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Part II of this contract titled, "Investigation of Smooth
Specimer SCC Test Procedures - Varilations in Environment, 3Specimen
Size, Stressing Frame and Stress State" was reported separstely.
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Abstract

Stresn-corrosion cracking (SCC) tests were performed on 13
aluminum alloys, 13 precipitation hardening stainless steels, and two
titanium €A1~4V alloy forgings to compare fracture mechanics techniques
with the conventional smooth spscimen procedures. Commerclally fabricated
plate and reolled or forged bars 2 to 2.5-1n. thick were tested.

Expoaures were conducted outdoors 1n a seacoast atmosphere and
in an inland industrial atmosphere to relate the accelerated tests with
service type environments. With the fracture mechanics technique tests
were made chiefly on bolt loaded fatlgue precracked compact tension
specimens of the type used for plane-strain fracture toughness tests.
Additionel tests of the aluminum alloys were performed on ring loaded
compact t.ension specimens and on bolt loaded double cantllever beams.
For the smooth specimen procedure 0,125-in. dla. tensile 3specimens were
loaded axially in "constant deformation” type frames.

Comparative ranking of the relative resistence to 3CC of materisals
tested with precracked and smcoth specimens varied with the alloy and
temper. Aluminum and steel alloys ..ith a low threshold stress, Ty fOr
initisting SCC in & smooth surface slso showed s low threshold stress
intensity factor, KIscc’ fur initliating SCC 1in a pre-existing mechanlical
crack, and a relatively high 3CC growth rate under plane-strain
conditions. Conversely, sluminum alloys ang tempers with a high Oy also
showed a high K7q,, &nd & relatively low SCC growth rate. However,
most of the precipitation hardenling steel alloys and the titanium
materiuls exhibited & low KIg.. and high 3CC growth rate even though the
eryp was high. Thus, while tests of precracked specimens are not
required for the evalustion of the resistance of 2lumlnum alloys to 3CC,
tests of both precracked and smooth specimens are essential for materials
such as the precipitation hardening stalnless steels and titanium alloys.

For both aluminum and steel alloys comparative SCC growth rates
obtained from tests of precracked speclmens provide an additional useful
characterization of the SCC behavior of an alloy. It is emphasized,
however, that SCC growth rates and K7 data, like Oy, data, depend
uper: the test environment and other 2¢€ conditions.

Consideretion is given to a number of formidable experimental
difficulties with tests of precracked specimens that must be overcome
1f mesningful Ky ., and accurate K-Rate curves are to be obtained for
all types of alloys and product forms. Discriminating between
highly resistant alloys and tempers stlll poses a problem because of
difficulties assoclated with ldentification of extremely slow crack
growth rates.

Becauss of the experimental difficulties assoclated with the
determination of precise SCC thresholds (Ot and Krg,,) and SCC growth
rates, a method of classifying the 3CC ranking of
materlals into broad groups based on accelerated tests of both smooth
and precracked specimens merits considerstion. An exemple of this
approach is presented for aluminum alloys.
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L. INTRODUCTION

The applicatlon of linear-elastic fracture mechanics
analyses to the study of stress-corrosion cracking (SCC) and
other subcritical-crgck growth problems has undergone considerable

5)

development in recent years(l’g’B’ The use of precracked

speclmens for stress corrosion testing has been given widespread
consideration and trial since Brown promoted the Krg,, threshold
concept by using precracked cantilever beam specimens in testing

(3’4). Justification for the use of

high strength steel alloys
the crack-tip stress-intensity factor for opening mode, Ks, to
characterize the mechanical driving force in SCC has been reviewed
by Johnson and Paris(5) and by WEi(6). Purther experimental
verification with studies of titanium and steel alioys has been
provided by the investigations of Smith, et. al.(T) and Novak

(8)

aluminum alloys by the fracture mechanics approach

and Rolfe However, the earliest tests of high strength

(9,10) indicated
that test results obtained by this new method might not rate
aluminum alloys in the same order as the tests by conventional
smooth specimen methods. The present Investigation was initiated
because it was evident that there was need for more informaticn
about this new method of SCC testing.

An experimental program was developed to evalwmate with
both pregracked and smooth test specimens the resistance to SCO
of a variety of high strength alloys of aluminum, titanium and
| preclpitation hardening stalnless steel; all these alloys ére

of interest to the aerospace industry. The objectives are to:



(1) compare the relative ratings for resistance to 3CC by the
two methods, (2) determine the applicability of the test data
obtained by the two methods for alloy selection and engineering
design, and (3) investigate some of the variable test conditions
assoclated with the fracture mechanics method of SCC testing
these alloys. |

A reviewv was made of the publilshed literature to aid in
planning and performing the work in this program, Attention 1s
called to the most significant published articles and reports in

the numerous references and the attached bibiliography.

. MATERIALS
A 1ist of all of the materials and the sources of supply

i1s given in Table I. Specific information regarding the various
alloys is presented 1in more detaill below.

A, Aluminum Alloys

1. Composition
The aluminum alloy product selected for evaluation was

commercially rolled and heat treated plate, 2.00 to 2.50 inches
thick. Thirteen items were selected to provide a variety of
alloy types w#ith different strengths, fracture toughnesses and
degrees of resistance to stress-corrosion cracking. The chemical
compositions of the plates are given in Table II and all are
within the composition limits published(1l) bty the Aluminum
Association for the alloys.

2. Heat Treatment and Microstructure

All aluminum alloys included in thia investigation except
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5456 are strengthened by solution heat treatment followed by
"quenching and a precipitation heat treatment. Typlcal thermal
treatments for the alloys and tempers are given in Table III.
Alloy 5456 is strengthened by strain-hardening during hot rolling.

The aluminum alloy plates were examined metallographically
to verify that the microstructures were typicel of the alloys
and tempers. Representative photomicrographs, 1llustrating the
grain structure in all three directions, were given in a previous
report(le). Exanples of two representative alloy-temper
combinations are shown in Figure 1. The highly directional grain
structure 1llustrated for 7075-T551 alloy is representative of

-that for most of the cther alloys including 2014-T651, 2024-T351

and T851, 5456~H117, 6061-T651, 7039-T6351, T7079-T651 and 7075~T7351.
Certain of the plates recrystallize during hot rolling and solution
heat treatment and have a& somewhat less directional grain structure,
as exemplified by alloy 2219-T37 in PFigure 1; alloys in this group
include 2219-T87 and 2021-T81.

The microstructure of 5456-H117 alloy plate is required to
be free from "continuous" precipitation in the grain boundaries
(Interim Federal Specification QQ-A-00250/20). The microstructure
of the 2.5" plate of 5456~H117 used in this investigation is

- satisfactory as shown by Figure 2. With this type of microstructure
5456 alloy plate is expected to be immune to SCC. To obtain a
sample of & 5XXX type alloy in a condition susceptible to SCC

a portion of the H117 temper plate was heated for three days at
300°r., The high degree of continulty of grain boundary precipil-~
tation for this sampie shown in Figure 2 indicates that a
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relatively low resistance to BCC can be expected when the plate
is tested in the short-transverse direction.

3. Tensile Properties

The tensile properties of the aluminum &lloy plates

(1.
determired by ASTM Methods ' 2 and B557(14)

are summarized
in Table IV, and described in more detail in Section IV. The
properties of the several alloys and tempers conform to the
various applicable standards.

4. 8pecial Properties

The resistance to SCC of alloys 2219-T87 and 7075-T735L

mist comply with certain military and federal specifications
(Specification MIT-A~8920A (A3G) for 2219-787, and Specification
QQ-A-250/12 for 7075—T735l), The specifications require that
short-trangverse specimens, stressed at 75 per pent of the
guaranteed 1bng-transverse yileld strength shall be capable of
passing a 30-day alternate immersion test (3.5% NaCl solution)
without stress-corrosion craclcing. The plate samples employed in
this investigation conplied with these reaquirements.

Iot scceptance criteria of the specified resistance to
SCC of 7075-T7351 alloy plate also contain a requirement (QQ-A-250/12)
based upon an electrical conductlvity-tensile yield strength

relationship. The conductivity of the contract plates exceeded

- the 40% TACS requirement and the tensile propsrties were in the

required range.

B. _Stainless Steel Alloys

The steel alloys were commercially fabricated in the form

of rolled bar and plate 1.25 to 2.25 inches thick (Table I). Six
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high strength stalnless steels, including one chromium type
martensite hardenable alloy (431) and fivs chromium-nickel

type precipitation hardening alloys were selected to provide a
variety of compositions and tempers wish differing strength,
toughness and degrees of resistance to 8CC. All but one of the
items were received in mill condition & or R100, intermediate
tempers with good machinability because these alloys are not
easlly machined in the fully hardened tempers. The 15-5 PH steel
in the H1150M condition was in the firal temper when received
from the mill.

1. Composition

- The compositirn of each steel :1s given 1n Table V, and
the compositions were within manufactﬁrers'specifications.
Analyses of the finished products were in good agreement with the
cast analyses furnished by the manuﬁaﬁturers.

2. Heat Treatment and Microstructure

Visual examination of macroetched slices and metallographic
examination, with metallurgical assigtance by the research
laboratories of the Armco and Allegheny ILudlum steel compgnies(l5’16),
showed that each of the steel produbts was free of gross defects
and had grain structures typilcal Qf the product alloys and
tempers. Representative micrOgrgbhs illustrating the grain
structures in each of the products were shown in previous
reports(lg’lﬂ; Examples ill!lés'trating the grain structures in
two of the steels are shown in Figure 3. The directional grain _
structure illustrated for the 17-7 PH alloy is also representative
of the PHlS—TMo'alloy,.while the relatively non-directional

structure shown for thetéjl alloy 1s representative of the

i
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remaining samples. The directional characteristics of the grain
structure were not appreciably altered by the thermal treatments
employed.

The procedures employed in preparing and heat treating -
the varlous steels are outlined in Table VI. With the exception
of the 15-5 PH steel received in the H1150l finish condition,
all materials were thermally treated as specimens in a partially
or rully machined conditlon,

5. Tensile Properties

The tensile properties of the stainless steel products
(18)

determined by ASTM Methods E8 and A370 and summerized in
Table VIT are representative of the various alloys and tempers.
Although the HL150 temper of 15-5 PH alloy was ordered from Armeco,
its tensile properties more closely matched those of the double
overaged temper H1150M. Armco was not sble to verify that the
bar had been double overaged but agreed that it should be listed
as H1150M rather than HL150.

C. Titanium 6A1-4V Allov

Titanium 6A1-4V alloy was iuncluded in this investigation
because of its wide commercisl nase, and because early investigations(lg)
with precracked stress corrosion specimens had shown that its
performance is affected by microstructural variations resulting
from thermomechanical processing.

1. Composition

The ingot compositlon of the titanium alloy, determined
by Titanium Metals Corporation, is given in Table VIII. The

hydrogen content determined at the Alcoa Research Laboratories
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for tne final forged bars is also listed.
2. Forging Procedures and Microstructure

Forged bars, 2-1/4" x 6", were fabriceted at the Alcos
Forging Plant, Cleveland, Ohio, from 16" diameter billet
purchased from the Titanlum Metals Corporation. The forging
sequence consisted of a two stage draw to 6" square bar from
temperatures of 1950°F and 1850°F, separating this bar into
two lengths and then drawing to the finish size by two processing
methods :

(1) Beta Forging -~ Drawn from a reheat temperature of 1950°F,
above the alpha-beta transus temperature

(1825°F).,
(2) Alpha-beta =~ Drawn from a subtransus reheat temperature
Forging of 1T77G°F.

The twc orgings were then annealed 2 hr. at 1300°F.
Microstructures of the finish forgings shown in Figure 4
ars representative of beta forged and alpha-beta forged materials,
3. Tenslle Properties
| The tensile properties of the two forged bars éiven in
Table VIII are representative of the products described,

III. EXPERIMENTAL PROCEDURES
A. Tensile Properties

The tensile property tests were performed in accordance
wvith ASTM Standard Methods of Tension Testing of Metallic Materials,

Designation E8-69(13).

Choices of test specimens and test directions
were dictated by the materisal specifications to demonstrate that

the materials under study conformed to the applicable specifications.
Additional tests were made in many instances to ldentify the

properties with the location and orientation of the stress corrosion
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test specimens. A gen:z2ral diagram of the speclmen locationa
and orientations is shown in Figure 5.

B. Plane-Strain Fracture Toughness

Ambient fracture toughnhess tests were performed on duplicate
test specimens for the given test directions with compact tension
specimens (Figure 6) in accordance with ASTM Standard Method of
Test for Plane-Strain Fracture Toughness of Metallic Materials,
Tesignation 3599—70T(20). The loads at 5% secant offse% were
determined from load-deformation diagrams, and candidate values of

the plane-strain fracture toughness were calculated with the

equation: o It
P /& o, 2 E |
Kyt = Thr- | 29.6 - 185.5 (§#)+ 655.7 (§) - 1017 (ﬁ) 8.9 (2) ]»-(l)
L.

Where. P = lcad, Ib.

a = crack length, in.

B = specimen thlckneqs, in,

W = specimen width (depth), in.

The KQ values were evaluated in accordance with requirements in
ASTH Method E399 to determine their validity as KIG values.

Ambient fracture-toughness tesis were also conducted wlth
ARL type double cantilever beam specimens of alloys 2024-T351
and 7075~-T651. This is not a standard fracture toughness test
method, but the applicable features of ASTM Method E399 were
employed. In these tests, the load for Kg calculation was determinea
at the first visible evidence of crack growth on the load-deformation
diagram. Candidate values of the plane-straln fracture toughness

._....--_..-.-.—_-_—-._'—..———-.——--.-.——-—-—-.-.——_'_.

* Fracture toughness terms are defined 1n the Glossary in
Appendix A.
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were calculated with the equat*mn(gl);

zr [3 (e +0.60)° + h]
= B h3

KQ =
Where 2h = specimen helight, in.

C. treas Corrosion Tests wilth Smooth Specimens

Conventional stress corrosion tests were performed on
smooth 0.125-in. diameter x 2-in. long threaded end tension
specimens loaded in the Alcoa Research Iaboratory stressing frames
shown in Flgure 7. This specimen and the loading system has been
used extensively with aluminum alioys by ARL and has been described
in previocus publicatidns(gg’QE). An investigation of the compliance
of this specimen - frame assembly was made as another phese of

24).

this stressing frame eppears to be a 'constant deformation" method,

this contract, and the results were reported separately( Although
the increase in average net section stress that cccurs as an isolated
crack grows 1s almost equal to that occurring in a dead load
situation, as illustrated by the schematic diagram in Figure 8.

Thus, for isolated cracking the time to fracture, which is related

to the per cent reduction in area of net section tTo achieve

fracture stress, would be nearly the same with the two stressing
systems. Although other patterns of attack ranging to numerous
small cracks or uniform corrosion have very little effect on the

rate of increase of the average stress on the net section with

dead loading, the effect can be pronounced with the ARL stressing
fréme, For other patierns of attack, particularly in alloys that

have relatively high resistance to 3CC, the time te fracture can
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be quite varisble and specimmns that undergo uniform attack will
not fracture.

A osimilar specimen stressed with a relatively elastic
loading ring also has been used extensively with steel alloys by
Ioginow(ES).

D. Streas Corrosion Tests with Fracture Mechanics Techniques

1. Specimen Configuration
The compact tension specimen with a bolt loading system

(8)

was selected for the majority of the tests wikth the fracture
mechanics ﬁethod. These specimens are compact, self-contained and
| easy to handle and thus are well sulted for the large volume of
- testing conducted under this contract. However, two designs of
' double cantilever beam (DCB) specimens were also tested with the
aluminum alloys, one similar to the type used by Hyatt(as) and one
somewhat larger (an elongated compact tenaion specimen as shown
. in Figure 6 with Wy = 8.0 in.) to allow loading with a testing
o machine. Dimensional detalls of the modifled Boeing DCB are shown
T in Figure 9. The effect of specimen thickness was also studied

wi
-

o with the compact tension specimen. Other testing varisbles studled
';; w;é include the type of precrack (tension ve. fatigue) and type of

B loading (ring loading vs. bolt loading and singde vs. douhle-bolt
1oading)

Compliance Data for Stress-Corrosion Testing
Ioad-deflection compliance data were obtained so that orack

‘Wﬁ?: opening displacement (COD) could be used to determine the applied
load in bolt loaded tests and to monitor erack growth in ring
loaded'testse This was done by making successive saw cuts in

compact tenslon specimens over an ﬁ range of 0.45 to 0,80 and
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in ART-type double cantilever beam specimens over a crack length
range of 0.95 to 5.50 in. The specimens were loaded with a
testing machine and the crack opening displacement was measured
vith a ¢lip gage. Using a least 3quares analysis, a series of
polynomial equations were fitted to the data. The equations
providing the best fit and used in subsequent calculations were
as Tollows:

Compact Tension Specimen

2 3
6oD = v = T3 [643.44 - 2306.9 (i7) +226.62 (§) - 1200.6 (%)

4 5 6
_+53930(%) —85568(%) + 44989(%) ] ----- (3)

a =Wy E).18728 + 8.0737x10 (“VE‘B) -, 8716x10 ( )

3
_+ { VEB ____
+ 1.410x1077 (“P_) - 1. 5267x10“1-0 -l (4)

ART~Type-Double Cantilever Ream Specimens

-
COD = V = gp !_513 55 ~ 1451.1a + 1633. 78" - 871.7287 + 245, 1ha "
- 33.974a5 4 1.84836:] .............................. (5)

a = 0.4288%4 + 1.6778x10"° (V_g'g“) - 3.8737x107° (_v%)
3 _ 4 5
+ 5.1343x10 8( - 3.2880:;10“11(1%'3‘) + 9.0418::10'15(%'_

For double cantilever beam specimens of the Boeing
type the crack length is measured and the stress intensity

is ealculated using the equatlion:
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1/2
] vEn 30 (ap + 0.6n)° + 1’ ]
RIf T [(af + O.6h)3 + b &f:]

Where T = deflection at the load line (COD), in.

A nomograph developed by Hyatt(26) relating the stress intensity

to crack length for various magnitudes of V is given in Figure 10.

2. Polt-Toad Method

Bolt loading provides a constant deflection type test in
which the specimen is "self-loaded". The applied load is not
measured directly, but is obtained indirectly by measuring crack
opening displacement as the bolt is turned. When crack growth
occurs during exposure of elther the compact tension specimen or
the_double cantilever beam specimens, the load and stress intensity
level will decrease, and theoretically, the crack will arrest when
the stress intensity level reaches a threshold value.

‘Stainless steel bolts with a 2-in. radius machined on the
ends were used to apply load, and stalnless steel "back up" pins
were inserted in the pin hole opposite the bolt to prevent excessive
deformation under load. The majority of the specimens were loaded
with one bolt as illustrated in Figure 1l. However, two bolts,
as recommended by Smith and Piper(QT), were used in a special
test of a few specimens. To accommodate the second bolt a tapped
hole was placed in the other brench of the specimen directly in
line with the bolt hole in the opposite branch. To load the
specimen the opposing bolts were turned equal amounts to make

contact in the crack-line and then tightened slowly in alternating

_small.increments-until,“pOp—in" occurred or until the desired
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reading was obtained on the clip gauge.

Some of the speclmens scheduled for exposure in each
environment were precracked in tension with a bolt (particularly
the Boelng DCB specimens) which remsined in the specimen during
exposure. The initial applied stress intensity in that case
wvas assumed to be equal to about 95-100% of the K, or KQ value
aetermined in ambient tests.

The majority of the specimens, however, were precracked
in fatigue by axial-stress loading (R = + 0.1) in accordance with
ASTM Method E399-70T. A few cycles of relatively high reversed
load were used to precondition the notech and initiate the crack;
the load was then reduced so that the lagt 0.05 to 0.10-in. of the
fatigue crack was developed at a stress intensity level‘ZSO% of
the ambient Ky, value (or Kp). The crack length was measured on
each side of the specimen and assumed to be uniform through the
thickness. Using this crack length, the load required to produce
the desired stress intensity (nominsl 95, 75, 50, or 25% of Kr, or
KQ) was calculated with either equation (1) or (2) as appropriszte,
and the corrssponding crack opening displacement was calculated
with equations (3) or (5). A clip gage was placed in the crack
opening and the specimen was loaded in a vise with a torque wrench
to turn the bolt until the desired C0D, and thus the inferred
initial stress intensity (Kii), was obtained.

For specimens that were to be exposed to one of the agueous
test media, a few drops of the corrodent were placed in the tip
of the precfack as the bolt was given the final turns. The bolt
and loading pln were then coated with wax to eliminate general

or galvanic corrosion, and the specimens exposed to the environ-
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ment. During exposure periodic measurements of the crack length
to the nearest 0.01 in. were made on both sides of the specimen.
After it appeared that crack growth had definitely come to an
arrest, or after arbitrarily chosen exposure periods, specimens
were unloaded with the torque wrench, measuring the final crack
opening displacement with the displacement gage. The final load
on the specimen was measured by reloading the specimen in a testing
machine to the same final COD, and the final crack length determined
by breaking the specimen and measuring the fracture surface.
Crack lengths were measured at the center, quarter points and
edges of the specimens, and an average value determined by glving
one-half weight to the edge measurements and full weight to the
other three measurements. Knowing the residual load and the finsal
crack length and assuming the COD to be constant, the residual
stress intensity was calculated with a combination of equations
(1) and (3) or (2) and (5) or (7), as appropriate.

4. Ring Ioad Method

Short-transverse compact tension specimens from each
alumlnum alloy and ARL type DCB specimens from alloys 2024-T351
and 7075-T651 were tested in e salt-dichromate-acetate solution
with ring ioading as shown In Figure 12. The aluminum alloy
loading ring was designed so that for compact tension specimens,
the deflection of the ring is large (at least 4 to 1) compared with
the deflection of the specimen. When crack growth occurs, the
load decreases slightly, but the stress intensity increases, thus
accelerating crack growth and resulting in complete failure of the

specimen. TFor DCB specimens, the stress intensity also increases,



_15...

but at a slower rate, and the test 1s not necessarily terminated
by fallure of the specimen. The rings were instrumented so that
in these tests. both load and crack opening displacement, and
thus stress intensity levels, could be monlitored throughout the
test. The crack lengths were¢ measured on the sides of the
gpecimens and the Iloads required to produce the desired stress
intensity were calculated with equetions (1) or (2). The specimens
were immersed 1n containers of salt-dichromate-acetate solution,
clip gages were placed in the crack openings and the loads were
applied. Since the fatigue crack front is seldom stralght through
the thickness of the speclmen, the crack opening displacements and
actual initial stress intensities were usually slightly diifferent
than the estimates based on slde measurements of the crack lengths.
Usﬁally 5 to 8 tests were conducted simultaneously. ILoad
and crack opening displacement readings were taken automatically
every 8 hours with a B & F multl channel digital strain indicator.
These readings were printed on a teletype and also punched on
paper tape in a form suitable for computer analysis. The data
logging unit and a bank of ringsare illustrated in Flgure 13.
Computer programs were developed to sort the data by test,
plot raw load and crack opening displacement data, and fit poly-
nomial equetions to these data. A typlcal plot of the raw data
and the best fit curves is shown in Figure 14. Using these best
fit equations and equations 1, 2, 4 and 6, loads, crack lengths
and stress intensities were evaluated at given time intervals’

~throughout the life of the test. The crack growth rate was &1s0
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determined by differentiating the equation for crack length vs.
time. A typlcal computer print-out 1s shown in Figure 15,

B, Stress Corrogsion Test Environments

1. Outdoor Atmosphere

In the evaluation »f aluminum and high strength steel
alloys of Interest to the aerospace industry, it is important
that realistic test medla be used that will relate to the
serviceabllity in aerospsce applications. Exposures to both
seacoast and inland industrial atmospheres have been used by
ARL for many years(ge) to evaluate aluminum alloys and to
calibrate accelerated SCC tests. Thus, for the present investi-
gation these same environments were chosen as reference exposures
for both precracked and smooth specimens. The seacoast locatlon
is at Point Judith, Rhode Island, where specimens located about
100 yards from the surf are exposed to prevailing off-shore
breezes. The inland industrlal location 1s on the roof of the
Alcoa Research Isboratories in New Kensington, Penna. A photograph
showing the manner of exposure of the test specimens at both
test sites is shown in Figure 16. |

2. Accelerated Test Media

a. Aluminun Alloys - The smooth specimens were exposed

to 3.5% NaCl solution by alternate immersion. The solution was
made with sodium chloride of 99 minimum per cent NaCl, 0.l maximum
per cent Nal plus city of New Kensington tapwater containing {200
ppm total solids with the solution pH ranging between 6.4 and 7.2.

Evaporation losses were made up reguiarly by the addition of



et

-17-

tapwater, and a change of solution was mude each month. The
alternate immersion cycle consisted c¢f total immersion of the
specimens for 10 minutes each hour; for the remaining 50 minutes
the specimens dried in the room atmosphere at ambient temperature
and humidity.

Exploratory tests were conducted on selected alloys to
determine the cptimm corrodent for the precracked specimens.
Although the 3,5% NaCl alternate immersion test 1s sultable for
conventional SCC tests of most high strength aluminum alloys(za’es)
it 1s not well suited for the precracked specimens. In the first
tests of precracked compact tension specimens of high strength
aluminum alloys exposed by this method(ag), cracks grew slowly
and were accompanled by considsrable general corrosion of the
specimen. As a result of the various tests described in Section
VI-B the following corrodent, referred to frequently in this report
as the salt-dichromate-acetate solution, was chosen for evaluaticn
of the aluminum alloys: 0.6M (3.5%) NaCl + 0.02M NapCipO7 + 0.07M
Na.CEHZO2 + HCoHz0p t0 & pH of 4. This 1s a chromate-inbibited,
acetate-buffered acidlc 3.5% sodium chloride soluticn that causes
rapid 3CC growth in precracked specimens of susceptible alloys
wvithout causing appreciable corrosion of the metal surface. A
set of short-transverse smooth specimens was also exposed by
continuous immersion in this solution.

