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ABSTRACT

The complex material behavior associated with multiple poz-in
phienomena has been treated with some degree of success. Tor non-in

N

ength, the analysis considers an effective load redu

}._l
(@)
cl

ion .&v The crci
ront due to plastic deformation. The effective stress
is decreésed by the plastic deformation while it is in
of pop-in, &, Due to these competing effects, the stress intensity, 4,
first increases and then decreases with increasing £. The point at wilcn
the effective K reduces back to the initial X defines 2.

For a second or third pop-in, the stress intensity increment, 4X

iwley

o

between pop-ins is interpreted in terms of & changing fracture criterion
(plane strain to plane stress) and the crack-tip blunting that occurs
with increasing stress intensity. Although semi-guentitative in nature,
iese analyses do predict the experimentally ovserved increase in R and
decrease in AK associated with increasing X. Tane 1limits of these models
provicde additional insight into fracture behavior.
a) As 220: A geometrical lpwer bound for pop-in behavior
is hypothesized,
b) As AK+0: The critical stress intensity factor at any particular
thickness is given thus allowing establishment of the

fracture-mode transition curve.
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INTRODUCTION =
(1)

revealed details of the pop-in shape as well as its relationship to the

~Recently, some evidence

plastic zone surrounding it.  These data suggested that there might be some -

relationship between the length of pop-in and the plastically deformed
region surrounding it. Equally interesting pop-in phenomena(2) were obtained

on an aluminum alloy wherein multiple pop-ins were observed. That is, about

four pop-ins were commonly encountered at increasing stress intensity levels’

in a single test before failure. These data indicated that pop-in length
was affected by the magnitude of applied stress intensity. Also, there
appeared to be some stress-intensity increment required to initiate a

second pop-in after the first.

These results provided impetus to formulate a semi—quantitative model

for pop-in behavior which might éxplain some of the experimental observa-
tions. Specifically, answers to the following questions were desired.
(1) Once a crack starts, why does it stop?
(2) What governs the length of pop-in?
'(3) Why can a single specimen have more than one pop-in?
(4) Are there geometrical or loading effects on the stress
intensity increment required tp produce a second or

third pop-in?

POP-IN LENGTH CONSIDERATION
First, consider what happens when a pop-in step occurs. The load
during the su&den extension of the crack should remain constant or decrease
depending on the stiffness of the testing machine. Thus, one might envision
that the reason the crack stops is that a load drop has lowered the stress
intensity value below critical. However, the experimental observation in
several investigations(l’g) have been that the load decreases little if any
during pop-in. Furthermore,'?e§d-Weight loading in a creep frame has re-
3

sulted in pop-in crack arrest so that a load drop in itself is not a

necessary condition, In considering other crack arrest mechanisms, various

e L-6 ok s
types of crack growth re51stance( ) or energy(T) criteria were considered.

However, these approaches did not provide enough physical behavior with

which to make a complete analysis. For this reason, a simpler, although

slightly less tenable, engineering epproach was hypothesized.

on pop-in crack extension in plastics has

s tie



Engiheering Model'_.

To answer the first Questidn posed abo#e,»it‘was>assumed that thevcrack L

stops because of an "effective" load reduction. ' Referring to the first sche-
matic.in Fig. 1, it 1s assumed that a parabolic crackvfront pops in to a
distancé a, + 21. - If an imaginary line'is drawn perpendicular to the crack :
apex at ao + 21, there remains the shadgd area which is undergoing severeA
plastic deformation. The stress intensity associated with the new crack -
length, a + £ :

o 1 N
‘shaded area. . Thus the effective load would be given by

undergoes an "effective" load relaxation provided by the

P

eff = Tactual = °Ys

if the shaded area, A, is considered to have reached the yield strength, Uys'
In terms of the applied stress, 0, acting over a thickness, B, and a width,

W, the effective stress becomes

o, A
o s
Oepr =7 = "By (2)

Teking a parabolic shape as indicated in PFig. 1, the shaded‘area is BR,/3

s0 that the effective stress is

s A )
. YS

eff.

