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Foreword

This report describes the work done on determining the Fracture !
Mechanics Parameters of Adhesive Joints during the period February 2, }
1977 through July 31, 1978,the concluding period in what has been a
continuing effort for more than ten years. Consequently several sec-
tions of the report, including the Section 1 Introduction, contain review
material from the current program, as well as material from other programs,
particularly an Air Force program (e.g., see Ref. 8) that bears directly
on results obtained in this work. For example, the test techniques sec-
tions include those developed during this 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-]
(Section 2) and for combined modes I and 1l and I and III (Section 3).
These tests were designed to determine the effect of mixed-mode loading
on the fracture properties of adhesive bonds for monotonically increasing
loading, steady loads in an environment, i.e., stress corrosion cracking
(SCC), and fatigue loading. The effects of mixed-mode loading depend
on loading cycle (e.g., monotonic or fatigue) and thus, are described dif-

ferently for each case.

A section on bond manufacture and testing details (Section 4) com-
pares the phosphoric acid anodizing (PAA) 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 joint
manufacture and testing for all specimen types. An appendix to this
section (Appendix 1) describes the PAA treatment for laboratory bonding.

Section 5 deals with the over all problem of the application of
linear elastic fracture mechanics (LEFM) to adhesive bonds. This section
discusses the finite element approach to this problem, as well as the energy
analysis that has proved successful in using laboratory fatigue fracture
deta to predict structural life.

vi




The last section (Section 6) is 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 further
research in defining the complex relationships between pure and mixed-
mode loading for specimens and structures.
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Abstract

The application of fracture mechanics methodology to adhesive bonds,
described here, deals with 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 characterizing bond performance
under both rapid and slow growth conditions. This methodology has also
been used successfully to predict fatigue life in a bonded structural com-
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 bond separation at the interface for any service
condition and, consequently, the description of environmentally assisted
slow crack growth (SCC) has changed drastically. Pure mode-I SCC has
a high threshold, £ _ . and mixed-mode tests can show threshold values
that are a substantial fraction of l.r e

Fracture appearance is quite different for pure mode-I and mixed-
mode crack growth only for rising load tests. All other test conditions
have similar fracture conditions which may be resolved with scanning elec-
tron microscope (SEM) techniques.

Standard test methods have been described for three mode-1 speci-
men types and three mixed-mode types. The MZKG 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.
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@ 1.0 Introduction

The load carrying capacity of adhesive bonds depends on both
manufacturing 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-mix of loading

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

ate structural life predictions of bonded structures. These structures

are currently designed using standard stress analysis techniques and a ,
given level of bond quality is maintained by a rigid schedule of manufac- ]
ture 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

methodology 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 joint design is
generally 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 resulting from crack extension rather than plastic flow has been
successfully done in monolithic systems using the techniques of fracture
mechanics. Thus, fracture mechanics methodology was extended to bonded
systems used for load bearing structures in an attempt to understand and
avoid future failures. Laboratory test methods in current use today, e.g..
"lap-shear” and "peel”, while useful to rank adhesive materials, cannot
be used to determine the load carrying capacity of a bond contained in
a structure. In addition, fatigue and environmental effects pose serious
problems that are difficult to define quantitatively with any of the relative
ranking tests.




These simple lap-shear and peel tests have been extended to in-
clude slow crack growth phenomena, however, the data is used to dis-
cover serious problems that can occur in the adhesive material or in
the processing of the adherends prior to bonding. Although the onset
of slow crack growth for the simple tests generally occurs at lower loads
than those needed for short term bond or adherend failure, there is no
method currently available that enables the use of simple tests to pre-
dict structural bond performance. Similarly, no techniques, even
heuristic ones, are available to translate actual service conditions into
acceptable performance or quality control requirements for these simple
tests.

