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FOREWORD

The efforts reported herein were accomplished with the sponsorshi p of the

Air Force Materials Laboratory , Air Force Systems Conm~and , Wrig ht—Patterson

A i r Force Base, Ohio , 45433. Dr. W. B. Jones, Jr., MBC , was the Air Force
Project Eng i neer. The report is publis hed in two vol umes. The second vol ume

contains Appendix A , “The Symetric Lap Shear Test” and Appendix B, “Adhesi ve

Joint Fabrication and Test Specifications”.
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SECTION I

RESEARCH OBJECTIVE

• Adhesive bond i ng technology has been improved over the last several years.

• Improvements in materials , processes, surface preparations and anal yses for pre-

dicting the structura l response of adhesive bonded joints are evident. However,

structural response prediction procedures are hindered by a lack of accura te

viscoelastic adhesive structura l property data for various types of loadings

and environments.

The reason s t ruc tu ral property data are not available is that ne i ther a
• un ified test method nor instrumentation required for obtainin g structural pro-

per ty data are available. Presentl y ,  numerous bulk , thin film and bonded joint

tes t procedures are i ndiscr im i natel y used to obtain s t ructura l proper ty data on

adhesives. Their abil ity to accurately characterize the structura l response of

adhesives is questionable. A definitive study was needed to review existing

test procedures and develop new ones, as needed , that prov i de accurate , repro-
ducible low cost adhesive structura l property data .

The prob lem was two fold: (I) the data needs and accuracy requirements had
to be unequivocally spec ified and (2) a set of standardized adhesive test proce-

dures had to be developed to meet this need. Onl y then can one hope to derive

adequate data for accurate prediction of bonded joint behavior in aircraft struc-

tures. It was the objective of the “Structura l Properties of Adhesives” program

to assess and develop the low cost test procedures required to generate ri gorous
engineering structural property data on adhesives so that i tems (1) and (2) are

satisfactoril y resol ved for metal adherend bonded structures. To meet this

objective , a program consisting of four separate tasks was performed. These

four tasks and their stated goals were:

TASK I - REV IEW OF DATA REQUIREMENTS

The goa l of this task was to provide a ranked l ist of adhesive property
da ta required to predict the response of the adhes ive in a bonded joint
under a variety of load and environmenta l conditions experienced by

aircraf t structures. These results are presented in Section II.
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TASK II - ASSESSMENT OF EXIST ING TEST METHODS

It was the goal of this task to determine the capabil it ies of existing
test procedures to prov i de the adhesive property data determined in

Task I and to dete rmine the merits and deficiencies of these test
procedures based on the considerations listed above. The results are

presented In Section III.

TASK I I I  - DEVELOPMENT OF IMPROVED TEST METHODS

It was the goal of this task to develop a set of standard recommended

test procedures for providing reliable , low cost data meeting the

• requirements generated in Task I. The recommended test procedures are
presented in Vol ume II.

TASK IV - DATA GENERAT ION

The goa l of this task was to demonstrate the ut i l i ty, ease of performance
and low cost of these various test methods for adhesives representing

brittle and ductile structura l behavior. The results are presented in

Section X.
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REVIEW OF DATA REQUIREMENTS
• To meet the requirements of this task a three phase effort was under-

taken :

o Review exist ing bonded joint ana l yses to ascertain the adhes i ve para-

meters required In the various a n a l y t i cal procedures. Supp lement the
• l ist derived during this review to reflect time , temperature , and

humidity effects as required.

o Perform a sensitivity anal ysis to ascertain the accuracy within wh i ch

one should obtain the required adhesive mechan i cal properties.

o Rank the required adhes i ve properties in order of their importance to

the various analy tica l routines with their associated accuracy require-

men ts.

2.1 REVIEW OF EX I STING BONDED JOINT ANALYSES

A thorough revi ew of existing bonded joint analyses was made wh i ch included

• a review of articles from NTIS , AST H, Forest Product Laboratory Reports , Chem ica l
Propulsion Information Agency documents and the various technical journals. Such

a rev i ew was completed and is sumarized in Table I. Only bonded joint confi gu-

rations typ ically used In structura l attachment confi gurations were considered.

Those bonded joint configurations used to obtain adhesive mechan ical proper ty
data (e.g. butt joint) will be discussed in detail in Section II I .  Moreover , the

subject of adhes i ve fracture mechan i cs was not considered within this prog ram.

A number 0f individuals have deve loped analytical or finite element analyses

to determ ine the load and stress distribution for isotrop ic adherend bonded joints.

Significant contributions to the state—of- the-art have been made in references

1 through 40.

The basic approach to ana lyzing adhes i ve joints has been to i dealize the

joint in terms of a mathematica l model whereby the material properties and joint

geometry are related to the app l ied loads , resul ting In a fourth order or hig h

differential equation . Its solution should result in a realistic descri ption of

the stress distribution in the joint. The anal yses reviewed for the most part

assumed that: (I) all elements are linearly elastic; (2) a state of plane strain
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or p lane stress Is assume d to exist across the width of the lap; (3) there Is
no stress variation through the thickness of the adhesive ; (4) the adherends
follow classica l plate theory ; (5) the adhesive Is full y bonded to the adhe-

rends ; (6) adhesIve properties are uniform throughout the joint; and (7)
linear small deflection theory Is val id . However, because many of the duc-

tile adhesives and resins In use today exhibit physica l and/or kinematic

nonlinear behavior at relatively low percentages of their ultimate

strength and because the general ly orthotropic behavior of composite ma terials

add further complexit ies , the traditional analytica l techn i ques available have

become less reliable. More rea l is t ic  approaches to t h s  problem have been
advanced in references 23 and 25, among others , by using linear and nonlinea r

discrete elemen t analysis of the joint. Such analyses are more costly to run

and require additiona l time in data prepa ration and in the interpretation of

results. Thus , closed form anal ytica l methods are preferable whenever possible.

Severa l of the more prominent analytic a l methods will now be enlarged upon .

In 1944, Goland and Reissner3 determined the stresses in a sing le lap joint

for a relative l y inflexible cement layer ( th i ckness adherend
elastic modulus adherendth i ckness adhes i ve .

elastic modulus adhesive s’ In wh i ch the cement layer is ignored , and for a rela-

tively flexible cement layer whereby the properties of the cement are taken into

account in the analysis. They assumed the joint acted as a cyl indrica ll y bent

p late of variable cross section and neutra l p lane l ocation . Their anal ytical

results are am ong the most accurate in characterizing the peak adhes i ve shear

and tensile stresses in a single lap joint as evidenced by reference 37.

32-34 .Hart-Sm i th developed an approximate continuum mechanics solution to

determine the static load carrying capability of a scarf , sing le lap, double

lap and a stepped-lap joint. He accounted for adhes i ve p lasticity effects ,

therma l mismatch and variable step lengths in the analysis. The analysis is

restricted to isotrop ic adherends while the tensile stresses in the adhesive

are i gnored and the stresses in the adherends are inadequa tely quantified. His
analysis takes the form of a inf inite series. Results indica te that the adhesive

film strain energy in shear per unit bond area obta i ned from the th i ck adherend

symmetric lap joint can be used most effectively in predicting the adhes i ve fail-

ure in a bonded joint. He emphasized an ultimate strain failure criterion .

6
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The most ambitious attempt to analyze a bonded joint Is presented by

Grime s ct. al. 23 His assumptions of plane stra in , orthotropic adherends , mid-
plane symetry and the Inclusion of p las t ic i ty  effects in the adhes ive and adhe—
rends resulted in the solution of two non-linear , non—homogeneous differential

equations. The solution is of the same form for stepped-lap , sing le lap and
scarf join ts. Experimental verification by Sharpe and Muha 37 of the sing le-

lap joint data found the ana l ys i s lack i ng in its ability to predict the adhe-

sive stress distribution .

Renton and Vinson 35 deve l oped a closed form analytica l solution for gene-

ral l y diss imi lar adherends , wh ich sa t is f ied al l  boundary cond iti ons and accoun ted
for the effects of traverse shear and norma l stra i ns in the adherend. Sharpe and

Muha, 37 
experimentall y verified that this method of analysis predicted the adhe-

sive shear stress distribution in the most realistic manner of the nearly twenty
closed form and finite element methods analyzed . They stated that “there are

sign i fican t norma l s t resses presen t, and it is presumed that the theory that

can best predict the measurable shear stress unde r these complica ted conditions

w i l l  be the best theory”. Addi tionall y ,  the resul ts of a photoelastic study of
the symmetric lap joint

48 
fur ther substantiates the adequacy of the analysis by

ver i fy ing that the predicted adherend stresses are in direct agreement with the

photoelastic test results.

A prob l em of increasing importance is the swelling strain introduced into

a bonded structure when the structure is in a high humidity environment. Papers

by Di etz and Reissner’4 and by Harr i son and Harrison2’4 describe specif i c a ttempts
to analyze the severity of the prob l em. The prob l em is handled anal ytically

analogously to the therma l strain prob l em since the form of the field equations

is the same. -

Viscoelastic analys is per se is absent in the articles reviewed to date.

However a quasi-elastic6~ approach to the linea r viscoelastic prob l em can

often leao to pract i cal results In some situations. The quasi-elastic method

simp ly Involves replacing the modulus , E, In the elastic anal y s i s  wi th i t s  t ime

dependent counterpart E(t).

