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_Foreword

This report desc ribes the work done on determin in g the Fracture
Mechanic s Parameters of Adhesive Joints during the period February 2 ,
1977 through July 31 . 1978 , the  concludin g period In what has been a
contin uin g effort for more than ten years . Consequently several sec-
tions of the report , including the Section I Introd uction , contain review
material from the current program , as well as material f rom other programs ,
particularly an Air  Force program (e . g . .  see Ref .  8) tha t bears directly
on results obtained in this work . For example . the test techniques sec-

t ion s include those developed dur ing  thi s program . as well as from other
programs designed to model service conditions , so that  quantitative pre-
dictions of service performance can be made .

The test techniques described include those for evaluation of mode-I
(Section 2) ;in d for combined modes I and 11 and I and Ill ( Section 3) .
These tests were designed to determine the effect of mixed-mode loading

on the f rac tu re  propert iec of adhesive bonds for monotonically increasing
loa ding, steady loads in an environment , i . e . .  stress corrosion cracking
( SCC) .  and fatigu e lon iing.  The effects of mixed-mode loading depend
on loading cycle ( e . g . ,  monotonic or fatigue ) and thus . are described dif-

ferent ly  for e:ich ~~~~~~

A se~’tion on bond manufacture and testing details ( Section 4) com-
pa res the phosphoric acid anodizin g ( P A A )  aluminum adherend treatment
to the chromic acid etch ( FPL) on the basis of resistance to SCC in the
wedge test . This section also describes the details of laboratory j oint
manufacture and test ing for all specimen types . An appendi x to thi s

section (Appendix I )  describes the PAA t reatment  for laboratory bon ding. -

Section 5 deals wi th  the over all problem of the application of
linear elastic fracture mechanics (LE FM )  to adhesive bonds . This section

discusses the fi n i te  element approach to this p roblem . as well as the energy
analysis tha t  has proved successful in using laboratory fatigue f racture
deta to predict s t ruc tura l  life .

vi
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The laat section ( SectIon 6) Ia a set of summary conclusions

taken from the text and selected references . These conclusions are

meant to summarize the current status of Fracture Mechanics Methodology

as applied to adhesive bonding.

These conclusions also contain suggestions concerning fu rther
research in definin g the complex relationships betwev n pure and mixed-

mode loading for specimens and at rue t urea. -

H 
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_Abstract

The application of fracture mechanics met hodology to adhesive bonds.
described here , deals wit h the measurement of the energy lost to the grow-
ing crack . The use of this technique , primarily with aluminum adherends ,
has led to the development of several pure and mixed-mode specimen types

that have been shown to be suitable for characterizin g bond performance
under 1)0th rapid and slow growth conditions. This methodology has also
been used successfully to predict fatigue li fe in a bonded st ructural corn-
ponent . This prediction was made possible by the development of an em-
pirical relationship describing the effect of mixed-mode loading on fatigue
crack growth. (A relatively advanced finite element method has not per-
mitted the fatigue life calculation to be made.)

Recent advances in adherend surface treatment and adhesive ma-
terials have eliminated bon d separation at the interface for any service

condition and , con sequently , the description of environmentally assisted
slow crack growt h ( SCC )  has chan ged drastically . Pure mode-I SCC has
a high threshold , 

~
‘
Iscc ’ and mixed-mod e tests can show threshold values

that are a substantia l fraction of ‘Tc
Fracture appearance is quite different for pure mode-I and mixed-

mode crack growt h only for rising load tests. All other test conditions
have similar fracture conditions which may be resolved with scanning cisc-
t ron microscope (SF .M) techniques.

Standard test met hods have been descrIbed for three mode-I speci-
men types and three mixed-mode types . The MZK G specimen holds great
promise for bond analysis and quality control . Verification of the relation-
ships that have been found between pure and mixed-mode fatigue loading
have yet to be confirmed by using other specimen shapes and types of
adhesives . This relationship does not appear to hold for either rising
load or SCC exposure .

viii 
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1 . 0 In t roduc t ion

The load carrying capacity of adhesive bonds depends on both

manu facturing and service variables . Manufacturing variables include

adherend and adhesive materials , adhesive bond and adherend thick-

nesses , as well as processing history for the adherends and thermal

treatments received by the finished part . Service conditions might in-

clude static or alternating loads in a variety of temperatures and environ-

ments .  The complex state of stress , as well as the mode-mi x of loading

imposed on flaws. defects and bond-free edges. has not permitted accur-

ate s t ructural  life predictions of bonded structures . These structures

are cur rently designed using standard stress analysis techniques and a

given level of bond quality is maintained by a rigid schedule of manufac-

tu re and inspection . This procedure has not always proved successful

for such structures and occasional failures . especially in commercial air-

planes . have been responsible for the continued search for a quantitative 
-

met hodology that  would enable laboratory tests to be used for structural

life prediction.

One of the first steps to be accomplished Is to design laboratory

tests that  model service conditions. Since the structural j oint design is

genera fly such that failure In the bond cannot occur due to overloads .

i . e . ,  failure occurs by yielding In the relatively thIn adherends . the em-

phasis has been on modelling slow crack growth . The modelling of

failure result ing from crack extension rather than plastic flow has been

successfully done in monolithi c systems using the techniques of fracture

mechanics . Thus , f racture  mechanics methodology was extended to bonded

systems used for load bearing structures in an attempt to understand and

avoid fu tu re  failures . Laboratory test methods in current use today . e.g. .

“lap-shea r ” and “peel ” , whil e useful to rank adhesive materials , cannot

be used to determine the loa d ca rrying capacity of a bond contained in

s s t ruc ture . In addition , fat igue and environmental  effects pose serious

problems that  are difficult to define quant itativel y with any of the relative

ranki ng tes ts .

_ _ _ _ _ _ _ _ _  _-- - -~~ - -  -
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L ht ’se simp le lap shea r and in ’el t ( ’st s  have been extended to in --

elude slow crack growth phenomena , however , the data is used to dis
cover serious problems th at  can occur in the adhesive material or in
t h ~ p rocessing of the adherends prior to bonding. Although the onset
of slow crack growth for the simple tests generally occurs at lower loads

than those n eeded for short term bond or adherend failure . there is no
method currently available that enables the use of simple tests to pre-
di ct structura l bond  performance. Similarl . no techniques , even
heurist ic ones , are available to tr a nslate actual serv ic4 ~ conditions into
.~c& ’cptablc perfo rmance or quali ty contro l requirements for these simple
tcst s .

Ea rly in the  history of the extension of linear elastic fracture

mechanics ( LI- PM) of monolithic materials to adhesive bonds, it was real-

i zed that  bonds were weak est  In the presence of mode-I or cleavage load-
ing. The evaluation of cleavage mode resistance was accomplished t)y

several different test specimen configuration s using highly elastic ri gid
a nd monolithic cantilever bea m adherends. The specimens used for
mode I testing were uniform double cantilever beams (UDC S) .  contoured
double cantilever beams ( ( D C H ) and width tapered beams ( W T B ) .  The
l a t t e r  two of these specimen types are “crack-length-independent ” over

much of the bond n rea and require a knowledge of load alone to determine
the applied value of crack extension force . 4~, or stress intensity factor .
P~ . All mode- I specimens are described and analy zed in Section 2. Dsta
obtained using mode’ I specimen s has been dcscribed in a number of pub-
licatIons and a r ev it - w article published in l976~ 

1)

l1w~ ’dntn Indicated the differences between adhesives of different
manufact ure and the parameters of concern for slow crack extension which
was considered the  most serious problem in the design of bonded structure .

(~oncurtent ly . wi th  the development of the pure mode-I specimen .
work WftS also done on obtaining a pure mode- 11 or mixed modes I and

(i,
)II  specimen . Dat a on adhesives loaded prima ri lv in shea r indica t ed

tha t  mode - I  was a “ worst case” condition , however,  data obtained in 1975

- 2-
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4. . . -on tough adhesi ves using small mixed - mode specimens appeared to show
a serious toughness loss when mIxed-mod e loads were used~ ~~~~. Develop-
ment work on large mixed-mode specimens ( Section 3) has shown that
combined mode crack growth docs not result in less fracture energy
absorption than pure mode-I . In fact , the data collected thus far
shows that for monotonically increasing, mi xed-mod e loading the total
crack extension force at onset of rapid fracture 

~~~~~~~ 
occurs when the

mode-i component reaches the value of 41c determ ined In a pure mode-I
test . Thi s simple relationship does not hold for the slow growth teats
of fatigu e and st ress corrosion cracking.

The work being done by MRI. for NASC has been complemented
and sided by the work done by M R L  on a contrac t for AFML ( e .g . ,  see
Ref . 13) . Thi s  contract  was awarded to the Lockheed California Com-
pan y (CA !.AC ) wi th  \ IRI .  as the principal sub-contractor . The AFM L
work has been direct~-d toward s a determinat ion of the  sui tabil i ty of
f racture mechanics for (I(’sign of airc raft bonded structure . In the two
yea rs since the s tar t  of the  contract , the effect of various service condi-
tion s has been determined and an accurate prediction of fatig ue life of a
s t ruc tura l  element (t he  single lap joint ; SL.J) . simila r to the one to be
used in the prima ry adhesive bonded structural  technology (PABST)  pro-
gram . made . In the course of the work , the effect of mixed-mode loading
was examined and specimens developed tha t  showed that  the mode-I case
was always the most severe .

Test ing of pure and mixed - mode specimens , as well as adhe rend
surf ace preparation and bonding , covered in SectIon 4 . includes the de-
tails of laboratory bond manufac tu re  and fracture mechanics testing de-
tails  for pure and mi xed-mod e loading in both onset of rapid fracture and
slow growth te sts .

3- 
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.~.O Modi-’-l ( dolI%- ta~ e) I est s for I.nrge A reas Bonds

2 . 1  Introductlo Review of A yzed M xl e- ! Sj ecsmens

Among the varieties of specimens used for measurin g the mode-I
toughness of adhesives , the simplest is the bonded pai r of unifo rm t hick-
ness adherends that  comprise a double cantilever beam ~~~~~~~~~~~ This
specimen type is simp le to manufacture and can be used for testing of either

adhesive bonds or , wi th  t he addition of crack directing face grcovea , mono-

li thic mate rials. As wi th  n il crack line loaded specimens . th is  specimen has

the adva ntage th a t , w i t h  as fi x ed displacement . the crack extension force .

~~. decreased w ith  increasing crack length.  Thus . an Initiated crack will

tend to be arrested wi th out  complete specimen separation . The crack arrest

~‘apahi1~~y allow s several determinations of both the mittat ion toughness . j~~~~’
nd  the arres t toughness . 4 .  Both of these valu e”  are thought to be

material properties of the t e st  mater i a l  and can be used in design . Crack

arrest data have been shown to be independent of loading rate and are

though t to be the min imum value of .!‘~ or K 1 required for any loadi n g situa-

tion . The abil i ty of the  te st mater ia l  to arrest a fast mov in g crack should
be the majo r design consideration for materials l ikely to have local Inhomo-
gencities or lower than normal or 1(

1 levels ( e . g . ,  welds in monolithic

materi als , bubbles or unbonded areas in adhesives or composites) .

In adt l2 t ion to the IIDCB specimen , several other types have been

used suc -essfu l iv . especially for adhesives. These are the contoured
double cantilever beam (CD CB )  specimen and the wid th  tapered beam
(WT B ) specimen~

4
~ .

This section deals wi th  the compliance analysis of the  three speci-

men types and defines the useful limits for specimen geometry .

.~.2 I 
~~~~ Y:”!~ 

of ti)CB Sp ecimens

The error in de termining the crack extensi on force . A~ depends

on how ~ cur ately the compliance change with respect to crack len gth .
dC , dii . can he determined . In general . 4 is defined as:

H 
- 

- -~~~~~~~~~ 
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P dC 2.~~~.l

whe re:
P appl Ied load

~ crack width
a - crack length
c = specimen or structure compliance at a given

crack length , a ( i . e . . the invers e slope of
load-displacement line at a given a)

Specifically the compliance for as pair of cantilever beam s is

~~ ~~ ~2 
~ 

6 ( 1 . _~) 
f ~ dx 2 . 2 . 2

where :
E - Youn ~~’~ mod ulus
v Poisson~a ratio
B = specimen width

x distance along the  crack plane measured
f rom the poin t Loading and

11 beam height at the dista nce x

The two term s In the expression are the contributions to compliance

from bending and shea r deflect ions . respectively . Tak ing u 1/3

~~ ( ) dx 2 . 2 . 3

in bot h of the .‘xpr es slons for an -~il1~ *~~. H may be a function of

x ,  i . e . ,  t he beam hrs ~’ht need not be const ant. Different iation of the

above expression r ives :

dC - ~ , 1 ! 2 4
~~~~~~~~

- 5-
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whe re

a cr ack lengt h measured from the  point
of loading

II beam height . 1  a di stance from I h .
point of loading

t h i s  .‘~~ p re ssior s  shows t Put t dC / da tt . ’~ a’nd s ont v on the height of the

beam at the crack front and tha t the ‘~ u~~t inn holds Independently of the

sIn’ ’smt ’vI shape to he extant  th at  h . ’n rn theory is applicable .

For 1 I ) C l t  speci mens where II is constant an i n t e ~~r :d iOfl of the

compliance ex pression y 1.’td~ :

2 3 2 -( .~~~~ (a • ii a)  2. .5

where

I the  nK) .’n t 1 in e rtia ‘i on.- of th e  pair
‘~~~ beams (e . g . .  I S I4 }I~~/ l 2 )

Exper imenb sl r: oasuremcnts  of compliance were obta ined on U I ) ( ’It

specimens u si ng u n i f i r ’-: H-~sms w i th  machined cracks at a number of loca-
tions . The range ‘f bea m heights covered wa s 0.5 t o  4 inches :.nd the

range of crack leng ths  used varied f~~~n~ 0 .5 to 10 in ch ’s. For values of
n / H  greater  th : .~: units ’ , it was foun d tha t , in addit ion to deflections due
tO bending and shear.  sor e deflectlons occurred e -:.u’-.’ of rotations at
t h e  as’.ume d “bui l t - In ” ‘nd of t h e  beam . Rewrit ing  th e  above expression

:‘r  compliance adding a rota t ion  cor rect ion ter~ r.-pr e~ en t ing  a crack

lengt h increase :

C j ( a  • a s ) 3 
• i i

2 a 2 . 2 . 6

where

a : r empirical rotat ion correct ion (0 .6  H)

Rewr i t ing  2 .~~.6 to  include a n t  the definition of I for a rectan gular cross
-~4 ’ (i 1( f)

C ~~~~ f(n • 0.6 , I ) ~ • Wa ) 2. 2 .7
EBB ’

6-
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Two completel y a nalytical methods have been used to define C and
dC/da for U DCB specimens . The first , using boundary collocation~

51,
defi ned C in terms of an init ia l slope , l~~:

3
C = ~~~ (~~~

— +  10 a) 2 .2 .8

The value for the  dimensionless parameter enabled calculation of
(d /d a) ( I a ) .  but not (‘ :

0

= 3.46 ( • 0.7) 2 . 2 . 9

or

K132 1” 2
-

~~ 

- —j (a • 1 . 4  all 0.5 W) 2 .2 . 10

where
K - stress intensity factor ~ 2 . 2 . 1 1

Thus
1 . 4  flu • 0.5 H 2 2 .2 .120

Rewrit ing the expression in term s of the  crack extension force :

- 
12P (a 2 

. 1.4 aH 0.5 H 2 ) 2 . 2 . 1 3
E B H

or

- 8 2 2(3a • 3.6 all + 2.08 H ) 2 . 2 . 1 4
ESH

The difference in measured va lues between the calculated and exper i-
mental cu rves results i n errors va rying from -0 . 3% to +2.7 %. Between
n / I l  of 2 and 12 the erro r avera ges 1.5 % . The errors , Intr insic to corn-

~liance measurement , prevent making a conclusion rega rding the more
likels- of the two expressions for .‘~‘.

A second method uses a one-dimensional finite lengt h beam model
which is partl y f ree and partially support ed by an elast ic foundatIon~

6’ .
For the case where the beam is assumed to be infinitely long :

_ _  - _ _



.1 H 2 H 3
C - — -—--i ( I  + 1.92 — + 1.22 + 0.39 ) 2.2.15P aEBH a a

The der ivation of this equat ion . however , contains a rather ar b itrar ily
established foundation modulus and , consequently , the values of C as
a funct ion of a/ li  are quite close to those defined experimentally and in
Ref.  5. The value for th e constant involving dC /da is:

KB H 312 H
—

~~ 
- 2 .~~ a ( 1  + 0,64 — )  2 . 2 . 1 6

or

K 2B2 1” 2 2
2 

= ( a  + 1.28 Ha • 0.4096 H ) 2 . 2 . 1 7
P H

Rewri t ing this  expression for S

K 2 
= 

12P 2 
(a 2 

+ 1.28 Ha + 0.4096 H 2 ) 2. 2.18
EB 2H

or

= 
P 8 (35 2 

+ 3.84 Ha + 1.28811 2) 2.2.19
EBB

If we compare the coefficients for Ha and H 2 . we find tha t this calcula-
tion falls between the  experimental (Ha 3.6) and the collocation equation
(H a  4.2 )  for the I-i a coefficient , while the H 2 coefficient for the beam on
elastic formulation calculation is lower tha n either the colloca t ion (H 2 

= 1.5)
or the experimental value (H 2 2 .08) .  Since these terms are small with
respect to 3~ 2 , as a /H Increases above 1. t he differences between both
sets of calculations and the experimentally determined compliance rep i’.-
sented by the experimental compliance equation is of the orde r of I to 2
percent .

The expression for compliance of the UDC B assumes infinite length .
however , when the length of the uncracked ligament (W - a) or b is too
short , the back end of the specimen begins to control the compliance~

7
~.

Empirically . deviations from the infinite length b expression occur when :

-8-
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1 . 25 II b 1 . 5  II 2 .2 .20

wh er e  H is the height of one of the pair of beams. Nei ther  the

Srawley and C,russ~
5
~ nor Kanninen ~

6
~ work deals quanti tat ively wi th

end effects: thus , the approximat e value of b at which end effects
become important must hi’ obtained from compliance calculations . How-

ever. one ean use the compact specimen (CS) compliance calibration to
approximately obtai n the value of b/ H at which back end effects become
sign i f i can t .  If we wr i t e  the  CS calibra t ion in term s of ~ ‘ we obtain :

= T 
~~~~~~~ 

0. 15 i f  (~~) ~2 2.2 .21

where
W = th e dIstance from the loading holes

to the  end of the specimen
H specimen thickness

II = height of one of the Imir of beam
= ~1:.- . t ~e modulus or the  beam

f ( a  ~% )  a poly nomial fit expression speci fied
by AS TM E39 9 78

a = crack lengt h

R ecall that  for the (‘Dcli specimen ( see E qs . 2 . 2 . 1 .  2 .2 .4  and 2.2 .6 )

UDCB = 
~~ ~~~~

-;

~ 

(3  (a + 0.6 11) 2 
+ H

2 ) 2 . 2 . 2 2

Thus , if we tak e the  ratio of th i ’s, ’ :

H - 0. 15 I f (~~)) 2 / I 3  (a • 0.6  11) 2 
+ 112 )

2 .2 .23
• Values of K have been determined for va lues  of b ranging from

0.41 6 to 1.33. Table 1. For the example . H was taken equal to 1, thus .
b b / u i  and the point of deviation is at a b/H value of approximately
1.17 . This  demonstrates tha t  the  l imi ts  on b /H . I .e . .  1.25 ~ b /H ~ 1.5 ,

ar e  t~i . j p~. ’7~~ ’ : i t i ~~~.’ as long as there ~ not substantial yielding prior to

- 9.-
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er a& k extension . The limits on b / I l  were established empirically for

adhesive )oints Some of which developed a substantial yield zone ahead
of the crack tip . it is likely that  with britt le materials the value of
b l i  could be reduced as low as 1.17.

