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KFFECT OF RERIDUAL STRFARKA ON ATREONCORROBTION CRACK
QRONTH RATER IN ALUMINUM ALLOYD

M. V. Hyatt

ARDTRACT 1

Rirena=aorrosinn erack grovth rate data obhtatned agd a function of
the plane=atrain atreaa intennity usine doubile cantilever heam anecimenn
of TOTQ, T0T%, and T1TY are preaanted, The ef'fecta of quenched=in
renidunl streasean on arack growth ratea in apecimena of thia design are
1i{ncunsed, and methoda of eliminating the reai{dual-atreaas problem are

nresented,

INTRODUCTION

Conaiderable ntrean-corroasion crack rrovth rate data for aesveral
hish-atreneth aluminum alloys have recently been ohtained bty the author
(1,7,3,1) uaine the precracked double cantilever beam (DCR) anecimen
ahown in Fie, 1. The advantages of uasing apecimens of this deaign in
atrena=corroaion atudiea and the method of ohtainine the data are
dencrihed in Ref, 1, Ry using thia sanecimen and Fa, (1) (from Ref. 1),
stresa-corrosion crack growth rate data can be ohtained as a funetion
“f the plane-strain atrvezs intenaity KI .

K. = !BBJ32.1!~:;9:9b)?_3“ﬁ?l*}!f (1)
I 3 bl
b [(a+ 0.,6h)" + n"a)

wvhere! v = total deflection of the two arms of the DCB specimen at
the load point (centerline of loading bolt)
= modulus of elasticity (10.3 x 106 for aluminum alloys)
= 1/2 specimen height
a = crack length measured from load point (centerline of
loading holt)

The author is associated with the Commereial Airnlane Groun, The Boeinp

Company, Renton, Washington., F



The =rocedure for ohtaining the crack growth rate data is {llustrated
nchematiocally in Fig, 2. The loading holt {a turned until a sharp orack
in popped in from the end of the machined noteh. Plane-atrain fracture
toughneas Kte can he calouwlated hy meaauring v und a at any subsequent
pon=in. After the erack haa hbeen advanced a few tentha of an inch by
aeveral pop-ina, the holt {a left fixed, giving a conatant crack opening
diaplacament (COD), The 3.%% NaCl environment i{a then applied. lnder
these conditions, the lnad P at the bolt and KI at the crack tip
decrease as the stresa-corronion crack length increases (Figa. 2b and 2¢),
The slope uf the resulting crack length-time curve in Fig, 2a then g!ves
the crack growth rate as a function of KI‘ Az the crack length a
increasea and KI decresses, a KI lavel may eventually be reached below
vhich growth ceases or is negligible., Thias KI lavel, designated X
i{s showvn in Fig, 2c. Use of DCB specimens is especially suited to
aluminum alloys with slongated grain structures, since atress-corrosion

Isce’

cracking is intergranular and cracks are kept in plane by the elongated
grain atructure of the material,

The specimens wvere bolt loaded to KIc and the steel bolts were
insulated by masking the bolt end of the specimens with a vinyl coating.
The specimens wvere then placed upright (belt end up) and several drops
of an aqueous solution of 3.5% NaCl vere placed in the machined slot of
the snecimens using a polyethylene squeese bottle. The NaCl solution
vas applied three times each worlting day at U-hr intervals. Crack
lengtha were monitored using a hand lens and ruler.

Most of the specimens used to obtain the KI-rlte (KI versus crack
grovth rate) data in Refs. 1, 2, and 4 vere from residual-stress-free,
stretcher-straightened plate material (TX51 temper). However, a few
specimens wvere from die forgings that contained quenched-in residual
stressea. A few other specimens (from plate material) were re-heat
treated as DCB specimen blanks and quenched into cold water prior to
aging. Quenching produces residual compressive stresses on the surfaces
of the DCB specimen and residual tensile stresses in the interior of

the snecimen, Such residual] atresses cause crack front bowing and
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geometry changes in the arma of the DCH specimen that introduce errors
into KI caleulationa, This report presents data showing the effectes
of quenched-in residual stresses and discusaea methods of eliminating

the problems introduced by them,

FFFECTS OF RESIDUAL STRESSKS ON DCR SPHCIMENS

GROMETRY CHANGFS

Double cantilever beam aspecimens that are re-heat treated as 1l- by
l- by =in. blanks and cold water quenched before aging contalin residual
compressive streases on the surface and residual tensile stressea in the
interiovr. When a notch is machined into the specimen and a crack ia
popped in from the end of the notch, some of the internal residual tenaile
stresses are relaxed. The residusl compressive stresses on the outside
surfaces of the DCB specimen parallal to the crack plane are then
able to bow the twvo arms of the DCR apecimen apart. This phenomenon isa
illustrated in the re-heat-treated 7079-T5 DCB specimen in Fig. 3. The
stress-corrosion crack has propagated along the entire length of the
spacimen. The bowing is evidenced by the greescer separation of the two
arms at the center of the specimen. The dark material at the bolt end
of the apecimen is the vinyl coating that was applied after pop-in and
before the aqueous 3.5% NaCl environment was applied, to prevent any
galvanic action between the steel bolt and the aluminum specimen.

