effect of stressing longlitudinally was also

investigated with specimens from the 7079-T6 plate using stresses
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of 75 and 90% ¥YS. As was the case with 7075-T6 alloy, small
cracks initlated rapidly but propagated very slowly because
favorably oriented boundary paths were not available.

A comparison was also made of 7039-T6 specimens
stressed longitudinally and short-transversely to 75% and 90% YS
and exposed to the NaCl-Na.Cr0, solution. Results were different
from those with all other alloys in that no cracks initiated with
longitudinal stresses in periods up to two months. In contrast,
cracks initiated in periods of a few minutes at 90% ¥S and a
few hours at 75% ¥YS with short-transverse stresses. This difference
eould not be explained because boundary segments perpendicular to
the longitudinal stress were available, and the same Mg,Si
constituents and pits from which these particles had been dissolved
were present,

In summary, and with the poésible exception of 7039~T6,
the effect of stressing direction on stress corrosion behavior is
related not to the ability to initiate cracks, but to the ability
of cracks to propagate. This, in turn, is controlled by boundary
configuration with respect to the stressing direction and the
avallability of econtinuous crack-susceptible paths perpendicular
to the stressing direction.

Effect of Surface Roughness

Investigation of the effects of surface roughness was
divided into three phases
1. Individual topographical irregularities
2.  Pre-corrosion

3. Mechanical Roughness
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Individual Topographical Trregularities

The effects of both chemically produced and mechanically
produced irregularities were evaluated. The former were produced
by eteh pit techniques and would simulate pits developed during
the initial stages of a corrosion exposure. Pits‘have been claimed
to be crack initiation sites generally, and were found to be such
sites in 7039-T6 when they developed on boundaries. The etch pits
were produced with a basic solution of 100 mldistilled water and
100 ml ethanol saturated with NaCl, to which was added 30 ml each
of HC1 and HNO: for 2219 alloy specimens, and 4ee HF for 7075 and
7039 allcy specimens. The solution temperature was 60°F for 2219,
and 45°F for 7075 and T7039. Specimens were held with nichrome
tongs to introduce a slight galvanic effect.

In evaluatipg the effect of etch pits, tests were
made with 2219~T37, 2219-T87, 7075-T6 and 7075-T73 specimens
exposed to the NaCl-AlCl; solution et pH 1, and with 7039-T6
specimens exposed to the NaCl-Na,Cr0, solution at pH 2. Short
transverse stress of 75% ¥YS was used.

No evidence was found that the etch pits had any
effect on crack initiation with any material. In crack-
susceptible alloys, cracks initiated in times similar to those
regquired for unpitted specimens, and no cracks initiated in
erack-resistant alloys. When cracks did initiate, they were
associated with pits only when the pits were on boundaries. Also,
eracks formed in similar periods and in a similar manner on
unpitted boundaries. Typical areas on a 2219-T37 specimen are

shown in Fig. 126. In the fileld to the left, only one pit 1s
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assoclated with a stress-corrcaion crack, and this ﬁit is at the
end of the crack and does not appear to be its initiation site.
In the field to the right of Fig. 126, a crack has progressed
through a number of pits on a boundary, but pits on other
boundaries have not initiated cracks. It is concluded, therefore,
that the pits were not a significant factor in crack initiation.
The mechanically produced irregularities were made
with a diamond marker on a metallograph and were of two types.
One was a "punch mark," developed by bringing the marker into
light contact with the surface of the stressed specimen. The
other type consisted of scribe marks developed by establishing
contact between marker and specimen surface and then moving the
specimen with the microscope stage. Scribe marks of various depths
were made both parallel to and perpendicular to the stressing
directlon. Specimens cof 2219-T37 and 7075-T6 were used, with
short transverse stress of 75% YS and exposure to the NaCl-A1C1,
solution at pH 1. Cracking occurred in the same manner as with
polished specimens and apparently without regard to the
mechanically produced irregularities. Cracks always initiated
at boundaries but neither sought out nor avoided the mechanical
irregularities. Occasionally a crack initiated within a scribe
mark but other cracks formed elsewhere with equal ease,
Occasionally a crack would propagate along a scribe mark, but it
would do so only when the boundary followed the mark, and would
deviate from the mark to follow the boundary. A typical field

on a 7075-T6 specimen 1s shown in Fig. 127. As seen in the upper
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micrograph, numerous cracks have férmed, all perpendicular to the
stressing direction and unaffected by the vertical scribe marks .
Two of the cracks appear to have developed from the ends of the
horizontal scribe marks. As shown by the lower micrographs,
however, the cracks followed boundaries, and were assoclated with
the scribe marks only because the sceribe marks were on or close
to boundaries. Thus, it is concluded that small, mechanically
produced surface irregularities are not a significant factor in
crack initiation.

Pre~Corrosion

In evaluating the effects of pre-corrosion on crack
initietion, tuning-fork specimens of the stress-corrosion-
susceptible alloys 2219-T37 and 7075-T6 were exposed unstressed
in the NaCl~AlCl; solution at pH 1 until well-defined inter-
granular fissures developed. The specimens were then washed
thoroughly, stressed short-transversely and re-exposed to the
NaCl-A1Clz solution.

The specimens were first examined before the final
exposure because difficulty was foreseen in differentiating
between intergranular corrosion crevices widened by corrosion
and true stress-corrosion cracks. In experiments with 7075-T6
stressed to 90% ¥YS after corrosion, stressing widened the
corrogsion crevices perpendicular to the stress, and only those
perpendicular to the stress. The resulting crevices looked
exactly like the stress-corrosion cracks developed by direct
exposure of similar specimens (Fig. 128). This is very important

because 1t points out quite strikingly that intergranular corrocsion
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crevices later widened by stress could be mistaken for stress-

corrosion cracks.

The final step in the sequence was to re-expose the
samples. This was done with T075-T6 samples stressed short-
transversely to 75% ¥S. Comparing the same areas before and
after the stress-corrosion exposure, it was obvious that the cracks
extended quite rapidly by a stress-corrosion mechanism. It was
impossible, however, to distinguish between the widened-corrosion-
crevice and stress-—corrosion portions of the final c¢rack. Two
areas, before and after the stress-corrosion exposure are shown
in Fig. 129.

Mechanical Roughness

In evaluating the effect of fine, mechanically-
produced surface roughness, tuning-fork specimens of 2219-T37
and 7075~T6 were taken through the 3-0 metallographic paper
grinding operation, some with the grinding marks parallel to the
longitudinal direction, and others with the marks parallel to the
short-transverse direction of the structure. With unstressed
specimens exposed to the NaCl-AlCls; solution at pH 1, it was very
difficult to observe the corrosion paths (Fig. 130) because
(1) the grinding marks were the most prominent features at the
high light-microscope magnifications used, and (2) because the
plastic deformation assocliated with the grinding apparently
altered the microstructure., With tuning-fork specimens stressed
short~-trausversely to 75% Y3, cracking was not observed until a
period well beyond that required for obvious cracking in polished

specimens (Pigs. 131 and 132). When cracks did become visible, it



70w

was impossible to establish their paths because of the gross
roughness of the ground surface. The delay in apparent cracking
was undoubtedly caused to some degree by the masking effect of
the roughness.

Examinations of sections of the specimens showed that
cracks were actually well-developed when they were first visible
under the microscope, indicating that crack initiation had
ocecurred at an earlier time, The cracks at the ground surface
were not of the fine intergranular type but consisted of wide
crevices, generally intergranular, from which fine intergranular
cracks emanated (Fig. 133). Thus, fine mechanical surface
roughening altered crack initiation in a shallow layer at the
surface, and may have delayed cracking while this layer was being
penetrated. Once this region was breached, however, cracking
proceeded in a normgl manner.

Effeect of Surface Film

Investigation of the gffects of surface film on crack
initiation involved natural films and films produced both electro-
chemically and chemically. The effects of the natural oxide film
were noted throughout the contract work. Nautral films that
formed between final metallographic polishing and exposure of
stressed specimens had a pronounced effect on the time required
for crack initiation, making it essential to control very care-
fully this time interval. Also, interruptions in an exposure for
making micrographs delayed the resumption of crack propagation.

In no case, however, was there any change in either the sequence

of events or the mode of cracking.
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In a quantitative evaluation of the effect of natural
film on crack initiation, a series of stressed 70%5—T6 specimens
was prepared and exposed to the atmosphere for various periods prior
to exposure in the NaCl-A1Cl; solutieon at pH 1, With delay ftimes
of 1, 5, 15 and 60 minutes, corresponding times for crack initiation
were 1, 7, 19 and 26 minutes. This relationship is strikingly
similar to that for the formation of natural films on aluminum. This
suggests that, in the absence of film, cracking should start almost
instantaneously and that the "incubation perlod" prior to crack
initiation is the time required for the corroslion environment to
dissolve or penetrate the film. Support for thils hypothesis is
the fact that with the specimen in which cracks lnitiated in seven
minutes, no changes in the surface were observed in the first six
minutves. IFrom the metallurgical and stress-corrosion viewpoint;
it seems quite unreasonable that everything should happen during
the seventh minute; On the other hand, it seems very reasonable
that six minutes might have been required for the corroding
environment to dissolve or penetrate the air-formed film. This,
in turn, suggests that the effectiveness of various environments
in promoting or preventing stress-corrosion cracking may be
controllied, at least in part, by their ablility to form or dissolve
surface films,

Another phase of this work involved investigation of
the effecté of different thicknesses of barrier-type oxide formed
anodically on 7C075-T6 and 2219-T37 alloys. Films were applied
in an ammonium tartrate solution at pH 5.5, and thicknesses

of 85 (6V), 250 (18V) and 750 A (54V) were evaluated. During film
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formation, the microconstituents and boundary precipitate
particles were generally dissolved out, leaving plts of a
corresponding size both within the matrix and at boundaries
(Fig. 134).

The anodic barrier films delayed crack initiation
but not for times proportional to film thickness or for times as
long as observed with natural films. The crack initiation
mechanism was the same as with as-polished specimens, however,
cracks starting either at random sites or at pits on boundaries
and progressing along boundaries perpendicular to the stress
(Fig. 134). The fact that cracking time was not proportional to
film thickness suggests that the film is thinner or weaker than
normal at the boundaries. This was confirmed by electron micro-
scope examinations which showed film weakness at boundaries where
the precipitate particles had been dissolved out or converted to
a porous type of oxide. Similar behavior was noted with the
constituent particles and disperscids but this was not significant
because cracks did not initiate at these locations.

Electron microscope examinations were made, using the
double-oxide replica technique, to study the effect of barrier
oxide films on crack initiation and cn the propagation of cracks
formed before application of the oxide film. Theze examinations
confirmed the findings from light microscope work in that there
appeared to be a delay in crack development which presuﬁably
represented the time required for the environment to breach the
barrier oxide film. Oxide breakdown occurred more readily at

boundaries and at constituents but only the boundary breakdown
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led to crack initiation. Boundary pitting through the oxide was
associated with crack development but did not appear to be an
essential condifion for crack initiation.

With cracks existing before application of the first
barrier film, some did not propagate, although there was no
indication that the oxide film prevented propagation. Other
cracks propagated by breaching the oxide and proceeding along the
same paths they had followed before the oxide film was applied.
With some of these, the breach was small and the crack developed
from this location as a focal point, but the majority d;veloped
along a falrly broad front (Fig. 135).

The effects of three other films on crack Inltiation
in stressed tuning-fork specimens of 2219-T37 and 7075-T6 were
glso evaluated, One was g chemically-formed phosphate fiim
applied by boiling for two minutes in a 2% NaH:PO, solution at
pH 7. Other work at these laboratories has shown that a film of
this type can delay or prevent attack of aluminum surfaces. The
other two films were of the anodic barrier type and were formed
to a thickness of about 250 A by forming at 18 volts. One was
formed in the 2% NaH,PO, solution at pH 7, the other in a 3% Cri;
solution adjusted to pH 7 with NH,OH. ‘

With the chemically-formed phosphate film, crack
initiation was delayed with 2219-T37 but no effect was noted with
7075-T6, cracks developing very rapidly. With the f£ilm formed
anodically in the phosphate electrolyte, cracking of 2219-T37 was

again delayed appreciably, but crack initiation in 7075-T6 was
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about as rapld as without the film. With the anodic film formed
in the chromate solution, crack initiation was considerably delayed
with both alloys, possibly as a result of inhibition by the
chromate ion. With all films, the crack Initiation sites and the
cracking mechanism appeared to be the same as with samples without
the films.
This work led to three conclusions:
1, The presence of the films had
no effect on crack initiation
sites or the cracklng mechanism,
2. The films themselves could delay
but eould not prevent crack
initiation. The delays presumably
represented the time required for
the corroding environment to
breach the surface film.
3. The pits developed during film
formation had no noticeable effect
on erack initiation sites or the
cracking mechanism.

Effect of Enviromment

The evaluation of the effect of environment on crack
initiation in high strength aluminum alloys was divided into two
sections. First, standard stress-corrosion tests of specimens
from 2219 and 7075 alloy plate were conducted in a wide variety
of aqueous solutions. From these screening tests, appropriate
environments were then selected for further studies involving the
ohservation and analysis of crack initiation.

Screening Tests

The materials used in the screening tests were 4"
thick 2219-T37 and 2" thick 7075~-T651 commercially fabricated

plate. Prior tests had shown that these items were susceptible
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to stress-corrosion cracking in the 3.5% NaCl alternate immersion
test when stressed in the short-transverse direction. Portions of
these two plate alloys were precipltation heat treated in the
laboratory to the stress-corrosion-resistant 2219-T87 and 7075-TT7351
tempers. Short-transverse tensile specimens, 0.125" diameter and
2" long, were machined from each item and were stressed to 75% ¥S
in the "constant-strain® type stressing frame shown in Fig. 136.
Stressed and unstressed specimens were exposed to the various
solutions in covered dishes containing one liter of solutlon and
maintained at 80-85 F. Tensile tests were made of unstressed
specimens at periods corresponding to stressed specimen failures,

and of all specimens remaining at the end of the 60-day test.

The test results are summarized in Tables XI-XIV. The
specimen performance in representative types of eslectrolytes is
illustrated graphically in Figs. 137-140.

7075-T651 Alloy

Stress—corrosion cracking cccurred principally in
solutions that caused intergranular attack of both unstressed and
stressed specimens. The pH of the solution was an important
factor. In neutral solutions, stress-corroslion cracking or
acceleration of corrosion due to applied stress occurred only in
solutions containing chloride and bromide anions. No stress-—
cerrosion cracking or evidence of stress corrosion was detected
in neutral solutions of the following sodium salts: sulfate,
nitrate, phosphate, lodide, fluoride and chromate. The propensity
for intergranular attack and stress-corrosion cracking in the

various solutions was markedly increased when they were acidified
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to pH 2. Under these conditions stress-corrosion cracking occurred
in the followins additional solutions of the sodium salts: dodide,
fluoride, sulfate and acetate (pH U4). No stress-corrosion cracking
was encountered with acidified nitrate, phosphate and chromate

solutions.

2219-T37 Alloy

Stress—corrosion cracking of 2219-T37 alloy, like
7075-T651 alloy, occurred in agueous solutions which caused inter-
granular corrosion. There appeared to be no acceleration of
corrosion due to stress in those solutions which did not support
intergranular corrosion.

Susceptibility to intergranular corrosion and stress-
corrosion cracking was most evident in solutions containing
chloride icns, especially when such sclutions were geldified o
pH 2. Acidification with oxidizing acids or the addition of an
oxidizer such as H;0; stimulated intergranular attack in chloride
solutions. No stress-corrosion cracking was noted at either pH 2
or pH 7 in sodium salts of such anions as bromide, fluoride,
nitrate, sulfate, phosphate, chromate, acetate or bicarbonate.
Test results in solutions of the ammonium salts were generally
gimilar to those observed with the sodium salts. There appeared
to be a slight ftendency for inftergranular corrosiocn to ccecur in
acidified (pH 2) solutions of Na3S0;, but no stress-corrosion
cracking or acceleration of attack due to stress was observed in
these solutions. The addition of an oxidizer such as H,02 to a
solution of NazS0, caused some susceptibility to stress-corrosion
cracking, but the probability of failure in such solutions

appeared to be low.
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In analyzing the test results obtained in certain
of the more aggressive solutions, considerable difficulty was
encountered in determining whether failures had resulted from
stregs—-corrosion cracking or from severe localized corrosion. This
was particularly true when failure times were long (1-3 weeks),
unstressed tensile losses were high, and corrosive attack was of
the severe general intergranular type. In such cases, the long
failure times may be related tc the limited elastic strain energy
of the stressing frame, as discussed by Lifka and Sprowls.(6)
Instances in which there was doubt as to the mode of failure are
noted in Tables XTI and XTI, and were lnvestigated further in

supplemental tests described below.

2219-T87 and 7075-T7351

No evidence of stress-corrosion cracking was detected
in specimens of either alloy in any of the solutions tested. A
few failures occurred in highly corrosive solutions but the type
of attack in each was substantially or exclusively pitting. It was
concluded that the failufres were the result of severe localized
corrosion and not stress-corrosion cracking.

