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FOREWORD
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USAF Contract No, AF 33{616)-7612. The contrcct was {nitiated under
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ABSTRACT

The objectives of this program were: (1) to study the effect of
microstructure on suscoptibility to stress-corrosion cracking in the short-
transverse direction of 7075-T6é aluminum alloy; and (2) to study the kinetice
of stress-corrosion cracking at elevated temperature of candidate materials
for structural applications in the trisonic transport in the presence of sea
salt.

It was hypothesized that the pooxr resistance to stress corrosion
of high-strength, wrought aluminum alloys was -lue to the layered type
microstracture characteristic of these materials. Phases which are out
of solid solution in the original ag-ca2st structure tend to be concenirated
in the grain boundaries. During working, the original grains are flattened
out into plates and, therefore, the sc¢cond phase particles ara distributed
in layers. During the solution heat treatment the recrystallizxed grains grow
until the growth is inhibited by these second-phase particles. As u conse-
quence, the wrought, heat-treated product has planes of weakness parallel
to the major direction of working. Commercial 7075-T6 and materials of
the same composition preparcd in the laboratory in the form of 1 in. plate
wore compared as to susceptibility to stress corrosion in the short-
transverse direction. In these materials short lifc was associated with the
layered type of grain structure characteristic of commercial material, and
long iife was associated with irregular or equiaxed grain structures. 7he

experimental results gave good support to the hypothesiu.

Apparatus was set up to measure elevated-tcmpevature crack
growth kinetics by monitoring resistance with a precision Kelvin bridge.
Preliminary trials with Ti-8Al-1Mo-1V alloy showed promise. Exposures
cf AM 350 CR 20% and PH 15-7Mo RH 1050 under stress at temperatures
from 6507 to BOOCF gave no indications that these materials aru susceptible

to chloride salt stress corrosion.

This technical documentary report has been reviewed and is

approved. .. .
PP \)3:&{? W,

W. J. TRAPP

Chief, Strength and Dynamics Brench
Matals and Ceramioca Laboratory
Directorate of Materials and Processes
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I. PARTT - STRFSS CORROSION OF 7076-T6

A, Introduction

High-strength, wrought aluminun:- .ase alloys are considerably
less resigtant to stress-corrosion cracking in the short-transverse direc-
tion than in the long-transverse or the longitudinal direction. When the
microstructure of such a material is examined, it is at once apparent that
the grains are elongated in the direction of rolling or working. It appears
that at periodic iatervals a barrier to grain growth exists. The micro-
structure suggests that these barriers may be traces of tue original as-cast
grain boundaries. The stress-corrosicn beh: -lor indicates that theae re-
gions represent planes of weakness. In a tesi of the short-transverse dircc-
tion, the stress direction is perpendicular to the plane of these barriers to
grain growth, and the crac’ propagates intergranularly along these plaunes.
The as~cast grain boundary is the likely site of {(a) whatever insoluble
particles are present in the melt, (b) precinitates of impurities having low
solubilities, and (c) precipitates from the supersaturated liquid that is last
to solidify. Subsequent processing would have no effect on the insoluble
phases and, very likely, would not entirely eliminate the other pracipitated
phases. Judging from the microstructures, processing acts to spread out

the second-phase particles and produces the laycred structure observed.

Assuming that the above hypothesis explains the observed direcc-
tionality in stress-corrosion sensitivity, a program was undertaken to study
the affect of eliminating or at least greatly minimizing the layer structure
by means of a casting technique. Four matcrials of the 7075 alloy in the
form of one-inch plate were evaluated; they were:

(1) normal commercial material,

(2) commercial material remelted, fluxed to remove
insoluble particiee, and cust under conditions to
produce a fine grain size,

{3) high-purity melt cast under conditions to produce
a coarse grain size, and

(4) high-purity melt cast under conditions to produce
a fine grain size,

Evaluation consisted of stress-corrosion testing in aqueous solutions, me-
tallographic examination, electron beam imicroprobe analysis of phases

present in normal commercial material, and determination of the residual
stress in thc plane perpendicular to the rolling direction,

B. Experimental Methods

1. Proparation of Test Materials

Originally it was sought to make the fine-grained ingots exception-
ally fine grained by combining two grain-refining techniquas: inoculation by

Manuscript rulcased by author January, 1963, for publication as an ASD
Technicai Report,



means of titanium addition {1), and application of viscous shear, i.6., ro-
tational acceleration (2). The apparatus depicted in Fig. 1 was constructed
for imparting viscons shear during solidification to 30 pounds of metal.

This was accomiplished by accelerating rapidly to a high rotational speed

and decclerating rapidly by applying a brake. When the brake was released,
acceleration occurred again. The period of the acceleration-deceleratior
cycle was centrolled by a timer mechanism. While this apparatus was

being completed, sevzral ingots of 7075 alloy wers preparcd in a consumable
electrode arc-meiting {urnace with magnetic stirring applied to give grain
zcfluement (3).

Difficulties were encountered in preparing fine-grained ingots of
7075 alloy both by means of consumable arc melting with magnetic stirring
and by mechanical stirring of cast metal during ¢ ‘lidification. in the former
case the expected deep pool of molten metal was not formed; and the metal
appearcd to solidify in layers about 1/16-1/8 inch thick, often separated
near the oatside by cold shuts. The ingot was fine-grained but noi to the
extent expected on the basis of earlier work. In the latter case ths yrain
structurc was not sufficiently refined to suit the needs of this program.
Several factnrs may underlie these observed differences in results. One
facto. which appears to he of inajor importance is the liquidus-solidus tem-

perature differential.