Early in the history of the extension of linear elastic fracture
mechanics (LEFM) of monolithic materials to adhesive bonds, it was real-
jzed that bonds were weakest in the presence of mode-I or cleavage load-
ing. The evaluation of cleavage mode resistance was accomplished by
several different test specimen configurations using highly elastic rigid
and monolithic cantilever beam adherends. The specimens used for
mode-1 testing were uniform double cantilever beams (UDCB), contoured
double cantilever beams (CDCB) and width tapered beams (WTB). The
latter two of these specimen types are "crack-length-independent” over
much of the bond area and require a knowledge of load alone to determine
the applied value of crack extension force, %., or stress intensity factor,
K. All mode-1 specimens are described and analyzed in Section 2. Data
obtained using mode-1 specimens has been described in a number of pub-
lications and a review article published in 19761,

Thesedata indicated the differences between adhesives of different
manufacture and the parameters of concern for slow crack extension which
was considered the most serious problem in the design of bonded structure.

Concurrently, with the development of the pure mode-I specimen,
work was also done on obtaining a pure mode-11 or mixed modes 1 and
I specimen( 2). Data on adhesives loaded primarily in shear indicated
that mode-1 was a "worst-case" condition, however, data obtained in 1975

g




on tough adhesives using small mixed-mode specimens appeared to show

a serious toughness loss when mixed-mode loads were uud( » . Develop-
ment work on large mixed-mode specimens (Section 3) has shown that
combined mode crack growth does not result in less fracture energy
absorption than pure mode-1. In fact, the data collected thus far

shows that for monotonically increasing, mixed-mode loading the total
crack extension force at onset of rapid fracture (ﬁ.l.c) occurs when the
mode-1 component reaches the value of '&lc determined in a pure mode-!
test. This simple relationship does not hold for the slow growth tests

of fatigue and stress corrosion cracking.

The work being done by MRL for NASC has been complemented
and aided by the work done by MRL on a contract for AFML (e.g., see
Ref. 13). This contract was awarded to the Lockheed California Com-
pany (CALAC) with MRL as the principal sub-contractor. The AFML
work has been directed towards a determination of the suitability of
fracture mechanics for design of aircraft bonded structure. In the two
years since the start of the contract, the effect of various service condi-
tions has been determined and an accurate prediction of fatigue life of a

structural element (the single lap joint; SLJ), similar to the one to be
used in the primary 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 that showed that the mode-1 case
was always the most severe.

Testing of pure and mixed-mode specimens, as well as adherend
surface preparation and bonding, covered in Section 4, includes the de-
tails of laboratory bond manufacture and fracture mechanics testing de-
tails for pure and mixed-mode loading in both onset of rapid fracture and
slow growth tests,




2.0 Mode-1 (Clenvage) Tests for Large Area Honds

2.1 Introduction: Review of Analyzed Mode-1 Specimens

Among the varieties of specimens used for measuring the mode-l
toughness of adhesives, the simplest is the bonded pair of uniform thick-
ness adherends that comprise a double cantilever beam (UDCB)“). This
specimen type is simple to manufacture and can be used for testing of either
adhesive bonds or, with the addition of crack directing face grooves, mono-
lithic materials. As with all crack line loaded specimens, this specimen has
the advantage that, with a fixed displacement, the crack extension force,

&, decreased with increasing crack length. Thus, an initiated crack will
tend to be arrested without complete specimen separation. The crack arrest
capability allows several determinations of both the initiation toughness, Alc'
and the arrest toughness, 4.. Both of these values are thought to be
material properties of the test material and can be used in design. Crack
arrest data have been shown to be independent of loading rate and are
thought to be the minimum value of l‘ or K‘ required for any loading situa-
tion. The ability of the test material to arrest a fast moving crack should
be the major design consideration for materials likely to have local inhomo-

1 geneities or lower than normal ﬁ, o oF K, levels (e.g., welds in monolithic

3 materials, bubbles or unbonded areas in adhesives or composites).

In addition to the UDCB specimen, several other types have been
used successfully, especially for adhesives. These are the contoured

double cantilever beam (CDCB) specimen and the width tapered beam
(4

(WTB) specimen

This section deals with the compliance analysis of the three speci-
men types and defines the useful limits for specimen geometry.