The most corrosive solutions were those containing
sodium chloride either alone or in combination with other sodium
salts and acidified to a pH 2. Severe corrosion with some failures,
principally in 2219-T87 specimens, alsc occurred in the acidic
solutions of bromide and iodide anions. Acldic solutions of sulfate
anions caused severe corrogsion of the 7075-T7351 specimens but only
mild corrosion of the 2219-T87 specimens. Acidified solutions of

other sodium salts (fluorides, nitrates, chromates and phosphates)
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caused only mild corrosion of either alloy. Neutral solutions of
the various sodium salts were not highly corrosive and caused no
failures., However, the addition of H;0, stimulated corrosion and
Induced failure of both alloys in a neutral NaCl solution, and
7075-T7351 in a neutral sulfate solutlon. The only other failures
in neutral solutilons occurred after 44-60 days exposure, with
7075-T7351 specimens in NH{Cl and with both alloys in NagCl plus
Na2SO0u.

The fact that the corrosion patterns in the acidified
chloride solutions were so varied emphasized that visual ratings
of corrosion damage can be very misleading. Four samples having
greatly different visual ratinge, but all having sustained high
loss in strength from corrosion are shown in Fig. 141. Cross
sections of the samples having the best and worst visual corrosion
ratings (Figs. 1842-143) reveal the true severity of the corrosion.

Supplenental Tests in pH 2 Solutions

In view of the questions regarding failure mode in
certain highly acid media, supplemental tests were made. These
involved the tensile éesting and metallographic examination of
specimens removed from test at several intervals. The objective
was to determine whether corrosion was accelerated by stress,
which is a prime indicator of stress corrosion. The test results
are glven in Tables XV and XVI.

With 2219-T37 and 7075-T651 alloys in the sodium
chloride solutions, the corrosion initiated as fine intergranular
attack. The losses in strength of stresséd specimens of both alloys

were significantly higher than those of corresponding unstressed
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specimens (Figs. 144 - top and 145 - top) thereby indicating a
marked accelerating effect of stress. It was concluded that the
failures in these solutions were the result of stress-corrosion
cracking. With 7075-T651 in the acidified sodium sulfate solution,
corrosion was primarily of the pitting type, but there was some
acceleration of corrosion by stress. Thus, there was still some
doubt that the failures were of the stress-corrosion variety.
Corrosion of both 2219-T87 and 7075-T77351 alloys was
exclusively pitting. Application of stress did not affect the
rate of corrosion of 2219-T87 in the acidified NaCl solution
(Fig. 145 - bottom) and only slightly accelerated that of
7075-T7351 in this solution (Fig. 144 - bottom). In the other
solutions, no significant effect of stress was noted. This
confirmed previous concluslons that the failures were the result
of severe localized corrosion rather than stress-corrosion cracking.

Electrolytes Containing Certain Cations
and Alkaline Solutions at pH 11-11,5

Eight electrolytes were selected for this phase of
the screening tests. 'The solutions involved are listed in
Table XVIT, together with the results of stress-corrosion tests.
Stress—coffosion cracking of 2219-T37 and 7075-T651
alloy specimens occurred in acidic (pH 2) and neutral (pH 7)
solutions of calcium chloride. Failures were also encountered
with 2219-T87 and 7075-T7351 specimens, but metallographic
examination revealed no evidence of stress-corrosion cracking.
Both tempers of each alloy corroded very rapldly in ferric chloride

(pH 1.5), cupric chloride (pH 2) and sodium hydroxide (pH 11.5)
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electrolytes, but no stress-corrosion fallures developed. In the
cupric chloride solution, there was an immediate deposition of
copper over the entire specimen surface with subsequent rapid
attack that necessitated removal of the test specimens after 10-30
minutes exposure.

In the cupric sulfate solution at pH 2, deposition of
copper also occurred but corrosion was not as rapid and stress-
corrosion cracklng developed in 2219-T37. Failures were also
encountered with 7075-T651 and T7351 specimens, but metallographic
examinatilon revealed no evidence of intergranular attack or stress-
corrosion cracking., High tensile losses of unstressed specimens of
7075-T7351 indicate that those failures were due to localigzed
corrosion, but the somewhat lower losses of unstressed specimens
of 7075-T651 suggest that stress-corrosion may have been responsible
for the failure of the T651 specimens., There is still some doubt
about this, however, just as in the case of the Na,S0O, solution
with pH 2 (page 79). Further investigation of the mechanism of
these fallures is described below in the section on stress-corrosion
erack initiation in seiected environments.

In the ammonium hydroxide electrolyte (pH 11) stress-
corrosion cracking occurred only with the 7075-T651 specimens. In
sodium chloride solutions of simlilar alkalinity (pH 11), stress-
corrosion cracking occurred with both the 2219-T37 and 7075-T651
specimens. Failures also occurred with 2219-T87 and 7075-T77351
specimens, but these failures were the result of severe local
pitting.

The results of these environmental tests have amply:

demonstrated that the susceptibility of aluminum alloys to
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stress—-corrosion cracking depends not only upon the alloy and
temper, but also to a high degree upon the environment. It should
be cautioned that these screening tests were not prolonged suffi-
clently that the absence of failures of a given alloy and temper

in a specific solution Jjustifies conclusions to the effect that the
alloy and temper is immune to stress-corrosion cracking in that
solution. Particularly in the less corrosive solutions it is
possible that a more extended exposure might result in stress-
corrosion c¢racking. It also is noteworthy that slightly changed
test conditions could change the susceptibility of an alloy in a
specific solution. PFor ezample, Hollingsworth and‘English(Ga)
found in tests similar to these that 7075-T651 did not stress
corrosion crack in 1N NaNOs; (pH 2) in a 45 day exposure, at 72 or
113 F, but did crack within 20 to 40 days when the temperature was
raised to 153 F. Such variations in behavior are by no means
peculiar to aluminum alloys, for a similar environmental dependency

is well illustrated in the literature for other alloy systems.

Selected Environments

From the many solutions evaluated in the environmental
screening tests, two groups of five each were selected for crack
initiation studies with the light microscope. One group was
selected for 7075-T6 and 2219-T37, and included solutions in which
both definite and questionable stress-corrosion failures had
occurred. The other group, chosen for 7075-T73 and 2219-T787,
incliuded three solutions in which gcceleration of corrosion by
stress had suggested the possibility of stress corrosion, one

solution that produced considerable cofrosion but no failures,.and
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one solution producing little corrosion and no failures. Tuning-
fork speecimens from plate used for previous tuning-fork tests

were stregsed to 75% ¥YS in the short-transverse direction for these
tests. The primary objective was $o determine the effect of
environment on crack Ilnitiation and‘propagation. A secondary
objective was to establish whether certain scfeening test failures
were the result of stress-corrosion cracking or excessive localized
corrosion.

7075~T6 and 2219-T37

The solutions selected and the failure times in the

screening tests were:

Adjusted Fallure Times - Days

Solution pH With 7075~-T651 2219-T37

1N Nadc b HAc 4,6,13 _—

IN NazSOy 2 H;80, 39% Jo# L47%#  QK-60
0.5N NaCl + 0.5N Na,CrOs 2 HC1 8,10,19 1,1,0K-60
4N NaCl + 0.5N KNO; 0.4 HNO, 1,1,1 1,1,1
0.5N NaCl + 0.5N Na,30s | 2 H,S0, 2,2,3 No Test

¥3CC questionable (Tables XI, XV)

With 7075-T6 in the 1N NaAc solution at pH 4, only
slight pitting and no cracking was observed in periods up to six
days (Fig. 146) which is in direct contrast to the screening test
failures. This anomaly was explained by additional tests which
will be deseribed at the end of this section.

In the 1N Na280, solution at pH 2, stressed 7075-T6
sustained general corrosion initially and, after longer periods,

developed crevices that proved to be selective attack along grain
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boundaries perpendicular to the stress (Fig. 147). It was con-
cluded that this alloy showed a borderline susceptibility to stress-
corrosion cracking in this environment, which is in agreement with

tests by Hollingsworth and English(6a)

involving different
temperatures. With 2219-T37 in this environment, some wide,
shallow attack at boundaries occurred but no cracks developed.
This is in agreement with screening test results.

In the 0.5N NaCl + 0.5N Na,Cr0. solution at pH 2, only
pitting attack and no cracking developed during a 2l-day exposure,
which is contrary to screening test results. This anomaly was also
explained by additional tests to be described shortly. With
2219-~T37 in this environment, cracks initiated and propagated
rapidly along grain boundaries generally perpendicular %o the
stress (Fig. 148). Initiatlion sites and propagation paths were
the same as in the NaCl-AlCl; solution at pH 1.

With the 4N NaCl + 0.5N KNOj; solution at pH 0.4, both
alloys developed intergranular stress-corrosion cracks very rapldly.
These cracks initiated at pits and random sites on boundaries
perpendicular to the stress and propagated along these same
boundaries (Figs. 149-151).

In the 0.5N NaCl + 0.5N Na,S04 at pH 2, intergranular
cracks initiated and propagated on boundaries perpendicular to the
stress as typified by the micrographs of tpe 7075-T6 specimen seen
in Figs., 152-153. In this particular area, the preference for crack
formation on boundaries between grains of different orientation is
again 1llustrated. As the cracks propagated inward-with this

specimen, cracks selected grain boundaries perpendiculer to the
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stress wherever possible, but on rare occasions when such
boundaries were not available, the crack would follow an inter-
fragmentary path (Fig. 153).

In view of the disagreement between screening and
tuning-fork tests of 7075-T6 in the 1N NaAc (pH 4) and 0.5NW
NaCl + 0.5N Na,CrO, (pH 2) solutions at 75% ¥S, additional
specimens were run at a stress of 90% ¥S. Results were the same
as at the lower stress, with occasional broad, shaliow pitting on
boundaries but no cracking. The environmental screening type of
test was then repeated using samples from the lot of plate used
for the tuning-~fork tests. With both environments, no stress-
corrosion cracks were encountered, indicating that both the
screening and tuning-fork tests were accurate. Since cracking
developed in specimens from both lots of material in other
environments, including the 3.5% NaCl alternate immersion test,
it was concluded that these environments were of the "borderline"
type and that further investigation would be required to evaluate
fully these alloy-environment combinstions.

7075-T73 and 2219-T87

The environments selected for microscope work with

T075-T73 and 2219-T87, and the results of screening tests were:

Adjusted Failure Times®* - Days
Solution pH With 707517351  2210-187
IN NaCl 2 HC1 18,18,22 54,54,54
1N NaCl 2 Ho 804 2, 2, 4 8, 9, 9
1N KHF» 1.5-2.0 - 0K 60 0K 60
1N NaBr 2 HBr * 0K 6C -
1N NacCl 2 CrO, - 16,21,0K ‘60 °

¥411 falluves considered to be the result of severe localized corrosion
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With the 7075-T73 and 2219-T87 tuning-fork specimens,
only a pitting type of attack developed and nothing even remotely
resembling a crack appeared._ The attack of the various alloy-
environment combinations has been described and illustrated in
previous reports on this contract but, since this information is
not pertinent to crack initiation, it is not included here. The
conclusion drawn from this phase of the work was that the screen-
ing test failures with these alloys and environments were the
result of excessive localized corrosion and not stress-corrosion
cracking.

7039-T6

Although investlgation of environmental effects with
7039-T6 was not planned initially, developments during the crack
initiation studies led to a very limited study of the effect of
environment. The first of these occurred when original plans to
test all alloys in the NaCl-A1Cl; solution at pH 1 were carried
out on 7039-T6. Despite the fact that the plate selected had
poor resistance to stress corrosion in standard tests, no cracks
initiated in tuning-fork specimens. Tests of another lot of
plaée, Jjudged to have very poor resistance to stress corrosion,
yie;ded similar results, that 1s, considerable general corrosion
but no cracks. It was concluded that this was another instance
of the likelihood of cracking decreasing with an increase in the
amount of general corrosion. The change was then made to the
NaCl-Na,Cr0, (pH 2) solution which produced very little general
corrosion but did induce cracking.

To verify the apparent absence of cracking in 7039-~T6 -

in solutions producing severe general corrosion, tuning-fork
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specimens stressed short-transversely to 75% YS were exposed to
the 4N NaCl + 0.5N ENOs; solution at pH 0.4. This solution had
been highly corrosive to T075-T6 and 2219-T37 but had produced
cracks with extreme rapidity. In the case of 7039-~T6, general
corrosion occurred but no cracks developed, as was the case with
the NaCl-Al1Cl; (pH 1) solution which alsc produced general corrosion.

The other incident that led to further investigation of
environmental effects with 7039-T6 was the fact that stressed
specimens awalting exposure developed cracks in the laboratory
atmosphere. Examinations of specimens stressed to 75% ¥YS in the
short transverse direction reveagled crack initiation in less than
a week. Cracks initiated at lig:Si particles situated on grain
boundaries and propagated along grain boundarles perpendicular to
the stress (Figs. 154-155). No cracks initiated at Mg,Si particles
that were not on boundaries. This persistent tendency for initia-
tion at Mg:81 particles is contrary to the behavior of other TXXX
alloys that also contaln such particles.

Electron fraetographic examinatiocons of cracks formed
in air revealed cubic.pitting on the specimen surface and at the
start of the crack. This pitting probably occurred after the
formation of the crack because the crack surface generally had a
faceted appearance (Fig. 156). Some evidence of plastic deforma-
tion was observed (Fig. 157). This deformation may represent
mechanical blunting of the crack tip, or possibly mechanical crack
growth. The stress~corrosion crack front had a flnely scalloped
appearance, with a series of similar markings nearby (Fig. 158),

indicating intermittent ecrack propagation.’
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Further environmental effects were noted when
additional tests in laboratory atmosphere produced no cracking.

The reason was that the laboratory atmosphere had changed with a
change in season. With tests run in August, when the laboratory
atmosphere was 90-95 F and 50-75% relative humidity, cracks had
initiated in about five days. 1In October, when the laboratory
atmosphere was 70-75 F and 25-40% R.H., no cracks initiated in
21 days.

In a brief investigation of other atmospheric effects,
samples were run at room temperature (70-75 F) and 100% R.H. Cracks
did not develop during a three-week exposure. Next, tests were run
at 125 ¥ and 100% R.H. Cracks initiated quite rapidly at
constituent particles and propagated along boundaries perpendicular
to the stress (Fig. 159). This environment was not satisfactory
because condensate caused excessive corrosion of and adjacent to
all constituent particles. With the numerous pits, cracks often
initiated at several sites along a boundary (Fig. 159) with these
cracks later Joining to form a major crack.

Finally, atmosphere at 100 F and 90% R.H. was
evaluated. This combination proved %o be satisfactory for crack
initiation studies of T7039-76. With tuning fork specimens stressed
short-transversely %o 75% Y8, attack of the polished surlface was
confined to a darkening of the Mg,Si particles. Cracks initiated
at these particles and propagated along boundaries perpendicular
to the stress (Fig. 160), as théy had done in all other exposures
of this alloy., Whille the Mg,S1i particles were focgl points for
crack initiation, they appeared to have no effect on propagation

rate or path.
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The results of the environmental tests have
demonstrated that environment is a very important factor in
determining whether a stress-corrosion crack will form. With
combinations of alloy and environment that will initiate a crack,
however , the environment has no apparent effect on the crack
initiation mechanism, the cracking sites or the propagation paths.

Effect of Pre-Corrosion

Since crack initiation in 7039-T6 has occurred at
constituent particles that have been attacked by the environment,
it might be concluded that the time required fdf crack initiation
was that requlred to develop a pit by constituent attack. To
test this hypothesis, samples that had been exposed to the
atmosphere until the Mg,Si particles were attacked, were sub-
sequently exposed to the NaCl-Na,Cr0, solution at pH 2. Crack
initiation time was about the same as with samples that had not
been pre-corroded. This indicates that crack initiation time is
not merely the time required for plt development. It might also
be concluded that the pif 1s not a prerequisite for cracking, but
is merely the preferréd site because the stress is somewhat higher
at the pit. Such a conclusion is somewhat questionable, however,
because cracks in other alloys having Mg,Si particles did not
initiate at these particles.

BEffect of Stress

The effect of stress level was also evaluated with
7039-T6 exposed to several indoor atmospheric environments. When
no cracks develcped at 75% ¥S 1n a three week exposure in air at

70-75 F and 100% R.H. other specimens were run at 90% ¥S. Cracks
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initiated in 15 days at the usual sites. With the 125 F and 100%
R.,H. atmosphere, specimens were exposed at stress levels of 90%,
75% and 50% YS. Crack initiation time was a function of stress
level but inltiation sites and propagation paths were not affected
by stress level. With laboratory air at 100 F and 90% R.H.,'tests
were made at 75%, 50%, 25% and 10% ¥YS. At 75% ¥YS cracks initiated
in ten hours and at 50% YS cracking reguired 50 days, the initiation
sites and propagation paths being the same. At the lower stresses,
nc cracks developed in 90 days.

In tests of 7035-T6 exposed to air at 100 F and 90% R.H.,
The effect of stressing direction was also evsluated. In the short-
transverse direction a stress of 75% ¥S initiated cracks in
ten hours. With similar lengitudinal stress, nc cracks initiated
in S0 days. This again emphasizes the extreme effect of micro-
structural configuration with this alloy.

Electrochemical Effects

The investigation of electrochemical effects related
to crack initiation was ﬂot started until the last half-year of
the contract and, since an entlrely new approach was being taken,
much of the program wés generated as the work progressed. This
combination of circumstances did not permit completion of this
phase of the work. Results that were obtained, however, were
most informative and confirmed the validity of the apprcach for
investigating crack initiatlion phenomena.