Prior experience in thc application of viscous-shear has been with
relatively pure metals--thot is, 1100 aluminum alloy (99 +% purity) and
grade A nickel (99.4% Ni + Co). In the case of 1100 aluminum alloy and
grade A nickel this temperature diiferential is 25°% and 20°F, respectivelv,
while the differential of 7075 is 280°F (4). This means that in the relatively
pure metals there is a fairly well defined solid/liquid interface with little
if any nucleation occurring much in advance of it. On the other hand, the
solid/liquid intexface of the 7075 alloy would be ill-defined and would be
very deep; also nucleation would show significant occurrence in advance of

the interface zone.

The Guostion to be resolved in this program was, Can as-cast
grain size influence resistance to stress-corrosion susceptibility through
its influence on the distribution of insoluble or precipitate pnases? This
purpose could be served by using conventional techniques to produce ingots
having a significant difference in grain size. Therefore, to produce mate-
rials for evaluation without further dclay, a coarse-grained ingot cast from
high-purity materials and finc-grained ingots cast from commercial 7075
plate and from virgin, high-purily materials were made. The nominal
composition of 7475 alloy is: 5.5 Zn, 2.5 Mg, 1.5 Cu, 0.3 Mn, and 0.3 Cr.
(All compositions in this report are given in weight per cent unless other-
wise noted.} The purity, source, and form of the metals ured for the high-
purity melts are reported in Table 1. The fino-grained ingots were cast at
1300°F into 1-inch thick walled, cylindrical steel molds and inoculated with
additions of 0. 36% titanium added as Ti-44% Al master alloy. The coarse-
grained ingot was cast at 1500°F into a sand mold. The ingots were approxi-
mately 4 inches in diametar by 5 inches in height after removing the riser,

The inguts were turned down 1/8 inch on the radius, then soaked
at 885COF for 24 hours, and transferred to a furnace at 8259F preparatory to
initlal breakdown by press forging. The ingots were initially upset by
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press-forging and then side~forged between 7007 and 825%F to 1 1/2-~inch
thick plate. The platca were rolled to 1 i/16 inchbea at 700°F §n 0, 050-
inch passes. The rolled plates were then heat-treated as follows: 860°F.
! hr, cold-water Quenched, aged 250°F-24 hr, air cooled.

~Results of chemical analyses on the 7075 materials together with
nominal compositions are given in Table 2.

c. Strces-Corrosion Tests

Since testing of 1-inch thick plate in the short-transversc direc-
tion was the concern of this work, a specimen geometry as shown in Fig. 2
was designed. A set of 24 lever-arm loading stress-corrosion units was
constructed for making the tests. Several of (-e units illustrating the man-
ner of loading are shown in Fig. 3, In order to obtain more uniform distri-
bution of load over the test specimen, two Ti-6A1-4V titanium alloy pins at
right angles were placed be*ween the specimen and the loading ram. A
0. 192-inch diameter pin was placed in the groove in the top of the specimen,
and a second pin having a radius of curvature of 0, 10 inch in the longitudinal
profile and 0. 190 inch minimum diameter was placed at right angles te the
first. Thin rubber sheet served to insulate the lower pin from the specimen,
and the stainless steel loading ram was coated with Stop-Off strippable lac-
quer. Corrosion test media employed were the following basic solutions:
(1) 57 g NaCl, 10 mi 30% H,0,, and water to make 1 liter, and (2) 3 g NaCl,
36 g CrO,, 30 g KCr,07 and water to make 1 liter. Initially an addition of
0.01 g Aerosol wetting agent was made to the solutions. However, when it
was discovered that this addition apparently had an adverse effect on the
stabilities of the solutions, and that there was a significant difference in
behavicer of 7075, depending on whether or not the solution contained the
Asorosol addition or not, the Aerosol was left out. The specimens were im-
mersed continuously, and the solutions were changed daily except Saturdays
and Sundays. The load was fully applied to the test specimen before the
corrosion medium was added to the container.

3. Tensile Tests

Longitudinal tensile specimens of the geometry shown in Fig. 4
were tegted in an Instron machine of 10, 000-pound capacity. A croashead
speed of 0. 1 in. /min was employed. The tensile test specimens were taken
frorn the edge of the plate.

4, Microprobe Analysia

Electron beam microprobe analysis was made of the second-phrs
particles present in standaxrd commercial 7075-T6. The surface of examine -
tion wae the plane parallel to the rolling plane and at the center of the piate.
The unit employed was built by Cambridge Instruments Limited. The surface
was prepared metallographically and etched to reveal the socond-phase par-
ticlos. Tho region for examination was then marked off by microhardness
jdantations, and after this the surfuce waa repolished. (Past experience
indizatos that stching sometimos leaves surface fillms which ocbscure the
analytical resuits.) The microhardness identations made it easy to locate
the region for examination. X-ray images were made of Ka emissions of
aluminum, chromium, copper, magnesium, and ainc., Reflected slectron
images were alao made.
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5. Resideal Etress Deterncination

Residual stresses wes L detcrmined in the ghort-transvezse and
long-transverse directions on the plane perpendicular to the rolling direc-
tion at the approximate center of the plate thickness. The determination
was made on a sample from cach of the 7075-T6 materials of the investiga-
tion., The two-cxposure method described in Barrott {5) was used. This
mecthod has the advantage that it obviates the need for an ¢cxposure of the
=aterial in the unstresscd state. In order to get the residual etreas in the
two dircctions thice expilaares were requived: one with the X-ray beam
perpendicular to the spocimen eurface, a second with the surface rotated
!n the horizontal plane 45° toward the beam, and the third with the surface
rotated in the vertical planc 45 toward the beam. A fine coating of anneal-
od silver powder was sprinkled on the polished spezimen face to act as a
standard for specimen-to-film distance callbration. The (511) reflection
for Cu K q radiatiun of both silar and alurninum were used for tho dlstance
and stress measurements, respaectively, The camera was oscillated back
and forth through 15° during the exposures in order to smooth out the spot-
tiness of the large~grained materials.