Table I

Comparison of dC/da Ratio for Compact Specimens and
Uniform Bea m Specimens for a Decreasing Net Ligament , (W - a) or b

H = 1.0.  W = 1. 6667

a
0. 20 0.333 1.33 1.12

0.25 0 .4 17 1.2 5 1.07

0.30 0. 500 1.17 1.11

0.33 0 . 550 1.12 1.16

0.35 0. 583 1.08 1.22

0. 40 0.667 1.00 1.38

0.50  0. 833 0.83 1. 93

0.60 1 . 000 0 .67  3 . 7 7

0.70 1,167 0.50 6.64

0.75 1 . 250 0 .41  10.50

‘
~UDCB = 

~~ 
~~~~~~ 

( 3  (a + 0.6 11) 2 
+

2 3P 8 ii a 2
- 21’~ EB H ~ 

~~

F o r  the Øvtii dimensions and R = 4T ’1UDCB
R - 0.15 ( f  ( R ) J _ / ( 3  a + 0.6) 2 

• l J

Note that  H remains approximately constan t up an a/W of
3 and b - l i  of 1.17. Thus . the values select ed for b/H. I.e.,

1,25  ~ b /H  ~ 1.5, are conservative .

- 10-
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$4
The shear--corrected beam formula ( SCHF) expression for the rate

of compliance change with crack lengt h . dC/da . for a pair of UDCII

specimens (eq . 2 . 2 . 4 )  can be rewritten In terms of the dimensionless

te rm ~~= a/U :

dC 8 2a— ~~~~
— f~ (3  (~ + 1) 2.2.24

For t DCB specimen s. it was found that some additional deflection

occurred due to rotat ion at the built --in end which modified the compliance

expression :

= 
F 

c ( 3  1, ( 3 ( 1 + 0.6)
2 

+ 1) ) 2.2.25

The SCHF definition of m ( t h e  bracketed part of eq. 2 .2 .4 )  in terms of

F Is:

( ‘1

m = ( 3 ~~~
‘ + ~) 2.2.26

The empirical . compliance-determined , shear and rotation corrected beam

formula (SRCBF) definition of the same term , denoted m 1 . Is

m 1 = ( 3  ( F  + 0 . 6 )
2 

+ 11 2 .2 .27

The expression for is expressed in 2 .2 .1  and can be written in terms

of m 1 as:

8P - 

~~ ~~~~~ m 1 
2.2.28

For the UDCR case . m 1 is equal to the m ’ described earlier and is the

corrected compliance term that  enables calculation of A.

2 . 3  Mod e I Ana~ysis of CDCB_Specimens and
Comparison to !’DCR Specimens

Calc ulations coI~cerning constant dC/da specimens often use a
dimensionless expression that  is related to the square root of the value

of dC /da expected for a given specimen . A suitab le expression for these

specimens can he deriv ed by rewriting expression 2 .2 . 11:

11-
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= K / E  2.3. 1

Combining eq. 2 .3.1 with  eq. 2 .2 .1  we obtain :

2 /m ’i ~ 2.3.2

Since the IJDCH specimen compliance calculation has shown that m 1 Is

eq ual t o r n ’ ( see eq. 2 . 2 . 2 7 ) :

2 .‘ F~ ( 3  (F, + 0.6Y + 1) 2.3.3

The equivalent expression taken from the boundary collocation analysis

by Srawley and Cross~
5
~ is:

,‘T(3. 46) ( 
~ 

+ 0.7) 2.3.4

Hoth of the  expressions . eq. 2 .3.3. derived experimen tally , and eq. 2 . 3 . 4 ,

derived numerically , agree wi th in  one percent for !‘
~ between 0.5 and 10.

Ca ntilever bea m adherends that  arc height tapered In accordance

with  the bracketed part of eq. 2 . 2 . 4  and denoted m have been found to

be independent of crac k length. The parameter m is a shape factor hav-

ing th e dimension s of reciprocal length.  e .g . ,  in: ’. w hich specifi es a

particular contour. While th i s  constant has been shown to be sufficient

in designing a linear dC ‘dil or “cons tant -K” specimen , the actual value of

dC/da is generally larger than the calculated value . For example , for

,idherends contoured to m 90 in. 1 , the experimental and calculated value

of dC/da are identical . However, at lower values of m the deviation be-

eomrs substanti al . Surp risingly , the shea r and rotation corrected beam

formula ( SRCB F )  cannot he used for CDCB specimens to define a value

of m 1 tha t  coincid es wi th  th e m ’ value determined from compliance . Re-

calling that  m ’ is an experimental value determined from a countoured

double cantilever benm (CDCH)  compliance calibration , a comparison can

be made bet ween the shear corrected beam formula (SCBF ),  m. and the

experimental  m ’ , as shown in Table 2.

12-
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Fable 2

4+4 C rnp itri suti of I. i i leu lnt ed and i-: x~ a’ r t r i i t ’r i t  al ly I)etcrmincd
(‘ompliunce Term s for ( ‘l)CH Specimens

m m ’ Error
1 — 1

in. in .

90 90 0
13. 7 31.4

4 5 .45 3~ .8
3 4 . 13 37 . 7
1.33 2.22 66.9

It should be noted tha t  the value of m obtained from the beam
fo rmula wi thou t  any correction s , such as th e rot at ion correction used

for IJ DCI3 adherends. remain s a suitable criterion for specimen con- -

touring even for large differences between it and the value of m ’ de-

termined from cor:pliance calibration .

Re-examinat ion of expressIon 2 .2 . 2 6  show s that , although any

value of m can he u sed for specimen design , its absolute shape will

depend on the sv .tem ‘ f  u n i t s  chosen . For example,  if we measure

m in centimeters instea d of inches . the height of t he specimen for a

given absolute value of crack lengt h wil l  be incren sed, since m will
be multiplied by the ratio 1:2.54 .’

To avoid the question of dimensional un i t s ,  specimen desIgn can
he accomphshed using the dimensionless parameters mu and ma. This

te~hniqu~’ has the added :i’Ivantage that the  f a m i ly  of constant K spe-

cimens, defined by m , are reduced to a single curve shape . Figs . I

and 2. For adhesive joint adherends. as well as monolithic fracture

specimens. th e specimen design criteria to he satisfied are (1) adequate
adherend s t rength  to resist adherend yielding during the test . (2 )  a

suitable crack plane length so th n t  fracture data can he obtained over
is long a range as possible . and (3) a reasonable specimen size and
cost , in Add it ion • monolithic fracture specimens must be of sufficient

height at a given crack length .  i .e . .  a low enough m value , such that

the  crack wil l  be confined to the center plane of the specimen . For

adhesive joints the criteria are met with relatively small aluminum adher-

en ds . e .g . .  m - 90 In. ~. where the crack growth data is analyzed be-

twee n a values of l~ t o  9~ inches . Monolithic specimens of Isot ropic

- ___________ — .- . --- -~~~ -~~~~~~~~~~ - 

- 13 - 

_______ - 

-



- —- - - - ------- ~--“~~--- — -- - -~ ,-- ------S---- - - --~~ 
- _____________

-

~ 

- --~~~ --~~

lb \

0 ‘ 
-

~~~~~~~ 

-— I—
‘S —

‘~
,
~~

\

\
\ 

-

~~~~~~~ 
HI

\ \

\

\ ..-. ~
~~
.. c:. 

— E
~~. / 

‘ 
5

•ç
~
g
~~ \

~~
. ‘~ ~

. — a ”.

~ \~~.
\ ‘

~~
.

t x — .c~~~~
t) S’ \ •,

~ 
-~~ 

L)~~~~~

‘1~ 
—

‘ 
w

- c
~

\ \ .‘.‘
-

- ‘a
\ ~~

- 
‘~

\ 
\ Q

\ .-
-. C

•
~~~

•‘
~~~~. \

•~‘ G .  \

S ;  

\

~~~~~~~

~~~~~

‘-

~~ \ ‘
F

% _ \  ,.‘ - S‘l,>’ 
~K

’ -

( j W  — .I~)l.)Ufl U J~ l lq~ !~H ~~~ Uawt )a(IS

— 1 4 -

- ~~-- - - - -~~~ . - - 
~~~~

- --
~~~~~~

- - --- -
~~~~~~~~~~~~~~

‘ -- .. - -. - 
~~~~~~~~~~

— - - S ______



- ~~~~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~~ --
0

________ 0

\

•~
~

‘ . C
C

0 C.-’• ~.m
~ . c~~ .

C
— 00

~. A.
0 a

,~~ ‘O IlcJ
C.

0 Q
9’ 0

a
4-a

C C
5 5

H
U

T

HW - )4~PH JI~ H U.W~~ dS
-15- 

-~~~~~—~~~ --~~~~~ _ _ _ _



material with either no crack directing face grooves or shallow ones

require very low m val ues . e.g. m = 1.33 in. 1, over crack lengths

of 2 .3 to 5.6 inches . Thus , for a given specimen size restriction

the lower the m value the shorter the range of constant K .  In addi-

tion , in order to guarantee constant K over the full range of the con-

tour the distance to the end of the specimen . defined as W - a or b .

must  be at least 1. 25 tIme s the half height at the end of the contour

(eg. 2.2.20). Specimens have been manufactured , calibrated and

tested over the range of ma values between 2 and 800. Design values

of ma much less than 2 are not expected to produce a predictable con-

stant K contour because of the possible crack tip stress interaction with

the local stresses associated with the loading pins.

The use of height contoured double cantilever beam (CDCB)

specimens requires an accurate measurement of compliance change as a

funct ion of crack lengt h . dC/da . For specimens where ma Is large .

e .g . .  m 90 In. 1
; 1.6  a < 9 in.; 144 ma c 810, the shear-corrected

beam formula (SCRF) expression for dC/da can be used directly. and

eq. 2.2.4 or 2.2.24 becomes :

dC 8a-- = (m)  2 . 3 .5

and

2 2P dC ~ P 8
~~~ 

= -d -

~~~~~ 
~~ (m) 2.3.6

The fact that 4 can be calculated directly from the SCBF solution was

determined from a detailed compliance calibration, done wIth 14 solid

CDCB specimens contoured to m = 90 in. ’ and slit to values of a rang-

ing from 1.6 to 10 inches.

As rn and ma are decreased , the start of the contour approaches

the  loading holes and the shear-corrected beam formula (SCBF) calcula- -

tion of dC Ida no longer coincides with the value obtai ned f rom a compli-

ance calib ration . However , as stated earlier , compliance calibration of

CDCB specimens to rn values of 1.33 in. have shown that the beam-formula

-16-



-- - --- -5 - — ---5 ——-------—- - -—--------— --- ----——5--— --- —--5— — -5-- ~~~~~~~ — - --—-- --—--— --- -_ --—-- -- -F.-

Mater ials
ROs SrC h

- abo.’story.
Inc

— ct)net ’I)t  for -~p.~cimen design is ndeqiua t~’ to obtain constant dC~ dii

over the ma range used for this program . For these cases , rn is re-
placed in eq. 2.2.6 with m’. an experimental value determined from a
complIance calibration .

St’~ i ’ral numerical solutions are available tha t enable calculation

of dC/da I t i a t  come closer than  the SUI4 F  to the value determined from
comj l 1:1 r i ce . l’he bounda ry value collocation ( H VC) technique~ ~ uses

straight  ~ur r tou rs to  approximate t Pu ’ shape while th e  finite element
techniquc ’~ ~ ca n be used for curved specimen contours . Each tech
n i t j ue has bt- .’n used to c v  :,luat e a range of t h i ’  inH contour for ~ chosen .

such that t h e  contour can be approximated by a straight line . Thus , at the

hi gh ma v i l i i e ~~. used for the contoured m 90 inH adhesive specimen , the

fini te  element method (FF~t~ gives a calculated dC /da value closer to t hat
dete rmined from experimental compliance than  does collocation .

A t values of ma between 2 and 8 ( for ~ bet ween 0.7 and 1.5)
both numerical solu tions give similar  values for the  dimensionless compli-
ar-ice parameter KHv~~IP. Experimental compliance measurements on

st raight-contour CD( ’lt specimens in this range agree modera t ely well
wi th the calculated values . A f i t  equat ion for the data can also be ob-
tained from a combination of the  modified beam formula equations devel-
oped for the straight sided DCB specimen . R ecall (eq . 2 .2 .7)  tha t
dC/do (or LIDCE3 specimens could be calculated using an empirical shear
and rotation cr,rrected beam formula (SRCHF) expressed as a dimension
less parameter . (eq . 2.2.10) while the SCHF expression was somewhat

simpler:

K H . a  /~~~ 
_i——

1’ 2 /~ (3  -. 1) 2 . 3 . 7

\ combination of t hese t wo expression s ( F I T R F )  can be obtained as
fouows:

(~~~+ 0~~~~~ + ; .l ~~~~~~~~~~~~~

2 . 3 . 8

17
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where
k = a fitting parameter to determine the amount

of each term In the express ion ; e . g . .  Ii 1
for the case where only SRCBF express ion
is valid , Ii = 0 for the SCSF alone .

Using the compliance calibration data for specimens In the ma range

between 2.5 and 11 .  k was found to be equal to 1 /3 .  thus :

2 4t~ ( 0 .3 t  + 0.34 )  2 . 3 . 9

The compliance calibr at ion range of possible cantilever beam specimens

can be shown on a plot usin g the dimensionless vari ables C and KB~’~/P .

Fig. 3 ( see also Table 3) .  Several curves and data points from constant

dC /d a specimens are included for comparison . The lower curve Is calcu-

lated from beam theory . (eq . 2 . 3 . 7 ;  SCBF) while the two cu rves above

it are empiricall y obtained ; the upper one being the rotation modifIed ex-

pression (eq . 2 . 3 . 5 ;  SRC }-4F) and the middle one the weighted sum of the

two (eq . 2 . 3 . 9 ;  F I T R F ) .  The uppermost curve is obtained from the pub-

lished compliance calibration of’ compact specimens . ASTM E399-78 , and ii

used to demonstrate that end effects become Importan t at (W - .) /H or b/ H

ra t ios of less than 1 . 1 9 .  eq. 2 . 2 . 2 0 .

Data points f rom the compliance calibr at ion of three specimen con-

figurat ions. in 1 . 3 3 , 3 and 4 In. ~~
, are included as are calculated values

of K R . ’i/P from FF %1 and H V C .  An expanded plot of the data in the range

0.5  ~ ‘ 1.6 is shown in Fig. 4.

At high values of C ( e . g . .  1’. 3) the shear corrected beam formula

( SCBF ) and FE M give essentially identica l result s while BVC . being based

on a straight line approximation of the specimen shape . Is somewha t highe r

(F I g.  3 ) .  For value s of ~ between 0.6 and 1.6 (Fig. 4) whIch is the range

for monolithic specimens requir ing little or no crack directing face grooves .

both the R VC and F E M  points lie approximately on the line defined by the

empi rical beam formula fit expression ( F I T R F ) .  eq. 2 .3 . 7 .  ComplIance

data from two of’ the three CDCB specimens fal l on this FITB F curve ,

- 
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Crack Plane Distance Pa ra meter - ma
0 .3 0 . 4  0.6 1 .0  2 4 6 10 20 100 1000 3000

100 — 
1 T T I I IT  T f I I T~FHT T T I TI Tf l T  T —I I I II ITT’

80 
EmpIrical Formul a

60 wri tt en as beam formul a /
- wit h shea r and rotat ion correc

40 
S~~nda ~~ E39~~76 

(SR ~~~F ) 

/
L Corn act Tension Specimen

H / W = O .6 ~~ /
Possible Influence of /

Loading Holes
20 

End Effect C~~te~~on 

I ~~~~m~e~eam Formula
10 : / !‘ 7, wit h Shea r Correc t ion

— / - I’ / ( SCBF)

: 
I 

/ 1~~ J’~
’
~6 

~~~~~~ ./ ‘1/•~/~I F -

~~ / 
O - m I . 3 3 u~; ’

I’ Q -  m 3 1n .
/ 

V -  m 4 I n . ’~
I ,

I I L~~~I I  I l L  I L I L i i i
0 .2 0 .3  0.4 0.6 0.8 1 .0  2 3 4 5 6 8 10

Paren*terlsed Crack Lengt h - = a/H

FI g. 3 Parameterlzed Cesiplianc. Calibrat ion Results for Three Specimen
Shapes . Data Lines Added are ( 1)  Shear Corrected Beam Formula
( 5CR? ) used for CDC B Specimens A bove ma = 100 and (2)  the
Empirical Shear and Rotation Corrected Beam Formula (SRCBF ) used
for UD CR Specimens .
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-5 - -~~~~~~ ~~~~~~~~~~ - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~~~~~~~~—- - - --——---

Crack Plane Distance Parameter - ma
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9 
j  J 

- T 1 1 1 —‘r~ 1 - t ’-~r i

F I T R F  Empirically Fitted Weighted ~~~~1

Average of SCRB F and SCBF Curves __j
(Exact for 1.7 ( ma < 14) 

j
/’ 

~~~~~~~~~

/F F
/ /

4. /
- 

. . . .  . / 
,
,1? /sl lU~F t’.mpirlca l Shear and — ----—

~f f
Rotat ion Correct ed Bea m 7 , (3. 7

Form ula (Exact for 7 / /
I DCR SpecImen ) 

/ ° /
1 1 6  / ‘ / ,

F /
/ / / ~~~ SC B F
/ / /7 / Shear Corrected
/ ,“ ~/ / Beam Formula
/ 0 ~~~ 7 (Exact for ma > 100)

~~~~5 .  / /~~~~‘ /

~~~~~~~~~~~~~~~~~~~~

~~~~~~~~ 
/\(

~/ 
B - BVC

y ~~~~~~~~~ ,‘~/ F -  FEM
~J 4 .  I • ‘ LJ~~~~7 -1

~.‘ ~ / 0 -  m = 1 . 3 3 zn .
/ ~ o 7 ( face grooved )

/ / ,9 
/ O~~~m z 3 l n .’’

,O~~ /~ ~ m . 4 1 n . 1

3 - / •/‘ 7’
,

4’
0.5 0.6 0.8 1 . 0  1.2  1 . 4  1.6

Parameteri zed Crack Lengt h - = a /H

Fig. 4 Pa rnmeterized Complia nce Calibra t ion Result s for Three Specimen
Shapes (expanded scale of Fig. 3 ) .  Note that m 3 and 4 in .~~
Specimen Compliance Data the N umerical Bounda ry Value Collocat ion
(BVC ) and Finite Elemen t Method ( FF.M ) Points are Fitted by the
Empir i ca l Wei g~hted Average Curve (F I T B F ) .  Note also that the
m • 1 .33  in. data is not fitted due to complianc, calibration with
1 2 . 5  percent per aide face grooves .
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—.._-- h~ w(”~er , d:ita f rom the m 1.33 in . 1 specimen lies somewhat above the

t 
others . This apparent anomaly can be understood in light of the fact
tha t  e~ n ip l i iu i ce .  data f rom these specimens were obtained on blanks hav-
ing 25 percent face grooves to dupl i ent e  the actua l specimen configu ra-
t ion . Thus , the displaced curve is rel ated to tiie face groove depth and
( . ) I l t lg ’u r n t l& ) n  . The p(Is lt ifl fl of th e  Comphllnce curve as a function of
t:R ’ (’ groove dInl l ’ns ions  has e0 determined .‘xpi ~r imentallv for each CDCII
contour to be used in a given test program , however , no general numerical
method has vet been applied to th is  tusk .

The use of the shear correc ted beam formul a (SCBF) in the de-
sign of constant dC/da specimens has been s hown to be satisfactory . The
act ual value of dC/da cannot be pred icted from the SCBF at values of ~
less than 3 (ma < 30) and for non - face grooved specimens. A very gcod
est ima te of the d imensionless . t~~a.’ compliance parameter . KB .~~/P, can be
obtained from H V C .  1EM or F I T H F , an empirical modification ( I f  the beam
fo rmula simil ar  to that ~ise 1 for U 1) Cl ~ specimens. However , face grooving
of a given specimen shape requir es a new cornp liant ’t ’ calib ration . Never-
theless , for m~~ 1l’ st fn ’e grooves. e .g . .  12. 5 percent per side , an appro xi-
ma te cali b ratio n CAn 1w calculated by u s in g  eq. 2. 3 .8  w i t h  a k value of 0 .5 .
No BVC or l 1 - ’~.1 calculations ur . ’ avail ab le that allow inclusion of face grooves.

The ti s ø ’ of contoured double can t i lever  beam ((‘DCII ) , con sta n t
dC /dn . specimens made from monolithic material s . e . g . .  bulk adhesive, Is
often limited hecnuse of non planar crack growth. For rn values greater
tha n I in . 1 

fa r e  grO~ ves mu st  be provided along the desired crack plane
to avoid a ciNumstance denoted “arm break-off’. For non-aide grooved
specimens , ‘is rn increases . th r ’  is an increased possibility tha t  the crack
w i l l  leave th e  crack plane in the  center .~f the  specimen and break off a
smnll part of “arm ” of the  specimen near one loading hole. The tendency
I l ) ! ’  t h i s  t ype 01 f r a ’ I ur e  is undoubtedly related to the magnitude of the
bending stress. ci,~

, p~i raIlel to th e crack plan .’ relative to the critical
perpendicul ar stress . os,. which occu rs during crack extension . e.g. .  the
ratio Thus. a specimen design that would lower the bending stress

21
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at a given f racture load . e .g . ,  a lower rn value , would be more likely to
keep the crack In the center plane . The nominal bendin g stre ss .
can be calculated from strengt h of materials . i .e . :

- 6Pa- —,~ .3.10

Rewriting this expression in terms of a/H or ~
6P 6P 2

E. 2 .3 . 1 1

Since the calculation of a nominal stress, ~‘ 
, at the crac k tip cannot be

y

done simply . except when the crack front is near the free back edge of
the specimen , the value of the applied K Is used in place of °y In the
calculation of a crack stabili ty parameter . K / o r .

This ratio has the dimensions of the square root of lengt h . e. g . ,

(inch) 4 . which is consisten t with laboratory experience using UDCB spe-
cimens. For monolithic uniform beam specimens tested at a given crack
lengt h , the greater the value of H ( i . e . ,  the smaller the value of the
nominal stress) the greater the tendency of the crack to run straight .
Addition ally, the tougher the materia l ( i . e . .  the greater th e value of K Q
or K 1~,) the larg er the plastic zone surrounding the crack tip and the
greater the tendency for crack deviation . Both of these phenomena sug-
gest that the dimens ional quantity . K los , be used as the crack stabilit y
parameter. Since crack stability Is expec t ed to depend on a number of
factors , the specification of a minimum K / o r cannot be made. Rather.
the ratio K / o r is used as a q ualitative estimate of’ the possibility of crack
devia t ion for a given specimen . From an exper imental point of view ,

should a given specimen presen t a problem controlling crack di rect ion .
modifying it so as to obtai n a higher value of K / a ~

would tend to Increase
crack direct ion stability .

Calculatio n of K / c r can be done using the definit ion of end
the three expressions for the dimensionles s parameter KB Ta/P. The
fi rst of these (eq . 2 . 3 . 2 )  is based on the empiri cal shear and rotation
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— r( i r ’ r ( t c d  ? i . i l1~ formula (SHCHI ) for UDCB specimens and the second .

(eq. 2.3. 3) • is based on the stre n gt h of materials shear corrected bea m
fo rmula (S C P3  F) for (‘DCII specimens where ma is greater than 100 . A
third empirical beam formula , (ef l . 2 . 3 . 9 ) , (F I TBF )  was also shown to be
reasonably exact for non-face grooved CDCB specimens for values of ma
bet w een 1.7 and 20.

The expression for shown in eq. 2 . 3 .  11 can be rearranged
as follows:

- aU

P = 6f 2.3.12

t~sing expr e~.sions 2. 3 . 11 and 2 .3 .7 . we can obtain the dimensionless
ratio :

K I , . . 2 
-

~~ = , . ( 3  • 1) 2.3.13
x 3~~

This expression , to be iis. ’d for large values of ma (eq . 2 .3 .1 3), can be

‘.ealed to K / c ~ u s ing  an arb it ra ry  value of initial crack len gt h as:

x 

= = ‘ 
~~ , /‘ ( 3 C 2 +

Mult iply ing and dividing eq. 2 .3 . 24 by .~ m :

ma 
~_ ! !~~ .“ (3~ 

-
+ ~

) 2 .3. 15

H u t

ma F. ( 3  
2 , 1) 2.3.16

Thus -

— ~ ~ ~~~~~ 
2 ,, 1) — I (3~~2 4 1)

(1 . 1  ~~~ v’ñ~X I.) (I 0

L 
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or
K - I ma

_____ — —% 2.3 . 18
o /a ~~~~ 3ex 0

To fin d the minim um in this expression. I.e., the val ue of ma where

K / ‘, , a T1~ Is the lowest , we differentiate eq. 2 .3 .1 8  wIth respect to
(ma ) and set the derivative equal to zero :

d - 
I ( ma ) ( 2 )  d’: — 2di ms) ~~2 d(i~iiS 

- 0 .3 .1 9

— 1 2 (3E~
2 +1 )o - - 2 2 2 .3 .20

3’: 3~: ( 9’: + 1)

2
1 = — 2 a’:.. ~ 2.3.21

and thus:
‘ 3

= 2 .3 .22

Thus . the highest probability of crack deviation is found at an ma

value where = .‘ 3 / 3 .  i .e.

ma = f~ ( 3 • ~2 
+ 1) = 

2 
= 1.1 5 47 2 .3 .23

Expressions for K I ‘
,~ 

v”i,, can also be foun d for U DCB specimens and

CDCB ’s at low values of ma using eq. 2 . 3 . 1 1  and eqs. 2 . 3 . 3  and 2.3 .9 .
respectively , for UDCB ’s .

= ( !~
4

~! /‘:~ 3 (t  + 0.8) 2 
+ 11 ) 2 .3.24