Because of the extensive work done at the Boeing Company
under the ARPA program(es) with 3.5% NaCl solution added dropwise
three times a day to thelr DCB apeciﬁen, a serles of PRoslng DCB

specimens exposed to 3.5% NdCI by'the Boelng method, to the salt-
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.ii | dichromate-acetate solution and to the outdoor atmospheres was
oL added %o the original program for this investigati.s.,

b, Stainless Stesls and Titanium - The smooth specimens
were exposed to the 3.5% NaCl alternate irmersion cest, the same
as the aluminum alloys. They were, however, exposed to solution
in a separate container so that heavy mestal lons from the steel
specimens would not contaminate the solution to which the aluminum
alloys were exposed.

The rather limited literature indicated thet 3,.5% NaCl
solution would probably be sulitable for the preﬂracked speci-

f mens(30’31) but in view of Freedman's preference(sa) for & 20%

- - NaCl solution it was decided to conduct a pilot test with those
two solutions and synthetic sea water. On the baais of these
tests 1t was decided to use the 20# NaCl solution for the steel
alloys and 3.5% NaCl solution for the titsnium 6ALl-U4V alloy.

o F. FEvaluation and Interpretation

o Because of the extremely high stress intensitlies developed
in many of the precracked test specimens, and a desire to separate
o mechanical deformation effects from environmental crack growth
f} ;i7 and SCC, the test specimens were examined in detail, All fractured
) test specimens, smodth or precracked, were visually examined,

and extensive use was made of photographs and scanning electron
microscope (SEMJ fractographs to record the differant types of
'7.%} fracture characteristics observed. Many of the precracked specimens
5 were cut into two pileces at mid-thickness so that a metallographic
cross section of the creck in one half could be correlated with

the examination of the fracture surface of the other half,
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The results of the smooth specimen tests were evaluated
in terms of the stress levels at which the alloys were susceptible
to SCC. Although it 1is necessary to select significant eiposure
periods for each environment for practical purposes, the use of
the time to failure is not regarded as an adequate measure of
the resistance of s material to SCC except I1n certain contexts.

The results of the tests of the precracked speclmens were
evaluated in terms of (a) the extent and rate of environmental
crack growth or SCC and (b) the threshold stress intensity. Many
graphical presentations of these parameters were made and will be
described in more detall in later sections.

Por the purpose of this Investigation the term "stress-
corrosion cracking" (SCC) is reserved for the mode of crack
propegation traditionally associated with this phenomenon in the
alloys tested -~ Intergranular for the aluminum and steel alloys
and transgranular for the tltanium alloy included in this Investigation.
The term "environmental crack growth" 1s used in a broader sense
requiring no particular mode of propagation. The definition of SCC
recently published(ja) by the ASTM 1s: "A cracking process requiring
the simultaneous action of a corrodent and sustained tensile stress.
This excludes corrosion-reduced sections which fall by fast fracture.
It also excludes intercrystalline or transcrystalline corrosion
which can disintegrate an alloy without either applied or résidual
stress'.

IV. RESULTS OF TENSILE PROPERTY TESTS

A. Aluminum Alloys
The tensile properties of the aluminum alloy plates were

determined 1n the three principal orientations, and are summarized
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- in Table IV,

The properties were representative of the partlcular

" alloy, temper and section thickness. The directional tendencies

vary wlth the different alloys and tempers, but the general trend
for the per cent elongations in the shorit-transverse dirvection to
be lower than in the other two directions is evident.

B. _Stainless Steel Alloys

Tensile properties were determined in the long-transverse
direction for all alloys and additionally in the longitudinal and
short-transverse direction for selected alloys. The test data
are summnarlzed in Table VII.

The btenslle properties are representative of published
values of the varlous alloys and tempers except for the yleld
strength of the SCT 85C temper of the AM355 alloy plate. Although
the yield strength is 12.5 ksi below the minimum yield strength of
165 specified for this product, both the ultimate tensile of 219
ksl and the per cent elongation of 16.0 are representative. The
yield strength value appears anomalous, but there was good agreement
in the yield determinations of duplicate specimens, and therefore
the values obtalned were used as ihe basis for siressing the smooth
atress corrosion test specimens. _

Longitudinal and short-transverse tests were made of both
tempers of the rolled bars of PH13-8MO, 431 and AM355 alloys.

The properties were uniform in all three directions for the PH13-8MO

alloy, but there was a marked reduction in the per cent elongaticn

in the short-transverse direction of the 431 and AM355 alloy bars.
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C. Titanium 6A1-4V Alloy

Tensile properties determined in ths three principel
orientations with 0.160" diameter specimens machined from the
center of the forged bars are presented in Table VIII. Directional
effects are small although, unlike the aluminum and the stainless
steel alloys, there is an indication that the tensile and yield
atrengths tend to be hlghest in the long-transverse direction.
Also the per cent elongations tend to decrease slightly in golng
from the longitudinal, to long-transverse, 10 the short-transverse
directions. These indications are the same in both forgings, with
both the strengths and elongations belng slightly higher for the
alpha-beta forging.

V. RESULTS OF PIANE-STRAIN FRACTURE TOUGHNESS TESTS

A, Aluminum Alloys

The plane-strain fracture toughness of each of the plates
in the longitudinal (I-T) and short-transverse (S-1) orientations
was determined with 1" thick (or in two cases, 0.75" thick) compact
tension specimens of the ‘esign shown in Figure 6. The results
of the tests are presented in Table IX.

Valid or meaningful values of KIC were obtalned for most
of the plate samples. However, the values for the longitudinal (I-T)
specimens of 2219-T37, 5456-H117, 5456-Sens. and 6061-T651; and
short-transverse (S-1.) specimens of 2219-T737, 5456-H117 and
5456-Sens. did not meet the ASTM criteria for valid KIc values,
primarily because the specimen thilckness was insufficient to

agsure plane-strain conditions for these relatively tough alloys.



Ber wuse the KQ values undoubtedly were less than the true Kic
values Tor these alloys, and they can be expected to reflect the
behavlor of the specimens used in the stress corrosiocn tests, they
were used as a basis for calcula%ing the initial stress Intensities,
Krys applied to the stress corrosion specimens. For the alloys
and tempers for which valid KIc values were obtalned, the
longitudinal (L-T) values ranged from 23.3 ksi -/in. for 2024-7851
to 31.1 ksi-/in. for 2021-781, and the short-transverse (S-L)
values ranged from 16.7 ksi +In. for 2024-7851 to 21.4 ksi /in.
for 6061-T651.

The results of additional tests with varilous sizes of
longitudinal (I-T) specimens of 2219~T37 and T87 are shown in
Table X. The K1, values for 2219-T87 were valid and did not vary
greatly when determined with specimens of various sizes; the
highar values for the larger specimens are the result of the longer
crack lengths. However, even wlth the larger specimens, valid
K1, values could not be obtalned for 2219-T37 because excessive
yielding occurred in the specimens during the test (indicative of
high toughness). These results, however, confirmed that the
in&alid results from the 0.75 and 1" specimens may be consildered to

be lower bound values.

B. Stainless Steel Alloys

The plane-strain fracture toughness of each of the alloys
and tempers in the long-transverse (T-1.) orientation was determihéd
with 1" thick compact tension specimens. If the size of the stock
permitted, tests were also conducted with thicker, 1.93-2.00"

long-transverse (T-L)-specimens. Fracture toughness in the
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longitudinal (I-T) and short-transverse (S-I1) orientations was
also determined for certaln materials with 0.75 or 1" thick
specimens. The results of the tests are summarized in Table XI.

valld X7, values were obtained with at least one of the
long-transverse (T-1L) specimens of all but the 15-5 PH ailoy in
the H1150M temper and the 431 alloy in the HT125 temper. A
comparison of the data for 1.0 and 2.0" thick long-transverse
(T-1) specimens showed that the results obtained with the two
specimen slzes were 1n good agreement in three instances, but were
in poor agreement in five instances. The fact that the KT, values
were invallid for speclmens of both thickmnesses of 15-5 PH - H1150M
alloy, and for the 1.0" thick specimens of the U431-HT125 alloy
probably accounts for the lack of agreement in those two cases,
but there is no apparent reason for the differences noted In tests
of PH13-8Mo-HL050, 431-HT200 and AM355-SCT 1000 steels. In seven
of the eight available comparisons, Ky values for the 2.0" thick
specimens were higher than those for the 1.0" thick specimens as
would be expected because of the longer crack lengths in the
larger specimens. Because the smsller specimens are in the range
where specimen geometry can Influence the test results, the
higher values probably are more reasocnable. However, 1t 1s also
possible that veriations in structure through the thickness may
have accounted for some of the differences.

Considersble scatter was noted between the values of
replicate spec¢imens from certaln of the alloys for which valid

K1, values were'obtained, particularly alloys 15*5PH;HQOO and

c -
H1150M, 43]1-HI125 and AM355-SCT 1000.
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Comparison of results for specimens of the three
orientations (I-T, T-L and 3-L) shows that Kic was generally
highest in the longitudinal (I-T) direction and lowest in the
long-transverse (T-L) direction. One exception to this was the
431-1r125 steel for which the short-transverse (S-I1,) value was
definitely lower than the long-transverse (T-L) value.

C. Titanium 6A1-4V zlioy

The results of tests in the long-transverse (T-L)
orientation determined for each of the forged bars with 0.5,

1.0 and 1.5" thick compact tension specimens are summarized in
Table XIT. All of the tests with 1" thick specimens ylelded
valid KIc values, but the values were below those sometimes
achieved with other forgings of this alloy (60 to 80 ksi~/In.).
values obtalned with the 0.5 and 1.5" thick specimens showed that
for the alpha-beta forging, the Ky, values were nearly independent
of thickness, with the value for the 1" thick specimens being on
the high side of the range. For the beta forging, the value for
the 0.5" thick specimens clearly underestimated KI,; the value

of the 1" thick specimens may have overestimated Xy, as the result
for the 1-1,/2" thick specimen, the largest which could be obtained
from the materlal, indlcated a lower Kig-

These data are in line wlth general experience in that
beta forged materlal characteristically develops a higher Kic
than alpha-beta forged material, but as indicated above the value
for this beta forged sample is below that usually obtained (60-80
.kSi-JTE.). ' |

an

Becsuse the stress corrosion tests utilized 1" thick specimens,
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i the Ky, values from tests of that size of specimen were used 1in

the analysis of test data.

VI. RESUITS OF STRESS CORROSION TESTS OF ALUMITNUM ATLOYS

A. Tests witn Smooth Spoecimens

The purpose of these tests was twofold: (1) to compare

the performance of the particular lots of plate procured for the
contract with that previously established for the respective alloys
and tempers, and (2) to provide a base-line for comparison with

the data obtained with precracked specimens.

1. Atmospheric Exposures

Seacoast and 1nland industrial atmospheric exposures have
completed about three years at this writing, and the exposures
will be continued for at least a 4 year perilod. Idsts of the
gpecimens and the f~ilures to date are glven in Tables XIIT and
XiV. 'These data are consistent with other outdoor tests of

(22,34)

products of these alloys , and will be used for reference in

interpreting the accelerated test results.

It 1s evident from a comparison of the number of days to
;ﬁ; failure of the short-transverse specimens stressed at 27, 20 and
10 ksl that the seacoast environment is more aggressive in causing
3CC than the inland industrial atmosphere. As.anticipated, there
have been no 3CC failures of the short-transverse specimens from

the group of highly resistant alloys. Likewise; there have heen

S no SCC fallures of the lengltudinal épecimens of any of the alloys.
Howevei, longltudinal specimens of certain of the low resistance
alloys'were removed from the seacoast exposure because of severe

exfoliation, as noted in Table XITI.
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2. Alternate Nmmersion in %.5% NaCl Solution

a. Iongitudinal Specimens

None of the longitudinal specimens failed during the 84-day
exposure, again verifying the high resistance to 3CC that is
characteristic of aluminum alloy products when stressed parallel
to the longitudinal direction of the grain structure.

Tensile tests ware made on the exposed specimens, and the
per cent decrease in tensile strength calculated in comparison
with unexposed specimens. These data are given in Table XV.
Tnasmuch as the applied stress did not appreciably increase the
corrosion camage to specimsns of any of the alloys, the data for
unstressed and stressed speclmens were combined to make a comparison
of the general resistance to corrosion of the alloys. When the
alloys are listed in order of increasing per cent loss in tensile
strength caused by corrosion, they fall into five groups that can
be related to the increasing copper content of the alloys. The
grouping shown below 18 a typical representation of the inherent
resistance to corrosion of the alloys in relatively corrosive

marine environments.

% Loss

Alloy % Cu in T.S.
5456-H117, 6061-T651 0-0.3 0
and 7039-T651
7079~-T651 0.8 5-7
7075-T651, T7351 | 1.8 8-15
2014-7651, 2021-781, L.o-6.4 15-24
2024-1851, 2219-T87
2024~-1351, 2°219-T37 4.2—_6.4 26~5%

However, such ratings are influenced by the tempér and the environ-

ment and should be used with_cautibnl For example, in the seacoast
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giﬂﬂj} atmosphere the relative resistance of 7075-T651 was similar to

that of 2024-7351 and 2219-T37 and was very poor because of

3
PR

exfoliation corrosion (Table XIII) performance of those alloys.

b. Short-Transverse Specimens

A listing of the short-transverse speclmen failures and
the times to Tailure is given in Table XVI. The performance of
the alloys with low resistance to SCC generally was in line with
the performences in the atmospheric exposures. The slightly

better performance of alloy 7039-T6351 was not unexpected because

it has been observed previously that the alternate lmmersion test
may not be as critical for copper-free 7XXX type alloys as an
industrial atmosphere (23,34).

A number of short-transverse specimens [rom the group of
alloys with high resistance to 3CC fractured when stressed at 75%
of the yield strength. These fallures were of alloys that have

relatively low resistance to pitting corrosion in this test environ-

ment, and thus, there is a possibility that some of the fractures

may have resulted from reduction of the cross-section of the

specimens by corrosion (Refer to Fig. &'. Therefore, all of the

ten failures from thls group of alloys were examlned metallographically
to determine the cause of failure. Intergranular stress-corrosion
cracking, illustrated in Figure 17, occurred only in the three

2024-7851. specimens stressed at 75% ¥.S. The single 2024-7851

fallure at 25 ksi and the three 2021-T31 specimens at 75% Y.S.
revealed only deep directionsl pitting with no secondary cracking.
In the case of alloy 2219-T87 deep directional pitting was observed

with short transgramilar cracks emanating from occasional sites
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of pitting (Figure 18). The single 7075~T7351 failure (Figure 19)
showed deep, rounded pitting with mixed mode (predominantly
transgranular) cracks emansting from many of the pits. Fracto~
graphs of these transgranular cracks are shown in Figure 20, The
crack surfaces were similar in the two alloys except that there
was a greater tendency for branching in the 7075-T7351 alloy. On
the 2219-T87 fracture there are a fev beachmarks near the crack
tip and sites of corrosive attack adjacent to rounded particles of
constituent., These transgranular cracks, which are not typical
stress-corrosion cracks in aluminum alloys have a striking
resemblance to fatigue and corrosion fatigue cracks; see references
35, 36 and 37. Additional studies are being made to try to reproduce
these cracks with other types of loading. No cracks of this type
occurred in the precracked specimens (See Section VI-D).

3. . Continuous Immersion in Sslt-Dichromate-Acetate Solution

Exploratory tests of less corrosive solutions than 3.5%
sodium chloride to use with precracked specimens (Section VI-El)
led to the choice of an inhibited solution ccntaining 0.6M (3.5%)
NaCl + 0.02M NapCrpOy + 0.OTM NaCpHs0p + HCpHz0p to pH 4. In this
golution SCC propagated raplidly in all of the alloys in the low
resistance group. Therefore, a wet of the smooth tenslon specimens
was exposed to this solution to determine whether 3CC would initlate
readily. Specimens were continuously immersed for 90 days (2160
hr.); the same &s the precracked specilmens. No appreciable
corrosion occurred with any of the alloys, with the surfaces of the
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specimens remaining bright .nd shiny. A summary of the stress
corrosion failures 1ls presented in Teble XVII.

Only one short-transverse specimen fractured in the group
of high resistance alloys, and that was a 7075~T7351 specimen
stressed at 75% Y.S. However, metallographic examination {footnote
3, Table XVII) indicated it most likely resulted from reduction of
the cross-section at a single pit, rather than by stress-corrosion
cracking.

In the group of low resistance alloys, specimens of sensitized
5456 failed rapidly (within 1-2 days) at all stress levels including
10 ksi. Specimens of the Al-Zn-Mg alloys 703¢-T6351, 7075~TH51
and T7079-T651 falled at 75% Y.S. and at 27 ksi but not at 10 ksi;
the most rapid Ffailures (4 days) in this group were of 7039-T6351
stressed at 75% Y.S. During the 90-day exposure stress-corrosion
cracking initiated in only one specimen of the three low-resistance
Al-Cu alloys (2014-T651, 2C24-T351 and 2219-T37), and that was a
specimen of 22189-T37 stressed at 27 ksl that cracked on one shoulder
in the crevice under the protective coating; none failed at 10
ksi or at the highest stresses of 75% Y.S.

nder the test conditions employed the salt-dichromate-
acetate solution does not appear to be suitable for testing smooth
specimens of a variety of aluminum alloys. However, in view df
the rapid SCC velocity observed with precracked specimens of all
of these alloys in this solution it appears that some modification
of the procedure could be found that would enhance the initiation
sﬁage and make this solution useful for smooth apecimens. For

eXample, Helfrich (38) found that a somewhat similar solution
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was effective for smooth specimens of a variety of alloys provided
the solution was at an elevated temperature and the specimen surface
was given a caustic etch., Comparison of the performance of these
smooth specimens with that of the precracked specimens presented

in Section VI-B indicated a similarity 1in the relative performance
of the various allgys.

These test results 1llustrate the ultimate need of accelerated

tests that reallstically relaste to intended service conditions.

For service in atmospheric environments an 84-~day exposure to 3.5%
NaCl by slternate lmmersion relates better thau an Bli-dsy period

of continuous ilmmersion in the salt-dichromate-acetate solﬁtion
(other tests at ARL have shown that the results are not improved
when specimens are exposed to this solution by alternate immersion).
On the other hand a high resistance to SCC in the atmosphere 1is

not a reliable eriterion of serviceablllty in special chemical
environmenta such as inhibited red fuming nitric acid (IRFNA)(BQJ

B. Tests with Bolt loaded Precracked Specimens

1. Exploratory Tests
Because of the relatively limited amount of avallable

information on the optimmm techniques for testing the materlals
in this program with precracked specimens, exploratory tests were
performed tbzdetermine certain of the procedures to be used.
Accelerated Test Media

Previous tests at Alcoa Research Iaboratories with bolt-
lbaded compact tension specimens immersed in 3.5% NaCl solution(ET)
have revealed two problems: (a) relatively slow SCC growth rates,
vith uncertainty in detecting arrest, and (b) difficulty in

measuring crack lengths because of corrosion on the sides of the




specimens.

Although there are several variables that should be
investigated 1n order to develop an optimum accelerated teat
procedure, most of these invelving such things as specimen
configuration, loading system, etc., can best be evaluated after
e sultable corrodent i1s chosen. Therefore, & preliminary program
of tests was undertaken to evaluate a number of test medis based
on a search of stress corrosion literature.

Because it is imown that the effectiveness of an environment
can vary markedly with alloy type, two susceptible alloys, 2024~-T351
and T075-T7651, with different electrochemical characteristics were
selected for comparing three control solutions and nine experimental
solutions. The nine oxperimental soiutions are types that have
been reported in the literature for use with smooth specimens,
Basically they represent 3.5 per cent sodium chloride solutions
vith the addition of chromate, nitrate or sulfate,

Duplicate 3-1, compact specimens were bolt loaded to develop
& precrack in tension and an initial stress~intensity (Kii) at

- or neer Ky, ("pop-in") and exposed by continuous immersion. A

few drops of the test solution were added just prior to the final
stiga of the precracking., Crack lengths were then measured on

the specimen surface and the specimens partislly immersed in the
solution without delay. The specimens wsre placed on end with the
precrack extehding dewnward and the water-line at the tip of the
chovron., Frequent measurements of the pH of the solution and

inspections of the specimens vere made. The specimens were

periodically removed from the solutlon for measurement of the crack
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length at 20X megnification. Plots of crack growth veraus exposure
time are shown in Figure 21 for each of the solutions.

(1) Control Solutions

The crack growth noted on the 7075-T651 specimens continuousls
immersed in 0.6M (3.5%) NeCl was similar to that noted previously
in this aolution(zg). Use of synthetlc seawater did not affect
the rate of crack growth appreciably though it did reduce somewhat
the amount of general corrosion of both alloys. In distilled
water, very slow crack growth occurred in 7075~T651 after a two
week incubation, but no growth occurred in 2024-T351 during the
entire 140 day period of exposure. None of thé specimens that
developed cracks in the control solutions showed definite arrest.

.2} Experimentel Solutions

The objJective of these tests was to find a solution which
would cause faster crack growth, with less general corrosion than
the sodium chloride solutions in order to:

1. obtain a rapld test with convenlence for measuring
erack growth, and

2. minimize extraneous effects Trom entrapped corrosion

products, thereby increasing the possibllity of
obtaining an arrest.

In the four solutions contalning chromates or dichromates
there was negligible surface corrosion and the cerack was alwaeys
readily visible on specimens of both alloys., Cousiderable corrosion,
‘including soms exfoliation, occurred in the solution containing
nitrate, and plating of copper on the specimen occurred in the
- solution with sulfate, Consequently the latter two solutions

were objectionable from the standpoint of general corrosion,



-33-..

As can be ceen in Figure 21, the most rapid crack growth
consistently occurred in the two acidified chloride-dichromate
solutions and in the acildified chloride~nitrate solution. Although
the more strongly acidic (pH 1.3) chloride-dichromate golution
(included to provide an extreme condition) caused the fastest
cracking, 1t was ruled out a3 & corrodent for general use hecause
of the tendency for severe crevice corrosion and previous experience
(with smooth specimens) has shown that it does not realistically
reproduce service performance and atmospheric test data on certsin
alloys(al). In the neutral sodiur-chromate solutions erack growth
was erratic and not reproducible with dublicate specimens of 2024~
T351 alloy. The acidified chloride-nitrate solution caused
excessive general corrosion,

The solution that sppeared most favorable from all aspects
_ was the chloride-dichromate-acetate solution &t pH 4. This solution
appears to be well sulted for use with both 7075-T651 and 2024-T351
alloys. A finel pllot test was performed in this solution on
seven additional alloys and tempers, further demonstrating the
sultabllity of this corrodent. A more complete description of
the results of these exploratory test results is given 1n the one
Yyeoar summary report(le).

Two noteworthy observations were made as a result of these
experimental tests In the various corrodents. The first is that
vith high initial stress-intensities neer Ky, very long cracks
propagated through almost the entire wldth of the speciman.- Such
long crack lengths lnvalidate the calculation of a residusl stress-
intensity. Consequently, oither lower initial stresa-intensities
or some other specimen cornfiguration will have to be used in obder'
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to obtain a value of Ki,,, by the arrest method.

The second observation is that the craclking did not always
develop siuply as an extension of the mechanical precrack, but
often initicted at other sites (Figure 22). Cracks tended to
develop at the edge of the crack tip plastic zone; i.e., the
plastically deformed metal around the tip of the crack, particulariy
for alloy 2024-T35L. This multipliicity of cracking probably
accounts for the slower and somewhat more erratic crack growth
that was noted on 202L-7351 compared with 7075-T651 and also
invalidates calculation of a final stress-intensity.

b. Specimen Configuration

The three types of specimens used in these tests are shown
in Figure 11.. Several 5~I. specirens of each of the three types
were precraclked in tension by loading with a single bolt up to the
point of initial cracking (pop-in). The actual load applied to
the specimen is not knowmn, but it was assumed that the resultant
KIi
vere partially immeised as described previously in the salt-

was slightly less (i.e., about 95-100%) than Kr,. Specimens

dichromate-acetate solution and in 3.5% NaCl solution. In addition,
some tests were conducted by introducing several drops of 3.5%
NaCl solution into the cracks in the Boeling DCB specimens three
times a day by the Boeing test procedure.-

A comparison of the crack growth for the three specimen
types in the salt-dichromate-acetate solﬁtioﬁ is illusirated with

7075-T651 alloy in Figure 23. A similar comparison was obtainad

* for alloy 2024-T351.  For both alloys, the initial crack growth

rate was about the same for all three specimens, but for the DCB
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specimens there was a distinct leveling off or deceleration in
crack growth in the range of 400 to 1000 hours followed by an
acceleration to almost the original crack growth rate., This
behavior suggests that an arrest was belng approached but that
this tendency was over-riden by an artificlal increase in the
stress intensity resulting from corrosion product building up in
the crack after prolonged exposure. Thus, the longsey »rack growth
possible in the DCE specimens does not clearly represent an
advantage for the use of this specimen in determining KIscc'

A comparison of the crack growth in Boeing DCB specimens
in three environmental conditions Figurz 24) shows for both
2024~7351 and T7075-T651 alioys that the rate of crack growth
increased in the order: (1) immersion in 3.5% NaCl, (2) immersion
in salt-dichromate-acetate solution, and (3) 3.5% NaCl added drop-
wise to the precrack three times a day (Boeilng p. scedure).