At the same time the effective stress is decreasing, the crack is increasing

by a length, &, so that the effective stress intensity for an infinite plate

Oyl -
oo = [o - G| e+ 0] W

By putting'the.stress in terms of the stress intensity, Ki’ at the start of

is given by

pop-in, 0 = Ki/(na)l/z, and dividing equation (h) by K, gives

. s | |
Kers } [1 _ oyg(ra) / 2] [1 . %]1/2 (5)

Ki W Ki

A schematic of equation (5) is shown in Fig. 2. It is significant that

the effective stress intensity first increases with increasing crack length

L/

L 4

o _ : (i) 7.23

x/f
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and taking the limit

“which becomes

+ -3-

and then decreases. It may be shown that Keff/Ki becomes 6nly s1ightly

larger than unity and so it takes a small effective load reduction to lower

Keff to-Ki. It is hypothesized that once Keff'does reduce back to ‘i the

crack stops and this defines the pop-in length indicated in Fig. 2 Thus,

' setting Keff/Ki equal to unity in equation (5) allows calculation of the

pop-in length from

T 5WKi
where @ =
o, () 2
YS ‘
Of course, for the first pop—in,»Ki has been associated with KIC(B)’ but for

the purposes of generality, Ki'will be taken as the stress. intensity at the .

start of any pop-in. This is particularly useful when considering multiple

- pop-in data. One further description from this model is useful. As the
v pop-in length goes to zero, this physically describes the case where no pop- .

-in .can occur. This can be obtained by putting equatibn (6) into terms of

stress intensity

| *aYs(ﬁa)ljél

Kiézw[l*(ﬁfﬁ)m]-' : o '_m

cys(ﬂa)l/é
clim K = lim

150 10 3w[-2-%(§§-) "5/2]

2§ﬂ>1/2°YS 2/ o (8)
K =~ . o
-0 ' ‘

It is significant that applied stress does not appear in equation (8). It

is hypothesized that equation (8) gives a geometrical limit to pop-in be-
havior and.for X velues less than-Ki, no pop-in should occur. This does not
mean that pop-in has to occur at'Ki defined by equation (8). Certainly, KIC

is a material parameter and if Ki < KIC no pop-in would occur since the

material criterion would not be satisiied. However, if Ki > KIC’ equation (8)

indicates that no pop-in would occur even though KIC were reachned.

OSEIOR i
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Now,that a mathematical description of the model has been made, it
is reasonable to reflect‘upon some of the aséumptions.f Firét, a parabolic\:’
crack shape was assumed as many metallic specimens exhibit this type of

(9)

crack front, notably high strength steel, aluminum and titanium alloys
as illustrated in Fig. 3. -

(1)

Secondly, it is not -too unrelastic to assume an initially straight cut at

- Also, this shape has been observed in plastics

the start of each pop-in. This behavior, as indicated in Fig. 1(a), shows
the crack front followiné_the dashed lines until it reaches a straight cut
-for the second pop-in. Justification of this behavior has two bases. First, f

cracking between major pop-ins was detected using stress-waves as indicative

of crack growth(a). Secondly, cracking along the dashed lines night be ex-

(10)

bected prior to a second pop-in as  Dixon has shown the stress intensity

to be highest at the outer edges.of the dashed curve.

If no cracking between pop-ins occurred, the other extreme as indicated

in Fig. 1(b) would result. It is seen that although conditions for ine first
pop-in, 1(bv), are the same as in 1(a), the shaded area associated with the
second pop-in, 1(b), is greater than that for the second pbp-in in 1(a). Fea-
.. tures similar to those depicted in Fig. 1(b) have been observed on fracture

" faces. However, this behavior cannot extend to large amounts of slow crack
growth where surface cracking is noted. For this reason and the greater ana-
lytical simplicity of model 1(a), the straight cut was considered.