~~~v’ 3E~

Substitutin g

= /~7,.2 
+

~~~~~~~

K 
= L. 

~ 
.!. i~~ + ~ /u~ + o.s2 

+ 1) )  2 .3 .25
.
~ ~~~~~

- 

~~~~~~~ 
3’:

X 0 0

—2 4—
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1 1 . 2 2— - . + 1 .~i r  + 3.6 • 2.08

- - 
K 

= ~~~~~~~~~ 1 .-~3r ~ + 1.2 ~~~+ I .3 6 ) 2 . 3 . 2 6
.max o 0

Expressions 2.3.25 and 2.3 .26 are not as easily differentiable , however ,
the min imum values of K I .~~~~ for both cases are found numerically at
values of ma somewhat above 1.155 , i .c .  • 1.323 and 1.522 for eqs.
2.3 .28 and 2 .3.25. respectively . For CDC B specimens at low ma values,
eq. 2 .3. 26 can be used (after eliminating a0) to generate a family of a

vs. K/r curves l’or m values of interest , Fig. 5. Although the Im-x -1provement in K / ~’ goes as the square root of rn the m = 1.33 in.
specimen has demonstrated l i t t le  tendency for crack deviation compared
to tha t  experienced using rn values of 3 in. 1 

or greater in monolithic

materials . It shoul d be noted that  when rn is changed . both the si ze
of the specimen is changed and its geomet ry relative to the ma curve
is shifted . Fig. S also includes K / a  vs . a data for LIDCR specimens
with  hei ght . II . as a parameter obtained using eqs . 2.3.11 and 2.3.3:

K 
= 

2 
,“~r (3~~ 0. 6) 2 

• 1J 2 .3 .27
3r

The family of I’DCII urves shows t ha t  the m -: 1.33 In.
1 
shape Is

more stable tha n a 2-inch UDCR specimen when the crack length.  u
is 2.25 i n . .  m d  ;~ 4 inch I’DCB when n is 7 inches . For comparison .
the m - 4 i n .  1 sh;ip. ’ is equivalent in ctahilitv to a I—inch UDCB at

a = 1 .5 inc’h *” . and a 3-inch t’DCH at a 8 inches . This comparison
is u seful  in t h a t  it  demonstrate s th e s€ ’n sit l v l ty of the stability parameter .
K / a .  .-\ n estim a te of the upp er bound value of K / o r necessa ry for

rac k pla ne ‘d: , t . i l i t v  can he obtained from the successful compact tension
specimen (( ‘S) geometry . For a non • face grooved IT CS specimen
hav ing  a K 1 of 45 k si- v f n .  and a yield s t rength , . of 100 ksi . the
value of K / a s is about 1 .4 • f n .  at aI W = 0.55. This implies that a

-
; -25-

_ _ _ _ _ _ _ _ _ _ _ _ _ _  —~~ •~~-5~ -5•



- . . -. -— — -5

non-face grooved m = 1.33 in . ’1 specimen could be tested without crack
plane deviat ion using similar or tougher mate ria l ,

A convenient represe ntation of the effect on the stability
parameter of moving along the ma curve Is shown In FIg. 6. This
is a plot of ma vs.  mH with the superimposed , scaled dimen slonloas
parameter K / o . ’~a

’ f rom eq. 2 . 3 . 2 6 .  For this plot the constant
is 0.25. ThIs plot shows that all specimens used to date are at or
slightly beyond the minimum value of K / a s /á~

’, Thus , crack stability
should Improve with increasin g crack length. A tentative conclusion that
mi ght be drawn from Figs . 5 and 6 is that a value of K I a equal to or
larger than 1 .3  ( I n . )  is required for a substantial degree of crack
stability , especially with low streng th materials. F ig. 7 . a plot of F~ vs.

K R T a / P, similar to Fig. 4 . includes the dImensionless parameter 10K /cs as
calculated from eq. 2 . 3 . 2 4  for UDC R specimens. This figure shows that
the bending stress , relative to K . decreases as the crack lengt h pa rameter .

-
~ . incre ases . Thus , for uniform beam specimens , even though longer
crack lengths require lower loads to produce a given value of K ,  the
longe r the crack lengt h for a given value of H and K .  the less the
crack stability. This tren d is opposite to that obta ined on CDC H ad-
herends where increa ses in ~ or ma result In increased stabilit y .

- - 26-
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Table 3

Tabled Values of maW. mEl and ‘: for
Double Cantilever Beam Specimens vs. Dim~~~ lonless

Crack Stability Parameter 1OK/O x ~‘a

ma mH F 
_______

0.3 1.191 0.252 35.87
0.5 1.399 0.360 22.79
1.0 1.864 0.536 14.38
2.0 2.676 0 .747  10.24
3.0 3.373 0.889 8.71
4.0  4 .000 1.000 7.86
5.0 4.578 1.092 7.30
6.0 5. 12 0 1. 172 6.89
7.0 5 .633 1 . 2 4 3  6 .58
8.0 6 .122  1.307 6.53
9.0 ~.S92 1.365 6.13

10.0 7 .045 1.419 5.95
11 .0 7.483 1.470 5.80
12.0 7.908 1,157 5.67
13.0 8.322 1.562 5.55
14.0 8 .725  1.605 5.44

( 1) m = ~ ( 3~~2 
+ 1); r =

ma = ~ 
( 3.

2 
+ l)~ mU — (‘l~~~ + 1) ;

is the bending stress , RPa/BH
2

= -
~~~

-
~~ 1 2 / 3r~ + 4 ”  (0. V + 0.34 )  1

- 27 - -
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Fig. 7 Parameteri zed Compliance Calibration Curves Plotted with Crack
Stabil i ty Parameter , 10K ! ~T for Uniform Beam (U DC B )  Specimens.
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______— 2 .4 Mode-l Analy !Is of W idth Tapered Beam (WTB ) Sp.clmena

The toughness :ind loading response of larg e-area bonded
aircra ft panels was suspected to be dIffe ren t enough from narrow area
specimens that a new mode-I “constant-K” specimen was designed to
evaluate actual struct ur a lly bonded panels . While it was always poe-
sitile to us.’ a simple or moment loaded uniform DCB . the difficulty of
each loading condition . (e .g. . the need to know crac k lengths or the
more coinple~ loading geometry) led to the development of a simply
load ’d . linearly - wid th  tapered h.’am (WTB ) sp cimen .~~

4
~~

9
~ Such a

specimen , although “constant - K ” . doe s not have a constant value for
the complia nce chan 1~.’ as a function of crac k lengt h . dClda . Instea d ,
the  chan ge in width . B . with crack length is such that th e value of
(dC / da ) FR is constant over some region of crack length,  t hus  giving
“~ onS tan t K ”  ( i . e . ,  cons tant  compliance change for a given area , A .  of
crack motion , dC/dA .

Recall t h a t  t tu ’  beam formula expression for ,& from eq. 2 . 2 . 1
and 2 . 2 . 4 .  neglecting the shear term is:

P 2 8
~~~~

— 

~~~
- ~~— I ~~~~~ 

-

~~~

- 3 2 . 4 . 1

For wid t h tap ered beams (WTB ) where R N B . the loading holes are

~it  the ape x of the tape r . and ,4 is expressed as an a /B rat io :

(
5

) 2 . 4 . 2
EU

Itecause of data on uniform DCH specimens , it was not expec ted tha t
t he ’  above cxpr.’ssion for .~~ would he accurate without some type of
“ rotat io n corre tion ” to the beam formula used in the derivation . How’-
ev e r,  unl ike the the height contoured I)C R specimens (C f l C R) ,  correcting
the equation alone was not sufficient  to obtain “cons tan t - K ” . For
width  tapered beams (Wil l) ,  it was necessary to manufacture compliance
calibra t ion specimens and measure the change in the value of (dC lda)IB

31-
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as a function of crack length . Th is enabled the loadin g holes to be
moved from the ape x of the taper In the direction of increa sed crack

lengths so as to make the value of (dC / da)/H constant .

If the loading holes are moved , keeping the taper angle the

same . eq. 2 . 4 . 2  must be modified to reflect th. fac t that a In the ex-
pression will not be corr ect . if the tape r angle is given as k and
defined as the vaLue of a/ B if the loadin g holes were at the ape x of
the taper : eq. 2 . 4 . 2  becomes :

l’P 2A _.:
~r k 2 .4 . 3

EU

Assuming tha t the loadin g holes are moved to a position B0k where

B0 is the width at a given distance from the ape x of the tape r the ex-

pre ssion for the tota l compliance is:

c • !2!~ ( 2  (( B0k 4 al  - (B 0k • s~ ) 2 3 2 . 4 . 4

where
the approximate lengt h of the grip end
section of the specimen from the loading
holes to the poin t where the taper begins

C0 the compliance of the section of the sped-
men to a

The value of H 0k was Initially determined from compliance calibra tion

to be 0. 143 in.  For the adhe rend heigh t of the WTB specimen s used

(e .g . .  0 .377 i n . )  th is  value corresponds to a “rotation correction ” to

t he beam formula . I . e. • U .  of 0. 38 H .  Subsequent redetermination

of (dC /da ) ‘~~t from the same compliance specimens with loading holes

relocated to 0. 143 in .  showed tha t the val ue of 0. 38 H was stifl too
small . Calculation s of new loading bole placement indicated a value of

0.5 5 H or 0.20 7 j~~~’IO) , Since relocating the loading holes to a third
locat ion could not he done , the value of 0.55 H Is in some doubt . It
should be noted that the tota l error in 4. calculated from eq. 2 . 4 . 3

-: - 3 2 -
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- . .ind using a specimen prepared with loading holes at 0.38 H rather

than a 0.55 H . is estimated at no more than 5 percent over the crac k
length ran ge of 3 to 7 inches. In addit ion , it Is expected tha t the
value of ~ II will be close to 0.6 H as was found in uniform beam ad-
herends. -

Calculat ion by compliance of the absolute value of crack length.
n ’ede d for det er rmnnt lon of fatigue and/or stress corrosion cracking
( S CC)  rate’s ~t t  a given applied ~ or ~,6 . is considerably more diffi-

— cult than for CDCII he ight contoured specimens. For CDCB adherends
a given change in compliance , in the “con s tan t - K”  region , is directly
related to a given change in crack len gth .  e . g . .

(~,i) ~~C 2 . 4 . 5

where ’
‘a a given amount of crack extenal.i n

- a given chan ge In compliance
dC /cia ~

‘ th e constant compliance change for the
partkular CDCH geomet ry

Fr,r WTB specimens a given compliance change is not directly
related to crack lengt h change and , In fact , will mean a diffe rent
value of crack lengt h , dependin g on the initial crack position where
the measurement was begun . i . e . .

— 
24 (a 4

a Eli

The crack lengt h can be determined from the total compliance
rather than compliance cha n ge . and rewriting eq. 2 . 4 . 4  in terms of

H .  we obtain :

C C~ 
!.~~ ( 2 f ( ( ~H aY — (~ ll • a ) 2 3) 2 .4 .7

‘t he’ use of total  compliance for calculation of crack motion requires a
very accurate ly made compliance calibration using the value of P11

33
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appropriate to thi s class of specimen (~~. g. • 0.6 H ) .  However , this
technique is commonly used for compac t specimens with good accuracy .
Presumably if geometrically similar WTB specimen geometri es are used
one could scale values of C~~. however , a standard WTB specimen is
yet to he manufactured and calibrated .

3.0 Mixed -mode. Crack Le~gth_ Indi ffe rent _Tests .
SJ~!Cimffl C I ~ f l 5 t~d~~~~~~~5IM

3 1  IntroductIon :_Revie w_~~~~~~l_zed Mixed -- Mode Specimens

Fract u re toughness test specimens for monolithic materials have
most often been made with the underlying assumption that fracturin g
will occur In mode I or cleavage in a direction perpendicular to the
maximum normal stress . Even (or monolithic materia l directional prop-
ert ies . e. g . .  a weak plane . can result in crack growth with some com-
bin atio n of mode-I and one or both of the other shearing modes . For
structural adhesive joint desi gn the amount of shear loadin g Is maximized ,
often by the use of added fasteners , so th a t as little of a mode-I com-

ponent as possible appears on the bond line . Of course , not all of the
mode I loading can be eliminated , thus , tes t methods for adhesive bonds
have been desi gned to include determination of the effect of mixed-mode
loading where the amount of the shear components Is high compared to
the opening mode component .

Several specimens havin g the crack lengt h indiffe rent or “con-
sta n t -K ”  design , have been manufactured and tested by this laboratory.
For t his class of specimen were an accurate analysis for mixed-mode
loading to be available , the values of the toughness parameters could be
determined directly from the value of loads needed (or onse t of rapid
fracture , crack arrest and the numbe r of parameters used to character-
ize slow growth.

4 or l( analysis of mixed - modes I and II or I I .  or pure shea r
modes II and III. is substantIally more complex than for pure mode-I
alone because of the diffic ulty in defining the true amount of mode-I

- 34-
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l ) rt ~~( ’n t .  This can be the case even t hough the specimen is designed
for pure shear alone . For example , an examination of the load path
for standard (not “constant-K”) thick adherend lap shear (TALS ) ape-
cimen s appears t o be one of pure shear , howev er, numerical analysis
of the deformation of this specimen during loading shows that mode-I
forces will occur at the free ends of each overlap . While the amount
of mode-I in such specimens is likely to he the same for each test in
th i s  configurat ion , the percentage of the parasitic mode-I component
cannot be readily calculated . The problem is lees importan t for TALS
specimeT1~ and others used for qualitative evaluation zit ed quality assur-

~‘r u ’s’ than for t hose designed for quant i ta t ive  fracture control .

Four fracture mechanics specimens have been designed and /or
used at this laboratory for evaluatio n of mixed -mode loading. The first ,
a CDCR loaded nt an angle , was used to determine if a small mode-Il
component could he responsible for a loss In total toughness 4Te or K TC .
This specimen , although difficult  to load , did show that  when was a
small percentage of the total A’ , 4T ’ the critical crack exten sion force
was not towered or changed significantly .

The second specimen named the beam-column (BC ) specimen .
was a uniform DCB that could be loaded simultaneously with a moment
to produce the mode-I component and an in-plane load to prod uce the
pure mode-Il component . This loadin~r arrangement was designed for
crack lengt h independence or “constant-b” and if the loads are put on
independently and without Interact ion the approximate value of the two
.~~ vajues~~~~ are :

2
b 

3 .1 . 1I I

12 M 2
•

~~~ 1 3.1.2
B H  F

where

— 3 5-
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the applied ,6 in the forward shearing
mode , mode-lI

= the applied 1 In the cleavage or mode-I
direction

B IJ DCI3 adher end width

II = UD( 14 adh erend height

N the moment for the application of the mode- I
load , e. g . ,  P 1L1 ; the force . P 1 multiplIed by
a lever arm L~ of the particular fixture

F the elastic modulus of adherends ; e.g. 1O 7 psi

Note that eqs. 3 .1 .1  and 3 . 1.2  are expected to be less accurate than the
simply loaded (‘DCII case , which contain shear and rotation correct ions to
the beam formula to obtain a more correct value of dC /d a . The calculation
of the total ~ at fracture , cannot be made with certainty without a
determ ination of’ the compliance characteristics of the specime n for the
given !oading. Nevert heless , mixed-mod e tests of several adhesive corn -
positions were made with the beam-co lumn (BC ) specimen to evaluate large
effects. Norm al and shea r loads were kept separate by measuring each
separate ly using strain gages mounted to both arms of the specimen . Re-
sults from this specimen also indicated that the addition of a mode-Il corn-
ponent did not alter the 4 more tha n a value indicated by

I I +~~~ I 
A
ic

Size limitation ’. ( the 1” tall , ~ inch wide BC specimen adherends had a
12 inch bond lengt h) prevented increasin g the 4I ’~~T ratio above 0.29 ,
thus  severely limiting its usefulness. (‘onsidering the statement of

eq. ~t.  1.3. fur ther  compliance calibratIon of a small BC specimen does not
appear to be warr a nted .

The third specimen type is the cracked lap shear (CLS) and the
fourth is the modified zero K gradient ( M 7 . K G ) .  both of which are covered

in the followin g sections.

- 36-
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- - 3.2 The Cracked La2 Shear (CLS )_ Specimen for Determination of

Adhesi ve_Fracturing Behavior for CombIned Modes I and 11 I~~adin g

The third and most well characterized of the mixed -mode aped -
mens is the ‘racked lap shear or CLS specimen for mixed-mode I and II
( Fig. ~) (9)  ( 1_ ) ( 1 3) , Testing and mode-mix analysis ( amoun t of
each of the  two modes making up the total 1. AT ) of thi s specimen
were done concurrently ; consequently , three sets of closed form analyses
were performed . Predicted val ues of the ~~~ ~

‘T ratios were obtained
for each analys is and compared wit h fracture data on CLS specimens. The
assumption was made in all cases that the calculated mode-I component in
the mi x ed -mode test at onset of rapid fracture would app roximate the value
of for a pure mode—I teat . Eac h set of calculations agreed more
closely with that  assumption , i . e . ,  the mixed-mode 

~Ic was closer to the
pure mode-I ‘lc However , at this time a more complex numerical
analysis of the specimen would be needed to (lx the A1

, ra t io for
this  mixed -- mode loading condition .

All of the analyses begin with a st raightforward calcula tion of
the total strain energy release rate , 

~~~~~~ 
using the calculation of the

chan ge in st rain energy as the crack elon gates .