A summa ry of the adhesive mechan i cal properties required for the various

bonded joint analyses Is summarized In Table 1.
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Based on the review of existing analytIca l techniques , wh i ch are i nconclu-

sive in their ability to thoroughly characterize the response of an adhesive

bonded joint , and a parametric study conducted by Renton and Vinson ,44 the
material proper ty variables wh i ch appear most important are:

o The adherend primary modulus CE 11)

o The adhesive shea r and tensi le moduli

o The adhes ive ’s duct i l i ty  and ultimate properties in tension and
shear

o CoeffIcients of therma l and hygroscop ic expansion

2.2 SENSITIVITY ANALYSIS

The objective of this analysis was to determine the sens i t iv i ty  of the
peak adhesive shear and norma l stresses to a prescribed change In adhes i ve

shear and tens i on moduli for adhes i ve bonded joints (Figure i). With this

knowledge , the accuracy can be defined within wh i ch adhesive modu li should

be measured to enhance the accurate anal ytica l pre diction of peak adhesive

stresses in bonded joints. The accuracy of adhes i ve property data required

js i mportant as it determines :

o The tes t specimens ’ allowab le geometric tolerances

o The sens it ivi ty requ irements of the measurement sys tem by wh ich
deformation or s t r a i n  measurements are taken

o The overall test method accuracy one must employ in obtaining meaning-

ful adhes i ve structura l property data

The accuracy of adhesive p roperty data required for mean i ngful input i — t

r igorous structura l analysis routines can best be determined through a para-

metric study on the sensitivity of peak adhes i ve stresses to variations in

sel ect nondirnensiona l bonded joint parameters . Studies by Ren ton and V in son44

and DeB ruyne7 have pinpointed those parameters which have a s igni f icant  influ-
ence on the adhes i ve stress distribution in a bonded structure. They are:

o Adhe rend inp iane and f lexura l st i f fness - this is a function of the

p ri mary Yo ung ’s modulus (Q11 ) and the adherend’s thickness (h).
Generally , s t i f f  adherends resul t in a un i form adhes i ve shear s t ress
d i s t r i bu t i on  with minimal tearing stresses along the overlap le ngth .

8 
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(a) DOUBLE LAP
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I.

h
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_ _ _
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ADHESIVE

h
(b) SINGLE LAP

(i~~~
(c) STEPPED LAP

FIGURE 1. VARIOUS BONDED JOINT DESIGNS.
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o Overlap length - as this parameter Increases In magnitude the adhesive
shea r stress becomes more uniform , approaching a (Load/Area) distribu-
tion . The peak norma l stresses are also reduced. However, one should

be cogn i zant of the fact that beyond a length of overlap to adherend

th ickness ratio of ten, the failure of the bonded structure is l ikely
to occu r In the adherend at the edge of the overlap.

o AdhesIve th ickness (n).

o The shear and tensile rnoduli of the adhes i ve - the influence of the

adhesive ’s modu li on the adhesive stress distribution is Important

for bonded joints composed of th i ck deformable adhesive layers ,

while the adhes i ve ’s infl uence on the stresses is insi gnifican t

for thin , s t i f f  adhes ive layers ; neg lecting free edge effects.

With the knowledge that adherend and adhes ive s t iffness , and th ickness , and
overlap length , dominate the shape and magnitude of the adhesive stress distri-

but ion in a bonded join t, a sensi tivity study was performed by incorporating

these pa rameters into two nondimensional parameters for shear and two for adhe-
• sive tearing stresses.

The Bucking hani Pi theorem52 was u-~ed to formulate the nondimensional pa ra—

• meters. The Pi theorem relates the dependent variable (i.e. tmax = maximum
shear stress) to the independent variables , load (P), overlap len gth (L), adhe-

sive shear modulus (G
a
)
~ 

plane stress adherend stiffness (Q11), adhes i ve th i ck-

ness (n )  and adherend th i ckness (h).

The Pi theo rem sta tes: G i ven a r e l a t i o n  among m par ameters of the form

., q~~
) = 0 1

an equivalent relation expressed in terms of n nondimensiona l parame ters can be

found of the for m

~~
‘ ‘
~n~ 

= 0 2

where the number n is give n by the rel at ion

n = m - k  3

where m is the number of q ’s in  Eq. 1 and k is equa l to the minimum number of
i ndependen i dimensions required to construct the dimensions of all the parameters

q 1, q2 . . .,

10
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• The n ’s to comp le tely define the bonded joint prob l em in shear for identica l

adherends are

2-r I G L
max a h
P 

11
2 

= 
Q11 h~ 3 

= t

Based on linear elastic theory , two simp l if ications have been made . They are:

i Assuming a linear elastic adhesive , the maximum scress ( T ) ~~ is

proportional to the app lied inp i ane load (P).

ii The effective shear modulus of the adhes i ve (Ga
) and the adhes i ve

th i ckness (n) enter into the linear analysis in combination (Ga/fl)~
as the adhesive is being characterized in terms of it ’ s overall

shear stiffness.