Normally, the deflection v at the bolt centerline after pop-in
is used in Eq. (1) to calculate Ky
bowed specimens such as that shown in Fig. 3, serious errors are
introduced into Eq. (1) if the deflection is used. Because of the

It is obvious, however, that with

increased bowing of the twn DCB arms as the crack grows, the COD near
the crack tip increases; thus, the actual KI at the crack tip is higher
by some unknown amount than the KI calculated using the deflection at

the bolt centerline, which remains constant.




Once a crack has been popped in and has started to grow, the bolt

can be completely removed from the specimen and the stress-corrosion
crack will continue to grow owing to the effective COD from the bowing
action. This is illustrated in Fig. 4, which shows both sides of an
underaged 7075 DCB specimen in which the stress-corrosion crack has
propagated along the entire length of the specimen despite the fact
that the bolt was removed after pop-in.

CRACK FRONT BOWING

Another error is introduced into Eq. (1) from the bowed stress-
corrosion crack front in DCB specimens containing residual quenching
stresses, This phenomenon is illustrated in Fig. 5, which shows the
fracture faces of a re-heat-treated 7075-Té specimen from plate and a
T175-T66 specimen from a cold-water-quenched cie forging. Crack
advance during pop-in 1s more favorable in the center of the specimen,
where residual tensile stresses are highest., Residual compressive
stresses on the outside of the specimen, combined with the plane-stress
state there, can significantly retard crack advances during pop-in and,
eventually, the stress-corrosion crack growth. Since the crack lags
on the surface, errors are introduced in crack length measurement: made
on the outside of the specimen during the test., Thus, crack length may
vary along the crack front, making accurate or meaningful KI calculations
difficult.

ELIMINATING RESIDUAL STRESSES

The simplest way to eliminate the residual-stress problem is to
machine specimens only from plate or extrusions that have been stretcher
straightened (TX51) after solution treatment., However, if the DCB

specimens must be re-heat treated, there are other ways to avoid the

problem. The DCB blank can be made extra long so that after the solution
treatment and quenching operation, the DCB blark can be plastically

stretched 2% to 3% in tension to remove the residual quenching stresses
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(the extra length is required for gripping in the tension-testing
machine). After the blank is aged, the DCB specimen can be machined

from the stretched portion.

The effectiveness of stress-reliet treatments in reducing crack
front bowing is illustrated in the four underaged 7075 DCB specimens
shown in Fig. 6. The nearly complete elimination of crack front bowing
is more diffirult to see in the stretched specimens because they were
nnt broken open until the cracks had grown completely through. These
stretched specimens were wmachined from the central 5 in. of 1- by 1- by
18-in. DCB blanks that had been stretched in a 1,000,000-1b capacity

tens.on-testing machine after quenching.

Fxvlosive shocking after quenching was also moderately successful
in removing residual stresses. The specimen shown in Fig. 6 was
explosively shocked to a pressure of 1.5 times the yield strength after
quenching. Explosively shocked specimens were machined from 1.5- by
5.5- by l-in. blanks that had been shocked after quenching by using
sheet explosive and a water-transmitting medium. At a standoff distance
of U to 6 in., 0.37 to 1.85 1b of sheet explosive were used for these
specimens. This procedure is not recommended, however, since it is

not as controllable as stretching.

Machining of side grooves along the length of the DCB specimens
after heat treatient would also help to eliminate crack front bowing by
changing the stress state near the surface fran plane stress to plane
strain and by removing some 5f the material under high residual com-
pressive stress. However, unless the specimens are also stretched
after quenching to eliminate residual stresses, the arms of the DCB

specinen will still bow apart, causing errors in v and KI.

FFFECTS OF RESIDUAL STRESSES ON CRACK GROWTH DATA

It appears from Fig. 6 that the shape of a bowed crack front stays

relatively constent with respect to the bowed shape at pop-in, at least




along an appreciable portion of s DCB specimen. This indicates that
crack growth rates on the surface and in the center of a specimen are
similar. Therefore, growth rate obtained from surface measurement of
crack length would be representative of growth rate through the center
of a DCB sapecimen.