E 2A 2
T — - (F.A’)~, 

3 . 2 . 1

where

P = applied load

- bond width  remaining after  face grooving

F 2 elastic modulus of the long adherend

A 2 = a rea of the lon g adher end

( F A ) 0 — the modulus weighted area of the bonded adherends

For face grooved specimen :

A 2 11 2 (B)  • G12 (R N) 3 .2 .2

-37
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and
(EA) 0 = E2A 2 + E 1A 1 3 .2 .3

( EA ) = F 2 ( H 2B + 
~ B~ I + E 1 C H 1B + 

~~
BNI 3 .2 .4

where
F 1 = elastic modulus of the short adherend

B = width of the CLS spec imen pr ior to
face grooving

A 1 = area of the short adherend

G = face groove width or gap

H 1 = full width height of the short adherend after
face groovlng (H 1 = t 1 + G/2)

H 2 = full width height of long adherend after face
grooving (H 2 = t2 + G /2 )

t 1 = total heigh t of short adherend

~2 total height of long adherend

For the face grooved specImens . eq. 3 . 2 . 1  can be written in t erms of
the average tension stress in the long adherend and the tensile stiff-
ness parameter , v i z . .

E t
k = E ~ 

3 ,2 . 5
1 1  2 2

a = 3.2 .6

2
i 

(~~t 2 3.2.7

in this calcu lation k ranges from 0 to I as the rat io of * 1 /t 2 goes from
0 to infin ity.

The calcul a tion of the mode-I component of the ‘~T for the simplest
case cnn be bzid RIsi ng a complIance analysis similar to that used for pure

- 3$-
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mode - I specimens. For a single beam , moment loaded (M ) by a weight .
W , at a lever arm , 1. from the neutral axis movin g a distance , 

~~
, to

elastically load the specimen , the total energy , U T . for the mode-I case

- 
l W - 5.~_ l

U T - 3 .2 .8

Since the compliance of the system is defined as:

C = ?.1 1W 3.2.9

T - N

We obta in )~ by taking the derivative of 3 .2.10 with  respect to crack
length :

= - :-~
‘ 3.2.11

The compliance of the system can be calculated from considerin g the

change in angle at the load application point . - . as the crack length.
a. changes .

Ma

2 2
where

= appl ied movement , e .g .  WL
a = crack lengt h
F = elast ic modul us of the long adhe rend
12 = moment of inert ia of the long adhere n d

The total disp lacement of the weight at any angle is:

2W L a
2 2

- 39-
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thus

C A 11W = ~Jj_ .~ 3 .2 .14  -

and

- F
2

- 
iT  

3.2.15

The expression for the component is obtained using 3 . 2 . 1 5  and

3.2.1 1:

2 2

I - 
~~~ (El )~ 

- 
Th (ETL~

For non-aide grooved rectangular adherends:

- 12M 2 6M2
— 2 2 3.2.17

2B t 3E2 B t 2E 2

This formula agrees with  the one presented on Page 29.1 In the Tada
hn ndbook~ 

14)

The calcula t ion of M a t  the crack tip . I .e. ,  M0 , requires a con-
slderation of the location of the centrold near the crack tip~ 

11) and leads
to the expression

P~2 k( t 1 • t 2)
M0 = 2 — 3.2.18

2

where
P = total tensIle load

= ( 1 2 P ’ ( I t  t 2
3 E 2 ) 1 1

‘2 = ( l 2 P / ( f F .1 t 1
3 

+ E 2t 2
3 

+ 3k E 2t 2 (t 1 
4- t 2) 2 3 B ) ) 3

Substituting eq. 3 . 2 .  1$ into 3 . 2 . 1 7  and forming the ratio of S’~i ~~~~

using 3 . 2 . 7 :

- 40- 
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‘$~$“+ k ,, U 1 • t 9) ~

I ~ I :1k 3. 2 . 19
.1’ 1 2 2

For equa l modulus adherenda :

— 
3 k ( i - k )

T ( 1 - ’ - ( 1 — k )  I

For equal thickness adherends ~~/ 
4 

is 0.41 and the maximum value
of •

~ I’’~
’
T 

(0.48 ) occurs at a k value of 0.66 (t
1
/t
2 

; 2) (see Table 4a).

The value of / .~, of almost 50 percent of the total for adherends
where t 1 /t 2 Is 2 does not agree with the assumption of constan t for
the case of mixed mode fracturing of CLS specimens. For a deeply side
grooved CLS specimen where t 11t 2 was about 2. 4Te was betwee n 63
and 76 lbs / in . Were expression 3 .2.20 to be correct , it would imply
that  the 

~~ 
component of . . was of the order of 35 lbs/inch rather t han

the 12.5 lbs/In , value of pure mode ~
Because of this apparently anomalous value of 

~1c ’ from the mIxed -
mode test , the specimen was re-examined consider ing the case where the
beam was not “built-in ” at the crack tip . Such a calculation takes Into
account the strain energy on both sides of the crack tip~

12
~ . Thus ,

expressIon 3 .2 .16  becomes modified by the moment of inertia term
( I  — 12 /10). i.e.,

1 
~2( I  — ) 3 .2 .21

N o

For eq ual modulus adherends without face notches eq. 3.2.20 i-s changed
to:

‘I
I — 3k ( 1  k ) l  k ’ )

— ~~~ ~ 3 . 2 . 2 2
1 1  + — k)  -r

For practical t hicknesses and ratios of moduli , the minimum ratio is of
the order of 0. 100 . Table 4b. The plot of k vs. ~~~~~ (eqs . 3.2.5 and
3.2 .2 )  shown in Fig. 9 illustrates the ratios of Importance for the same

41
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adher end materia l over a range of thicknesses. For this calculation the
~~ ~

‘T ratios most easil y accessible with adherenda of the same material
are 0.2 to 0.35. if lower amounts of 

~I are requlred ,adherends of dif-
ferent modull can be used to obtain a .á~ equal to 10 percent of the total .
Testing of equal moduh specimens has been limited , however , to
ratio s no lower tha n 0.27 . In addition , cr.s specimens bonded with tough
adhesn’es require load values for onset of’ rapid fracture , ‘~r~’ above
the value of yield strength for 7075 T 651 aluminum when the adherenda
used are less than 518 in. thick .

I n li ght of the measured values of 41’c ’ the above solution was al so
t hought to give values of the 

~~~ 
/ ‘ T ratio that were too high . For ex-

ample , the value of the ~~~~ component for the test cited above was of the
order of 23 lbs/in . was calculated at 0.33 for t 1 /t 2 of 2) whic h
was still substantially above the pure mode- I ‘~Ic value of 12.5 lbs/In .
A th ird , but approximate , solution was then obtained by considering an
equal adherend thickness , the same adheriend material , CLS specimen
subjected to a unifo rm bending moment , Fig. 10. The total strain energy
releas e rat e for this loading is calculat ed in a similar mann er to that for
the tension case shown in eq. 3.2 .1  and leads t0U31

- ____  

(E l) 2 3 2 2- 2B N fl~Ti2 ~F~) .

For this case , where loading and geomet ry are not symmetric about
the crack plane , the CLS specimen in pure b~ xthg is not a pure mode-I
condi t ion . For the special case of similar material adherends of equal
th ickness the problem can be separated into symmetri c and asym metric
pa rts (Figs . 11-b and I l - c )  each of which can be solved by the same
virtual st rain energy procedure :

3 .2 .24

3 M 2
II 

~~~~~ 
(E~~~2 

3 . 2 . 2 5
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•0
l~~ r th i s  east ’ , this calculation results in a 

~ I /AT ratio of 4/7. In order
to use these calculations to estimate for a CI S  specimen loaded in
tension it i~.. assumed : ( I )  that the value resulting from the tension
induced bending moment is equivalent to tha t produced by an equal uni-
form bending moment and (2 )  that the ~~ ratio of 4/7  found for equal
t hickness adherends can be used as a starting point to define the ‘~~

‘1T
ratio for unequal thickness adherends.

— Calculation of the equation for for tension loading using the above
formulation requires a redefinition of M0 . the tension induced bending

— moment , from eq. 3 .2 .1 8  in terms of the values of Y 2, 
~~ 

(the centroid
position of the ci~~ked kx~g adherend and uncracked specimen , respectively),

and \) . For this case the definition s of A and A 2 are:

/ P I ( E l ) 0 3.2 .26

= fiP/ (F .f l1 3.2.27

a nd the expressions for V and Y are :2 o

2 28H
2 

)4 .~~I1
2

G II ,~~C1

- 
-
) 

-~~~~ + — +

= 
• 

3. 2.28

— 
~ (; 12) + B (H 2

2 /2 +H 1H2 + H1G + 111
2 /2)

- 
+ R

N
C 

—

- 3 .2 .29
Thus , a redefinition of M0 from eq. 3 . 2 . 1 8  becomes :

P . y )
-M 3 .2 .30

0

The equation for for the tension loaded CLS specimen is then :

2 ’t l  2 (F.!)
= 7B~ ~~~~~~ ~ - 1 3.2.31
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U sing the definition of k stated earlier , eq. 3.2.31 can be used with
eq. 3.2.1 to obtain a table showing the effect on the 41’4T ratio of vary-
ing the thickness of the adherenda , Table 5. This table also shows the
substan t ial effect of side groove geometry on the ratio. Two cases from
this table are plotted on Fig . 12. The first one is for an ungrooved
specimen and the second Is for a deeply grooved case where BN /B = 1/8

and (‘
~ is 3/ 16 inch.  For the CLS configurations used in this test series

is raised by about 15 percent for deep side grooves .

Recalculat ion of the mixed mode .
~~~~ 

from the earlier ca se using the
above formulas gives a value of about 30 lbs/ in . ~ ~~~~~~~ 0.3; t 1 /t 2 2)
which is still above the pure mode-I case , but is the lowest value obtained
from any of the calculation methods. These data indicate that the value
of the mixed  mode may be above the value for the pure mode-I case
showing that the addition of shear loading Is more be teficlal than indicated
from the standpoint of geometry changes in the mode of loading.
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Table ~~
Variation in 4~ “~T for CLS SpecImens

Having Equal Moduli Adherends as a Function of Adherend T hickness
(Uncorrected Virt ua l Strai n Energy Method )

t l l t 2 Ii h / a T

0.1 0.091 0.07 1
0.~ 0.167 0.134

0.5 0.333 0.280
0. R 0.444 0.370
1.0  0.500 0 . 409
1.2 0.546 0.436
1.5 0.600 0.459
1.952 0.661 0.46 9
2 . 0  0 . 667 0.469
3.0 0.750 0.444
4 .0  0.800 0 .404
6.0 0.~ 57 0.331
M .0 0.889 0.276

10.0 0.909 0.235
‘fl .O 0.952 0. 133
50.0 0 . 980 0.057

E t
1 1— F t • 1 i

I I  2 2
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Table 4b

Variat ion in ,.b 1j ‘
~T for CLS Speeimts~s

As a Function of Elastic Modulus and Adherend Thickness
(Simply Corrected Case)

I ’ ~T “~~ ~ ( ( t 2 /t 1 ) ,  (E 9 /E 1 ) 1

t ) t
1 

6 .93 4 2 .32 2 1 0.5 0.431 0 .25

F , l~
1 1 = 1 0.100 0. 162 -- 0.269 0.358w 0.330 - - -  0. 197

( k )  ( 0 . l 2 ~~ (0.20 )  -- (0 .333) (0 .50) (0.667 )  —— (0 .8 )

= 3 -- 0.060 0.100 0.114 0.204 0 .314 —— 0.365(2 )

(k) —— (0 .077 )  (0 .126 )  ( 0 . 3 43 )  ( 0 . 2 5 )  (0 .40 )  —— (0.571 )

= 1/ 3 -- 0 . 330 - -  0 .360 ~~~ 0.257 0 . 122  0.100 0.04 4

( k )  - -  (0 .429 )  —- (0.60) 0.75) (0.857) (0. 874)  (0 .923)

= 3 k ( 1_- k ) ( l  -

I 1 ( 1  — k) 312 1

E 1 t 1k * rt  • F t
1 1  ~~

( I )  rea k at t ., . t ~ * 0. 806 )
) .~~~~ 

,:,~. = 0 . 365
( 2 )  Pea k at t ,~/ l  1 

- 3.703 ) I ~
) k = 0.554

( 3 )  Pea k : It  t 2 / t 1 0 .413
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+

1 f .4u... IJJ iri,w(jlt) + t 2 + B . T .

L ~~
‘\) - 

I 
( Section A-A )

- 3/4 (a )  CI S  specimen with equal

~ 
3/8 in. adherends.

Crack
tip

~~~~~~~~~ 
H~ = 0.1875

~~~~~~~~~~ ~~~IF— 46 (SectIon A-A)

(b ) (‘ t~S specimer. with equal
A A 3 —  8 in .  adherends face grooved

—
~~~~ 

L 
t O R N / R E 3 1 1 6

-~~~~ ~~~ — B = 0.1875
I 

—

~~ 

— 
‘

~~~~~~~~~

—a 
~~~~ 

11 2 = 11/1 6 [~~2~~2~2 ~ t 2 
=

—j •
~~‘~J L  *

II~ 11 / 16 
f 3 ~~

1
A

i
I

1 ~~l i 8  t
1 

= 3/4

—~~~ -- I - ~‘--x—~~~1 - _ _ _ _ _ _ _

• 

..
Q 

.- - (Section A-A)

(c) ( L S  specimen with equal
-: 

__________  

3/4 In. adherends face
- ____  — grooved to B N !R 3/16

Fig. 9 C racked Ian shear (CI , S)  specimen showing three different
adherend configurations.
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( geometry )

correct ed virt ual
0.4 - 

strain energy

0.3 -

0.2 .

+ t2 
• lI T.

~~~~~ A ..i
0.1 - 

~~~~~~~~~~~~~~ 

•

( ;~~T~~~ L~~~~~~4 A ~~~ 
T~~ j

A .—
( A - A )

0 I

0 0 .2  0 .4  0. 6 0 . 8  1 . 0

F
1 

1
1

~~W2
Fig. 9 (‘i S ‘cpecimen ~~ ra t io as a functio n of conthined

modulus.  th i ckneMi- . parameter. k .  from equations 5 and
22 (co r rect ed vi r tua l  str a in energy calculation ).
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‘ Cra ck tip

____ EI~ (~: A) (~ 1) 

- (F A ~ 2 ( E l ) 2

1 0 0

( a ~ Loaded ( ‘I S  specimen

Line of action of P v 
_____ I

~~~~entroi~~~~~~~~~~~T~~T i
of tensile si if fnc&. —.

(b )  Location of centroid during loading

Fig. 10 Effect a a f  load ing  on the deform ed shape a1 Cl- S specimens.
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( a )  (‘IS -cpc—c tmen loaded In pure bending.

_______________________

~~

• S ~~~ M/2

h)  Symmet ric half of ben dini~ moment decomposition .

cr __________

~~~~~

M!2

c) An t i symmet r ic ha lf of bending moment decomposition .

Fig . 11 (‘I S wecimen loaded In mire bending and anal y zed 1w

bendi ng moment d~compositlon into symmet ric and anti-
symmetri c pa r t s .
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0.5
C1.S Specimen

as a f( geomet ry )

uniform bend ing moment
0.4 - decomposition -

0.3 - 

,,
_~l

’
~~~~~~~~~~

’
~~
iI
*
\ 

(R
~ 

= 0.125 B

= 0.155

.//0 .2 - 
.
~~~~

,
..

/
7

/’
0 _ i  

~~~~~~~~~~~~~~~~~~~ 0.6  0. 8 hO

FIg. 12 C I S  specimen ‘
~l ’ ~ 

ra t io as a function of combined

modulus thickness parameter . It , for two adherend face groove
geometries (uniform bending moment decomposition).
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_ _  _ _ _ _ _3.3 The Mothiled Zero K Gradient ( M ZKG ) Specimen for D termtnatton of
Adhesive_Fracturing Behavior for Combined Modes I and III  Loading

A fourth mixed mode crack lengt h indiffe rent adhesive specimen design
is one where the shearing forces are primarily edgewise sliding or mode-Il!
directed. This type of design has grea t promise in quantitatively evaluat-
ing the effect of hi gh shear loading on crack growth parameters with the
use of rel ative ly small specimens . Recall that the mixed-mode-I and 11,
BC specimen ( Section 2 ) ,  although large, was inadequate for ratios of

above 0.29. The mode-Ill adhesive specimen was manufactured
by modif ying a design used for plane strain testing of thin sheet~~

’5
~ . The

original thin sheet specimen was denoted the “zero-K-gradient” or ZKG spe-
cimen . and its modification for mode-Ill adhesive testing was denoted the
‘modified ZKG” or MZK(; specimen .

The development of the specimen shape for each of these designs re-
quired takin g into consideration the stepped cross sect ion of each .

In a manner similar to t hat shown in eqs. 2.2.2 and 2 . 2 . 3 .  the compli-
ance derivative in the exp ression for 4 (eq . 2 .2 .1 )  can be written as

~ii~ 
(~~~~~ + 1I~~~ 3 . 3 . 1

For the stepped cross section , 1 is the moment of inertia about the center
of gravity ( ( ‘ ( ) .  If we rewrite eq. 3 .3 1 so that the term I

~~
IB appears

inside the brackets:

- 2 2
— 2 3a + 11

(I II ~ çiw~ ~

Additionally , the term H in the brackets Is the shear correction term
whic h for the K ;  :ind MZK (;  cross sections Is replaced by 2 y where y
is the cl1stnn~ c f rom the top of the beam to Cci, Note that for uniform

cross sect ion beams 2 y equals H.  Replacing U by 2 y i n  3 . 3 . 2 :

) 382 ~ (21~
(I T 7T1 3.3.3

x
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I toth  Z KC and M Z K ( I  -~pecirnen sketchos arc shown in rig , is. One dif-
ference in nomenclature should be pointed out . Eq. 2.2. u s  generally
written for the case where the crac k plane width is BN . This is cor-

rect for the ZKG specimen , but not for the MZKG specimen where the
bond area is defined by B 3 ( see Fig. 15). Thus , for the MZKG . eq.
2 .2 . 1  is rewritten as:

2
I P dC

Note tha t the I written in eq. 3 . 3 . 4  Is not defined as because of the
uncertainty in the amount of parasitic modes-I and II likel y to be present
but whose amounti3 cannot be readily calculated .

In order to contour the specimen for constant dC lda the bracketed
part of eq. 3.3.3 , denoted M0 , must be made constant :

-‘ — 2
M — 

3 a + ( 2 y) 3 3 5
0

Not e that  M0 is equal to 12 rn where

3 a 1m = ( - --i- + ) 3 .3 .6
11

the value kept constant for CDCR specimen described earlier (e .g . ,  eq.
2 . 2 .4 and 2 .2 .2 6 ) .

We first define the instantaneous position of the CC. ~~ . from the
top of the contour.

A 1y 1 4 A 2 ~2 +

A 1 
4- A 2 + .~~~~~ 

3 .3 .7

H H
— ~ ~~~~ 

+ H0 (~ -~~(H - 8N~— 
R

N 
(}I

~~~ ~ (B - BN ) H0 
3 .3 .8
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B N 2 B~~~B 2 2
- 

- , ~~~( H )  + 2 (H )

= B~ 
~~~~ 

+ (B - B~~) H0 
- 3. .9

Eq. 2 .2 .1  is for the general ZKG case where B N can take any value . For
the MZK C specimen H N would be equal to 13 /2 , thus :

2II + 1 1
y = 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
3 . 3 . 1 0

The moment of inertia referred to the CC is most easily found using
the parallel axis theorem:

I = I ‘ — Ad 2 3 .3 .11x x

‘ where
the moment of inert ia referred to the CG

I ‘ = moment of inertia referred to the bottom of oneX adherend ( MZKG ) or to the crack plane (ZKG )

A total a rea of one adherend cross section

d = distance from the CC to the bottom of one adher-
end ( M Z KC)  or to the crack plane (ZKC)

For ZKC specimen :

BNA RH 0 + B N L = B (H e, 4 1) 3 .3 .12

For the M7.KG specimen when ~ B12;

A R ( H 0 +~~~ 3 . 3 . 1 3

Since d is (U ~ - y) oq . 3 .3 . l0 can be rewritten uslng eq . 3.3.11 for the
Zi~~; specimens as:

H 3 I3 ,,~ ~ 
BN - 2I x ~ UI 1 - (I — —j .[ ) I. I — B - yJ

3 .3 .14
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thus ;

I H 3 B L 3 B 2
-

~~~~ 

- .

~

- - ( 1  - —k- )  —
~~
- - (H0 + -.

~j- L ) (H 1 
- v) 3.3.15

For the M7.KG specimen where R N = 8/2;

i 3
~~- = —~-~~- !. ~~~ - (H 0 + ~)( H 1 

- ~,)2 3.3.16

Equations 3 . 3. 5 . 3. 3. 9 and 3.3. 15 can then be used to obtain an
expression for a as a function of H0 . H 1 and L for purposes of specimen
desi gn: i . e . .  for the ZKG specimen ;

M II~~ 8 . 3 B 2a = r 1
2 (4 - - ( l - ~~~~~~ -.._ ( H 0 +~~~~L ) ( H 1 - Y )  }

- 
~~~ —j ~~

-
~ 

l~~ 
3 . 3 . 1 7

For the MZKGapec imen ;

M H 3 
~~ 

2 2 2 1

a = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

3.3.18
Since B 3. t he mode-Ill bond width , can vary , a table of dimen-

sions has been calculated for B 3 values bet ween 4 and 3 / 4  in . ,  for spe-
cimens having a maximum total height of 7.00 inches and a gap width , g.
of 1/16 inch . Table 6a. This table illustrates the changes in H T as a
function of B 3 are modest . i . e . .  between 0.030 and 0.094 in. (0.8 to 1.3%)
for a values between 3 and 7 in. Typica l specimens are shown In Figs.
6. 7 and 8 for B 3 values of 4 .  5/8 and 3/4 inch . respectively .

