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stress intensity parameter, psi-in 1/2

spécimen thickness, in..
specimen width;»ih.

1/2 crack lengtﬁ,‘in.

Young's modﬁlus;'psi

applied 1oad; 1bs.
temperature,_°Kelvin
acceleration,.ft/sec
léngth_between load pointsz-in.
time, ﬁin. ,

amount of stress corrosion dissolution between mechanical
Jumps ' '

amount of one mechanical jump, in.

-time between stress waves, sec.

yield_strength at 0.2% offset, psi.

activation energy, cai/mole |

universal gas constant ‘

constant

amplitude of the stress waves, ft/Secgv

increment of area Swept‘out by the advancing crack, in
width of a discontinuous jump, in.

constant



I. INTRODUCTION
"The problém}of'stressvcorrosion cracking is a serious and

complicated one' in.:the develdpment of many.new materials and equip-

‘ment. It becomes even more serious as the trend to higher strength

to weight ratios increases, as for example in the aircraft industry.
Also in the chemical ihdustry stress corrosion cracking is always a -
threat with the presence of pressurized containers and tubing used

for the making, storing, and tfansportation of chemicals. Furthermore,

" stress corrosion cracks can propagate without extefnally applied

~ loads. The internal stresses from weiding, forming, or machining‘

can be serious enoughvtb cause cracking, and once started a érack
can be driven withouﬁ;any appliéd or residual stress; by jusﬁ.the
présence of corrosion products.‘

The need for high strength iight weight materials in:ﬁhe.air-

craft industry has led to many inveétigations into the mechanisms of

“stress corrosion cracking of aluminum alloys. However, no unified

theory has.yet'béen accepted which explains SCC of high Strength
aluminum alloys.

The primary objective of this investigation was to examine

the nature of slow crack growth in the TOT5-T6 aluminum alloy under °

the combined action of an applied stress and corrosive eﬁvironment.
The first stép was to try to obéervevany discontinuous crack growth
by the usé of stress wave emission techniques, thén to investigate
the crack growth rate as a funétion of temperatufé and stress
intensity. To do this.a festing:program was set up whereby (1) the |

SEN fracture specimens could be loaded to diffefent_stress intensity

S



nrlejels;,(2)- thé”températufe 6f the test environment could be cioéely: ;5;:u

controlled; and—(3j the'aébﬁstic emission of stress waves resulting

-jfrom.d13continubué craék gfbﬁth éouldfbe monitored.
This investigatibn has shown the nature of slow crack growth
in the T075-T6 aluminum-alloy, when subjected to both a stress'and

~

corrosive environment.
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II. | MATERTAL
A'cemmericel preeipitetien hafdening'aluminumﬁalloy, designated"
'7075, obtained as rolled sheet 080 in. thick and tempered to the
~T6 condltlon was selected for this study The -T6 . temper refers .
to a solution heat treatéd aﬁd.amtﬁfhnabl&y ag@d cobitition. The. -.
commer01ally specified compos1tlonlls 5.6% Zn, 2 5% Mg, 1.6% Cub

and O. 307 Cr, 0.7% Fe, 0. 57 Si, 0.3% Mn, 0.2% Ti.

III. MATERIAL PREPARATION
"A. Cold working and heat treatment
vIn an effort to increase the grain size of the material

. through subsequent heat treatment, it was first cold rolled to .060

in. thickness, (25% reduction, the iolling directioh was per?endieular

fo the grain orientation of the material). Next the.plete‘was solution

heat treated at 93T°f +2°F for tﬁfee days, and then immediately

quenched.in water at 180°F, resulting in a cooling rate{of about

15C°F per secoﬁd.2 The matériéi'was then aged for five dajs at 190°F
3

to a -T6 temper. This eging process has been reported by Gruhl™ as

leading to an increased susceptibility to stress corrosion cracking.

B. Tensilevand fracture testing»eﬁecimens

Standafd uniaxial tensiie specimensu were machined with 1.0 in.
gage lengfhs»and 0.125 in. widths. The tensile axis was parallel ﬁo
the grain orientation of the sheet, Fig. 2.
Single:edge'notched fracture specimens were machined with their

tensile axis perpendicular to theegrain orientafion_of the sheet,
' .w ' b .

1



Fig. 1. The specimen geometryiselected has been given‘by Browﬁ and
.Srawley.5 The SEN specimens were pre-fatigue cracked in a tension-

tension fatigue machine to introduce a crack with a very sharp

notch-tip radius.