Hence :

~~~~~ -ri’ = 0 5

wh i ch is  equ i va len t to:

~4~~2’ 
11

3
) 6

or

T L G L 2 G L 2max 
— 1 a h~ 1 a • h ~

‘P 
— 

4”Q 1 h~ ’ E’ = 
4’ An ‘ T”

where
• 

p = load/unit width (lb/in)

• L = overlap length (in)

P/L = average shear stress (psi)

Q11 h =A = adherend inp la ne stiffness

The parameter 
~2’ is a measure of the shear strain (stress) in the adhesive due

to inp la ne adherend deformation vs. the average shear strain in the adhes i ve.

Moreover , Debruyne7 has shown 112 to be an approximate similitude parameter.

*The singularity in the shear and norma l stress predicted at the edge of the
adhes i ve-adherend interface is not considered .
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In a similar manner , the sensit iv i ty of the maximum adhes ive normal stress

~°max~ 
to the I ndependent parameters P, L, Q11 , h , n and Ea can be formulated

using the P1 theorem.

For ldent’ cal adherends they are :

a I E L 4
— max — a h

P 712 = On 71
3 t

wh i ch is equivalent to;

‘4a L E Lmax 
— 

,a  h~p 
~4’ Dfl 9

• where

O = = the adherend’s flexu ra l stiffness. 10

The use of the E /n term fo llows from sImp l i ficat ion ( i i)  w i th Ea rep lacing Ga •
The parameter 

~2 is a measure of normal strain (stress) In the adhes ive due
to the adherend’ s flexura l ri g idi ty vs. the average norma l strain in the adhes i ve.

The resul ts of the sensitivity anal ysis were obta i ned using the in—house

compu ter routines (BOND 3) for I dentica l adherends and (BOND 4) for dissimilar

adherends. The results of the sensitivity analysis are presented in Figures

2— 5 for similar and dissimilar adherends. These two conditions establish the

bounds on the sensi ti vi ty indices , including various degrees of joInt flexiblity

and assoc iated moment and h/L effects. The BON D 4 results are for a l imi t ing
case whereby the dissimilarity of the adherends Is accounted for (Figure 1).

Dimens i ona l analysis of dissimilar adherends requires that two additiona l n ’s

be considered:

Q h + Q ~~h Q h 3 + Q2 h 3

11 = = 1 .0 11 = = 1.00
4 Q h 

8 , 
3 

I I
11 1 Q11 h 1

where : hay9 = (h
1 

+ h2)/2 rep laces h in equa t ions 7 and 9.
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The dependence of t and a- on various h/L ratio ’s, for all va l ues of
— 

max max
11
2 and 

~2 ’ was found to produce curves within the envelope formed by the solid

and dotted lines in Figures 2 and 3. Therefore, onl y the lImi ting cases

were used to determ i ne the sensitivity curves presented In Figures 4 and 5.

Figur es 4 and 5 show the sensitivity of the peak adhesive stresses to
a l0~ and 50?~ variation in the nondimens i onal parame ters . Inspection of Figures

4 and 5 reveals that the norma l stress is somewhat more sensitive to its

nondi niensiona l parameter than the shear stress. From Figure ‘4 one can readily

observe that the range of significant sensitivity is for .01 i1
~ 2~~~~~ 2.5. For prac—

• 

. tical designs , i n wh i ch adhe rend fa i lure is absen t , the magnitude of adhes i ve shea r

modu li corresponding to this spread of 71
2 

is 300 s G ~ 300,000. A range of extreme

• sensitivity for the adhes i ve tension modulus can also be established from inspec-

tion of Figure 5. It is 200 ~ E ~ 1 ,500,000 for 
~2 

< 40.0. Within these

limits , the adhesive properties wi l l  si gnificantly influence the adhes i ve stress

distributions for most bonded joint des i gns.

Review of Fi gures 4 and 5 dictates that the normal stress sensitivity
be used to es tabl ish a rea l is t ic design goa l for the acc u ra te de te rmi na ti on of
adhesive moduli. A ± 5~ change in adhes i ve tension modulus in Figure 5).

would enable one to ascertain the peak norma l stress to within ± 2.5~ . This is a
des i rable modulus determination goa l and was used In the Tasks II and II I  of

this program to formulate the accuracy requirements for an adhesive deformation

meas u rement device and fo r the necessary geometric measurement s of the tes t

s pec imens.

2.3 EXTENSION TO OTHER
1 
BONDED STRUCTURES

The resul ts presented , whi le based on sing le lap joint analyses , are believed

to be uppe r bounds for the sensitIvity of peak adhesive stress vs. adhesive modulus

for the stepped-lap and double lap joints , shown in Figure 1 due to eccentric

load path effects. More un i form shear stress distributions In these joints neces-

si tates that an applied load divided by surface area shear stress will be approxi-

mated. The refore , the response of these joints should be less dependent on adhe-

s i ve modulus , be ing  independent of the modulus in the limit. Typ ica l stress

d istributions are shown in Figure 6.
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2.4 COMPLETE ADHESIVE CHARACTERIZAT ION

Additiona l adhesive property data requirements depend on the type of ri go-

rous analysis of aircraft bonded structura l components one wishes to perform.

Assuming an all encompassing analysis is desired for both brittle and ductile

adhesives , an additiona l llst of adhesive property data that must be considered ,

based on an on—going literature search of app licab le continuum mechanics , vlsco-

elas tic and fatigue theories of bonded joint behavior has been compiled.

The comp lete characterization of an adhesive requires tha t i ts response to

various load , time and environmen ta l conditions be ascerta ined. The data desired
were:

o Stress-Strain response at constant strain rate to failure

o Cyclic stress-strain response vs. number of cycles to failure

o Creep response

o Comb i ned shear and tension response

o The response of the first three i tems to various moisture and

temperature environments

The effects of the innumerable combinations of loading and env i ronment on

the mechan i ca l and physica l response of adhesives was not ascerta i ned in this

program bu t should be conside red for late r Air Force prog rams.

2.5 RANKING OF ADHESIVE PROPERTY DATA REQUIREMENTS

The rankin g (relative i mportance) of specific adhesive property data required

to predict the response of the adhes i ve in a bonded joint under typica l aircraft

struc tura l loads and environments was the overall goal of this initial task.

The lis t of des i red adhes i ve properties ranked from most i mportant to least

i mportant wi thin the numerical categories only are:

2.5.1 Mechanica l Properties Requirements Ranking

o Linear elas tic shear and tension rnoduli *

o Creep compliance master curves in shear and tension

For an isotrop ic , homogeneous adhes i ve laye r, the Poisson ’s ratio may be deter-
mined in p lace of the shear or tension modulus.
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o Linear viscoe lastic limit shear and tension stress (stra i n). This

approx i ma tes the proportiona l limi t stress.

• o Fatigue shear and tension moduli that reflect the adhes i ve’s

wearout and/or stability reg i on just prior to catastrophic failure.

2.5.2 Strength Properties Requirements Ranking

o Ultimate shear , tension and comb i ned shea r and tension strength

o Ul t ima te shea r and tensile s t rain

o Fati gue tensile and shear strength (strain) vs. cycles to failure

o Fati gue endurance limi t va l ues

2.5.3 Phys ical Properties Requirements Ranking

o Coefficient of therma l expans i on

o Coeff icient of hygroscop ic ex pans ion

The effect of adhes i ve thickness , ag ing, scrim support , surface roughness
temperature and humidity on all of the above i tems, and the inclus ion of s train
rate effects as app licable should also be determ I ned. Th i s would include the
devel opment of a test to determine when moIsture equilibrium of the adhes i ve has

been atta i ned for a particular environment.
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SECTI ON III

ASSESSMENT OF EXISTING TEST METHODS

It was the goal of this task to determine the capabilities of existing test

procedures to prov i de the adhesive property data required in Task I and to

determine the merits and deficiencies 0f these test procedures based on the con-

straints defined In Task I.

To meet the requirements of this task a three phase effort was under-

taken:

o Formulate and rank a set of eva l uation criteria by wh i ch the rela-

tive merits and deficiencies of the various test specimens and

tes t ing procedures could be judged .

o Prov ide an in-depth review of existing test specimens and test

methods for measurement of adhesive properties within the con-

straints defined in Task I.

• o Summar ize the results of the eva l uation (e.g. test specimen merits

and deficiencies) of the currentl y available test methodology in
a matr ix forma t , rank i ng the test methods and spec i men desi gns as
to their capability to obtain the adhesive property data requ i red

by the analytica l methodology i dentified In Task I.

3.1 TEST SPEC I MEN EVALUATION CRITERIA

To objec ti vel y eva l uate the adequacy of the various test specimens available

from wh i ch one can obtain adhesive mechan i ca l prope rty da ta , the following speci-

men eva l uation criteria were defined.

THE SPEC I MEN LOAD I NG MODE IS DOM I NANT AND CONTROLLABLE - Tension and shear

modes should be separable and their magnitude easily controlled. A biaxial

or triaxial stress state should be present in the adhes i ve.

SPECIMEN IS CAPABLE OF PROVIDING QUANTITATIVE RESULTS - Modulus and strength

data in representative environments should be possible to obtain.

TEST SPECIMEN IS REPRESENTATIVE OF MATERIALS AND PROCESSING USAGE IN A
PRODUCT I ON ENV I RONMENT - The specimen should reflect the chemical , phy-
sica l and mechan ica l response of an adhesive bonded between two rela-

tively rig id adherends.
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A REAL ISTIC ANALYSIS OF THE BIAXIAL OR TR IAXIAL STRESS STATE IN THE
ADHESIVE BONDED TEST SPECIMEN IS POSSIBLE — A closed form or finite

elemen t analysis should verify the suitability of using the specimen

for the generation of static , fatigue and viscoelastic stress—strain

response data for representative temperatures and relative humidities.

It should account for the constraint effect of the adhes i ve by the adhe—

rend when applicable and for the vlscoelastic nature of the adhesive .

Nonlinear adherend deformation effects should be avoided. Finally, the

analys i s should be capable of prov iding an estimate of the error intro-

duced on the adhes i ve stress and deformation state by non-un i form adhe-

sive thickness control and geometrica l varia tions of pertinent specimen

d imensions. -

EASE OF SPECIMEN FABR I CATION AND ASSOC I ATED COST — Multip le specimen
p repara t ion should be possibl e, relatively easy to achieve and of nom i-

nal cost. Un i form dimensiona l control of adhesive bondline thickness

over the normal range of adhesive th i cknesses (i.e., .002” + .030”) is

necessary for proper test data Interpretation . Specimen adherend dimen-

sions should not require unusuall y close tolerances , while the bond sur—

face undul ations of the adherends should be minimal to Insure un i form

adhes i ve thickness control. Means to attain accurate adhes i ve th i ckness

contro l should include consi derations of sh ims , scr im and a precision
fabrica tion fixture.

THE SPECIMEN SHOULD BE USABLE FOR TEST I NG BRITTLE AND DUCTILE ADHESIVES —

The speci mens response for both brittle and ductile adhesives should be

reflected In the analysis (i.e., e last ic  vs. v iscoelast ic ) . Moreover , any

sensi tive spec imen gripping or Instrumentation prob l ems wh i ch may make the

at ta i nment of meaning ful mechan i cal test data difficult should be avo i ded.

THE SPEC I MEN’S BONDLINE SHOULD BE EAS I LY ACCESSIBLE , TO ACCURATELY MEASURE
ITS THICKNESS - Microscopes , Vern iers and gage blocks with a Vernier are
severa l ways one may measure adhesive bondline thickness accurately. A

number of measurements along the perimeter of the bondilne should be

possible to verify bond line un i form i ty. For visua l measurement a sharp

contrast between adhesive and adherend is des i rable.
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THE SPECIMEN’S BONDL INE SHOULD BE EAS ILY IN SPE CTED BY NDE MEANS - In spec-
tion of the bondl i ne for debonds , voids and air bubbles should be possible

for defects as small as .050 inches. Adherend thickness requirements

should not i mpose any severe restriction on inspection of the bondline

using NDE techniques. HOE means to conside r are :

o X- ray

o Pulse-echo ul trasonics

o Neutron Rad iog raphy

o TransmIssion ultrason i cs

3.2 TEST METHODOLOGY EVALUAT I ON CRITERIA

Once the test spec i men has been determined it Is mandatory that simp le , rel i-

able tes t proced u res be emp l oyed to minimize data scatter and cost. The eva l ua-

ti on cr it eria to be considered were:

ENV I RONMENTAL TEST CONSIDERATIONS — Proper environmental conditioning of

test specimens should insure that moisture and temperature equilibrium

in the bond line have been attained. Subsequently, long term mechan ica l
tests should be performed within this environment. Moisture and tempe-

rature equilibrium times vs. temperature-moisture history should be

determ i ned to ensure equilibrium requirements are met. Means to accu-

ratel y measure temperature from —60°F to 350°F and rela tive humidity

from lO~ to l0O~ before and dur ing the performance of mechan i ca l tests

should be determined .

TEST APPARATUS AND I NSTRUMENTATION - Adhes i ve deformation measurement

device sensitivity requirements should be established to determine the

adhesive proper ties to within ±3.4~ . The maintenance of this sensi-

t i v i t y  over the prescribed temperature-humidity test extremes should
be ascertain ed.

Add itional factors to be conside red In the selection of a deformation

measuremen t dev i ce should include:

o Ease of attachment to the test specimens

o Simp licity

o StabilIty with respect to time and environment

23
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o Range of usage

o Linearity

o Durabil ity

o Cost

EASE OF TEST PERFORMANCE AND REPEATABILITY - The actual test methodology

• used for short and long term testing by various groups we re reviewed to
ascertain i ts ease of performance by those fami l iar  wi th  good test pro-
cedures. The likelihood of avoiding inadvertent errors (I.e. to insure
repeatability) in performance of the test methodo logy should be con-

sidered and ver ified by selective testing . Errors may be introduced by
specime n al i gnment sensitivity, load i ng f i xture comp lexi ty and/or defor-

mation measuremen t system complexity.

REDUCTION OF RAW TEST DATA - Presentl y used data reduction techniques

were reviewe d as pertains to their u t i l i t y  in cha racterizing adhes ive
raw data for direct inclusion in bonded joint analysis. Data reduc—

• tion techni ques should reflect the impact of static , fati gue , visco—

elast ic  and environmenta l effects on adhes ive properties.

FAILURE SURFACE EXAM INAT iON - Visual and microscop ic means In use today
should be eva l uated for their ability to gleen pertinent information

from the fa i led adhes ive surfaces . The ease and cos t of using the
various m i croscop i c devices vs. the potential information to be ob-

ta i ned should be determ i ned .

OVERALL COST - The overall cos t to perform a specif ic test methodology
should be determined. The cost should include specimen fabrication ,

NDE inspection , and env i ronmenta l condition i ng. Additiona lly, the cos t
of special gri ps , fixtures , instrumentation , performance of the actua l

test , data reduction and reporting should be included in the overall cost.

A summary of the strengths and weaknesses of test specimens and test

methodology has been ascerta i ned per these eva l uation crite ria.

3.3 REVIEW OF THE STATE OF THE ART TEST METHODOLOGY

in Imp l ementing the test methodology l iterature search , the fol lowing areas
of documentation were searched for their contribution to the state-of—the-art
on adhes ive tes t methodology:

- 
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o ASTM Standard Adhesive Property Test Methods

o DoD Program Techn i cal Reports

o Space Science Reports

o Forest Product Laboratory Reports

o Federal Test Methods

o Eng i neering Journals

3.4 CAND I DATE TEST SPEC I MEN REVIEW

A summa ry of the various candida te tes t specime n geometries already in exist -
ance vs. the evaluation c r i te r ia  is given in Table 2. From this review , the tes t

• specimens deemed best suited for the successful accomplishment of this program are:

o Th i ck Adherend Lap Joint - Shea r

o Bu tt Joint - Tension

o Scarf Joint - Comb i ned tension p lus shea r

These results are subject to the constraints that:

o Only the use of meta l adherends was considered in this review .

o Bulk adhesive specimens were excluded from serious consideration

as the “candida te test specimens ” as they are not representative
of a “real s t ructural app lica t ion” environmen t. Their use is

si gnifican t in understanding and discerning the importance of

the diffe rent interface effects evident with bulk (e.g. interac-

tion with oxide layer on the adherend surface) vs. constra i ned

specimens (e.g. the chem i ca l plus res i dua l mechanica l constraints

imposed on the adhes ive by the adherend during cure) . Such infor-
mation is necessary to accurately characterize a bonded structure ’s
response in a real is t ic  environment.

In arr iv ing at the selection of the candidate test specimens , a survey
questionnaire was mailed to selected Individuals (a 15) in industrial and

governmental positions. These gentlemen were asked to respond to the ques-
tionnaire based on their working knowledge of the candidate specimens. This

informa tion was most va l uable in arriving at final selection of the test

specimens. The results of the survey are summarized in Table 3. The
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TABLE 2, SUMMARY OF ADHES I