2.2 Mode-1 Analysis of UDCB Specimens

: The error in determining the crack extension force, 4, depends | ]
on how accurately the compliance change with respect to crack length, ]
‘ dC/da, can be determined. In general, & is defined as:

-4~




applied load
crack width
crack length

specimen or structure compliance at a given
crack length, a (i.e., the inverse slope of
load-displacement line at a given a)

Specifically the compliance for a pair of cantilever beams is

2 6C(1+v) (%1
2 : -soTj;ndx

Young's modulus
Poisson's ratio

specimen width

distance along the crack plane measured
from the point loading and

H beam height at the distance x
The two terms in the expression are the contributions to compliance
from bending and shear deflections, respectively. Taking v = 1/3
2

C = }'.(”‘")dx 2.2.3
Eﬁ-o ;rﬂ -

In both of the expressions for compliance, H may be a function of
x, i.e., the beam height need not be constant. Differentiation of the
above expression gives:

ac
da’




where

u = crack length measured from the point
of loading
H = beam height at a distance from the

point of loading

This expression shows that dC/da depends only on the height of the
beam at the crack front and that the equation holds independently of the
specimen shape to the extent that beam theory is applicable.

For UDCB specimens where H is constant an integration of the
compliance expression yields:

C 3«%]- (na + Hza) 2.2.5 i
]
where ¢ I

the moment of inertia of one of the pair
of beams (e.g.. 1 = BHY/12)

-
"

Experimental measurements of compliance were obtained on UDCB
specimens using uniform beams with machined cracks at a number of loca-
tions. The range of beam heights covered was 0.5 to 4 inches and the
range of crack lengths used varied from 0.5 to 10 inches. For values of
a/H greater than unity, it was found that, in addition to deflections due
to bending and shear, some deflections occurred because of rotations at
the assumed "built-in" end of the beam. Rewriting the above expression
for compliance adding a rotation correction term representing a crack

length increase:

C

ﬁgl [(a + a°)3 + "2 al 2.2.6

where

]

a

e an empirical rotation correction (0.6 H)

i Rewriting 2.2.6 to include a and the definition of 1 for a rectangular cross
section:

c = Sitmeoem®en’n 2.2.7
ERN
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Two completely analytical methods have been used to define C and
dC/da for UDCB specimens. The first, using boundary oollocation(s) .
defined C in terms of an initial slope, l°:

3
B wireld

C = —'S‘ +1 a) 2.2.8
EBH ¥

The value for the dimensionless paramater enabled calculation of
(dlda)(loa). but not C:

]
K- = 3.46( i+ o 2.2.9
or
2
KB 12 , 2 2
= (a” + 1.4aH + 0.5 H") 2.2.10
i S H—!!
where
K = stress intensity factor = /ZE 2.2.11
Thus
I, = l.4aH+0.5K° 2.2.12
Rewriting the expression in terms of the crack extension force:
p %, a0t .2 2
= =_T'I" +1.4aH + 0.5H") 2.2.13
EB H
or
P’ 8 2 2
& = 5p % (3" +3.6aH+ 2.08H") 2.2.14
EBH

The difference in measured £ values between the calculated and experi-
mental curves results in errors varying from -0.3% to +2.7%. Between
a/H of 2 and 12 the error averages 1.5%. The errors, intrinsic to com-
pliance measurement, prevent making a conclusion regarding the more
likely of the two expressions for <.

A second method uses a one-dimensional finite length beam model
which is partly free and partially supported by an elastic fmdnthn“).
For the case where the beam is assumed to be infinitely long:

-T-




§_ 4 i i
c F——-—,uuoz-nzz-,-ooso-,-) 2.2.15

EBH
The derivation of this equation, however, contains a rather arbitrarily
established foundation modulus and, consequently, the values of C as
a function of a/H are quite close to those defined experimentally and in
Ref. 5. The value for the constant involving dC/da is:

3/2
KBH_ ~ _ 2 /®a(1+0.64 :'—) 2.2.16

e .