IV.  EXPERIMENTAL PROCEDURE
A, Program

Since, to deteét discontinuous intergranular crack growth, a’
large grain size is desirable, and since tﬁe specimen thickness.ié
proportional to the_diSéontinuous éraék gfowth, preliminary‘work‘
was done to deterﬁiné'the optimﬁm combination of shéet thickness,
cold working, and heét treatmeﬁt conditions which woﬁldvprodﬁce the
thickest specimené_bossible with a suitable grain sizé.

To verify'the properties of the as received material-andvthe
cold worked and Héat treated matéfial, standard ténsile_tests wére.
performed. To ﬁeasure the slow crack growth rate as a fuhction of
stress iﬁtensity,.tests were run over a stress intensifyvfange of
9,250 psi—in%/g_to h9,660 psieih%/2. To measure the crack growth
rate as a funétion of environmental temperature, tests wére performed
at three different average Stfgss’intenéity levels over a temperaturé
range from 10°C to T3°C. For:all tests the slow crack growth was
monitered.using stress wavé emiSsion techniques. Scanning electron
microscdpe studies were dénevto.correlate fractufe appearance and

characteristics with the test results. .

iS
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‘into the tubing close to the specimen in order to actually measure

B. Tensile and ffactureftesfs

Uniaxial tensile tests were performed at room temperature on

" a 5000 kg Inétfon maéhine'uéiﬁg a crosshead speed'of .008 in./min;.
3 . .

The SEN fracture tests‘weré also done on the same machine using a .

i . - : ’
crosshead speed of .02 in./min. to load the specimens for tests done .
at room temperature, and .04 in./min. for tests done at elevated

temperatures. Fig. il shows an actual SEN specimen.

C. Test environment
The stress corrosion cracking-tésts using the SEN spécimeﬁs

were done in a 3.5% NaCl solution With.AlCl added to lower the pH

3

of the solution to less than 2. ' In order to determine the crack .

‘.ngWth rate aé a function ofltempefaturé, the NaCl + Alcl3 sQlution

was heated ﬁo_a controlled temperature, and then allowed to flow

slowly through avplastic tubing and past the notched area of the
SEN specimen, as illustrated in Fig. 3. A thermometer was inserted
the temperature of the solution as it passed the speéimén. Fig. 4.

shows the actual placement of the tubing'around<the7SEN specimen.

D. Stress wave emission technique

Eléstic stress waves.are caused by the discpntinuouS.growth
of a crack Before catastfophig»failure. By using:ajsuitable plezo-
electriq;transducer attached to the specimen gripé, fhese emiséions
can be detected, if they are withinvthe sensitivity range of the

instrument. The Stress wave emission techﬁiqué_developed by Hartbower
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et 516-8 Was_used.to studyithe behavior of slow crack growth propa{
gation in SEN spécimens, aﬁd prgvides an extremely sensitive meth§d '
“for monitoring.acoustic emissioﬁé'produged'by discontinuous crack.i'
gfowth.

| The instrﬁmentation is shown schematicaily iﬁ Fig. 3.
Figs..h and 5 show fhe'éctual tést.setup used to monitof and‘recofd
the signal. As this signéi is.the result of a very small amounf.df-
enefgy being releésed by a discontinﬁous crack movement; it ié
necessary to amplify it and to filter out extraneous noise. _An
Endevco accélerometer,.model 2234E, was used for the piezoeiéctric
transducer and had»a sensitivity of 59.h.picocou10mbs/g and a
major resonant frequency of 32 KHz: The signal from the acceiéro—
neter was first amplified 150 times by a charge amplifief;_dﬁ”a éain
of 1 g. The gain was thén inéreésed 250 times by a voltége.amplifief.
 The amplified sigﬁal was fhen_passed through a band pasé.fiitér_with
a low.pass of éQO KHz and a high pass of 3 KHz. The filteredlsignalv
was then fed in parallel to an Aﬁpex recorder with a>méximum frequency
response of 40 KHz at 15 ips, and also into the oscilloscope fér
observation;' After the test ﬁas over the taped signél was played
back at 7—1/é ips (at one half speed and thus one half df_the highest
Vrecorded frequency), so as to be within thé freguéncy fesponse of the

galvonometer (5 KHz). The'resulting gain of the systém comprising

i

the charge amplifier, voltagé amplifier, and the recorder amplifier
of 1 to 3, was approximately 112,500. With this test setup many tests
- could be run in succession, recorded on.tape and also on the visicorder

strip chart, model 1108.