Tests were imade of S-I compact tension specimens of various
thicknesses of 2024~T3%i and 7075-T651 alloys to determine the
effect of deviating from pleane strain into mixed-mode stress states,
Duplicate specimens bolt loeded to pop-in were exposed to the
salt-dichromate-acetate soluticn, {raphs of the environmental
crack growth are shown in Figure 25. Thore did not appear to be
any appreclable effect of the specimen thickness on the crack
srowth rate for elther alloy. It is clear that streas-corrosion
cracking in these aluminvm alloys 1s not a "plane-strain" phenomenon
and that meaningful indications of crack growth rate at given
K-levels can be obtained on relatively thin specimens.



Hyatt(uo) likewise found no effect of specimen thickness
on KI-rate behavior of S-1L Spedimens machined from 7079-T651
plate. ICB specimens ranging in thickness from 1 in. to 0.050 in.
were bolt loaded to pop-in and expcsed by wetting the precrack
three tlmes a day with 3.5% NaCl solution.

c, Tension vs. Fatigue Precrack

The surface of a fatigue crack is readily distinguished
visually from that of & tension fracture. Also, with a properly
controlled fatigue precrack the crack front through the thickness
off the test specimen is straighter and the plastic zone is smaller
than for the tension precrack. Hénce,.the fatigue precrack is
preferred for fracture toughness testing, and this type of precrack
was chosen for the general program of stress corrosion testing by
the fracture mechanics approach.

Tension precracking was used for the exploratory tests
described above as an expediency to save time. Previous exploratory
tests reporied in the one year summary report(lg) showed that
for an alloy with low resistance to SCC (7075-T651) the environ-
mental crack growth tended to be slightly faster for 3-1 compact
tension specimens precracked by tension than when precracked by
fatigue. The average crack growth rates sustained over the first
1000 hours of immersion in 3.5% NaCl was 4 x ZLO‘4 in./hr. for
‘specimens bolt loaded to pop-in and 2 x 107% in.mr. for fatigue
precracked specimens bolt loaded to Q0% of Kic. Although the
initial stress intensities may not have been identical, the growth

rates were constant after the first 100 hours of exposure and
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independent of the decreasing stress intensity. Additional
comparisons of the effect of type of precrack on the environmental
crack growth in alloys with hign resistance were obtained in
subsequent tests in the general program (Section VI-B2-b(2).

d. Method of Ioading

The use of two loading bolts bearing against each other,

instead of one bolt bearing against an alumlnum surface, requires
less effort to start a tension crack (pop-in), especially with

the compact tension specimen which has a chevron notch., Because

the operator has a better "feel" of the pop-in there 1s less

likely to be a jump when the first evidence of mechanical crack
growth is noted, and Ky probably:will approach more closely the
limiting stress intensity factor for the particular test specimen
than when one-bolt is used.

i To check the environmental crack growth with 2-bolt loading,
: : two DCB specimens of 7079-T651 and one compact specimen each of
2219~787 and T075-T7351 were tested. The results shown in Figures
= 26 and 27 indicate & higher rate of initial crack growth with

i;, the 2-bolt specimens. ’

ik 2, _Performance of Compact Tension Specimens

. Replicete specimens loaded to several nominal stress intensity
levels were exposed %o the salt-dichromate~acetate solutiorn and to
the atmosphere at the seacoast and at an inlsnd industrial locatioh

,Q% to determine comparative threshold stress intensities (Ki,,.) for
i - "the various alloys. Mast émphasis vas piaced on short-transverse
f‘ (8~1L) specimens although'longitudinal (L~T) specimens also were
- included. A complete listing of all of the specimens and the
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detalled data are given in Tables D~1, D=2 and D-3 in the Appendix.
8. Iongitudinal (I-T) Tests

(1) Atmospheric Exposures

No crack growth was visible on any of the high resistance

alloy specimens loaded to 95% Ky, after 19 months at the seacoast
and 18 months at the inland industrial location. On certain of
the low resistance alloys, however, slight ¢rack growth was observed
after relatively short times. Crack extension of about 0.01 in,
was noted (after 8 months in the industrial atmosphere) on one of
the two specimens loaded to 95% K1, of alloys 7039-T6351 and 7079~
7651. These and all of the other I~T specimens are continuing in
the industrial atmosphere with no crack growth indicated in any
other specimbns to date (18 months). After 5 months in the seacoast
atmosphere, crack growth was noted in one specimen of 2014-T651
and in all three specimens of 2219-T737. The speclmen of 2219-T37
with the most growth (0.12 in.) was removed for metallographic
examlnation. The SCC was shown to be branching because of the
recrystallized grain structure (Figure 28; refer also to Figure 1)
and did not remain in the plane of the precrack. All the other
I~T specimens are continuing in the seacoast atmosphere with no
erack growth indicated in any other specimens to date (18 months).
{2) Immersion in Salt-Dichromate-Acetate Solution

No crack growth was visible on the exterior surfaces of
the specimens of any of the high resistance alloys, and only a
slight amount indicated for those of the low resistance alloys.

After about 90 days the exposures were discontinued and the residual
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stress intensities (K;r) determined. Also, single fatigue
precracked specimens exposed without any sappllied load were

tension tested to determine the effect of the exposure on the
stress 1lntensity at fracture in air (KIX). All of these K; values,
expressed as per cent of Kic, are summarized in Table XVIIT.

The K1, data were erratic and of questionable significance.
When valid tests were obtained the Ky, values were fairly close
to K1,, indicating that the 90 day exposure under no load
apparently had no apprecisble effect on the intrinsic fracture
toughness of the alloys.

The residual stress intensities iIn all cases were lower
than the applied values, as would be expected 1if crack growth had
occurred. However, the data in Teble XVIII show that the amount of
reduction of Kry was not governed by the amount of crack growth.
Three types of performance were noted with the various alloys:
fa) no crack growth for alloys 5456-H117, 6061-T651 and 7075-T7351,
(b) small amount of in-plane crack growth at the interier of
specimens of 2219-T87, 2021-781 and 2024-7851; this extension of
the precrack was corroded and reseinbled ducti'le tension fracture
rather than SCC, and (c¢) small to large amounts of SCC 1in planes
perpendicular to the precrack for specimens of the low resistance
alloys. A photograph of a representative group of fractured specimens
is shown in Figure 29. It is evident from these data that the
degradation of the applied stress intensities was of about the same
order regardless of whether SCC had occurréd. In fact, it appears
that corrosion was not even invelved for alloys 5456-HI17 and 6061~
T651, and that the reduction in K1y probably was the result of

1
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relaxation or creep.

{(3) Evaluation and Interpretation of Iongitudinal Tests

The I-T compact tension specimens showed a high resistance
to SCC even though a reduction of the applied stress intensity
was noted at the end of a 90-day exposure to the salt-dichromate-
acetate solution. Meaningful estimates of Kiscc for the varilous
alloys cannot be made because of the wide variation in the K,
values irrespective of the nresence of corrosion or SCC. The
average rate of environmental crack growth for all alloys in the
accelerated test was very low (approx. 1072 in./hr.) and of
doubtful significance because of mechanical extension of the
precrack in some cases, and when SCC occurred, it was usually
perpendicular to the plane of the precrack. Wacker and Chu(nl)
noted & similar behavior of IL-T cantilever beam specimens machined
from rolled plate of alloys 7039-T64, 7002-T6 and X7106~T63. In
the specimens from the recrystallized 2219-T37 alloy plate with
a less directional grain structure branching SCC progressed more
or less in the plane of the precrack (Figure 28) and the average
rate of crack growth was gbout 10 in./br. in the salt~dichromate-
acetate solution and 10 "5 in./hr. in the seacoast atmosphere.

b. Short-Trans&erseAis-L) Tests

(1) Atmospheric Exposures

Five specimens of each alloy, four loaded to 95% Ky, and
one with no ibad, were exposed at the two atmospheric test sites.
In addition, for the low resistance alloys subseqvent exposures
were made of two specimens loaded to 75% KIc, two at 50% K1, and

one more with no applied 1oad
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{a) Seacoast Atmosphere

SCC started quickly in specimens of the low resistance
alloys at all applied Ky levels. The cracking propagated 0.2
to 0.9 in. withln three months, with an average velocity of about
1ltodh X 10'4 in./hr. depending upon the alloy and, to a lesser
extent upon Kli. Exposure of all of the S~L speclmens of the low
resistance alloys was discontinued at the end of 8.3 months.
Detalils regarding crack lengths, final K1 values, etc. are given
in Table D-1 of the Appendix.

K1 vajJues for these alloys in the seacoast atmosphere

obviously i:cless than 50% K1, and undoubtedly is very low, 1f
they do, in fact, exist. Evidence of this for certaln of the
alloys was indicated by the initiation of small stress corrosion
- eracks 1n specimens with no applied load, as shown in Figure 30,
The stress responsible for initiating these cracks presumably was
developed by wedging action of small amounts of corrosion product
formed on the faces of the fatigue precrack. (Residual stresses
in mechanically stress-relieved pletes normally are very low and
would not be expected to be & factor in thess tests).

The performance of the high resistance alloys was markedly
superior to that of the low resistance alloys. No crack growth
was discernible on specimens of 5456-H117 and 6061-T651 after
24 mo. exposure although the stress intensities determined on
specimens removed after 8.3 mo. showed a slight reduction; this
reduction probably was dus to plaStic deformation during application
of the bolt load, The other four alloys showed small amounts
(0,04 - 0,08 in,) of environmental crack growth that initiated

after 3 to 8 mo. and was accompaﬁied by an appreciable drop from
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the applied stress intensity as shown by the K1y, vaglues in Table
r-1. The average crack growth rate ranged from 5 to 30 X ILO_6
in./hr.; however, metallographic examination of single specimens
removed at 15 mo. revealed the cracking to be intergranular 3CC
only in the case of 7075-T7351 (Figures 31, 32) and transgranular
tensile fracture in the case of 2021-781, 2024-7851 and 2219-787.
Extending beyond the transgranular crack tips were discontinuous
steps or Jjogs where small volds had nucleated 1in stringers of
brittle intermetallic compounds (Figure 33). All of the crack
surfaces were covered with corrosion products, indicating that
the environmental cracking waes tension fracture caused by corrosion
product wedging. Fractographic examination was 1mpracticable
because of the corrosion of the fractures.

(b) _ Industrial Atmosphere

SCC started quickly in specimens of 7075-7651, 7079-T651,

and 7039-T6351 at all applied Ky levels and propagated at about
the same rate as in the seacoast atmosphere. SCC also initiated
rapidly in the 5456-Sens. specimens but the propagation rate was
gbout 1/10 of that in the seacoast atmosphere. SCC growth in
specimens of 2219-T37, 2024-T351 and 2014-T651 was not evident
until after 3 to 12 mo. and cracking then propagated at sbout
10”5 in./hr., which was about 1/10 of the velocity in the seacoast
atmosphere. | ' | |

- KIgee for S-L Specimeﬁérof the low resistance alloys in
the industrial atmosphere also is less than 50% K1, and may not
be very different from values 1n & seacoast atmosphere, particularly
for the 7XXX-T6 alloys. Smell stress corrosion cracks were presént

at the tip of the precrack in a specimen of 7039FT6351 that was
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fractured after exposure at no load for 12 mo.

None of the four S-I, specimens of each of the high resistance
alloys loaded to 95% K1, showed any surface crack extension at the
end of 12 mo. when duplicate specimens were removed for tests of
KT, Although slight crack extension was evident on the fracture
surfaces of the 2219-T87, 2021-T81 and 2024-T7851 specimens, the
fractures were corroded and the crack growth again wes probably
caused by corrosion product wedging. Metallogramhic examination
of & third specimen of each alloy removed after 18 mo. exposure
revealed transgranular cracking similar to that shown in Figure 33.
The average rate of extension at the interior of the specimen was
sbout 8 X 10'"6 in./hr., similar to that at the seacoast. The fourth
specimen of each alloy still showed no visible crack growth at the
surface after 28 mo,

(2) Tmmersion in Salt-Dichromate-Acetate Solution

Specimens of the high resistance alloys were loaded to
pop-in, and to 95 and 75% of K1,; specimens of the low resistance
alloys were loaded to 75, 50 and 25% K1,. Exposure periocds in this
accelersted test medlum were intentionally extended for longer
periods than thought necessary for two reasons: (1) to observe
slow-start cracking and (2) to observe anticipated corrosion-wedging
effects. The occurrence of corrosion-wedging effects, of course,
complicates the interpretation of the test results, but thils was
considered necessary in order to decide upon an optimum period of
exposure for future testing. Identification of the specimens.and
the detalled Information regarding their exposure 1s given in
Table D-3 of the Appendix.
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Graphs of environmental crack growth for each alloy are
presented in Figures 34-38. Additional graphs with crack growth
rate (da/dt) plétted as a function of stress intensity are presented
in Figures 39-43, The latter graphs were derived from the first
set by determining the slope of constant regions of the crack
growth curves and calculating the stress intensity factor (assuming
a constant COD) for the crack length at each end of the region of
the constant slope. The K-Rate graphs when read from right to
left illustrate how the crack veloclty varied with the decreasing
stress intensity. Theoretically, for constant deformation loaded
specimens such as these, increases in crack length will result in
decresses 1n both stress intensity and in crack growth rate. When
the crack growth rate drops to zero, the threahold stress intensity
for environmental cracking under the cqnditions of tesat will be
realized. This theoretical relationship is 1llustrated by graphs
such as those 1n Figure 41. The normal type of graph was not
obtalned in some cases because of corrosion of walls of the crack.
The salt-dichromate-acetate solution causes sggressive crevice
corrosion in copper containing 2XXX and 7XXX alloys, resulting in
exfollation of susceptible alloys such as 2219-T37, 2024-7351 and
7075-T651. The formation of insoluble aluminum oxide corrosion
products in the crack causes an increase in the wedge-force crack
opening load, and from that point on the behavior does not follow
the theoretical trend. The evidence of such effects can be seen
especially in Figureé 39 and 40, and because of this effect it was
necessary to construct "28timated true curves”, excluding corrosion-

wedging effects.
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Several types of characteristic graphs were exhibited by
the various alloys and tempers, &8 shown in Figure 43. It 1s
apparent that specimens of the low resistance alloys developed
much higher SCC growth rates and much lower threshold stress
intensities than specimens of the high resistance alloys. A
sumnary of the threshold stress intensities and the highest sustalned
initial crack velocities derived from these graphs 1s given in
Teble XIX along with similar date for specimens exposed to the
seacoast and the inland industrial atmospheres.

Environmental crack growth 1n the high resistance alloys
initiated sooner and propagated more rapldly when the precrack was
produced by tension and the specimen loaded to just under pop-in
than in fatigue precracked specimens losded to 95% KIc as shown
in Figure 38. This difference in behavior may be related to the
larger plastic zone at the tip of the tension precrack causing
fracture of brittle alloy constituents and thereby stimulating
crack growth.

(3) Evaluation and Interpretation of Short-Transverse Tests

Specimens of alloys from both the low reslstance and the
high resistance groups were photographed to show typical forms of
environmental crack growth 1in all three of thé test environments
(Figures 44 and 45). The fatigue precracks generally were fairly
straight or slightly convex for the harder alloys (see also Figure
30); they were irregular or slightly concave for the tougher lower
strength ailoys such as 5456-H117, 6061-T65), 2024~T351, and

- 2219~T37, Althqugh the environmental crack growth tended to extend

in a front parellel to the front of the precrack, there were

exceptions with some alloys and enviromments. Generally, the
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environmental crack front had a convex front, but in some cases

the cracks were longer at the surface than at the interior. The
most erratic crack growth occurred in alloys such as 2024~T351,

2219-T37 and 5456-Sens.

Painstaking examinations of specimens of the hign resistance
alloys were required to determine whether the relatively smsll
amounts of environmental crack growth (Figure 38) and the degradations
in the applled stress intensities were the result of stress-corrosion
cracking. Corrosion was present all along the precrack and had
progressed to the tips of the crack extensions with considerable
corrosion product being formed on all of the alloys (less on the
specimens of 5456-H117 and 6061-T651). Thus, there was ample
opportunity for corrosion product wedging to cause a gradual
increase in the stress intensity at the crack tip. Mechanical
extension of the precrack appeared to be advanced by the brittle
cracking of alloy constituents strung out in the plastic zone
ahead of the crack tip, as shown in Figures 33 and 46. For alloys
with a high resistance to SCC, crack propagation could be entirely
by this mechanism, as was observed for 2021-781 and 2219-T87, or
by a combination of this mechanism and intergranular SCC, as was
observed for 7075-T7351 and 2024~T851 (salt-dichromate-acetate
solution). ' | | |

A comparison of the performance of the various alloys in
the salt-dichromate-acetate sccelerated test aﬁd in the etmospheric
exposures is shown by the data summarized in Tgble XIX. Comparison
of the average initlal SCC velocities at an applied Ky of 95% K1, |
shows that the velocitj differs with the environment. Also the
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relative ranking of the low resistance alloys differs with the
enviromment. For exzmple, while the 3CC veloecity of 7079-T651
was four times that of 2014-T651 in the seacoast atmosphere, 1t
was 100 times faster in the industrial atmosphere. The velocity
of SCT in 7079-T651 {and other 7¥¥X-T6 alloys) was ahout the same
in both gnvironments but the 3CC growth rate of 2)XXX alloys was
markedly less in the industrial atmosphere. In the accelerated
test, where the rates are about ten times those in the seacoast
atmosphere, SCC propagated about ten times faster in 7079-TC than
in 2014-T651.

The accelerated tests 1In the salt-dichromate-acetale

solution provided a good distinction between the hign resistance

and the low resistance alloys, and ranked the various low resistance

alloys in approximately the same order as the ssacoast exposure.

The length of exposure of bolt loaded specimens in this solution

gshould not exceed about 500 hr. to avold the occurrence of excessive

corrosion in the precrack.

3. Performance of Boeling DCB Specimens

A set of Foeing DCRE speclimens was exposed to each of the
test environments used for the compact tensien specimens and to
3.5% sodium chloride dripped into the precrack in the manner used
by Hyatt(26). Although most of the tests were made with short-
transverse (3-1,) specimens oriented as shown in Figure 9, limited
tests were performed alsc on longitudihal (I-T) specimens. All
specimens were loaded to pop-in, with a single bolt. A complete
listing of all of the specimens and the detalled data 1s glven iIn
Tables D-4%, D-5 and -6 in the Appendix.
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a. longitudinal (I-7) Tests

I~T specimens of 2219-T37 and 7079-T6 alloys were exposed
in each test environment. These tests were unsatisfactory because
SCC generally tended to proceed out of the plane of the precrack
and go to one side of the specimen, or cracks would initiate in
the bolt hole as shown in Figure 47,

b. Short-Transverse (8-1,) Tests

(1) Atmospheric Exposures

The performance of DCR speclimens of the various alloys in
the outdoor tests 1s iliustrated by the environmental crack growth
curves in Figures 48 and 49, A summary of the average initial
crack veloclties are given in Tabl# XX{, and these results may be
compared with the test fesults given in Table XIX for fatigue
precracked compact tension specimens. The averasge initial environ-
mental crack growth rates for the DCB specimens precracked in
tension and loaded almost to pop-in were as high or higher than
for compact tension specimens precracked by fatigue and loaded
to 959 of Kic; Small amounts of crack growth in specimens of the
high resistance alloys cccurred in the atmospheric exposures, and
metallographic examinations were performed to determine the type
of cracking; these results willlbe discussed in the next sectlon.

(2) Accelerated Test Exposures

The performances of the varicus alloys 1in the two accelerated |
test media are shown by environmental crack growth curves partially
smoothed and plotted without data points in Figures 50 and 51.
considerable variatidn'in crack length occurred.from side to side

and from specimen to specimen and this is shown by sample graphs
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of the individual measurements for 2014-T651 and 7075-T651 alloys
in Migure 52.

In order to obtaln K-Rate graphs, auxiliary crack growth

curves were further smoothed so that slopes {de/dt) and Kj values
could be determined at points along the curves selected in the
manner described previously for the compact specimens. Kp values
were calculated with Fgquation(7) given in Section III-L2.
Jni‘ortunately when the DCB specimens were loaded the cracl: opening
displacements (V) were not measured, so substitute values of V were
determined on other replicate specimens. Pop-in eXperiments were
performed on two replicates of each alloy witn measurements of the
specimen heignt being made before loading, after loading and alter
unloading. With one set of specimens India ink was introduced into
the nouch during pop-in to provide a marker of the crack tip.
Crack lengihs were measured on the surfaces of all specimens and
they were then broken open. Crack lengths were measured on the
fractures of those with the ink markers, but the pop-in crack length
could not be distinguished on the specimens that had no markers.
These date together witn the V values and the calculated KIL values
are given in Table XXI.

A certaln amount of plastic deformation occurred during

the pop-in of all alloys; it was very slight with some, but was

-conslderable with the tougher alloys. More realistic values of

Ky; (although still higher than Ky, in most cases) were obtained
when only the elastic portion of the total V was used, as may be

seen in Table XXI, and therefore, the average values of V (elastic)



were used for all calculations of Ky used for the K-Rate curves.
The K-Rate curves ware developed for only the portion of the
crack growth curves up to tne point when crack growth appeared
to have ceased (less than 0,01 in., advance over a period of about
200 hr. in the salt-dichromate-acetate solution or about 500 hr.
in the 3.5% NaCl test), or if there did not seem to be an arrest,
to the point where it appeared that the influence of cor:osion
wedging had become dominant. The curves for all of the alloys
are grouped in Figures 53 and 54.

Comparing these data for ICB's (Figure 53) with that for
compacts (Flgure 43), the maximum crack growth rates agreed very
well for the low reslstance alloys, but for the high resistance
2XXX-T8 alloys the rates were about twice as high with the DCB!s.
However, it was not possible to compare estimated threshold streas
intensities because corrosion wedglng prevented crack arrest in
the DCB specimens loaded to pop-in. Because conipacts were loaded
to several lower Initlal stress intensities, there was a chance to
observe whether crack growth initiated at the lower Kr; values
before corrosion wedging became dominant. Therefore, the data
from the compact specimens provided better estimates of threshold
stress intensity factors. This problem with the DCB's in the
salt-dichromate-acetate solutlon was not so troublesome with DCB's
exposed to the 3.5% NaCl added dropwise to the crack. The initial
environmental creack Velocities were similar to those in the salt-
dichromate-acetate solution but the crevice corrosion did not
proceed as rapldly with the plain salﬁ soJution and more.complete

F-rate curves could be obtained before corrosion wedging Eecams
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dominant; compare Figure 53 and Figure 54. Threshold stress
invensities indicated in Pigure 54% and Figure 43 agreed fairly
well. The curves shown in Figure 5% -~lso sgree fairly well with
those obtained by Hyatt(26).

c. Evaluation and Interpretation of the DCB Tests

With the low reslstance alloys both accelerated test medile
ranked the alloys similarly and about the same as the seacoast
stmosphere, and there was no problem interpreting the test results.
wWith the high resistance alloys, however, there was environmental
crack growth in small degrees differing with the enviromment and
the general resistance to corrosion of the alloy. Just as with
the compact tension specimens discussed preriously, there was more
crack growth than would be expected for alloys such as 7075-T7351
and the 2XXX-T6 alloys (Figure 55). Metallographic and fractographic
examinations were performed to determine the mode of the crack
growth. Typical intergranular SCC, as shown in Figure 56, was
found only in specimens of 7075-77351 exposed to the accelerated
tests and the seacoast atmosphere, and in specimens of 2024-1851
and 2021-T81Iexposed to the salt-dichromate-acetate solution. Wo
8CC was detected in the latter two alloys in the 3.5% NaCl test
or in the atmospherlc tests. No SCC was found in specimens of
2219-787, 6061-T651 and 5456-H117 exposed to any of the test environ-
ments. In the stressed specimens or these alloys corrosion penetrated

to the tip of the precrack ané mechanical fracture or'tearing

‘advanced through alioy constituents that cracked ahead of the crack

tip, as shown in Figure 57 (also Figures 33 and 46). This mechanical
fracture advanced slowly as 1lndicated by the severe corrosion of |

the Iiracture surfaces.,



The measurement of the small amounts of crack growth on
the sides of the speclmens was difficult and may not be
representative of the growth at the interior of the specimen.
In cases such as the 2XXX~T8 alloys in the salt-dichromate-
solution surface measurements gave an exsggerated indlcation of
the true crack growth (Figure 44); whereas in most cases especially
with tension precracks, the crack growth at the interior was greater
than at the surface (Figure 55).

The occurrence of the mechanical crack extension as &
result of crevice corrosion and corrosion-product wedging is an
undesirable feature of tests with bolt loaded precracked specimens.
Terminating exposures at sbout 500 to 600 hours epparently would
prevent corrosion wedging effects 1n the salt-dichromate-acetate
test. However, the situation is more complex with the 3.5% NaCl
test. Wedging appeared to become domlnant at about 200-300 hours for
the high resistance alloys, but definite signs were not evident until
about 1400 hours for the low resistance alloys (Figure 51). It
nevertheless 1s 1ikely that wedglng also was influencing crack
growth in the latter after about 200 hr. |
C. Tests With Ring Ioaded Compact Tension Specimens

The results of tests of short-transverse (8-L) compsact
tension specimens under ring loading are summarized in Tables XXII
and XXTIY¥. A bank of rings and the data logging unit sre shown
in Figure 13. Both load and crack opening displacement were
monitored at 8 hour intervals throughout the 1ife of each test

‘and a sample of these data 1s shown in Figures 14* and 15*. These

-*Individual print-cuts foc each specimen are appended to the
Master copy of this report. i
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data were analyzed with the equations and procedure described
in Section III-Dk.

1l. General Observations

Before discussing the data for indlvidual alloys 1t seems
appropriate to make some observations concerning the data in
general. The calculated initial or applied stress intensity
factors (KI;) are usually not exactly equal to the target values
because of the difference in the method used to determine the
initial crack length. The calculated crack lengths based on
measurement of load and COD provide an integrated average crack
length, as opposed to an estimated value bpased on side measurements,
and are considered more accurate. General éorrosion of the crack
Taces usually destroys the definition of the end of the fatigue
crack, but in the few instances that the end of the fatigue crack
could pe discerned, the initial crack lengchs were Iound to be
very close to the calculated values.