_T = —3(. +128Ha*04096H)

Rewriting this expression for 5

2 2
A =B —‘22‘-:;3(.2+ 1.28 Ha + 0.4096 H>) 2.2.18

2
'fn——,(a- + 3.84 Ha + 1.288H°) 2.2.19

EBH
If we compare the coefficients for Ha and Hz. we find that this calcula-
tion falls between the experimental (Ha = 3.6) and the collocation equation
(Ha = 4.2) for the Ha coefficient, while the 1 coefficient for the beam on
elastic formulation calculation is lower than either the collocation (H2 = 1.5)
or the experimental value (H> = 2.08). Since these terms are small with
respect to :hz. as a/H increases above 1, the differences between both
sets of calculations and the experimentally determined compliance repre-
sented by the experimental compliance equation is of the order of 1 to 2

percent .

The expression for compliance of the UDCB 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 complhne-( 7).
Empirically, deviations from the infinite length b expression occur when:
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1.25H b= 1.5 H 2.2.20

where H is the height of one of the pair of beams. Neither the
Srawley and Grou( %) (6 work deals quantitatively with
end effects; thus, the approximate value of b at which end effects
become important must be obtained from compliance calculations. How-
ever, one can use the compact specimen (CS) compliance calibration to
approximately obtain the value of b/H at which back end effects become
significant. If we write the CS calibration in terms of # we obtain:

nor Kanninen

2

N i a, 2 }

.t'cs = 55 ——3 0.15 (f )1 2.2.21 f

EBH :

where {
w = the distance from the loading holes |

to the end of the specimen

B = specimen thickness

H = height of one of the pair of beam

E = elastic modulus of the beam

f(a/W) = a polynomial fit expression specified

by ASTM E399-78
crack length

Recall that for the UDCB specimen (see Eqs. 2.2.1, 2.2.4 and 2.2.6)

TR

UDCB pi i EB‘ 'H'“S

(3(a+0.6M2+uY 2.2.22

Thus, if we take the ratio of these:

LY.

/4 = - a.,2 2 2
csPupep ZR = 0ASIE)IT/I3 (a + 0.6 )" + H)

2.2.23
Values of R have been determined for values of b ranging from
0.416 to 1.33, Table 1. For the example, H was taken equal to 1, thus,
b = b/H and the point of deviation is at a b/H value of approximately
1.17. This demonstrates that the limits on b/H, i.e., 1.25 €b/H € 1.5, '
are conservative as long as there is not substantial yielding prior to '

-9-




crack extension. The limits on b/H were established empirically for
adhesive joints some of which developed a substantial yield zone ahead
of the crack tip. It is likely that with brittle materials the value of
b/H could be reduced as low as 1.17,

Table 1

.
Comparison of dC/da Ratio for Compact Specimens and
Uniform Beam Specimens for a Decreasing Net Ligament, (W - a) or b
H=1.0, W= 1,6667

b/ R
1.33 1.12
1.25 1.07
55 1.1k
R 1 1.16
1.08 1.22
1.00 1.38
0.83 1.93
0.67 3.
0.50 6.64
0.41 10.50

alW
0.20
.25
.30
.33
35
.40
.50
.60
.70
.75

w =
~
w

o
.-
e
-3

0
0
0.
0
0
0
0
0
-

2
. ';5—8—5 (3(a+ 0.6 )2 +HY

2 3
- P 8 H Risd
& = (f (g)]
CT B B“B"IH w W
For the given dimensions and R = £,/ 4,0 0:
R = 015 (f (1230 + 0.7+ 1)
Note that R remains approximately constant up an a/W of
3and b/H of 1.17. Thus, the values selected for b/H, i.e.,
1.25 € b/H £ 1.5, are conservative.