E. Microscopy
(1) Metallography: Standerd metallographic techniques were ﬁéed»

 to examine the microstructure of the as-received material in comparison
o , N :

._ %o the ébld work and heat-treéfed material. Figure 12 éhbws thé’micro—
structures which were used to estiﬁate the number of grains-pef unit
thickness. Also, Fig. 1L show§ the Side view of a SEN spécimen which
has been tested and the‘pieces fitted togetheriagaiﬁ.‘ A1l thé tested
‘specimeﬁs-were Simiiarly exaﬁinéd to be sure ﬁhat there was only one
' éctive cragk path for each test. |

The métallography ﬁas done.on pieces sectioﬁed‘ffom the SEN
sﬁecimens'wet ground in'sucqéssive stages to a 600 gfit:paper, folished '
on a diahondlwheel to a 0.25 micron finish; and finally micropdlished
on a syntfon Wheel'in a‘solution'Of distilled water énd 0.05 microﬁ
alumina. A dilute keller's etch wﬁs used to etch the specimens.

v (2) Fractography: The scanning electron miéroscope (SEM) em-~:
ployiﬂg;secondafy eléctron emission at 25 KV was used to study the
fraéture surface of the specimens over a range of magnifiéation from7200X
~to 20,000X. The fracture sﬁrfaces seleéted show the effect of tempera—j
"ture and stress intensify on the morphology of the fracture surface.

Becéu$e of the lgrge depth of field assqciated wifh the SEM, it
was possible to chéraéterize the morpholoéy of:the fracture surface,

and to_éstimate the amount of dimpled fupturé as a function_Ofvétress'j ;_

~intensity.



V', 'EXPERIMENTAL RESULTS AﬁDVOBSERVATIONS
A. vMaterials |
The as received material contained about 120 grains‘acroSs
the thickness, or a grain width of about 12.5 microns. After cold
rolling and heat tféating.thefe wére about 60 grains across the

thickness or a graih width of about 25 microns. The'grain-léﬁgth

'did not change between the two conditions and averaged about 100

microns. Table IT shows that there was a decrease in strength

and hardness while the elongation increasedvslightly over thevas

received material.

. B. B8low crack. growth rate

(1) Effect of stress intensity: Starting with a pré-fatigue'

cracked SEN speciman, the general formula for expressing K has

1
been given by'Bfown and Srawley5 as
K = 3 _P;z,a{]_‘/z
=Y —
B W

where Y = F (a/w) is the_cofrection factor for finite width and

Iv crack geometry. For the SEN‘specimen they proposed that

Y = 1.99 - 0.41 (a/w) + 18.70 (a/w)2 - 38.48 (a/w)3 + 58.85 (a/w)"

Fig. 6 shdws:a log-log plot of the stress intensity versus the slow
crack growth rate. The .slope of the curve, determined by a least

square analysis on an IBM COmputer; was found to be equal to 2.

No crack growth:Was observed (after 328 minutes) at a stress intensity . °

of 925O-psi—in;/2. Due to the geometry of the SEN specimen, the

'&f.



stress intensity level incfeaées as the Qrack grows. Thus for
£hese tests the initial value, Ki’ and fhe final vélue, Kf, %gré.
¢aiculated and an>average Qalue-aésumed. In order that tﬁere be.
gnly a small_change in fhe’Stress intensity durihg the test, the.
testé were run long enough so.that there would be a felatively
small‘amount of crackvgrowthQ The spécimens wefe then_broken

by loading at .13 in./min. s0 that the amount of slow crack growth

could be determined (Fig. 13).

(2) Effect of environmental temperature: Tests were pérformed
to determine the;dependence of the slow crack growth réte on'the | »_t :
temperature of thé eﬁvirénment. The results ére shown in Figs.
T, 8, and 9 for three different stress intensity levelsf‘ Again,

a least squares analysis was dQne to determine the best curves that

could be drawn through the data points. Fig. 10 shows thé_super-
imposed curves, and the effect of increasing the stress intensity

" on the crack growth rate for any given temperature.v From the

equation v

)

%% é AeRT

the activétiqn energy, Q. :can be computed from‘the slope of the
éurves.cbfhe calculated vgers are listed with each curve. The

average value of the apparent activation energy was 11,200 cal/mole.