Determination of the numerical values to be used to calculate I
in eq. 2.2. 1 for M7 .I’C G specimens require an accurate compliance calcula-
tion .  as was done for ZK C specimens in Ref . 15 . however . CDCB compliance
data can be used to estimate the likely value of dC lda once the specimen
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h ;i~ been contoured according to eq. 3 . 3 . 3 .  The value of M0 used for
the contours shown in Figs . 14 , 15 and 16 was 48 In. 1 This value
corresponds to a CDCH contour value of m = 4 In.

1
. From calibration

data over approximately the same crack lengt h range. the corrected
value of m . i .e . .  m ’. was 5.45 in. 1. U sing this correction for
the calculated value of M0’ would be 65.4 in. 

- ~ For the dimensions
shown in the three MZK C specimen fi gures ( e . g . .  B 0.526 i n . ,  E
l O x  106 psi) ,

2
- 

— ~c 2 — 2.1 8 x io
_ 6 

2
~
t
~c 

- ~~~~ — .
~- M 4~ - P 3 .3 .19

or

-6
= ..~~~~

- R .29 x 10 3.3.20
C

Eq.  3.3 .20 can he used to calculate a value for for the MZKG speci-
mens having the wid e range of overlap values shown in Table 13.

Fracture toughness dat a~ 
16) Is shown in TM~~ 6b and Fig. 17 for

overlap dimensions . 83. ran ging from ~ to 3/4 in. This data was obtained
using M0’ rnthz? r than in the dC/d a expression for ~~~~ . The plot
(Fig. 17) shows that  there i s a  minor , if any . effect of changing values of
B 3 °n -

~~ 
and the value of I~ ranges from 82.1 to 97.5 lbs/in , with the

ave rage 
~ 

equal to 90.1 lbs /in . Scatter In values is less for larg er
overlap values. Fractu r e toughness test s on predominantly mode-Il ape-
cimens(:hl) has indicated that the value of the mode-I components in ~
mixed -- mode test at onset of rap id fracture is approximately equal to the
pure mode-I value . If we assume that the amount of the unknown
inn~k - - l  component in this mixed mode Ill-mode I test is equal to .

~~~~~
. then

the value of the ratio of mode-I 2 to the total .~~~( ~~~~~~ i. e. .  ~~ .~., is
app roximately 14%.

Fatigu e test data reworked from reference 16 are tabled and re-
plotted for specimens having overlap len gths . B 3~ of 3/8 and 5/8 In.
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Tables 7 and 8 contain the corrected R 0.1 room temp erature fatigue

data on two specimens. FIg. 18 is the corrected plot with three fitted

curves ; one through each set of specimen data points and a third through

all points. Table 9 has all plotted poin ts plus the three sets of power

law constants. Examination of Fig. 18 indIcate s that fatigue da ta from

diffe rent values of overlap . 83. gIve similar da/dN vs. results.
— 

The earlier work on mixed mode I and II indicated tha t bot h fatigue

growth rates as well as onset of rapid fracture were strongly influenced

by the amount of the mode-I component present . An empirical equation

using an effective alternatin g crack extension force , t 4,ff was developed

that fitted the mixed-mode fatigue data ra t her well for the limited rang e of

mode mix tested :

- - ~~1
= -

•
- .~

‘. ( 1+ 2 - , - - — - ) 3.3.2 1
eff

or
2 

~
1T - 

1
I~

~ + 

~~ T

where the total i on the specime n , is made up of plus 4~
.

If it is assumed that 
~
4eff wil l be equal to the pure mode I

at a given da/dN and that ‘~I I  can be replaced by 
~ 

in eq. 3.3.21 ,

i . e . .  = - 
~~~~~ , the value of and the ratio can be cal-

culated directly as follows:

The power law expression for pure mode-I fatigu e is:

(~~~) = 6.90 x 10~~ ~~~~~~~ 3.3.22

and tha t for the mode-Ill MZKG specimen is:

(
d~I ) = 3.42 x io

_ t )  ,~~~~~95
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4$
Thus , using equatIons 3 .3 .21 . 3 .3 .22  and 3.3.23 at a of

5.43 l b s / i n . ,  the value of the I
~~
/ ~~~. rat io for the ~1’tKG specimen Is

14%. irrespectIve of overl ap dimensions. Although this value a grees
exactly with that obtained for onset of rapid fracture results , the re are
not sufficient data to assume tha t the 

~~ 
ratio has been determined

exactly for either case .

It is concluded tha t this very promising mixed -mode specimen re
quires a great deal of additional work in order to make it  quantitatively
usef ul.  At the least , an accurate compliance calibration and additional
data detailing the effec t of overlap on properties would be needed .
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Table 6b

Mode I l l  MZK ( Specimen Data for 0.526 inch Thick
Laminated Specimens Using AF 55S Adhesive

Equ flibr i urn
Overlap Cr ack Multiplier Calculated

Width Extension of P Value
3 Load . 

~c 
- 

Term of
( Inches) ( lbs .)  ( 10 /In.- l b .)  (lbs .lin )

1/4 2425 16.6 97.5

3~ $ 2725 1 1 . 1  82 .1

1/2  3375 8 2 9  94.4

5/8 3650 6.63 88.3

3/4 4000 5 .53  88.4

Ave rage < .
~
‘
~~~

-
-— 90.1 lbs/In.

‘~lc 12.5 lbs/In .

Calculated Mode I Contribution to Mode II I  Test

~ le 12.5 14%90. 1
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Table 7

“ZK C , R = 0.1.  Room Temperature . 3 l I z ,  Fat igue Data
= ~~ N~~~

’ = 65.4 in .~ B 3 = 0.375, B = 0.518. E = 1O 7 psi )
For Specimen 2- 08

Cycles da
%ta x . ~~~~~~ Caic. at da
Load I 

~ a Load ( Plot )
lbs . lbs / in .  In.  N ~. - in/cycle n -in /cycle

1200 13 .~ 2.00 0 0 -—
2.7 5 0.75 12288 61
3.13 1.13 20130 56 53

1000 9 .0 9 3.23 0 0 ——
3.2 5 0.02 2500 8
3.31 0.08 5700 13
3.57 0.34 1597 5 21
3.76 0.53 197$? 27 18

800 5.50 3.86 0 -- - -

3.94 0.08 28050 2.66
3.96 0.10 33824 2.86
3.94 0 .0 8 42872 1. 74 2.4

600 2 .81  4 .04 0 0 --

4.04 0 231093 0 0

800 5.50 4. 14 0 0 --
4. 31 0 .17  28739 6 6

700 4.04 4. 74 0 0 --
4 .74 0 1185488 0 0

5.50 4.74 0 0 --
5.09 0.34 7 6 1 2 9  4 .4
5.22 0.48 293403 1.6
5 . 54  0.80 858717 0.9 1 .5

700 4.04 5. 80 0 0 --
5.93 0 .13  163496 0. 75
5.95 0 .15  253023 0.59
5.99 0 .19  425583 0.45 0.56

2 
1. l $ X lO ~~ ~~

2 

~ 11.2 x ,o 6 p 2

- - 
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Table 8

MZM CI. 8 = 0 . 1 .  Room Temperature . 3 H z ,  Fatigue Data
( M 48 , M0’ 65.4 , B 3 = 0.655 B ~ 0 . 5 18 .  E = 10~ psi)

For SpecImen 2-09

Cycles da
Max. Caic. at da
t oad a ~ a Load (plot )
lb . . Ib s . in .  in. In. N ~ In /cyc1e . in /cycls

1000 6.70 2 8 1  0 0 --
2.86 0.04 8 1 547 31
2.88 0.070 3433 21
3.00 0 .194 6238 31
3 . 15  0.343 14808 23
3.18 0.365 24574 15 24

800 4 .31 3.18 0 0 -—
3.2 3 0. 04 5 41886 1.1
3.60 0.417 291600 1 . 4
3 .64 0. 455 343071 1 .3
3.83 0.648 372083 1.7  1.4

800 4.31 3.83 0 0
3.87 0.037 51471 0. 72
4.06 0 ,23 1 80483 2.91 1.8

?00 3.30 4.06 0 0 --

4 . 2 3  0 . 171  603157 0.28
4 .43 0 .365 784300 0.46
4.54 0.4 84 951347 0.51
4 .49 0 .432  1038926 0 .42  0.42

600 2.42 4 . 4 7  0 0 --
4 . 5 2  0.052 168235 0 .31
4 .5 9 0 . 1 1 9  436830 0.28
4 .59  0 . 1 1 9  681522 0 .17
4. 61 0 . 1 4 2  78754 1 0 .1 8
4.66 0 .194 860230 0,22
4.59  0 . 1 1 9  236 7559 0.05 0.05

800 4.31 4.37 0 0 —-
4.61 0.238 80422 2.91
4.80 0 .432 253814 1.64
4.78 0 .410 26251 9 1 .49 1.5

600 2 .42  4.83 0 0 --

4.83 0 657708 --
4. 83 0 759233 - -

4.95 0 . 1 1 9  1023773 0.45
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Table 8. Continued

Cycles di
Max . ., Ca ic. at di
Load a .~~II Load (plot )

lbs. lbs/in . In. in .  N ~ in/cyc1e Jin/cycle

4.97 0 , 1 4 2  1210206 0. 31
4.93 0.097 1277977 0.19 0.19

700 3.30 4.98 0 0 —-
5.15 0. 171 986125 0.17 0.17

= • P
2 2 . IS x 10 6 

6. 73 x i0~~ -
. p 2
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Table 9

MZKG Dat a from Tab les 7 and 8 U sed for
Regression Analysis for Power Law Expresaion~ 

1)

Specimen 2-09 SpecImen 2-08

~~ 6 d a / d N  da /dN
lb 1in .  ~ In/cy cle lbs/in . u in /cycle

6. 70 2 .4  13.8 53
4.31 1. 4 9.09 18
4.31  1 . 8  5 . 50 2 .4
4 . 3 1  1 . 5  5 .50 6.0
3.30 0 .42 5.50 1 . 5
3.30 0 .17  4.04 0.56
2 .4 2 0.05
2 , 4 2  0 . 1 9

B = 5 . 3 9  B 3 . 5 9

A = 6.23 x io 10 
A = 5.33 x

S 0.273 S 0.200

Values for th e Power Law constant s for all data
B 3 . 9 5

A = 3 . 4 2  * l0~~
S 0.273

(I) dR - A

S standard deviatio n of y on x

-6 5-
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100 —1 1

0

0
= 90.1 Lbs/In .

90

:/-

-
. 0 I

~~CJ 80 - .-~

I
MZK fl 

I - 

-

70 . -1 -~M 48. in.o - l
M ‘ 65.4 in.

0

60 V I I I
0 0.2 0.4 0.6 0.8

Overlap Length. 83. inches

Fi g. 17 Effec t of Overlap Length. B 3 on Calculated for
= 48 in. 1 , 0.526 inch thick . 7075 T651 Aluminum

Adherend s .
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- 
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FIg . 18 MZK ( Mode I I I .  R oom Temperature (RT )  Fatigue Crack
G ivwth Curves at 3 lI z for Two Values of the Overlap .
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4.0 Laboratory Bond Manufac t ur e and Testing of Pure and
Mixed -Mode Sp~ecimens

4 .1 introductIon

The manufacture and testing of adhesively bonded laboratory ape-
cimens has been evolving for more than twenty years and techniques have
changed as new adhesives and surface t reatments have proved successful
in service . The problem of steady load , slow crack growth in an aggres-
sive environment (SCC ) was one of primary importance in the development
of improved adherend surface t reat ments and adhesive films. Structural
bonding is most cr itical in the aircraft industry and , consequently , the
most serious efforts have been made In this industry to insu re the manu-
facture of rel iable , reproducible bonds that have long term stabilit y. Air-
craft bondin g is generally metal to metal and , most often , aluminum alloy
to aluminum alloy . In the course of this testing progra m • a number of ma-
terial s have been used as adhe r ends. These include glass , stainless steel ,

t i tanium , alumina , wood , high modulus high density fiberglas , and bulk
epoxy resin . Some of the more common adh erend surface treatments have
been descrIbed ( 17) .  however , a newer treatment for aluminum and titanium
i . e . .  the phosp horic acid anod ize ( P A A ) ,  has been developed since that
ea rly re port . The older treatments for aluminum involved building a thin
strong oxide layer using an aqueous chro inic acid -sul fur ic acid etching
solution ( FPT . ) .  Although the short term strengt h of bonds made using
this treatment wits quite good, a number of adhesive failures were t raced
to the Influence of en aggressive envi ronment . i . e . ,  stress corrosion crack-
ing or 8CC . Failure was found to have occurred In the oxide , and this

finding launched the development of the new adherend treatment and the
searc h for more SCC resistant adhesive films.

The manufacture of laborato ry adhesive test specimens has generally
been done with small area bonding. Early specimen manufacture , using
th e liqu id resin - hardener mixtures , was done by cast ing the heated mixed
liquid in place using shims between the adherends to maintain bond thick-
ness. The manufact ure of laboratory specimens with the partiall y cured ,
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‘—..—- high performance . adhesive films was done initiall y using CDC B speci-
mens made individually . The narrow area bonding cond ition that results
differs substantially In the pressure-temperature history from that uaed
in wide a rea structural bonding. Consequently , thi s section revIews the
manufacture and testing of pure and mixed-mode specimens made as wide
or narrow area bond s, It should be noted that test results are given for
~iound bonds (low void content ) where good bondin g practice is followed ;
e . g . .  the use of proper ly prepa red adherends and a proprietary adhesive
film where the specified pressure-temperature cycle produces bonds of a
~nven th icknt, .s.

The test ing of both pure and mixed-mode specImens Is divi ded into
two categ ories : onset of ra pid fr acture . i .e . ,  fracture tough ness testing
and slow crack cxtension . In general , the latter Is st rongly Influenced
by temperature and environment while the former is not .

4 . 2  ~~veIop!~!,nt of the Ph~~phoric Acid_Anodlzlng PAA )
Trea tment ( Hoe lng~ 5555)

The .S(~~~ failure of FPL treated structurally bonded aluminum panels
wit ’. fi rst inves t iga t ed by the Boeing Airplane Company In an attempt to
imp rove bond re liabi lity.  The test of proper adhesion was a highly stressed
SCC exposure for a specified period . i.e . ,  the Boeing wedge test . In this
test , bonded strips were wedge loaded In clea vage and then exposed at
eleva ted temperatu re to a moist envi ronment or water . The criteria for
acceptance of a given bond fabri cation was ( 1)  th a t an opening mode load
approx imate ly equal to the failure Iced be applied to the test coupon , (2)
th at slow crack growt h over a 100- hou r tim e period did not proceed more
tha n a specifi ed distance . e . g . .  0.250 Inch . and (3) that the fracture plane
be mot~t ly  within the adhesive Lay er and not near the interface region . A
scanning elect ron microscope investigation of the SCC failed bonds of ape-
cimcns having conventionally treated adhe rends Indicat ed tha t failure oc-
curred cohesively In the oxide layer , rather than adhesively at the adhe-
sly .- adh erend int erf ace . This oxide layer produced by the FPL etch was
found to be hydrophilhic. This observation led to the development of a