The traditional approach to the electrochemical
measurement of conditions prevaillng at and near grain boundaries

has been to paint out either the boundary regions or the grain-
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centers and make measurements of the remaining area. This could

not be done with the 7075 and 7039 alloy plate used in this contract
because these materials were unrecrystallized, because the boundaries
on which cracks lnitiated were only visible at high microscope
magnifications, and because the boundary region involved in cracking
was extremely narrow. Therefore, a method was devised for simulating
in sheet materials the conditions prevalling within grains and grain
boundary regions of 7075-T6 and T7039-TH plate.

This simulation was made on the basis used in the
calculations of grain boundary compositions, namely, that the slower
cooling rate prevalling as thick plate is guenched through the
critical temperature range permits the diffusion of solute from a
region adjoining the boundary and the development of precipitate on
the boundary. Assuming that the entire grain is at equilibrium at
a heat treating temperature of 870 F, the composition of any solute-
depleted boundary region will correspond to equilibrium conditions
at some temperature below 870 F. On this basis, ccmpositions
corresponding to various -degrees of solute depletion in grain
boundary regions were obtained by heat treating 0.025" sheet to
equilibrium at various- temperatures and guenching rapidly to retain
the "depleted" conditions. PFor 7075 alloy, the temperatures
selected were 870, 810, 750, 715, 680, 610 and 550, the latter
five of which are in the temperature range that is critical during
quenching. After quenching, portions of the samples were given the
standard T6 and TT3 aging treatments to simulate compositions in
depleted boundary regions in these tempers. For 7039 samples, heat
treating temperatures of 870, 750, 680 and 550 F were used, anq

only T6 aging was employed,
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Sclution potential measurements were made of
unstressed specimens, and some specimens stressed to 75% ¥S, in
solutlons in which cracks did and dld not initlate in tuning-fork
specimens taken from plate of the same alloys. The solutions used
were (1) 1N NaCl + 0.21N AlCl; at pH 1, which initiated cracks in
7075-T6, (2) 0.5N NaCl + 0.5N Na,CrO, at pH 2, which initiated
cracks in 7039-T6 but not in 7075-T6, and (3) 0.5N Na,CrO, at
pH 2, which did nct initiate cracks in 7039-T6.

In addition to the solution potential measurements,
current flow measurements between selected couples were made because
current as well as potential difference has a bearing on crack
initiation and development. Measurements were made on (1) couples
of the same alloy heat treated at different temperatures, both
unstressed and stressed, (Lo estimate possible current Tlow between
grains and depleted boundary regions, and (2) stressed and unstressed
samples of the same material to determine the effect of stress on
potential. The sclutions used were those described above for
potential measurements.

The prepafation of specimen surfaces was the conven-
tional metallographic polish, with the time between polishing and
measuring standardized at ten minutes. With unstressed specimens,
an electrical lead was percussion welded to the specimen after
polishing and the back surface and edges were masked off. Speci-
mens to be stressed were initially cut 1/2" wide by 2" long, and
were then cut to a pre-determined length befcore polishing. A
lead was then attached, masking was applied and the specimen was

finally sprung into a special plastic fixture.
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The plastic fixture was one used for other stress-
corrosion contract work conducted at these laboratories(T) and
1s a block of plastic 10" long by 5/8" wide by 1" high with a
slot 1.,75" long and 1/4" deep cut into one 10" x 5/8" face. The
appropriate stress is induced in the specimen by cutting to
specific lengths greater than the span of the fixture. The
specimen lengths required were calculated from curves derived by

(8)

Haaijer and Loginow for the stressing of bent beam specimens.
These curves related stress, modulus, span length and specimen
length. Values were taken from these curves and were plotted as
the relationship of stress to specimen length for the particular
materials and stressing fixture (Fig. 161).
7075 Alloy

The tensile tests of 7075 alloy specimens, which were
made primarily as a basls for the stressing of specimens, yielded
very interesting information (Table XVIIL). Of particﬁlar interest
were the yleld strength values for 7075 which are plotted in
Fig. 162. The values for the as-quenched samples show the
expected gradual decréase in strength as heat treating temperature
1s decreased, because ,0of the progressively lower amounts of solute
in solution. The samples given T6 aging show a gradual decrease
in yield strength with decreasing heat treating temperature down
to 715 F, and then an abrupt decrease between this temperature
and 680 F. Samples given the T73 aging treatment show a fairly
regular decrease in strength with decreasing heat treatment

temperature and do not show the abrupt change between 715 and

680 F. This indicates that the amounts of solute in solid solution
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at 715 F and above are susceptiible to precipitation at 250 ¥,
whereas those in solution at 680 F and below are not. On the

other hand, the strengths affer TT73 aging indicate that the higher
aging temperature will induce precipitation with much lower amounts
of solute in solution.

Solution potential measurements of 7075 alloy specimens
were made without stress and with 75% ¥S stress. As described
above, solutions that did and did not induce cracks in 7075-T6
plate were used. Resulfs are listed in Tables XIX and XX and
values for unstressed specimens are plotted in Figs. 163 and 164.

Comparing the values for stressed and unstressed 7075
alloy specimens, differences were either very small or non-
existent. Conseqguently, it does not appear that a change in
potential with stress 1s a significant factor in crack initiation
or stress corrosion of 7075 alloy.

Considering the NaCl-AiCl; solution potentigl values
and yleld strength data on the basis that samples heat treated at
lower temperatures represent depleted boundary regions, large
differences in both sglution potential and in strength between
grains and these boundary regions are possible. Assuming that
870 F equilibrium represents grain centers which have not been
depleted in solute, and that 680 F equilibrium represents depleted
boundary regions, the boundary regions in the T6 temper would be
about 115 millivolts anodic t€o the grains. Also, the yield
strength of the depleted regions would be about 30 ksi less than
that of the grains. Consequently, an overall stress of 75% ¥S

would apply exceptionally high localized stress to the boundary
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region, and could result in plastic flow in this reglon.

It might be argued that, in the case of plate several
inches thick, the eguilibrium solute content at the solution heat
treating temperature could not be maintained during quenching.

In that event, assume the rather extreme case that the solute
content of the grains corresponds to that of the 750 F {treatment
and that of the depleted boundary region is the equivalent of the
680 F treatment. The boundary region would still be over 70
millivolts anodic to the grain and its yield strength would still
be over 20 ksi less.

Referring to the NaCl-AlCl; solutlon potential wvalues
for the samples given the T73 aging, the situation is different
from that with the T6 aging because the change in potential with
decreasing temperabure of heat treatment is more gradual. Evalua-
ting the examples used with the T6 temper, the combination of
870 F equilibrium conditions for the grains and of 680 F
equilibrium conditions for boundary regions indicates a potential
differsnce between grains and boundaries of U40-50 millivolts, which
is less than half that with the T6 aging. With the assumption of
750 F conditions for the gralns and 6§O F conditions for boundaries,
the potentlal difference is only 13-25 millivolts. This lower
potential difference undoubtedly contributes to the traditionally
superior resistance to stress corrosion of the T73 temper.

Comparing the solution potential values for 7075-T6
in the NaCl-NalCrQO, solution (Table XX) with those in the
NaCl~AlCl; solution, as is done in Flg. 164, indicates that,

although the potentials differ somewhat in the two solutions, the.
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chianges In potential wilth heat treating temperature are similar .
in- both. This indicates that the potential difference between
grains and cdepleted boundary regions are the same in both
solutions, even though stress-corrosion cracks initiated in one
solution but not in the other. Thus, while stress and a selective
anodic path may be necessary conditions for crack initiation, the
presence of both does not invarlably lead to cracking.

To define further the electrochemical conditvions
associated with crack initiation in 7075 alloy, a variety of
current measurements were made. These included current flow
between (1) pairs of unstressed samples representing equilibrium
at different temperatures, (2) similar selected stressed palirs and
(3) pairs of stressed and unstressed samples of the same material.

With the unstressed pairs of 7075-T6 specimens in the
NaC1l-A1Cl; solution (Table XXI), the current flow was fairly low
when both of the samples were at equilibrium at 715 F or above. -
When one of the samples represented equilibrium at 680 F or below,
currents were from two to five times as large. Also, surprisingly,
when one of the samples represented equilibrium at 680 F or below,
the currents were higher as the equilibrium temperature of the
other member of the couple decreased. This would suggest that,
with a badly depleted boundary zone (680 or 610), cracking might be
more prone to ocecur if the remalnder of the grain was somewhat
depleted.

With 7075-T6 specimens in the NaCl-Na,CrO, solutions,
in which cracks did not initiate, current flow between all pairs

(Table XXT) was very low in spilte of the relatively large potential
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differences between certain of the pairs (Table XX). Thus, the
fact that no cracks initiated in this solution is apparently the
result of there being almost no corrosion currsnt, possibly
because of passivation or film formation.

With 7075-T73 in the NaCl-Al1Cl; solution (Table XXI),
currents were comparatively low and did not differ greatly among
the various pairs. This is in agreement with the earlier
observation that potential differences were also much less than
in the T6 temper. These relationships, combined with the fact
that a large number of anodic sites are generated during T73 aging,
satisfactorily explains the good stress-corrosion resistance of
T075-T73.

Current measurements of selected 7075 alloy stressed
pairs gave the results listed at the top of Table XXII. Currents
were of the same order as for corresponding unstressed pairs
(Table XXI). This indicates that stress would not alter the
electrochemical relationship between grains and depleted boundary
regions in 7075 allog.

Current measurements were also made between stressed
and unstressed speciméns of the same 7075-T6 materials as another
test of the effect of stress on potential. As shown in Fig. 165,
the steady currents were very low, confirming that stress had no
significant effect on potential in this alloy.

7039-T6 Alloy

In the tests simulating grain and grain boundary condi-

tions with 7039 alloy, four of the equilibrium temperatures used
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with 7075 alloy were selected. The choice was not particularly
fortunate and time did not permit the preparation and testing of
samples solution heat treated at other temperatures.

The ftensile test values for 7039 alloy specimens
(Table XXIIT) showed a trend similar to that noted with 7075 alloy
in that strength decreased, first gradually and then rapidly, as
heat treating temperature was lowered. The transition point was
somewhat lower than that for 7075 and the more rapid change appears
to be Just starting at 680 F.

The solution potentials of unstressed 7039-T6 samples
in the NaCl-Nz,CrO, solution, in which cracks initiated in
specimens from plate, showed a similar trend with potential
becoming more anodic as solution temperature decreased (Table XX).
Similar measurements with stressed specimens gave no indication
of any affect of stress on potential., BSolution potential values
for 7039-T6 in the Na,Cr0. solution were greatly different from
those in the NaCl-Na,CrQy; solution (Table XX) but no trend with
equilibrium temperature was evident.

A few curfent measurements were made with palrs of
7039-T6 specilmens. With unstressed pairs of samples at equilibrium
at different temperatures, measured in NaCl-Na,Cr0, solution,
current values were gquite low (Table XXIT). The lower temperature
samples were always anodic and the higher currents were noted when
the 550 F sample was one of the pair. Thus, values are in the
proper direction for selective anodic solution of a boundary region.
The ecurrent values are low but crack initiation time with plate

samples of this alloy in this solution were comparatively long.
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With stressed pairs of 7039-T6 specimens, current flow
was very low and in the NaCl-NaZC?Og solution the higher tempera-
ture sample was anodic. This wouid not be indicative of stress-
corrosion cracking.

The current flow measurements between stressed and
unstressed samples of the same material gave the results seen in -
Fig. 166. There is some indication of an effect from the stress
but further investigation is required before conclusions can be
drawn.

To summarize the investigation of electrochemical
effects, the method of simulating grains and depleted boundary
regions appears to hold considerable promise for investigating
stress—-corrosion phenomena, particularly with materials in which
these areas cannot be physically isclated. This approach has
provided a plausible explanation of the stress-corrosion behavior
of 7075 alloy in different tempers and enviornments. Indications
were found that this approach would also explain the behavior of
7039 alloy, although considerably more work is required.

Acoustic Emission

In view of the increasing popularity of acoustic
emlssion for monitoring mechanical and stress-corrosion failures

(9-13) the initiation and early propagation of stress-

in metals,
corrosion cracks in 7075-T6 and 7039-T6 tuning-fork specimens
were followed by this technigue. Procedures were similar to
those used for microscope observation of crack iﬁitiation with

the added feature that acoustic emission was monitored simul-

taneously. This was accomplished by mounting an acoustic
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transducer below the microscope stage and placing the "beaker
containing the specimen and corrodent on the face of the transducer
rather than on the microscope stage. The speclmens used were of
7075-T6 exposed to the NaCl-AlCl; solution at pH 1 and of 7039-T6
exposed to the NaCl-Na,CrO. solution at pH 2, both stressed short
transversely to 75% ¥S.

The equipment used for emission monitoring consisted
of (1) a Branson broad band type Z acoustic transducer with a
center frequency of 100 ke, (2) a pféamplifier having one megohm
input impedence to match the transducer, a band width of 1-700 ke,
and a gain of 20, and (3) a Tektronix 564 memory oscilloscope.
The photographs of the oscillioscope readout did not accurately
record the signal amplitude because the signal bursts were too
fast for the oscllloscope's memory feature. The signal occurrence
rate, however, was accurately recorded. It was initialégﬂfeared
that bubbles, which develop very rapldly durling exposure go the
NaCl-A1C1; solution, would produce spuriocus indications. With
this partlcular equipment, however, no noticeable response
developed from bubble.formation, joining of bubbles, release of
bubbles from the specimen surface, or bursting of bubbles at the
surface of fthe corroding solution. Thus, all acoustic bursts
apparently came from the specimen itself.

First exposures were of 7075-T6 in the NaCl-A1Cl1;
solution at pH 1. Cracks began to initlate withlin several
minutes, which is characteristic for this combination of alloy

and solution, but no acoustic emission was produced as the cracks

initiated. The first emission bursts did not appear until a large
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number of cracks had formed and the initial cracks had grown
considerably., These bursts were inltially several minutes apart
but their frequency iﬁcreased as the exposure continued. Repre-
sentative traces during the latter stages of exposure of a
7075~T6 specimen are shown in Fig. 167. Each trace represents
about ten seconds In time so that the photograph shows bursts
occurring in a 1llttle more than a minute.

With a 7039-T6 specimen exposed to the NaCl-Na,CrQOs
solution, acoustic emlssion was eventually noted, but only after
cracks as seen in the microscope were quite large. The cracks in
this alloy were fewer, and even after cracks had grown to con-
siderable size, emission bursts were few and of comparatively low
magnitude (Fig. 167).

In simultaneous observatlons of crack development and
acoustic emlssion, there was an almost total lack of correlation
between emission bursts and events observed on the surface of the
specimen. Cracks initilated and grew at quite a rapid pace buft no
emission bursts occurred. The progress of the cracks was generally
continuous, however, which would not lead one to expect a sudden
energy burst, .

The source of the acoustic emission was discovered
when it was noted that a large burst was generated when two
cracks Joined suddenly by mechanical rupture of the metal bridge
between their adjoining tips. From this it was deduced that the
bursts which were not related to surface events were in all
probability caused by small sub-surface mechanical extensicn of

cracks. They could have been generated by the jolning of cracks
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as observed on the surface or they could have been mechanical
rupture of tiny islands of metal isolated by the passage of the
stress-corrosion crack front. Such islands of dimpled mechanical
rupture have been observed on stress-corrosion fracture surfaces.
Regardless of the identity of the events producing the bursts, it
was concluded that they were of a mechanical nature and that the
true stress-corrosion portion of cracking did not produce acoustic
emission.

Discussion of Cracking Mechanisms

This comprehensive investigation of crack initiation
phenomena is unique in comparison with most stress-corrosion
investigations in that attention was focused glmost exclusively
on the period in the 1life of a stress-corrosion crack before it
is visible to the eye. This provided unusual opportunities for
" evaluating the effects of structure, topography, stress, film and
environment on the initiation and early life of a crack. The
information gained yielded a clear picture of the birth of

; SN
stress~corrosion cracks in the materials investigated and permitted

a critical examination of several of the proposzﬁ mechanisﬁ%%}ofr
stress-corrosion cracking,. i

In considering the crack initiation mechanism, 1t should
"be remembered that the location specified for examination was within
thick plate where rapid cooling from the heat treating temperature
cannot be achieved. As a result, with one exception (7039-T6), the
materials were either subject to intergranular corrosion and stress-

corrosion cracking, or were subject to pitting attack and did not

crack,
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The factors investigated in connection with stress-
corrosion crack initiation and growth can be divided into three
categories, those necessary for crack initiation, those assisting
or delaying initiation, and those promoting crack propagation.
The only factors found to be essential for crack initiation were
the combination of tensile stress, an appropriate environment and
a particular composition in the grain boundary regions such that
these regions would be attacked selectively by the particular
environment. This corresponds to the classical electrochemical

(14) and Mears,

mechanism of stress corrosion proposed by Dix
Brown and Dix(l5). Factors assisting or delaying crack initiation
were high stress levels which assisted initiation and surface films
that delayed it. Crack propagation was influenced primarily by
microstructural configuration and the stressing direction. Cracking
was promcted by elongated grain structures which provided long,
continuous, crack-susceptible paths and by orientation of these
paths perpendicular to the stress. The polygonized structures
developed during fabrication in regions of 7XXX alloys having
below-average chromium content helped to provide such paths.