i

|
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C. Stress wave emission observations and results
Stress wave activitvaas observed in all the tests where slow
crack'gf0w£h occurred.' Figs. 28 through 33 shoﬁ sdﬁe repreéentative
oscilloéram recordingsvof the monitored waveé. Tablé IIi shows the
dépendehcexof the amplitude‘and frequency of the streés waves on the
‘stress inténsity. Due to the sensitivity of the‘system, the bubbles
forming»by the reaction of the envir&nment ﬁith.fhe maﬁérial, broduced
1ﬁa'nbisé,_which'at elévated'temperéturés made itvimfbésible to dis-
.tinguish Betwéén real stréssvﬁaﬁes and the wave produced by the
bubbles. Even at 48°C the noise sf the bubblés ﬁédevif imposSibie .
té.identify the stress wavés. Howe#er, at 33°C and below, bubbles
'did'not significantly'faisé the background noise, and allowea stress
waves.to'be obsér&ed as a function of stress intensity, Fig. 28.
Figs. 30 and 3i éompare background néiSé'with actual tests run at
the séme'femperatures.' Fig. 32 shows backéround néiSe as a function
of température only.'vFig. 29 cdﬁpares artést dpne:in air tova test
done in thé eﬁvironment at fhe same temperature and stress intensity levéi.
| The nﬁmber of stress waves per sec. taken from data stored on
theftapes, in only of the major waves. The real SWE activity ﬁighﬁ
possibly be very much higher, involving many moré low energy waves.
The average amplitude of the stress waves for each test was obtained
from the amplitude_of the six biggest waves in a given time interval.
Qualitatiyely then, the SWE observations show that as the stress-i
intensity‘incfeases, thé'fréquency and amplitude of the stress waves
increases: 'Eétimafes_of the‘increméntal aiea SWept.but by the crack

have been made bybGerberich.and'Hartbower.



11

_Quantitatively, a relatibnship between the incrementai crack
growth and stress wave activity has been sﬁggested by Gerberichg.
Based on experimental work on an AliZn.alloy,. he dérived a semi-

empirical relationship of the form

_ oAnKP

ClEe

wvhere g 1is proportiqﬁal to the amplitude of a stress wave, AA is

the incremental area swept out by one stress wave; e 1is the,disfénce~.
between ldading pins, C is a constant, and E 1is Young's modulus.

By carefully calibrating the instruments shown schematically.in

" Fig. 3, the amplitude.ofrthe stress wavéé éanvbe expressed in terms

of g. For the settihgs used in these tésts avstress wave ampiitude..
of 1.9 in. is equal to .0008 g. Table TIT shows the calculatga

.values of AA for different stréss intensity levels based on this

equation.

_D. Fracture surface observations

Fig. 13.shows representative macroscopic fracture'féatures
for all the tests. Indicated on the figures is the pre-fatigue
cracked région‘(A—B), the'leW crack growth region (B-C), and the
unstable crack‘grqwfh region (C-D). Figs.1l5 through 27 show the
microscopie details of the fracfure surfaces. At low temperatures,
the time of thé tests was longer, meaniﬁg thatvthe solution was in
contact withvthe fracture.surface for longer periods of fime, thus
destrdying many of the fine detailé. This made it difficult to find

any areas. of dimpled rupture that might have been present initially.

4
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However, at high temperatures with shorter exposure times tq>the
environment, fine detail can be obéervedﬂ A comparison of Figs.

2}1A and 20-A shows that as the stress intensity level increases,

; . o . _
the amount of dimpled rupture also increases. The dimpled regions

i ,
represent discontinuous jumping or tearing of the material, as

compared ﬁith the relatively flat surfacés which indicate a continuous

crack movement due to chemical dissolution, an electrochemical process. -

Fig. 26 shows a residue of the t&st solution..Thefeatures

are perfectly émooth with no texture present as in the actual material.

The cracks in the residue are formed as the solution dries, shrinking
and cracking. Fig. 27 clearly shows some regions containing residual
deposits'of'thé solution and the difference in appearance between

the residual solution and the actual test material. -

E. 'Stress intensity factor and the size of the discontinuous crack

" Jump

An expression can be written for the crack growth rate in
terms of a crack movementlyi£h>two associated components: Qj, the
amount of the forwara crack advance due to a meéhénical jump, and
Qc, the amount of the forward crack advance due to electrochemical
dissolution in between discontinuous Jumps .