—73 - 



~ -- ——~ ---~ ---—-~ 
~~~~~~~~~~~~~~~~ ‘~~~~~~~~~ —_  — --- -- ~~~-~~~~~~ -

hyd rophobic oxide . e . g. • that produced by the phosphoric acid anodiz-
ing (P A A )  t reatment ( see Appendix I ) .  The SCC resistant oxide sur-
face is obtained by a conversion of the 80 A FPL oxide to a 4000 A t hick
“forest ” of vertically oriented fragile oxide rods . Current  bonding
practice suggests that this Layer requires adhesive primer to (111 in the
space s to render the surface uaeable for bonding.

In recent t -st s on PAA t reated adherends . no evidence of separa-
tion near one interface (IF ) has been observed . These tests have in-
el uded elevated temperature ( 140 °F) SCC and fatigue test s , as well as
combined effect s of fatigue In an nggresslvv environment . For example.
SCC tests have been carried out for more tha n six months at 140°F with
lit tle evidence of IF penetratIon , although exposed aluminum surfaces
have become quite corroded .

Thus , service simulat ion requires that laboratory specimens using
alumi n t i r -  a P cr en d s  be prepared with the PAA treatment for slow crack
growth studies.  This Is part icularly import ant with mixed -mode speci-
r n , - r i ~~ wher e th e locus of f racture tends to be near the interface .

4 . 3  Bondin g Pract ice for Toug~ ne~.a Speci mens Usin g
Prop_rietary F’ilm Adhe s~ves

Wide area bonding using commercial film adhesives is done accord-
ing to the manuf a c ture r ’s specifications regarding temperature and pres-
sure cycle . In general . PAA treated and primed adherend panels and
adhesive film are assembled as a sandwich and mechanically held together.
Pressu re is applied either with a heated platen press or for aircraft panels
in an -, t t t wlave where the vacuum bagged assembly is automatically cycled
through the spec i fied temperature pressure profile. Fracture toughness
specimens tt i ’ i t can !~ .- machined from wide area bonds include the cracked
lap shear ( C L SL  the modi fied iero-K gradient (M ZKG )  and the widt h tapered
beam (WT H ) .  The advant age of usin g specimens made from wide ares bonds
results f rom te sting the  adhes ive bond in the condition aa it exists in the
st ructurc . \slde from the pressure-temperature history . bond thickness
i ’- the most imp ort ant  property of the st ructure . A common cure cycle for
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250°F cur ing adhesives bonded in aluminum consists of a heating rate of
2°F / mm . to a minimum of 220°F and a maximum of 270°F. Coolin g rates
are also about 2°F/m m . Pressure is maintained during the cycle at
25 psi . Even though the adhesive becomes quite fluid during the high
temperature part of the bonding cycle , very little change In t hickness
occurs in wide area bonding because of mechanical entrapment . For
example , ty pical adhesive film thicknesses, both before and after bonding,
are 0. 008 to 0.010 in .  Ai rcraft  structure is generally made up of bonds
bet ween relatively thin ga ge metal , e. g. . 0 .070 in.  and,  while th1~ adher-
end th icknes s  Is suitable for low Load , slow crack growth studies , its low
st t f f ~ e~~ makes it unsuitable for onset of rapid fracture determination .
Th us , for complete a dh e s iv e  cha racterization , relatively thick panels
(e . g . ,  3/ S to ~ in .)  must be bonded separately , ra ther  than removing spe-
cifically designed sections of bonded airc r*ft panels -

An a l t e rna t ive  to the relatively expensive and diff icult wide area ,
th ick panel bondIng Is the narrow area bonding used successfully for
liquid ad hesive systems . For narrow a rea bonds , care Is taken to reduce
the pressure during cure , so that  for the recommended tem perature cycle
the bond thickness remains above 0.005 in.  Bond thickness can also be
kept constant by the use of shims. In thi s case , care must be taken to
a void leakage of the adhesive out of the bond cavity,  th us creatin g voids .
Afl tou ghness specimens can be made in this way . however , narrow area
bonding is mu st  su i table  for the CDCB aciherends . Specimens such as the
M Z MC and WT R would actually he somewhat less convenient to manufacture
as a narrow area bond . Evaluation of the dIfferences in mode -I toughness
as a function of bond preparation has shown that  bond thickness Is more
important  than absolute pressure In obtaining high values of 4~ . Thu s .
it Is concluded that suitable toughness specimens can be prepared using
either method . Although the effec t on slow growth has not been studied .
it is assumed tha t the hulk p roperties of the adhesive will not be changed
substantia lly by th~ pressure differences dur ing the cure cycle , as long as
a bond thickness above 0.005 in. Is maint a ined .
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4 .4  Testing of Pure and Mixed-Mode
Adhe sive Fr it~.~ture !pecimens

Three load-time profiles are possible in simulating the service load-
ing that may result In crack extension : ( 1)  monotonically increasing. (2)
steady , and (3’) alternating. The first is used to obtain onset of rapid
fracture . (or 4 for mixed - mode loading) and the toughness at
arrest ~~~~ or 4r~’) ’ The second is appl ied to obtain slow crack growth
dnt ii  dur ing exposure to an aggressive environment ( i . e . ,  SCC) .  and the
th i rd  to develop fatigue slow growth data with find without the environment .

- 
!7~~~~~thz Li~~ t~~

Standard inc reasing load or fracture toughness tes t ing,  described
In ASTM SRI’ 3433 -75 for pure mode-I CI ) CR specimens . Ii similar for all
pu re .in d mixe d im”i. ’ specimens. In genoral . loading is such that on set

‘f rap id f racture occurs in a minute  or less and b

k 
(or .. .~~) ari d

~~ TA~ 
ore determined from the load at onset and the load at arrest

coupled with  the crack len gt h at onset and arrest . For “crack-length-
indifferent ” or “Constant K ”  spe cimens only the two loads need be known
to dete rmine init iat ion and arrest t ’ ~ighness , as lon g as the crack remains
with i n the ~‘on stnnt-M” region . Another  advantage of the “constant-K’
speci men for fracture toughness testing is tha t . ordinarily , many deter
- ‘unati ons of onse t an d arrest to~~ :hness can be made on a single specimen .
The respon se to load ing Is sensitive to loading rate , te mperature , adhesive
type . and loading mode . The brittle behavior seen at standa rd crosahead
rates , shown by unmodifie d epoxy adhesives tested at room temperature
( RT ) or the tough . modified - epox y ,  proprietary film adhesives tested in
low tem perature Is much the same . The load displacement ( P - .~~) record
Is elas tIc  up t~~ onset of rapid f r ac tu re  at maximum loa d , followed by arrest
at a lower load (“ peaked” P - l i  curve) .  Standa rd rate testing of the tough
adhesives at RI often shows an elastic P - .~ record to maximum load where
crack extension occurs at constant load at a rate dictated by the crosshoad
(“f l a t ” P- l i  curve) .  High rate t e s t ing  has shown that the arrest toughness
is the lowes t value of crack extension force for materi a l showing peaked

- 7 6-
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‘ behavior . Flat behavior La more complex since some material.. show a
transition from flat to peaked behavior with a lowered arrest toughness
at high rates . Thus , the evaluation of tough adhesives should Include
SOIIIC high rate testing to determine the amount of toughness loss .

The measured toughness of many of the adh~aives is related to
fracture appearance , therefore , a description of the f racture  surface is
appropriate to any toughness survey . For example . peaked P -l i  curves
are generally associated with flat , shiny , featureless fractures ; while flat
P :. curves are associated wi th  fracture surfaces that show evidence of
plast ic flow during croc k growth. Of part icular interest is the fracture
su rface r esultin g f rom high -shear mixed-mode plus 1bj~) loading. For
this  case , both brl t t l t i  and tough adhesives show multiple origin fracturing
that  r esul t s  in a rough fracture surface with  a den se pattern of inclined
“flakes ” , Increasing loa d fractur ing of high - shear , mode- I l l  MZKG speci-
mens does not show t hose obtained from mode-Il specimens. For the one
tough adhesive examined with the  MZKG test specimen , fracturing occurred
near the Interfaces ( I F )  at the boundar ies and partly cohesive or center of
bond (COB ) away from the boundaries. Thes. dIfferences in shear fr.c-
t ure morphology remain to he resolved .

& ‘ osion Crack in g ( S( ’C) Tes~~~g

The m easure ment of steady loa d , environmentally assisted slow crack
gr owth  (S( ’C)  depends greatly on specimen design . For example , SCC cx-
posed specimens where crack extension force due to compliance chan ge
increases with crack l*’ngl h ( e . g . .  dC / da increasi ng) will show increased
crnt-’k growth r a tes wi th  increa sed crac k lengths. Constant - K specimen s
1o not show increaath~ crack extension force sa the crack grows and .

t hus ,  a re ea.’.- ii r to use’ for both 5CC and fatigue testing. The SCC char-
acterization of adhesive bonds and monolithic materials is quite similar in
experimental prac t ice . The parameters arc ( I )  the threshold value of
:ipplled crack extension force at whic h a stationary crack begin s to extend

or and (2 )  the SCC rate-extens io n force behavior 
~‘
6i vs. é ) .  
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For many monolithic materials . e.g. , metals , the ~ 1-v s .  a relat ionship
-~hu w s  a rate plateau. In this platea u region crack growth rate is in-
dependent of applied crack extension force for forces ran ging from just
above the threshold to more tha n halt the value . This rate bide-
pendence is thought  to be due to a transport or diffusion limited process.
The SCC exposure in 140°F water  of mode-I, PAA treated , adherend ,
fllm-ahdesive specimens shows the rate plat eau with a relatively hi gh

threshold ( ‘~ / - ~~
‘ - 0.1 - 0 .2 ) .  Uowever , earlier work with FP L

~t s~c Ic
etched adhe rends and the snm~’ adhesive showed a lower th reshold and a
steep I~~ ~i curve , i .e . ,  it  small increase in fo rce gave a large increase in
crack leng th .  The two distinct beh~t v i u r s  result from a difference in the
location of fracture . For PAA treated adhcrends the fracture is cohesive
In the ct ’ntcr of th e  bond (COB ) ,  while for FP L etched adherends crack
growth occurs near an interface ( I F ) .  These results confirm those
originally found wIth  the Hoe in g wed ge t est used to develop the PAA
treatment . The pl at ia tu  twhat vi or Is also observed for PAA treated mixed
mode (‘1.5 specimens.

The constant loa d SC C  testing of mode-I CDCH specimens req uires
only that changes in displacement be monitored with time . For this case .
(IC/Cia  is constant and equ il to 13m ’/EIL Thus , at constant load , the crack
gr owth r ate can be obtained directly from the rate of change of displace-
ment of the load (A) with time

E lIa 4 . 1

Pisp 1aeemen~ rate . ~~ . Is monitored continuously for several specimens with

~ 
m ultipo in t recorder . and crack growth rates are determined over ~ inch

of crock ten~ th change or more. These tests at a ain~ te toed can take over
a month or more , especially if the values arc near the threshold . In
add It ion , constan t  applied crack extension fo rce seldom gives constant A
and var i a t i on  of’ a factor of two or more are not uncom mon . Thus,  the
consta nt -K specimen is also qui te  useful in determining the range of varia-
t ion in thre shold and crack growth rate at 8 gIven 

~ 
above the

t hr v s l ’u t d . 
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The SCC te sting of mode-I width tapered beam ( WTB ) specimens
is somewhat more difficult , because dC Ida Is not constant , even though
the WTB is a constant-K specimen ( see Section 3) .  In this case , the
testing practice is much the same , however , the conversion of displace-
‘sent dsta to crack length requires a knowledge of the initial compliance
and absolute displacement at the SCC load in order to obtain the Initial
crack len gt h , a0 , and crack growth rate , a . This is in contrast to the
CDCB specimen where only the change In displacement with time . t &. need
be known In order to determine a .  The absolute dIaplacem~~t data is ob-
t aute d at the beginning of the test and interim compliance data is periodically
checked , usin g both the change In displacement with time at fi xed load and
by a periodic Instrumented loading and unloading sequence . This procedure
also corrects for the changes k-i displacement not connected with crack growth.
These displacement changes not related to crack growth are thought to be
a plastic or viscoelastic flow ahead of the crack t ip .  For mode-I SCC tests ,
this (low is highest Immediat ely after the application of the fixed load and
it decreases to near zero after about a day . The erro rs in A caused by flow
are most obvious at loads near the threshold , where the magnitude of
flow relative to crack extension Is largest .

The SCC testing of th. mixed-mode cracked lap shear (CLS ) speci-
men is s :rnll ar to that described above for the mode- I WTI3 specimen . The
additi onal compliance data is especially necessary here because , although the
C I. S specimen Is independent of crack len gt h as It Is for all mixed -mode
specimens in Section 3 , the flow problem Is more severe. Loadin g for the
CT .S specimen Is such that  both adherende and much more of the bond len gt h
is loaded than for mode-I specimens. For example . CLS displacement chan ge
data taken at constant load c~ver a nine month period under conditions that
were expected to cause SC( slow c rack growth showed appa rent crack lengt h
increa ses of 4 to 5 inches . Howe ver , verification compliance checks , taken
penodically during the ti~~ duration , showed that  crack lengt h had remained
unchang ed.
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Two ob servat ions were made on the basis of SCC testing of CL-S

specimens : ( 1)  the substantia l flow t hat occurs during steady mixed-mode

loadin g makes the sole use of displacement chan ge with time , ~ , to calcu-

late a impractical . and (2)  the threshold crack extension force for mixed-

mode loading. ~~~~~ is substantially above the calcul ated value , based

on the assumption that ernek growth begins when the mode-I component is
ibove the pure-mode-I ~~~~~~~~~~~~~ B oth of these effects may be the result of

the flow , evidenced by values of ~ not associated with crack growth.

The modified - zero K-gradient M Z K G )  specimen differs from the CLS

specimen in that loading is all applied at the leading edge of the crack , and

the remainder of the adherend area away from the influence of the singular-

i tv is free of loading. In addition , dC /da is a constant for the MZK G spe-

cimen as it is for the CD CB specimen and , thu s. compliance and crack lengt h

calculations from toad and displacement requirements are much less involved

than for the  CLS specimen . This specimen has not been fully evaluated
for SC(’ testing because of the lack of an an a lysis that  Is suitab le to separ-

ate an d -

~~~~~~~ 

compon ents  from t~w to tal ~ Recall that the MZKG

loading is all edgewi s sliding mode-Ill and the amount of parasitic mode- I

cleava ge that occurs at the f ree edge ’-. . ded uced experimentally as approxi

mate l y 14 perc ent of ha s not been determined by any analysis.

4 . 4 . 3__Fa tig~w Testing

The para meters that affec t slow crack growth exposed to alternatin g

toad art’ (I) loading f requency (2)  loading cycle shape and pattern ( spec-

trum ) (3) range ratio , Ii 
~~min~~ max~ ’ (4 )  loading mode (pure or mixed-

mode) (5) temper ature and (6) envi ronment (e.g. . water) .  Fatigue test-

ing in this program has not deal t wi th  spectrum loading, however , some da ta

have been obtai ned (or the other parameters in an attempt to describe the
nrens of importance . For all of the adhesives and loading modes , room
t( !mp (-r :~tu rc ( R T ) ,  environment free , fatigue tests showed decreased crack
growth rates per cycle . da IdN . as loading freq uency was increased above

~ ii z or R ratio was raised f rom 0. 1 to 0.6. Thus , standard baseline fatigue
data ha ve been collected at an H of 0. 1 and a frequency of no more than

- so-
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*0 3 Hz .  The fatigue curve obtained for adhesive bonds showa the same
general features observed for monolithic materials : (1) a power law ares
where da/dN is proportional to and (2) a lower limit (..g. • threshold)
on the applied alternating crack extension force . 86 ~~ . below which siow
crack growth does not occur , A 6TH’ Tb. value of n for adhesive bonds
is S to 10 , whe rea s for metals n ii 1~ to 3. In light of this steep fatig~is
beha vior • the threshold value Is more Important for adhesives than for
metals.

Mixed-mode (I  and II) fatigue data (CLS specimen ) show the same
steep slope when log di /dN is plotted versus th. log of the total applied
crac k exten sion force , A 4, however a given value of da /dN occurs at a
higher value of A ‘ T than for the pur. mode ca se . An .i~~1rlcsl fitting
procedure definin g an effective A 

~~ 
has been used to allow pure

and mixed-mode data to be plott ed on the same curve :

2 A 6
( 1 +  64 ’ ~~~ 

4.2
T

where

elf = the effectIve 6 value used for the data plot

6111 * th. value of A,ij i for the test specimen

A4 1 = the value of for the test specimen

- the sum of A and

Verification of this relationship would have to be made with other adhesive-
adherend systems and other mixed-mode combina tions in order to allow its
use In design .

F~4te of th. mod -Il l  • MZK G . specimen also shows the same high n
value seen for both pure mode-I and C1~8 specimens and th. use of .q. 4.2
permitted an estimation of the parasitic mode-I component (1..., 14 percent).
Fatigue fracture appearance for either pure or mixed-mode slow crack growth
for all adhesives tested to date is cohesive , center of bønd (COB), and es-
sent lilly flat and featureless when examined wit h an optics-I microscope at
50X or less ,
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Fatigue crack growth in the presence of an environment (e .g . .
water) depends on the adherend treatment , the adhesive system • the
loading cycle and the test temperature . For PAA treated aluminum ad-
herends. failure of commercial film adhesives exposed to 140°? water oc-
curs cohesively (COB) . rather than near the Interface (I?) . 11 the
adhesive It self is sensitive to hot water , decreased cyclic rate and in-
creased R ra tio will result In increased ds /dN at a given 8A

Standa r d fat i gue cyclin g is done at an R ratio of 0.1 and a sinusoidal
f requency of 3 Iii using a closed loop , ser vo-hydraulic test machine in
Load control . tising constant -K specimens , constant load gives constant
I and a given minimum Increment of crack growth is selected for dater-
mination of da ldN (e.g. 0.1 to 0.25 In . ) .  For increasing-K specimens .
such as the uniform beam (UDCR ) or compact specimen (CS). crack growth
is determ ined at constant load until the value of daldN Is above 0.01 I n . /
cycle . Should sufficient crack lengt h remain at this point , the load is
dropped and a new test started . The da /dN data are then obtained usin g
the ASTM seven poin t incremental met hod developed for CS fatigue test ing.
C rack lengt h is measured either visually or using compliance. Fatig ue
growth in monolithic metal fatigue tests can be followed equally well using
either technique and often both are used : compliance for measurement of
instantaneous crack length and visual to discover grossly uneven growth
that can cause scatter in the rate data .

Crack growth in adhesive specimens is more difficult to follow visual-
ly tha n in metals: the crack exten sion forcea are lower , and the crack
Is not opened as far during cycling. One of the techniques used for fol-
lowin g f at igue cracks in metals , which has been succe ssfully used for ad-
hesives . involves slow cycling ( e . g . .  1/3 to 1 H z . )  after spray ing a volatile
inert solvent e . g . .  1 , 1 • 1 . t richloroethans) at th. cra ck tip . The pump-
ing action of th e closing crack reveals the crack tip as a renewed , fast
drying wet spot on each cycle . This pulsing wet spot can be .asiiy seen
with  a SX loupe or a toolmaker ’s microscope (Gaertner Scientific ) often
u sed for visual crack length measurement. This visual measurement

L ~~~~ 
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technique Is satisfactory for pure mode-I testing, but is substantially
more difficult for mixed- mode fatigue growth. It is possible to follow crack
growth visually in a side grooved CLS specimen , but virtually impossible
in the MZKG specimen , where the bond line cannot be seen from the side.
Thus , compliance calculated crac k lengths have been used almost exclu-
sively for mixed -mode fatigu e test ing.

The displacement measurement used in the compliance calculat ion Is
obtained in several ways dependin g on the specimen bein g tested . Pure
mode- l specimens have an LVDT or eddy current displacement gages
mounted on the loading d evises such that the displacement of the load is
measured. This arran gement is sat isfactory even though loading pin bend-
ing is not eliminated , beca use of the relatively large fa tigue displacements

observed for standard WTB or CDCB specimens ( e . g . .  0.05 to 0.25 In.)
in the “constant-K” range of crack Len gths. Dlsplacem~~t measurements
for the mode-Ill. MZ K G specimen are made using similar clevis mount ed
gages , however , the total displace ment Is somewhat lower and requires a
greater tran sduce r gage sensitivity . C rack growth of the CLS specimen
is calculated from the mode-i displaceme nt using the specimen mounted
non - contacting eddy current gage .

Compl iance data for any specimen type can be obtained durin g the
test in severa l ways depen din g on the available instr umentat ion . One sat-
isfactory method uses a load vs. displacement , X-Y , pen recorder ( fre-
quency response ~ 1 Hz)  and an X - Y .  X— time oscilloscope , which measures
load versus displacement and load vs. time simultaneously (frequency
response ~ 10 K H z ) .  A precr acked specimen Is Initially loaded slowly
(e . g. ~ 0 .3  Hz )  for a singl e cycle to obtain a load-dIsplacement . x -y
compliance record on the pen recorder. A maximum load is selected (R
ratio Is 0 .1 )  and fati gue cycling begun at 3 Hz at test machin e settings
slig htl y below this load. The proper amplitude and ma,dmum load are
then set tising the oscilloscope load traces . Total displacemen t made as
an alternate or second t race on the scope is used to ind icate crack length
change durin g cycling. The Intial value of total displacement is used as
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a reference and a given increase in displacement , for a given load ran ge .
corresponds to a given crack lengt h change . Verification of exact crack
length increase is done by compliance , taking periodic , slow rate, X-Y
pe’~ r ecorde r traces and visually observin g the crack , if possible.