If growth rate was always a function of KI’ it could be concluded
that the equivalent KI
center and the surface, since growth rates at the two locations are
similar. However, it has been found that at the higher KI levels,

along a bowed crack front was the same at the

stress-corrosion crack grovth rate is independent of K; level (1,5,6,).
Therefore, it cannot be assumed that KI is constant along a bowed crack
Just because growth rates are similar at different locations along the
crack front. Nor is the actual value of KI on the surface or at the
center of the DCB specimen known because of the bowing apart of the two
arms and the resultant change in the effective COD. While it may be
desirable to calculate actual KI from measurements of the effective COD,
it is sufficient here to note that actual KI
containing residual stresses are higher than those calculated from

Fq. (1) using the COD at the loading bolt.

values in specimens

The KI-rate data for residual-stress-bearing and residual-stress-
free 7079-T6 DCB specimens may be examined in Fig. 7. All specimens
were initially machined from the same piece of l-in.-thick T7079-T651
(stress-free) plate. One specimen was tested in the as-machined T651
temper, whereas the other two specimens were re-solution treated, cold
water quenched, and aged to the T¢ temper. To minimize crack front
bowing in the re-heat-treated specimens, 0.1 in. of material was
machined from the two faces that are perpendicular to the crack plane.
Since calculated KI values for the re-heat-treated specimens are low,
as discussed, the KI values in Fig. 7 for these specimens should be
shifted to the right. This would bring the data for the residual-stress-
free and residusl-stress-bearing specimens closer together. Thus,
all that really can be said about the effect of residual stresses on

DCB specimen data is that the residual stresses cause higher effective
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KI values for a greater portion of the crack growth veriod. Thus,
~rack growth rates are, on the average, faster in residual-stress-

Learine specimens, leading to shorter times for complete fracture.

The effects of residual quenching stresses on KI-rate data for
7075 in two heat-treatment conditions are shown in Fig. 8. For clarity,
onlv scatterbands of the data are shown, along with the scatterband for
residual-stress-free 70T5-T651 (1). As for 7079, actual KI values for
the residual-stress-bearing 7075 specimens are higher than those
piotted. Arain, this results because the KI values were calculated
from Fa. (1), using the COD at the bolt v , whereas the effective COD
i« higher owiag to the bowing apart of the DCE specimen arms. Moving
the curves for the residual-stress-bearing specimens in Fig. 8 to
the right would bring then imore in line with their stress-free
(stretched or explosively shocked) countervparts, Note that the data
for the shocked or stretched 7075-T6 material olot near the scatter-

tand for residual-stress~free TO7S5-T651 material, as exnected.

Tt. should also be noted from Fig, 2 that the growth rates for
the residual-siress-free material in the underased condition (aged T2
hr at 158°F) are about an order of magnitude higner than those for
similar stress—free material in the standasd T6 temper (aged 2L hr at

250°F).,

To illustrate more clearly the total inteprated effect of residual
quenching stresses on the stress-corrosion behavior of DCE specimens ,
the actual crack length-time curves for two underaped 7075 specimens
and two TOT5-Té svpecimens given similar initial deflections v are shown
in Fig. 9. The differences between the stretched and unstretched

svecimens are strikingly evident.

KI-rate data for DCB specimens of Alcoa's new high-strenegth, cold-
water-quenched 7175-T66 alloy may be compared with data for cold-water-
auenched and non-stress-relieved 7075-T6é plate material in Fig. 10.

The scatterband for residual-stress-free 7075-T651 (1) is also presented.

Double cantilever beann specimens of the 7175-Tob allsy were rachined




from & die forging in such a way that the crack propagated along the
varting plane of the original forging. Both alloys have nearly the

same composition and, undoubtedly, very similar aging treatments.* It
is not surprising, therefore, that the re-heat-treated 7075-T6 and

the 7175-T66 DCB specimens showed very similar growth rate behavior
because both were cold water quenched. In other words, both mate-
rials contained similar residual stresses. Values of KI plotted in

Fig. 10 for both alloys are low for reasons already discussed and

would be shifted to the right if correct KI values were known. The
roint to be noted is that residual quenching stresszes in real forgings
that are susceptible to stress-corrosion cracking play an important role
not only in initiating stress-corrosion cracks but also in accelerating
average crack growth rates. Average growth rates are eccelerated
because residual quenching stresses help to maintain higher effective

K., levels during a pgreater portion of the growth period, thus decreasing

I
times to total fracture in DCB specimeris or in real parts.

CONCLUSIONS

1. Values of KI calculated using crack opening displacement at the
loading bolt in DCB specimens containing residual quenching stresses
are lower than actual values. This results from an effectively
increased COD at the crack tip caused by bowing apart of the DCB
specimen arms as the stress-corrosion crack propagates through the
gspecimen. The bowing is caused by residual compressive stresses

on the surfaces of the re-heat-treated DCB specimens.

2. Residual stresses in DCB specimens can be eliminated easily by
nlastically deforming the DCB specimen blanks after quenching.