C. Results and Discussion

1. Microstructures

An indication of the relative as-cast grain sirxcs of the 7075 alloy
prepared materials is given by Fig. 5, which shows macrostructures of the
tops of tho ingots which were cut off and discarded and sections of small
teet ingots which were poured with ench heat. Some porosity is apparent in
the high-purity, coarse grain size ingot. Microstructures of the plancs
parallel to the rolling plane at one-half plate thickness, perpendicular to the
long transverse direction, and perpendicular tu the short transverse direc-
tion for the four materials axe shown in Figs. 6 through 13, For each
material two groups of microstructures are presented: one &lowing the
grain structure primarily, and the other showing the distribution of second-
phase particles. It is inimediately apparent that there is a marked differ-
ence in the grain structures of the various materials, and that these
differences may he related to the diffcrences in the distribution of second-
phaoce particles. In the standard commercial material the second-phase
particles tend to be distributes in layers parallel to the rolling plane; whiie
in the recast material the particles arc much less directionally distrihated.
Casting practice, no doubt, had some influence in causing this difference;
however, the amount of reduction in processii.g perhaps also contributed.
The commercial material probably experieinced a reduction ratio of about
10:1, while the lahoratory prepared material experienced reduction ratios
of about one-half this amount, Qualjtatively, it is apparent that the remelted
commercial material has a much finer grain size than the standard, and the

grains are much less elongated.

The high-purity, coarso grain size material contained only occasional
groups of socond-phase particles, and elongation of grains was less marked
than in the remelted commorcial material, As shown in the photomicrographs
in Fig. 13, the high~purity, fine grain size material coatained virtually no



resolvable éecond-phase particles. It may be noted that the coarse grain
sizo and fine grain size materials have approximately the samc grain size
after processing and final heat treatment. However, the grains in the for-
iner are clongated, and thoss in the lutier are equiaxed. It {s considered
that the equiaxed grain structure of the {ine grain size material is due
primarily to two factors: the fine as-cast grain sisze, and the scarcity of
sccond phase particles. The first factor contributes to the second in that
socond-phase particles in the as-cast state are smaller and mcre uniform -
ly distrihuted and, as a consequence, are more readily taken into solutior.
Tho second factor means that there are few inhibitions to isotrophic grain
gvowth during the final solution heat treatment.

Comparison of the microstructures of the fine grain size mate-
rials showe that the commercial-purity matexr.al contains considarabhle
quantity of second-phase particles, while the high-purity material contains
virtually none. The results of the chemical analyses (Table 2) show that
the high-purity laboratory L. ."epared melts contain only 50% as much copper
as the commercial material, both as-received and remelted. The dis-
parity in the amount of second-phase particles between the two types is
probably due to this composition difference.

2. Microprobe Analysis of Second-Phase Particles in 7075-T6

Second-phase particles in commercial /075-T:6 on the plane par-
allel to the rolling plane at one-half plate thickness werc examined in the
microprobe analyzer. The specific areas analyzed are shown in Fig. 14.
The regions labeled I ar.d 1I ware scanned at a magnification of abeut 200X,
and the smaller regions labelcd A and B were scanned at 2 magnification of
about 2000X,

In the photomicrograph, region ] is observed to contain large
,.:/antities of gray particles and a patch of two-phasc particles which are
black and gray. The electron image of this regior is shown in Fig. 13,
(The microprobe images are mirror images of the photomicrograph in
rig. 14.) Relative to the matrix, intensity differences in the electron
image derive from two sources: (1) differerices in surface elevation which
cause shadows or intensificd reflection, for example, note the microhard-
neas impressions in Fig. 18; and (2) differences in average atomic number
of phases present. In the caso of the latter, second phase particles having
higher average atomic number than the matrix produce light areas (relative
to the matrix) in the eclectron image; and particles which have lower average
atomic number than the matrix produce dark areas in the electron image.
The electron image indicates that the phase which appears to be black ie
actually dopressed below the surface, suggesting that it was attacked during

polishing operations.

The Mg Ka image of region I is shown in Fig. 16 and indicates
magnesium enrichment in the area where the two-phase particles are locat-
ed. The Al Ka image of this region showed the gray particles to be poor
in aluminum. images due to Zn Ka and Cr Ka indicated uniformity with
respect to sinc and chromium. A Cu Ka image of sone A in regionlis



shown in Fig. 17. The gray particles are shown to be copper-~rich and, in
view of the other evidence, appear to be CuAl;, (or AlzCuMg).

The electron image of region Il is shown in Fig. 18, and !t too
irdicates that the darker two-phase particles across the center of the region
are , at least in part, below the level of the matrix surface. Not all of the
darker spots in Fig. 18 appear to be artifact caused by depressions in the
svrface. It appears that a few of them are indicative of the presence of &
phase having lower average atomic number than the matrix. Again, the Al
and Cu Kaimages show that the large gray particles are both aluminum-
poor and copper-rich und they are, apparently, CuAl, (or AlCuMg). The
Al Kaimage of zone B in region II is shown in Fig. l%. and saows that the
darker, two-phase particles are aluminum-poor; - 1so the Cu Ka image showc”’
then) to be slightly copper - poor.  The findings taat these two-phase parti-
cles: (1) are poor in aluminum, (2) are poor in copper, (3) contain areas of
enrichment of magnesium, and /4) are indicated to have lower average atomic
number than the matrix suggest that at least one of the phases is a magnesium
compound.