Data reduction consists of determining crack length (compliance
and /or visual ) versus number of cycles at the loads applied in the teat
and converting the load-crack length-cycles data to ~ versus da/dN
using the analysis for the specimen . Data collection includes repetition
of given da/dN — 

~~~ a rea s to determine reproducibility and confidence
limits on the threshold and power law expression constants fitted routinely
to the experimental points.

Fatigue data coflectior and reduction have been made somewhat more
ef fk ~ient using more automated test machines . instrumentation and data
reduction equipment . Recen t improvements in servo-hy draulic test
machine inst rumentation permit a given load range to be maintained over
a wide frequency limit . A digi t al peak r~~1b~g meter has increased accur-
acy in measurement of load and displacement during high speed cycling
and has eliminated the need for an oscilloscope . The most advanced test
mach ines use computer program driven , closed loop electronics and can be
programmed for a complete cycle of data collection . The automated test
machine has the capability to permit fatigu e data to be completely reduced
to a set of tabled values , which include raw and processed Information .
as well as the statis tical values , without involvement of the engineer or
test machine operator. A semi-automated test machine has been used
successfully in this test program for both pure mode-I and mixed-mode
fatigue test ing. It is most usefu l for long time tests near 

~ ‘6TH where
crack growth is zero or very small.

5.0 ApplicatIon of Linef r Elastk Fracture Mechanics
to Adhe sive Ron dl m e  Fracture Ann~ysIa

5. 1 Introduction

The app lication of fracture mechanics to monolithic materials, begun
in earnest in the third and fourt h decade of this eentury , has gone through
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several evolutionary changes. Beginning with linear elastic fracture
mecha nics (LE FM ) .  which was concerned with the stress analysis of a
cracked structure , the technology advanced from a condition where only
re lative ly br ittle materials could be toughness evaluated to one where a
wide range of commercial materials used in structure s can be Included .
This evolutionary process has not been free of controversy . Those
materials tha t did show substantial yielding prior to crack extension had
to be analyzed for plane strain conditions rather carefully prior to vali-
dat ing or invalidating the measured toughness . K in . Because of the
controversy and because of the importance of the toughness value in
commerce , those concerned with establishing standa rds worked through
the AST%1 and specifica lly through the AST M E-24 Committee . The work
of this committee resulted in specimen and size req uirements for toughness
testing for tougher and tougher mater ials. At each stage arguments have
been heard that would reject LEF M out of hand because of the non -applica-
bility of the mathematical model in the vicinity of the crack tip durin g sub-
stantial plastic flow . Two appro aches have bee n used to counter these
arguments. The first suggests that frac ture mechanic s is an engineerin g
discipline and (ha t if the specimen models the way in w hich cra cks will grow
In the structure , then it is a useful methodology . This fir st approach has
proved very successful in both post-mortem examination of fai led structures
and in design crit eri a for new ones .

More recently , the total-en ergy -los t concept of 4. the strain energy
release rate or cra ck exten sion force , which developed concurrently with
the K concept . was updated so tha t tougher materials could be evaluated .
This concept . the J integral , has been substantially investigated and has
shown to be satisfactory from an engineer in g point of view in describing
plane strain behavior on substandard specimens that show substantial
yielding. The use of th i s concept Is not as unsettling as that of LEFM
because no assumpt ions concerning the shape of the stress field at the
tip of the crack are made .
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The investIgation of adhesive bonding from a fracture mechanics
poin t of view was begun in the early 1960’s and has continued to the

• present with most of the work being done at this labora tory . The energy
‘ approach was used here since suitable stress analyse s of cracks in adhe-

sive bonds had not been written . The recent success of computer as-
sisted stress analyses for monolithic materials has led to Its use for ad-
hesive bonding.

5.2 Computer Assisted Stress Analysis of Cracks in
Adhesively Bonded Structures

One of the most advanced stress analysis techniques involves a
very special kin d of fInite element analysis that uses a number of super-
elements to describe the stress situation approaching the crack tip .
This st ress anal  sis techni que , used by Wang, et al . (8) at MIT . appar-
ently does not agree with the &~ieT~J analysis used at MRL.  For example .
a quote from the ~1!T work states “Any yielding of the material In a zone
at the crack tip must be sufficiently localized , compared to the characteristic
dimensions , tha t  the yield zone Is embedded in an elastic unyielded continuum
of the bulk material . ” “Furthermo re , the classical elastic singular stress
distribution associated with the sharp crack prior to yielding must still ob-
ta m in the elastic domain surrounding the yield zone .” “Only under these
conditions will the singular stress field described by the stress intensity
factor . K 1. (a nd the  associated strain energy release rate. ~~~ control
the fracture process at the crack tip and be useful as a criterion of brittle
fracture . ”

In response to the MIT Report which was presented to ASTM Com-
mittee D- 14 (adhesives), our laboratory and several others presented the
current fracture mechanic s th ink ing  on analysis of fracturing adhesive
bonds to AST M Committee D -14 which are part of the officia l record of
tha t  committee.

The successful extention of M R I~ laboratory data to cracked adhe-
sively bonded structures (9 )  suggests tha t  the a nalysis used in Ref.  ( 8) ,
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although sophisticated, Is not adeq uate to d scribe adhesive bond failure
by crack growth.

The general conclusion s reached by all those responding to M.f. S
w as that the computer data contained In th. report are the result of an
analysis that does not have the degree of sophisti cat ion requi red to deal
adequately with the problem of adhesive bonding.

It is to be hoped that further refinements of the computer program
will produce analyt ical results more in keeping w ith t hat observed experi-
mentally . Such . computer analysis woul d aid In the examinat ion of
bonded structure usin g fr acture mechan ics methodology and the criteria
develope d from labo ratory teats to predict bond perfo rmance and areas
of concern .

It should be noted tha t the compliance data obtained from the analysis
was used in Section 2 and Fig. 3 to show that all of the analyse. gave re-
suIts similar to the simple shear corrected beam formula when f~ the param-
eterized crack lengt h (

~ a/H ) was above 3.

5.3 The Comparison Between the Total Energy Concept
and the Numer ical Stress Ana !ys ls Approac h

When the program to determ ine the fracture resistance of adhesive
bonds w as begun (in 1961) the problem of obtaining an analytical stress
analysi s in the process zone of the adhesive bon d . I.e., the plastic or
damaged area ahead of the crick tip . w as considered too complex due to the
n8ture of adhesive fracturing. Thu s , the total energy concept of was
used to enable calculat km of the loads at onset of rapid fracture for any

cracked adhesive structure , 41c ’ The thrust of this work was to enable
calcu lat ion of the failure load for a given c rack position In a spec imen or
structure without presumption as to the adhesive failure process .

Those familiar with the energy approach reali ze that If th . plastic
stra ins are surrounded, as has been isaumed, by an elastic st rain field .
then aft er a small Increment , da • of crack extension the recovery of the
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eIat~t1c elon gation . ~‘ . Is complete when the plate i~. unloaded . By using
adherends that are very large compared to the scale of the adhesive , this

criterion has been met and the value of Aj~ 
has been measured for a var iety of

adhesive materials. adherend materials. cracking rates , bond thickness..
and temperatures.

The compliance techniques for defining .J~ In an adhesive bond as
a function of adherend material and crack lengt h may be directly related
to a K 1 that is obtained in a monolithic material ignoring the contribution
of the adhesive layer. The value of th us obtained will not be related
t o that value of th e K 1 that result s from finite element linear elastic cal-
culat ions.

Essent ia lly , the two tech niques are concerned w it h different prob-
lems. The energy approach states that the details of the st ress distri-
bution in the adhesive bond are not going to be examined on a tine acale.
Thus , the characterization of crack extension In bonds will be done much
the same w a y ,  wherever the locus of failure . e.g. .  center of bond or near
u n interface . This means that the numbers obtained must be coupled
wit h mformatlon concerning manufacturing (e.g.. bond t hickness) ser-
vice (

~‘.g., loading ra t .’) nnd fracture morphology . This approach is
analogous to the J-Int .’~ rui ! meftsurements made on ductile metal systems.
The energy losses are measured relative to the loading holes , however ,
a 3-Integral calrtilatlon could be made that should be identical to 4 as
long as the path of the integral Is in the elastic surroundings of the pro-
cess zone of the crack . In thIs approach the path over which the integral is
taken is in the metallic adherends exce pt for a small region of the adhesive
bond remote from the  Influence of the crack . The value of the integral In
this small reg1nr~ would have to be modified using the elastic propert ies of
the adhesive , however , considering the linearity of the compliance data ,
(e.g.. Fig. 3) the cont ribution of this part to the total value of the inte-
grii la expected to be Insignificant. The numerical analysi. approach
direct s itself to th e process zone itself in an attempt to understan d the
fr acturing process . 1)ifferences between measurements and finite
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element calculations occur because of the complexity of the st rain field
in the process zone . The propert ies used in the finite element calculations
are linear elastic , although there Is a great awarenes s of the large plast l-
city , crazing and damage that is ahead of the visibl , crack front . In
energy calculations for both metals and adhesives , this problem is side-
stepped by the use of an effectiv e crack length. In the f inite element
calcula tion , no suc h attempt has been made .

As a result of the differenc es In point of view , there are u rge
discrepancies in the conclus ions which are not disc repanc ies from a con-
t inuum mechanics point of view , The problem of determ ining the shape
of the stres s f ields near the crack tip usi ng finit e elemen t technique. Is
not unique to adhesive systems . For example , some of the FEM discrep-
ancies may be related to the choice of super-e lement s that have the built-
in inverse-square-root function . In monolithic materials we have not yet
been able to closely approach the crac k tip . What is done Is to determ ine
the relationship as a function of position and att empt to fit the curve ahead
of the crac k tip . The diff Icu lty that must be fr~hm’ent in the analytical ap-
proach can be seen by a review of data collected by our laboratory . If a
given adhesive is compared as bonded . first to alum inum adharen da and then
to stee l adherenda • we find that the measured value of 

~1c is the same (all
other bonding parameters suc h as thic kness being equal ). When we attempt
to deduce a K i~ 

by using the simp le expression K = /11, we find that the
K value for the steel adherends Ia 1.73 t lme. higher than the case for the
aluminum adherends , This show . that the load carrying capacity of a
bonded structure depends on the adherend modul us , not the adhesive
modulus. Thus , while 

~
i
~c remains constant the K calculated by this FEM

analysis varies . This fact becomes the basis for presumin g that the .nergy
approac h is in error .

Such a presumption is Implied in the statement of Ref. 8 that “invalid
or k measurements are not useful In predictin g fail ure for other

geometries or loading conditions.” This impl ies that “validity” only ob-
tains when a specific FEM mathematical model of linear elasticity predict s

~. H. .. “-~~~~~~~~ . . 
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the ~.tresses at d istances from the c rack t ip , r, approaching the bond
th ickness .

The term valid , extens ively used with test proc edures , implies con-
fortuity to a referenced standard . Thus . “ va lidity ” as used above . Is
wit hout meaning. i .e . .  it i~ not relevant In mt ’chanic al testing unless corn-
parison is made to a reference d standard . As yet . there is no referenced

standard wh ich allows us to say under what condition s !.EFM applies in
me~hnnical testing. One could use the very str ic t interpretation of LEIM ,
as has been proposed in Rot . 8 , to show that the application to any real
structure is Invalid . Nevertheless , the fracture mechanics community
accepts the term “ engineerin g usefulne ss ” where consensus agree ment on
the va lue of LEFM has been achieved for monolithic mater ials . This point
seems to be conceded in Ref. 8 in their discussion of monolithic materials .
For eng ineering purposes , one nee d not follow crack extension on a fine
scale , si nce we are concerned only with the loading point at w hich a sta-
tiona ry or slow moving crack begins to extend rapid l’v . The enginee rin g
usefulness of this method of measure ment is determ ined by how well the
fracture load in a structure can be predicted from a laboratory test on a
much diffe rent geomet ry . In terms of this definit ion , measurements of

for adhesive bonds fulfill the requirements of engineering usefulness
and it is our belief that continued use of the technique will lead to an Im-
prov ed adhesive bonding technology .

Perhaps the major problem with the computat ional approac h pre-
sented here is that it is not clodicnt~i to the problems connected with the
design of bond ed structures , i .e . .  It has litt le engineer ing usefulness.
The results of the computation based on the simplified model do not agree
with exper iment al results and will have to be modi fied considerably to
model the process zone in order to enable calculation of fracture loads.

Of courii.’. it is poss ible to use the st rain-energy release -rate con-
cep i to predict the load carrying capacity of a structure . This can be
done in ~eversl ways. First . us ing computational methods , either a 3
integra l or the compliance vs. crack lengt h characterist ics can be calculate d
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I ~~~~~~~~ for bonded structure so that for a given loading and crack position
the applied ,

~ 
(or J 1) can be calculated . The second method uses an

expe rimental technique developed for fatigue of complex monolithic str uc-
ture .

Two spec ific areas of difference between the numerical appro ach
(FEM) and the energy method (LEFM ) involve the area of compliance
calibration and validity of test results.

In the LEFM method , beam theory is used only to defi ne a specimen
shape . The determinat ion of 

~~ 
using t his specimen is based on an ex-

tremely accurate compliance calibrat ion which must provide the base against
which any computation , beam theory or FEM , must be checked . The shap e
of the specimen does not matter , as long as a compliance calibration Is made
prio r to obtaining experimental data. The value of beam theory is that It
can be used to design a constant -compliance-change specimen over a wide
range of crack leng t hs.

The FEM can be used to determine a compliance curve , however .
for values of above 3 . it is not significantly different from that foun d
from a corrected beam fo rmula prior to compliance calibration . Of course ,
the calibration value is the one used in test ing. Irrespective of any analysis .

Of part icular concern in the FEM report is the question of the validity
of 

~lc as determined from the LEFM approach . The meaning of “ validity ”
here also appears to be used In the mathema t ical sense , described earlier
in th is section and does not pertain to the enginee ring basis used to define

~~ experimenta lly .

The FFM paper examines the plastic work of fracture wh ich may occur
in a volume that Is ahead of the crack tip by as much as ten bond thick-
nesses and concludes that the LEFM determined experimentally does

not apply .

The energy method does not deal with specimen micro-dimen sions
and the ‘Ic value can be valid in an engi neerin g sense even when the
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dimensions of plastic flow in the adhesive ahead of the crack are much

longer t han the bond thickness of the adhesive . While this does make a
fine scale stress analysis difficult , it does not diminish the engineering
usefulness of the 1Ic concept . In addition , the FEM paper states that the
measured value of toughness is no more descriptive of the crack resistance
in structures t han the peel adhesion value might be. In contrast , it has
been shown (1) that the value of I

~C 
obtained for a ~ vrn set of adhesive

parameters (e.g. . bond thickness , curing conditions , etc.) is the same
for structural adherends having a wide variety of geometries and
moduli . It should be noted that although the value may not be a
linear elastie fracture mechanics ( !EFM ) parameter In the strictest mat he-
matical sense , the engineering usefulness of the fracture mechanics concept
both for monolithic systems and adhesive joints in fracture control has been
amply demonstrated .

An area where the two approaches may give similar results is In the
area of slow crack growth. For example , most highly loaded adhosively
bonded structural elements are to be found in new design aircraft components.
These bonded elements are seldom more than 0.1 in. thick . Even if the load-
ings were pure mode - I. as in a peel test , the toughness of the adhesives
used today would be such that yielding in the metal would precede crack
growth except for flaws in the adhesive that were many orders of magnitude
larger than those observed . Thus, for the range of adherend thicknesses
used and the initial flaw sizes common to adhesively bonded structures,
failure by rapid flaw growth In the adhesive Is prohibited . If the adhe-
sively bonded structure is to fail , one of the initial flaws must extend by
a slow growth process to a critical value in a similar fashion to what is ob-
served In monolithic structures. This can occur by fatigue. stress corrosion
cracking ( SCC ) and both in combInation. The values of the fracture machan-

~~ parameters for t hese service conditions can be much lower than 
~ Ic ’ For

example . the adhesive materia l discussed In the FEM report having a RT
toughness of 9 lbs/In. , has a fatigue threshold, A T11’ of 0.5 lbs/in. This
level of toughness is likely to be in the range of usefulness of the FEM analysis
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even though 41c is out of the FEM range. This leve l of fati gue per-
fo rmance relative to is somewhat poorer than seen for metals and
Implies that the fatigue properties of adhesives can be improved.

5.4 Summa ry of the I.EFM-FEM Comparison

For structural adhesives , the K characteri zation of st resses as
dericribed by FEM within the adhesive layer Is invalid , because the plastic
zone is not small In relation to the bondline thickness . Therefore , a
fracture mechanics approach which regards the bondline t hickness as a
specimen mac ro-dimension is not expected to be reliable without addItional
refinement .

The FEM results that show significant differences with LEFM data
relate to this difference In approach. However , fracture mechanics
appears to be applicable If the bondline thickness Is regarded as a con-
t rolled mlcrost ructural property rather than a specimen macro-dimension .
In this case , the only requirement is that the plastic zone be confined to
the adhesive layer and be small compared to crack size and specimen mac-
ro dimensions. The FEM results are not pert inent to this type of approach ,
although It Is the approach most commonly used. For mode-I increasing
Iced (static ) tests the pla stic zone size seems to be small enough . because
static data tend to correlate on a basis when the adhesive propert ies and
bondline thickness are constant . The plastic zone size is even smaller at the

lower loads used In fatigue and envlronmental,sustalned load testing, so

LEEM should tend to be even more readily applicable .

Thus , in view of the current level of FEM development , one cannot
appropriately conclude that LEFM ~ Inapplicable to bondline cracks in struc-
tural adhes ives , because at this point FEM has been rest ricted to a narrow
view of the topic . More to the poInt , the FEM results are Irrelevant to the
way In which LEFM has already been applied successfully to structural ad-
hes ives.
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6.0 Conclusions

One of the major conclusions of this work concerns the relevancy

of a fracture mechanics methodology to the design and analysis of struc-

tures . The direct applicability of fatigue crack growth data has been
shown by the ability to give a good estimate of structural fatigue life .

Although both the structure and the analyses were somewhat simpler
than the bonded components anticipated for aircraft • the technique has
been adequately demonstrated .

The methodology used here began with a determination of the frac-
tur1ng~ propert ies of one adhesive system for fatigue and environmentally
assisted fatigue loading. The change in the fracturing properties as a
function of the amount of shear was determined using the “constant -K”
mode-I specimens (e.g. , WTB and CDCB) and ‘~ mixed- mode specimen
(C IS) .  These data were used to successfully predict crack growth in
a full scale structural model using a rudimentary virtual energy analysis .

The success of this predicted life study has shown that the method-
ology can be of potentially great value in predicting the life of bonded
structure . More refined analysis and testing techniques should be able
to be used to develop proof test s and inspection schedules for bonded

structure , as well as to provide design information on the most suitable
bond geomet ry .

Still to be determined Is the non-experimental solution that will
enable calculation of the stress field around the tip of the crack In a
bonded structure. To date the available numerical ( finite element)
analyses have been unable to reconcil e observed energy measurements
shown to dictate fracture properties in either laboratory specimens or
structure .

When pure mode-I and mixed modes I and II were compared .
it was found tha t no combination of mixed-mode loading resulted In a lower

4 than that for pure mode- I loading along. In fact . rnonotonically
increasing load fracture under any mixed-mode combination has never been
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shown to occur at fracture energy values less than I~~. Second, for

structural adhesive materials presently used in aircraft for wide area
structural bonding, monotonlcally increasing loads will cause permanent
deformation In the adherends prior to adhesive crack growth . unless the
size of the debond is a substantial fraction of the bond area . This con-
clusion suggests that the value of Is of concern for bonding of thin
sections only when it is below a minlnvmvalue, I.e. • 2 lbs/in. This con-
clusion is valid for the case of aircraft structural bonding where the design
and manufacture of bonded elements as well as the measurements of debond
sizes are strictly controlled.

One of the most Important results is that the well characterized
mixed mode • CLS , specimens 

~~~~ ~~ ~

‘ 

~
) show 4rc values four to five

times the pure mod-I value . In fact , the value of A; in the mixed-mode
tests at 4 Is approximately equal to

The most Important fracture property for aircraft structure Is fatigue
resistance . The effect of 3 Hz mixed-mode loading on fatigue crack growth
rate (at R = 0.1 and 0.6) has been studied with two structural adhesive
systems and the t hreshold level of total A for mixed-mode crack growth
is always above that for pure mode-I loading. Heesuse of the mixed-mode
fracture data , it was thought that mixed-mode fatigue crack growth was
directly related to the amount of mode-I present in the total loading and
predicted by the pure mode- I fatigue growth properties . Data collected
recently indicates that a high shear loading (I.e. , the ratio is low),
requIres considerably less of a to cause crack growth than the amount
predicted from pure mode- I data . This lower ~I threshold for mixed-
mode loading requires that both the total 4~ ~~ 

ratio and R ratio be
known in order to calculate fatIgue lives . In general. crack growth is
slower at higher frequencies and higher R ratios.

Th~ ef fect of environment on crack growth Is strongly affected by
the amount of shear present on the bondline . For PAA t reated adherends ,
where Interface (IF) failure is difficult , no mixed-mode SCC growth (which
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uecurs cohesively) was seen at values of crack extension force that were

well above the calculated value determined from obtained from

the fatigue analysis. Mixed-mode fatigue tests In elevated temperature

(140°F) water showed no change in the A,~ vs .  da/dN behavior . This
data implies that (1) the affect of shear loading on SCC tests is to limit

crack extension much more than In environmentally assisted fatigue.
(2) the calculated value of an effective 4 is unique to fatigue , and (3)

correlation is expected to be as diffe rent for 8CC as it Is for rising load

tests.

These conclusions support the empirical evidence that high shear

loading for structural adhesive bonds is beneficial for both fatigue and

sCC .

Future fatigue and static load studies of adhesive joints using a

number of adhesive systems and potentially aggressive environments should

be directed towards verification of the conclusions stated In the text In pure

and mixed-mode loading. The determination of the combined loading effects

for structures will require a determination of an effective I for all labora-

tory case s used to model structural service. The A 
~eff mixed-mode

tests have been done for a few case s to allow its use in structural design

without further study . The acceptance of the concept of t
~

.4’eff would

justify a fatigue characterization of structural bonds on the basis of pure

mode- I data.

The further development of pure and mIxed-mode specimens is re-

quired for several reasons. Pure mode-I specimens can be manufactured

either as narrow (CDCR ) or wide (WTR ) area bonds . Differences in

fracturing hehnvior between them should be studied to define the important

variables in the bonding process (e.g.. bond thickness) . The large CLS

specimens , while well characterized , are too large to be practical in a
quality assurance program. Thus , the smaller MZKG . with Its advantage

of size , loading arrangement and ease of compliance measurement , should

be examined with regard to making it a standard for mixed -mode testing.
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4•~ A catalog of low magnification fracture appearances (light micro-
&~ope) has shown some differences between pure and mixed-mode crack
growth mostly for rising load tests . For PAA treated aluminum adherends
the plane of crack growth is primarily cohesive or center of bond (COB)
Irrespective of testing condition . The rising load, pure mode-I crack
growth plane is essentially smooth and featureless , except for t races
of scrim cloth and arrest markings where the crack was stopped and re-
started. BC or CLS mixed-mode , rising load test s iire also COB , but
very different. Both fracture surface halves show a dense pattern of
inclined “flakes” indicating response to maximum cleavage forces prior to
gross crack extension . Rising load tests on the MZKG specimen shows
some interface separation near the area edges . as well as a more minor
shear load fracture pattern in the c- nter of the specimen , Surprisingly .
fatigue fracture surfaces for both pure and mixed-mode lo~d1ng are very
similar and independent of environment . Static load . SCC tests on pure
mode-I specImens are also COB and , except for some attac k at the edges ,
are flat and featureless . Mixed-mode SCC tests have Indicated that cracks
do not extend except at loads approaching the critical crack extension force ,

The purpose of the appearance catalog Is to provide a data base for
understanding service failures as has been done for metal fracture studies.
The nature of the fracture surfaces are such that a more complete deter-
mination of the surfaces will have to be done using the scanning elect ron
microscope .
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Appen dix I

— Cleaning Procedure for Aluminum Bonding of Specimens
Using Film or Liquid Adhesive Syst ems

1. Solvent Cleaning: Two ste p procedure .

(a) Methyl alcohol or equivalent : used primarily to remove the
blueing from the machining operation.

(b) Clean chlorinated solvent or equivalent , e.g. • 1 , 1 , 1, tn-
chloroethane or trlchloroethylene : used to remove grease and
oil . After cleaning with these solvents, there should be no

t race of blueing, grease or oil . The surface to be bonded
should be free of obvious machining errors, deep scratches
and imperfections that would prevent the specImen adherends
to be fitted together to make a satisfactory bond.

2. Alkalene Cleaning.

Mater ial: O~kite $164 or equivalent. The solution used ii 7.5 weigh t

percent and , for the large class jars used for specimen treatment ,

dissolve 449 gram. of Oakite $164 into 6000 ml of deionized water .
— This solution is suitable for t reating at least 5000 in.2 of edherends

(about 50 paIrs of CDCB’s) .