#7175-T66 has lower iron and silicon contents than 7075 and is only
available in die forgings. Die forgings of 7175-T€6 are cold water
quenched, whereas most 7075-T6 die forgings are warm water quenched.
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3. KI-rate date from re-heat-treated TO75-T6 DCR specimens that have
teen stretched to remove the residual quenching stresses agree with
KI-rate data from commercially produced, residual-stress-free 7075-T651

material.

L, Stress-corrosion cracks in residual-stress-free underaged 7075 (aged
72 hr at 158°F) grow an order of magnitude faster than cracks in

the same material in the standard TO075-T651 temper.

5. Residual stresses in re-heat-treated and cold-water-quenched I['CB
svecimens are sufficient to cause stress-corrosion crack growth
after non-in even after the loadine bolt has been completely
removed from the specimen, This results from the residual-stress
nattern that causes the DCB specimen arms to how avnart as the

stress~corrosion crack provoagates.

6. Residual quenching stresses in actual parts susceptible to stress-
corrosion cracking not only increase chances of initiating stress-
corrosion cracks, but also play an important role in accelerating

averare growth rates, This results from increased COD and K

I
levels at the crack tip due to deflections caused by the residual
stresses.

1. Valuable commarisons bhetween aluminum allovs can be made if DCH

specimens of the allovs have teen similarly heat treated and thus
contain equivalent residual stress patterns; that is, the most

stress-corrosion-resistant allov will exhibit the slowest growth

rate.
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PLATE (TYPICAL)
0.040 ’56(2

CRACX OPENING DISPLACEMENT v EQUALS IHE MEASURED DEFLECTION BETWEEN ;
POINTS A AND B ALONG THE BOLT CENTERLINE '

Figure 1 Double cantilever heam apectmen used for atresa-corrosion
teating of high-atrenath aliminum alloya.
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* a/b = GROWTH RATE (in./hr)
AT K'- 4 ksiVin,

(v)
1000}

LOAD, P (1b)
g

AAAAAA

(=]
<

_E Kiscc = 3 kﬂl'\/i-n_.-
S —— ‘1“107

CRACK LENGTH,a (in.)

Figure 2 Effect of orack growth on load and stress intensity under
oonstant crack opening displacement conditions (v = 0,010 in,)
tn a 1- by 1- by 5- in. alumtmum-alloy DCB specimen,




Figure 3

Bowing in a DCB specimen caused by residual stresses from
re-heat treatment

. Specimen was machined from 1-in.-thiok
7079-T851 plate and re-heat treated to the T6 econdition
(830°F, cold water quen

ched, aged § days at room tempera-
ture plus 48 hr 240°F),
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Figure 4

(a) Side 1.

(b) Side 2.

Crack propagation in a DCB apecimen caused solely by the
residual quenching stresses from re-heat treatment (loading
bolt was removed after pop-in). Specimen was machined from
1-in.-thick 7075-T651 plate and re-heat treated to a highly
susceptible condition (860°F, cold water quenched, aged

72 hr 158°F).




Figure §

.
WA WYL ) Iy
A
o

(a) Re-heat treated 7075-T6 specimen from l-in,=-
thick 7075-T651 plate (860°F, cold water
quenched, aged 24 hr 2S0°F).

(b) Specimen from cold-water-quenched 7175-T66
die forging.

Fracture faces of two aluminum-alloy DCB specimens showing
bowed crack fronts resulting from residual quenching
stresges. Both the pop-in eracks and the stress-corrogion

eracks are bowed.
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(a)

(b)

(e)

(d)

No stress relief,

Explosively shocked 1,5
times the yield strength
after quenching,

Plastically stretched 1%
after quenching.

Plastically stretched 2%
after quenching.

Figure 6  Fracture faces of four re-heat-treated DCB specimens
showing the relative effectiveness of several stress-
relief treatments in reducing crack front bowing,
Specimene were machined from 1-in,-thick 7075-T651
rlate and re-heat treated to a highly ausceptible
condition (860°F, cold vater quenched, shocked or

. stretched, and aged 72 hp 158°F),
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Figure 7 Kr-rate data for residual-stress-free ?079-T€51 and re-
heat-treated residual-stress-bearing 7079-T6 specimens
from 1-in,-thick plate.
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Figure 8 Effect of stress-=:lief treatments on Kr-rate data for
underaged 7075 and ?075-T6 DCB specimens from l-in.-thick
plate.
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Figure & Effect of stress-relief treatments on crack lenath-time
curves for underaged 7075 and ?075-T6 DCB spectmens from
l-in,-thick plate,
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Figure 10 Kr-rate data for 7175-T66 and 7075-T6 DCR apecimens, The

7175-T66 apecimena were machined from a cold-water-quenched
die forging, whereaa the 7075-T6 apecimens were prepared
rom re-heat-treated and cold-water-cuenched NCB blanka
from 1-in,-thick plate.
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