Experimental Evidence

Pop-in deta from single-edge notch specimens of T075-76 aluminum(?) were
~ compared to this model; A typical load—displacement curve obtained upon a
6-inch wide specimen is shown in Fig. 4. It may be noted that there are mui-
tiple pop-ins and that the pop-in length increaées with load (or increasing

stress intensity). A tabulation of all data from two previous investigations

intensity in Fiz. 5. For comparison, calculations of £ from equation {8) were

made for the 3 and 6-inch wide cases and are also shown.in Fig. 5. Since the

ct

cfack length was increasing slightly during the test, the actual value of &
.was used in the calculation as taken from the experimental observations. For
cxanmple, one such plot of crack length versus stress intensity 1is snhown
in Fig. 6.

Comparing, the calculated and observed pop-in data in Fig. 5 nnke two
points immcdiately wpparent. Iirst, both the data und thé model indicute

that pop-~in length increases with increasing stress intensity. Secondly,

(1,2)

is given in Table 1. Pop-in lengths were plotted as a function of initial stress

./
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although the pop-in lengths from equation (6) are of the righﬁ order of

: magnitude, they are about & factor of 5 to 10>1arge. for much of the data,'~

The notable exception is the 0.5 inch thick data for which the model predicts
pop-in length very closely. Tne other significant'feature of Fig. 5 is the
geometrical limit for pop-in as taken from equation (8). It is seen that it
predicts the lower bound for pop-in reasonably well for both the 3-inch wide
and 6-inch wide date. It should be pointed out that this model predicts a

much lower dbound for pop-in than the 1.5 inch wide data listed in Table 1.

However, since KIC is not exceeded at this low stress intensity, no pop-in

occurs. In any case, one should not be tempted too far in this analysis
since it is mostly qualitative in substance. Still, it does pose some in-
teresting questions for further analysis of pop-in behavior. ‘

Several comments are appropriate about the limitations of the pfesent
model. First, the dbove analysis applies to a crack in an infinite plate
whereas the experimental data was obtained with single-edge notched specimens.
The effect of geometric corrections could be included into the analysis by
replacing the crack length a and the extended length (a + &) by a Yz(s) and
(a + L) Ya(éag) respectively. The factor Y(a/w) is given by Brown and
Srawvley for various geometries including the single edge notch design.
Figure T shows the results of including these factors for a specific speci-
men aesign. Although the curves are displaced from one another, the shape
of thé curves are very similar:. Thus, the simpler infinite plate case was
used to analyze the experimental results.

Secondly, there has been no consideration thaf the fracture criterion
may be changing as the crack lengthens. That is, as ihe crack pops-in, the
crack front is gradually progressing from a ?lane strain situation to a plane
stress one. This may be expected to change the criticai stress infensity for

crack growth and so Kef may not quite have to get bacxk to Ki as was indicated

in Fig. 2. Finaily, thz present model has only considered a straignt crack
front at the start of each pop-in. If the extreme of Fig. 1(b) had beer used
instcod of l(a); an entirely differcent pop-in behavior would have been pre-
dicted. In fact, except for the first pop-in, no others would occur. This

indicates that the crack shape could vary the pop-in length from zero to the

predicted value given by equation (6). Thus, a model could probadbly be picked

between the extremes shown in Fig. 1 to approximate the observed crack lengins.

(10)

the start of a second or third pop-in is definitely between the extremes indi-

Fxperimerntal evidence for this is given by Dixon vnere the crack shape at

cated in rig. 1.
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One £ nal boint of co“*a eme“u‘was obta;ned for tLe present medel.. .

In the ore pos-in ve. e_listed in Teble’ 1l *o* Lexanrpiastic; e larze Top-in

"~ of 0 101 inches was associated with an ihitially streignt creck front.
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‘pop-in benavior.