(&) -Zep

dt 08 ATS

where ATs is the time between stress waves. Re-writing gives:
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J dt-T

1, =(9—@- St -8
’s e
From ﬁhe‘fractographs.it is possible ‘to estimate the percentage.of

dﬁmpled mechanical rupture relative to the flat corrosion rupture,

and thus to'obtain*an,expression for Zc ‘in terms of Rj; So that

% = (constant) %.
e "j

Since (%%) is known by measuring the amount of slow crack growth
T S

in a given length of time, and At; can be estimated from thé SWE
recordings, it'isﬂpossible to calculate a vaiue of lj:

It must be.hoted that the Qélue_of lj obtained in ﬁhis way
is the_appareﬁt amount of forward crack growth by a single.discontin—
uous jump. The forward craék growth per unit thickness, o
lj(For,Adv/Th.) = (lj) X (the number of grains‘involveq in dimpled
rupture per thiékness). In this case the number of grainé involved
per unit thicknéss is Just the number of grainé across the thickness
(60), times thé number of active cféck pathé (1), timeélthe per-

centage of the fracture surface that is dimpled. Therefore

Qj(For.Adv./Th) = (23,)(60)(1)(% dimpled rupture).
Table III lists the values of Zj(For.Aav./Th) obtained in this way
as &rfunction of the stress intensity factor.

Since Fig. 6 shows that the crack growth_rate'is proportional
to K2; the'nUmbef of grains failing by_dimpled rupture as the crack.

advance s may be prOportionali$otthe_craék;tip displacement so. that



1k

' : “K2
SLJ(‘For‘.Adv.‘/Th)bcc gdysE

Crack tipvdisplaceméntAvalues are given in Tablé III as. a function
iof the stress intensity. ;The ca}culéted values of QJ

an order‘ofvmagnitude smeller than the corresponding. crack tip

are about

‘displacement.

VI. DISCUSSION
A. Genéral |

| This investigation has shown that two distinct mechanisms are
involved in stfess corrosion cfécking,'a mechanical process dependent
on the stress intenéity énd an electrochemical, thermally activﬁted
prqcess.::The relative amounts of each are depeﬁdent on-bofh,tﬁe
stress‘intensity level and thé‘environmental femperature.

'.Tﬁe crack propagétion rate is strongly dependent on the:
envirOnméﬁtél température; .Hoﬁéver,_thevdépéndence of fhe crack
propagatioﬁvrate on thé'stress iﬁteﬁsit& level-is_independént of

. tempefature.‘ Theée featﬁres.ére elaborated on in'the following

section.

B. Mechanical and electrochemical aspects
The calculated value of the width of a crack jump is based on
a'semi—émpirical expression derived from experimental work by

9

Gerberich” for much larger stress waves, and thus only provides an
order of magnitude estimaté'of_the width, Aw, of the crack jump.

Table III shows that the calculated value of Aw is on the order



- proposed a new modél similar to an eafly model by Dix™

15

ofil grain'width. Similarly, the value of '£j is dependent on

_ the number of stress'aavesvper'éecond and the possibility that

many low energy waves were not.detected mékes only an order of
magnitude estimate possible.

i The average value of the apparent activation energy based

- on the curves in Fig. 10 is_ll,QOO cal/mole. Values~réportedlo

forvthe‘actiVation energy range from“l2;OOduto lh,OOO:cél/mole;
The electrochemicél component of SCC has_beén thoroughly . .

invesfigated. It des@iibes the'propagation of stress corrosiqn

cracks in the metal-enviroment syétem as resulting'from iocalized

anodic_ dissolution of the plastiéally déforming solid solution

~within the precipitate free zone along the grain boundary.

Two models have been proposed to:explaih”the:.stressccorrosion

phenomenon. An electrochemical prdcess described above has been

“widely proposed'andlrecently supported by Sedricks, Green and Novak®®

16

. for Al-anMg alloy in an aqueous chloride solution. Jacobs "has

17518 Ghicn

requires corrosion alqngAa continuous anodic path combined with

.mechanical tearing of the metal at the tip of a corrosion crevice.

In Jacob's model the anodic path is continuous, but instead of
consisting of a'single phase it éonsists.of two phases (Man2 and
the Al matrix) which alternaté"as electrodes. Crack propagation.

occurs by a cyclic repetitioh of corrosion-of the anodic Man2

'particles and mechanical fracture between particles. The results

of this inveétigation suppoft Jacob's theory —4‘a two step growth

process as evidenced by stress wave emission and fractographic results.
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VIT. CONCLUSIONS
The crack growth rate for the SCC proéeés was strongly dependent
on temperature With'an apparenf activation energy of 11.2 kcal/mble}v'
The crack'gfowth rafé was also proportional to KQ; |
SWE techniques shoired ﬁhat discontinuous cracking was occurring.
It élso provided_aﬁ estimate of the time betweeﬁ diséontinudus
Jjumps . |
Thevfreqﬁency énd amplitude of Stfess waves increased with increasing
stress intensity for any gi?en temperature.