~~~~~~~~~~~ ECI ME
THICK BUTT SCARF NAPKIN-RING

EVALUAT ION AOIi~R~N O JOINT JO INT Sing le or Hul~~ip Ie
CRI TE R I A  Adhesive Layers

Load Mode* II I, II 1,11 I , II
Cont rollable

Specime n Can Provide Yes Yes Yes Yes
Quantat ve Results

Representative of Real
Struct. A p oli c. (Refl ects 

Phys !cal } Yes
Phys.. Chem., 1-lech ., Rc-s- Yes Yes Yes Che m i cal

ponse of Adhes . Between Mechanlcal-Quest ,on-

Ad herends for Load - Environ .) 
able may be geometry
effect

Specimen Introduces Biaxial
or Tria xi a l Stress State Yes
In Adhesive Can Prov ,de a Near Yes Yes

Tr iax ial S tress
State

Specime n** Anal ysis
Perfo rmed E (‘P E,P (-Incomp le te

Adhes ive T h i ckness
I. Con trol Easy Easy Modes tly Di f f i c ult Di f f i c u lt

2. Can measu re i n several Yes Yes Yes On ly on Out side
location s

Specime n Fabrication

I. Ease of M ul ti . Specime n 
Easy Easy Modes tly Difficult Difficult

2. Rela tIve Cos t Low Yes Modestl y Expensive High

Ease of M D I Inspec tab ili ty Easy 
Modestly Difficult Modestl y Difficult Modestly Difficult
Angula r Scan Re- Angular Scan Re- Reduced Access to
quired quire d Bond From Inside

• Spec. Can Be Used With
Brittle and Ductile Yes Yes Yes Yes
Adhes i ves

7, 22, 72, 76, 77, 78 7 18 28 53 54
Rsfer.nc.s 35.45. 55. 71. 72. 82, 87, 126 , 143 , 150 , 1, 23, 72, 78. 82, 

~ 74 8;. 88, 94,
151 , 160, 166, 168, 102, 103, 174 164, 167, 174

_____________________________ ______________________ 
174 

______________________ _____________________

* Tinsl on — I ** £ Elastic
Shiar — II V • V is coe la s ti c

P • Pho toslastlc

~~~~~~~~~~~~~~~~~~~~~
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TABLE 2. SUMMARY OF ADHESIVE TEST SPECIME N EVALUATION

— 
~~~~1 -

~~~

N BALANCED SINGLE BULK-DOG BONE I BULK ThIN

Si l u l t i p le DOUBLE LAP LAP OR STRIP BIAXI AL WALLED TUBE
Adhesive La yers

I I  — Thick Adherends None I I , II
1 , 11 1 . I I

_ _  _ __ _  _ _-•

Yes-Thick Adh erend YesYes Yes Mode II onl y Of Li mited Value Yes Yes

—

Physical k No No
Chemical ~ 

es 
Adhes ive-Adherend Adhes ive-Adherend AdYes Mecha nica l-Question- Yes Yes In terface Effec t Int erface Eff ec t I~ible may be geometry Absen t Absent M

effect -

Ir Yes Yes Yes Yes No Yes

E ,V E ,V ,P — Biaxial S tr ip
(—Inco mplete E ,V Adherends can fa i l  or E - Dog Bone E , V• exceed yield

Modes tly Difficult Difficult 
Modes tly Diffic ult Easy Modestl y Diffic ult Difficult

• Yes Onl y on Ou tside 
Yes Yes Yes Yes

S tri p B i a xi a l—d i ff i—
• Modestly D i fficult Difficult Modestl y Diffic ult Easy cult Difficul t

Modes tly Expensive High Modestl y Expensive Dog Bone - Easy 
HI~~ 

N
Low - Dog Bone

___________________ ___________________ ___________________ ___________________ 
High - Str i p 

____________________

It Modestly D ifficult Modestly Difficu lt Modes t ly Di f f i c u lt
Ang ular Scan Re— Reduced Access to Easy Easy Easy
quired Bond From I nside Defec t In Bond ll ne

Separabili ty Problem

Yes Yes Yes Bri ttle—Gri p P roblem Brit tle-Gri p P roblem Br

18 7, 18, 28, 53, 54, 
7 18 23 72 

7, 23, 72, 88, 100, 77, 82, 163 77, 82, 163
150, 7, 23, 72 , 78, 82, 70, 74 , 83, 88, 94, ‘ ‘ ‘ 143, 152 — 15 1 *, 156-

102, 103, 174 164, 167, 171* 159, 16% , 162, 165,

___________________ ___________________ - 
174 

____________________ ____________________
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BULK DOG BONE BULK ThIN BULK TUBULA R
OR STRIP BIAXIAL I WALLED TUBE SOLID ROD LAP

JOINT

I I, II $ It II

Yes Yes Yes Yes

No No No
Adhesive-Adherend Adhes i ve-Adher end Adhesive-AdP ,ereñd
In terface Effect Interface Effect Interface Effect Yes
Absen t Absent Absent

No Y*s No Yes

E ,V ,P — Biaxial Stri p

1 or E — Dog Bone E , V £ E,V

Modes tl y Diffic ult Difficult Difficult Modestl y
Yes I Yes Yes Diff i cul t

______________  ______________  ______________  No

Strip Blaxla l— d i ffi — Modestly
cul t Diff ic It Modes tl y Diffic ult Difficul t

Dog Bone - Easy Modes t ly Expens i ve Modes t !y
Law - Dog Bone High Expensive
High - Stri p 

___________________ ___________________ __________

tasy Easy Easy

Bri ttle—Gri p Proble m Br i tt le-Gr Ip P roblem Brit tle-Gri p Problem Yes

77, 82, 163 77, 82, 163 72. 82, 163 78, 173,
174
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spec imens are eva l uated with respect to six criteria on a 1 through 5 basIs ,

accordin g to their ability to satisfy a particular i tem , wi th I representing

the easiest or least expensive specimen to use.

The s t rengths and weaknesses of the var i ous tes t speci mens , as detailed in
Tab le 2 , make the selection of the test spec i mens to be used throughou t the re-

ma i nder of the test program obv i ous. A summary of selected pertinent information

gathered during the performance of this task wil l  now be presented.

3.4.1 Th ick Adherend Symmetric Lap Join t

Renton and Vinson 35’55 conducted an ana lytica l and experimenta l program on
Jo ints. A segment of the program i nvolved a systematic analytica l and experi- bonded

menta l effort to obtain effective adhesive properties in tension and shear be-

tween meta l and compos i te material adherends. A closed form analytica l mode l

was developed to analyze the thick adherend symetric lap joint specimen , Fi gure
7, wh i ch was used to obtain adhesive shear properties. From this ana l ysis , the

i nfluence of adherend mater i al properties and geome t ry and the lmpor tance of pro-

per loca tion of the measurement device on the specimen were ascertained. The

conventiona l butt joint was used to obtain adhes i ve tensile properties . Overall ,
the resul ts looked qui te realistic with Poisson ’s ratio for EA951 adhesive in

the .425 to .472 range.

Fraz ier et al 71 conducted an extensive development program on the generation

of mechanica l property data for adhesives joined between meta l and compos i te

adherends. They also investiga ted the influence of various surface preparation

methods on the adhes i ves mechan i ca l response, while seeking to develop or improve

adhes i ve durab ility testing methodology . They used the thick adherend lap shear

• specimen shown in Fi gure 7. Althoug h they didn ’t account for the influence of

4 shear stress distribution in the shear property determinatIon s, their efforts

contrIbuted si gnificantl y to the understanding of joint behavior. The cost of

specime n fabrIcatIon and testing was quite reasonable.

FIGURE 7. THICK ADHEREND SPECIMEN
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Marceau and Scard l no72 conducted an extensive eva l uation , based on specific

criteria , on the adequacy of certain tests to determine adhes i ve durabi lity under
stress and adverse environments. They compiled an extensive test reference list
and a s ummary of advantages and dIsadvantages of specific test techniques. TheIr
object ive was to ascertain wh ich test methods , for a reasonable cos t , could be
used to eva l uate the stress durability of adhes i ve bonded structures subjected

to cyclic or steady state loads in various environments. They looked at a mini-

mum of eighteen distinct test methods . Their eva l uation criter ia were:

o The test specimens must relate to real structural loading modes

o Mode I loading must be controllable

o Mode II loading mus t be controllable

o The tes t method must y ield quan titative results and not be subjective

o Fabrica tion of specimens must be reasonable in that the specimens

ar e rela t ive ly simpl e, do not require unusuall y close dimensiona l
tolerances and fabrication costs are reasonable for programs

i nvolv i ng large numbers of test specimens .

Of the three spec i mens selected , two were for fracture toughness studies and do

not concern us. The third specimen was the th i ck adherend lap shear specimen .

A similar th i ck adherend lap joint test specimen to obtain adhesive shear

properties has also been advocated by Kre l ger73 for aluminum adherends. The

spec imen i s presen t ly being used on the PABST Prog ram and by severa l aerospace

companies. However , the influence of optimum specimen geometry Is neglected.

The posit ioning of the deformation measurement device away from the adhesive-

adherend -in terface further clouds the accuracy of the adhesive properties obtained.

3.4.2 Butt Joints

Numerous a ttemp ts to ana lyze the butt joint have been made by Norris~
4

- 77 7,76,78,79,83,88 . -and Lindsey among others . Norris assumed th~ adhesive was

i sotrop i c and predicted the joint ’s failure based on Von M ise ’s failur e cri-

terion . He then tested both tubular butt joints and bulk adhes i ve specimens.

He determined that a meanin gful difference exis ted between bulk vs. constrained

tension modu ll of the adhesive systems tested. He suggested cha racterizing an

adhesiv e in a butt joint in an orthotropic manner.
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The butt joint (poker chip) specimen illus trated In FIgure 8, has been

rIgorously analyzed by elast ic methods by Lindsey , et a177 and Messner 171 and

photoelastlcally by Dixon172 and verified by finIte element anal ysis. A t n-
axIal stress field Is approx imated in the center of the specimen when bending

of the rigId adherends Is negligible , the ratio of the disc diameter to thickness
of the adhes i ve Is greater than ten and the PoIsson ’s ratio of the adhes i ve Is

approxImatel y .50. The effect of lower PoIsson ’s ratios on the stress distribu-

tion is also discussed.

FIGURE 8. POKER CHIP SPECIMEN

Overall , the potential pro5iems in using this specimen are adhesive thickness

control , accurate adhes ive deformation measurement of the bondl Ine under load,

and the significance of eccentric load and adherend geometr~. (I.e., rectangu-

lar vs. circular cross section) effects on the adhesive stress distribution .

The cost is modest.

3.4.3 Scarf Joint Specimen

The scarf joint (Figure 9) specImen offers the advantages of a control—

able tension and shea r load ing mode. This control is ach ieved by the angle of
the scarf across the adherend ’s surface to be bonded. Ana l ytica l studies by

Lackman)03 Lubk ln ,102 and photoelastlc studies by McCIaren lO4 have shown that
the stress In the middle plane of the specimen Is triaxial with a superimposed

shear stress. These specimens can pose bond line thickness contro l and alI gn-

ment difficulties ; this Is more severe with composi te mater Ials.71 ’72 However,

it ’s projected problems appear less risky and the specimen Is less costly than

the alternate selection , name ly the napkin—ring specimen.
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3.4 .4 Napk i n-RIng Specimen

Many of the Instrumented adhes i ve characterization tests done, to date,

used the napk i n—ring specimen, (Figure 10). One of its princip le attributes

‘ I  
_

_ _ _ _ _ _ _  

_

FIGURE 9, SCARF JO I NT

ADHESIVE BOND LINE