The crack lengtvh at fracture (which would normally be the
end of the environmental crack growth) was usually clearly defined,
and, in general, the crack 1ength measured on the fracture suriface
ﬁds close to the calculated value. Differences larger than about
0.04 in.'can be attributed to error in the calculated lengths due
to 1ong term drift in the clip gage readings. As expected, the
stress intensity level at fracture (KIf) is usually eqﬁal to or
somewhét greater thém the ambient Ky, value, wiich provides ariother
‘check on the daﬁa._ It 1s not too surprising that the stress
intensity at fracture may be greater than KIC becsuse 1f plane

strain conditions are not maintained, the specimen may be loaded
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to a stress intensity level greater than KIC. This occurred
toward the end of many of the ring load tests.

Insight into the behavior of each specimen during the test
can be obtalned from the load and COD vs. time plots as shown 1in
Figure 14. The load readings were quite stable and a decrease
in load of even 2 or 3% is indicative of an event. Therefore,
load readings can be used as an indirect indication of crack
growth. Sometimes, as shown in Figure 58, there was considerable
scatter in the COD data even though no crack growth oczurred; this
is probably due to thermal effects on the clip gage and long term
creep.

The time plots for certain specimens of 2021 and 2219 alloys
show & temporary arrest in the crack growth as shown in Figure 59.
The cause of this is believed to be a delay in the forward progress
of the crack due to crack branching. Metallographic examination of
the fractured specimens showed that such branching had occurred
(Figure 60; see also Figure 28),

Many of the specimens experienced an incubation period,
during which no ecrack growth occurred at the beginning of test; the
duration of this period increaéed with decreasing applied stress
intensity. Thils was encountered in most of the tests of 2000
series alloys and some of the long term (low applied stress intensity)
tests of the 7000 serieé alloys, The long tefm tests of alloy
7039-T651 shown in Figure 61 illustrate that relatively long
exposures may be necessary, éven in an accelerated test environment,
't§ determine whether_stress corrosion crack growth will occur.

Specimen TI~3 incubated about 1100 hours without any appreclable
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evidence of crack growth, after wnich crack growth accelerated
rapldly and tne specimen failed within 800 hours. This test is
alsc an example of & case 1n which the contrast in crack growtn
rates made it difficult for the computer fit curve to follow the
gata.

2. (omparison of Alloys

Tests were performed at various levels of applled stress
intensity (Kpi) to determine the threshold stress intensity for
er.vironmental crack growth, Graphs of K1y vs. time to fall
(fracture} for 211 of the aluminum alloys are presented in Figure
62 and 63. All "run outs" were examined metallographically, and
in some cases, Tractographicelly to cneck the possibility of
cracking having initiated and not progressed to the critical crack
length to cause {racture. The information thus gained was used
along with the tims plots to estimate the stress intensity thresholds
listed in Table XXIV.

For aliloys such as H0E1-T651 where no crack growtn occurred
even at very nigh applied stress intensities, 1t is difficult to
drev a conclusion aebout Kp.. It 1s possible (in fact, very
probable, consi ering the established SCC-free service record ifor
6061-T651) that the alloy is not susceptible to SCC in this test
environment. If 1t is susceptible the Kp;, must be greater than
tne values used in these tests, or else the incubation period is
~ very long. Specimens of 5456-4117 also showed rio evidence of
environmental crack growth on the fractures and no appreclable
decrease in load (Figure 58) during éxposure, yet there was an

anomalous increase (0,03") of the calculated crack length. In such
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cases KIth wvas Indlicated to be greziar than the highest value
tested.

In the case of slloy 7075-T7351 there was no change 1in the
load curve to indicate crack growth, yet when the specimen was
broker: apart, environmental crack growth was evident on the fracture.
This crack growth was confirmed as typical intergranular 3CC by
fractographlc examination, to be discussed later in Section VI-D.
Because the amount of SCC was small and developed apparently very
slowly over a long period of time, the specimen was probably loaded
above but very close to EKTgee: The length of the SCC measured on
the fracture surface after 2780 hr., incidentally, 1s just about
what would be expected from the SCC growth rate of 2-3 X 1072 in./hr.
determined with bolt loaded specimens (Tables XIX and XX).

The two specimens of 2219-T87 failed during exposure under
extiremely high applied stress intensities. One specimen was
inadvertently overloaded to 104% of the nominal KIC and it fractured
within 16 hr.; the fracture was clean, with no evidence of environ-
mental crack growth, and no doubt resulted from the overloading.

The other, loaded to 94% Kr,s developed a calculated

crack growth of 0.045 in. while the load decreased only about 0.6%
during an exposure of 1816 hr. Then the load was increased to

111% Ky, and failure occurred after an additional exposure of 504

hr. dtring which the load graduslly decreased about 2%. Although
both the precrack and the envirohmental crack exténsion were corroded
it vas estimated that the crack growth at the interior of the
specimen amounted to about 0.06 in. This crack growth resembled

" tension fracture rather than SCC or fatigue. In Sectlon VI-D there
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1s a fractographlc examination 1llustrating similar tension crack
growth in a DCB specimen., It was concluded from these tests that
this lot of 2219-T87 was not susceptible to 3CC in this test
environment even under these extreme loading conditions,

Specimens of 2021-T81 and 2024-T851 loaded to 90% Ko
failed after relatively short exposures (392 and 240 hr.,
respectively) but did not fail at the next lower Kry values (72=76%
Kr). Although there was no appreciable decrease in load, the
calculated crack lengths increased about 0.04 - 0.06 in. The
run~-out specimens were cut in half so that the fracture could be
examined on one half and metallographic examination of the crack
tip could be made on the other half. There was no environmental
crack growth evident on the fractures nor ai.y SCC shown by the
microsections. The relatively small crack growth indicated by the
instrumentation readings was probably due to long term drift in
the cllp gage readings, and thus not indicative of real crack growth.

K-rate curves plotted from data recorded on the computer
printouts (Figure 15) generally were erratic because of the
deviations in the COD data described previously. Nevertheless
with some editing of the data to eliminate negative slopes and
the like, representative curves could be obtained. An example of
one of the better sets of curves 1s presented in Flgure 64 for
alloy 7075-T651 in comparison with the curve for bolt loaded compacts
taken from Figure 40. The shapes of the curves indicated by data
points in Figure 64 for four different levels of K1y represent
the variety of'curves.obtained in the various ring losd tests.

A region of constant veloclty was not always seen in the
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individual curves, but for a given alloy the crack growth rate

at the point of fracture was about the same for the individual
speclmens. From the several Individusl specimen data a single
representative, or limiting, curve could be drawn to Indicate

both the estimated threshold stress intensity and the maxinmm
sustained, or plateau, crack growth rate as shown In Figure ©64.
Because K-rate curves could not be obtalned for all of the specimens
no general comparisons of the alloys were made by this method.

3. Ring Iocading vs. Bolt Ioading

The approach to the determination of a stress corrosion
threshold differs for bolt and ring-icaded specimens because of
the different dependence of stress iIntensity upon increases in
crack length. As cracklng occurs in & bolt-loaded specimen, the
applied load and the resultant stress intensity, Ky, decrease
until a point 1s reached (theoretically) where crack propagation
ceases, It should be possible, therefore, to expose a bolt-loaded
specimen at an initial K1; sufficlently high to cause environmentai
crack growth and establish the threshold level, Kriy, for cracking
by determination of the residual stress intensity at arrest.
However, when a specimen 1s stressed with a& relatively flexlible
ring end c¢racking occurs, the applied load tends to remain nearly
constant and the stress intensity increases until K:f is reached
and the specimen fractures. The threshold for environmental crack
growth, Kryp, 1s then determined by exposing specimens at various
decreasing Ky; values until the level 1s reached where nc cracking
occurs. o | |

Although the ring-IOading method theoretlicelly requires a
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greater number of specimens to establish KEScc’ this method has
several advantages over bolt loading:

(1) Because the applied load is indicated by the strain
in the ring, the magnlitude of KIi can be determined more accurately.

(2) Crack growth (and applied load) can be monitored more
readily by instrumentation, with automatic read-out equipment, so
that K1 can he determined at any polnt in the test.

(3) Because the crack 1s continually opened by the ring,
there 1s less chance of wedglng furces from entrapped corrosion
product.

Bolt loading, on the other hand, 1s more sulted to the
testing of large numbers of alloys becsuse 1t 1s less expensive
and the test specimens requlire less space. These characteristics
and particularly advantageous for long-term outdoor atmospheric
exposure tests,

Comparisons of data from ring load and bolt load tests can
be made in two different Interpretations of the data as shown in
Figures O4 and 65. The K-Rate curves for alloy 7075-T651 in Figure
64 show reasonably good agreement for the two methods of loading
both in the threshold stress intensity and in the maximum sustalned
cracking velocity. K~Time curves are shown in Figure 65 for alloys
2014-T651 and TO075~T651, For 2014-T651 the curve for 50% K1, bolt
loaded specimens levelled off &t about the same stress intensity as
the curve for the ring loaded specimens, and then corrosion product
wvedging eventually stimulated further crack growth (Refer to Figure
35: it appears that crack growth in the 75% KIo specimen was kept
at a high rate by corrosion product wedging). For T075-T651 a
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threshold stress intensity of about 25% Kr, was indicated by both
methods of loading, and the holt load curves for higher KTy levels
did not show arrests because of corrosion product wedging (Figure
35).

A ranking of the threshold stress intensities of all of
the aluminum alloys estimated by the two methods of loading is
shown with bar graphs in Figure 66. Results from the two loading
methods agreed well with the Ky, values not differing more than
3 ksi+'in., and there being no consistent indication that one
method was more critical than the other. However, thresholds from
the ring load test probably are more reliable because of fewer
problems with wedging by corrosion products.

D. Fractographic Examinstion

Fractographs were made with the scanning electron microscope
(SEM) to document typical fracture characteristics in the precracked
specimens. In Figure 67 1s shown the typlcal fracture characteristics
of 3CC in the low reslistance alloys and transition zones from a
fatigue precrack and to a tension fracture. A simiiar group of
fractographs is shown in Figure 68 for a specimen of 7075-T7351 to
illustrate that the relatively smali amount of environmental
crack growtih was typical of intergranular SCC. Typical SCC also
was observed in 2024-T851 specimens exposed to the salt-dichromate-
scetate solution (Figure 69). Even though the enﬁironmental crack
growth in specimens of 2219-T87 was equal to or exceeded that in
7075-T7351 and 2024-T851, no evidence of typical SCC was present
in the 2219-T87; rether the fracture had the same appearsance &s &

tension fracture, as shown in Figure 70. There was not observed

in any of the precracked specimens trahsgranular,cracks of the
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type that Initiated at the bottom of corrosion pits In the smooth
Specimens.

Although there was no visible crack growth on the Ifracture
surfaces of 5456-H117 and 6061-T6E51 compacts exposed to salt-
dichromate-acetate solution for 2184 hr., the residual stress
intensicies determined on these specimens at the end of the test
were appreciably lower ‘than the initially applied Ky; (Refer to
Table D-3). The transition reglon between the fatigue precrack
end the tension fracture was studied with the SEM for some indicstion
of crack growth, but none was found (Figure 71). It therefore was
concluded that the reduction in K was the result of plastic
deformation during loading or creep and possibly the combluation.

TEM fractographs were made of only e few characteristic
fractures to provide a comparison with the 3EM 1llustretions. The
typical SCC and tension fracture in a 7075-T651 compact tension
specimen is shown in Figure 72. And s comparison of SCC, fetigue
and tension fractures In 7075-T7351 is shown in Figure 73.

VIL. RESULTS OF STRESS CORROSION TESTS OF STAINLESS STEEL ALIOYS

A. Tests With Smooth Specimens

1. Atmospheric FExposures

Seacoast and inland industrial atmospheric exposures have
completed 28 months at this time and the exposures will be continued
for at least a 4 year period. The alloys and tempers expected to
heave high resistance to stress-ccrrosion cracking were stressed
to 75 and 50% of their yileld strength. The combinations expected

to have low resistance to stress corrosion were stressed to 75 and

25% of their yield strength and to & common 27 ksi level at which
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the aluminum alloys also were stressed. The specimens in test
and the failures to date are listed In Tables XXV and XXVI.

a. Seacoast Atmosphere

Failures to date have occurred in only five of the thirteen
alloys, chiefly in the semi-gustenitic group. Two out of three
transverse specimens of 17-7 PH alloy in the RHL050 temper falled
at 75% Y.S. (142.9 ksi) within 141 days. Alloy PH15-7Mo, which
is & modification of 17-7 PH alloy for hligher mechanical properties
especially at elevated temperatures, was less resistant; alil
three specimens at both 75% Y.S. (146.3 ksi) and 50% Y.S. (97.5 ksi)
failed within 73 days. The least resistant of the group was the
AM355 alloy in the SCT850 temper for which fallures were observed
within 141-190 days for specimens stressed even at the lowest
stress level evaluated (27 ksi). Two addltional failures were
transverse specimens of 431 HT200 stressed to 75%'Y.S. No failures
have been observed to date for the martensitic precipitation
hardening, 15-5 PH and PH13-8Mo alloys.

Examination of the effect of tempering to lower strengths
on the resistance to SCC was possib}e with five of the six alloys.
There was no effect of temper for two of the elloys (15-5 PH,
PH13-8Mo) because there was no failure in either temper. Also in
the case of alloy AM355 there was nd fallure in either temper of
the plate, but for the bar there was a marked improvement of the
lower strength SCT1000 temper over the SCcT850 temper. A similar
performance was observed with alloy 431 for which & definite
improvement was shown by the lower strength temper. For the

PH15-7Mo alloy, however, the lower strength RHL0O50 temper was not
more resistant than the RH950 temper, but in this case the tensile
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strengths cf both tempers were over 200,000 psi and were quite
similar (Table VII).

Specimens with three different orientations (L, T and 8)
were exposed to investigate possible directicnal effects with rolled
bars of the three basic alloy types: AM355 SCT850, 431 HT200 and
PH13-8Mo H950. In the case of the PH13-8Mo H950 alloy there was
no failure, In the case of the 431 HT200 alloy, fallure occurred
only with the long-transverse (T) specimens at the 75% Y.S. stress
level. With the AM355 SCTS50 alloy bar failures occurred with
specimens of all three orlentatlons stressed even at the lowest
stress level (27 ksi). Although long-transverse (T) specimens from
the plate of AM355 SCT850 did not fail at stresses up to 114 ksi,
it is not clear whether this Improved performance can be related
to a difference in directionality in grain structure of the 1.25"
thick rolled plate and the 2" x 6" rolled bar or & difference in
prior thermal history (Table vI). Micrographs in the one year

sSummary report(lg)

comparing the two products do not show & marked
difference in directionality. On the other hand, the microstructure
of plate in the SCT850 temper, Flgure 20 in the Eighth Quarterly
(17)

to that in the SCT1000 temper of the bar.

Report , Sshowed a relatively large amount of precipitate similar
The fractures of several of the atmospheric failures were

examined with the zcamnming electron microscope to determine the

nature of feilure. The environmental cracking was predominantly

intergranular in nature as shown in Figure 74 for a specimen of

431 HT200 alloy that falled after 141 days. The entire fracture

surface of the 1/8" diameter tensile bar is shown with stepped

regions of SCC and tensile failure. Enlarged regioitz from top
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center of this surface indicate the intergranular nature of the
SCC.

The results observed to date for the tests 1n the seacoast
atmosphere are in reasonable agreement with the marine atmos-
pheric data cited by Slunder(43) in his DMIC review and by Denhard(44)
in his review of the 2tress corrosion characteristics of high
strength stalnless steels presented at the Twenty-Fourth Meeting
of AGARD.

b. Industrial Atmosphere

A comparison of the data for the two atmospherlc exposures
indicates, as in the case of the aluminum alloys, that the seacoast
environment °.s more aggressive in causing SCC than the inland
industrial atmosphere. For example, specimens of alloy AM3>55 in
the SCTE50 terrzr failed when stressed in all three directions as
low as 27 ksi and exposed to the seacoast atmosphere, but in the
industrial atmosphere fallures were observed for speclmens stressed
in just the two transverse directions, and only at‘75% Y.s. (124.7
ksi). ILong-transverse (T) specimens of alloy PH15-7Mo in the
RHOOO temper stressed Yo 75% Y.S. (152.6 ksi) were the only other
failures in the industrial atmosphere (Table XXVI).

2. Alternate Tmmersion in 3.5% NaCl

A similar set of smooth tensile specimens was exposed 205

.days to the 3.5% NaCl alternate immersion test. The following

specimens falled within the first seven days, except for AM355
SCT1000:
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Stress
Alloy Temper Dirsction % .S, B/ Days
PH15-7Mo RHI50 T 75 2//7. 1,1
PH15-7Mo RH1050 T 75 5/5 1,1,1,1,1
PH15-7Mo RH1050 i 50 /3 1,24
§=1 HT200 5 75 1/4 5
AM355 Bar sScT850 L 75 2/4 4,4
AM355 Bar scT850 T 75 1/h4 7
AM355 Bar SCT850 3 75 2/4 3.7
AM355 Rar SCT1000 T 75 1/5 138

These materials also falled in the seacoast atmospheric exposure;
however, some that failed in the seaccast atmosphere did not fail
in the laboratory test. One such ltem was 17-7PH RHLO50 alloy,

(45)

transverse specimens from 2.5-1in. diameter bar stock of this alloy

which was surprising because Humphries reported fallures of
and temper in the same type of test. Therefore, 1t was decided to
test additional speclmens. Because rapid crack growth occurred in
the precracked specimens immersed in 20% NaCl solution this corrodent
was used for the repeat tests. Transverse tensilis bars of both
alloys 17-7PH RH1050 and lS'SPH RHO00 were stressed to 75% Y.S. and
exposed to 20% NaCl solution by total immersion for one year without
fallure. Thus, ths difference with Humphriea' results was not
resolved; it may have been an inherent difference in the materilals,
or it could merely reflect differences in test conditions.

| Several of the fallures were examined fractographically to
determine the nature of_failuré.- As in the case of the atmospheric
'specimens, thé_failures resulted from SCC which was predominantly
intergranular., Fligure 75 18 a composite of 3EM fractographs of
the fracture surface of a specimen of AM555 alloy in the $CT850

temper which failed after 3 days in the alternate immersion test.
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The view at left shows the entire fracture surface of the 0,125"
diameter tensile ber at s low megnification of about 20X. The
Jagged region is the reglon of intergranular SCC which initisted
the fracture. Thus, failures in both the atmosphere and the
accelerated test were similar and resulted from intergranular S3CC.
Tensile losses due tc corrosion were obtained on all
specimens that completed test without fallure. The losses were
very small ({2%) in all cases except the short-transverse (S)
specimens of allcys 431 and AM355. These specimens had losses of
1) to 15% and visuel examinatici. indicated that the losses were
caused by local pitting.
B. Tests wWith Bolt Ioaded Precracked Specimens

1. loratory Testz

Exploratory stress corrosion tests were performed with
fatigue precracked specimens of alloy 15-5PH in the HO00 and
H1150M tempers tc determine which of several sodium chloride
solutions discussed in the 1iteratune(30’3l’32) would give the
more rapid test.

A. 3.5% NaCl made with Reagent Grade NaCl and
distilled water

B. 20% NaCl with Reagent Grade NeCl and distilled:
water

C. Synthetic sea water (ASTM D11l41-52, without
heavy metals) :

Specimens loaded tc 95, 75 and 50% Ky, for the H900 temper and to
95 and T5% K, for the HI150M temper were immersed in each of the

solutions. Once & week the crack lengths were measured and fresh

solutions were placed in the glass dishes,
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Crack growth initilated only In HO900 temper specimens
exposed to the 20% NaCl solution, after definite incubation times
that increased with decreasing K1y, as shown in Figure 76. Because
at the end of 56 days no crack growth had started in H900 temper
specimens in the other two solutions, or in any of the HL150M
temper specimens, the 1load on five selected specimens was 1ncreased
to "pop-in": one of the two H1150M temper initially loaded to
95% K1, in each of the three solutions and one of the two HS0C
temper initially loaded to 50% K1, in the two 3.5% NaCl solutions
(A & C). However, even at these high stress intensities no crack
growth was observed after an additional 154 dsy exposure, when the
test was cdizcontinued.

Exposure of all but one of the specimens was terminated at
the end of 211 days when it appeared that crack growth in the H900
temper specimens had ceased. Contlinued exposure of one of the two
50% K1 specimens for an additional 154 days confirmed that an
arrest had been reached (growth rate less than 10'6 in./hr.).

Residual stress intensities determined for the speclmens
exposed to the 20% NaCl solution are glven in Table XXVII. The
KIn values for the two 50% K1, specimens checked closely, 1ndicating
& KIgo, OF about 27 ksi +in. The specimen loaded to 95% Kr, and
one of the two loaded to 75% Ky, developed crack growth extending
to the point where valid K values could not be determined.
Metallographic examinatiqp of the speclmen 1paded to 75% KIc that
did not develop any ¢rack growth showed that the fatigue crack

had been broadened by corrosion but there was no indication of

crack initiation.
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Because valld Ky, values had not been obtalned with
specimens in the H1150M temper, & Ky, value of 100,000 psi ~n.
was assumed. and the H1150M speclmens were supposedly loaded to
95 and 75% of that value. Although these specimens did not
experience any crack growth the Ky, values were 20 to 30 ksi -/In/
below the intended Ky; values. The intended inltial stress
intensities may not have been developed as it appears that the
specimens deformed plastlcally during ioading.

From the results of these exploratory tests and the
experlence of Freedman(Be) it was declded to use the 20% NaCl
solution for the accelerated test in the general test program.

2. Atmospheric Exposures
Replicate specimens loaded to several nominal stress

intensity levels were exposed to the atmosphere at the seacoast
and at an inland industriai locatlon to determine threshold stress
intensitlies for the varlous stainless steels. Although most
emphasis was placed upon long-transverse (T-1) specimens, longitudinal
(I~T) and short-transverse (S-1.) specimens also were exposed for
alloys PH13-8Mo, 431 and AM355, the same ones as for smooth specimens
to investigate possible effects of specimen orlientation. A complete
listing of all the specimens and their disposition 1s given in
Tables D~7 and D-8 in the Appendix. |
8. _Seacoast Atmosphere (28 mo, )

No crack growth was visible in the 15-5PH H1150M specimens

loaded to 95%‘KQ, the highest level of K14, after 28 months at

the seacoast, However, cracking sterted within a few months in

specimens of all of the other alloys and tempers at K1g values of
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95, 75 and in some cases 50% of KIc‘ Cracking propagated 0.2

to 0.8 in. within three months, and, as summarized in Table XXVIII
for long-transverse (T-~L) specimens loaded to 95% Ko, the average
cracking velocity was about 2 to 9 X 10™% in./hr. The velocitles
were not appreclably lower for Kli values of 75 and 50% Kl -
Petalls regarding crack lengths, final K1 values, et¢. are glven
in Table D7 of the Appendlx.

It 1s evident from Table D7 that except for 15-5PH H1150M,
43). FP125, and AM355 SCT1000 (plate and bar), the KIgoe MUSt be
less than 50% Ky,. Additionel specimens of 17-7PY RH1050 were
loaded at 35 and 25% Kj, to obtain a closer estimate of KIzee®
Crack growth occurred in both speclmens within 7.6 months, so that
the LS for thls material eppears to be less than 25% KIC
({12 ksi~vﬂfﬂ)lin the seacoast atmosphere.

With regard to the =ffect of speclmen orientatlon the
resistance to 3CC was equally low in all three directions for
alloys %31 HT200 and AM355 SCT850. For the third alloy, PH13-8Mo
HO50, the resistance to SCC was equally low in the longitudinal
(I~T) and long-transverse (T-I1) dlrections, but crack growth did
not occur with the short-transverse (3-1.) speclmens.

In most instances SCC advanced 1in the plane of the precrack
and folloﬁed an intérgranuler pati as shown in Figures 77-79 for
each of the three tyﬁes of stainless steel. In some instances,
such as specimens of AM355 SCT850, PH13-8Mo H950, and 431 HT200
alloy, cr&ck'branching ocgurred, as shown in Pligure 80, Measurement
of crack growth was impracticable in.theée instances.

Both of the AM355 SCT850 (bar) specimens exposed with no
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appllied load showed crack growth during exposure to the seacoast
atmosphere. This also occurred with & specimen exposed to 20%
NaCl solution as illustrated in Figure 81. The crack growth
followed an abnormal course along both faces but not in the center;
also small cracks were observed at the back end running perpendicular
to the plane of the fracture. Aithough every effort had Leen made
to keep residual stresses to a minimum, the thermsl treatment

for AM355 alloy involved a water guench, which would be an
unavoldable source of residusl stress. Speclimens of the other
alloys were elther air cooled or oll guenched (431 alloy) and would
be less likely to develop appreclable residual stress. Thus,
specimens of AM355 alloy, and to & lesser extent 431 alloy, may
have been subjected to some additional load in the form of residual
stresses from the quench. An example of the complicating influence
of residual quenching stress on tests with precracked specimens

was illustrated by Hyatt(AG)

for a heat treated aluminum allgy.
Fractographic examinations were made on specimens of several
of the alloys and will be discussed in more detail in a later
section covering tests in 20% NaCl solution,
b._Industrisl Atmosphere (29 Mo.)