a. Tensile Test Results

Results of tonsile tests of longitudinal spocimens taken from the
7075 materials are summarized in Table 2. The tensile properties of the
two commercial purity materials are in fair agreement. The strength prop-
erties, excepl fracture strength, of the two high-purity materials were in
close agreement; and the yield strengths were about 20, 000 psi telow those
of the commercial materials, The fractured specimens are shown in Fig.
2C. One segment of each of the specimens is shown. Note particularly the
character of the fracture of the high-purity, coarse grain size material.
Much of the fracturc surface of these specimens consists of parallel planes
all being parallel to the rolling direction and, consequently, parallel to the
stress axis of the teet specimens. Much of surface areca of these parallel
planes was covered by a thin, dark film which can be discerned in Fig. 20.
This film has not becn identified as yet. The specimens of commercial
material showed a tendency to fracture in a similar manner; however, the
steps were much smaller and there was no sign of a film under magnifica-
tions nup to 3CX,

4. Residual Stress

Results of the residual stress determinations are summarised
in Table 3. All of the measurements were hampered to some cxtent by
the relatively large grain sizes of the materials. This problem was much

reater for the high-purity materials than for the commercial materials.

hese reusults indicate that reaidual stress in the short-transverse direc-
tion wau least favorable in the commaercial material; in order of increas-
ingly favorable residual stress in the short-transverse direction the mate-
rials aro: commercial, grain refined; high-purity, fine grain size; and
high-purity, coarsc grain size,



5. Stress-Corrosion Tesot fResults

The rcsults of otress corrosion tests on the 7075-T6 materials
are given in Tables 4, 5, and 63 Table § summarizes results for tests
in NaCl-H0,-Aerosol eolution. These data, as shown in Fig. 21, indicate
that the commercial material and the high-purity, fine grain size material
behave similarly., Only specimens of commercial, grain-refined arnd higk-
purity, coarse grain size survived for more than 1000 hours. However,
two specimens of the latter inaterial falled immediately. (Specimens which
failed immediately are plotted at 0.1 hour.) Since the load was firast applied
to the specimen and then the corrosion medium was added, cuch failures
were not due solely to loading, and by all indications wexa truly the result
of stress corrosion. A total of eleven specinrens of the high-purity, coarse
grain size material were tested in .hree solutions. Of these, {ive failed
immediately. This was the only material to fail in times of less than 0. 1

hour.

Results for tests in NaCl-H;0, solution (withcut Aerosocl) are
giver. in Table 5, and plotted in Fig. 22. Thc commercial, grain-refined
ani the high-purity, coarse grain size materials behaved similarly to their
behavior in thc solution with the Aerosol addition. Howsver, the commer-
cial material performed more poorly, and the high-purity, f{ine grain size
matetial performed Lettar.

Results for tests in CrOj3 solutions are given in Table 6. Coa-
sidering the commercial material, testing in CrO3 solution containing
Aerosol made up five months before resulted in an average life for two spe-
cimons of 0.35 hour, while testing in solution made fresh daily resuited in
an increase in the average life of more than a hundredfold. Curiously, test-
ing in CrO, solution containing no Asrosol and made fresh daily gave much
the same result as testing in the old solution containing Aerosocl. Data for
the various materials in Cr03 (no Aerosol) solution are plotted in Fig. 23,
Theae results show that the materials have increasing resistance to stress-
corrosion cracking in the order: commercial; commercial, grain refined;
high-purity, coarse grain size; and high-purity, fine grain size. It is of
litoroat to note that specimens of the high-purity coarse grain size mate-
rial either fail immediately or perform better than the specimens of the
other materials. This indicates the presence of a statistical factor in re-
gard to the test section of these apecimens.

Surface observations and microstructural examination were made
of selected exposed stresn-corrosion specimens. These observations are
summarised in Table.” 7 . The salient fact to come out of this examination
pertains to grain structure. The microstructural observations were made
on the plans perpendicular to the long-transverse direction. Grain struce
tures wero: layered as depicted in Fig. éb, irregular as in . 10¢, or
equiaxed as in Fig., 12b. With few exceptions, specimens which failed in
less than 100 hours had the layered type microstructure; and specimens
whnich survived for more than 100 hours, including those which did not fail
in 1000 or more hours, had irregular or equiaxed gra!n structures. Of
particular interest is the high-purity, coarse grain size material, specimens
of which either falied in less than 0.1 hour or were quite resistant to failure.
All specimens of this material which failed immediately had the layered type
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griin structure, aud the faflure-resistant spceimens had irregaiar grain
structurcs. A similar generalization applied for the commercial, grain
refined material--that 18, two of the four specimens exhibiling short hves
in CrO3 solution were examined and found to have layered grain structure;
while tour spccimens which did not fail in 1000 hours in NaCl-H,0,-Acroso!l
and NaCl-H,0, solutions were found to have irregular grain st-uctures.
The generalization with respect to this material must be tempered biy the
fect that both layered and irregular grain specimens were in no casec tested
in the same cnvironment as far 24 is known. However, not all specimens
were examined metallographicaliy. In the case of the high-purity coarse
grain size material a sccond factor seems to have been involved thiat may
explain why specimens of this material were the only ones to fall in: less
than 0.1 hour. This was the occasional presence of patches involving a few
grains or a microconstituent which caused rather severe attack of the grain
boundarics under the action of the etchaat. (Keller's was used for both the
light ctching to reveal the distribution of microconstituents and the heavy
etching to develop the grain structurc.) In Table 7 . this is referrzd to as
“"black grain boundary network." Apparently the most susceptible type of
microdtructure combined the layered grain structure with the microcon-
atitucnt responsible for the black grain boundary network.