LTIPLE PC2?-IN CONSIDERATION .

-
Referring vack to Fig. L,

it is seen that muliiple pop-ins exist and
that therevseems t0 ve a stress-intensity inerement belween each pop-in.

Why it tekes en zdditional siress to irigger the v next pop-in nay ve expiained
at i

and crack length, a greater percentage’ of the Ui

wiil de under plane stress conditions. Also, with increasing siress intensity,

tre crack © ip biunts wu‘cn can &:s0 raise the fracture critverion. Tae engi-

neering nodel is oasea upon waese wwo considersiions.

Inafneering Model
A chenging {racture criterion msy be teken into eccount by essuming

3 W

& simple addition of the falliure cor :‘er,ons waich apply sedperaiely to Iz

vlane stress and Diene strain por:lons of the crack Ifront. Txis can o

- -

€& oy the :ollow;“g word eguetion
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. The first pop-in would occur at Kn =

* - ecrack tip blunting to be considered. E. Smith

‘  ~7_.

The physical interpretation of this equation is that at Knvthe crack has popped .
Cin. The fraéture criterion changes due to. the change in the plastic zone and

‘now it. requlres a nevw stress inten51ty level, K i’ for the nth+l pop- 1n. Slnce

Kn+1 can be described by

: Kn+l = Kn + AKn+l , o - (11)

the stress inten51ty increment requlred for the R pop-in may be found from

th+

.equations (10) and (11) to be

AKn+1 =

T @, 2 - x 2 H@Kz e -
— 2 e Kn ) (12)
BnoYS _ ' .

K o S0 that all quantities are known in

equation (12) to determine AK for the second pop-in. Once this has been

calculated, it deflnes K

+1
from equation (11) and a calculation of tne third

+1
pop-in may be. made.

Besides this changing fracture criterion, there is also the effect of
(l ) has extended the B.C.S,(la).

model to blunt cracks and has shown that blunting the crack changes the dis-

placement criterion in front of the crack. He finds the crack tip displacement,

1 vc, to be & function of crack tip radius, p,

ho a - 1/2
v, = —-—1%— in [sec ?i ;S (g—) (l - -&-gg) }] »(13)

(13)

It may be noted that this relationship reduces to Goodier and Field's

- result for p -+ o. The crack tip radius can be approximately described

(1) o

according to Tetelman
v o : M :
p =% (14) -
. € , g
v :
vhere €¥is the fracture strain. Furthermore, the crack-tip displacement

(15)

can be approximately described in terms of the stress intensity oy

2

(] QGYSE
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With equations (1&) and (15), a new parameter, Z, is deflned as pla and
is given by ST '

2

Zo=pft =t mwe .
€a ys n

Three addltional consideratlons to the cracm—tlp bluntlng analysis are made
as follows. First, the changing fracture criterion analagous to that in

'equation (10) for crack—tlp displacements is made. Secondly, an approximation.

. to the 1n[sec 6]is made from the first term of the trignometric expansion to
) 2

be g-, where O is the rest of the right hand side of equation (13) starting

with gu Thirdly, the applied stress is put in terms of stress intensity as

- was done before for equation (5). These three considerations along with equa-
tions (13) and (16) lead to |

- x?2 K 2 o L a2
2 n 2 n 1/2 1/2
Kre (175 sa_]_ Ke [Bnoys2] Koy (2777 + 1) = 0 [ma, 21777} 30y
" From equations (11) and (17) the stress intensity 1ncrement for the nth+l
pop-in becomes .
K 2 K 2
. 2 n_ ‘ 1/2
_ *1c 2[1 Bm o, 2] * K, [Bno 2]} * Gys["anZ] : i
AK = NE - S (18)
n+l 1/2 . n .
: 1+ 2
Appropriately, equation (18) reduces to equation (12) for n infinitely sharp