~~~~~~~~~~~~~~~~~~~~~APK IN RING S PEC I~ EN

FIGURE 10. NAPKIN - RING TEST SPECIMEN
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is that it can be used to dete rmine the stress-strain response of an adhes i ve

material in shear , tension , or a combination thereof. An accurate analysIs of

the stress (strain) distribution in the adhes i ve of this specimen Is not pre-

sently in the open literature . It is known to be biaxial or triaxial.

The best effort put forth to measure the adhesive properties in situ

be tween metall i c adherends , using this spec i men , has been the work of Hughes ,

Rutherford and Shen.
2 ,53,70 Believing that constra i ned films In genera l exh i-

bi t a g rea ter modulus than do bulk adhes i ves , the properties of several adhesive

systems adhering to aluminum and titanium adherends were studied. Using an air—

gap capaci tance ex tensome ter w it h a resol ut ion of 1 x l0~~ inches a ttached to
a napkin-ring type specimen , they determined for the adhes i ves Epon 9601 , Epon
828/V40, EC2214 and Metlbond 329 that:

o The effective tensile modulus increased as the adhes i ve thickness

of the bondline decreased , decreased as temperature increased , and
showed no appreciable difference for tension vs. compression loads.

o The effective tensile modulus decreased in value as permanent strain

set in , was less when held by aluminum vs. stainless steel adherends ,

and increased wi th strain rate for viscoelastic materials.

o The effective shear modulus decreased as temperature increased and

permanen t strain set into the adhes i ve, increased as the s train
ra te increas ed, and was independen t of adhesive thickness between

.004” and .040”.

o In a comb i ned tension and shear type of loading, the elas tic limit

increased as the test temperature decreased.

o Upon repeated load i ng-un l oading, severa l of the epoxies exhIbited

work hardening, chang ing their ma terial property va l ues at hIgh

-t stress levels , while remembering the stress from wh i ch they were

unloaded.

o For the adhes i ves tested , they determIned that the elastic limit

was lower and the viscoelast lc flow hi gher for shear vs. tensIon

loading.
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o RaIsing the test temperature and reducing the strain rate produced

similar effects (i.e. the modul l were softer).

o Poor bond i ng procedures and out-of-date adhesives proved to be the

most damag I ng to material property val ues.

In genera l , their data exhibited scatter of as much as 7O~ while the Pols-

slon ’s ratio va l ues were seemingly low, being in the .26 to .38 range .

Ove rall , their work emphasizes the complex i ty and hi gh cost associated with

obtaining reliable adhesive p roperty data In this manner. Variables included

cure condition , joint thIckness , test temperature and humidity , pre—strain ,

strain rate , stress leve l , time between loads , time at load and adherend modulus.

Using a napkin-ring specimen in shear and a thin—walled cy lindrical butt
joint in tension , Zabora et al 54 developed test techniques to determ i ne adhesive

properties in shear and tension . Results are presented for low , intermediate

and high modulus adhesives. The overall prog ram suffered from several problems

a s re la ted  to the proposed prog ram herein:

o The cos t of specimen preparation , test set up and data measurement
was qui te hi gh.

o Fabrica tion variables were not accounted for in the study and the

adhere nd spec imens were reused. This leave s unanswered the ques-
tion of what effect these ur .controllables had on the data output

and its associated scatter.

o The test procedure was somewhat complex, being susceptible to mecha-

nica l linkage and specimen eccentricity errors.

o A comparison of shear and tensile modu li test results for the same

adhesive resulted in the Poisson ’s ratio being larger than + .50 ,
wh i ch is i mpossible.

Lin and Bell ,93 Kuenzi and stevens ,8~ Lehman
18 and others have also made

use of the napkin—ring spec imen in various adhesive characterIzation efforts.
Overall , the napkin—ring specimen Is shown to be adaptable to a controlled
tens ion p lus shear loading wi th  use of rather elaborate gadgetry . However ,
bondline th i ckness contro l , NDI Inspection prob l ems, high fabrication and

testing costs , and load linkage errors are detriments to us ing this test
spec i men on a hi gh vol ume basis.
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3.4.5 Balanced Double Lap Joint Specimen

In princi p le , the balanced double lap joint could be used In a shear mode

with modestly thick adherends. Increased fabrication , NDI Inspection and cost

prob l ems would be associated with such a desi gn. The selection of the joint ’s

geometry would be extremely i mportant in obtaining a somewhat un I form shear

stress condition .

3.4.6 Other Test Specimens

Severa l other test specimens to characterIze the structura l response of

adhesives are available. The insufficiencies of us i ng block shea r (ASTM—D905) ,

cross—la p tension , and glu eline cleavage methods are enumerated by Stanger and

Bloomquist.
81 The single lap joint Is exc luded by it ’s inabi l i ty to have separ-

able and controllable loading modes in tension and shear.

3.11.7 Summary - T e s t  S pec imen Selection

The th i ck adherend , butt and scarf joint test specimens were selected as

the author believes , based on an extended lite rature search and commun i cations

wi th knowledgab l e individuals in the fIeld , that the specimens are most able

to fully meet the eva l uation criteria set forth . The prima ry advantages of

the specimen s selected are :

o Their load mode is controllab le

o Specimen fabrication is relatively easy

-.. They experience the stress states that are experienced by

ioints in structural app lications

o They produce quantitative results

o Their cost is minima l

3.5 TEST METHODOLOGY EVALUAT I ON

The specifics of a proper test procedure by wh i ch one obtaIns accurate data

must next be ascertained. The procedure must be formulated In accordance with

the type of test being run (e.g. shear, tension , fatigue , creep etc.), and

account for specimen fabrication , environmen tal condItioning, measurement of
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adhes i ve bondl Inc th i ckness and deformation , ease of test performance , repeat-

abIlity expected us i ng a particular test procedure , data reduction , failure sur-

face exam i nation , error analysis and overall cost. Within this segment of the

prog ram such top i cs were considered with regards to defini ng potential test

methodology prob l em areas to be resolved In Task III.

3.5.1 SpecIme n Fabrication

The importance attached to fabrication of test specimems is tha t the proce-
du re, when completed , should produce adhesive bonds of un i form quality , of pre-

dictable adhesive th i ckness within specific limits , and for a minimum cost. In

addition , the fabrication procedure should yield reproducible results and be

relatively easy to accomp lish.