The variations in‘the final structure of a given material was, no
dnubt, related to the variation in the as-cast structure cf the ingot and the
somewhat different thermal and working history of the various parts of the

ingot,
D. Summary and Conclusions

It was hypothesized that ti.e poor resistance to strecss-corrosion
cracking in the short-transverse direction of wrought, high-streangth alum-
inum slloys was due to the laycred grain structure characteristic of these
materials, Insoluble phases and phases vesulting from nonequilibrium
conditions during solidification tend to accumulate in the grain boundaries
of the as-cast structurc. In subscquent working the graing are flattened
out into plates. During the rather severe solution heat treatment applied
to thesc age-hardenable allcys, grain growth tends to proceed untll it is
inhibited by the barrier of second-phase particles which eacased the original
as-cast grains. This results in planes of weakness or of high susceptibility
to stress-corrosion cracking parallel to the direction of working., Stress-
ing in the short~transverse direction resulte in crack propagation aleng
such planes. The primary objective of this study was to determine whather
ultering the as-cast microstructure--through changes in the malting and
casting practice--would sffect the final wrought and heat traated microstruc-
ture and whether this, in turn, would iifluence stress-corrosion behavior,

Four 7075-T6 materials in the form of l-inch plate were investi-
gated: (1) commercial; (2) commercial, remelted to refine grain size; (3)
high-purity, coarse grain size; aud (4) high-purity, fine grai.. sise., The
following determinations and tests were made: residual stress in the plane
perpendicular to the rolling direction and in the short and long transverse
diractions; tensile tests of longitudinal specimens, and stress-corrosion
tests in the short-transverse direction. Comparisons were made of the



wicrostructuves of the various malterials., Alau, BHLTORILNC vl sia vas
used (o determine the major microconstituents presont in the commercial
materinl,

The commercial material had the charactoristic layered grain
structure; the commercial, grain-refined ard the high-purity, coarse
grain size materials exhibited a variation in grain structure from layered v
irregular; and the high-purity, fine grain size material was equiaxed. Of
special intcrest from the results of the tensile tests was the fact that the
fracture surfaces of the high-purity, coarse grain size material contained
a considerable area of parallel planesa in the longitudinal direction. Much
of the surface of these planes appeared to be covered by a black film.

Stross-corrosion media for most of the testing were: NaCl-H,0,
solution and NaCl-CrO3-K2Cr30+ solution. I the former solution the
commercial material wae the least resistant to stress corrosion; the high«
purity, coarse grain size material was next; and the commercial, grain
refined and high-purity, fine grain size materials ware the most resistant,

In the latter solution the materials in order of incresaing resistance to

strcss corrosion were: (1) commercial; (2) commercial, grain refined;

(3) high-purity, coarse grain size; and (4) high-purity, fine grain size. The
high-purity, coarse grain size material was unique in that specimens sither
failed immediately or they survived for 500 or more hours. Microstruc-
tural examination of the exposcd specimens showed that specimens which
failed imniediately had the layered grain structure similar to that of commer-
cial material, and specimers which had long life had irregular grain s‘ruc-
ture. The commercial, grain refined material behaved similarly in that
short-lived specimens had the layered grain structure, whereas long-lived
spocimens had irrogular grain structure. This observation with respect to ‘e
commercial, grain rafined material must be tempeored by the fact that, as
chance would have it, the layered grain structure (short lived) specimens
wore tested in CrO, solution while the irregular grain structure (long lived)
opecimens were tested in NaCl-H;O, solutions. Another characteristic of the
high-purity, coarse grain size material was the presence of a grain boundary
constituent in patches involving a fow grains which etched very rapidly giving
the appearance of a black grain boundary network. One might readily associ-
ate this with the biack film observed on tho tonsile test fracture surfaces of
the high-purity, coarse grain size material; however, this relationship has

yeat to be established.

Residual stresses in the short transverse direction were indicated
to be least favor+ble for the standard commercial plate, and most favorable
for the high-purity, coarse grain sise material, the highest value deing about
+3000 pai. It does not appear that reslidual stress played a significant role in
these stresa-cnrrasion testa,

The results give general support to the hypothesie upon which this
etudy was based. For the 70753 aluminum alloy, stress-corrosion suscepti-
bility {s reiated to microstructure, and one important factor in the control
pf the {inal microstructure of wrought material {s the distribution of second.
phese particles in the as-cast state.



O PATTT I L BTRIIES CORROSION OF 55T CANDIDATE MATERIALS

A. Introduction

Under certain conditions of latoratory tvating, titanium alloys have
exhibited susceptibility to ctress corrosion at olevated temperatures when in
the presovace of chloride salts (G, 7). The temporature range in which stresa-
corrusion cracking has boon observed is from about 550° to about 900°F,

MMuch of the structure of the trisonic tranaport will operate in this temperature
vange., Thorefore, a study was undertaken to detormine the kinetics of sea
salt stross-corrosion cracking of three represontative candidato materials for
structural applications in the trisonic transport., Materials solected for study
weora Ti-B8Al-1Mo-1V, in the anncaled condition; A4 350, 20 per cent cold
rolled and PH 15-7Mo RB 10580, .

B, Eipcrimcntal Methods

Sources of the materials were as followns: The Ti-8Al-1Mo-~1V in
the torm of U.U18 and 0,062 inch thick sheoot materiale and the AM 350 {n the
form of 0,025 inch thick shect were supplied by Mr, Willlamy F., Brown, Jr.,
Chief, Strength of Materials Branch, Lewis Rescarch Center, NASA. The
chemistry of theso matoriale is given in Table V1II, The PH 15-7TMo was
purchased locally, Tho chemiatry of the PH 15-7Mo was unavailable; how-
ever, it was certified alrcraft quality,

Test spoclinone wero of the gecometry shown In Fig, 24. All apu-
cimens were transvereo, since spocimeons of this orientation appear to be
less resistant to factore which causoe failure than longitudinal specimens. For
tasting in the prosence ol & notch a 1/16 in, hole was made in the conter of
the specimens, Such configurations reprcsented theoretical stress concentra-
tions, I;, of 2.8 and 2.9 for the 3/8 and 1 in. width specimens, respectively.
For strenas-corrosion testing this hole was fllled with a paste obtained by cone-
centrating soa wator by avaporation, In order to prevent the salt from getting
on tho face of the specimon, the arca surrounding the hole vu either side was
coated with Boothguard "§'" (Guard Coating Corp.) atrippably lacquer. The
specimen wao placed on a hot platc and the salt plate was put into the hole.
Aftar ovaporation of the aalt pasteto dryness the lacQuar cosliun was readily
stripped off.