~ crack, i.e., as 2 > 0. It is now suitable to compare equations (12) to the

experimental data.
"Experimental Evidence

In order to compare the model to the experimental evidence, three
had to be descrived - Ky,, K, and 2,

factors
The yield strength was already xnown to

be 78 Ksi for this heat of 7075-T6 alumlnum(g) KIC was taken as 28 Ksi - in1/2

as this vas the lowest Stress 1nten51ty at which pop-in was obtained. This is
also not unreasonable compared to other experlmental aata(l6). Kc was taxen as
/

55 Ksi-iﬁl 2 since this was the average value of K at instability in those testis

wvhere plane stress failure was observed. Finally, 2 is defined by known para-

meters in equation (16) except for the fracture strainm, €¥, which was measured’
from uniaxial data to be 0.30. o

{/

N

. e o 37 e A B P T T T




‘not very close in agreement. Nevertheless, the fact that multiple pop-ins

: to %-, the term in the numerator is independent of a. Furthermore, since Z

" AK are remarkably close to those observed.

-9~

An example of the calculatlon technlque u51ng equatlon (18) is given

" in Table 2. Using the above values, AKI wvas determined from equation (18)

for Kh‘= 45.7 Ksi- igtf? at which the first pop-in occurred in the 6-inch wide

1/2

plate. This gives a value of 2.3 Ksj-ini for AX. and so the second pop-in

/2 .t

from equation (11) would be at 48.0 Ksi-in"'“. Similarly, the next stress

intensity increment AK2 to the third pop-in was calculated to be 1.5 Ksi-inl/g.,

As indicated in Table 2, this précedure gives values of AK for the first tﬁree

increments that are comparable to those observed. However, the last iwo are

are predicted and that, quantitatively, they are the right order of magnitude

is encouraging.

Similar calculations for 0K from equations (12) and (18) were made for |

the case of B = 0. 25 inches and a = 1.0 inch starting at Kig: In Fig. 8, the :
i
two resulting curves were then- compared to all of the 0.25 inch data from

Table 1. Regardless of crack length or specimen width, all of the data may
be compared on the same plot to equation (12) since it is independent of a

and W. This is not quite the case for equation (18) since crack length

appears and Z is a function of crack length. However, as Z is proportionzl
1/2
is small compared to unity, equation (18) is nearly independent of crack length.
Thus, for practical purposes, all of the data are compared in Fig. 8. It is
seen that eqﬁation (12) underestimates the stress intensity increment reguirecd
fof the next pop-in. Incorporation of the crack-tip blunting effects in egua-
fion (18) gives a,reasonableﬁcomparison to the data, Although the calculated
curves are somewhat steeper in slope than the data, the model does predict ine

downward trend of AK with increasing stress intensity and the magnitudes of

Tran31tlonal Fracture Behavior

One further phy51cal phenomenon may be exan:ned with thls approa As

the crack pops in at higher and higher stress 1ntens1ty levels, there is a

gradual fracture mode transition. ~Thus, one might expect that equation (i
could be used to examine the thickness efiect on fracture toughness. As AX
gocs to zero, no additional stress intensity is required to propagate a crack. 4
Physically, then, one might interpret the point at which AKX goes to zero as

the critical stress intensity Tactor for fracture instability. The liunit

of equation (18) as AK - O is given by



:i_ with the experimentally observed. values of K

. from the present analysis but addltlonal data from Kaufman and Hunsicker

v'“ﬁ;§;o; -5;1

"fxnu+z1’21 o (naz>1’2 -{x'ngu;g,,’i 21+x2'[3"—’—;-3-é—]}1/2 o
;If the physical interpretatlon is correct then K in equatlon (19) is KC o
'>for a given thlckness. This should ‘not be confused w1th the K value glvenft- .

in equation (19) which is the experimentally observed value for 100 percent
~ plane stress failure. Settihg KCB
"fforgany mixed mode failure, i.e., any thickness. Values of K. 6 were deter- -