-10-




The shear-corrected beam formula (SCBF) expression for the rate
of compliance change with crack length, dC/da, for a pair of UDCB
specimens (eq. 2.2.4) can be rewritten in terms of the dimensionless
term & = a/H:

€ =me0 e 2.2.24

For UDCB specimens, it was found that some additional deflection
occurred due to rotation at the built-in end which modified the compliance
expression:

9 e E(BEIB(EY 0.0 1)) 2.2.25
The SCBF definition of m (the bracketed part of eq. 2.2.4) in terms of

£ is:

- =ig(“z”) 2.2.26

The empirical, compliance-determined, shear and rotation corrected beam
formula (SRCBF) definition of the same term, denoted m, . is

m = f- (3(F+0.6)°+1) 2.2.27

The expression for ﬁ is expressed in 2.2.1 and can be written in terms

of m, as:

2
F L3
m m ml 2.2.28
For the UDCB case, m, is equal to the m' described earlier and is the
corrected compliance term that enables calculation of £.

2.3 Mode-1 Analysis of CDCB Specimens and
Comparison to UDCB Specimens

Calculations concerning 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 suitable expression for these
specimens can be derived by rewriting expression 2.2.11:

1]




& = KE 2.3.1

Combining eq. 2.3.1 with eq. 2.2.1 we obtain:

'-‘-‘;,-"1= 2 /as = i/glﬁ EBa 2.3.2

Since the UDCB specimen compliance calculation has shown that my is
equal to m' (see eq. 2.2.27):

"_B‘,'f-‘f = 2/ (3 ¢E+0.00% 4 1) 2.3.3

The equivalent expression taken from the boundary collocation analysis

by Srawley and Gmss( % is:

KB v/a
T VI (3.46) ( £+ 0.7) 2.3.4

Both of the expressions, eq. 2.3.3, derived experimentally, and eq. 2.3.4,
derived numerically, agree within one percent for £ between 0.5 and 10.

Cantilever beam adherends that are height tapered in accordance
with the bracketed part of eq. 2.2.4 and denoted m have been found to
be independent of crack length. The parameter m is a shape factor hav-
ing the dimensions of reciprocal length, e.g., in. l. which specifies a
particular contour. While this constant has been shown to be sufficient
in designing a linear dC/da or "constant-K" specimen, the actual value of
dC/da is generally larger than the calculated value. For example, for
adherends contoured to m = 90 in. |, the experimental and calculated value
of dC/da are identical. However, at lower values of m the deviation be-
comes substantial. Surprisingly, the shear and rotation corrected beam
formula (SRCBF) cannot be used for CDCB specimens to define a value
of m, that coincides with the m' value determined from compliance. Re-
calling that m' is an experimental value determined from a countoured
double cantilever beam (CDCB) compliance calibration, a comparison can
be made between the shear corrected beam formula (SCBF), m, and the
experimental m', as shown in Table 2.
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Compliance Terms for CDCB Specimens

m m' Error i
in.” in.”} %
90 90 0 ’
8 13.7 31.4 3
4 5.45 38.8

3 4.13 37.7 J
1.33 2.22 66.9

It should be noted that the value of m obtained from the beam
formula without any corrections, such as the rotation correction used

for UDCB adherends, remains a suitable criterion for specimen con-
touring even for large differences between it and the value of m' de-
termined from compliance calibration.

Re-examination of expression 2.2.26 shows that, although any
value of m can be used for specimen design, its absolute shape will
depend on the system of units chosen. For example, if we measure
m in centimeters instead of inches, the height of the specimen for a
given absolute value of crack lem?th will be increased, since m will
be multiplied by the ratio 1:2.54.

To avoid the question of dimensional units, specimen design can
be accomplished using the dimensionless parameters mH and ma. This
technique has the added advantage that the family of constant K spe-
cimens, defined by m, are reduced to a single curve shape, Figs. 1
and 2. For adhesive joint adherends, as well as monolithic fracture
specimens, the specimen design criteria to be satisfied are (1) adequate
adherend strength to resist adherend yielding during the test, (2) a
suitable erack plane length so that fracture data can be obtained over
as long a range as possible, and (3) a reasonable specimen size and
cost. In addition, monolithic fracture specimens must be of sufficient
height at a given crack length, i.e., a low enough m value, such that
the crack will be confined to the center plane of the specimen. For
adhesive joints the criteria are met with relatively small aluminum adher-
ends, e.g., m = 90 in.”!, where the crack growth data is analyzed be-
tween a values of 1} to 9} inches. Monolithic specimens of isotropic