Both mechanical and electrochemical fracture in the SCC region

.was found to be intergranular.and the amount of dimpled rupture

to be proportional to the square of the stress intensity.

Using SWE results and fractogréphic evidence, order bf magnitude
estimates of the léngth and width of the discontinucus jumps Wefe
possible. The width was éstimated'to be on the order .of 1 grain,,vf
while the forward advance per unit thickness of the crack due to
one discontinuous jump.wés estimated to be‘aﬁouf 1 micron.

The Sfress corrosion.craéking mecﬁanism is concluded to be é two

step process combining an electrochemical and mechanical process.
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Table I. Fracture analysis data for determining-stress‘intengity and crack growth rates of 7075-T6 Al

(o)

23

Tooa o % By Fe 3 K Cave 1, M0 L@ ds/at
n.) (in.)  (1vs.) (1vs.) (psi-in.” psi-in. ‘psi-in. ) (min) (in.) (in./min)
10 0.737 0.785 146k 1460 36090 39470 37780 47.0  0.048 0.0010
23 0.735  0.805 1850 1805 L5430 50730 48080 1.8  0.070 0.0047
23 0.735 0.805 1820 1780 Lh700 50030 - h7360 5.2 0.070 0.0135
23 0.750 1.155 1210 898 30580 52830 41700 67.8 0.L05 0.0060
23 0.750 0.815 1540 1497 38920 39910' 39410 13.0 0.065 0.0050
23 0.745 -»0.815 1385 13k2 - 34670 38460 36560 19.3 0.070  0.0036 -
23 0.702  0.745 1584 1540 36540 38550 37540 21.4  0.043 0.0020
23 0.705 0.760 1475 1430 = 32210 - 36840 35530 1k.7 0.055 £0.0037
23 0.725 0.995 1145 968 27590 hboho' 33810 73.0  0.270 "0.0037
23 0.725  0.725  1koo 1400 33730 33730 33730 4.3  —- -
23 0.705  0.770 1365 1320 31660 34660 33160 25.5 0.065 0.0026
0.7L5 0.825 1160 1110 290k0 32U40 307k0 .26.7 0.080 0.0030 "
23 0.740 ~ 0.835 968 923 2Lkooo 27510 25760 26.0  0.090 0.0035
23 0.753 = 0.830 935 891 23760 26300 25030 47.0  0.077 0.0016
23 0.715  0.825 92k 880 - -218L0 25720 23780 | 60.0 0.110 0.0018
23 . 0.710 0.905 634 598.' 14850 20510 17680 230.0. 0.195 0.00085
23 0.900 0.970 L33 L1k 1555 18850"' 117200 204.0  0.070 0.0003k
23 0.900  0.900 260 260 9250 9250 19250 3280 - -
32 0.670  0.715 '2160_ 2110 46900 149880 - * 48400 5.2 0.045 "0.0086
33 0.720 0.745 iL?O 1k2o '7355yo 35310 6.7 oQoes ©0.0037

35080 .-

01
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24620

24330

Table I. (continued) _

T as . P, P, K, K, K. e da o da/at
(°c) (in.) (in.) (1bs) (1bs) (psi-in. psi—in.]f psi—in.l/e) (min) (in.) (in./min)
33  0.760 . .0.800 924 880 23800 24490 24150 7.6 0.0Lk0" 0.0052
43 0.712 0.775 1462 1420 34370 - 37650 36010 k.2 0.063 0.0150
43 0.745 - 0.805 1022 979 25580 27510 26550 9.4 0.050 0.0053
43 0.690  0.735 1120 1080 25250 26520 25890 . 5.3 0.045 0.0085
48 2.715 0.770 2019 1960 L7730 51470 49600 1.k 0.055 0.0k02
53 0.685  0.755 = 1558 1520 34800 38780 36790 2.8 0.070 0.0250
53 0.700  0.790 1085 1046 24930 28550 - 26740 7.5 0.090 0.0120
53 0.690 0.770 1092 1045 2k620 27Lho 26030 11.%  0.080 0.0070
60 9.745 0.760 1270 1200 31790 30910 31350 0.6 0.015 0.0268
62 0.800 0.810 9ko 890 26160 25260 25710 0.8 0.010 0.0122
62 0.735 . 0.760 1030 980 25300 25250 25270 1.2 0.025 0.0220
68 0.669 0.7h5 2185 2115 47350 48710 48030 1.1 0.076 -0}072A
T3 0.5 0.790 1440 1366 36050 37280 36660 0.9 0.045 0.0500
73 0.695  0.715 1121 1080 © 25520 25580 25550 1.0 0.020 0.0200
73 0.725  0.745 1022 972 24480 0.75 0.020 0.