Prollminary to boginning the kinetica study, spu. .. *nu of the se-
lectad matorials wero teusile tosted and surveyed for stress -currosion ba-
havior, Tensile tests ware conducted 01 an Instron 10,000.1b capacity
roachina at a crosshead apeed of 0,1 in/min. 8tress-corrosion exposures
wero made In lover arm (20:1 ratio) loading type creep testing units,

Crack g-owth propagation wae indicated by measuri.g resistance
over a gage length by ineans o?n precision Kelvin bridge. The test apparatus
is shown schematically in Fig, 25, For the Ti-8Al-1Mo-1V alloy, potential
leads across the gage section ware 0,018 x 1/8 in, strips of the same mate-
rial apot-weldad to the specimen with approximately 1/8 in, batween the
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edges of the strips. Titanium wire (A-55), 0.050 in. diameter, was st~
welded to thease strips to complete the resistance~-measuring leads. A
thermocouple was spot-welded to the specimen just below the gage section,
With the cxception of the {inal experiment the current leads were clamped

to the puil arms. For the final experiment the current 'eads were spot
welded to ihe specimen as indjcated in Fig. 25. The cha ze was made be-
causc the former arrangement resulted in a variable orror in the resietance
measurement duc to variation in the resistance between the lower power
lead clamp and the contact points of the resistance measuring leads,

In order to determine the relation between crack length and change
in resistance, conter hole specimens of 3/8 in. ‘width of Ti. 8Al-1Mc-1V were
used.. A one mil wide notch on one side of the hnle was cut by abrading with
onc mu! diameter tungsten wire coated with a pasie consisting of alumina and
Johnson's culting wax thinned with automotive txransmission oil. The notches
were cut approximately 8 mils deep. Crack extension was obtaincd by tension-
tennion {i* gue loading. The da.a obtained are given in Fig. 26. Each of the
vertical bars represents a gingle specimen. After running the crack, the spe-
cimens were heated to 1000°F for 1 hour in air, to discoivur the crack face.
The specimens were then pulled to fracture and the average crack length deter -
mincd. The data represented by circles were determined on a single specimen
which remained in vthe machine under load while the crack length was measure:!
by means of microscopic observation on the surface. The accuracy of the las?
two points is very questionable since the crack was propagating very rapidly.
The point represcnted by the triangle is the average change in resistance of
nine spucimene before and after cutting the 8-mil deep notch by means of
tungsten wire-alumina abrasion.

It was found that the measured resistanco was very sensitive to
bending and torsional loads on the specimena. Apparently, this wae dua to
chauges in contact rceoistances in the circuit. The scatter in the data in Fig.
26 is believed to be due, for the most part, to the fact that the contact resist-
ances were not the same before and after the fatigue cracks were put in.

C. Raesults and Discussion

Results of tensiic tests of the materials for evaluation are given in
Table 9  The thinn2r gage (0.018 in,) Ti-8Al-1Mo0-1V alloy material exhibit-
od yield point behavior. To the author's knowledge this is the first time yleld
point phenomena have bcen observed {n a commercial titanium alloy, although

such behavior has been reported for exparimental alloys of titanium with
nitrogcn. Stress-strain curves for the 0,0628 in, material exhibited simply
a flattening of the curve after initial yielding, This observation of yield
point phenomenon {s perhaps due to the fact that these specimens were tested
at a strain rate of 0.07 in/in/min, while the usual rate for titanium allcys is

0.003 to 0,005 in/in/min,

The AM 350 C material exhibited a rather low yield strength, be-
cause it was not tarapered after the coid reduction, This was the resultof 2
misunderstanding, (It was assumed that this material wase supplied in the con-
dition for evaluation--that is, cold reduced and tempered 8230F-3h1,)
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Tie first tvo specimens of PH 15-7TMo tested had tonsile etonga-
tions of only about onc-half specification value, and the 99° {reiative to
sureos axis) {fractures suggested somo surface damage or defects. A second
pair of speciinens were surface ground to remove 1.5 mils from each side.
Grinding was done in the transverse direction becausc of the difficulty of hold-
ing this thin material on the magnetic bed for longitudinal grinding. Ductility
improved slightly, and necking occurred. However, the fractures were again
at 900, Four additional specimene woro surface ground, in the longitudinal
dircction. These showed no further improvement in propertice over the spo-
cimeng that had been ground in the transversc direction.