-13-
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material with either no crack directing face grooves or shallow ones
require very low m values, e.g., m = 1.33 in.”!, 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 times 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
function of crack length, dC/da. For specimens where ma is large,
e.g.. m=901in."'; 1.6 < a < 9in.; 144 < ma < 810, the shear-corrected
beam formula (SCBF) expression for dC/da can be used directly, and
eq. 2.2.4 or 2.2.24 becomes:

g—ag - E%' (m) 2.3.5

P .. b

- e B EB (m) 2.3.6

The fact that ﬁ can be calculated directly from the SCBF solution was
determined from a detailed compliance calibration, done with 14 solid

1

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

ing from 1.6 to 10 inches.

As m and ma are decreased, the start of the contour approaches
the loading holes and the shear-corrected beam formula (SCBF) calcula-
tion of dC/da no longer coincides with the value obtained from a compli-
ance calibration. However, as stated earlier, compliance calibration of
CDCB specimens to m values of 1.33 in. ' have shown that the beam-formula
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concept for specimen design is adequate to obtain constant dC/da
over the ma range used for this program. For these cases, m is re-
placed in eq. 2.2.6 with m', an experimental value determined from a
compliance calibration,

Several numerical solutions are available that enable calculation
of dC/da that come closer than the SCBF to the value determined from
compliance. The boundary value collocation (BVC) techniquc( 5 uses
straight contours to approximate the shape while the finite element

technique( 8)

can be used for curved specimen contours. Each tech-
nique has been used to evaluate a range of the ma contour for [ chosen,
such that the contour can be approximated by a straight line. Thus, at the
high ma values, used for the contoured m = 90 ln.'l adhesive specimen, the
finite element method (FEM) gives a calculated dC/da value closer to that

determined from experimental compliance than does collocation.

At values of ma between 2 and 8 ( for [ between 0.7 and 1.5)
both numerical solutions give similar values for the dimensionless compli-
ance parameter KB/a/P. Experimental compliance measurements on
straight-contour CDCB specimens in this range agree moderately well
with the calculated values. A fit equation 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. Recall (eq. 2.2.7) that
dC/da for UDCB specimens could be calculated using an empirical shear
and rotation corrected beam formula (SRCBF) expressed as a dimension-
less parameter, (eq. 2.2.10) while the SCBF expression was somewhat
simpler:

KBva
e sdeaghey 2.3.7
A combination of these two expressions (FITBF) can be obtained as

follows:

KB/a
e

= 2/k 136 (£ + 0.6)% % €] + (1 - KNIES + ©)
2.3.8




where

k = a fitting parameter to determine the amount
of each term in the expression; e.g., k = 1
for the case where only SRCBF expression
is valid, k = 0 for the SCBF 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:

KB/3 = 3 /37 + 4t (0.3¢ + 0.30) 2.3.9
The compliance calibration range of possible cantilever beam specimens
can be shown on a plot using the dimensionless variables £ and KB/a/P,
Fig. 3 (see also Table 3). Several curves and data points from constant
dC /da specimens are included for comparison. The lower curve is calcu-
lated from beam theory, (eq. 2.3.7; SCBF) while the two curves above

it are empirically obtained; the upper one being the rotation modified ex-
pression (eq. 2.3.5; SRCBF) and the middle one the weighted sum of the
two (eq. 2.3.9; FITBF). The uppermost curve is obtained from the pub-
lished compliance calibration of compact specimens, ASTM E399-78, and is
used to demonstrate that end effects become important at (W - a) /H or b/H
ratios of less than 1.19, eq. 2.2.20.

Data points from the compliance calibration of three specimen con-
figurations, m = 1.33,3 and 4 in. !, are included as are calculated values
of KB/a/P from FEM and BVC. An expanded plot of the data in the range
0.5< ¢ < 1.6 is shown in Fig. 4.