With regard to the various mechanisms proposed to
explain stress-corrosion of aluminum alloys, Robertson and

(16)

Tetelman and Jacobs(17) have stressed the importance of
dislocation pile-ups at boundaries in promoting stress—cérrosion
cracking. No evidence was found in this investigation to support
this theory. In 7075-T6 a few dislccations were observed, but
these were pinned to E-phase dispersoids and were not piled up

at boundaries. Such pile-ups could be generated by plastic
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deformation either prior to the test or during crack propagation.
With the 75% YS stress used in this investigation, no plastic
deformation should occur. Therefore, it is doubtful that
dislocations are a pertinent factor in crack initiation.

(18) has proposed that formation and rupture of

Logan
oxide film occurs during stress-corrosion cracking. From the fact
that the stressed tuning-fork specimens were metallographically
polished after stressing, and the only oxide film present was the
natural film formed after polishing, film rupture was not a part
of erack initiation. Instead, heagvier films delayed crack
initiation, indicating that the film was breached chemically and
not mechanically.

(19) has expressed the belief that plastic

Hoar
straining of the metal is required for stress-corrosion cracking
to continue. Considerable plastic deformation was observed on
tuning-rfork specimens ahead of a crack, and frequently surface
deformation of the polished speclimen at a crack tip appeared to
define the localized stress [field. No evidence was found, however,
that such deformation preceded crack initlation. Actually, none
would be expected when the stress was well below the yield strength.

Pugh and Jones(zo)

suggest that stress corrosion
involves weakened metal in boundary regions, caused by
precipitation on boundaries. The calculations of grain boundary
composition and the corresponding strengths derived in this
investigation would support this hypothesis.

- McHardy and Hollingsworth'!’ have indicated that the

‘first stage in the stress-corrosion cracking of 7075~T6 is the
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development of pits which act as stress raisers and lead to the
development of dintergranular attack and cracking. In tuning-fork
specimens of 7039-T6 alloy, cracking generally initiated at pits
of microscoplic size, developed by the dissolution of Mg»Si
particles. In T7075-T6 and other alloys which developed cracks,
no pits were observed at 500X magnification, although some were
seen at electron microscope magnifications. It could not be
established whether these extremely fine pits were an integral
and necessary part of crack initiation. It seems possible that

a crack was about to form and selected the pit as the initiation
site only because the localized stress was slightly higher there.
This is the case when fatigue cracks develop at extremely shallow

grooves,
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summary gnd Conclusions

Stress~corrosion cracks in 2219-T351, 2219-T37, T075-T6
and 7079-T6 initiated at random sites on grain boundaries.
Constituent particles in these alloys did not affect crack
initiation., Stress-corrosion cracks in 7039-T6 also
initiated only on boundaries, but almost exclusively at
pits from which MgaSi particles had been dissolved.
Stress corrosion cracks propagated along boundaries,
selecting the straightest possible paths perpendicular to
the stress. In 2219 alloy, these paths were series of
recrystallized grain boundaries. In 7075-T6, 7079-T6 and
7039-T6, the paths were boundaries of two types,

(1) boundaries from the ingot or an esarly stage of hot
working that were parallel to the surface of the plate
and (2) series of polygonized boundaries that developed
during hot working in regions of low E-phase dispersolid
contact. Some boundaries of the second type apparently
represented dendfitic cell boundaries in the ingot.
Boundzary alignmenf parallel to the surface of the plate
and development of the polygonized structure increased
with the percent reduction from ingot to plate and was
accompanied by progressive deterioration in resistance

to stress-corrosion cracking.

Cracks showed a preference for high-angle boundaries,
those between grains having considerably different

orientation.
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Dislocations, dispersolds and zone-type precipitates
had no apparent effect on crack initiation. The
development of M' and M-phase particles within grains

of 7075-T73, however, apparently contributed to an

.improvement in resistance to cracking.

Precipitate particles on boundaries had no direct effect
on crack initiation. Their formation, however, was
accompanied by copper depletion in the region adjacent to
boundaries in 2219 and 7075 alloys. This provided the
anodic regions in which cracks apparently initiated.
Calculations indicated that these regions were probably
no more than 1000 A wide.

With 2219-T37, 7075-T6 and 7079-T6, stressing direction
was of no importance to ecrack initiation but was highly
significant with crack propagation. Cracks initiated with
equal ease under longitudinal and short-transverse stress,
but propagated readily only with short-transverse stress.
This pronounced difference with stressing direction was
related directly to boundary orientation relative to
stressing directien, This, in turn, was related directly
to grain shape, directionality of structure and
recrystallization.

With 7039-T6, stressing direction was important both to
crack initiation and propagation, because no cracks
initiated in longitudinally stressed specimens under the

test conditions used,
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Stress level affected crack initiation time (semi-
logarithmic relationship), crack propagation rate, and

the number of major cracks, but generally had no effect

on initiation sites or propagation paths. With 7039-T6
under very high stress, some initlation sites were not at
Mg.8i particles. Under very high stress, the ends of
cracks within the specimen cccasionally followed a
transgranular path, possibly as a result of mechanical
fracture.

Even the highest stress levels did not propagate cracks
from longitudinal stresses because of highly unfavorable
boundary orientation,

Cheﬁically produced pits and mechanical scratches did not
act as crack-initiation sites.

Surface gbrasion altered crack initiation but only until
corrosion or cracking had breached a very shallow surface
layer.

Intergranular pre-corrosion in 7075-T6 induced rapid crack
initiation, but corrosion crevlices wilidened by stress could
not be distinguished from, and could be mistaken for,

stress-corrosion cracks.

Pre-corrosion of 7039-T6, to produce pits at Mg.Si particles,

did not alter or accelerate crack initiation.
Thin natural, anodic and chemical films delayed but did not

prevent or alter crack initiation.
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In environmental screening tests, stress—corrosion cracking
of 2219-T37 and 7075-T651 occurred primarily in chloride
solutlons and was accelerated by acid pH. No stress-
gcorrosion cracking of 2219-T87 and T7075-T7351 was
encountered, the few failures being the result of excessive
localized corrosion.

With 7039-T6, cracks did not initiate in solutions producing
rapid general attack, but did develop in mild environments
such as an inhibited chloride solution and laboratory alr.
Failure times in alir were affected by temperature and
humidity. Air at 100 F and 907 R.H. was a particularly
good environment for initiation studies.

Environment determined whether cracks developed, and
altered crack initilation time and propagation rate, but
had no effect on initiation sites or propagation paths.

A method was devised for simulating in separate samples

the metallurgical condition within grains and in depleted
boundary reglons. Electrochemical measurements of such
samples have satisfactorily explained the stress-corrosion
behavior of 7075-T6 in different tempers and environments.
Acoustic emission bursts during stress—-corrosion tests were
assoclated with sudden, mechanieal crack extensions not
considered to be part of the stress-corrosion erack growth.
No such bursts were generated at crack initiation or during

crack growth by stress corrosion.
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TABLE

I

CHARACTERISTICS OF ALUMINUM ALLOY PLATE

Composition %

-

Spec. No. Alloy Si Pe Cu Mn Mg Cr Zn T v Zr
240236 2219 0.10 0.19 5.8 0.26 0.02 0.00 0.01 0.06 0.11 0.16
240237
295490 7075 0.0% 0.08 1,40 G.063 2.51 .19 6.05 0.05 0.01 0.00
298474 X7375 0.05 0.08 1.38 0.01 2.4 0.00 5.59 0.04 0.00 0.00
2359712 7079 0.10 O.ZQ 0.73 0.18 3.71 0.19 4,49 0.05 — -
314759 7039 0.13 0.19 0.03 0.26 2.88 0.20 h.o2 0.03 - ——

TYPE OF ATTACK' L)
ELECTRICAL CONDUCTIVITY OF
Type Of(E) 7075 AND X7375 ALLOYS
Spee. No. Alloy and Temper Attack
Alloy Conductivity

2403264 2219-T351 I Spec. No. and Temper (% TACS)
2403274 2219-T37 I
2L0326B 2219-T851 P+ST 2954904 7075-T6 31.9
2403278 2219-T87 P+31

295490B T075-T73 4o.0
2954904 7075-T6 I+P
2954908 7075-TT73 P 29547hg X7375-T6 32.0
2954744 X7375-T6 P+I
235972 7079-T651 P+I
314759 7039-T6 P

(1) 1" below surface

(2) Six-hour exposure to aqueous solution

containing 57 g/l NaCl + 10 ml/1 30%
H20; as per MIL-H-6088D



TABLE II

TENSILE PROPERTIES(!)

Spec. Alloy and Tensile Strx. Yield Str, Elong.
No. Temper Direction ksa ksi %
240326A  2219-T351 Long. 57.2 41.0 20.0

Long Trans. £6.9 36.0 19.0

Short Trans. 52.8 34.0 11.0

240327A 2219-T37 Long 6L.3 52.7 14.5
Long Trans. 61.0 45,7 13.0

Short Trans. 56.8 44.0 7.0

240326B  2216-T851 Long. 67.7 54.4 11.0
Long Trans. 67.8 52.6 9.%5

Short Trans, £3 B 51.6 5.5

240327B  2219-T87 Long. 71.1 60.6 9.0
Long Trans. 70.3 59.1 8.5

Short Trans. 62.4 - 57.0 3.0

295490A 7075-T6 Long. 84,7 73,1 10.5
Long Trans. 82.3 70.7 11.5

Short Trans. 80.6 67.4 10.0

295490B  7075-T73 Long. 75.2 63.3 12.5
Long Trans. 73.9 62.4 11.0

Short Trans. 72.6 60.4 8.0

2954744 X7375-T6 Long. 77.2 70.2 6.0
Long Trans. 76.8 69.0 6.0

Short Trans. 73.9 63.1 7.0

295474B  X7375-T73 Long, 75.1 68.2 6.5
Long Trans. 75.2 69.2 5.5

73.3 67.4 6.0

Short Trans.

(1) 0.125" diameter specimens with gage length approxi-
mately 1" from surface of plate and at least 1"

from edge.



TABLE III

SOLUTION POTENTIALS OF ALUMINUM ALLOY PLATE(l)

Sodaum Chloride-Hydrogen Peroxide Solution(Q)

Spec. No, Alloy and Temper Potential (-mv)(3)
240326A 2219-T351 687
240327A 2219-T37 687
2403268 2219-T851 803
2403278 2219-T87 315
29%490A 7075-Té6 828
205490B 7075-T73 843
295474A X7375-T6 827
2954748B X7375-T73 829

Methyl Alcohol-Garbon Tetrachloride Solution(4)

Spec. No. Allov and Temper Potential (-mv)(5)
2403264, 2219-T351 345
240327A 2219-T37 365
240326B 2219-T851 950
2403278 2219-T87 1040

(1) Specimen location 1" below plate surface.
(2) 57 g/1 NaCl + 10 ml/1 30% Hy05.
(3) Steady value vs 0.1 N Calomel Electrode.

(4) 7:3 mixture of MeOH and CCl, - Method
4
developed under Contract NAS8-5340.

(5) Thirty-minute value vs saturated Calomel.



TABLE IV

RESISTANCE TO CORROSION AN
OF SHORT -TRANSVERSE SPECIMENS (1

STRESS~CORROSION CRACKING

FROM 4" THICK 2219 ALLOY PLATE

Unstressed Specimens

% Loss

Temper Days Exposure in T.S,
7351 5 0
10 26
30 27
84 33
T851 5 6
10 10
30 13
84 17
T37 5 13
10 24
30 35
84 41
T87 5 4
10 6
30 10
84 14

Stressed Specimens

Applied Stress

% X.S, ksi F/N(2)
75 25.5 3/3
50 17.0 3/3
05 8.5 2/3
75 38,7 0/3
75 33 3/3
50 20 3/3
25 11 0/3
75 42,7 0/2(3)

Davys

3, 3, 5
3, 6, 8
19,19, (0K 84)

OK-84

WN
ww

g

De -

K-84

OK-84

(1) Specimens 1/8" diameter exposed to 3-1/2% NaCl solution by alternate immersion.

(2) Specimens failed/specimens exposed.

(3) A third specimen failed at 27 days from tensile overload after severe pitting.



TABLE V

RESISTANCE TO CORROSIOT AND STRESS-CORROSION CRACKING OF
SHORT -TRANSVERSE SPECIMENS (1) FROM 3" 7075 and X7375 ALLOY PLATE

Unstressed Specimens Stressed Specimens
Days % Loss Applied Stress
Alloy Temper Exposure in T.S. % Y.S. ksi F/N(2) _ Days
7075 Té 5 6 75 50,5 3/3 2, 4, 4
10 7 50 33.7 3/3 4, 4, 4
30 12 25 - 16.8 3/3 5, 7, 17
84 9 15 10,1 3/3 7, 7, 7
7075 T73 5 0 75 45,3 0/3 OK-84
10 1
30 2
84 2
X7375 Té 5 0 75 47.3 3/3 3, 5, 6
10 2 50 31.5 3/3 6, 6, 8
30 3 25 15.8 3/3 6, 10, 10
84 2 15 9.5 0/3 OK -84
X7375 T73-type 5 2 75 50.5 3/3 8, 10, 12
10 4 50 33.7 (3) -—-
30 6 25 16.8 0/3 OK-84
84 7

(1) Specimens 1/8" diameter exposed to 3-1/2% NaCl solution by alternate immersion.
(2) Specimens failed/specimens exposed.

(3) 3/3 failed but outside reduced section--mode of failure uncertain.



TABLE VI

CHARACTERISTICS OF ADDITIONAL LOTS OF 2219 AND 7075 PLATE

Composition, %

Spec. No. Alloy(l) Si _Fe _Cu  Mn_ Mg Cr 7n Ti v 7y
323038 2219-T37 0,13 0.24 5.8 0.30 0.0l 0.0l 0.08 0.08 0.12 0.12
323039 2219-T87
322720 7075-T651  0.12 0.20 1.78 0,04 2.48 0.20 5.80 0.03 --  --
322701 7075-T7351

NaCl-H202¢2) Solution Potential(3)

(1) Both tempers of each alloy were from same lot.

Spec.
No,

323038
323039

Electrical Conductivityv(3) - % TaCs

(2) 37 g/1 NaCl + 10 ml/1 30% HnOo.

(3) Specimen location at center of 2.5" plate.

Alloy Potential - mv Spec. Ng. Allovy Conductivity
2219-T37 639 322720 7075=-T65]1 34.1
2219-T87 812 322721 7075-T7351 41.5



TABLE VII

ADDITiONAL LOTS OF 2219 AND 7075 ALLQOY PLATE(I)

Tensile Properties

Spec. Alloy and Tensile Str. Yield Str. Elong
No. Temper Direction ksi ksi %
323038 2219-T37 Long 51.°7 43,6 20.0

Long Trans. 53.2 ho.2 14.0
Short Trans. 52.3 38.0 12.0
323039 2219-~T87 Long 68.0 56.0 10.0
Long Trans. 67.6 55.3 8.0
Short Trans. 64.8 55.5 5.0
322720 7075-T651 Long 85.8 76.8 9.0
Long Trans. 81.5 72.3 g.0
Short Trans, 73.0 67.1 2.0
322721 7075-T7351 Long 73.3 62.0 11.0
Long Trans. 71.1 60.0 8.5
Short Trans. 64,9 57.1 4.0
Stress Corrosion Properties(2)
Alloy and (3)
Spec. No. Temper Stress - % ¥S F/N Days
323038 2219-T37 75 373 2, 2, 2
50 3/3 2, 2, 3
25 3/3 3, 4, o4
15 2/3 84,84,0K-84
323039 2219-T87 75 0/3 0K-84
322720 7075-T651 75 3/3 2, 2, 3
50 3/3 2, 3, 3
25 3/3 3, 4,
15 3/3 5, 6, 7
322721 T075-T7351 75 0/3 OK-84

(1) Commercially fabricated 2.5" plate

(2) 0.125" dia. short-transverse specimens
exposed to 3.5% NaCl by alternate immersion

(3) Specimens failed/specimens exposed



Alloy
7079~T651

7039-T6

Direction
Longitudinal

Short Transverse

TABLE VIIT

TENSILE PROPERTIES AND STRESS CORROSION BEHAVIOR
OF 7079-T651 AND 7039-T6 PLATE

Tiocation

Direction
Longitudinal
Long. Trans. R
Short Trans. i
Longitudinal

Long. Trans.
Short Trans.

1" below surface

below surface
below surface

Center
Center
Center

Tensile Properties

T.S.=ksi

75.9
76.5
74.6
63.2
64,2
63.9

I.5.-ksi

67.1
65.1
65.5
53.8
54.4
54.6

Stress Corrosion - Center of Plate - 3.5% NaCl Alt. Tmm.

7079-T651 - 0.125" Diameter Specimens °

Stress - % Y.8,.