Results of the preliminary survey of streds-corrcesion behavior
under conditions in which sca salt is packed intc a notch consisting of a 1/16
in, diamoter hole in the center of the sapecimen arse summarized in Table 10,
Sircgg-corrosion cracks wore found in the Ti-8Al-1Mo-1V aspecimans. How-
evoy, it does not appear that AM 350 CR and PH 15-7TMo RH 1050 are suscep-
tible to strese-corrosion under the conditions of investigation. These mate-
rials are not recommended for servico above 700°F, and it appears that
exposurc to a temperaturc of 800°F, per se, causes deterioration of mechan-
ical properties duc to metallurgical instability. Two unnotched specimens of
PH 15-7Mo alloy werc coated with sca salt to determino if accclerated oxida-
tion caused by the salt would lcad to premature failure or cracking. Both
specimens were ox%oaed for 1000 hours undor a stress of 75,000 psi. Tem-=
peratures were 700°F for onc specimen and §00°F for the other. Tensile
properties after the exposures were as follows:

Spec. Temp., YS, UTsS, Elong.,
No. OF kei ksi
P-15(3/8) 700 238 246 4.4
P-16(3/8) 800 246 254 2.8

Ripling (9) likewise found no indication that AM 350 was suscoptible to sea
salt stress corrosion at 650°F,

The first attempts to obtain kinetics data on the Ti-8Al«1Mo-1V
alloy woro inade employing 0.018 in. thick material. A 3/8 in, wide gage
section was used, The specimens were exposed at 650° or 800" F under
stresses of 40,000 or 55,000 psi. Cracks developed in the specimen; how-
over, changes in the rcoistance duc to reduction in tho cross-sectional area
wero maskaed by changes in the contact resistances betweern the current leads
oand the resistauce~-meanuring leads drring the course of the exposures. The
sonsitivity of the precision Kolvin bridge is 0,04 pex cent., Therefore, as
the base-linc resistance is reduced, the absolute change in resistance that
can bo measured i{s reduced and consequently the size of tha crack that can de
detected. In the last attempt 0.062 in. shsot specimen with a 1 in, wido gage
section was usod. This specimen represented an increasy in cross-sectional
area vver the prior specimens of about 10 times, thus having a lowexr gage
resistance by “rho same magnitude. In order to minimize ezrors due to changes
in contact resistancec thie current leads were spot-welded to the test specimen
avout 1/2 in. outside the resictance~measuring leads, The current leads con
sisted 0of 0,018 by 1/8 in. atrips of ‘Ti-BAl-1Mo~1V alloy which were spot.
wolded to the specimcn. Copper wice of 18 gage was spot-walded to these
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sirips. This specimen wae unloaded at the end of each day, but tempersture
was maintained. The spccimen was at temperature approximately 24 hours
beforc the load wos applied, Resistance began to change within 1/2 hour after
loading. For the first 23 hours resistance incrcase was fairly regular, there
being a 4-hour and a 2-hour period in which resistance was constant. At this
point the change in resistance indicated a net reduction in cross-sectional
area of 1.6 per cent. From this time to 60 hours the resistance values changed
cather erratically, being much higher than values projected from the data
up to 23 hours. However, after 60 hours, the resistance values returned to
the curve projected from the initial values. The final resistance values indi-
cated a reduction in crosa-sectional area of 5 per cent.

When the specimen was taken out, it was fourd that contrary to
previous experience the salt had crept outside .. e hole. Also, spots of galt,
apparently the result of spattering duriug the exposure, were found on the
surface. Apparently the salt became molten during the exposure as hag been
observed and raported (8). Tha spattering may have been causad by gas
generated during the exposure. Five cracks were observed, extonding from
the center hole and varying in length from 0.020 to 0.050 in. Also cracks
were observed under the salt spots caused by spattering.

This technique of monitoring resistance to measure crack growth
kinetics is considerably more difficult when applied at clevated temperatures
than for room-temperature studies. As yet, the erratic resistance changes
have not been resolved. However, the technique appears to be promising.

13
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MATERIALS FOR 7075 ALUMINUM ALLOY MELTS

TABLE 1

Purity, Impurities,
Materiale % Supplier Form wt%
Aluminum 99.99 Aluminum Co. 1 1b ingot 0. 002Cu
min, of Amorica 0.003Fe
0.00181
0.001Mg
Chromium 99.43 Elchrome Lump 0, 045C
0.0330
Copper 99.9 Fisher Scientific
Co.
Magnesium 99.8 Dow Chomical Co. 11b sticks Maximum:
min, 0.02Cu
0.01P®
0. 15Mn
0.001N{
0.018n
0.05 sa.
others
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TABLE 4

RESIDUAIL STRESS OF 7075-Té MATERIALS

Reasidual Stress, pai

ort Long
Transveras Transverae
Material Direction Diraction
Commaercial +2940 +8820
Commercial, grain +1470 11470
refined
High-purity, coaree . -2940 to -2940 to
grain size -4370 -4370
High-purity, fine -1470 -1470
grain size

-

Note: The error produced in stress measurement by a
3 0.1 mm error in reading the films of the com-
mercial purity materials is approximately + 1500
psi. The coarse grain size of the high-purlty
matorials made acqurate ring measrurement con-
siderably more difficult; and the error for theae
may be + 3060 to + 4500 pai,
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STRESS-CORROSION RESULTS FOR 7075-Té MATERIALS

TADBLE 8

1l NaCl -Hzgz-AEROSOL SOLUTION

Stress Time to
Specimen e Failure,
Material Vo. kei Strength hr
Commercial A-12 48.4 57.1 433.1
A-13 44.3 52.13 445.7
A-14 65.4 7.1 59.0
A-15 60.3 7.1 65.13
Cormnmnercial 12-1 40.0 $0.9 1006. GNF.
grain refined 12-2 39.8 50.7 1006. 8NF
‘ 12-3 55.4 70.5 1009, 4N¥F
12-4 55.9 7.1 167.7
High-purity 11-4 39.1 64.3 1006. SNF
coarse grained 11-7 36.2 59.% Immediate
S 11-5 41.7 6%.0 Immediate
11-6 38.0 62.9 1099, SNF
High-purity 10-1 38.4 63.9 369.3
fine grained 10-2 is. 2 $3.5 387.7
103 37.2 61.8 319.6
10-4 40.1 66.6 £ 150

* NF'--no fallurs, stopped at time given.
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TABLE 6