At high values of £ (e.g., £ > 3) the shear corrected beam formula
(SCBF) and FEM give essentially identical results while BVC, being based
on a straight line approximation of the specimen shape, is somewhat higher
(Fig. 3). For values of  between 0.6 and 1.6 (Fig. 4) which is the range
for monolithic specimens requiring little or no crack directing face grooves,
both the BVC and FEM points lie approximately on the line defined by the
empirical beam formula fit expression (FITBF), eq. 2.3.7. Compliance
data from two of the three CDCB specimens fall on this FITBF curve,
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- - /
' End Effect Criterion
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Parameterized Crack Length - & = a/H
Fig. 3 Parameterized Compliance Calibration Results for Three Specimen

Shapes. Data Lines Added are (1) Shear Corrected Beam Formula
(SCBF) used for CDCB Specimens Above ma = 100 and (2) the
Empirical Shear and Rotation Corrected Beam Formula (SRCBF) used

for UDCB Specimens.
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Fig. 4 Parameterized Compliance Calibration Results for Three Specimen
Shapes (expanded scale of Fig. 3 ). Note that m = 3 and 4 in."1
Specimen Compliance Data the Numerical Boundary Value Collocation

(BVC) and Finite Element Method (FEM) Points are Fitted by the
Empirical \Vdﬁhtcd Average Curve (FITBF). Note also that the
m = 1.33 in. ' data is not fitted due to compliance calibration with
12.5 percent per side face grooves.

S
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however, data from the m = 1,33 tn.'l specimen lies somewhat above the
others. This apparent anomaly can be understood in light of the fact

that compliance data from these specimens were obtained on blanks hav-
ing 25 percent face grooves to duplicate the actual specimen configura-
tion. Thus, the displaced curve is related to the face groove depth and
configuration. The position of the compliance curve as a function of

face groove dimensions has been determined experimentally for each CDCB
contour to be used in a given test program, however, no general numerical
method has yet been applied to this task.

The use of the shear corrected beam formula (SCBF) in the de-
sign of constant dC/da specimens has been shown to be satisfactory. The
actual value of dC/da cannot be predicted from the SCBF at values of E
less than 3 (ma < 30) and for non-face-grooved specimens. A very good
estimate of the dimensionless, tme compliance parameter, KB/a/P, can be
obtained from BVC, FEM or FITBF, an empirical modification of the beam
formula similar to that used for UDCB specimens. However, face grooving
of a given specimen shape requires a new compliance calibration. Never-
theless, for modest face grooves, e.g., 12.5 percent per side, an approxi-
mate calibration can be calculated by using eq. 2.3.8 with a k value of 0.5.

No BVC or FEM calculations are available that allow inclusion of face grooves.

The use of contoured double cantilever beam (CDCB), constant
dC/da, specimens made from monolithic materials, e.g., bulk adhesive, is
often limited because of non-planar crack growth. For m values greater
than 2 in.”! face grooves must be provided along the desired crack plane
to avoid a circumstance denoted "arm break-off". For non-side grooved
specimens, as m increases, thre is an increased possibility that the erack
will leave the crack plane in the center of the specimen and break off a
small part of "arm" of the specimen near one loading hole. The tendency
for this type of fracture is undoubtedly related to the magnitude of the
bending stress, O s parallel to the crack plane relative to the critical
perpendicular stress, oy. which occurs during crack extension, e.g., the
ratio oxloy. Thus, a specimen design that would lower the bending stress
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at a given fracture load, e.g., & lower m value, would be more likely to
keep the crack in the center plane. The nominal bending stress, Oy ®
can be calculated from strength of materials, i.e.:
6Pa

o =

" BH2
Rewriting this expression in terms of a/H or {

. _ & .2

% = BR £ = Ba 3
Since the calculation of a nominal stress, °y' at the crack tip cannot be
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 ay in the
calculation of a crack stability parameter, Klox.

2.3.11

This ratio has the dimensions of the square root of length, e.g.,
(lnch)* . which is consistent with la<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>