Based on the results of Task I it was determ i ned to be desirable to ascer-
tain the peak stresses in the adhes i ve to within ± 2.5 % . To obtain this goal ,
the bond line thickness mus t be accurately controlled during fabrication , be of
un iform thickness and be measured to within ± 2.5% of it ’s true va l ue. There-
fore , the adherend ’s surface prepa ration , specimen fabrication and associated

bondline thickness control , and bondl ine thickness measurement should encompass
the following attributes.

o The surface preparation should yield un i form , reproducible adherend

3urfaces of prescribed surface roughness.

o The fabrication procedure should provide good , void free bonds , of

predictable adhes i ve thickness , over a prescribed adhes i ve th i ckness

range.

o A means to measure the adhesive th i ckness (gage length) to within

~~~ 

± .00010 inches .

3.5.1 .1 Adhes ive Bondline Unif ormity

It has been repeatedly demonstrated that adhes i ve properties va ry with adhe-
138

sive th i ckness. Cuthrell has shown an adhesive property gradient to exist

from the interface into the center of the adhesive thickness. Bulk properties

were approached in the center of the joint. Rutherford , et al ,53 among others ,
also determined that the adhesive material properties were a function of th i ck—

ness.

To ob ta i n un i form s t ra i n in the adhesive , a uniform bondline th i ckness
( i .e. ,  gage length) is necessary. This criterion requires an accurate and
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reproducible method for holding the specimen ’s surfaces that are to be bonded

parallel to one another. It also necessitates that if adherend surfaces are to

be bonded together the i r surface roughness in clud i ng the ox i de layer mus t be
within prescribed limits. This would minimize the variation observed In bond—

l ine th i ckness when adherends with an ill controlled surface finish are bonded

together and minimize gage length and associated adhesive property determ i nation

errors.

Assume two metal surfaces are to be bonded together by a 4 mil bond line

between cen terl ines . Their surfaces are prepa red , inr.luding the ox ide layer ,
to an average roughness height of ± 63 x l0 6 inches. The maximum peak-to-

vall ey he ight between centerlines is then ± 63 x i0 6 i nches. The surfac es are
uriprimed.

The error in gage length determination and in adhesive mechan i cal property
determination is:

Gage Leng th = .004 ± .000252 i nches

.004252 - .004000Gage Length Erro r = _________________ = 6 .3%

Therefore , cons istent and reproducible specimen machining and chem i cal surface

prepa ration procedures must be instituted to maintain the adhesive thickness

• (i.e., gage length) error within a specified tolerance.

3,5.1.2 Fabrication Procedure Vs, Adhesive Th i ckness Control

A lack of bondl ine un i form i ty can also introduce an error of similar magn i-

tude to tha t shown i n the prev ious examp le. Nominal adhes ive thickness control

is a direct function of the fabrication procedure employed during cure of the

adhesive .

For a general solution to bondline th i ckness contro l , precision tool i ng

offers the best hope. Such a fixture can guarantee specimen alignment. Tools
used for bond ing should be designed to minimize the therma l expansion between
the parts and the tool . The e lements of the tooling mus t not cause bridg ing
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or any Interference wh i ch would prevent proper transmission of pressure to the

bond areas. A typ Ica l bonding fixture is seen in ASTM Specifications D2094 and
E229. In the latter instance , a precision screw is used to maintain thickness

of the bondline

3.5.2 Bondline Thickness Measurement

Once a spec i men has been fabricated , various adhesive (bondline) thickness

measur ement techn iq ues can be emp loyed. These include d i rec t observa ti on of
the specimen with the use of a microscope , the use of a Vernier with the estab-

lishment of reference marks on the specimen , or the use of precision gage blocks

and a high resolution Vernier to measure the relative distance between two

points on the adherends before and after curing. Often times , the lack of a
sharp contras t between the adhes i ve and the interface may necessitate using the

latter means. Throughout this program an optica l measurement system was found

to be more than adequate.

3.5.3 t~.on-Destructive Inspection-Thick Metal Adherend—Adhesive Joints

Once a bonded specimen is fabricated , assurance that the bonded ar ea i s
free of voids , air bubbles and associated imperfections is of paramount impor-

tance. Failure to attain a near defect free bond will result in poor bond

strengths and unreliable adhesive characterization data. The test results will

possess si gnificant scatter. Therefore , accurate , sensitive inspection of

adhes i ve bond lines for these defects when located beneath thick metallic adhe—

rends is a must.

Based on eva lua ti on of the app licab ility of severa l cand i date techniques

to tliick—adherend joints , two ND I techniques , neut ron radiog raphy and ul t rasonics
are recommended for inspecting the adhes ive bondline in the specimens used in
this study . Recomeñdation of these NDI techniques for the specimens of this

study results from labo ratory experience at Vought Corporation and a consensus

of NDT perso nnel polled from within and outside the Vought Corporation . Con-

sidera ti on was g iven to factors such as ease of data interpretation and avail—

ab i l i ty  of the techniques to the avera ge fabr i ca tor of bonded s t ruc tures , in

add ition to its basic ability to detect bondl ine flaws . This comparison is

summarized in Table 4, wh ich ranks the techni ques i n the order 1 through 6 accord-

ing to their capability or des i rability, with 1 representing greatest des i rability.
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Column 1 ranks the flaw detection sensitivity, or the minimum size (typi-

cally measured by the diameter) adhesive void detectable by the method in a

thick adherend specimen .

Co lumn 2 ranks the degree of Independence of the method ’s f law detection
capabil i ty wi th respect to variations In the adherend-bondline geometry , e.g.,
th ick adherend , scarf , and butt joints.

Column 3 ranks the techni ques ability to define the nature of the flaw ,

i.e., whether the flaw Is a void , an inclus i on, an unbond or an adherend/
bondline separa tion .

Column 4 ranks the ease of interpretation of the inspection data for the
specimens in ques t ion , for ave rage NDI personnel. This takes into account

factors such as ambiguity arising from scatter effects , multi p le reflections ,

geome tr ic complexi ty, etc. This ranking is an indication of the extent of

add itiona l training wh i ch would be required of Nfl personnel to utilize the

res u lts of the techn i que.

Column 5 ranks the availability of or accessibility to the technique , for
the average potential fabricator of adhesive ly bonded structures . This rank-
ing considers factors such as cos t , comp lex ity or sophistication leve l of the
required apparatus or facility , availability of properl y t ra i ned users of the
technique , etc.

Of the two more sophis ti ca ted techn iques , neut ron rad i og raphy and ul tra-

son i c holograph y , neutron rad i og raphy was chosen as the recommended techni que ,

for sev eral reasons : The image is more eas i ly inter p re ted as to the p resence
of and the na ture of f laws , The sensi tivity is believed better for imag ing

adhes ive voids than is ultrasonic holog raphy.

3.5.4 Env i ronmental Considerations

Env i ronment is hereby defined to be the interrelated pa rameters of tempera-

ture and moisture . The effects of moisture on the response of adhes i ves in bulk

or in bonded structures has received little attention until recently. The funda-

mental mechanisms of moisture penetration are only now beginning to be understood .

Kinlock and Gl edhil l 107 109 among others , have determined tha t the p r i ma ry
mechanism by wh i ch water migrates into the bond line is by di f fusion of wa ter
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through the epoxy interface and surface cracks , disp lacing the adhesive at the

interface . Moreover , as oxidation forms on the interface , the mode of fai lure
is changed from cohesive to adhesive. Capillary action is generally though t to

be a secondary mode of moisture penetration . Temperature in turn , acts as an

accelerator  by reducing the time it takes to reach moisture equilibrium in a

bonded joint.

The adverse effect of moisture absorption in an adhesive joint is that the
adhes ive expands in a purely di latat ional manner . This introduces swelling

stresses and lowers the glass transition temperature of the adhesive . As a re-

sul t, the adhesive loses its structura l integrity at a temperature i t was

thought to be able to survive . Serious degradation of its properties may re-

sui t.

Ini tial moisture distribution at equilibrium in an adhesive bond line is

though t to be highly nonun i form. The peak moisture content occurs near the

joint edges , whil e the center part is saturated to a si gnif i cantl y less degree.

The cross-sectiona l distribution is parabolic. As time at equilibrium continues ,

the mi gration of moisture i nwards results in a more un i form moisture distribution .

In genera l, temperature levels above ambient have been shown to be detri-
mental to the performance of adhesive joints. Kuenzi~~

° and Frazier , et al 7t

among others have substantiated this. Eickner , et al ,
11 

wh ile supporting

Kuenz i ’ s observa tion based on tests of fourteen different adhesives , is one of
severa l to verify that sub-zero temperatures are not nearly as detrimental as

• eleva ted ones. Th is may not be the case for hi gh temperature cure adhesives.

• 3.5.5 Considerations For A Successful Environmental Test

Wi th the knowledge that time , temperature and moisture Interact to have a

potentially profound effect on adhes i ve properties , the components necessary for

a successful and meaningful environmen tal test are al l  important. They are:

o ENV I RONMENTAL TEST CHAMBER - It must maintain prescribed environmenta l

requirements for given time periods within specific constraints.

o TEMPERATURE-RELAT I VE HUMIDITY MEASUREMENT DEVICES - They should be

able to record temperature and relative humidi ty within prescribed

limi ts.
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o SPEC IMEN CONDITION ING — The time necessary for a test specimen to

reach environmental equilibrium for a given set of environmenta l

conditIons should be specified.

o PHYS ICAL TESTING - Proper test procedures to follow should be for-

mulated so as to insure that env i ronmenta l equilibrium effects will

be reflected in the mechanica l property test results.

o DATA REDUCT I ON - Proper , un i versal means to report test results , for
a specif ic set of env i ronmenta l and load tes t condi ti ons should be
specified.

3.5.5.1 Env i ronmenta l Test Chambe r

Environ menta l condition i ng will be defined for this program , as the exposure
of a test speci men of a predetermined mater ial , to the influence of a prescribed

environmen t for a sti pulated time period or until equilibrium has been atta i ned.

Th roughout this program , where practicable , environmental equ i l i brium was attained
so that a fair and equable comparison of material test results was possible.

• Environmental (temperature and rela tive humidity) chambers should be de-

si gned to maintain the working space within specific limits of temperature and

relative hum idity . Good air distribution is the essential factor in obtaining

close contro l of environmenta l conditions. This necessitates that the air out-

lets mus t be positioned such that conditioned air reaches all parts of the work-

ing space In sufficien t quantity . Another important factor In contro l of the

environmen t, is the positioning and design of the contro l elements. They must

rece i ve a representative samp l e of conditioned air and any change must be

adjusted for as quickly and as uniforml y as possibl e. The saw-tooth effect,

• whereby, the parameter be i ng controlled is cycled between two specific limits of

an on—off sensing circuit should be held to a minimum. This drift of temperature

can cause a more severe variation in the relatIve humidity (Table 5).

An alternate means of controlling relative humidity at prescribed levels

for a specific temperature is the use of saturated salt or acid solutions.

Such a slush provides a stable relative humidity environment if accurate tempe-

rature contro l is possible. Its cost to maintain is minima l , bu t puri ty of the
sal t and water wh i ch form the slush are important if specific relative humidi-

ties are to be attained. It ’s use in hygrotherma l testing should be g iven
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TABLE

EXPANDED SCALE RELATIVE HUMIDITY TABLE
WET BULB DEPRESSION vs. DRY BULB TEMPERATURE

This table faci litates the determination of ex act relative humidity va lues when a dif f eren ti a l  iccorder or any Otf ic i
measuring device is used that is capable of measuring depress ion to .1~F. Expanded tan~c covers a masimum of
4 F .  depression in .1’F. increments. This is the area of greatest interest in relation to current military specifica-
tions,

DRY BULB TEMPERATURE — °F. 
—

111.81 82 10 87 83 (o SS OS lo (03 *04 1, ((3 (14 to (27 121*, 141 142 to (IS (so I, III 112 1, (71 ( 72  1, 200

% RELATIVE HUMIDITY
0.0 1000 100 0 100 0 100 0 100 0 100.0 100.0 1000 1000 1000 100 3 00

1 c)9 6 996 99.6 99.6 997 99.7 997 997 99.8 998 99 8 .1
.2 9 1.2 99.2 99.2 99 2 ~~ .4 99A 99 4 99 4 99 6 99 6 99.6 .2
.3 92 71 988 99 4 98.8 99.1 99. 1 99 1 99.1 99 4 994 99 4 3
,4 93 4 9 4 98 4 98.4 03.8 988 98.8 988 99 2 99 2 99 2 .4
.5 980 973 0 9S0 980 985 985 98.5 985 990 990 990 .5
.6 97.6 97.6 91.6 97. 6 98.2 98. 2 98.2 982 98.8 988 973 8  .6
.7 97.2 97.2 97.2 97 .2 97 .9 97.9 97.9 97.9 98.6 986 986 .7
.8 968 968 968 96.8 97.6 97.6 97.6 97 .6 984 984 984 . 8
.9 96.4 96.4 96.4 96.4 97.3 97.3 97.3 97.3 98 2 98 2 98 2 .9

1.0 96.0 960 96.0 96.0 97.0 97.0 97.0 97.0 980 980 980 1.0

.1 95.5 95.6 95i. 95.7 96.6 96.7 96.7 968 97. 7 9 7 7  97 .8 . 1

.2 ~~~ ‘ 0 95 2 95.2 95.4 96.2 96.4 06.4 96.6 97 4 97 4 97 6 .2

.3 91.5 94.8 94.8 95 1 958  96.1 96.1 964  97 1 91. 1 97 4 .3

.4 94 0 94 4 94.4 94 8 95.4 958 958 96 2 968 96 . 8 97 7 .4

.5 93 5 94 0 94.0 94 5 95.0 95 5 95.5 960 96 5 96 5 97.0 .5

.6 93.0 93.6 93.6 94.2 94.6 95 2 95.2 958 96.2 962 968 .6

.7 92 5 93 .2 93 2 939 94 .2 94.9 94.9 956  950  959  966 .7

.8 92.0 92.8 92.8 93.6 93.6 94.6 94.6 95 4 956 956 96 4 .8

.9 91 .5 92.4 92.4 93 3 93.4 94.3 94.3 952 953 953 96 2 .9
2.0 91.0 92.0 92.0 93.0 93.0 94.0 94.0 95.0 950 95.0 96.0 20

.1 90.6 91.6 91.7 92.6 92.7 93.7 93 7 94.7 94.7 94 8 958 .1

.2 90.2 91.2 91.4 92.2 92.4 93.4 93.4 94.4 94.4 94 6 956 .2
3 89.8 90.8 91.1 91.8 92.1 93. 1 93.1 94. 1 94.1 94.4 95.1 .3
.4 89 4 904 90.8 91.4 91.8 92.8 92.8 93.8 93 8 94.2 95.2 .4
.5 8~’6 900 905 91.0 91.5 92.5 92.5 93.5 93.5 940 950 5
.6 $~;6 89.6 90.2 90.6 91.2 92.2 92.2 93.2 932  93. 8 918 .6
.7 ~~ 2 89.2 89.9 90.2 909 91.9 91.9 92.9 92.9 93.6 94.6 .1
.8 87.8 888 89.6 89.8 90.6 91.6 91.6 926 9~~6 934 94.4 .8
.9 87.4 88.4 89.3 89.4 90.3 91.3 91.3 92.3 92.3 93.2 91 2 .9

3.0 87.0 880 89.0 89.0 90.0 91.0 91.0 92.0 92.0 93.0 940 3.0

.1 86.6 87.6 88.6 88.7 89.7 90.7 90.8 91.8 91.8 92.8 93.8 .1

~~ .2 86.2 87.2 88.2 88.4 89.4 90.4 90.6 91.6 91.6 926 93.6 .2
.3 85.8 86.8 87.8 88.1 89.1 90.1 90.4 91.4 91.4 92.4 93.4 .3
.4 854 86.4 87.4 87.8 88.8 89.8 90.2 91.2 912 92.2 93.2 .4
.5 851’ 860 87.0 87.5 88.5 89.5 90.0 91.0 91.0 92.0 930 .5
.6 84 6 85.6 86.6 87.2 88.2 89.2 89.8 90.8 90.8 91 8 92.8 .6
.7 842 85 2 86.2 86.9 87.9 88.9 89.6 90.6 906 91 6 92 6 .7
.8 83.8 84.8 85.8 86.6 87.6 886 89.4 90.4 904 91.4 924 .8
.9 83 .4 844 85.4 86.3 87.3 88.3 89.2 90.2 902 91.2 92.2 .9

4.0 83.0 84.0 85.0 86.0 87.0 88.0 89.0 90.0 90.0 91.0 92.0 4.0

*Reference 186
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serious cons ideration . Howeve r , prob l ems relating to the breakdown of the salts

for extended tes t periods and their deposition of corros i ve deposits on the test

specimens should be resolved. Relat ive humidity con t ro l in the (1-2%) range
should be expected. The sa l t  slush is mainta i ned in a dessicator wh i ch can be

main ta i ned at a constant temperature by insertion into a labora tory oven.

• 3.5.5.2 Specimen Cond ition i ng

Equilibr ium Relative Humidity , i .e., the relative humidity of the air at

wh i ch the specimen moisture is in balance with that of the air so that the

spec i men ne it her ga i ns nor loses mois ture , is what one wishes to attain prior

to the ini t ia t ion of mechanical property testing.

Moisture absorption tests to determine the moisture equilibrium weight

gain and the time to attain this weig h t gain have been performed for FM-73M and

FM—400 adhes i ves in bulk and bonded joint specimens. The bonded joint dimen-

sions of 1.0” wide x .36” l ong dup lica tes the dimensio ns of the th i ck adherend
test specimens and approximates that of our butt and scarf joint test spec i mens.

Our goal was to determine a moisture absorption vs. time curve Fi gure 11 ,
to ascertain the time required for the th i ck adherend , butt and scarf join t

specimens to attain moisture equilibrium for 75% and 95% relative humidity

env i ronment.

in a bonded joint , the mois tu re absorption process is a two di mens i ona l
diffusion prob l em. A one dimensional analytica l solution can be used to approx i-

mate the two dimens i ona l moisture absorption process for a bonded structure . in

this par ticular instance , the one dimensiona l approach has been exp loi ted and i s
guided by existing bulk adhesive test data .

Reduction of the bulk adhes ive data at 140°F enabled one to determine the
one-dimensiona l d i f fus iv i ty  coeff icient. For FM- 73M it was 6.05 x lO 6 in 2/hr ,
and for FM- 400 it equalled 6.96 x lO 6 in 2/hr. With this information and one-

dimens iona l diffus ion theory , one can estimate the time for a bonded specimen
of a given length and width to attain its 95% saturation leve l for a g iven
relative humidity l evel at 140°F. The adhes i ve ’s moisture equilibrium wei ght

gain for a particular relative humid ity l eve l , Independen t of temperature , can

be obtained from the bulk data for wh i ch moisture equilibrium at 75% and

95% Lii. was atta i ned . A sumary of 99% saturation wei ght gain for both adhe-

sives Is given in Tabl e 6 along wi th the source of the data .

43

- ‘
~~~~~ 