75

50
25
15

F/N (1) Days to

2/3

3/3
2/3
0/3

Fail

14, 84,

2

5, 12,
1, 21,

7039-T6 C-Rings - 64% Y.S. Short Transverse

F/N (1)

9/9

Days to Fallure

8383939,999311313329

(1) Number failed/number exposed

OK 84

13
OK 84
OK 84

Elongation %

12.0

8.0
6.0

16.2
12.5
7.5



TABLE IX

EFFECT OF HOT REDUCTION ON

STRESS CORROSION RESISTANCE OF 7075-T6 PLATE

Failure Times

% Reduction ¥S, ksi 75% Y8 50% Y8

None 63.7 9,11,14 days (3 NF)*
10 63.2 9,10,13 days (3 NF)
20 62.6 5, 5, 5 days 9 days (2 NI')
30 62,2 4, 5, 5 days 18 days (2 NF)
4o 62.2 4, 4 days 8, 8, 8 days
50 62.5 4, 4, b4 gays 10,11,13 days
60 62.8 h, 4, 4 days 7, 7, 8 days
70 63.0 4, 4, 4 days 7, 7, 7 days
80 63.6 4, 4, 4 days 5, 5, 5 days

Triplicate 1/8" dia. short transverse specimens
exposed in 3-1/2% NaCl alternate immersion

¥NF = not failed in 84 days
¥%¥Percent loss in apparent tensile strength after corrosion,.
Average of specimens not failing when corroded at 50% ¥S.

294942-CW. All specimens from one piéce of plate.

Loss TS¥#%

10%

42
1i4%
17%

—



TABLE X

CALCULATED RELATIVE AMOUNTS OF ELEMENTS AT
BOUNDARIES OF SLOWLY QUENCHED 7075 ALLOQY

Amount Amount
by Weight by No. of Atoms

If boundary goes to equilibrium solubility limit, and usual
diffusion coefficients apply:

Zn 1.00 1.00
Mg - 3.32 8.97
Cu 1.08 1.11

If boundary goes to equilibrium solubility 1limit, .and only
Cu diffusion is assisted by excess vacancy migration:

Zn 1.00 1.00
Mg 3.32 8.97
Cu 2.87 2.95

If boundary goes to equilibrium solubility 1imit, all
diffusion coefficients enhanced in proportion te binding
energy with vacancies:

7n : 1.00 1.00
Mg 5.92 16.0
Cu 2.18 2,24

Notes: Relative amounts of each element compared to Zn,
taken as 1.00. At boundary, elements can combine with
aluminum atoms to form intermetallic phases.

Phases possible:

T (AlCuMg) = CuMguAle, which is ismorphous with and
ranges in composition to
T (AlMan) = Mg3Zn3A12
M (AlMgZn) = Mgina,, which i1s isomorphous with and ranges
in composition to
U (AlCulMg) = CulghAl

S (AlCuMg) CulMgAl,, which cannot contain Zn



TABLE IT

RESISTANCE TO STRESS-CORROSION CRACKING (F AIIRINUM ALIOYS IN VARTOUS AQUEXIS SOLUTIONS

7075-T65L Alloy - Short-Transverse Tensile Specimeus, 0 125* Bix
Tensile Strengtk = 79 3 kai, Yield Strength - 68 3 ksl, $E1 - 30

hetual Stressed 752 ¥ 5 — Unstressed Spacimpna — Visuzl Exenfpation
NomSnal Adjusted pH 1 E.os?l) of £ Yoss Type of Localized
Solution pH With Range F/A Days in 5 Attack( 2) Days an 18 attack(2) Filn{3)  gorresion(t)
Hzlade Anicns
M HaCl 2 i1 202k 33 3,3,3 - P+ 33 31,k0 P+ I -- 2b
* 7 HaOl 5270 273 4 krox-50) o PeX 760 1,0 : Black 1
1N HaSr 2 Her 20-23 33 6,10,13 -— - 6,13 20,k P+IF Red 2a
# 7 NaOH 5170 /3 15(2 0X60) 6,45 -— 15,60 8,15 P Rone 1
1K Mal 2 19 20630 3 7,12,18 — -- 7,18 12, P+ IF Hone 2a
" 7 HE 3270 o/3 QK50 8 - &0 3 ? lone 1
Ui KiFp 2 u— 20 3/3 3, 3,h2 — P 3he 1,7 P Red 2a
1Y Ha¥ 7 [ 7075 @3 akéo 1 — 4,60 L,1 naa Hone 1
comgex Amons
a0y 2 ey 2.043 9 o/3 KED 33 - 2,60 9,22 P Red 22
" 7 a9 s0-70 0/3 oré0 ) -— 21,50 0,0 P Dull Regions 1
" g NaOH 3350 /3 k60 3 . 21,60 12,6 3 Dull Reglons 1
1N NapCrQ) 2 CxQy R0 0/3 oxGo o -- Aa,60 0 B AL Hona 1
" 7 CrQ 70 /3 ckéo o - 2,60 o TAA Yone 1
" 9 Na) 8 -9 0 3 2,23,32 - HAA 2,32 0 NAA Hene 1
1y Bagsoy 2 HoS0Y, 20.22 3306} 3p,k0,07 - P+l 2,47 13,m P Red )
! 7 Ns0H 5370 0/3 oK&0 bk - 21,60 0 » Gray 1
" g NaoR 3890 o3 0K&0 2 - 21,60 0,0 ? Gray 1
0 58 agsty, + ¢ 5N Hah0y 2 250y 20.27 3/3(6)  L7,56,60 - B+ IF 21,60 15,01 P+ TP Red b
n n 7 a0l 530-70 o/3 oK H -- 21,60 2,3 ? Butl 1
O 5H HagsDy + 0 3N NagCrdy 2 HaS0y 20 073 060 B - 21,60 O,bh P Gray o
N " 7 HpS0Y 70 0/3 oKké0 1 - 21,60 0,1 HA A, lone )
1IN UaBooy 9 - 9057 o3 g a - a,60 0,0 HAA. Gray 1
1N DaHSOf b - 10 ¥36)  13,17,20 - P+ 15,17 Lo,l6 P Red Ja
1N NagHPO)) g - 8 4-8 5 oK 3 - 21,60 12,8 P Gray 1
1% FalizFo), in - kod 2 /3 [0:¢:] 0 -— a,60 0,0 I Red 1
1N HaliaRoy b HaS0% Lo 0/3 ORbk - - 21 1 . — -
1K HaCaH0z2 L CH3C00H ho 33 L,6,13 - P 5,13 K8 P - -
Sodivm Chloride pius Oxidising Acids
IN NaCl 2 0o - /3 1,1,1 —-— P+T 1,3 12,17 P+ 7 - b
" 2 H 531, -- 33 1,1,2 - Prl 1,2 Sh,be  P+X - 2
" 2 wasop, = ¥a 1 I e 1 e ez - =
a 2 Cros 202 L 2/3 23,60(0K40) - P+ IF 21,60 66,68 P+ IF lone 1
L #aCl + 0 5 K04 ol o3 - 3/3 1,1,1 - P+ IF 3,1 79,85 P+ IF - Za
Scdavm CHloride plus Complex Anions
@ 5N NaCl + O.5N NaMj 2 Ho3 20-30 3 7,?.? . - P 1.9 8,7 P+ IF Nene 22
n " 7 Nadil sa-70 23 (5}, 60(5) (axso) 2 — 1,60 3,3 » P2 22
0 54 HaCl + 0.5N Kazs0), 2 HaS0}, 2022 38) 2,2, - P+ I k2 P Black 1
n n 7 NaOH s2-70 3(6)  u;,,% - P+I 1,20 25,5 P dray 1
0 54 HaCl + O 5N Naglroy 2 FCL 20 33 §,10,1% - HAA 8,19 0,0 NAA. Hone 1
* " 7 KCl 70 2/3 22,26{QK60) <} - 21,60 0,0 WAL, Hene 1
Arctondun Sadts
1 0L - 7 g&m” 6570 /3 15(3),1506) ,18 - P+ I 25,08 33,8 pP+I aray b
1N W05 7 )0 62-70 /3 0K60 2 - 21,60 0,0 HAA flone 1
i [Nh],)g 80y, 7 (i1 62-70 /3 0860 1] — 21,60 8,0 A, ions 1
15 (NH,)g Cr0y, 7 Croy 70 0/3 0%60 0 - 2,60 @,2 HAA Hone 2
Miscellansous
23 Hall + 10 ml/l 30% HpOs 33 - - /3 3,33 - P+ 3,3 36,61 P+1I - 2b
N NaCl + 1N ALCL 2 w1 - V3 2,@; . . - I+FF 2,3 13,1 P+1 - 2b
I NaS0y + 10WLL XZ MO, 36 - - Y3 BPL16Ls6 - 153 0,0 P dray 2a
1N HagS0y + 1N Ala(sS0p,)3 2 HoS0), 2023 /5(8)  48(2 onéo) - P 1,60 15,1 P Y

Plats Chemical Composition, Weight Fer Cent
S ) n Hg Cr E: Zn T []

09 2w r62 o, 263 17 00 592 02 001

NOTES (1)} Results are the average of tests of those specimens which did not fail, unless moz¢ than cne value is showm due to divergent results
(2) Type of attack N A A = Ho Apprecigble Attack, P = Pitting, P+ I = Pliting Flug Infergranular, P+ [F' = Pitting Plus Interfragmentary.
(3) ¥et surface film cbssrved at termination of maximus exposure in individuel sclutions
(k) Localized corresion 1 = megligible, 2 =mild, 3 = savere, a = random, b = directicnal Ratings based vpon appsarance after maximu exposure taze in each soluticn
(3} Failure sccurred outsids the reduced secticnm a2t the edge of or bereath the cellulose zcgtate coating used to cover gll parts of the stressivg frame
(6) stross-corrosien cracking questionable because of high loss in strength unstressed



TABLE XIZ

RESESTANCE 70 STRESS-CORRISION CRACKING OF AINMINUE AL2OYs IN VARICUS AQUECUS SOUUTIONS

2219-T37 Alloy - Short-Transverse Tensile Specimens, 0 123" Pla
Tenaile Stremgth = 57 9 ¥ei, Yield Strength = Lk L ksi, £ E1 - 80

Stressed 758 ¥ S Unstressad Specirens

Actuzl
Fomingl  AdJusted e ] !"’5?1) Type of % Loss L9Pe Of
Solution it Hith Zangs P Days in 1S Attack(2) Daps in78  Atback(Z)
lialide Anions
1N Hacl 4 BGL 202k 39 19,19,1% - I 19 & I
v 7 HaOH 50-70 3/3  26,28,33 - I 26,33 6,h0 I
1N NaBr 2 iBr 204 3 0/3  0%-60 18 - 2,60 21,22 P
» 7 HaOH 5L-70 o/3 ok-o 23 - 21,50 13,16 P
W Wt 2 HL 204 3 (5) - -- - 21 10 P
n 7 WaOH 5970 0/3 or-60 7 - 2,80 Ok P
I KiF, -4 ~ 20 03 oE-b0 [ - 2,60 7,8 P
N NaF 7 T 70-76 0/3  0£-60 o - 20,60 h,b P
Somplex Anions
14 Hakey 2 it 20-38 0/3  oK-50 3t - 23,60 1 P
. 7 Heod $L70 03 oKLo ) = 29,60 2,k P
B 9 HaOH 57-90 0/3 0K-£0 H - 23,60 6,8 P
IN HapCrly, 2 £roz 20 6/3  ox-£0 3 - 22,60 0,0 NAA
i ? 60 70 /3 OR-60 [ -- 22,60 1,1 Hi A
" 4 a0 8250 9/3  0%-50 L - 22,60 1L a4
1IN NapSoy 2 Ha30y, 20 0/3  CK-50 20 - 22,60 1h,20 B+ X
" 7 HedH 5570 0/3  og-50 1 - 22,60 35,5 P
" 9 HeOH 50-90 0/3  OK-80 3 - 22,60 0,0 P
9 3H Napg30), ¢+ © 58 Hali0y 2 Hp50) 2o-20 0/3 04-50 3% - 21,60 16,83 P
" " 7 HalH 50-70 0/3 0E-50 5 -- 21,60 L,k P
3 3 Ha Sty + O 5N Ra Gr0), 2 HpS0), 2021 173 &ol3}2 oxen) 6,2 - 22,60 8,16 P
" " 7 HaS0), 70 0/3 oi-50 ] - 22,60 7,3 KA A
1N HaHGo 9 - 9L-28 0/3  0K-50 k - 26, 5,3 HAA
1N HaRS0 1 = Lol h 0/3  oK-£0 56 - 26,60 27,31 F
1N Nagh] 9 - k-8 7 0/3  OK-bD 0 -— 26,60 6,3 P
I Naloho), L -- Lhab 3 o/3  0X-50 1 -- 26,60 3,4 P
I NaliaFoOy b Ho30p, ho 0/3  OX-i3 - - 2 H -
N HaCaR-0p 1 CH4000H Lo 0/3 0Tk - P 2 H P
Sodium Chloride plus Oxidizing Acids
N Hall 2 W -- 33 LT - I 7 56 I
" ~2 gﬁh 2025 3/3  8,8,8 - I 8 58 I
" 2 250], 2035 3/3  §,8,8 - I 8 7 I
" 2 cro3 2023 1/3  60(2 ORGD) 1,6 I 60,60 10,71 I
iF NaCl + O 5N KO3 oh oy - 33 1,2,1 -— i 1 76 I
Sodiny Ghloride plug Complex Anlons
3 53 HaCL + O 54 NaNo3 2 e 23-31 0/3  OE-50 16 - 21,60 5,12 P+1I
n " 7 Naol 5270 0/3  OK-50 12 - 21,60 L9 P
2 5K Nacl + © 5 Hassol 2 Hz30), 20-39 (&) - - - 21 I
" H 7 HaOH 55-70 33 3,618 - I 318 29,70 P
J 5N NaCl + O 5N NagGrOp, 2 Hol 20 2/3  1,1{0x60) k I 1 1
n H 7 HCL 740 2/3 b, 33(ors0) 1} Nasa 23,50 7,5 WAL
trmonium Salts
Ut KH,c1 7 OH 6L-70 33 19,23,% - I 2,3 »b0 I
LN NHp#0y 7 OH 6470 0/3 OX-50 6 - 22,60 1, KaAA
IN {FH;, )50y 7 HH,OH §2-1D 0/3  0X-60 L - 22,60 1,2 NAA
LH (), }oCriy, 1 crdy 10 0/3  0x-60 3 - 22,60 4,3 HA-A
fiscellaneous
IN Hafl + 20 1/l X K, 53 -- - 3/3 2,33 - I 2 - I
B oL - 2y e, 22 2 wl 20-30 3 151815 - 1 ¥ 55 I
LN Naps9), + 10 e XE Kol 58 - - 1/3 8 (2 0X60) 7 - 10 8 H
LM Nag80), + 1N AX{S0p}3 2 HpS0) 20 043  ox-60 33 - 22,60 13,13 P+
Flate Chemical Composition, Reight Per Cent
8L _Fe Cu Mn Mz €r  _Hi _Zam i T ZT.
B 1% &0 26 o2 0o o oz o 10 16

OTES (1) Results are the average of tests of ihose specimens vhich &id not fei), unless more than cne value 1s shown dve to divergent results
(2) Type of attack N A A = Ho Appreciable Attack, P * Pitting, I = Intergranwlar, P + I r Pittiyy Flus Intargramlsr
{3) Wet surface f1lm observed at termination of raximm exposire 1n individesl solutions

(h) Lozalized corrosion 1 = negligible, 2 = mild, 3 = savere, & = randoa, b = dirsctional Ratings based upon sppearance &fter naximum exposure time in each salutlon

Visual Exanivation

Localized
Fsanl{3  Corromionlls)

Red 2b
Black L
Red 26
Gray 1
Hone 1
tlons Za
Red 2a
Hong 1
Black 3a
Gray 1
Gray 1
Kona 1
Hone 1
Hone 1
Black 2a
Gray 1
Gray 1
Red -
Dull 1
Black Za
Hong 1
Oray 1
Red 3a
Gray 1
Black 1
Red 2a
Red 2a
Red 28
Nona 1
- 2a
Red 28
Gray 2=
ftedd =
Gray 2b
Nong 2a
Rone 1
lone 1
Tone 1
Hove 1
Kene 1
- 3a
Red 3a
- 2e
Black 23

{5) Failure occurret putside the reduced sactlon at the edge of or beneath the collulose zcetate coating used to cover all parts of the stressing frame

{6) Stressed data iaovalidated due to breakdown of protective coating om stressing frime



TABLE XIII

RESTSTANCE TO STRESS-CORROSION CRACKING OF ALUMENUM ALIOYS IN VARIOU§ AQUECYS SOLUTIONS
7075-T73%1 ALLOY SHORT TRANSVERSE TENSILE SPECIMENS, 0.1.25" DIAMETER
TENSILE STRENGTH-67 6 KSI, YINLD STRENITH-57.7 KSI, % FLONGATTON-6 O

Stressed - 75% Y.8

Unstressed Specimans

Nominal  Adjusted  Actual pH € Loas(d) Typa ok{3) % loss(h] Type of(3)