SCC did not occur with as many alloys in the industrial

atmosphere a&s in the seacoast atmosphere. The following items
showed no crack growth, as indicated in Table D~8:

15-5PH H950 and H1150M

PH13~8Mo H950 and H1050

431 HT125 .
AM355 (Plate) SCTB50 and SCT1000
AM355 (Bar) SCT1000

SCC started quickly in specimens of 17-7PH RH1050 and
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PH15=-7Mo RHU50 and RH1050. Average crack velocitles for specimens
loaded to 95% Ky, were relatively high, as shown in Table XXVIII,
with the 17-7PH RH105C and PH15-7Mo RH950 having an average veloclty
of about 1 X 10°° in./br. While the average velocity for the
PH15-7Mo RHO50 appears greater in the industrial atmosphere than

2 in./hr, va. 5 X lO-4 in./hr.,
it 1s probable that higher velocities would have been noted in the

in the seacoast atmosphere, 1 X 10~

seacoast atmosphere if the crack growth measursements could have
been made frequently enough to have observed the early stages of
growth, In all probability the crack growth velocitles for these
alloys are similar in both atmospheres, with the main difference

in SCC performance belng the stress intensity level at which
cracking I1s initiasted. For instance, cracking was not observed for
alloy 17-7PH RH1050 at 50% KT, during 29 mo. 1n the industrial
atmosphere, but did occur within 7.6 mo. in the seacocast atmosphere
at K1y as low as 25% KIc'

3. Continuous Tmmersion in 20% NaCl Solution

As in the case of atmospheric tests replicate specimens were

loaded to several nominal stress intensity levels .as ldentified in
Table D~9 along with details regarding thelir exposure. .
Cracking started quickly and gﬁew rapidly in specimens of
those alloys shown by the outdoor exposures to have the lowest
resistance to SCC. Graphs of environméntal crack growth for all of
the alloys are presented in Figures 82-88. with the more resistant
alloys there was a marked inconsistency in the crack growth behavior,

as can be seen in Figures'83, 84, 86 and 88. For example, there

vere instances'of very rapld erack growth in one of & pair of
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specimens and no crack growth in the duplicate, or crack growth

at 50 and 75% K1, but no cracking at 95% Ky,. The most erratic
bshavior was for specimens loaded to an intended Ky, value of

95% K1, Presumably certain of the specimens that were being
loaded so close to Ky, were inadvertently overloaded and the
precrack blunted by plastic deformation. Six of the speclmens

that showed no environmental crack growth at the end of the 200-day
exposure were recracked by fatigue or tension and re-exposed (refer
to the last section of Table D~Q for details)., Rapid crack growth
occurred in each specimen, as shown for certaln ones in Figures 84,
86 and 88, It i3 concluded from this expérience that when teating
steel alloys of this type complete reliance should not be piaced

in single test specimens, and that considerable care must be
exercised in applying high stress intensitles.

Additional graphs with crack growth rate plotted as a
funetion of stress infensity are presented in Figures 89-93. As
discussed in detali for the aluminum alloys (Section VI~B2), the
latter graphs were derlved from the first set by determining the
siope of constant regions of the crack growth curves and calculating
the stress intensity factor for the crack length at each end of the
region of constent slope. A composite graph of the K-Rate data
for the various stainless steel alloys and tempers is shown in

rigure 93. A sumeary of estimated threshold stress intensitles

and the highest sustained initial crack velocities dsrived from

these graphs 1s given in Table XXVIII with the data discussed

| previously for specimens exposed to the seacoast and industrial

atmospheres.
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Again, as noted in the seacoast atmospheric tests, the
effect of specimen orientatlion on the SCC behavior was negligible,
as shown in Pigures 83, 85 and 87. This is in agreement with other
rather limited data in the literature (p. 122, Ref. 42).

4, Tvaluation and Interpretation

Speclmens of the three types of stainless steel alloys were
photographed to show typical forms of environmental crack growth
that were observed in the seacoast atmosphere end 20% NaCl solution.
Because fewer fallures occurred in the industrial atmosphere, a
direct comparison in all three environments was not feaslble. The
comparison of fractured surfaces In the two environments is shown
in the left portion of PFigures 94-96. In general, the fatigue crack
fronts were reasonebly stralght or slightly convex, as shown in
Plgure 94, The environmental crack growth tended to extend in a
contour parallel to the front of the precrack; however, there were
some exceptions with the alloys which showed crack branching, such
as PH13-8Mo, 431 and aM355 (Fig. 78, 79, 80, 95).

There was rust present on the surface of the envirommental
crack growth region in the seacoasst atmosphere and the 20% NaCl
solution, but not thick deposits of oxide 1like those observed
in the aluminum alloy specimens. Thus, there was the possibllity
of corrosion~product wedging and this phenomenon probably
accounta for the acceleration of cracking after extended periods
(over 4,500 hr.) of exposure in the 20% NaCl solution in several
instances. However, there was no indication of corrosion—prsquct
wedging with exposures as long as 2,000 hr. which appear to be
necessary to initlate SCC in specimens at lower Ky4 values,
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A comparison of the performance of the various alloys and
tempers 1n the three environments is shown by the data summsrized
in Table XXVIII. Comparison of the average initial velocitles
shows that the velocity differs with the environment a8 was also
observed for the aluminum alloys. The SCC veloclties were
significantly higher in the 20% NaCl soluticn then in the atmospheric
enviranments, Comparison of threshold values showed that the
accelerated test in 20% NaCl solution ranked the alloys and tempers
in sbout the same order as the seacoast atmosphere. The seacoast
atmosphere indicated a lower threshold for PH13-8Mo HO5C and H1050
than the 20% NaCl solution and would be considered the most critical
test environment for these particular stainless ateel alloys; the
inland Industrial atmosphere was the least criticsl.

Specimen orientation did not influence the SCC performance
of any of the three stalniess steel slloys in elther the accelerated
or atmospheric test environments,

C. _ Fractographic Examination
A composite of photographs and SEM fractographs was prepared

for each of the three types of sislnless steels and are shown in
Figures 94-96, All of the SCC fractures, regardless of the alloy
type or test enviromment, were intergranular and typical of aﬁrass-
corrosion cracking in these alloys. The tension fracture surfaces
exhibited the dimple rupture typlcal of most ductile tensile
fractures; one exception was the fracture in 17-7TPH RH1050 alloy

(Flgure 94).
Alloy 15-5PH H11h0M showed no visible evidence of crack

growth on the fracture surface of the compacts =xposed to the 20%
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NaCl solution, but residusl stress intensities determined for
these specimens were lower than the applied Kii. The transition
region between the fatigue precrack and the tension fracture was
studied with the SEM for evidence of crack growth, but none was
observed (Figure 97). As was concluded for the aluminum alloys
5456-:1117 and 6061~T651, the apparent reduction in K probably was
the result of plastic deformation during loading or creep and
possibly the combination.

D. Comperison of Alloys

The six stalnless steel alloys included in this investigation
can be clagsified into three types: Martensitic precipitation
hardening alloys 15-5PH and PH13-8Mo; Semi-austenitic precipitation
hardening alloys 17-7PH, PH15-7TMo and AM?55; and Martensitic alloy
431, 7Two tempers were evaluated in most instances, with one temper
representing the highest tensile strength and the other representing
a combination of higher fracture toughness and stress corrosion
resistance with some reduction in tensile strength.

1. Martensitic Precipitation Hardening Alloys

In 1967 Denhard(qu) on the basié of smooth specimen tests,
cited alloy PH13-&Mo as being the most resistant of the martensitic
preciplitation hardening alloys and capable of sustaining relatively
high stresses without cracking. In the present investigatlion smooth
specimens of alloys 15-5PH in the H900 and H1150M tempers, as
well as PH13~-8Mo in the H950 and H1050 tempers, showed no evidence
of stress-corrosion cracking in any of the three test environments.
The results of tests with precracked specimens, howsver, indicated

that only 15-5PH H1150M showed no evidence of crack growth in any
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of the test enviromments, and appeared to be virtually ilmmune to
stress~-corrosion cracking. This material also had the lowest
strength of.any of the alloys and tempers evaluated. Definite
susceptibillty to SCC was ohserved with precracked specimens of the
H900 temper of 15-5PH alloy and of the HI950 and H105C tempers of
PH13-8Mo alloy. Carter, et, al.(uT) also reported susceptibility
for 15-5PH H900 alloy using fatigue precracked single edge notched
specimens loaded in cantilever bending and exposed to 3.5% NaCl
gsolution, but found no evidence of crack growth for PH1>-8Mo in

the H950 temper.

An interesting phenomenon for precracked specimens of
PH1%Z-8Mo alloy in the cantilever-beam test was observed by Sandoz(ua)
and for Custom 450 alloys* by Henthorne(ug). Crack initiation
occurred away from the notch and the precrack at the Jjunction of
the solution contalner and the specimen. This was attributed to
lowering of pE in the crevice between the corrosion cell and the
specimen by crevice corrosion which then leads to hydrogen cracking.

2. Semi-Austenitic Precipitation Hardening Stainiess Steels

Except for the SCT1000 temper of AM355 alloy this group of

steels had a relatively low resistance to SCC when testad as both
smooth and precracked specimens. Thé least resistant of all the
stainless steels based on the precracked specimens was aliqy
17-7PH in the RH1050 temper. It exhibited an extremely high initlal
velocity of 4 X 10”1 in./hr, in the 20% NeCl solution, wheress

the other alloys had initial velocities ranging from 2 X 1073 in, /hr.

*Pypical Composition of Custom 450(49):
.03C, .3Mn, .3Si, ,015P, ,0053, 15Cr, 6.58i, .8Mo, 1.5Cu, .7Cb
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to 5 X lO'2 in./nr. However, when evaluated wilth smooth specimens
1t appeared more reslistant to SCC than the other two seml-sustenitic
precipitation hardening alloys, PH15-7Mo in the RH950 and RH1050
tempers and AM355 1n the 3CT850 temper. These resulits are
consistent with tests of smooth specimens of sheet {0.025-0.050 in.)
that showed SCC of PH15-TMo RHLO7S5 and AM3S5 SCT1000 alloys(~0),

The resistance to SCC of AM355 alloy was improved by aging
to the lower strength, high toughness SCT1000 temper, but 1t did
not glve the alloy lmmunity to SCC. A smooth specimen fallure was
observed in the 3.5% NaCl alternate immersion test and crack growth
was observed with precracked speclimens, Although tests of precracked
specimens by Carter, et. al.(47} falled to develop SCC 1in AM355
SCT1000 rolled bar (2-1/2" x 2=1/2"), tests of precracked specimens
in the present investigation, which included rolled bar (2" x 6")
and the same item of 1.25 in. plate tested by Freedman(jz), produced
SCC in both the 20% NaCl solution and the seacoast atmosphere.
These results thus corroborate the results obtalned by Freedmen
and differ with those obtalined by Carter, et. al.

5. Martensitic Stainless Steels

Alloy 431 represented this classification of stainless
steels., Its resiétance to SCC was less than that of the martensitic
precipitation hardenlng stainless steels and similar to the semi-
austenitic precipitation hardening stalnless steela., The reslstance
to SCC of the HT125 temper which 1s aged past peak tensile properties
was very similar to that of AM355 SCT1000, although much lower
in strength.



4.  Summsyry

To compare the SCC characteristics of various high strength
steels Sandoz in Chapter > of Ref. 42 plotted the FIgee 80d yield
strengths in a graph which also contains reference lines for
cevtain assumed critical crack depths., If one assumes a long, thin
flaw at “he surface and the existence of a yleld-point stress, then
SCC would be expected to propagate 1f the flaw depth exceeded ac;,
given by &,, = 0.2 (KI*‘QG) The value of a,, may thus be
regarded as a figure of merit which lncorporates both the SCC
resistance, KTg0e? and the contribution which yleld strength stress
levels can make to the SCC hazard by virtue of high residual or
fit-up stresses. All of the data for a given alloy representing
various products, tempsrs, fahricating practices, stresaing direction,
etc. were circumscribed by Sandoz with an "emvelope". The data
for precipitation hardening stainless steels summarized in Ref. 42
were reproduced in Flgure 98, Just the envelopes were transferred
for alloys PH13-8Mo and 17-4PH, plus individual data points for
other materials with only a few tests. Sﬁperimposed on this back-
ground are the results of the present investigation and other
pertinent data from Freedman(BQ) and anthorne(ug).

For the alloys with relatively low resistance to SCC, such
as 17-7PH, PH15~7Mo and AM355-SCT850, the data from this investigation
agreed well with that from other investigetions. waever, for

alloys anc tempers with 1mproved resistance, data firom this

- 11nvestigation tended to be more conservative; i.e., indicated lower
values for'Kibcc, 'Particularly striking examples were alloys

PHl}—BMo and 15-5PH, One reason nmight be related to differences
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in concentration of sodium chloride solution used, as 1t was fouhd
in the exploratory tests with 15-5PH alloy that crack growth did
not occur in 3.5% NaCl or synthetic ocean water; most data in
the literature were obtained with 3.5% NaCl or sea water. Another
difference in testing procedure that may be especially slgnificant
for these stainless steel alloys 1s the compact tension specimen
versus the cantilever beam used by most other investigators. The
crevice present in the compact tension specimen with the chevron
notch 1s much deeper than that of the cantilever beam with the
atraight notch, and as mentioned earlier, these steels are especially
vulnerable to SCC 1n crevice situationas. There are pos=ibly other
reasons that might be related to the test materlals.
- The significance of the accelerated test data obtained in
the present investigation is affirmed by the excellent agresement
with the results of the outdoor atmospheric exposures.
VIiT.  PRSULTS OF STRESS CURROSION TESTS OF TITANTIUM 6Al-4V ALIOY
-+ 3, 4th Smooth Specimens

~3~transverse 0.125-in. dismeter tension specimens stressed

":;wi_gﬁ% of the actual yield strengths were exposed concurrently
with'the stalnless steel specimens to the same test snvironments as
the aluminum alloys. There have been no SCC feilures of the titanium
specimens.to date in any environment} i.e.,_28 mo. in the seacoast
and industrial atmospheres and 12 mo. in the 3.5% NaCl alternate
immevsion test. The atmospheric tests will be continued for an -
exposure of at least four years, but the alternate ilmmersion test
was discopntinued after 12 mo. and the speciméns were tensile tested.
ihe losses in tensile strength due to corrosion were-negligibls

 (Table XXIX).
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B. _Performance of Precracked Compact Tenslon Specimens
Fatigue precracked specimens loaded to 95, 75 and 50% KIG

were exposed to the seacoast and industrial atmosphere and immersed
in 3.5% NaCl solution. Detalled data for the individual test
apeclmens are glver in Table D-10 in the Appendix.

1. Atmoginzeic EXposures

a, Seacoast Atmosphere

No crack growth has been observed to date (812 days) in

specimens from the beta forged material, but crack growth occurred
at all levels of applied stress intensity in specimens from the
alpha~beta forging. In the alpha-beta specimen loaded to 95% Ki,
crack growth started Immedlately, before it could be exposed to

the seacoast stmosphere. At the first inspection after 141 days of
exposure, the crack had grown 0.7 in. and the speclimen was removed
for determination of the residual stress intensity and fractographic
examinétion. After sbout one year crack growth also started in
specimens loaded to 75 and 50% Ky,. At 75% Ky, one crack grew 0.11
in. in 73 deys and the other grew 0.24 in, in 57 days, with average
crack growth retes of 6 X 1072 in./hr. end 2 X 10-4 in./hr. In

the single spécimen loaded to 50% KIc there was 0.03 in. crack
growth in 73 days, with an average rate of 2 X 10~ in./hr. EXposure
of the 75% Ky, specimen with 0.24 in. crack growth was terminsted

at 483 days for a chéck of the residual stress intensity and a
metallographic_examination of the environmental crack. Exposure of
the other 75% K, specimen was continued, but no further crack yzowth
was_ndted after an additional 1l months.

Residusl stress intensity measurements for the two alpha-beta
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specimens that were removed, showed good agreement, with KIr
values of 65 and 66% KI,. There may be some question as to the
accuracy of the Ky, velue for the specimen loaded to 95% Ky, due
to the large amount of crack growth (0.7 in.). However, the KI,
value for the specimen loaded to 75% K1, can be consldered a
candidate for Klgoe iT it 1s assumed that crack growth had ceased.
This 1s questionable since crack growth did not start in the
specimen loaded to 50% KIc until after 15 months exposure. Thus,
8 KIg,, value less than 50% Xy, (24 ksi-/In.) is Indicated for

the alpha-beta processed forging.

Microscopic examination of a crogzs-section at the tip of
the crack in the alpha-beta specimen loaded to a Kyy of 75% KIc
confirmed the presence of typical SCC, with the c¢rack alternately
progressing transgranularly across alpha grains and along alpha
and beta interfaces (Figure 99). A similar specimen from the beta
forging was removed for examination after 483 days even though no
crack grovth had been: observed. Mlcroscopic examination of a
section at mid-~thickness of the specimen confirmed that no environ-
mental crack growth had occurred (Figure 100).

Exposure of the béta processed specimena is being continued
to determine whether SCC will be initiated at a later date. Exposure
of the remalning alpha-beta processed specimens is aléo'continuing
to see whether.crack grcwth-ﬁill bé renewved, after an apparent
arrest, due to corrosion wedging. It is considered significant,
however, that theféﬁbas been no indicatlion of such wedging in elther
thése tésts or accelerated tests of 5000 hoﬁfs duration in 3.5%

NaCl solution.
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b. _Industrial Atmosphere

No crack growth has been observed to date (861 days) in

any specimen from the beta forging or 1n alpha-beta specimens
loaded to 75 or S0% K- Crack growth started immediately 1in the

alpha-beta specimen loaeded to 95% Ky, but stopped growing after
three days, and did not appear to have extended after 483 more
days, so the exposure was terminated and the residual stress
intensity was determined. During the flrst three days the crack
growth was 0.34 in. with an average growth rate 6f 5 X 10™> in./hr.

If 1t 1s assumed that the crack had come to a true arrest, then
the K1, value of 31 ksi VIn, (85% Kr,j could be considered as an
estimate of Kr ., for this environment. However. longer exposure
is needed to confirm this in view of: (1) the indication of slight
crack growth at the surface of one of the specimens loaded to
75% K1, and, (2) the initlation of 3CC at 75 and 50% K3, &after an
induction period of about. one year in the seacoast atmosphere,
Exposure of the T5% K1, specimen with slight crack growth at the
surface was discontinued at 486 days and the specimen was sectioned
-for metallographic examination. Although the appllied stress intensity
appeared to have decreased a small amount (to 70% KIc), there was
no crack growth detected at the interior of the specimen. _
Similarly one of the duplicate bets forged specimens loaded

to 75% Ky, vas removed after 486 days for euemination. The results
were the same as for the apécimen ffom the alpha-beta forging.

| Exposure of the remaining specizens 13 being continued to
determine whether SCC.will be initlated at a.later dete,
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2, Tmmersion in 3.5% NaCl Solution

Crack growth occurred in specimens from both beta processaed

and alpha-beta processed forgings at applied stress intensities of
95 and 75 per cent of Kic, but no growth occurred in specimens of
either materlal loaded to 50% K1., as shown in Figure 101. The —
stress-corrosion cracking was very rapid, with all growth ceasling
by the end of 2 to 2-1/2 hours and not resuming, at least for 5000
hours when the exposure was concluded (Flgure 102)., During the
2 to 2-1/2 hours of crack growth the average rate of propagation
was 0,04 to 0.15 in./hr. for the beta forging and 0.1% to 0.24% in./hr.
for the alpha-beta forging. These results are consistent with
published data(51) which show that aqueous stress corrosion crack
propagation In titanium alloys is extremely rapid.

A comparison of crack growth rates in specimens of the alpha-

beta forging exposed to the various environments is shown below:

Intended Ave. Tnitial Crack Growth Rate, in,/hr.
K14, Seacoast mdustrial 2.5% NaCl
95% K1, 5 X 1070 55107 2 x1071
75 - 6X 107 None 1 x 107t
2 X 10
50 2x100° None None

*3CC growth gtafﬁed and stopped before specimen could be
placed in the test environment. - '

These rates are estimated values averaged over the hours or days
during which growth was occurring, and the initial crack .growth
no doubt proceeded at higher rates than indicated above. The

most'meaningfui rates probably dre those observed for Kyy of T75% KIG..



;g;; Comparison of the residual stress intensity values for

- the acceslerated test specimens (Table D~10) with the intended K1y
values of 95 and 75% Ky, shows marked discrepancies, particularly
obvious with the alpha-beta specimen supposedly loaded to 75% K.

In this instance KT, exactly equalled Kli and yet there was 0.3 in.
crack growth that should have reduced K14 by & signifilcant amount
(approx. i5% or 5.5 ksl +/In.). The Kir values should be the most
reliable because they are calculated from actusl measurements of
both load and crack length. Thus, it appears that all of the
specimens intended for 95 or 75% Kj, may have been inadvertently

‘-fﬁﬁ overloaded. This could account for the immediate initlation of
crack growth in the room atmosphere when the intended initial stress
intensity of 95% K1, was applied to the alpha-beta specimens.
5 Inasmuch as there was no crack growth during the last 208 days of
g:¢5¥ exposure /less than 10"6 in./hr.) cracking may be consldered to have
e arrested and the K1, values regarded as candidates for KIggee The
more conservative values from the 75% K1, specimens indicate Kr_ .
values in 3.5¢ NaCl of T7% K1, (34 ksi 07) and 74% K3, (27 ksl . fAn,)
for the beta processed and alpha-beta processed forgings, respectively.
The value for the alpha-beta forging is higher than the value |
indicated above for the seacoast dtmoaphere.
| The data from this investigation are compered in Figure 103
‘with a compilation by Blackburn, Smyrl and Feeney (Chapter 5,
Ref. 42) of KIgs KIgne &0 yield strength dete for the alloy Ti-6A1-4v,
The data are for a variety of plates, extrusions and forgings, 0.5
to 1.5 in. thick, and the wide variation in properties obtained for
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the different products and tempers 1is clearly 1llustrated. The
KIc andlKIscc values for the forgings from this investigation,
which are superimposed on the published data, were somewhat lower
than most of the values shown for materlals of similar yield
strength,

_ Blackburn, et. al., noted that the K1, and KIscc values of
Ti-6A1-4V alloy products can be influenced by & number of
metallurglcal varlables such as composition, material thickness
and preferred orlentation or texture. They also observed that
Kigce values can vary as a result of test procedure. S3everal of
these factors could be Influencing the comparison of the data from
this investigation and the published data. Factors considered most
likely respcnsible for the low values for these forgings are probably
related to their greater thickness (2.25 in.) and to their oxygen
content (0.19%). Blackburn, et. al., (p. 319, Ref. 42) have shown
that as the oxygen content of T1-6A1-4V alloy was incrzased from
0.10 to 0.19 per cent, that Ky, and KIscc values decreased |
approximately 50 ksi~/In. with corresponding increases in yield
strength of only 12 to 15 ksi, This effect of oxygen level was

seen with material from two different heat treatments which provided

- gifferent levels of strength.

Results of the present investigation confirm the published
information in showing that bete processed material can be expected
‘to'have a higher resistance to SCC than alpha-beta prbcessed
material. The differeﬁce‘was moat definite in the seacoast atmos-

pheric exposure.
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v C._ Fractographic Examination

| The appearance of the fracture faces of specimens from

both forgings after the aqueous chloride SCC tests 1s 1llustrated

in Figure 101, Visually, the texture of the environmental growth
portion of the fracture appears somewhat different for the two
forgings. TEM fractographic examination, however, showed that

the mode of fracture in the environmental growth region of both

the beta and alpha-beta forgings was mixed intergranular, cleavage
and ductile mode. Figure 104 1llustrates typlcal fracture
characteristics for the titanium alloy precracked specimens. Similar
fracture features have been observed on sheet and plate of Ti-6Al1-4#V
and other alpha-beta type alloys (p. 336, Ref. 42).

IX, GENERAL DISCUSSION

A, Comparison of Alloy Ranking by Precracked and Smooth Specimen
Tests

The most useful forms of SCC data for ranking alloys and

A

tempers are estimates of threshold stress from smooth specimens

and threshold stress intensity and SCC propagation rate (velocity)

" T SRR
SR e

from tests of precracked specimens in specific environments. These
forms of data have the advantage that they are useful not only for
S - comparing materiéls of construction, but for some situations can
?;14%2 be used in design. However, for the data t6 be meaningful it is
essential that the specific test conditicns be assoclated with the
data and that proper consideration be given to any differences in

test conditions vhen materials are compared. Because of the basic
difference in procsdure used for tests of precracked and smooth
specimens, one of the main objectives of this investigation was to

. compsre the rankings of a wide variety of alloys and tempers by the
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two procedures. A summary of data for the purpose of comparison
is given in Table XXX and shown graphlcally Iin Figures 105-107.

1. Aluminum Alloys

The data for fatigue precracked compact tension spscimens
agd smooth 0.125-1n. tensile specimens exposed 1.0 the seacoast
aﬁmosphere are summarized in Figure 105, It i1s apparent that both
the precracked specimen and the smooth specimen tests separated the
group of six high resistance alloys at the left side of the graph
from the low resistance alloys at the right, This 1s shown by the
relatively high estimated threshold stresses and satress intensities
and the absernice of crack growth or the occurrence of low crack
growth rates for the high resistance alloys (in most cases resulting
from tensile overload) contrasted to opposite trends for the other
alloys. In the group of high resistance alloys there were two
discrepancies between the two test methods: for 7075-T7351 the
precracked specimen developed a& slight amount of intergranular SCC
and the smooth specimen did net, but for 2024~-T7851 the performances
were reversed. Ranking of the alloys in the low resistance group
was not possible because speclmens were not exposed at low enough
stresses and stress intensitles to obtaln close estimates of the
thresholds. Trends in the industrial atmosphere were similar
fTable XXX). |

The main body of accelerated test data for precracked
specimens was obtalned on qomp&ct tension specimens immersed in a
salt<dichromate-acetate solution selected on the basis of exploratory
tests described previously in Section VI~Bi. VAlthough the primary

accelerated test for the smooth specimens was the 3.5% NaCl alternate

~ immersion test, a set of the smooth tension specimens also was
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exposed 90 days by continuous immersion in the salt-dichromate-
acetate solution to provide a direct comparison with the precracked
specimens. The smooth specimen test results agreed with the
precracked speclmen tests in 1dentifying the four lowest resistance
moterials, but did not reveal susceptibility to SCC in several
other materials shown to be susceptible in the precracked specimen
tests (Figure 106). Also, this test of the smooth specimens was not
as critical as the alternate immersion test in 3.5% NaCl solution
(Tables XVI and XVII). Longer exposure of the smooth specimens or
other variation of the procedure with the salt-dichromate-acetate
solution, as discussed previously in Section VI-A3, might bring

the two test procedures 1nto closer agreement.