_v- ~~~~~~~~~ •~~~~~~~~~
- - 

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

•~~~~~~~— . k  ~~~~~~~~~~~~~~~~~ ~~~~~~~~~



.
~~

C Z
0

. ~~~ 4J .
‘-0

I— >.o~~— a .
0

> ~~ U
z .—
o (n ul L
— V e i l.’
I— .C V C
a.. ~~~1~~O< law
O In 0
in ~~ ‘4- i..

~ oa.o
-~~X L > . C

LU w 0 — 4 0 0
~~ ~~~~~~~~~~~~> 4 IOC ’ 1  40

I— 40 4 J~~~~ IJ~ 40 4.’
VS C (.. 4.’ 40

8) 45 .4..) (0 0
0 0

0’ %O
si •r-~ o V
~ .r -~~ ob 4.’

(5
— .

~~~4 J Q~~~~ —
In 4J C— ’.0

• LU (U .—  C’i C.)  4.’
Li.0 ~~~~ ~

— UI
0 = ~) (V( tâ.. < LU

-J

~~~~~~~~~ 
0 L 1 ( -  N.

U- <01- — -a- o.*0 — . .
z I.- , c..1 — —

>- — < U

z I-z
~~~~~~~~ 0 0 —

In a- U\ — (.‘I. •w c ~~E (‘rnl c’4 (o.~
~~crt to-

~0

LU — _-j
—

I-
0 • 0
—~~~~~ 0 u~ l.A

— I— O~i— a .  - -... ~~~.ox  ° 0 0
zw 0 0 0
ot-  -a- -a- -a-

41

— 

. 

‘x ’;” ‘
t,.~~~~~~~~:~~7 ’  ~~~~~~~~~~

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



F ____  

- - —
~~~~~~

- - - - -—-- - --
~~

-

Wi th the moisture equ i l ibr ium wei ght gain , the Vought test data for bonded
sandw iches (solid lines of curves in Figure ii)  and the time to attain 95%

of moisture equilibrium wei gh t known , the predicted moisture wei ght gain vs.

time curves (2-dimensiona l approx i mation) in Figure II could be determined

for the th i ck adherend specimens at 95% - 1 00% relative humidity .