Procedu re : Heat solution to 180°F ± 5°) . Immerse specimens for
15 minutes • 2 minutes and follow with an immediate tap water rinse
for five minutes. The time to get from the cleaner to the rinse should
not exceed 20 seconds , due to the formation of a difficult to remove
film. Proceed from rinse to chromlc acid etch.

3. Chromic Acid Etch (e.g.. FPL. etch).

Material: The composition of the etch is nominally 30 PPW deionized
water , 10 Pbw sulfuric acid (1.84 S.C.) and I Pbw sodium dichnomate
(Na 2CrO3 powder). For the given glass jars used for etching, the

solution was prepared by diasolving 165 grams of sodium dlchromate in

4940 ml of water and then adding 895 ml of sulfuric acid .
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Procedure : Heat the solution to 180°F • 5°F’ . Immerse specimens
for 15 minutes ± 5 minutes and follow with an immediate tap water

rinse for 3 to 5 minutes . Proceed from rinse to phosphoric acid
anodize .

Note: The etch solution begins as a deep blood red solution, how-
ever , after 20 set s of adherends (4000 in.2 ) have been etched , the
solution takes on a slightly greenish cast . Work done on bonding to
chromtc acid etched surfaces has shown that used solution produces
more effective bond surfaces than freshly made etch . Nevertheless ,
hi the Interest of consistency of t reatment prior to the anodize, the
etch solution was replaced after about 3000 tn. 2 of aluminum surface
(30 pairs of adherends) had been etched or the solution showed a
greenish color .

4. Phosphoric Acid Anodizi’ (Boeing Aircra ft specification BAC 5555).

Material : The composition of the anodizing solution is an aqueous
10 volume percent (, 2%) phosphoric acid , H3P04 , (85% ortho phosphoric
acid : 1 .436 S .C.). The solution is prepared for small specimen tanks

by adding 600 ml of acid to 5400 ml of deionized water. Covered stor-

age to prevent evaporation will permit use for at least 3000 in.2 of
specimen surface over a several month period (30 paIrs of adhe renda )
however. ft Is necessa ry to discard the solution If there La a color change
from clear to green or orange .

Procedure: The solution is used at room temperature . however , the
temperature limits are 65 to 85°F. The use- of a relatively large volume
of .olution , e.g., 6000 ml for 200 to 400 tn .’ of surface(2to4palrs of
adherends) Insures that a room temperature solution will not be heated
above the limit during anodizing. A stainless steel cathode Is connected
to the negative pole of a sufficiently large DC power supply and the ad-
he-rends to he treated connected to the positive pole (anode) of the sup-
ply . The voltage is then raised to b y  ± 1V and maintained for 20 to
25 minutes. With in 2 minutes after anodIzing the adherends are
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immersed in a tap water rinse and washed for 10 to 15 minutes. After

this tap water rinse the adherends are suspended such that excess

water drains away from the intended bond surface . At this point the

adherends are rin sed finall y with deionized water and the bond sur-

face blown dry with an air dryer. Once dry , they can be primed .
however , from the tim e they are etched until priming is complete the

bond surface cannot be handled at all . This is because the anodize
produced oxide i~ very fragile and requires the primer for stabilation .

The production of a suitable oxide can be determined by viewing the
bond surface with polarized light . A uniform light green or light
pink color indicates a sat isfactory anodize. This color can also be
seen by viewing the bond surface at a steep angie.

5. Adhesive Priming Agent (e.g.. Hloomingdale ’s BR 127 or BR 127*).

Material: Adhesive primer is a high solvents content paint that must
be stored at 0°F or’ below . Thus , prior to use it must be warmed to
room temperature , then thoroughly mixed and subsequently agitated
continually during application. Out-of-date material has proved sat-
isfactory for more than a year if kept cold , however , replacement of

out of date material is probably a good idea .

Procedure : Using an acceptable air power paint spray gun and noz-
zle assembly (several , along with a suitable air pressure range, are

recommended by the manufacturer), primer is applied to the bond sur-
face to a dry primer thickness of 0.0001 to 0.0004 in. This Is one or
two thin coats which can be determined approximately by color compari-
son of previously painted and calibrated metal coupons. A fter priming.
the part s are air dried for 30 minutes and then oven cured at 250°? for

30 minutes. While handling of the bond surface is to be avolded.
should contact occur , the primed areas can be solvent cleaned (e.g.,

MEK ) prior to bonding with no loss In bond properties.

-102-



— - - —,—

Mat.r,ala

Laboratory,
Inc.

Distribution List

No. of copies

1. AIR-53 16D 8
Naval Air Systems Command
Washington, DC 20360

2. Naval Resea rc h Laboratory 3
Washington. DC

Code 6170 1 copy
Code 8430 1 copy
Code 8433 1 copy

3. Naval Surface Weapons Center 1
Wh ite Oak . MD 20910

Attn : Code WO-3 1

4. Naval Ship Engineering Center 1
Washington , DC 20360

Attn : Code 6101E

5. Naval Ship R&D Center 1
Annapolis , MD 21400

6. Naval Ship R&D Center 1
Washington. DC 20007

Attn: Code 725

7. University of Illinois
Dept . of Theoretical and Appl . Mech.
Champaign. Ii. 61820

Att n~ Prof. H. T. Corten

8. American Cyanamid Co. i
Bloomingdale Dept .
Havre de Grace , MD 21078

9. SEA — 035 1
Naval Sea Systems Command
Washington . DC 20360

-103-



I 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - — _ _ _

10. AIr Force Materials Laboratory 6
RTD
Wright-Patterson Air Force Base
Dayton. OH 45433

LN 1 copy
LNC 1 copy
LAE 1 copy
LAM 1 copy
LT I copy
LTC 1 copy

11. Plastics Technical Evaluat ion Center 1
l’icatinny Arsenal
Dover , NJ 07801

12. Metals and Ceramics Information Center 1
Battelle Memorial Institute
505 King Avenue
Columbus . OH 43201

13. Army Materials and Mechanics Research Center 1
Watertown , MA 02172

14. DIrectorate of Research and EngineerIn g 1
Watervliet Arsenal
Waterv ilet , NY 12189

15. Allegheny Ballistics Laboratory 1
Cumberlnnd . MD 21502

16. Materials Sciences Corp . I
P. 0. Box 254
Fort Washin gton. PA 19034

17. Solar Aircraft Co. 1
2200 PacIfic Highway
San Diego , CA 92112

A ttn : Dr. A. C. Metcalfe

18. Professor John O~1water I
University of Vermont
Burlington, VT 05401

19. Hughes Aircraft Co. 1
Aerospace Group . R&D Dlv .
Culver City. CA 90130

20. A.  0. Smith Co. 1
Milwaukee , WI 53201

-104-

j  
~~~~~~~~~~~~~~~~~ - .~~~~~~~ 

_



Matenals
Research

Laboratory.
Inc

21. Air Force Flight Dynamics Laboratory
Wright -Patterson AFB , OH 45433

Attn: FBCB /G. Send.ckyj

22. lIT Research Institute
Technology Center
10 West 35t h Street
Chicago, IL 60616

23. PPG Industries
7801 Norfolk Avenue
Room 201
Bethesda , MD 20014

24. Grumman Aerospace Corp.
Bethpage. L. I., NY 11714

A tt n: Materials Dept.

25. Vought Aeronautic s Division
LTV Aerospace Corp .
P. 0. Box 5907
Dallas , TX 75222

26. Union Carbide Plastics Co.
(Mr . A .  S. Burhans )
P. 0. Box 670
River Road
Bound Brook . NJ 08805

27. Reinforced Plast ics Divis ion
Minnesota Minin g and Manufacturing Co.
2501 Hudso n Road
St. Paul , MN 55119

28. Professor F. McGarry
Massachusetts Institute of Technology
Cambridge, MA 02139

29. Space Sciences Laboratory
General Elect ric Co.
P. 0. Box 8555
Philadelphia . PA 19101

30. Avco Corporation
Lowell Industrial Park
Lowell , MA 01851

-105-



- -

31. Arthur D. Little , Inc .
Acorn Park
Cambridge. MA 02140

A ttn : Stephen L. Kaplan

32. Research Department
Dow Corning Corporat ion
Midland , MI 48640

Attn : Dr. 0. K. Johannson

33. Lew is Research Center , NASA 3
21000 Rrookpark Road
Clevelan d , OH 44135

Attn :  Structural Mechanic s and Polymers Branc h
Chemical System s Divis ion
Liquid Rocket Technology Branch

34. HITCO
1600 W. 135th Street
Gardens , CA 90249

35. Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena , CA 91103

36. Chief , Materi als and Processes
Aerospace Group
Space Division
The Hoeing Company
P. 0. Box 3707
Seatt le . WA 98124

37 . UnIon Carbide Corporat ion
Silicones Division
P. 0. Box 44
Tonawanda , NY 14152

At tn :  Sam Sterman

38. Aero Vehicle Department 2
N aval Air Development Center ’
Warmin ster , PA 18974

Attn : Materials Lab. I copy
Structures Lab. I copy

39. Union Carbide Corpo rat Ion
Carbon Products Divis ion
Parm a Research Center
Technical Info rmat ion Center
P. 0. Box 6116
Cleveland , OH 44101

_  
-- - -~~~~ -.-~~~~~~ - ---- 

-106-



M~ tenaI~Research
Laboratory ,

4$
— / 40. Professor ’ L. Broutman

Illinois Institute of Technology
Chicago, IL 60616

41. P. R. Mallory and Co., Inc.
3029 E. Washington Street
Indianapolis, IN 46206

42. Union Carbide Corporat Ion
Materials Systems Division
Technical Library
P. o. Box 24166
Indianapolis . IN 46224

43. Research Center
General Precision , Inc .
1150 McB ride Avenue
Little Falls , NJ 07424

Attn : Dr. J. L. Rutherford

44. Plastics and Packaging Laboratory
Feitman Research Laboratory
Picatinny Arsenal
Dover , NJ 07801

Attn : Mr. Bodnar

45. Naval Air Systems Command 10
Washington , DC 20360

Attn: AI R-950D6

46. Dr. A.  Kremhelier
Department 72- 14
Zone 402
Lockheed-Georgia Company
Marietta , GA 30060

47. TRW Equipment LaboratorIes
TRW . Inc .
23555 Euclid Avenue
Cleveland , OH 44111

48. Hercules Research Center
Wilmington . DE 19899

A ttn: J . T. Paul

49. Bell Teleph one Laboratories, Inc.
Murray Hill , NJ 07971

Attn: R . Sebia

- 107- 

~~~~~~~~~~~



rj 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~

- —

~~~~

- —

~~~~~

-

~~~~~~~

- - - - - - - -

~~

----

~~~~~~

-— —-

~~~

----

~ 

- --

50. Professor James L. Lubkin
Depart ment of Civil Engineering
Michigan State University
East Lansing , MI 48823

51. General Dynamics
P. 0. Box 748
Fort Wort h, TX 76100

Attn: Materials Department

52. McDonnell Douglas Corporation
St. Louis , MO 63166

Attn: Material & Processes Development

53. General Technologies Corporation
1821 Michael Faraday Drive
Reston , VA 22070

54. Advanced Materials R&D
Martin Marlvtta Corporation
P. 0. Box 5837
Orlando . Fl. 32805

55. Dr. M. I. Jacobson
Manager , Manufacturing Research
Orgn. 47-01. Bldg. 150
Lockheed Missiles and Space Co.
Sunnyvale , CA 94086

56. North American Rockwell Science Center
P. 0. Box 1085
Thousand Oaks , CA 91360

Attn: David II. K aelble

57. Mr. W. D. Sell
A. C. & S. Division
Bldg. 209- i CW
~si Company
3M Center
St. Paul , MN 55101

58. Mr. Don Croke
Dept . 7451
Box 551. Bldg. 243
Lockheed California Co.
Burbank . CA 91503

-108-



T
~

T

Materials
- Research
Laboratory,

tnt.

59. Mr. Tom H. Frazie r
Methods and Materials Research Lab .
Bell Helicopter Co.
P. 0. Box 482
Fort Wort h, TX 76101

60. Dr. John T. Qulnlivan
Boeing M aterials Technology
Commercia l Airplane Group
Mail Stop 73—43
P. 0. Box 3707
Seattle , WA 98124

61. Mr. Carl Weber
B. F. Goodrich Co.
Research Center
B recksville , OH 44141

62. NASA
George C. Marshall Space Plight Center
Huntsville , AL 35912

63. Mr. R. J. Palmer
Materials & Process Engineering
Flight & Laboratory Development
Douglas Aircraft Company
Mail Code 1-18
3855 Lakewood Blvd .
Long Beach , CA 90801

64. Mr. Dennis Donnelly
Materials Engineer
The Boeing Company
Renton , WA 98055

65. Mr. Herbert S. Schwart z
AFML/MB
Wright -Patterson APR , OH 45433

66. Mr. Robert L. Koza rek
Alcoa Technical Center
Alcoa Center , PA 15069

67. Mr. Dominick C. Novelli
Lockheed California Co.
Burbank , CA 91503

-109-

k. - 
_ _ _ _



7 ~~~~~~~~~~~~~~~~~~~~~~~

- -

~~~~~~~~~~~~~~~

-—— - 

~~~~~~~~~~~~~~~~~~~ 

- - - -

~~~~~~~~~~~~~~~~

68 . Mr. A.  N. Cianciarulo
Manager. Development & Service Lab.
Ron Plastics , Inc .
5656 S. Cedar Street
Lansing. Ml 48909

69. Dr. Tennyson Smith
Rockwell International
1049 Caminos Dos Rios
Thousand Oaks , CA 91360

70. Prof. A.  N. Gent
Institute of Polymer Science
University of Akron
Akron , OH 44325

71. Dr. Armand Lewis
Hughson Chemical
Lord Corporation
2000 West Grandvlew Blvd.
Erie , PA 16512

72. Dr. Nicholas J. De Lollis
Polymer Research & Development
Div . 5813
Sandia Laboratories
Albuquerque. NM 87115

73. Dr. James R. Iluntsberger
E. I. du Pont de Nemours & Co.
Experimental Station 323/ 108
Wilmington . DE 19898

74. Mr. Paul Stifel
Dept . 247 , Bldg. 33
McDonald Aircra ft Co.
P. 0. Box 516
St. Louis. MO 63166

75. Dr. Richard F.. Robert son
Ford Motor Co.
Scientific Research Staff
P. 0. Box 2053
Dearborn , MI 48121

76. Dr. 1., H. Peebles . Jr.
Office of Naval Research
Scientific Dept .
495 Summer Street
Boston , MA 02210

-110-

- - S—-- -- —.— -~~ — -~~~~-~~~ -~ -- -- - -- - — - - - - -_s~~ _ - - -



Materials
Research

Laboratory.
InC

77. Dr. James Renton
Vought Corp .
Advanced Technology Center
P. 0. Box 6144
Dallas , TX 75222

78. Dr. Louis H. Sharp
Bell Laboratories
Murray Hill , NJ 07974

79. Dr. George C. Sih
Lehigh University
Inst - of Fracture & Solid Mechanics
Bethlehem , PA 18015

80. Dr. Robert H. Gillespie
IT. S. Dept . of Agr.. Forest Sm’vfce
Forest Products Laboratory
P. 0. Box 5130
Madison, W I 53705

81. Dr. D. A.  Yurek
Bldg. 209 - I CW
3M Center
St. Paul , MN 55101

82. Dr. R. Levy
McDonnell Douglas Res . Lab ,
Dept . 221-22
St. Louis. MO 63166

83. Mr. James F.. Hansen
Supervisor, Technical Ubrary Section
Thiokol Corporation
Wasatch I~v1sion
Brigham City , UT 84302

84. Dr. H. A.  Moreen
Mail Code 613 93
Auto-Net ics Division
Rockwell International
3370 MIra Loma Avenue
Anaheim , CA 92803

85. Mr. J. C’.. Fasold
D/71 . Gp. 522. Bldg. 7
Columbus Aircraft Div .
Rockwell International
4300 F.. Fifth Ave .
Columbus , OH 43216

— 1,11—

- —  -~ 
__ _ __ ___.~~_,~~~~ . — - - - -~~~~~~~ --~ -—-- --



I

86. Mr. Paul F.. Wright 1
Polymers Dept ., Res . Labs.
Tech . Center
General Motors Corp .
12 Mile and Mound Road
Warren, M l 48090

—112-

—— ~~—— — ..----- —~~~~ ——— —‘— — — — — —-——-—--~~~———— ~~~
-
~
----



Unclassified 

- -

~~ 

‘ “•f”
~Icu sTv CLAUl~~,CA’u oN o~ ~~~~ ‘*01 ~~~~~ *~~• ~~ as,se

REPORT DOCUMENTATION PAGE kLAD UIITRUC1IOII$

i N1PO*~ ~IUWSIK sovy *cces&so~ NO 1- NIC.P,Ia?s e*TA i~oo NUNS tN

*. T IT LE (~~~ ~~~~~~~~~~~~ 
I. T V~~~~ 0. NE ONT 5 P1*00 COYSItO

FRACTURING CHARACTERISTICS P~~~ Repor t
OF ADHESIVE JOINTS .11/ ?? to 9/1517$

S. PtNP0~~~NS 0*0. SIPO T NUNseS

‘P. AN?~~~~~ S. CO •*CY 05 S5SIT *~ 0O1W~

Sheldon Moatovoy and B. J. Ripling N00019-fl-C-O25I

S Pt*~~O*Nns0 ONSAM IZATION Nt~ 1 AND *D0*SN W ~ aes t *a 1~,1N1Nj ~P~~~ JcT. Y*~~Materials Research Laboratory , Inc . *00* S  SOUl UNIT NUUVU

One Science Road
Glenwood, IL 60425

1% ~~~~~~~~~~~~~ ØF?iCE NAME MID *00*5.00 iI R$PO*T OAT S

Naval Air Systems Coisu~.nd 
M$7 1979

Washington . DC 20360 1) 
~
*I

~
SI* 0 PA•tI

11 ~~*sYO*w4 AAENc, NANt S £O0m($I(tl ~~~~~~~~~ C~~~sJlM 0~~ .) 15 00CUNITY CL AM — 0.. ~~~~~

Unclassified
A ViOl~ SOON 05 *0,

t~ 0$t0~~tjI~~ * $Y*~~lN(Nr (.S0.. *~~~~v)

Thi s document La approved for public release ; distributiom unlimlt d.

~? Q~ $T U’ SUT ION IT A T P ~~ (W ~~ (.S 0. ~~~ —~~~~~ N ON~~~IS, St ~~~~~~~~ ~~~~

IS SUPP1. fNENTAUV NOTES 
—

5 KEY VOIDS (C IAM. —s ..... ‘~~~~ ~~~~~~~~~~~ 4 l~~~~ tip ~~ SANS

Adhesives Mixed-mode fracturing
Fracture toughness Sub-critloal crack growth
Fracture appearance
Opening mode fracturing

15. *00~~s*cT (~~~~I~~~-i — ~~~~~ 
— S ~~~~~~~~~~~~ lip — W..1i .~~~lNi~£

This report d.acribes the methods developed by MRL for evaluat-
ing the fracture mechanics paramót.r of a~1#siv. loint., This~ ists.
developed over more than a decade WiI ridiélgn. d t~~ m... ur~ng craCk
resistance under Mode I, combined Mode I and II, and combined ~~~s I
*nd III loading. AU of th. tests can be applied to monotonloafly Incresi-
Ing loads , statk~ loads in an .nvlrcnment • I.e. • stress corrosion cracking, ~~

00 
~~~~~ 

W3 ~~~T1ON0Piusv IS * ~~~~~ .STt

I( ~~5~~ TV ci, ~5 PlC ATIOSI OP ThiS P001 ~~~ m 0 S  ~~s.
N - - -

~~~~~~ 
- - - 

— - - - - --- --



- 
~
, ,, —-~~~~ 

-
~ ~~~~~~~~~~~~~~~ 

...-. —~.— -. -, - - - -

Uncl*aaifled
S*CU*VY CLAUIPICAT,ON OP TI,I5 P*5((~~~~~~~ 0.1. 1r ...fj

Block 20, Continued

or to crack grow th rate under fat igue loading.

There does not appear to be a general “law” for describing the
effect of adding some shear (Mode II or III) onto opening mode Loads ;
rat her • the d ifference between pure and mixed mode loading d.p.nds
on the load-time profile . Hence , mixed-mode loading must be tr ated
differently for each type of loading. (e.g.. monotonlcally increasing
vs. fatigue lo.ding~~~~~~~~~~~~~ )

-~~A section on bond manufacturing and testing details compare.
the phosphoric acid anodizing (PAA ) aluminum adherend t reatment to
the chromic acid etch (FPL) on the basis of resistance to stress cOr-
rosion cracking in the wedge test .

A ppLicat ion of linear elastic fracture mechanics to the prediction
of structural life based on the use of finite element as well as an nergy
analysis are also discussed.
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