A more significant comparison 6f accelerated test data is
shown in Figure 107 with tests of smooth specimens exposed to the
commonly used 3.5% NaCl alternate immersion test versus tension
precracked DCB speclwens wet three times daily with 3.5% NaCl

solution. The latter proceduvre was developed by Hwatt(26)

&8 a
practical substitute for the alternate immersion procedure. The
eatimated SCC thresholds were pletted both in actual strass or
stress intensity units and as percentage of yield strength or of
Krq. The comparison of the two test methods was the same es that
noted for the seacoast atmosphere. In the high resistance group
there were again two discrepancies between the two methods. The
7075-T7351 pmecracked specimens indicated a definite but low degﬁee
of susceptibillity to intergrenular SCC which the smooth specimens
stressed to 75#% Y.3. did not show. It is possible that more highly

stressed smooth specimens would have shown some susceptibility.
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However, the situation is anomslous because smooth specimens that
became pitted in the 3.5% NaCl alternate immersion test developed
transgranular environmental crack growth instead of the typical
Intergrenular en?ironmental crack growth (SCC) in aluminum alloys
(compare IMgures 20 and 68). Additional studies will be required
to determine whether this difference in crack mode 1s influenced
more by the state of stress or by environmental factors, In the
case of 2024-T851, smooth specimens showed a susceptibility to
intergranular SCC at a stress of 75% Y.3. but precracked specimens
stressed to pop~in did not. Environmental crack growth cccurred in
the DCB, but it was of the tensile overload type rather than SCC.
In the group of low resistance aluminum slloys the performences of
the various alloys were slmilar in both tests, and there was no
consistent trend for one test to be more critical than the other.
An lnvestigation of aluminum alloy hand forgings of a wide
variety of alloys by Chu and wacker(52) provided an opportunity to
rank the SCC performances by precracked (cantilever beam) and smooth
specimen (bent beam) tests. Ranking of the alloys and tempers with
KIgoc Values did not agree well with the threshold stresses estimated
from the smooth specimen tests; Tiie main discrepancy was the
unrealisticaelly high Kr,,. values reported for alloys 2014-T6 and
2024-1352, which are known(22’26) to have low resistence to SCC
when stressed in the short-transverse direction, as demonstrated
again in the present investigation. Inasmuch as the estimates of
KIgoc Were based on relatively short (100-300 hr.) periods of
immersion in sea water, 1t'is possible that a longer period of

exposure would have given more realistic threshold values.
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In two European pspers presented at the 33rd Meeting of
the "Structures and Materialc Panel" of AGARD at Rrussels, Belglum
in Qctober, 1971, the Investigators presented results oi' ccaparative
tests with Boelng DCB specimens and smooth test specimens. Bollani(SB)
reported tests on short-transverse tests of 2-in. thick plate of
7075-T651 and 7075-T7351. Iehmann(54) compared the SCC performances
of a die forging in alloys 7079-T6 and AZ74.61*. In both investi-
gations the two types of tests gave satisfactory distinctions
between the high and low resistance products, and the authors
concluded that for a compliete evaluation of the resistance to SCC
it is necessary to test precracked as well as smooth specimens.

A round robin stress corrosion testing program was carried
out at seven divisions of the North American Rockwell Corporation
to evaluate and compare various smooth speclumen and precracked
specimen technlques for assessing stress corrosion susceptibilitytsS).
Tests were conducted on a hand forging of.7049* alloy heat treated
and artificlally sged to four different levels of strength and
anticipated resistance to SCC. Results of the conventional tests
indicated that the susceptibllity to SCC decreased regularly with
increased aging time and'decreased strength. However, crack growth
measurements on fracture mechanics specimens (bolt-loaded DCB's)
differentiated the four tempers into two groups; there was no
significant difference in growth rate between the underaged an: T6
temper, or between the T73 and the overaged temper.

On the basis of many tests of & variety of aluminum alloys

*Typlcal compositlons:

AZ74% 6.,0Zn, 2.3Mg, 08Cu,02c:r, 0.4Ag
7019 7.7%n, 2.%4g, 1.6Cu, 0,16Cr
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(26) concluded

and tempers with bolt loaded DCB specimens Hyatt
that, "trends derived from DCB specimen data agree with established
trends derived from smooth specimen threshold date. However, in

many cases, the data from DCB specimens are more discriminating

than smooth specimen data, and growth rates at the higher stress
intensity levels can be used as a new basis for comparing and rating
new alloys and heat treatments". 1In a subsequent artiele(56) Speldel
and Hyatt regarded such precracked specimen data as a valuable
addition to the smooth speclmen threshold data in the same way that
fatigue crack growth data are a vaiuable addition to the standard

3-N fatigue curves for different alloys. Also, in theilr work with
the "overaging" of 7075 and 7178* alloy plate the SCC plateau
veloclty decreased regularly with increased aging time.

Thus, from & consideration of the resuiis of the present
investigation and the publlshed literature it 1s concluded thai the
use of precracked specimens 1s not essential for a reliable evaluation
of the resistance to SCC of aluminum alloys, but this technlque
does afford a practical method for determining SCC velocity. A more
complete evaluation of the resistance to SCC of a materisl can be
obtained by testing precracked'as well as smooth specimens,

2. Stainless Steel and Titaniw: Alloys

The data for the steel and titanlum alloys are summarized

with that for the aluminum alloys in Figures 105 and 106. In the

seacoast atmosphere there were eight instances (7 of the 13 steels

and 1 of the 2 titanium items) in which the precracked specimens
showed & merked susceptibility to SCC whereas the smooth specimens

*Typical composition:
6‘82n, 2.%, QDOCU’ O.20r
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have not falled during the 27 mo. exposurs to date. It 1s possible,
of course, that continued exposure of the smooth specimens will
reduce thils rather striking difference, For filve of the steel
alloys with lowest resistance to SCC both kinds of swecimens falled,
and for the most reslstant steel alloy, 15-5PH H1150M and the beta-
forged Ti-6A1-4V alloy neither type of specimen cracked. SCC in
the precracked specimens of all of the steel allioys except 15-5PH
Hil"M propagated at & high velocity similai to that of the low
res..cance aluminum alloys. For the accelerated tests in sodium
chloride solution the comparison was simllar to that in the seacoast
atmoaphere except that even fewer materials failed as smooth
specimens.

This behavior of the steel alloys and the titanium is
conslstent with the experience of most other 1nvestigators(4’42’48),
and, In fact, reflects the reason for the rapid acceptance of the
fracture mechanics approach to 3CC testlng. It, therefore, appears
to be essential that elloys of this type be evaluated with tests
of precracked specimens as well as with smooth specimens.

In contrast with these tests of relatively thlck sectlions,
however, it was found in accelerated tests of thin sheet (0.025-
0.050 in.) of several high strength stainless steels (including
AM?55 SCFL000, PH15-7Mo RH1075, and PH14-8Mo SRH950) that the
rreaence of & pre-exlsting fatigue crack had no »ffect on the
susceptibility to soc(©), Thus, 1t should be recognized that the
tests of thin sheet should not be used to predict the performance

of relatively thick components of & structure and vice versa.
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B. Design TImplications of Stress Corrosion Test Data

1. Theory
If the estimate of the environment to be encountered in

service 1s reasonably accurate, the stress corroslon test data
obtained with smooth specimens ylelds useful engineering data that
will alert the deslign and shop engineers to the maximum sustalned
tensile stress that can be tolerated by a materisl. Theoretically
at least, the stress corrosion data developed from precracked
specimens utllizing fracture mechanics principles could be more
useful hecause two pileces of information are obtained: (1) the
limiting stress intensity factor (Kig,,) and (2) the rate of environ-
mental crack growth (da/dt). These two types of information would
be used to analyze a typlcal situatlion in the manner shown by the
following example.

For material X, KIc and KIscc are known, and there 1s a K7
versus da/dt curve, as represented by the diagram in Figure 108(a).
The operating stress for a structural component 1is known, and the
maximum size of crack or flaw that mey exist in the structure without
detection can be established, which together can be used to calculate
an initial stress intensity, K145 for the structure. The chosen
initial flaw size will be the largest one that could exist in the
structure without having been detected by the NDT wethods which are
employed, which may be limited by accessibllity as well as precision.
With the K14, an inltial judgement of the situation is established,
and three possibilities exist:

a. If Kyq 1s less than KIscc’ such as A in Figure 108(a),
there will be no stress corrosion crack growth and the structure

is safe unless other factors (e.g., fatigue stressing) cause :he
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crack or flaw to grow to a size where K14 equals or exceeds KIgee®

b, If Kii is greater than KIgees Such as B, environmental
crack growth can be expected and the designer must consider how
soon cracking will initiate (Pigure 108(b), how fast the crack
will grow and the lilkely consequences. The rate of crack growth
can be determined from the Ky versus da/dt relationship, and the
length of time for the crack to grow to a size large enough that
K1 equels or exceeds KIc can be calculated (with some assumption
about crack incubation time), The designer then must consider the
possibility that complete fracture will occur, and determine whether
the time period over whlch It cdevelops 1s acceptable or whether
some change In materlal or design perameters 1s called for.

In calculating the time for the crack to grow, it 1is important
to note that the Ky level, and hence the rate, will likely change
as the crack grews. 1In a constant load situation where one deals
with a gross stress that 1is assumed to be independent of crack size,
K7 increases as the crack grows. In marny Ilnstances, such as tight
fitups, the gross stress really does not remaln constant, but wilil
decrease as the crack grows, Depending upon the rate of decuease,
this could have the effect of decreasing the Ky level and, therefore,
of decreasing the creck growth rate as seen from Figure 108(a).
Although the designer is rarely in & position to be sure that this
1s taking place, it does explain why some cracks arrest without
causing complete fracture. Thus, the determlination of total time
to reach a criticael situation is an integration and the type of
gross stress situation should be teken into account when considering

the consequences,
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c. I Kii exceeds KIC, the operating stress obviously is
too high and some redesign or change of materials 1s indicated.

When both fatigue and stress corrosion crack growth are
concurrent, both must be considered, The resultant rate of flaw
growth may be not merely the additive effects of pure fatigue and
pure 3CC but perhaps a synerglstic stress-corrosion-fatigue effect.
The actual rate will depend upon the relative crack growth rates
due to 3CC and fatigue (i.e., whether or not one is strongly
dominant ) and the degree of synergistic effect for the individual
alloy and temper. Evaluation of the latter effect is beyond the
scope of this investigation.

2, Practice

The procedures outlined above would seem quite practical,
but for two important points: (1) designers do not desire to use
alloys which stress corrosion crack %o any appreclable degree under
the sustalned tension stress anticipeted in the structure, so the
use of crack growth rates to calculate life rarely, 1f ever, comes
into pley, and (2) the stress-intensity type of analysis implies
that no stress corrosion crack growth will take place below Kygae»
but this is not supported by practical experience,

The first point concerns the reticence of designers to
use any material in which a stress corrosion crack propagates
at an appreclable rate. For exsmple, current tendencles are
to shun aluminum alloys such as 7079-T651 which stress-corrosion
c¢rack rapldly when structures are stressed in the short-
transverse direction relative to the grain structurs. One resson

1s that the stress situations that have caused 3CC 1in service, at
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least with aluminum alloys, usually are unknown to the designer
as they involve sustained tension stresses that are not anticipated
and can not be preclsely measured; these situations result from
fit-up during assembly of structural components or from residuel
stresses locked in during quenching following heat treatment,
forming, stralghtening, welding, ete, Aunother reason for this is
that SCC propagation rates have not been well defined -- except
for limited informetion indicating that the rates can be relatively
high, depending upon the spe~iflc condltions. It can be correctly
noted that this is in contrast to the situation in designing for
fatigue, where significant rates of growth must be dealt with.
However, in the case of fatigue, the time to fallure 1s related to
the magnitude of the operating stress and the period of operation,
which can be recorded; whereas with SCC the measurement of time to
failure must be started when the part 1s machined or assembled
into the structure, and depends more upon the age of the structure,
the magnitude of the sustalned tenslon stress, and the enviromment
than upon the period of operation. Moreover, in the case of fatigue,
there is 1little choice, as there are no "immune" or "highly resistant”
alloys, whereas wilth regard to SCC, the problem can usually be
avolded by a change in design and assembly practices or by a ~hange
in alloy or temper.

0z the second point, the concept of KIsee clearly implles
that so long as the combination of operating stress and flaw size
is such that the applied stress intensity i1s less than a certaln
level, no stress corrosion crack growth will take place. But

experience has shown that this is not realistic for some sluminum
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alloys. Consider the situation with 7079-1651 plate, for which
the K1, value is about 4 ksiy/In. in salt-dichromate-acetate
solution (Table XXIV). As Flgure 109 (developed in this example
for long thin surface cracks, though any other crack type and
shape could be used with the appropriate stress intensity relation-
ship) shows, even a value as low as 4 ksiy/in. impliee that in the
presence of a 0,0l in. derp crack & tension stress of 20 ksl may
ke safely sustained indefinitely. This is not true, as smooth
specimens containing no visible cracks will fall as a result of
SCC within a short time at that stress. The Ky ,, analysis falls
to take into account that cracks can inltlate as a result of
electrochemical reactions at metallurgical sites, such as grain
boundaries, that are not classifiable in the initial analysis as
flaws Iin the material., Another possible explanation is that for
low resistance alloys such as 7079-T651 there may not be a real
KIgec &nd the number assumed for it 1s too high.

These facts prompted the previous proposal(gg) thet a dusal
approach to design must be consldered in dealing with threshélds ~
both the limiting stress and stress intensity must be considered,
as shown in Figure 110. In such & chart, the "safe" region (that
in which stress corrosion free service would be expected) is that
indicated to be SCC free both by the threshold stress from smooth
specimen tests and the threshold stress intensity factor from
precracked specimen tests. There is & reglon above the stress-
limited region but to the left of the stress-intensity line in
which safety would be indicated by the stress-intensity approach,
but tests of smooth specimens and service experience indicate that



-98_

SCC will occur, Comparisons of such charts in Figure 111 for

the various aluminum alloys included in the present investigation
not only 1llustrate the superlority of the high resistance group
of alloys, but also show that the threshold stress intensity majy
not be as restrictive, or as realistic for aluminum alloys, as
the threshold stress. On the other hand, for several of the
stainless steel alloys tested, such as the 15-5PH H900, PH13-8Mo
H950 and H1050, 431 HT125, and the 6Al-4V titanium alloy forgings,
the threshold stress intensity appeared to be more restrictive than
the threshold stress,

C. Problems in Interpretation of Accelerated SCC Test Data

Accelerated SCC tests are necessary for alloy development
because It 18 not practical to perform such tests only in natural
environments, which may require long exposure periods. Unfortunately,
all accelerated corroslion tests are subject to limltations that are
related to the material and the environment., In the case of 3CC
tests there 1s the additlonal limiting factor in the mechanics of
the stress gituation. Test procedures must be sensitive enough to
detect a low degree of susceptibillty to SCC, yet not so drastic
that materials with low and high susceptiblilitr cannot be differentiated.
The definition of & significant "low degree of susceptibility" must
be based on the requirements of the intended structures. Thus it
is inevitable that there will be problems with interpretation of
accelerated test datsa,

Problems have arisen in defining "intermediate” resistance
t0 SCC because varisbles 1n the SCC teat procedure can have a
marked effect on the test deta. The cholce of test condltions can

prof'oundly influence the relative rankings of alloys and tempers



and the selectlon of materials of construction(57). The ideal

test will provide unambiguous test data free from extraneous

corrosion and mechanical effects that are nelther & part of the

3CC process nor lnvolved in practical situations, Following is

& discussion of some of the problems In interpretation that were
observed in smooth and precrecked specimen tests in this investigation,

1. OSmooth Specimen Tests

Times to feilure (i.e., specimsn: lives) are, per se, of
limited use in ranking alloys except undsr special circumstances.

To obtain an estimate of the more useful "threshold" stress, Jy.,
to initlate SCC in a smooth specimen expcsed to a given environment
a large number of test specimens 1s requlred, particularly if the
threshold is to be determined with a high level of confidence. It
is evident from results of the smooth specimen tests In this
investigation that a great many more specimens would have to be
tested to obtain close estimetes of threshold stresses for the
materials tested. Although estimates of threshold stresses plotted
in Figures 105-107 could only be shown as "greater than'" or "less
than" a specific test stress, such data nevertheless are useful

in develoning general characterizations of materials.

Apparent threshold stresses are influenced by the cross-
section area of the test specimsn, the loading method, corrosiveness
of the environment and the length of exposure. These factors are
especlally likely to determine whether or not a specimen will fail
when testing materials with an intermsdlats resistance to SCC.

Tes’ medls that are too mild and expoaure perliods that are too
short will lead to threshold estimates that are unrealistically high.
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Such was the case for certaln of the aluminum alloy tensile
specimens that were continuously immersed in the salt-dichromate-
acetate solution (Refer to Figures 105 and 106). Increased
sensitivity was gained with the more corrosive 3.5% NaCl alternate
Immersion test as shown in Figure 107. But when a test specimen
becomes pitted appreclably and the net section stress increases
above that of the nominal gross section stress (Figure 8), the
threshold stress to initiate SCC in a smooth surface becomes
indeterminate. Estimates of(jth thus tend to be unrealistically
low. Also, there 1is the problem that pitting of the small speclmens
may result in tensile overioad failures that become confused with
failures caused by SCC and agaln leads to threshold estlmates that
are unreallstically low. Metallographlc or fractographic examinations
are required to determine the real cauvse of the fracture of pitted
test speclimens.

There 1s still the question as to the most reallstic size

of test specimen to be used.

2.__Precracked Specimen Tests

There are a number of experimentel difficultles with tests
of precracked compact tenslon and DCE specimens that must be
overcome 1f meaningful threshold stress intensities and accurate
K=-Rate curves are to be obtained. Most of these have been 1llustrated

(42) and by Speidel and

and discussed in detell by Smith and Piper
Hyatt(56), including such factors as residual stresses, corrosion-
product wedging, specimen orientation and grein flow, crack branching
and delamination. Some other procedural difficulties not given as

much emphasis in the literature were encountered in the present
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investigation.
8. Kr by Crack Initlation
sce

Estimating Kiscc by testing specimens under constant
load at various applied Ky values appesred to be the most reliable
method but 1t is not free rom prohlems of interpretation. For
example, &s shown schematically in Figure 108(b)}, the time for
incubation of SCC (t{,c) and the time for the specimen to fracture
(tp) are not equal, especially at lower K1, valuzs approaching
KIgee® A wore meaningful estimate of Kr,,, would be obtained from
the ty . curve bacause 1t should be free from the effects of specimen
size and fracture toughness of the material that will influence tg.
However, it generally 1s not feasible to determine the tinc curve,
as the first evidence ¢f SCC 1s difficult to obtain. Because a tp
curve 1s the usual substitute it 1s sdvisable to check &ll "run-out"
tests to determine whether SCC has initlated. This practice, which
was followed in the present investigation, will tend to glve lower
estimates of LS than 1f fallures are only recorded for fractured
specimens.,

The chlef problems involved in the determination of KIgee
by creck initiation are long incubation times at Kgy levels close
to the apparent threshold, possible blunting of the precrack at
hizgh K11 levels and corrosion product wedging. Fvidence of long
incubsation times was noted with beth the ring-loaded aluminum alloy
specimens and the bolt-loaded steel specimens., In the tests of the
steel alloys, some inconsistency was observed at the high K1y levels

with the result that environmental crack growth would not start.



S, PR XN

=102~

Corrosion-product wedglng, which could cause lower apparent KIgece
values, did not appear to be & problem with the ring loasded
aluminum alloy specimens i this invéstigatien.

b. K400 DY Crack Arrest
Determination of KIgece by ths arrest method in & decreasing-K

(constant deformation) test requires that the SCC induced at a high
level of Ky will decelerate as the crack lengthens until SCC ceaseg
(i.e., crack arrest), or until the rate of crack growth becomes
vanishingly small. One advantage of this method in most cases is

the avoldance of long lncubatlon times, Nevertheless thls procedure
also 1s time~dependent, snd it 1s necessary to have an explicit
interpretation of the term "arrest". To be of engineering significance
the crack pgyowth rate used to denote an arrest alsc should be

relatable to service performance. Speldel and Hyatt(ss) recommended

for aluminum alloys & velocity of 1078 cm/sec., or about 1.4 X 1072

in./br. &8 a convenient indicator of Krg,,.

A SCC growth rate of about 1.4 X 1072 1in./hr. in the
accelerated tests used in this investigation appears to provide a
reasonable estimate of KIscc for high strength aluminum alloys if
it is assumed that a SCC growth rate in & seacoast atmosphere of
100 in./hr. (epprox. 0.1" in 10 years) is tolerable in an unprotected
structure; l.e., 1t will assure a satisfactorily low probability
of SCC trouble. However, with a msasurement limitaticn of 0.01 in.,
an undesirably long exposure of more than one year 1n the atmos~
phere during which there is no measurable crack growth would be
required to demonstrate crack arrest., In an accelerated test glving

an SCC growth rate ten times that in the atmosphere (as the tests
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in this investigation did) only 1000 hcurs (41 days) would he
required. But in this investigation it was shown that with
exposures longer than 300 heurs (12,5 days) in the 3.5% NaCl test
or 600 hours (25 days) in the salt-dichromete-acetate test
corrosion-product wedging becomes dominant, with the result that
calculations of stress intensity become meaningless. Thus, the
estimates of KIgoe in these teats must be based on growth rates
of about 3 X 105 in./hr. for the 3.5& NaCl test and ebout 1.7 X 1072
in./hr. for the SDA test. These rates do not differ much from the
rate proposed by Speidel and BHyatt.

Unfortunately, the determination of Kr,,, by the arrest
method may be impracticable for many alloys and tempers because of
corrosion-product wedging. This problem is especially acute with
aluminum alloys because of the relatively insoluble and voluminous
nature of the corrosion products. With the low resistance alloys
the corroslon product wedges drive the crack onward in the same
manner that exfoliation corrosion advances. £ll different degrees
of arrest and temporary arrest were observed, as shown in Figures
50 and 51, rendering the entimates of KIacc very lnaccurate as
indicated in Figures 53 and 54, There may not, in fact, be a trus
KIscc for a product with & very directicmal grain structure, such
as 7079-T651 plate, when it is loaded in the short-transverse (S-L)
direction. An indication of this is shown in Figure 30 by the
initistion of SCC in specimens exposed with no applied load for
Just & few months in a seacosst atmosphere. Experimental evideince
of a threshold streas intensity will certainly depend upon the test

environment. With the high resistance alloys the corrosion produects
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bullé up intn compact wedges that actually force the metal apart,
as if in a very slow tear test, even if 1t 1s not susceptible to
SCC. Any slight susceptibility to SCC preobably will be evident.
However, under such severe wedging conditions it becomes impossible
without a metallographlc examination to distinguwish between
materials with clight susceptibllity to 2CC and those which are
just being torn apart (Refer to Figures 105-107).

c. Invalid KTscg Values

Invalid KIscc data can be derived for materials with a
relatively high resistance (or immunity) to SCC in two other
situations. One such source 1s the misinterpretation of residusl
stress intensities msasured in bolt loaded specimens after exposure.
A K1, value that is lower than the intended Kr; value is not
necessarily a measure of KIscc’ and should not bg gegarded as such
until it 1s established thet SCC really occurred o), In previous
sactions 1t was pointed out how Ky, values might seem to be low
as a consequence of elther inaccuracies 1n applying high K14 valusy
close to Ky, that result in small amounts of plastic deformation,
relaxation of the stress during exposure, or a small amount of
corrosion product wedglng. The effect of any of these events would
be to cause part of the COD to be 1nelastic and give the effect of
& reduced load when the specimen is unloaded to measure the final
COD. Such bshavior was noted for aluminum alloys 5456~H117 and
6061-T651 and the steel alloy 15-5PH H1150M, and specific velues
for KIgee therefore were not indicated. It would be meaningless
to report a Kig.. valus in the absence of actual environmental crack

growth.
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Novak(59’50) has pointed out that 1invalid KIgce data also
can be obtalned for materiels with a very high fracture toughness
vhen the fracture tests reflect a Kr—-supression effect. This 1s

of especial concern because the &.,, value corresponding to the

cr
onset of fracture (Ky,) or SCC (Kiy,,) mey be underestimated by
more than a factor ouf ten whsn such values are calculated on the
basis of invalid Kg or apparent Ky . . values. Novak's analysis(6o)
provides a framework of KIgee clasz1fications for placing such
data in perspective. Examination of the data for the highest
toughness alloys tested in the present investigation indicates that
Kr-supression effects were not involved.

d. Measurement of da/dt

One of the problems in determining KIgee by the arrest
method involves the experimental difficulties 1n measuring very
small amounts of crack growth and the interpretation of the erratic
growth curves that are obtained (Figure 38). A more sophisticated
teshnlique 1s needed to measure the originsl precrack and to monitor
¢creck growth, as measurements on the surface sometlmes provide
only a crude estimate of actual crack growth at the interior of
the specimen. While speclal techniques have been devisad for
mechanistic studies of smsll numbers of specimens, a simple economical
procedure is needed for the many tests required for alloy developmsnt
work.