Solution it With Range F/{L) Days  in 1.8 Attack Days in T8, - _ Attack
Halide Aniona
IN NaGl 2 HEL 2.0-~h2  3/37n 18,18,22 -- P 18,22 50,60 P
IN WaGCl 7 NaDH 48 -7.0 /3 OK~60 11 P 21,60 25, & P
IN NaBr H Hbr 20-420 0/3 OK~60 69 P 21,60 30,43, P
1N NaBr 7 ¥aOH Lo0=-7.0 0/3 0K-60 H P 21,60 6, ¢ P
1N NaX 2 HL 20 - 3.4 0/3 0K-60 57 P 21,80 15,23 r
1N NaT 7 NaOH 5B-7h 0/3 0X-60 5 P 21,60 3l P
1% RHF, 2 - 15-20 0o/3 CE~60 7 P 21,60 3, P
1IN HaF ki i 7.0 - 7.3 o/3 OE-50 o P 21,60 0, 0O P
Complex Anions
N NaN0, 2 HNO 20-2.7 0/3 OK-60 1 P 21,60 k,13 P
1N NaNOg 1 HET) h.1-7.0 0/3 0K-60 1 P 21,60 12, 1 14
1N NapCrO), 2 Cr0q 20 0/3 OK-60 0 P 21,60 2,0 P
1N Na,Cr0), 7 0 7.0 0/3 OE-60 3 P 21,60 0, 0 P
1 N:%yq4 2 stgh 2.0 - 2.3 0/3 0z-60 53 B(8) 21,60 17,b7 P
1N NagS0 7 NalH L.s-7.0 o0/ OK-60 1 P 21 0 P
0 5N NagSOp + O.38 NaM04 2 1:50), 2.0 ~ 3.5 o/3 oK-60 L8 P 21,60 13,42 P
0.5N NaoS0), + 0.5H Na,Groy 2 HpS0), 2.0-2h4 0/3 OE-60 bl P 21,60 JL1o P
1N BaBR30) 1 - 0.7 -10 3/3(7) 33,34,35 -~ P 21,35 50,72 P
1N HaH,R)), 4 - h.2 - bk.h  0/3 OE-60 o P 21,60 2, 0 P
Sodium Chloride Plus Oxidizing Acids
1N HaCl 2 HO 2.0-43 3N 61,0 - P 6, 8 L6,ho P
1 NaCl 2 HSG, 2.0 M7 22l -- P 2, L 3,50 P
1N NaGlL 2 €04 2.0 3307y 3,hehe -— P 21 Al P
4N NaCl + O 5N ENDy 0 HNO'y oh =335 2/2(7) 19,19 - P 19 48 P
Scdium Chlordide Plus Complex Anions
0 5N NaCl + O 5N Naltd 3 2 mo 20-38 0o/3 0K-60 30 P 21,60 10,29 + 81
0 5N NoCl + O SN NaNO 7 NeOR h3-7.8 0/3 OK-50 7 P 21,60 I, b P
0 5N NaCl + 0.3N Nazsgh 2 EpS0), 2.0 3/3(7) 2,0,h, - P 2, 5 27,55 + 8T
@ SN WaCl + 0.5K Nagsgg 1 HeDE h1-70 /37y 6Go(2oK 60y b 21,60 18,16 P
0.58 NaGl. + 0,51 Na,C 1y 2 HCL 20 3/%7) 48,52,60 - P 21,60 1, & P
0.5H NaCl + Qa5 NagCroy 7 HCl 70 o/3 OK-60 ] P 2,60 2,12 P
Ammonium Salts
IN NH),CL H NH), Ol 6.2-70 2/37) Ihy,52(0K 60) 28 b 21,60 2h,hg P
Niscellansous -
IN Mall + 3 g/1 HgOs 5.3 - = /37y 18,22,23 - P 18,23 2 -31 P
1M Nafl + 3N Alﬁi F] HeL 2.0-28  3/37n) 7,10,19 - P 7,19 ?, 2 P
IN MagSo), + 3 g 2 5.8 -- -- 2/3(7) 29, 3L(0K 60} 3o P 21,60 0,2 ¥
IN HapSO) + 2K Mp(50)) 4 2 HzS0), 2.0 -2 0/3 oxZn 5l P 21,60 161&? P

Notes F/N denotes nurber of specimens feiled over numher expoged.

N

Results are average of tests of those specimens which did not fail

Type of attack. P = patting, P + ST = pitting plus slight intergranular

Rasults are for tests of individual spscimens exposed for the specified pariod

Wet surface filma observed at the termnation of maximum exposure in the solution

Localized corroeion

b indicatos L or 2 local corrosion sites

maximun exposure time in each solution

(7) Fallures associated with severe corrosion.
avidence of strese-corrosion eracking.

(8) Microscopic examination reveslod slight evidenco of transgramlar craclking.

WL o
fou e bt )

Ratings are based vpon appearance after

Microscopic examination revealed no

1 = negligivle, 2 = mild; 3 = ssvere, a = random; b = directional;

Visual Examination

Falm(5) Corrosion

Dark Red
Whito
Dark Red
Dull

Fall
Dark Gray
Red

None

Gray-Red
white
Kone
None
Dark Red
Gray
Black
Gray
Bark Rod
Blaclk

Gm y~Red
Nona
Gray-Red

Red
Gray-White
Gray-White
None

None

White

Gray-Whate
Red

Gray

Dark Red

0oC

zed

FRrR-RYY

prRR Fgrprpereg

PEEEHR



Solution
Hplido Anions

1N MeCl
1N NaCl
1N NaBr
1N NaBr
1N Nal
1N Wal
1§ KiFp
1§ NaF

Complex Anions

1N Na03

1N NahOs

1N RagaCiCl,

1N NzpCro),

1N NapS0y

1N HapS0)

0,31 flags0), + O SN Nao

0 5N NagSO[; + O 58 NapCio),
1N NaiSo,

1N NRHQP&IJ

Sedium Chlordde plus Oxldizing Acids

EARCE R RV -

EHRODRNAIA NI

AN NaCl
1N NaCl
1N Nacl
LN NaCl + 0,58 KNO3

Sodiun €hloride plus Complet Anions

N MaCl + O.5K NaN03
MaCl + O 5N NaNO

HaGL + 0.5N Naasgh
NaCl + O.5H NapSOlh
N NaCl + 0 5K Na Cr0),
0 5N NaCl + O 3N NasCru)

Ut

B

O
o}
0
Q0
0

Ay

Ammonium Salts
¥ ML

Miscellansous

1N NaCl + 3 g/l Ho02

1N NaGl + 1N AlCly

1N NapSQy, + 3 g/17Hz00
IN NagSGh + 1N A12(S50),)3

Do

-3 =100 =3 A1 N

LRV

Hemd.nal
2 S

<

T{BLE XIV

AESTSTANCE TO STRESS-DORROSION CRACKING OF AIUMINUYM ALLOYS TN VAREQUS AQUECUS SOLUTIONS
2219-T87 ALLOY SHORT TRANSVERSE TENSILE SPECHMENS, 0 125" DIAMETER
TENSIIE STRENGTH-69 5 ksi, YIELD STRENGTH-39 6 ke1, % ELONGATION-h 5

Stressed - 75% 1.5, Unstressed Spacimans

Visual lamination

Notes

{1) F/¥ denctes nurter of specimena failed over nurber expoged

(2) Résults are average of tests of those specimens which did mot fail

) Pype of attack P = pitting, P + SI = pitting plus sM ght intergranudar,

) Rospults are for tests of indrvidual specimans exposed for the specified perieds

} Wet surface films cbserved at the termination of maximun expeaure in the solution

) Localized correcsion 1 = negligible, 2 » mild, 3 = savere, & = random, b = directienal,
1b indicates 1 or 2 local corrosion slies
maximum exposure bime am cach aolution

{7} Fallurea asscciatod with govoro corrooion

evidence of atress-corrosion tracking

(3
(b
(5
(6
Ratings are based upon appearance after

Miocroscopic examination revealed no

Adjusted  Actual pH % Losa(2] Type of(3) T Losall) Gype of(3} . Tocalized(G)
With Rangs F/H(1) Days intTs Attack Days inTs Attack Film(8) ,_ Corrosion
HCL 2o0-h42 3371 5h,3k,5h - P+ S 21,5k 51,5 P+ SI Red Jo
NaOH Lo-70 0/3 0K-60 H P+ 8I 21,60 22,33 P Gray 2k
Br 20-480 2/X7) 53,60(0660) 6L P+ ST 21,50 32,51 P Light Red 2b
NeOH L2=-70 03 0K-60 16 F 21,60 1h,12 P + 8I Qray 2a
HI 20-40 337 29,38, - P+ ST 21 32 P Duli b
KaOH 55-70 0K-60 g P+ SI 21,60 8, 9 P + SI Dull L
- 15-20 03 0K-60 7 P 21,60 11,1k P Red 1
HP 70-70L 0/3 oKk-60  * [3 P 21,60 8, 9 P None 1
HMO3 20-23 03 0K-60 18 P 21,60 13,22 P Light Rod 1.
HadH Lo-70 0/3 OK=60 11 P 21,60 9,1 P Dull 1
Cr0q 2.0-23 0/3 oK-40 10 P 21,60 11, 8 P Hene L
orey 70 0/3 OK-60 g 3 21,60 12,11 b3 Hone 1
HoS80, 20 0/3 OK-£0 21 P 21,80 31 P Black 1
NaDH L9-70 0f2 OK-60 10 P 21,60 2 3 P aray b3
HaS0), 20-2h O3 OK~60 22 P 21,60 8,1h P Dark Gray 1
HoS0), 20-25 0/3 OK-60 27 P 21,80 9,23 P Black 1
-— ¢s5-10 0/3 QR-60 21 P 21,60 20,38 P Dark Red 2a
- b2-43 03 OK-60 3 P 1,60 10,2 P Black L
NHO3 20-U3 A7) 5,07 - P+ SI 3, 7 61,76 P+ 85I Red o
Ha50y, 20-h40 3/3(7) 8,99 == P, 8, 9 56,560 P+ ST Red 3
cro3 20 2/3(7)  16,21(0n60) 2h P+ SI 16,60 8,75 P Hone 1
o3 oh-35 3301 25,25,25 - P+ SI 21,25 61,60 P+ 8L Gray Red R
HNO3 20-32 0/3 0K-50 27 P 21,60 18,26 P Light Red 2a
NaDE Ls=-70 0/3 OK-50 15 P 21,60 5,1 P WWhita 2a
Has0y, 2.0-27 AN  B,5,5 -~ P+ SI 4, 3 3,58 P+ ST Dark Gray 2a
NoOH h8-70 L/3(7) UE(20CK &0) 17 P+ 51 21,60 3,2 P SI Gray 1
HCL 20 =24 2/37) 16,22(0K 60} L8 P+ 81 16,60 9,28 P+ 8L None 1
ECL 70 0/3 OK-60 0 F 21,60 17, 6 P+ 8l Hona b
HGL 6.0-7 © 0/3 oK 60 8 I3 21,60 12,10 P None ta
- - 3/ 5,6,7 - P+ SI 6, 7 72,67 P+ SI Black 3
HeL 20-31 ¥ hhs - P+ SI b, 3 70,85 P+ 81 Black 2a
- - 0/3 oK-60 12 P 21,60 16,16 P Hone 2
HaS0) 2.0-23 0/3 OK-60 20 P 2,560 9,23 P Black 1



TABIE XV

RESISTANGE TO STRESS-CORROSION CRACKING OF ALUMINUM ALLOYS IN ACIDIC BEECTROLYTES
2219-T37 AND 7075-E651 ALLOY SHORT TRANSVERSE TENSILE SFECIMENS, O 125" DIAMETER

Unstressed Spscimens Stressed 75% ¥YS(1)
Nomanal, Adjusted Exposure F Loss(2) Type of(h) % Loss(3) Type of(L)
Alloy Solution pH With Period in T.5. Atbtack m an T8 Attack
2219-T37 1N NaCl 2 HCL 2 days 27 I 0/2 L2 T
L days 30 I 0/2 3% I
8 days 50 P+T 1/2 8 da 7L I
16 days 66 I 2/2 16 da. - I
2l; days 23 P+5I 1/2 17 da. 82 P+ST
Previous Test{6) 19 days &3 I 3/3 19 da. an I
1Y NaCl 2 Hesﬂh 1 day 30 I 0/2 52 I
2 days Lo I 1/2 2da 69 I
ly days L6 I 0/2 63 I+8P
8 days 69 T 0/2 88 I
15 days 20003 } - 2/2 B,10 da - I
Previous Test{&) 8 days 71 I 3/3 8 da. - I
7075-Té51 1N Nagl 2 HCL 8 hours 1 I o/2 I
16 hours 1% 1 2/2 16 hr I
32 hours 16 I 1/2 32 hr. T
6l hours 25 I 1/2 4o hy I
96 hours 33 P 2/2 6,24 hr I
Previous Test(6) 3 days L3 P+I 3/3 3 da. - P+I
1N NaCl 2 Hz50y, 1 hour 0 NA.A, 0/2 0 N.A.A.
2 hours 0 N ALA. 0/2 2 N A.A.
3 hours 0 I 1/2 3 hr 18 I
L hours .2 P+I 2/2 Iy hr. - I
8 hours 1 I 2/2 L4 hr. - P+T
2l hours 7 I 2/2 4 hy -— P+SI
Previous Tesi(6) 2l hours L7 T 3/3 1 da - P+l
1IN NasS0 2 H,50 4 days 1 P 0/2 3 P
b 2 8 days 3 P 0/2 3 p
16 days 7 P 0/2 31 P
2y days 12 P 0/2 18 P
L8 days 21 DP 1/2 34 da 38 i}
Prevaious Test(6) L7 days 32 P 3/3 39-h7 da. - P+I

Notes (1) Tensale Properties 2216-T37 alloy - 58 ksi tensale, Ll ksi yield, 8% elongation
TOT5-T651 alloy- 79 ks: tensile, 68 ksi yield, 3% elongation
{2} Results shown are for tests of andividval specimers
(3) Results shown are average of tests ¢f specimens that did not faal an prsvicus tests,
all others are for indivadual specimens
(L) Type of attack MN.A A. = no apprecaable attack, P = prtting, DP = directional pitting,
P+ SI = patting plus slaght intergranular; P + I = pittang plug intergranular, I-=
1ntergramﬂﬁ_r', I_+ SP = antergranular plus slip plane

(3) Broke while beang placed in testing machine.
(6) Detailed results gaven in Pables XI, IIT



TABLE XVI

RESISTANCE T0 STRESS-CORROSION CRACKING OF AXUMINUDM ALLOYS IN ACIDIC ELECTROLYTES
2219-787 AND 7073-T7351 ALIOY SHORT TRANSYERSE TENSIIE SPECIMENS, 0 125" DIAMETER

Unstressed Spacimans Strassed 75% ¥.5 (1)
Neminal Adjusted Expesure & Losz(Z} Typa of (k) ¥ Lossi3) Type <E(L}
Alloy Solutdon oH With Pericd inTs Abtack B/ in T 8 Attack
2219-T87 1N Hacl 2 nc1 3 days 26 DP 0/2 21 DP
7 deys ;2 DP /2 L3 P
1l days ue P 0/2 31 P
21 days 37 P 0/2 & bl
Previous Test (5) sh days 66 P+8T 3/3 34 da - PSI
1N NaGCl 2 80, 8 hours 12 P 0/2 7 P
16 hours L7 P 0/2 13 P
2k hours 12 P 0/2 13 P
L8 hours 19 P a/2 19 i
Pravious Test (5) 9 days 60 P+SI 3/3 8-% da -- P
1N Natl 2 Groy 7 days 8 HAA, o/e [ N AL
14 day= 22 P 1/2 10 da 7 P
28 days 19 DE 1/2 18 da. L3 DF
he days 23 N A.A. 1/2 35 da 3 P
Prevaous Test {3) 60 days 78 P 2/3 16-21 da 2l P+ST
1IN KK, 15 - 7 days n P o/2 11 P
28 days 2 P 0/2 13 P
k2 dags~ 3 P o/2 10 P
&0 deys h P 0/2 k3 4
Previous Test (3} 60 deys b P 0/2 1 P
7075-T735L 1N NaCl 2 HCL 7 days 8 P 0/2 10 P
28 days 27 P 0/2 P
h2 days 39 P a/2 56 P
60 days 34 DP 1/2 60 da &7 P
Previous Test (3} 22 days 60 P 3/3 18-22 da - |3
1N Hall 2 H 1 day 2 P o/2 3 P
2% 3 days 8 P 0/2 3 P
7 days 22 P 0/2 i P
10 days 26 F 1/2 10 da. 52 P
Provious Test (5} L days 5k P 3/3 2-l da -- P
1N WaBr 2 it 6 days 2 P o/2 I3 P
28 days 10 P /2 13 P
42 daya 2 P 0/2 23 P
50 days L3 DP 1/2 50 da ho DP
Prevaious Test (5) 80 days A% P 0/3 &9 P
1K hKF2 13 - 7 days 0 P /2 [ I3
28 days 1 P 0/2 2 P
L2 days 2 P o/2 3 P
60 days 0 P o/2 0 P
Pravicus Test (3) 60 days L P 0/3 7 P

Hotes (1} Teusile Properties 2215-187 alloy - &9 ksi tensile, &0 kai yaeld, b 3% elongation
T075-T7351 alloy- 62 ksi tensile, 55 kei yisld, 3 elongation

{?) Results showm ara for tests of andividual specimens

(3) Resulis are average of tests of spacimens that did not fail in provious tests,
all others arae for tests of individunl specimens

{4} Type of attack N A A = no appreciable abtack, P = pitiing, DP = directional pitting,
P+3I = pitting plus slight intergranular