- Table II, "Mechanical Propertieéiéf:TO?S¥T6 éiﬁﬁinﬁm>'

Y.s. T.S. % Elong. % Reduction  Hardness
(0.2% ?ffsst) ..(psi): - (1.0 in. gage) of area R
(psi) _ _ e s |
70,400 81,000 10 '35 90.5
71,500 80,300 12 28 90.5
As received material 71,500 81,000 12 20 91.0
72,600 81,000 12 32 90.5
71,500 7 .80,300 12 ok 90.0
Average values 71,500 _ 80,700 11.6 - 28 ' 96.5.'
56,600' 79,400 1h.6 27 84.0
56,500 77,800 17.0° 28 8L.5
Rolled, solution H.T., 56;500 78,700 1.2 23 84,5
and aged 56,500 79,300 4.3 26 84,0
" 58,000 80,000 15.9 26 85.0
. 56,800 79,040 15.2 - 26 84.0 g

- Average values

Commercial specifications Y.S. (0.2% offset) = 73,000, T.S.

= 83,000, % Elong. (2 in.

.88



Table III.,  SWE Analysis of data from_SCC-tests . ST

e T No. SWE/SEC bt % Dimpled da/at- % (forward/adv/Th
(psiqiﬁ,l/z), (°c) " (sec) rupture (in./sechOS) “(in.)Xth)A
25,400 23 1.6 0.625 | 20 . 2.7 o O.375v
36,200 | 33 R 0.25 33 6.2 0.563
48,300 23 - 20.0 0.05 _ 80 7.8 1.5
(ini.) (££/sec?X10") (in.“X10°) = (in.X107) _(in. X107)
25400 1.07 - 2.3 - o.eh 0.6L 0.52
36,200 1.7 3.6 - 0.8 3.2 1.1
2.7

48,300

5.7 0.16 . 0.9h 1.8

£z -



HOTE:
Fig. .1~
Fig. 2
vFig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. T
Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12

2h

' FIGURE CAPTIONS‘. v .
In all_fractﬁre éurface phofomicfégraphs the direétion of
crack growth is'veftical-frém the bottom to the top of thew'
page. | | |
.Schematié.of'thé SEN specimen geometry
.échemafic of_the ténsiie épecimen geometry
Schematic of the test setup
Instron loadﬁng setup showing placément of the'tubiﬁg
around the‘SEN specimen
Actual'instfument setup for ﬁonitoring and reéofding SWE
Crack growth,rate as a function of stress intensify for
"constant temperature (é3°C)
Crack'growth rate aé a function of temperature for
. - R . .

1/2

K = 48.3 x 10 . .
v : psi-in

Avg
Crack growth rate as a. function of temperaﬁure for

K, = 3.2 x 105, . 1/2
Avg o psi-in

Crack growth rate as a function of temperature for

_ 3
KAvg = 25.4% x 10 psi”_in:L/z

Superimposed curves of Figs. T, 8, aﬁd 9
() The actual SEN specimen
(B) Side view showiﬁg the,directién éfiéfack propagation
écréss the:SEN sﬁecimen- |

:(A) Edge veiw in the longitudinal direction of the as -

received material
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(B) Top view of the as received material
(C) Edge view in the longitudinal direction of the
‘material in;the coia worked'and heat treated condition

(D) Top vieﬁ oflﬁhe maferial in the same conaition

Fig. 13 . Macroscopic fraéture appearancé of the test specimen,
fegidn (a - b) is the pre-fatigue cfacked area
(b - c)_tﬁé slow crack growth region
(¢ - d) unstable c?ack growth during rapid loading to

failure after the slow crack growth had been

_ recorded
() K, = 37540 psi-ini/2, T = 23°
(B) K, = 27780 psi-int/?, 1 = 2300
(c) K, = 36790 psi-int/2, 1 = 23°¢C
(D) KAvg - 36560 psi-int/2, T = 23°C