STRESS5-CORROSION RESULTS FOR 7075-T6 MATERIALS
IN NaCl-H,0, SOLUTION

Stress fime to
Specimen % leld Fallure,
Material No. xei Strungth hr
Commercial A-26 42.4 50 97.1
A-27 42.4 50 123.7
A-22 63.6 5 63.8
A-23 63.6 75 36.7
Commercial 12-5 8.9 75 1343.9NF*
grain refined 12-6 58.9 - 15 < 270
High-purity 11-15 30.4 50 1032, INF
coarse grained 11-17 30.4 50 Immediate
11-8 45.6 75 Immediate
11-9 45.6 5 1343.9NF
High-purity 10-5 45,2 75 1056. 6
fine grained 10-6 45.2 75 613.8

* NF -- no failure, stopped at time given.
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FIG. 2 - STRESS CORROSION TEST SPECIMEN FOR EVALUATION OF

SUSCEPTIBILITY IN THE SHORT-TRANSVERSE DIRECTION
OF PLATE.
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N 23245 X169
{a) Planc parallel to the rolling plane.

N 23248 Xl1ov N 23247 X160
(b} Plane perpondicular to tha long {c) Plane perpendicular to the roll-
transverse direction, ing direction,

Fig. 6 » Microstructurea of 7075-T6 cominercial plate 1-Inch thick Dichant:
Hellar's.
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N 23245 %250

{(a) Planec parallel to rolling plane.

i L3
N ]
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"‘ ‘ - |";
o ";'! o . AL
. . - B -
N 23243 X250 N 23244 X250
(b) Plane perpendicular to the long {c) Plans psrpendicular to the rell.
transverse direction. ing direction,

Fig. 7 - Microstructuros showing distributiou of second-phase particles in
7075-T6 commercial plate l.inch thick. Etchant: 1% conc, HF in
water.
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N 23970 ' X160
(a) Plane parallel to the rolling plana,

N 23971 X100 N 23972 X100
(b) Plane perpendicular to the long (c) Plane perpendicular to the roll.
transverse direction, ing direction.

Fig. 8 - Microstructures of 7075-T6 commercial purily plate 1-inch thick,
remelted and grain refined, XKtchantt Keller'a,
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N 23961 X280
(a) Planoc parallel to rolling plane,
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N 23962 X250 N 23963 X250
(b) Plane perpendicular to tho long (c) Plane perpendicular to the roll.
transverse direction, ing diresction.

Fig. 9 « Microstructures showing distribution of second-phave particles in
7075-T6 commercial purity plate leinch thick, grain refined. Ktchant:
1% cone, HF in water,
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N 23967

X100

(a) Plane parallel to the rolling plane.

o
1)

¥ f‘g’-»u N
’. "’( .
\ ’ '
N 23968 X100

(b) Plane perpendicular to the long
transverse direction,

N 23969 X160

(c) Plane perpendicular to the roll.
ing direction,

Fig. 10 - Microstructures of 7075-T6 M;h-puﬂty plate l.ineh thick, coarse

guln size, Xtchant: Keller's,



N 23958 X250
{a) Plane parallel to the roliing plane.

N 23959 X250 N 23960 X259
(b} Plane perpendicular to the lnng (¢) Plane perpendicular to tha roll-
transverse direction, ing direction.

Fig. 11 - Mierostructurer showing distribution of second-phase particles in
7075-T6 highepurity plate leinch thick, coarse grain size. Etchant:
1% corc. HF in water,
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N 23964 X100
(a) Plane parallel to the rolling plane,

N 23965 X100 N 23966 X100
{b) Plane perpendicular to the long (¢} Plane perpendicular to the rell-
transverse direction, ing direction.

Fig. 12 --Qieroctrucmren of 7075-T6 highe=purity plate lefach thick, fine g ain
size, Etchant: Keller's,
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N 23958 X250
(a) Plane parall.\ to rolling plane.

N 23986 - X250 N 23937 X250
{b) Plane perpendicular to the long (c) Plane perpendicular to the roll-
transverse direction. ing direction.

Fig. 13 - Microstructures showing distridution of second-phase particles
7075-T6 high-purity plate l-inch thick, fine grai. size, Exchant:
1% conc. HY in water.
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N 23774 X250
Fig. 14 « Arcas on plane pazallel to the rolling plane examived with the

microprobe analyser. Commarcial 7073-T6 plate 1-inch thick,
Unstched, The gray pariicles are tentatively identified as CnAiz*
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MP 345 X239
Fig. 15
Electron imar- of roglen I, Beight

areas repressnt higher average aiem-
{c numnber than that of tha matriz,

MP 346 Xz2eo
Fig. 16

Mg Ko image of region I showe dark
particles to be rich in magnragium.

MP 361 %1389
Fig, 7
Cu K a image of zone A of region &

gshows gray particles to be copper-
rich.
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MP 351 x280
Fig. 18
Electron linage of veglen 11,

MP 364 X138
Hg. 13

Al K g image of sone B in regics
II shows dark particles to be
alumivume-poor.
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PULL ARM /
POWER
LEADS
5" PIN GRIP
\ m
X{ |t RESISTANCE
' y — MEASURING
p o ] | LELDS
. ' d
RATIO BOX BATTERYJ
a A 4
— o T
S
GALVANOMETER
" b 8 |
1 ’ - !
o . o -
4 SWITCH
n
) R
o :./
7 0 SWITCH
y* ADJUSTABLE
LOW RESISTANCE
STANDARD

FlU. 25 - SCHEMATIC DJACGRAM OF APPARATUS FOR
FRECISION MEASUREMENT OF RESISTANCE,
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F1G. 26 - CHANGE IN RESISTANCU WITH CRACK L.ENGTH FOR Ti-8Al.

1V SPECIMENS.
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