(3} Detailed rosults given in Tables XYY, XIV



TABLE AVIE
RESISTANCE 70 STRESS-CORROSION CRACKTNG OF AfUMINUM ATIOYS IN VARIOUS AQUEOYS SOLUTIONS

Short Transverse Tensile Specimens, O 125" Dagmeter

i

Streased 756 ¥ S Unstressed Srpecinens Visual Examination
Nominal Adjusted Actual pH FLo5s in | ) FLoss, in T, w Localized
Alloy Salution pi With Range F/’N(l) Iays T3S ?93- Mryggckb) Days T3 ?1‘3‘ A{i):cl:b) Film(:) can'os:wn((’) REMARES
2219-T37 1N CaCly 2 HCL 201 33 8,11,29 — T+ P 8, 29 32, 15 I+P Dark Red k13
1N CaCly 7 HCL 7076 3/3 1}, 86,29 - P+ I 1h, 29 30, 36 P+1I Gray 1b
W FeCly 15 e - 03 1 - - - - - - - Renoved from test{l)
1H Cullz 2 HCl 20-3L4 o/3 30 nin - I+P 30 min 33 I+P Copper Deposlbs 3a Romoved from tesb(T
1IN Cus0j, 2 HzS0), 2028 33 47,53,37 -- I 21, 55 47, 7 I+P Copper Doposits 3a
I Ne0H R 3 po _— /3 i - - - - - - - Removed from test(7)
1N NH),0H 11 - 10 3-11 0 0/3 0K 60 b H.A A 21, 60 16, 16 P Dark Gray 2a
1N Nacl 11 NaOH 9h-11 0 3/3 by Uy, 4 - P L, 21 26, L3 P+ 81 Dark Gray 2z
2219-187 1K GaCly 2 HCL 2042 1/3 36(20860) S8 P 21, 60 b7, 7% P Red EN Stress Jorrosion doubtful(f)
INCaCly 7 HOL 707k 33 dnanss - 2 2, 53 al, 47 P Gray o Stress Correszon doybtsud (8
1K FeGly 135 - -_— 0/3 1 - - . - - - - Removed from test Eh
1N CuCla 2 HCL 20-32 0/3 20 min - P 20 min sh P Coppar Deposits Ja Removed from test(?
1N CusG), 2 HpS0), 20-34  0/3(20) ko - - 7 23 P Copper Deposits 3a
1N NaOH 11 3 - - 0/3 1 - - - . - - - Removed from test(7)
¥ N OH 12 -—- 10 6-1% 2 0/3 oh 60 21 P 21, 60 14, 20 P Black 28
1N Hadl 1 NaOH 90110 33 16,20,h2 - P 16, L2 A, U7 P Black 1 Stross Corrosaon doubten1(6)
7075-T651 1N CaClp 2 HOL 2041 3/3 1,1, 1 - I+ P 1 32 I+7P Black 2b
1Y Callp 7 HC1 T0-78 3/3 1h,26,27 - P ay, 27 0, 3 Hed A Gray 1
INFeCly 1.5 e - /3 1 -- -- - - -- - - Removed from test{7)
1N CuCl2 2 HCL 20-35  0/3 10 min - P+ 8T 10 min 61 P+ 8T Copper Depsoits 23 Removed frim %nst{T)
1§ CusQ), g #80y, 2025 3/3 11,11,1h -— P 11, 14 23, 28 F Copper Daposlits 2a, Stress corrosion guestionable(9)
1N NaoH 1 3 - - o/3 1 - P 1 83 P -- 3 Removed from test??)
1N NH4OH i} - 10 7-11 3 3/3 3, L 4 - P 3 2 1, & F Gray-Black 2a
1N NaCl n HaOH 90-110 3/3 b, 6, 7 - P b, 7 0, 0 P Black 1
7075-1735) 1IN cagly 2 HeL 2ol 33 29,850  -- P 2, 30 Lo, 7. P Dark Rad I Stress corrosion dovbtful{B)
IN Calla [ HCL 70-80 0/3 Ok 60 kb P 21, 60 26, 32 F Gray Ib
1N FeGL3 13 - - 073 1 -— - -- -= - - 3a Renoved from test(7)
1M GuCls 2 oL 20-30  0/3 30 Min Lé P 30 min L3 P Copper Depesits 3a Removed Trom test(T}
M cuso, 2 1250, 2026 33  z,8m - P 2, 3L 51, &b P Conper Deposits 3a Stress corrosion doubteullB)
LN NaOH ns - - 0/3 1 -— - - - -— -— 3a Removed from teatl?)
1N NH,OH 11 £ 11112 0/3 CK 60 1h P 21, 60 1, 11 F Black 2a
1N Fadl 1 HaOH 9241, 0 1/3 50(20060) 33 P g, 60 5, 23 P Black 1 Stress corrosion doubtrul{8}
WOTES {1} F/N denotes number of spscimens falled over number expossd (7} Removed from test due to either severe reduction in cross sectaon or
complate dissolution of spocimen
(2) Results are the average of tests of those specimsns which did not fail in test
(8} Metallegraphic examirmaticn revealed no evidence of intergranular corrosion
(3} Type of attack N A 4 = No Appreciable Attack, P = Pliting, or sgeondary cracking This and high tonsale loss indicate failure was
P + 8T = Pitting + 5light Intergranular, probably due to corrosion
P+ I = Fitting + Intergranular,
I + P = Intergranular + Pitbing {Ba) Failures associated with severe locelized or general pitting, motallographic
examination revealed no evidence of secondary cracking.
(k) Results are for tests of individual spocimens exposed for the
specified perieds (9) Metallegraphic examination revealed no evidence of intergranular corrosion
or secondary eracking, but tensile loss data supgest failure may have boen
{5} Wet surface [ilm chgerved at the termination of maximum exposure in the due to stress-corrosion cracking
solution
(10) Specamens romoved from test due to severe corrosion of the specimen and
{6) Localized corroston 1 = negligible, 2 = mild, 3 = severa, strassing frame at the odge and beneath the ¢ellulose acetate coating

a = randem, b = directional

used to isolate the stressing frame.



TABLE XVIIX

Tenslle Properties of 7075 Alloy Sheet Samples
Quenched Rapldly from Varlous Temperatures

As Quenched (-W) T6 Aging T73 Aging
H.T. Temp. T.S.-ksi Y.S.-ksi Elong.-% T.S.-ksl Y¥.S.-ksi Elong.-% T.S.-ksi Y.S.-ksl Elong.-%
870 F 77.6 49.6 18.0 82.2 72.0 13.0 80.3 71.8 9.2
810 74.6 47.h ©17.5 79.6 70.0 12.0 75.4 68.5 10.0
750 69.2 42.3 16.5 74.0 63.6 12.0 69.3 60.2 10.0
715 67.2 39.1 16.5 71.5 61.4 12.0 66.3 56.7 10.5
680 62.3 36.9 13.0 55.6 41.2 11.8 59.7 48.4 10.0
610 48.8 35.0 11.0 48.0 36.4 10.0 bh.3 35.4 8.2
550 43.9 36.3 6.5 45.3 37.8 7.0 4y.0 37.3 7.0

Solution treatment - One hour at metal temperature from cold-rolled temper.
Aging treatment - As-quenched - about ocne month at room temperature before testing.
- T6 aged 4 days at room temperature + 24 hours at 250 F
— T73 aged U4 days at room temperature + 6 hours at 225 F + 24 hours at 325 P

Composition - %

- Bl Fe Cu Mn Mg Cr in Ti

0.11 0.23 1.74 0.07 2.56 0.21 5.51 0.06




TABLE XIX

POTENTIAL MEASUREMENTS OF 7075 ALLOY SPECIMENS
IN NaCl-AlClz SOLUTION

(1)

Solution Potentials

As Quenched (W) T6 Aging T73 Aging
H.T, Temp., Unstressed Unstressed Stressed(z) Unstressed Stressed(g)
870 F 817 745 7h2 754 753
810 837 759 760 764 762
750 881 787 787 781 780
715 899 801 - 796 -
680 916 859 859 794 805
610 936 884 892 793 801
550 933 866 873 796 811

(1) Millivolts negative to Saturated Calomel Electrode after
five minutes in 1IN NaCl + 0.21N AlCl; solution at pH 1

(2) 75% IS



TABLE XX

Potential Measurements of 7075-T6 and 7039-T6 Specimens

NaCl-NasCrOy Solution(l) NaZCroq(e)
707516 3/ 7039-76 ) 7039-16 )
H.T. Temp. Unstressad Stressed(6) Unstressed Unstressed
870 711 710 790 124
810 725 730 - -
750 755 755 802 68
715 782 - _ _
6380 822 824 822 108
610 869 871 - -
550 835 828 826 90
(1) Millivolts negative to Saturated Calomel Electrode after
15 minutes in 0.5N NaCl + 0.5N Na,CrO, at pH 2.
(2) Millivolts negative to SCE in 0.5N Na:CrO, at pH 2.
(3) 15-minute period
(4) 20-minute period
(5) 30-minute period
(6) 75% ¥s



TABLE XXT

Current Flow(l) (Ma/in?) Between Unstressed Pairs

7075-T6 in NaC1-81C1l; (pH 1)

Equilibrium atb

Versus 870 810 750 715
810 3 . 9 — o ———
750 4.9 b1 —— ——
715 4.3 6.0 1.8 _—
680 9.3 10.0 21.5 23.2
610 9.7 12.4 17.9 20.3

7075-T6 in NaCl-NaoCrOs (pH 2)

Versus 870 810 750 715
810 0.3 -— - _—
750 0.1 0.1 _— _—
715 c.1 0.1 0.1 —
680 0.1 0.5 0.4 0.4
610 0.3 0.4 0.4 0.5

7075-T73 in NaCl-A1Cls (pH 1)

Versus 870 810 750 715
810 2.5 ——— - ——
750 5.8 hou —— S
715 6.9 6.3 1.8 —
680 6.9 5.8 3.1 1.7
610 6.3 5.8 3.2 1.5

(1) Lower temperature always anodic



TABLE XXIT

Current Flow Measurements

7075 Alloy - Stressed Pairs

» Specimen

Temper Solution Palrs Ma/In Anodic
76 NaCl-A1C1; 870 vs 680 13.3 Low Temp.
T6 NaCl-A1C1, 750 vs 680 16.1 L.ow Temp.
T6 NaCl-NazCrOs 870 vs 680 0.006 Low Temp.
773 NaCl-A1C1s 870 vs 680 5.8 Low Temp.

7039-T6 Unstressed Pairs(l) in NaCl-Na,CrO, (pH 2)

Equllibrium at

Versus 870 750 680
750 0.34 ——— ——
680 0.22 0.19 _—
550 0.50 0.80 0.33

(1) Current in Ma/in? -
lower temperature sample anodic

7039~T6 Alloy - Stressed Pairs

Specimen
Solution ) Pairs Ma/in? Anodic
NaCl-Na,Crls 870 vs 680 0.014 High Temp.
NaC1l-Na;Cr0, 750 vs 680 0.097 High Temp.

Na,CrOs 870 vs 680 0.069 Low Temp.



H.T. Temp.

870 F

750
680

550

Si

0.09

TABLE XXIII

TENSILE PROPERTIES OF 7039 ALLOY SHEET SAMPLES
QUENCHED RAPIDLY FROM VARIOUS TEMPERATURES

As Quenched (W) T6 Aging
T.3.-ksi ¥.S8.-ksi Elong.-% T.38.~ksi Y.S.-ksi Elong.-%
60.3 34.8 18.0 65. 4 56.4 10.0
58.4 33.1 18.5 63.4 54.3 11.0
54.8 29.6 17.5 54.1 1.6 10.0
38.8 17.2 17.0 37.4 16.8 16.0
Composition ~ %
Fe Cu Mn Mg Cr Zn Ti
0.14 0.04 0.29 3.06 0.18 3.99 0.01
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Microstructure of longitudinal
section of 2219-F351 plate.

Figure 1




148218

As Polished 500X

Distribution of micro-constituents
in longitudinal plane of 2219-T351 plate.

Figure 2
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Ksller's Etch 500X

Microstructure of longitudinal
section of 2219-T851 plate.

Figure 3
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Ksller's Etch 500X

Microstructure of longitudinal
section of 2219-T87 plate.

Figure &
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Microstructure topl and
but

constituent distr on p_:otton)
in longitudinal section o
7075 plate.

Figure 5
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Microstructure of longitudinal
sections of X7375 alloy plate.
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Keller's Etch

Microstructure of longitudinal
plane of T079-T6 plate.

Figure 8
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Microstructure of longitudinal
section of 7039-T6 plate.
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7039-16

Distribution of microconstituents in
longitudinal sections. As Polished (X500)

Figure 10




(50,000X)

of 2219-T351 plate.

Electron transmission microstrmicture

Figure 11
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EMT26

Electron transmission microstructure
of 2219-F37 plate. (50,000K)

Figure 12




EMT48

Electron transmission microstructure
of 2219-1851 plate. (50,000X)

Figure 13




EM739

Electron transmission microstructure
of 2219-T87 plate. (50,000X) <

Figure 14




Electron transmission microstructure of

7075 plate in W temper.

Flgure 15
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Electron transmission microstructure of
7075-T6 plate showing dislocation structure.
(50,000X)

Figure 16




Electron transmission microstructure of 70T
plate showing zone and precipitate structures. (50,000X)

Figure 17
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Electron transmission microstructure of
T075 plate in P73 temper. (5o,ooox)

Figure 18
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Electron transmission microstructure of T079-T6 plate
shoving dispersoids, dislocations and precipitates. (50,000X)
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Electron transmission microstructure of
T079-T6 plate in dispersoid-lean region. Two
sizes of boundary precipitate, precipitate-free
boundary region, and fine zones in matrix are
apparent. (50,000X)

Figure 20
-




Electron transmission microstructure of
7039-T6 plate showing polygonized structure,
dispersoid distribution and occasional
dislocations. (20,000X)

Figure 21
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Transmission microstructure of 7039-T6
plate at higher ication. Note two sizes
of boundary preciplitate, heavy zone-type
precipitate, and precipitate-free boundary
region. 100,000X)

Figure 22
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7075-T6 140,000X

- %,=14.28

Appearance and diffraction pattern of E-phase particle.
Figure 23
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7075-T6

100,000X

Appearance and diffraction pattern of M-phase particle.

Figure 24
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Progressive corrosion of unstressed 2219-T37
plate in Nwl-AlCl3 solution.

Figure 27




2 Minutes 20 Minutes

32 Minutes 50 Minutes

Progressive corrosion of unstressed 2219-T851
plate in w1-m13 solution,

Figure 28
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T3-Type Tempers

Precipitation Heat Treated Tempers

Cross sections illustrating unstressed
corrosion of 2219 alloy plate. (X500)

Figure 29
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T7> Temper

Cross sections illustrating unstressed
corrosion of 7075 alloy plate. (X500)
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210 min.

Development of iIntergranular, interfragmentary and matrix pitt
attack of 7OT9-T6 plate exposed unstressed to pHl NaCl-AlCls solution (X500).

Figure 34




L

19 hrs

Development of pitting attack in 7039-T6 plate expo?ed m;stressed
X500).

to pH2 solution of O0.5N NaCl + 0.5N NazCrQs
Flgure 35

19 hrs

X-Sect.
Keller's
Etch

19 hrs

Keller's
Etch




XFFl14

ELECTRON BEAM

ORIGINAL
/— SURFACE

' ‘I\OXIDE

: ] I REPLICA
|

| | |

| QT i I |

| e | |

: ONE THREE | ONE |

; OXIDE OXIDE | OXIDE |

| : LAYER :

|

| | |

| | |

[
|
|
LAYER | LAYERS
|
[
|

EXAMINATION OF STRESS CORROSION CRACKS AND CORROSION
CREVICES BY ELECTRON MICROSCOPY USING OXIDE REPLICAS

FIGURE 36




161-1-4

Oxide Replica

5000X

Penetration of intergranular attack in
unstressed specimen of 2219-T351 alloy

Figure 37




161-3-2

%

Oxide Replica 20, 000X

Unstressed Corrosion of 2219-T851 Plate.
Note cubic pitting with some concentrations
on boundary. White markings represent
precipitate plates.

Figure 38




161-5-6

Oxide Replica

Cubic pitting surrounding constituent
particle in 2219-T87 plate

Flgure 39




161-12-2

Oxide Replica 5, 000X

Intergranular penetration along boundary
of unstressed 7075-T6 specimen. Note
angular shape of corrosion front and of
grain faces, indicating cubic pitting mode

Figure 40




162-1-1

2,000X

Oxide Replica

Cubic pitting characteristic of unstressed
corrosion of T7O075-T73 plate

Figure 41
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Oxide Replica

5, 000X

Intergranular penetration in unstressed X7375-T6

Figure 42
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1606724

Stress Corrosion Test Specimen
Prepared for Exposure

Figure 45




30
min.

Keller's
Etch

Development of stress corrosion cracks on surface of 2219-T37
stressed to 75% YS in short transverse direction (X100)

Figure 46
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Penetration of stress corrosion
crack after 30-minute exposure
of 2219-T37 specimen stressed
short transversely to 75% YS.
(X500) Keller's Etch

Figure 48
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Cracks avoiding microconstituent particles.

Crack development in 2219-T351 stressed
short transversely to 75% Y.S. (X500)

Figure 49
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Directional attack perpendicular to stress in 2219-T87
stressed to 75% YS in short transverse direction. (X500)

Figure 50
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Crack initiation in 7-minute exposure of TO75-T6.

Stressed short transversely to 75% Y.S. (X100)

Figure 51
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Crack initiation on boundary of T7075-T6
stressed 75% YS short transversely. (X500)

Figure 52




Embryonic cracks after T-minute exposure on surface of
T7075-T6 stressed short transversely to 75% YS (X500)
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Development of stress corrosion crack in 7075-T6 stressed to
75% YS in short transverse direction and exposed 105 min.
(X500 - reduced 1/3). Upper - as polished. Lower - Keller's Etch

Figure 54




10 min.