A possible approach for the latter ueed 1s to run a set
of replicate bolt loaded specimens for a fixed period, determine
the amount, of crack growth at the end of that time and calculsate

the average growth rate for the test duration, The pericd of
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exposure should L. chosen so as to permit ample time to initlate
3CC of slightly susceptible materials and short enough to avold
appreciasble cracking by tensile overload as a result of corrosion-
product wedging. The optimum combination of corrosive environment
and test period must be based on trial test data for materials

that can be related to service performance.

X, SUMMARY AND CONCLUSIONS

The followlng summary statements and conclusions are based
upon the work performed in this investigation to evaluate SCC
susceptibility using fracture mechanics techniques and a review
of published literature. Tests were performed on a variety of
aluminum alloys, precipitation-hardening stainless steels and
6A1~4V titanium alloy with wedge-opening load precracked compact
tension and DCB speclimens exposed both to accelerated tests and to
the outdoor atmosphere. Flrst are sume general statements about
the test methods and then statements related to the particular slloys
tested in this investigation. Specific needs are mentioned along
the way as gulde posts pointing to future work.

A. Test Methods

1. Despite claims of early advocates of precracked test
specilmens, there still is no single, fool-proof stress corrosicn
test method that 1s free from special limitations on test condltions
and free from problems of interpretation of the test results. Thus,
it is highly desirable to develop guldelines or recommended practices
that will lead to uniform procedures for stress corrosion testing
with the relatively new fracture mechanics method with precracked
specimens a8 well as with the older conventional method with smooth

specimens. Several reviews of methods for determining susceptibility
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to SCC with smooth and precracked specimens are avallable and

are listed in the Bibliography. Moreover, a number of task groups
under ASTM Subcommittees G01.06 and E24.04 are now preparing
recommended practices for use with the more widely used specimens
of both types and test environments.

2. The advantages proposed for tests with precracked
specimens are that, (a) the uncertainties associated with initiation
of SCC are minimized, (b) a flaw geometry is provided for which a
stress analysis is availlable through fracture mechenics, and (c)
data are provided in terms of 3CC growth rate and the related
crack-tip stress intensity factor, thet srs potentially more useful
for predicting the behavior of large structural components contalning
macroscoplic flaws. The threshold stress intensity, KIscc’ quantifies
the resistance to SCC with a single number that has predictive
capabllities with respect to combinations of pre-exlsting crack
depths and gross sectlion stresses which would cause SCC in a specified

(61) have cautioned that:

environment. However, Wei, et., al,
"Because the apparent K1g.c 8Fe 80 dependent on test procedures and
conditions, its practical utility must be carefully ra-evaluated".

3. The most common way to determine Kiscc is by exposing
to a given corrosive environment a number of replicate specimens
loaded to various Ky; levels to observe a minimum Ky value at which
stress corrosion crack growth will occur during an arbitrarily
selected time. The mein disadvantage of this method is that long
incubation times may be required at KIi levels close to the threshold.
Iong incubation times often can be avoided with a specimen loaded

by constant deformation to & high Ky level to initiate SCC and then
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monitoring the SCC velocity as the crack grows, causing the gross
stress and K1 to decrease; KIscc then is designated by an arbitrarily
selected low crack velocity (or when crack growth is considered to

s¢C by

"eraclk arrest' seems very attractive, it is not feasible in many

have stopped). Although this method of determining Ky

instances because of the interference of corrosion products formed
near the crack tip. These products create high unknown wedge
forces that influence Ky so that 1t cannot be calculated simply
from the crack length,

4, For a given elloy and environment the SCC propagation
rate 1s closely related to and varles with the stress intensity at
the crack tip Ky; hence, to characterize the stress corrosion
behavier of an salloy by its SCC propagation rate it is necessary
to conslder the Ky-rate relationship over the full range of Ky from
KI, to KIg,. (Pigure 108a). Nevertheless, it appsars that the
relative resistance to 3CC of allcys can be ranked falrly efflicilently
by comparing the SCC propagation rates (plateau velocltles) at high
levels of K1 close to the reaspective critical stress intensities,

5. There are a number of formidable experimental difficulties
with tests of precracked specimens that must be overcome 1if meaningful
threshold stress intensitles and accurate K-Rate curves are to be
obtained for all types of alloys and product forms. Factors such
as resldual stresses, crack branching and materisls with very high
toughness present particularly difficult problems. Therefore, it
seems thaet at this time tests with precracked specimens and fracture
mechanics analyses should be coordinated with smooth specimen
tests to more fully describe the stress corrosion resistance of an

alloy.
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6., Comparative rankings of the relative resistance to
SCC by tests of precracked and smooth specimens were found to vary
with the alloy and temper. Materials with a low threshold stress
for initlating SCC in a smooth surface,(J.,, also showed & low
KIscc and a tendency for a relatively high SCC velocity under plane
strain conditions. On the other hand certain steel and titanium
alloys with a high(§,, showed a relatively low KIscc and high SCC
velocity under plane-strain conditions (Figures 105~107). The
exlstence of a plane-strain stress state, however, 1s not a
prerequisite for SCC of most of the materials that have been known
to give SCC problems in service. For many thin components information
regarding the threshold stress to Inltlate SCC in a smooth surface
is likely to be more relevant than test data obtalned with precracked
test specimens; hence, there 1s need for a fuller development of
the practical significance of the test data and the application of
it to the design of engineering structures.
B, _Teats of Aluminum Alloys

1. Smooth Specimens

The SCC behavior of the 13 alloy and tenper combinations
tested with smooth specimens was representative of the performance
of these materials established by service experlence and previous
lab tests of zmooth specimens., Exposures of three months to 3.5%
NaCl by alternate lmmsrsion and three years in seacoast ané 1inland
industrial stmospheres have been completed. There were no SCC
failures of longitudinal specimens of any of the materials. With
short-transverse specimens the performance varied widely, as
anticipated, ranging from no susceptibility at 75% Y.S. (highest
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streas tested) to marked susceptibllity at about 15% Y.S. (lowest
gtress tested). The data are summarized in Tables XIII-XVI, XX

and Figures 105-107. Although no long-trensverse tests were made

in this investigetion other experience has shown that the resistance
to SCC of long~transverse specimens from rolled plate is very high,
nearly equal to that of longitudinal specimens(22’3u’u2).

2. Precraciked Speclmens

a. Trends derived from the precracked specimens agree with
established trends derived from smooth specimen 5; data, and it
appears that SCC growth rates at the higher K; levels (l.e.,
plateau velocity in Figure 108a) can be used as a supplementary
basis for comparing and rating new alloys and therma) treatments.

b. Stress corrosion data in terms of estimated Kiscc and
SCC growth rates for the various alloys and tempers tested are
sunmarized in Tebles XIX, XX and XXX, and shown graphically in
Figures 43, 53, 54, 105, 106, 107, In general, estimates of LG SN
for S-1L orlented tests in seacoast or industrlal atmosphere were
greater than 80% K, for high resistance alloys such as 5456-H117,
6061-T651, 2219-787, 2021-181, 2024-T851 and TO75-T7351 and in the
range of about 20 to 50% Kr, for alloys such as 2014-T651, 2024-T351,
2219-T37, 7075-T65L, T039-T6351, 7079~T651 and 5456-Sens. SCC
growth rates for S-I1 oriented specimens stressed close to KIc In
8 seacoast atmosphere were about 1 to 5 X 10~% in./nr. (1 to 5
in./yr.) for the low resistance alloys and less than about 0,03
in./yr. for a highly resistant alloy such as 7075-T7351.

c. To investigate the K-Rate relationship for an alloy in
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& decreasing-K test the most sultable specimen appears to be a
double-bolt loaded DCB specimen with a chevron notch similiar to
that described by Speldel and Hyatt(56) and presented in a draft
of a proposed method of test presently under consideration by
ASTM Subcommittees (G01.06.04 and E24.04. A sketch of the proposed
specimen is shown in Figure 112, Other (unpublished) data obtained
at Alcoa Research Iaboratories supplementing the work in this
contract investigation have shown that this modification will
produce the same results as the slightly modified Boeing DCB used
in the present contract (Figures 9, 26, 27). An advantage of the
rew mad ification is 1n the ease of producing a mechanical pop-in
with minimum plastic deformation of the tougher alloys. Although
a minimum specimen thlckness 1s not required to initiate SCC, it
1s deslrable to maintaln plane strain conditions when feaslble

to facilitate pop-in.

d. Estimates of KIscc can bhest be approached by the crack-
initiation procedure. A ''constant” load applied with an elastic
ring (or dead weight) appears to be the most practicable method
because of the convenience in automatic monitoring and recording of
crack initiation and growth (Figure 12-15). A fatigue precracked
compact tension specimen is preferred over & tension precracked
apecimen because of higher preclision in applying the initial stress
intensity Kii. For this type of test contlnuous imms:rzion in &
salt~dichromate-acetate solution has the advantage over plailn 3.5%
NaCl becausé it causes more rapid SCC crack growth and less rapid

general corrosion of the precrack (Figures 21, 24, 50, 51),
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e, Discriminating between highly resistant tempers,
however, still poses a problem because of difficuities assoclated
with 1dentification of extremely slow crack growth rates, One
difficulty 1s associated with the actual measurement of slight
amounts of localized or uneven growth (Figures 44, 45, 55), Another
diffi{culty arlises hecause the small smounts of sub-critical crack
growth resulting from corrosicn product wedging and tensile overload
cannot be distingulshed from equally small amounts of growth resulting
from SCC without metallographic or fractographic examination of
the crack tip (compare alloys 2219-~787 and 7075-T7351 in Figures
105-107).

f. Meaningful tests can be obtalned only with S~L or S-T
oriented specimens; 1.e., with load applied in the short-transverse
direction relative to the graln structure and crack growth directed
in either the longitudinal or the long-transverse direction.
Attempts to test specimens with Other orilentations, such as L-T,;
with load applied in the longitudinal direction will result in
stress corrosion cracks growing out of the plane of the »recrack
and rendering calculations of both Ky and crack growth rate impossible
(Figure 28, 29, 47).

3.__SCC Rarking of Alloys and Tempers

Because of experimental difficuitles assoclated with the
determination of precise SCC thresholds ((F%h and Kiscc) and SCC
growth rates, a method of classifying the SCC ranking of materials
into broad groups based on accelerated tests of both smooth and

precracked specimens appeers to be advantageous, An example of such
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an approach for aluminum alloy products tested in the short-

transverse direction (S-L) 1s shown below:

General SCC_Threshold SCC
Typlcal SGC Gross Stress  Stress Intensity Velocity
Alloy Reting (1) _Z G.Y.S5.(2) % K1.(3) In. /e, (47
6061~T6 A >90 >95 {1 X 1077
7075-773 B >75 >80 ¢5 % 107°
7075-T76 C D40 >50 <5 X 107
707576 D <40 {50 >5 X 107"

(1)

- e R e TE W R ED AN SR AR M e BB OB An SR SN SR Gk sl EE bp gy W am SR G M me W

Practical significance of ratings:

A =~ No known Instance of SCC 1n service or in standard
laboratory tests

B ~ No known Instance of SCC in service; limited fallures
in standard laboratory tests of short-transverse specimens
under extreme stress (intensity).

C -~ No known instance of SCC in service. SCC not anticipated
in service at short-transverse tension stress resulting
from heat treatment and quenching or from design and
essembly stresses kept below about 40-50% of the guaranteed
yleld strength. Higher sustained tension caused by forming
or assembly of misfit components must be avolded.

D - limited SCC in service principally when component stressed
in short-transverse or transverse directlon relative to
grain flow; SCC unliitely 1f tension stress sustalned only
in direction parallel to grain flow.

0.225~in. tension specimen; ARL freme; 30 days 3.5% NaCl
A.I. (MB23)

Compact tension specimen, fatigue precracked; constant load;
2000 hr., salt-dichromate-acetsate,

DCB; 2-bolt load to mechanicel po

g-in; 300 hr, 3.5% NaCl
dropwise; average veloclty at 95~-80% Kr,.

1

To determine the rating for a material, check the SCC velocity and

at least one of the two SCC thresholds and use the lowest of the

criteria to establish the SCC rating. The use of such a systen,

of course, would require standsrdization of the test procedures.
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C, Tests of Precipitation Hardening Stainless Steels

1. Smooth Specimens

Exposures of 7 mo. to 3.5% NeCl by alternate immersion
and 28 mo. in seacoast and inland industrial atmospheres have
been completed, and the results are summarized in Tables XXV,
XXVI, XXX and Flgures 105 and 106. The SCC behavior of the 13
alloy and temper combinations tested with smooth specimens generally
fell into line with published results of other smooth specimen tests
of these alloys. The most susceptible alloys were the AM355 SCT850
bar, PH15-7Mo RH950 and RH1050, 17-7PH H1050 and 431 HT200,
Specimens of AM355 SCT85C, 431 HT200 and PH13-8Mo H950 removed
from the 2 or 2.25" x 6" rolled bar in three orientatlons parallel
to the three major axes L, T and 3, showed no appreclable difference
in behavior. The seacoast atmosphere was distinctly more aggressive
in causing 3CC than the inland industrial atmosphere and slightly
more aggressive also than the 3.5% NaCl alternate fmmersion test.

2. Precra.kxed Specimens

e —————

a, Stress corrosion data 1ln terms of estimated Kig,, and
SCC growth rates for the various alloys and tempers are summarized
i1n Tables XXVIII and XXX, and shown graphically in Figures 93, 105
and 106. In the seacoast atmosphere crack growth started almost
immediately in T-IL specimens loaded to 95% Ky, for all of the
materials except 15-5PH H1150M, and propagated 0.2 to 0.8 in. within
three months; the average crack growth rate was about 2 to 9 X 10"4
in./hr., similar to that of short-transverse (S-1) specimens of the
low resistance aluminum alloys (Figurs 105). Estimates of LS N
were belov 50% Ky, for nine of the alloys, between 50 and 75% Ki,
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for 431 HT125, and AM355 SCT1000 (ple*e and bar), and above
about 95% Kq for the 15-5PH H1150M which did r: - show any
crack growth within the 28-mo. exposure.

b. Within 29 mo. in the inland industrial atmosphere
crack growth initiated in only five alloys(l7-7PH RHL050, PHL5-TMo
RH950 and RH1050, 431 HT200 and AM355 SCT850 bar), and except
in the case of 17-7PH RH1050 the amount of crack growth was
slight even at 95% Ky, (Appendix Table D-8). Estimates of KIgec
in this environment were about 50% K1, or above, but it is probable
that SCC will start at lower Ky, values with continued exposure.
It seems noteworthy that the five. alloys and tempers Just mentioned
are the only ones that falled as smooth specimens in the seacoast
atmosphere; only three of these falled as smooth specimens in ths
industrisl stmosphere (PH15-7Mo RH950 and RH1050 and AM355 SCT850
bar (Tables XXV and XXVI)).

¢. The performance of the various alloys and tempers 1in
the 204 NaCl exposurs was about the same as in the seacoast atmos-
pnere except that there was a marked inconsistency in behavior of
replicate specimens of the more resistant slloys (Figures 83-88).
Although estimates of Kyg., for some of the alloys were handlcapped
because specimens were not exposed at low enough Ky values, closer
estimates based on "crack-arrest" were possible in meny instances
(Figure 93).

d. Orientation of the test specimens had n¢ appreciable
effect on the SCC performance of the three alloys tested, Just

a3 in the cass of the smooth specimens.
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e. Both the crack-arrest and the crack-initiation
proceduras appear to be suitagble for testing these steel slloys.
Corrosion-product wedging did not appear to be a probleis in tests
extended at least to 2000 hr. The type of specimen shown in
Figure 112 should be practical for steel alloys although tension
precracking may not be feasible {for some higher strength alloys, and
side grooving to minimize cerack branchirg should be considered.

f. Because the tests with preeracked speclmens gave a
decldedly lower ranking for certain martensitic precipitation
hardening alloys and tempers that showed a high threshold stress
for 1initiation of SCC in 2 smooth surface, it appesrs to be
essentlal that tests of both types be used to investigate the
resistance tc¢ SCC of such alloys. It should be considered that
fer components of thin sectlons not involving discernible pre-existing
flaws, the more optimistic smoocth specimen test data would be more
applicable. Henthorne(¥9) has cautioned thet the use of Kigee @8 8
design criterion for martensitic preeipitation hardening stainless
steels (Custom 450, U55) 1s questionsble in view of the probabllity
that design factors in service could cause the corrosion aspect of
cracking (e.z. generation of hydrogen in crevices) to dominate and
produce cracking at lower stress intensities. The same concern should

be given to the use of (G 4y &8 & design criterion.
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D._ Tests of Titapium 6A1-4V AllQy

4. _Smooth Specimens

Both the beta-forged and the alpha-beta forged materials
demonstrated a high threshold stress for initliation of SCC in
a smooth surface, as indiceted by the absence of failures under
stress of 75% Y.3. during exposures of 12 mo. to 3.5% NaCl by
alternate immersion and 28 mo, in seacoest and inland industrial
atmospheres.

2. Rrecracked Specimens

a. The beta-forged materisl slso showsd high threshold
stress intensity for 1nitiation of SCC as indicated by absence
of SCC in fatigue precracked specimens at a stress intensity of
75 and about 95% KIc during exposures of 27 mo, in seacoast and
i1nland industrial atmospheres. Alrha~beta forged material, on
the other hand, developed SCC at 75 and 50% Xy e in the seacoast
atmosphere but not in the industrial atmosphere.

b. Crack growth occurred in 3.5% NaCl solution for
specimens from both the beta-forged and the alpha-beta forged
materials at applied stress intensities of approximately 95% Ky,
and 75% KI, but not at 50% Ky, (Figure 102). The SCC was very rapld,
with 81l growth ceasing by the end of 2 to 2.5 hr, and not resuming
during 5000 hr. subsequent exposure. During the short period of
crack growth the average rate of propagation was 0.0% to 0.15 in./hr.
for the beta forging and 0.1% to 0.24% in./hr. for the alpha-beta
forgirg.
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Alluy
17-TPH

PHL5-TH0

PHLS-TH0

15-5PH

15-5PH

PH15-BM0

FHL3-8M0

PHL-BMO

PH13-6M0

431
31
431

431

AM355

AMB55

AMDBSS
AM355
AMBS5

AMB55

Table XXV

STEEL, ALLOY SMOOTH TENSILE SPECIMENS SCHEDULED FOR % YEARS EXPOSURE TQ SEACOAST ATMOSFHERE
iDIVIDUAL SPECIMEN IDENTIFICATION {NO.} AND TIME TO FAJLURE {Tf} IN DAYS(+)

lgmggr'
HL050

RH950

RH1050

H1150M

He00

H950

H950

H350

HL050

HT200
HP200
HT20C

Hries

5CT850

SCTI000

scTas50
sCT8R0
spr850

SCT1000

HNotes: +} No entry in Tf column indicates specimen has not falled and is still in test.
L = princtpal rolling or forging direction of product, T = width of product, and

Tent

8. No. Dirsction(l)
366665 tn
366665 7
266666 T
266667 T
366568 T
366669 L
366669 T
366669 8
366660 by
366670 L
366670 T
366670 3
366670 T
36E6TL T
366671 T
36EET3 L
266673 T
366673 8
366673 7

. 8 = thickness of product.
(2) In addition to scmaaad speczimens, duplicate unstressed specimens vere exposed for
each alloy-tempe

(2) A1l specimeno expoaad May 3, 1570.

= ?fr. 79¢ Y.8,

kai
142.9

152.6

146.3

65.8

128.4

151.2

7.5

152.5

143.9

124.1
124.1
115.3

80.6

1144

127.3

139.6
142.7
139.9

126.3

Ho.

T1
Tl
Ti7

T1!
T

it
TH
T4Y

Tl
T1
™7

T1
T1

1l
Bl
7

T1
T1
717

N1
Ml
N17

4
Tl
™7

Ll
j L

Tl
T

N1
hot

Ti2
ST

T1
pat

T4
Tt
™7

i
Ll

TL.
Tl

e
70

T
THT

i
1
L1

1
41

4]
1
41

Ha
561

41
ey

n
41

41
Lh

8tr.,
sStr.
ksi

85.3

g7.5

100.8

g8.4

101.7

83.3

84.9

86.2

T4
T50
718

T19
20

118
120
T18
120
)
N20
TS
TS5

T48
750

THE
50

T48
T4o

50 -

Stpr. 2
Str.
kati Ho.
50.9 Tlg
T1
42.8 v
T1
M.y o
L1
.y 1
71
38.4 N1
Ni
38.1
T
k6.5 L1
i
7.6 mMm
Tl
.7 N
Nl

14l
141

1

141 -

141
4g9

T19
T20

T19
T20

119
T19
T20

N9
K20

T19
T20

119
120

T19°

T20
Hlg
N20

1

ity

hog
455



e SR S B et w

Mloy
17-7PH

PHL5-TH0

y PHLS-THO

15-5PH

15-5PH

FH13-8M0

PH13-BM0

PH13-8M0

PH13-8M0

531
k31
bz

431

AMG55

AMB55

AMBSS5
AMB55
AMBSS

AMZ55

STER], ALLOY 3¥O0TH TENSILE SPECIMENS SCHEDULFED FOR Y YFARS EXPOSURE TO INCUSTRIAL AIMOSPHERE

Table VI

THDIVIPUAL SPECTIMEN ILENTIFICATION (N0.) AND TIME TQ FATLURE(Tr} IN DAYS (+°

No entry in Tf column indicates specimen hss not falled and 1s still in teat.

Temper 8. No.
RH1050 366665
RI950 166666
RH1050 366666
HLLS0M 366567
HIDO 366668
250 366669
H950 366665
1950 366669
H1050 366669
HT200 366670
HT200 3668670
HT200 366670
RT128 366670
scT850 366671
SCTL000 366671
SCTHS0 3666T3
807850 366673
8CT350 366673
SCTA000 366673
Notea:
otes {1—}

of product.

2) In addition to stressed specimen
3§ ALl spocioens exposed April g, 1970.

at

Ta
Directlon!l!

T

T

str. 79% V.S, Str. G504 v.8. Str, 25% v.8,
Str Str. Str.
kai No. 1L ksl No. PL_ kai No. Tl
42,9 g g5.3 gaé
T35 TSE
i52.6 12 . T2
% st8 »9 I
146.3  T53 97.5 156
T5% ng
755 7
65.8 -gg 20,4 726
by
T25 ng
128.4 23 k28 T2
24 T2
151.2 ;_,3 100.8 126
t2s L2
1.5 gg 958.4 20
T
25 ng
152.5 Ngﬁ 101.7 neb
N
25 g%g
153.9 g £5.3 $56
755 T
i24.1 123 514 g
12
1gh.1 gg% b4 ggg
115.3  n2 =834 2
N2 N2
Bo.6 %ﬁ 53.7 gg?
T55 T53
114.4 Tea 38,1 T22
L 2
127.3 Ta Bi.9 756
by T5T
T55 T5é
139.6 12 6.5 L2
> 1.23 12
142.7 gg %% 57.6 ggg
139.9 N2 34 ¥6.7 N2
N2 20 N2
i29.3 T 86.2 156
ng ng
T55 o

1 = principsl rolling or forging direction of product, T = width of product, and 3 = thickrans

duplicate unatresssd apecimons were exposed for sach alloy-temper.

Str. kai
lo. L

125

125

T
T2

e
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KELLER S ETCH

2219 — T37

FIG. 1 GRAIN STRUCTURE AT MICPLANE OF PLATE OF 7075 (2.500") AND 2219 (2.00”) ALLOYS
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5456 — H117

FIG. 2

5456 — SENSITIZED

LONGITUDINAL SECTION SHOWING PRECIPITATE STRUCTURE
AT MIDPLANE OF 2500” THICK 5456 — H117 AND 5456 —
SENSITIZED PLATE

500X
40% H4PO,
ETCH



CONDITION A

(\SHORT-TF\ANSVE RSE
[o)
1‘
N
%\%
<.
%

ETCH MIXED ACIDS
IN GLYCEROL

CONDITION R100

FIG. 3 GRAIN STRUCTURE AT MIDPLANE OF BAR OF 431 (2.250") AND 17 — 7 PH (1.250") ALLOYS



+ B FORGING

SHORT-TRANSVERSE

B FORGING

FIG. 4 GRAIN STRUCTURE AT MIDPLANE OF FORGED 2%” X 6" BAR OF 6Al-4V ALLOY



PRECRACKED SPECIMENS

Fig.5 DIAGRAM OF SPECIMFN LOCATIONS AND ORIENTATIONS FOR
MECHANICAL PROPERTY AND STRESS - CORROSION TESTS.
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L * THREADED HOLE FOR LOADING
== g.4” BOLT WHEN USED FOR SCC
NOTCH TESTS.
ENLARGED VIEW

Fig. 6 COMPACT TENSION FRACTURE TOUGHNESS SPECIMEN



MAG: 1/2X

FIG. 7a SHOWS THE 1/8 IN. DIAMETER TENSION SPECIMEN, THE VARIOUS PARTS OF THE
STRESSING FRAME AND THE FINAL STRESSED ASSEMBLY.

MAG: 1,5X

FIG.7b SYNCHRONOUS LOADING DEVICE USED TO STRESS SPECIMENS. A STRESSED
ASSEMBLY AND ONE ASSEMBLED FINGER-TIGHT READY FOR STRESSING ARE
SHOWN TO THE LEFT. BOTH THE STRESSING FRAME AND THE LOADING
DEVICE WERE DEVELOPED BY THE ALCOA RESEARCH LABORATORIES, PRIOR
TO THIS CONTRACT.
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FIG. 8 EFFECT OF CORROSION PATTERN ON FRACTURE STRESS AND OR
NET SECTION STRESS IN 0.125 in. DIA. ALUMINUM ALLOY SPECIMEN.
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Fig. 9 DOUBLE CANTILEVER BEAM SPECIMEN USED FOR STRESS.
CORRGSION TESTING OF HIGH STRENGTH ALUMINUM ALLOYS



S g DEFLECTION, v [ in. |

0 05 10 15 20 25 30 35 40
CRACK LENGTH, a |(in.)
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FIG.