Fig. 1k Edge view of the fracture path of specimens

(a) Kpvg = 48080 psi—inl/g, T = 23°C
(B)‘-KAvg = 25030 pSi—inl/Q, T = 23°C

Fig. 15 “(A) Pre-fatigue crack region, not exposed to the test

* environment; rebresentative of dll test specimen
fatigue regioﬁs | |

.(B), (c), (D) Fracture surfaces of slow crack growth

1/2

regions of a speéimen tested at KAvg'= 36600 psi-in
and T = 73°Q
Fig. 16‘ _Fracture surface‘showiné slow crack grqwth region of a
specimen tested at KAvg = 36600 psi—inl/2 and T = 73°C

(A) Corrosion region



 Fig. 17
i
‘Fig. 18
Fig. 19
Fig. 20
Fig. 21

o

(B), (¢), (D) dimpled rupture mechanical region

(A) Pre-fatigue: regioﬁ, exposed to-the.test.environmentb,
ét 5300, shoﬁing grain_boundary-cracking due to tﬁe _
environment |

(B) AFractureVsurfaces of slow crack.growth region of a

Avg

specimen tested at K v = 36790 psi—inl/2 and T = 53°C
(C) Dimpled region of same specimen |

(D) Predominately flat region of same specimen

' Same specimen as Fig. 17

(A) and (C) fracture surface of slow crack fegion_showing
.textured abpearance of'porroéion region |

(B) and (D)-ﬁnstable cfack growth region showing dimpied
appeérance | |

Samevépecimen as Fig. 17, fracture surface of slow crack

growth region

Fracture surface of the slow crack’ growth regidn of a

specimen tested at KAvé = 26740 psi-inl/g, and T = 53°C
(A) shows predominaﬁely flat corrosion appearance

(B) and (C) show flat surface appearance

(D) Small region of dimpled rupture

‘Fracture surface of slow crack growth region of a specimen

tested at K'v = 49600 psi—inl/2, and T = 48°C, showing

Avg

- almost completely dimpled rupture
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Fig. 22  (A) and (B) Fracture surface of slow crack growth region

of -a specimen tested at KAvg = 36560 psi—in;/e, and
T = 23°C, showing the effect of the splution,on:the surface
for tests run for long periods of time.
Fig. 23 Fracture surface of slow crack growth region of a specimen
N _ .. 1/2 o
tested at K, = 37780 psi-in™’'", and T = 23°C
_ Avg T
Fig. 2k Fracture surface of slow crack growth region of a specimen
L - . 1/2 | o
tested at KAvg = 37780 psi-in™" ", and T = 10°C
Fig. 25 Same Specimen as Fig. 2k
(&) and (B) Slow crack growth regions
(c) and (D) Show the effect of the environment on the
pre-fatigue cracked region after 47 minutes
Fig. .26 NaCl + AlCl3 test environment dried on a brass holder
to compare with the actual test material. Note the
'Completely smooth appearance.
Fig. 27 = Fracture surface of a specimen, tested ai'KAvg = 17680 psj.inl/2
~and T = 23°C, showing salt solution residue on the surface
. of the specimen, and the generally corioded surface appearance

after 230 minutes in the test environmeht

Fig. 28  SWE oscillogram recbrdings of specimens tested at T = 23°C .

_ .. 1/2
(A) KAvg = 25400 psi-in
(B) K, = 36200 psi-int/?
(C) K, = 48300 psi-in>/2



Fig. 29

Fig. 30
cFig. 31
Fig. 32

28

SWE oscillogram reéordings of specimens festéd at
o L 1/2 |
KAvg = 36200 pgl—}n

(A) Tested in air

and T = 23°C

(B) Tested in solution

SWE oscillogram recordings of specimens tested at T = 23°C

(A) An acfual test where KAvg = 8300 psi—inl/Q

(B) Just the equipment background néise with no load
applied to'the‘specimen

SWE osciilégram recordings of specimens tested at T ;'68°C
(A)» An actual test where KA&g = 48300 psi_inl/Q

(B) Just the equipment_baékground noise with no load‘
applied to the specimen

SWE oscillbgram recordings.of specimens.tested Withbﬁo
load ap?lied in order to compare baékground noise .

(A) T =A23°c | |

(B) T = 68°C

g
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or '

B.. Assumes any liabilities with respect to the use of, or for damages‘
resulting from the use of any information, apparatus, method, or
process disclosed in this report. o :

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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