CB
= 28 Ksi-int/2 ana K, =55 Ksi-inl/2 as

= Kﬁ gives the critical stress intensity -

‘mined from equation (19) using Ko

before and considering a one-inch long crack. This is shown in Fig. 9 along

Only tﬁo values were available

CB (16)

:*f were available forvthe identical alloy and condition. The agreement is

surprisingly good.
The lower bound 1ndicated in’ Flg. 9 is obtalned by calculatlng the

' thickness at whlch K = K in equatlon (19). This also makes mathematical
i sense as the solution d1verges for K > K . In this way the lower bound for
"mixed mode fallure was’ determlned to oceur at a thickness of 0.23 inches.
_’Thus, not on;y can»multlple pop-in data be interpreted, but also a tentative
.explaﬁétion of'fraCture—mode transition is obtained. Again, it should be

" emphasized that these are infinite plate analyses and so the indicated effect
'voficrack length may not be realistic for finite width plates.

—
»
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CONCLUSIONS

1, uxnerlmun ll* ooth’pbp~in le“gth and the stress intensity inerement

2, Semi—qua itative mode to accournt for both of these effects are

~

where o depends upon stress irntensity, wi

end crack length., This predicts pop-in length to increease

. - odservation.
L : , s @) Por. the siress Inten s;tj inerement beitveesn nmulitiple rop-ins,
AKX,

(o %]
X -t X
iICL = --J-

. LY - . S - o e e by -~ -
'nere the X's are stress intensities, 3 iIs the thaickress &xnd
- Z is a Tactor deperdent upon varisziion in the crack tip
ih

“ vee

redius due to blunitirng. Tais predicis AX %o decresse w

‘increasing stress intensity end is confirmel Dy ihe exderi-
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Table 1. Summary of Pop-in Data

Specimen  Material  Thickness Width Crack  Length K4 at Pop-in

Number . Initial Final
- in. in, in. in, ksi(in)l/e
75-10 7075-16  © .50 3.0 .927  .935 - 27.5
. .939 957 - 28.8
969  1.060 32.6
1.062 1.150 39.5
7511 T075-T6 .25 3,0 .971 .990 31.3
.99k 1.022 36.9
1.045 1.089 Lz, 2
1.098 1.151 ko.1
7521 707516 25 . 3.0 1,118  1.151° | 46.0
75-20 T075-16  .25. 3,0 . .602°  .619 29.0
' 631 635 36.2
646 .661 41.0
© 673 .728 L4, 8
75-1 T075-T6 .25 - 1.5 496 .501 30.1
: ‘ ) .50L .510 35.2
517 .539 40,8
.540 .564 Ly .8
755 T075-T6 . .25 6.0 1.875 1.878 Ls,7
. - 1.885 1.895 48.6
1.896 1.917 51.4
1.920 -1.956 52.8
1.962 2.019 54,8
2.055 2.1%0 . . 61.9
Lexan .25 1.0 . .3hk2 0 Luh3 3,1

oz

Note: All specimens were single edge notch type.

3
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Table 2. -Comparison of calculated and observed
stress intensity increments between "pop-ins".

Calculated | Observed

Specimen K,Ksi-in/2 A Ksi-int/2 K, Ksi-int/2 %, Ksi-in/?
75-3 45,7 e ks 2.9
W=06 k8.0 1.5 L48.6 2.8
& =2 49.5 1.0 o 514 C1.h
B = 0.25 50.5 . 0.6 . 52.8 2.0

51.1 ok 7 54,8 7.1

. I v e
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



f ) Ry ¥ e . : . - .
N s, L [y & . el . i . A < ¥ o ) : o ‘ | |
. P b v k p [ : * wT o ‘ . ‘
. - E ‘ | A/ |
> ; - & . e o E ‘ |
~ s . . - - B . A ‘ : / v" |
) .
B NoEL i " . ' “ .\ |
| . ) |
. . | | | | |