VIEW OF PORTION OF AN EXPOSURE RACK IN THE INDUSTRIAL ATMOSPHERIC TEST SITE AT NEW KENSINGTON, PA

SHOWING MANNER OF EXPOSURE OF TEST SPECIMENS IN THIS INVESTIGATION.



FIG. 17a

FIG. 17b
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DIRECTIONAL PITTING PLUS SECONDARY SCC IN S.T. TENSION SPECIMEN
OF 2024 — 7351 (366207 — N5) THAT FAILED AFTER 8 DAYS EXPOSURE
TO 3.5% NaCl — A.l. AT A STRESS OF 75% Y.S. KELLER'S ETCH (100X)
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HIGHER MAGNIFICATION (500X) OF THE REGION CIRCLED ABOVE SHOWING

THE INTERGRANULAR NATURE OF THE SECONDARY CRACK. SEVERAL
CRACKS OF THIS TYPE WERE DETECTED IN EACH OF THE THREE
2024 - TB51 SPECIMENS THAT FAILED AT 75% Y.S.



FIG. 18a

FIG. 18b

DEEP DIRECTIONAL PITTING IN S.T. TENS(ON SPECIMEN OF 2219 — T87
(338148 — N8) THAT FAILED AFTER 42 DPAYS EXFOSURE TO 3.5% NaCl—A.I.
AT A STRESS OF 75% Y.S. KELLER'S ETCH (100X)

HIGHER MAGNIFICATION (500X) OF THE REGION CIRCLED ABOVE SHOWING
A TRANSGRANULAR CRACK EMANATING FRCM A SITE OF DEEP PITTING.
SIMILAR ATTACK AND TRANSGRANULAR CRACKING WAS FOUND IN THE
2219 — T87 SPECIMEN THAT FAILED AFTER 76 DAYS (SEE FIG. 20).
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2
FIG. 19a DEEF PITTING IN THE S.T. TENSION SPECIMEN OF 7075 — T7351 (366210 — N6)
THAT FAILED AFTER 80 DAYS EXPOSURE TO 3.5% NaCl— A.l. AT A STRESS

OF 75% Y.S. TWO MIXED-MODE CRACKS EMANATE FROM THE PIT.
KELLER'S ETCH (100X)
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HIGHER MAGNIFICATION (500X) OF THE REGION CIRCLED ABOVE SHOWING

BOTH INTERGRANULAR AND TRANSGRANULAR TENDENCIES AT THE
TIP OF THE CRACK (SEE FIG. 20).

FIG. 19



2219-787

7075-T7351

Fig. 20 SEM FRACTOGRAPHS OF S.T. TENSION SPECIMENS STR. 75% Y.S.

EXPOSED 84 DAYS T0 3.5% NaCl A.l. AND TENSILE TESTED.
FRACTURE FACES OF TG CRACKS OF TYPE SHOWN IN
Fig. 18b AND 18b.



CORRODENTS

4 - DISTILLED WATER (CONTROL) INITIAL pH 6 O
£h- 06M NoCl(3.5%) (CONTROL). INITIAL pH 6 8

SYNTHETIC SEAWATER (CONTROL). INITIAL pH 8 2

0.6M NaCl+ 0 03M NayCrO,. INITIAL pH 7 8

0.6M NaCl + 0.3M NayCrO;,, INITIAL pH 8.2

0.6M NaCl + 0.0.02M Na,Cr,0, + 0.07M NaCyH30, + HC,H,0, 10 pH 4 0
0.6M NoCl + 0.03M KiCryOy+ 0.07 M CrOg, INITIAL pH 1.3

0.6M NaCl + 0.25 NoNOz+ HNO; TO :H 3.0

0.6M NaCl + 0.125M NaySOs + HySO, TO pH 3.C

q

T ERY [

2024-T351
08 |
0.6
0.4 A
02} R
0.0 = ® = m— B e
0 200 400 600 800 1000

EXPOSURE TIME - HOURS

“ENVIRONMENTAL CRACK GROWTH - INCHES | AVG. OF TWOQ SPEC. |

0 200 400 600 800 1000
EXPOSURE TIME - HOURS

Fig. 21 COMPARISON OF ENVIRONMENTAL CRACK GROWTH IN VARIQUS CORRODENTS
OF S-L COMPACT TENSION SPECIMENS BOLT LOADED TO POP-IN.
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FIG. 22 MACROGRAPHS ILLUSTRATING MULTIPLE CRACKING THAT OCCURRED ON THE COMPACT
TENSION SPECIMENS IMMERSED IN SOME CORRODENTS. THIS DID NOT OCCUR IN THE
SALT-DICHROMATE-ACETATE SOLUTION CHOSEN FOR THE GENERAL TEST PROGRAM.
(MAG. 3X)
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7075-T651

2024-1351

—0" A7

”
7

A~ "COMPLETELY IN PLANE-STRAIN
”~

2
REGIME; +22.5 (K| /O, )

ENVIRONMENTAL CRACK GROWTH - INCHES | AVG. OF TWO SPEC. !

CORRODENT: 0.6M NaCi +
0.02M Na,Cr,0, +
0.07 M NaC,H,0, +
HC,H,0, TO pH 4

0 0 200 30 40 500 600 700
EXPOSURE TIME - HOURS

Fig. 20 EFFECT OF SPECIMEN THICKNESS ON ENVIRONMENTAL CRACK GROWTH
IN S-L COMPACT TENSION SPECIMENS BOLT LOADED TO POP-IN
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7039-T6351 1075-T651 1079-T651
91 94 84

Fig. 30 FRACTURE SURFACES OF S-L COMPACT
TENSION SPECIMENS EXPOSED WITH
NO LOAD FOR 8.3 mo TO SEACOAST
ATMOSPHERE. THE Kix VALUE EXPRESSED
AS % Kjc IS SHOWN FOR EACH SPECIMEN.
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Fig. 31 FATIGUE PRECRACK IN S-L COMPACT TENSION
SPECIMEN CF 7075-T7351
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Fig. 32 S-L COMPACT TENSION SPECIMEN OF 7075-T7351
LOADED T0 95% Kic AND EXPOSED 15 mo T0
SEACOAST ATMOSPHERE. INTERGRANULAR SCC
EXTENDING BEYOND TIP OF FATIGUE PRECRACK.




900x

Fig. 33 S-L COMPACT TENSION SPECIMEN OF 2219-T87
LOADED TO 93% Kjc AND EXPOSED 15 mo TO
SEACOAST ATMOSPHERE. TRANSGRANULAR
MECHANICAL TEARING EXTENDING BEYOND TIP
OF THE CRACK. YELLER'S ETCH.



BOLT LCADED S-L COMPACT TENSION SPECIMENS
A 75% ch, 0959% ch, os 25% K|c

2218-137
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ENVIRGNMENTAL CRACK GROWTH
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0 200 400 600 80O 1000 1200

EXPOSURE TIME - hours

Fig. 34 ENVIRONMENTAL CRACK GROWTH OF
VARIOUS ALUMINUM ALLOYS iN
SALT-DICHROMATE-ACETATE SOLUTION



BOLT LOADED S-L COMPACT TENSION SPECIMENS
2875% Kip, 0030% Kio, Om25% K¢
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Fig. 35 ENVIRONMENTAL CRACK GROWTH OF
VARIOUS ALUMINUM ALLOYS ii SALT-
DICHROMATE-ACETATE SOLUTION



BOLT LOADED S-.. COMPACT TENSION SPECIMENS
A?S% K|c,0050% K|c,ll:|25% ch

7039-T651

- inches

ENVIRONMENTAL CRACX GROWTH

Ul
o’
-
o

0 i .. .......... ¢ TR YT o Y - '“"'. ™ :
0 200 400 600 800 1000

EXPOSURE TIME - hours

Fig. 36 ENVIRONMENTAL CRACK GROWTH OF
VARIOUS ALUMINUM ALLOYS IN SALT-
DICHROMATE ACETATE SOLUTION
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BOLT LOADED S-L COMPACT TENSION SPECIMENS
AT5% ch, 0050‘% ch, oa25% K'c
5456 - SENSITIZED

- inches

INVALID K

ENVIRONMENTAL CRACK GROWTH

0 100 200 300 400 500 600
EXPOSURE TIME - hours

Fig. 37 ENVIRONMENTAL CRACK GROWTH OF
VARIOUS ALUMINUM ALLOYS IN SALT-
DICHROMATE-ACETATE SOLUTION



BOLT LOADED SHORT TRANSVERSE (S-L]COMPACT TENSION SPECIMENS
CORRODENT: 0.6MNaCl+0.02MNa. Cr.0, +0.07MNaC_H.0, +HC.H,0.T0 pH4

0.02
. 5456-H117 POP-IN

-\

el

9% K| (2 SPEC) & 75% Ki¢

0.0

0.02% 6061-T651
/POP-!N & 95%Kjg (2 SPEC)
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0.0

0.02 1075-T1351

- inches

0.0
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C.4

0.2 }
0.0

2021-181
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ENVIRONMENTAL CRACK GROWTH

0.2 95% & 75% Kje

0.0
061 2024-1851

04

0.2

00 =" B0 a0 18002000
EXPOSURE TIME - hours
Fig. 38  ENVIRONMENTAL CRACK GROWTH OF VARIOUS ALUMINUM
ALLOYS IN SALT-DICHROMATE-ACETATE SOLUTICN
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Fig. 39 K-RATE CURVES FOR S-L COMPACTS
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Fig. 40 K-RATE CURVES FOR S-L COMPACTS
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Fig. 41 K-RATE CURVES FOR $-L COMPACTS
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Fig. 42  K-RATE CURVES FOR S-i. COMPACTS
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107 | 7079-T654

7039-16351
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| l‘r 7075-T7351
10° ‘
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CORRODENT - 0.6M NaCl + 0.02M Na,Cr,0; + 0.07M
Na 02H302 + H02H302 T0 pH 4 IZUUO hr]

*MECHANICAL FRACTURE - MOT SCC
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Fig. 43 K-RATE CURVES FOR S-L COMPACTS OF
ALUMINUM ALLOYS (FATIGUE PRECRACKED)



2024-T351

LA X

INDUSTRIAL

fATIGUE S-D-A ATMOSPHERE ATMOSPHERE
PRECRACK 47 DAYS 120 DAYS 940 DAYS

2024-7851

INDUSTRIAL
FATIGUE S-D-A ATMOSPHERE ATMOSPHERE
PRECRACK 92 DAYS 250 DAYS 365 DAYS

Fig. 44 FRACTURE SURFACES OF S-L COMPACT TENSION

SPECIMENS BOLT LOADED TO 95%K|c SHOWING
CRACK GROWTH IN VARIOUS ENVIRONMcNTS
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SEACOAS INDUSTRIAL
FATIGUE S-D-A ATMOSPHERE ATMOSPHERE
PRECRACK 47 DAYS 90 DAYS 160 DAYS

7075-T7351

SEACOAST INDUSTRIAL

FATIGUE S-D-A ATMOSPHERE ATMOSPHERE
PRECRACK 92 DAYS 250 DAYS 365 DAYS

Fig. 45 FRACTURE SURFACES OF S-L COMPACT TENSION
SPECIMENS BOLT LOADED TO 95% Klg SHOWING

CRACK GROWTH IN VARIQUS ENVIRONMENTS
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FIG.46 S-L COMPACT TENSION SPECIMEN OF 2024-T851 BOLT LOADED
TO POP-IN AND EXPOSED 1656 hr. TO SALT - DICHROMATE - ACETATE
SOLUTION. SHOWS CRACKING OF ALLOY CONSTITUENTS AHEAD OF
THE CRACK TIP.



Fig. 47 LONGITUDINAL (L-T) DCB SPECIMENS WITH SCC
IN LOCATIONS THAT INVALIDATE THE TEST:
a- 7079-1551 SEACOST ATMOSPHERE
b - 2219-T37 SALT-DICHROMATE-ACETATE
SOLUTION
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CRACK GROWTH RATE

10

10

T

107 |

5456-SENS.
7079-T651

2219-T37
7075-T65/ o
2014-T651  7039-T6351
H

/ 2024-7351
|

2021-T81* ,——-® |

| '_ *
20241851 ! ! 5456-H117
_. .

2219-187*
-——

7075-T7351  6061-T65!
! o

CORRGDENT - 0.6M NaCi + 0.02M Na.Cr,0, + 0.07M NaC.H.0,
+ HC,H 6, TO pH4 (600 hr|
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STRESS INTENSITY - ksiyin.

Fig. 53 K-RATE CURVES FOR S-L DCB SPECIMENS OF

ALUMINUM ALLOYS BOLT LOADED TO POP-IN
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Fig. 94 K-RATE CURVES FOR S-L DCB SPECIMENS OF

ALUMINUM ALLOYS BOLT LOADED TO POP-IN



<——— BOTT®™® OF NOTCH
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~——
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' ‘h—
-2 2219-1817
SALT
TENSION 3.9% NaCl DICHROMATE
PRECRACK DROPWISE ACETATE

Fig.35 FRACTURE SURFACES OF BOEING DCB SPECIMENS OF
RESISTANT ALLOYS SHOWING CRACK GROWTH IN
ACCELERATED TESTS.



‘TIP OF PRECRACK
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., AS POLISHED . @ 250

cane

. KELLER'S ETCH . T T T soux

Fig.56 S-L DCB SPECIMEN OF 7075-T7351 BOLT LOADED TO POP-IN
AND EXPOSED 2200 HR. TO 3.5% NaCl ADDED DROPWISE.
INTERGRANULAR SCC EXTENDING BEYOND TIP OF TENSION

PRECRACK.
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- in./hr

CRACK GROWTH RATE

10° ke
0

- CORRODENT - 0.6 M NaCi + 0.02M Na.Cr.0, +

0.07V Na C.H,0, + HC,H,0, TO pH 4

............ BOLT LOAD (CURVE FROM FIG. 40)
- RING LOAD

o K)j =12.7 ksivin. [TL-1]
= Kj;=8.9 " (TL-2]
® K =6.6 " (TL-4
& K —4.1 " (TL-3)

RING LOAD

a4 8 12 18 20

STRESS INTENSITY-ksi .

24

Flg 64 K-RATE CURVES COMPARING RING AND

BOLT LCADING. FATIGUE PRECRACKED
S-L COMPACTS OF 7075-T651
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Fig. 66 RANKING OF ALUMINUM ALLOYS IN SALT-DICHROMATE-ACETATE

SOLUTION S-L COMPACGTS - RING vs BOLT LOADING.



TENSION

Fig. 67 SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN OF
7079-T651 BOLT LOADED TO 75% Kjc.
EXPOSED 4 mo INDUSTRIAL ATMOSPHERE



TRANS!TION

TENSION
rig. 68 SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN OF

1075-T7351 RING LOADED T0 95% K,.. EXPOSED 2780 hr TO
SALT-DICHROMATE-ACETATE



—-SCC

— TENSION

TENSION

Fig. 69 SEM FRACTOGRAPHS OF S-L DCB OF 2024-1851 BOLT LOADED
T') POP-IN. EXPOSED 2352HR. TO SALT-DICHROMATE-ACETATE.
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ENVIRONMENTAL CRACK GROWTH
(TENSION)

Fig. 70 SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN

OF 2219-T87 BOLT LOADED 95% Kjc. EXPOSED 12 mo
INDUSTRIAL ATMOSPHERE.



TENSION
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H

2021 b B
Nl Fe L e A N Y
sy A (-("I s

TRANSITION ZONE

Fig. 71 SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN
OF 6961-T651 BOLT LOADED TO 75% K. EXPOSED 2184 hr.
TO SALT-DICHROMATE-ACETATE.



MAG 2.4X

STRESS CORROSION CRACK

FIG.72 TEM FRACTOGRAPHS OF TENSION #RECRACK AND STRESS-CORROSION CRACK

IN 7075 — T651 ALLOY PLATE
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SCC

Fig. 73 TEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMENS OF 7075-T7351.

TENSION

FATIGUE

SCC OCCURRED IN 2780 hr EXPOSURE TO SALT-DICHOMATE-ACETATE.



SCC

Fig. 74 SEM FRACTOGRAPHS OF TENSION AND SCC FRACTURE
SURFACES IN (s) SPECIMEN OF 431 HT200 ALLOY
EXPOSED 141 DAYS TO SEACOAST ATMOSPHERE.



TENSION

SCC

Fig.75 SEM FRACTOGRAPHS OF TENSION AND SCC FRACTURE
SURFACES IN [s] SPECIMEN OF AM 355 SCT 850 ALLOY
EXPOSED 3 DAYS IN 3.5% NaCl SOLUTION.
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| PRECRACK

Ll

4X

AS POLISHED

.
X 7
S A “..__ t e

OXALIC ETCH

OXALIC ETCH |
Fig. 77 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING
CRACK GROWTH AT MIDPLANE OF T-L SPECIMEN OF

17-7 PH RH1050 ALLOY EXPOSED 41 DAYS TO
SEACOAST ATMOSPHERE



AS POLISHED

K ALY

"y
4

OXALIC ETCH OXALIC ETCH

Fig. 78 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING
CRACK GROWTH AT MIDPLANE OF PH13-8 Mo H1050 ALLOY
EXPOSED 141 DAYS TO SEACOAST ATMOSPHERE



I PRECRACK

AS POLISHED (PRIOR AUSTENITE GRAIN BOUNDARIES
PARTIALLY SHOWN]

2R
'y ‘:'l‘;.".'i"d -

:..' Pl y ’ Mgt B

OXALIC ETCH H

Fig. 79 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING

CRACK GROWTH AT MIDPLANE OF T-L SPECIMEN OF 431 HT200
ALLOY EXPOSED 141 DAYS TO SEACOAST ATMOSPHERE



o e ,‘t;;."\. Do ol B N D 242
OXALIC ETCH OXALIC ETCH
Fig. 80 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING

CRACK GROWTH AT MID-PLANE OF L-T SPECIMEN

OF AM355 SCT 850 ALLOY BAR EXPOSED 73 DAYS
TO SEACOAST ATMOSPHERE



TYPICAL ABNORMAL

PH15-TMo RH950

AM355 SCT850 (BAR|
Fig. 81 FRACTURE FACES OF LONG-TRANSVERSE (T-!!
COMPACTS EXPOSED UNSTRESSED 205 DAYS

BY TOTAL IMMERSION IN 20% NaCl SOLUTION
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in./hr

CRACK GROWTH RATE -

10°

——
S,
‘&

| 431 HT 125

ESTIMATED
TRUE CURVE

20 30 40 50 60 70 80

| 431 HT200

10°8

10°

2

0 20 30 40 =

STRESS INTENSITY - ksiy/in.

Fig. 90 K-RATE CURVES FOR T-L COMPACTS

80



- in./hr

GCRACK GROWTH RATE

AM355 SCT850
PLATE

107

107
ESTIMATED
TRUE CURVE

90%
107
107 g | .
- AM355 SCT1000
PLATE
19~
0~}

40 5 60 710 80 80
STRESS INTENSITY - ksi vin.

Fig. 91 K-RATE CURVES FOR T-L COMPACTS

100



AM355 SCT850
BAR

107

—
=
&

- in./hr

/
*Kj; VALUE, QUESTIONABLE

-
=
= 0 1020 30 4 50 60
z 10 | ' — |
= AM355 SCT1000 |
= BAR l
[ 4
5 -
|
F |
0k -— |
- ESTIMATED — ,
TRUE CURVE 1 Kie
; :
10°° :
i 95%"'?

0 20 30 40 50 60 70
STRESS INTENSITY - ksi yin.

Fig. 92 K-RATE CURVES FOR T-L COMPACTS



17-7TPH RH1050 CORRODENT:

20% NaC!
107§
- RH350 rytoso ¢ PH15-7 Mo
H1050
AM355-SCT850 —— PH13-8 Mo
\ PLATE = ———— H330 ‘
\ AM355-SCT850 BAR s
£ 1071 AM355-SCTI1000 BAR
E (= 431-HT200
w { AM355-SCT1000 PLATE
-
=X
e 15-5PH H900
E 431-HT125
2 10°°
[T 0 4
=
[
<L
[~
[ e
107°§
10~ 15-5PH H1150M

0 20 40 60 .80 100
STRESS INTENSITY - ksi y/In

Fig. 93  K-RATE CURVES FOR T-L COMPACTS OF
STAINLESS STEELS [FATIGUE PRECRACKED]



SEACOAST ATMOS. - 41 DAYS

SCC

Fig. 94 SEM FRACTOGRAPHS OF TENSION AND SCC FRACTURE SURFACES
T-L SPECIMENS OF 17-7PH RH1050 ALLOY



TENSION

20% NaCl! - 20 DAYS

SEACOAST ATMOS. - 141 DAYS

SCC

Fig. 95 SEM FRACTOGRAPHS OF TENSION AND SCC FRACTURE SURFACES
IN S-L SPECIMENS OF PH13-8 Mo H1050 ALLOY



20% NaCl - 20 DAYS

SEACOAST ATMOS. - 141 DAYS :
SCC

Fig.96  SEM FRACTOGRAPHS OF TENSION AND SCC FRACTURE SURFACES
IN T-L SPECIMENS OF 431 HT200 ALLOY



SURFACE

20% NaCl

Fig. 97 SEM FRACTOGRAPHS OF TRANSITION BETWEEN
FATIGUE PRECRACK AND TENSION FRACTURE

SURFACES IN T-L SPECIMENS OF 15-5PH H1150M
ALLOY



180

117-7PH RHI050
—— 2 PH15-7 Mo RH950

N : 3 PHI5-7 Mo RHIGS0
N 4 15-5PH H900
”’7/\,\ 5 15-5PH HII50M
T, 6 PHI3.8 Mo H950
PH13-8 Mo>, o

160 |- CRITICAL FLAW FOR
S.C.L. [oc=0V35) AT 7 PH13-8 Mo H1050
- , - ' 8 431 HT200
2 la o 9 431 HTI25
VT IT 10 AM355 SCT850 5
140 2¢?7a 7/ {PLATE} -
B % ¥ AM355 SCT1000
“ ! {PLATE)
.{‘3, 1 12 AM355 SCTB50 ‘
4

REF.
(32}

(PLATE)
Pid 12 AM355 5CT1000
{PLATE)
14 AM355 SCT850
15 AM355 SCtioco

120

16 Am364
g \17 15-5PH
/} 18 AM355 REF.
o 19 17-7PH
L 420 PH15-7 Mo (42} o
121 am362
k 22 CUSTOM 455
" {23 CUSTOM 450 H900
‘24 CUSTOM 450 H950
! 23-24 REF. (48) —

Klscc - ksi g/m.
=
[ )
1
\

80 100 120 140 60 180 200 220 240
YIELD STRENGTH - ksi

Fig. 98 RESISTANCE TO SCC IN SALT WATER OF PRECIPITATION
HARDENING STAINLESS STEEL ALLOYS



Fig. 99

KELLER'S ETCH 900X

SHOWS FiNE TIP OF STRESS CORROSION
CRACK IN T-L COMPACT TENSION
SPECIMEN OF ALPHA-BETA FORGED
Ti-6Al-4V ALLOY WHICH SHOWED
SIGNIFICANT CRACK GROWTH IN THE
SEACOAST ATMOSPHERE WHEN

LOADED AT 75% Kic
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TENSION

Fig. 104 TEM FRACTOFGRAPHS OF T-L COMPACT TENSION SPECIMEN
OF ALPHA-BETA FORGED Ti-6Al-4V ALLOY BOLY LOADED TO
93% Kjc. EXPOSED 209 DAYS T0 3.5% NaCl SOLUTION
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Appendix A
GLOSSARY OF TERMS USED TN THIS REPORT

Stress-corrosion cracking

Environmental crack growth

Crack length, ir.

Initial crack length at the beginning of SCC test, 1in.
Final crack length at termination of 3CC test, 1in.
Time, hr.

Rate of environmental crack growth (velocity), in./hr.
Total time to fallure, hr.

incubaticn time, hr.

Crack-tip stress-intensity factor for the opening
mode, ksi~fin. (See ASTM Methiod E3S9).

Candidate value for Ky, (may be invalid according to
ASTM Method E399), ksi /I,

Critical plane-straln stress intensity factor (fracture
toughness per ASTM Method E399-70), ksi-/in.

Nominal Ky applied to specimen at beginning of SCC
test, ksi-~An.

KQ value at fracture of 3CC specimen while exposed to
a corrodent in Increasing Ky test, ksi~/In.

value at fracture 1In air of SCC specimen after
exposure to a corrodent, ksi~/In.

Residual K1 value at termination of 3CC test, ksi/in.

Apparent threshold value of K1 for environmental crack
growth in & specified environment, ksi-fn.

Threshold velue of Ky, and is the minimum Ky at which
SCC initiates In a specified environment, “ksi-~dn,

Specimen width, in.



Pop-In

Appendix A
(continued)

Speclmen thilckness, in.
One half the specimen helght, in.

Height of specimen before deflection, measured at
center-line of the bolt, in.

Height of specimen after deflection, at similar
location to dgy, in.

Heliglkt of specimen at the end of 3CC test, after
unloading, at similar location to dy, in.

Crack opening displacement (COD)}, in.
Ipad, kips
Nominal applied stress or gross-section stress, ksi

Threshold value of (0 for S¢C initlating from & smooth
surface in a specified environment, ksi

Modulus of slasticity, ksi

First evidence of mechanical crack growth while tensile
precracking
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