20 min.

Crack initiation on end face - TO75-T6 stressed short transversely to 75% Y3 (X500)
(See Figure 56 for matching side surface of same specimen)

Flgure 55




10 min. 20 min. 20 min.
Keller's Etch

- STRESS —e=

Crack initlation on side face - 7075-T6 stressed short transversely to 75% YS (X500)
(See Figure 55 for matching end surface of same specimen)

Figure 56
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Cubic pitting in TO75-T73 stressed 75% YS
in short transverse direction. (X500)

Figure 57
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Crack development in X7375-T6 stressed
to 75% ¥S short transversely. (X500)

Figure 58
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X7375-TT3 Type

Initiation of cracks in X7375-T6 and development of intergranular
corrosion in X7375-T73 type alloy stressed short transversely to 75% YS.

Figure 59 (XSOO)
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Stress corrosion crack initiation and development in 7079-T6 spec
stressed short transversely to 75% YS and exposed to the pH1 solution. (X500)

Figure 60
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Shows development of interfragmentary attack
specimen,

along sides of a stopped crack in 7079-T6

Also note interfragmentary fringes along grain
boundary. (X500)
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170130-31

As-Exposed

As-Exposed

Crack initiation at MgpSi constituent particles in 7039-T6
Stressed short transgg%sely to 75% Y3 and exposed to O,5N
NaCl + 0.5N NapCro4 solution at pH 2 for 3-1/2 hours. (X500)

Figure 62
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<t— STRESS —a=

Crack initiation and development in 7039-T6 stressed short
transversely to 75% YS and exposed to 0.5N NaCl + O.5N
NapCrOy solution at pH 2. (X500).

Fleure 63

3-1/2 hrs

4 hrs
Keller's
Etch




Cross section of sample seen in Fig. 63 showing
crack development along boundaries. (X500)

Figure 6%




163-11-6

Stress corrosion crack development during
7-minute exposure of 7075-T6 specimen stressed to
T75% ¥S in short transverse direction. Note veining
and cubic configurations within crack

Figure 65




5000X

Oxide Replica

Embryonic cracks in same specimen as Fig. 65.
T075-T6 - 7 minute exposure

Figure 66
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Oxide Replica 50, 000X

Penetration at pits along boundary.:
Pits are probably result of attack of

M-phase particles on boundary.

Figure 67
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166-12-4

Oxide Replica

5000X

Crack penetration along boundaries

of 2219-T351 stressed short transversely
to 75% Y.S.

Figure 68




165-11-3

Oxide Replica 20, 000X

Cubic penetration along

boundaries of X7375-T6 stressed
7% Y.S. short transversely.

Figure 69
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15, 000X

Oxide Replica

in 7079-T6.

of a stress-corrosion crack on

cellular boundary

Figure 70




15, 000X

Oxide Replica

End of a relatively large stress-corrosion
crack in 7079-T6. The opening of the crack
onto the surface can be seen at the top of
the picture and deeper parts of the crack

at the bottom.
Figure 71
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173/7/3

Double Oxide Replica 5000

Transition from a stress corrosion
fracture replicated in 22v oxide (lower
half) to tensile fracture replicated in
15 v oxide. Note that thick oxide was
cracked during the breaking open of the
specimen and the cracks were repaired by
application of the second oxide.

T7075-T6 stressed 75% YS
Flgure 75




Oxide-Carbon Replica 20, 000X

Transition from a stress corrosion
fracture (upper portion) replicated in
oxide and carbon to a tensile fracture
replicated in carbon alone. TO75-T6
stressed short transversely to 75% ¥YS.

Figure 76
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173/10/7

Oxide-Carbon Replica 5000X

Stress corrosion fracture in 7075-T6
stressed to 75% ¥YS. Stress corrosion
proceeded from specimen surface seen at
lower right, along polygon boundaries. At
the top, a small polygon is almost completely
surrounded by stress corrosion cracks. Some
corrosion product is seen near the surface at

right.

Figure 77




173/9/1

Oxide-carbon Replica 10,000

Transition from stress corrosion
fracture (left) to tensile fracture
showing that tip of stress corrosion
crack is irregular. T7075-T6 stressed
to 75% YS short transversely.

Figure 78
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Oxide Replica ' 20, 000X

Typical tensile fracture in 7075-T6
showing small particles associated with dimples.

Figure 79




173/1/4

Oxide Replica

20, 000X

Parallel markings on stress corrosion
fracture which might be indicative of

plastic deformation. 2219-T37 with S.T.
stress of 75% ¥S.

Figure 80




173/5/3

Double Oxide Replica 20, 000X

Spade-like tendril of stress
corrosion crack which juts out from
main stress corrosion crack which is
out of view to the right. Specimen
surface is above this area and
parallel to top edge of photograph.
The tip of this stress corrosion
tendril is dark because the repli-
cating oxide broke leaving a double
thickness at the tip. The stress
corrosion tendril is surrounded by
tensile fracture both above and below.
2219-737 with S.T. stress of 75% ¥S.

Figure 81




2200X

Stress corrosion fracture in 7075-T6 as seen by scanning electron microscope.
Figure 82




200X 1000X

1000X

Dimpled area adjoining crack

Surface of shallow crack and adjoining aree in 2219-T37 as seen by SEM.
Figure 83
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187/8/1

15, 000X

Thin Foil

Variation in dispersoid density in
7075-T6 which has not been hot rolled.

Figure 89



186/8/3

30, 000X

Thin Foil

Dislocations interacting with
dispersoid particles in 7075-T6

plate reduced 30%.

Figure 90




186/12/5

30, 000X

Thin Foil

Cellular structure in dispersoid
free regions at boundary in 7075-T6

plate reduced 60%.

Figure 91




186/12/8

20,000X

Thin Foil

Cellular structure in dispersoid free
regions at grain boundaries in 7075-T6 plate

reduced T0%.

Figure 92




188/6/4

T500K

Oxide Replica

Crack initiation on straight, non-
cellular boundaries in 7075-T6 plate reduced 25%.

Figure 93




188/8/2

Oxide Replica 5, 000X

Beginning of cell formation on boundary
of 7075—T6 reduced 35%, and crack initiation
on grain and cell boundaries.

Figure 94




188/9/6

Oxide Replica 5,000X

Widespread cell formation within
dispersoid-lean regions on boundaries in
7075-T6 plate reduced 45%, and preferential
attack of all boundaries.

Figure 95




188/10/6

Oxide Replica 5,000X

Cellular boundaries in 7075-T6 plate
reduced 80% with crack initiation on boundaries.

Figure 96




190/3/2

30,000X

Electron Transmission

Pitting corrosion of 7075-T6 exposed
unstressed to NaCl-AlCls solution at pH 1.

Figure 97




190/7/7

Electron Transmission 20,000X

Crack initiation in 7075-T6 stressed and
exposed to NaCl-AlClz solution at pH 1.

Figure 98
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191/12/14

Oxide Replica

10,000X

Etch pits on opposite sides of a
grain boundary in 2219-T37 containing an
embryonic stress-corrosion crack. Specimen
was stressed 75% YS in pH 1 solution.

Figure 104
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POLE OF
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Cracking in 2219-T351 stressed short transversely
to 90% Y3. (X100) Compare with Fig. 46.

Figure 106




Stress corrosion crack initiation on surface of T7O75-T6 specimen stressed
to 90% YS in short transverse direction and exposed ten minutes (X500)
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3 min.

103 min.
Keller's
Etch

Interfragmentary or transgranular stringers at ends of long cracks

T7039-T6 at 90% YS S.T. stress in NaCl-Na>CrOs solution at pH 2 (X500).
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SHE s

30 min.

Stress corrosion cracking on surface of 2219-T351 stressed to T5% YS
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60 min.
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Fieure 117

Development of stress corrosion cracks on surface of
T7075-T6 specimen stressed longitudinally to 75% YS.

(X500)

105 min.
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163082

~——3tress —em

2219-T37

TO75-T6

Unfavorable boundary orientation beneath surface
of longitudinally stressed specimens. (X500)

Figure 118
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-+—Stress —a=

Crack development in 2219-T37 stressed 75% Y3
short transversely (X100). Compare to Fig. 120.

Figure 119
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Stress corrosion cracks developed in 25-minute eXxposure on
surface of 2219-T37 specimen stressed longitudinally to 75% YS

(X100). Compare to Fig. 119.

Figure 120
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Crack development in X7375-T6 stressed to 75% Y3
short transversely (X500). Compare with Fig. 124.

Figure 123




162604 -06

Crack development in X7375-T6 stressed to 75% YS
longitudinally (X500). Compare with Fig. 123.

Figure 124




Oxide Replica 20, 000X.

Cracks initiating at low angle to
stress in 7075-T6 stressed longitudinally
to 75% ¥YS.

Figure 125
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As
Corroded

--—— Stresgs—e=

Keller's
Etch

Crack development in pre-pitted specimen of 2219-T37
stressed 75% Y.S. short transversely (X500).

Figure 126
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163048 ~

As Corroded
50X

-+— Stress —

Keller's
Etch
500X

Crack initiation in relation to scratches.
7075-T6 stressed 75% Y.S. short transversely.

Figure 127
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Widenin% of corrosion crevices
in T7075-T6 corroded and then stressed
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Figure 128
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ss of corrosion of unstressed 7075-T6

3-0 metallographic paper finish.

Progre

with
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Figure 130
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30 min.

Crack development in TO75-T6
given 3-0 metallographic paper finish,
stressed to 75% YS short transversely
and exposed to pHl1 solution. Abrasion
marks in short transverse direction.

(x500)
Figure 131
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Same as Fig. 131 but abrasion
marks longitudinal. (X500)

Figure 132
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Cross section of crack seen in Fig. 132 (X500).

Figure 133
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Crack initiation in 2219-T37 given 18V barrier oxide
coating and stressed short transversely to 75% ¥S. (X500)
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180/10/8

Dual-Oxide Replica 2219-T37 7, 500X

A small stress-corrosion crack which was
replicated in the thick oxide of the surface
seen at the lower right. The extension of
this crack during the second immersion is
replicated in thinner oxide.

Flgure 135
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Actual size photograph of an 0.125 in.
diameter x 2 in. long threaded-end
tension specimen (top) together with a
similar specimen assembled in an Alcoa
"constant deformation" type stressing
frame (bottom). The latter was covered
with a strippable cellulose acetate
coating to prevent electrochemical effects
between specimen and frame.

Figure 136
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0.125 IN. DIA, SHORT TRANSVERSE TENSILE SPECIMENS -STRESSED 75% Y.S.

T SPECIMENS (3) DID NOT FAIL
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0.125 IN. DIA, SHORT TRANSVERSE TENSILE SPECIMENS - STRESSED 75% Y.S.
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s
i
7075-T651 § 7075-T735I

!22I9~T37 E 2219-T87 |

A L T R T e s

P L Ly Ty rrrr PR i et b R
Pe T r P L L L L
~—~ASEEERANGESAESORENERDEEEERR

A TP L L e
AT AT T T AT LT T AT AT T AT LT T T T T4
S LT T T AT T AT T AT T T T T A

AT I . M - T A
A AT M M s M - <
i AR T MO o T s M

| ENEEEREOOOEEECESENNENEEAREEE
~ EROCENE NSNS RERE G R E
~—AENEHICEENEENOEDENEREREEEDEESR

AT T AL T i TP LT
AT T AT LT LT T AT T TP ik
T Pl T ML TR AT AT LT AT LT T T T

R AT T A M - - 4
L AR £ I A M A
T AT T M A - A 7

—EEEOEENC ISR NEENONEEEER
| BENEEEN IO SN AAE NN
ettt e L bl

e e i 2
.I AT T LT T s
LT i

AT A A A M 4
P A A M - - M - M £
A A AT A i

—IERNEEEAEEONE AN ANENEREEE
<~ iNNENEENEEEENaEERENNEEERTEEE
T orrcrerrrrr e e bl L DL DL

-~ ki T

.

AT LTS £l

L A AT T T M 7 .
L A A 7 A M - M+ &
AT T R T A Y

—EAAEEEEEEOANE NSO ESNEENEEEE
— AN SNSRI EEN IR NE NN
—EENEERENE AN NEEENEREEEN

-~ e LT AT 4
o T T T T4

P A A A M M
T A A M A - M+
P o T P e

—ANEANEEENIDO RSN NSNS EERR RS
e rrrrrrrrrccrcr T Pl L L L L L
-~ fEENEDENENEE NN EEDEEENEnEEEER

ST T T TP s

A AR AR M M.
SN AR A M M ST 5 4
AT AR AR MY A

VT T BT T AT LT T AT T4 TS
PP T AT ST L7
Al‘\nl IA‘\H. -I\L‘

Naz 504 qucr 04

Na ]N03

No Br NaI

Na ClI

SAVA ‘3417 N3IWID3dS

NEUTRAL SOLUTIONS, pH7

EFFECT OF ENVIRONMENT ON RESISTANCE TO STRESS—CORROSION CRACKING

FIGURE 139




0.125 INCH DIAMETER, SHORT TRANSVERSE TENSILE SPECIMENS- STRESSED 75% YIELD STRENGTH
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0.5N NaCl + O.5N Na>SOs
(H2S04)

Visual Rating - Neﬁligible
Exposure Period - 4 days

Percent IL.oss in T.S. - 55

1N NaCl (HNOs)

Visual Rating - Mild, directional
Exposure Period - 7 days
Percent Loss in T.S. - 49

(HC1)

Visual Rating - Severe, directional
Exposure Period - 10 days
Percent Loss in T.S. - ge

4N NaCl + 0.5N KNOs
(HNOs )

Visual Rating - Severe, random
Exposure Period - 19 dags
Percent Loss in T.S. - 68

I1llustrates the varied corrosion patterns of
TO75-T7351 alloy in acidified solutions containing
sodium chloride. The specimens shown were exposed
unstressed, and were removed from test at times
corresponding to the failure of stressed specimens.

(Mag. 3X)
Figure 141




Etch: Keller's Mag. 20X

Stressed 75% Y.S. - Falled 4 days

Meg. 100X
Stressed 75% Y.S. - F 4 days

Keller's Mag. 100X Etch: Keller's

Unstressed - 4 days

TOT5-T7351 exposed to 0.5N RaCl + O0.5N NaegSO,
pH2 (H2S04). Sections through corrosion pits ih
specimens which visually showed negligible attack.

Figure 142
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164577

Etch: Keller's Mag. 20X
Stressed 75% Y.S. - Failed 6 days

Etch: -Keller's Mag. 100X
Stressed 75% Y.S. - F 6 days

Etch: Keller's Mag. 100X
Unstressed - 6 days

Sections through corrosion pits in 7075-T7351
specimens with a visual corrosion rating of severe, random.

Figure 143
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2219-T37
A DENOTES SPECIMENS THAT FAILED DURING EXPOSURE
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59 hrs
stressed

surface

¥S. 3.7. “I

- -

: 1-135“3%'.;-."‘ K5

Development of pitting attack in TOT5-T6 exposed

Figure 146
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Unstressed
16 hrs

to 1N NaAc solution at pH4.
: (X500)




67 hrs
X-Sect.
Keller's
Etch

Crack initiation in 7075-T6 stressed to 75% YS
S.T. and exposed to 1N Na=S04 solution at pHES%X5OO).

67 hrs

T rmama 1U7
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| Tuning fork specimen of 2219-T37 stressed short transversely to
75% YS and exposed to 0.5N NaCl + 0.5N Na-CrO, solution at pH2. (X500)

Figure 148




120 sec.
Keller's

120 sec. s

Crack development in 7O75-T6 stressed short transversely to
75% YS and exposed in 4N NaCl + 0.5N KNOs solution at pH 0.4, (X500)

_ PFigure 14q
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26-1/2,
min.

Keller's
etch

Crack initiation and development in TOT75-T6 stressed short transversel
to 75% YS and exposed to 0.5 NaCl + 0.5 NazSO, solution at pH2. (X500

Figure 152
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Cross section of sample in Fig. 152 (X500).
Figure 153
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Crack initiation in 7039-T6 stressed short transversely
to 75% YS and exposed to laboratory atmosphere (X500).

Figure 154




AR A
%J)vl‘!r..}.ﬁ ry .ff.nl!hvfl-......d.l.fta.lh.
S T T RN R0k ety

- B LA .w....n...—.ﬁmﬂ.-.h.url -ﬂm-s-..“

% —al T LS %
4J.n1.J...._.rb =

oy Y e
.......w.....".......,..._'..wu\
.".

SR £ T

Jodrplis
i

pasihopr

i

.
(3

"

L SOl

)
D

169449
16945

(X500)

as seen on surface
Keller's Etch.

of cracks in Fig., 1
(right).

y path
and in cross section

Boundar
(1left)




185/2/1

Oxide Replica 5000X

Surface of stress-corrosion frac-
ture at 75% YS in 7039-T6 in labor-
atory air. Facets are the surfaces
of polygonized cells and occur
largely in dispersoid-free regions.

Flgure 156
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Oxide Replica 5000X

Extreme evidence of plastic
deformation on the surface of a
stress-corrosion fracture in
7039-T6 developed in laboratory air.

Figure 157
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Crack initiation in T7039-T6 stressed short transversely to 75% YS
and exposed to atmosphere at 125 F and 100% relative humidity. (X500)
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Acoustic emission during stress-corrosion cracking.
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