The projected moisture absorption vs. time curves in Fi gure 1 1 for 75% rela-

tIve humidity makes use of the 99% saturation data in Table 6. Since the long

time bonded join t spec imen da ta are lack i ng, the moisture absorption vs. time

curves were est i mated such that the net cha nge in mois ture absor pti on as a percen t

of the known moisture equilibrium va l ue vs. time is identica l to that for the

95 - 100% R.H. data curves while the temperature rema i ned at 140°F.

These data were subsequently used in Tables 17, 18 , 22 , Vt, 25 to predict

the amount of moisture wei ght gain for thick adherend , butt (.30” x 1.0”) and
scarf joint specimens.

3.5.5.3 Physica l Testing

Once a test spec i men has attained temperature and moisture equilibrium , the

prope r means by wh i ch one carries out adhes i ve characterization tests must be

ascerta i ned. Long term tests (i.e., creep, fatigue) and elevated temperature/
rela tive humidity static tests should be run within the prescribed environment.

Room tempera ture s ta t ic tests , can be performed outside of a ..ontrolled environ-

men t.

3.5.6 Data Reduction

In the test report , all per tinent environmenta l data must be recorded that

will make the data useful in design of bonded structures. This should also eli-

minate the uncertainties wh i ch presently exist i n comparing adhesive test data

for sim ilar env i ronmental conditions. The specific informa tion required to

resolve the concerns over making valid data comparisons , based on the work of
independent i nvestigators , is defined in each adhesive test specification (Vol-

ume ii) .

3.6 SUMMARY-CURRENT TEST SPECIFICATION WEAKNESSES AND/OR I TEMS OF PARAMOUNT
IMPORTANCE FOR AN ACCURATE TEST METHODOLOGY

The major deficiency in adhesive characterization , is the arbitra ry test
and report procedures followed by the various investigators . Incomp lete info r-
mation on the tests is dissem i nated. This makes data results questionable and
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data comparisons i mpossible. This may be due in part to the lack of ASTM test

specifications in this area. Only a standard adhesive shear modulus test (E-22 9)
using a Napkin-ring test spec imen , presentl y exists for characterizing thin film

adhesives. Creep testing is defined but uses an unsatisfactory test specime n,
the single lap joint.

As a result of the rev iew conducted in this task , the items wh ich were
given serious consideration during the formulation of the adhesive test sped-

ficat’ons in Task III were.

3.6. 1 Test Specime n

o The effect of specime n geometry on the stress state (biaxial , un iform
etc.) was not specified . Opt imum specimen des ign cons idera t ions were
absent and were cons i dered.

3.6.2 Specimen Fabrication

o A fabr ication procedure for the three test spec i mens se l ected was in

need of development. It had to ensure bond line thickness control , pre-

ven t specime n eccentricities and avoid therma l coo l down prob l ems. Also ,

i t had to be verified by physica l tests that the fabrication procedure

employed resulted in a high quality bond .

3.6.3 Bond line Th i ckness Measurement

o For op t ica l measur ement methods , specify the surface pol ishin g

procedure to insure a good measurement is made and that the bond

is not degraded during the polishing procedure.

o Speci fy the adhesive th i ckness measurement device accuracy .

o Specify the number and location of the bondline thickness mea-

surements one should make to insure that bond iine uniform i ty is

main ta i ned.

3.6. 4 Environmental

o A test chambe r with a demonstra ted ability to maintain a un i form environ-

ment within a prescribed accuracy had to be specified. This may be an

oven wi th a saturated salt solution in a dessicator or an environmenta l

chamber.
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o The constraints wi th in wh ich the percent relative humidity should be
main tained at elevated temperatures and the measurement means to in-

sure this should be specif ied.

o A test procedure to ascertain when environmenta l equilibrium has been

attained should be specif ied. This should include the time to reach
equilibrium for a specif ic temperature and relative humidity .

o An analy t ica l technique wh ich can predic t the t ime for a speci men to
a t t a i n  mo i s ture equ i l i b r i u m , and the equilibrium content Is desirable.

3.6.5 Ease of Test Performance and Repeatability

o There must be deve l oped test procedures for the test specimens selected

that minimize the chance for inadvertent error.

o Specification of the number of specimens per set of test pa rameters to

gua ran tee be l ievability of data must be made.

3.6.6 Data Reduction

o A un i versa l reporting format to insure that data results by various

par ties are readily comparable must be specified.

o The equa ti ons required to reduce the test data for easy use in
ri gorous bonded joint analysis must be specified.

o Specification of how the test specimen was conditioned (i.e. time ,

tempera ture , rela tive humidity) and the accuracy within wh i ch the

environmenta l conditions were mainta i ned is critical.

o Whether the mechan i ca l testing was performed in the spec i men condition-

in g env i ronment must be reported . If not, the time elapsed from speci-
men remova l from the conditioning environment until the testing was com-

p leted should be reported as should the new environmental parameters.

3.6.7 FaIlure Surface Exam i nation

o The type of adhes ive fai lure observed - adhesive or cohes i ve should

be specif ied.

o Microscopic analysis of the adhes i ve failure surface may be desir-

able in specif ic Instances.
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3.6.8 Error Ana l ys i s

An appreciation for the magn i tude of the error incurred during the perform-

ante of the test should be ascerta i ned. The parameters of concern are:

o SpecImen geometry

o GrI p eccentricity

o DeformatIon measurement system linearity , sensitivity and Its loca-

tion wi th respect to the bondline.

o Bondline thickness eccentrIcIty.

o Load readout accuracy.

o Data Reduction Methodology Accuracy -

•
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SECTION IV

EVALUATION OF INSTRUMENTATION FOR BONDLINE DEFORMITY MEASUREMENT

The purpose of this evaluation is to determ i ne the instrumentation best

suited to measure adhes i ve deformation so as to obtain specific structura l

properties of adhesives to within a prescribed accuracy . The problem associat-

ed wi th the measurement of changes i n bondli ne d imens ions dur i ng loading is
rela ted to the small changes in bondline thickness usual l y encoun tered . For
examp le , in a tensi le tes t, 1% strain in a 5 m u bond line is 50 x 10

6

inches . Careful workers in the field 53 55 express the need for a minimum
-6 .accuracy in measurement of bondl ine dimensiona l changes of:1 x 10 i nches .

This accuracy must be maintained over a very wide temperature and humidity

range and for long periods of time . These conditions impose very strict

requi rements on the s tab i li ty of the s train sensor.

Stud y to date indicates that LVDT ’s, extensometers , Tuckerman gages ,

air-ga p capacity gages , and strain gages are the sensors most cormionly used .

For the present purpose , direct read i ng gages are not applicable since the

strai n his tory durin g load i ng must be recorded on an ana l og chart or digita l

printout.

The method of attachment of a sensor to the spec i men is also important.

For best accuracy and prec ision ,a gage should be attached so that it spans

onl y the bond line. A gage attached to a spec i men at an appreciable distance

on either side of the bondline must be corrected for strain in the adherend .

14.1 OVERALL ACCURACY REQUIREMENT

Resul ts of the sensitivity study performed in Task I resulted in the

peak normal stress be i ng the most sensitive adhes i ve design pa rameter.

An attempt to determine the peak norma l stress within + 2.5% was spiked

out as a des i rable goal. This in turn stipulates that the nondimensiona l

parameter = E
aL /(D~

) be determined to within an overall accuracy of

± 5%.
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Assum i ng a mean square error (MSE) analysis is app licable , the mean
square erro r is defined as MSE 2 

= E
1
2 

+ E
2
2 

+ E
3
2 

+ E4
2 

+ E
5
2 12

It is des i red that the MSE be < 5%.

Let:

E1 = the error in measuring the overlap leng th (L) magnified by the fourth

power.

E2
*= the error in measuring the adherend thickness (h) magnif ied by the

th ird power

the erro r in measuring the adherend ’s modulus (E).

= the error in measur i ng the adhes ive thickness (
~

)

E
5 

= the error in measuring the adhes i ve tensile modulus (Ea)~

The following assumptions were made in this anal ysis i n order to realistically

es t ima te E 5.
Parameter Typ ica l Measuremen t Probable
________ 

Val ue Accu~acy Error (%)

L .50011 + .001 + .80

h .100” + .0005 ÷ 1.5

E 10 x 106 
____ 

+2.0

n .0o41( + .00010 ÷ 2.5

• thus:

E
5 =/ 14SE2 — E

1
2 

- E
2
2 

— E
3
2 

- E4
2

E
5 

= ~/ ( .o5) 2 
- (.008)

2 
- (~QJ5)2 - (.02 ) 2 

- (.025)
2

E
5 

= ÷ 3.4%
Therefore , the tens ion modulus mu s t be meas u red to wi thin an accuracy of
+ 3 .4% , for a bondl ine thicknes s of .004 inches . For a .010 inch bondline

thickness , the overall accuracy of +5% can be atta i ned if the adhes i ve modulus

i s measu red to a + 4.2% accuracy.

= Eh3/(12 (l-v 2) )
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4 .2 ADHESIVE DEFORMATION MEASUREMENT ACCURACY REQUIREMENT

The adhesive tension modul us (Ea
) and shear modulus (G

a
) are obtained

from an equation of the form :

Ea
(G
a
) = 13

where :

P = the applied load (lb).

A = the cross-sectiona l area normal to the app l ied load for tensio n

and the surface area of the adhesive parallel to the app lied load

for shear (in
2) .

= the adhesive thickness (in).

= the adhes i ve deformation (in)

The load on a typ i ca l closed-loop hydraul ic sys tem can be de ter m ined to wi thin

+ .5%. Continuing with the accuracy requirements stipulated in the prev i ous

sec L~on , the cross sectiona l area (surface area in shear) will be determined to

wi thin an accuracy of + 1.0%, w i th (n ) be ing  determined to within + 2.5%.

The accuracy wi thin which the adhes i ve deformation (En
) should be determined

is again based on a MSE analy sis. The MSE must be < 3.4% .

E~ =1~.O34)
2 

- (.005)
2 

- (.01)2 - (.025)
2

E~ = +2%

For 100 x 1o 6 inches this necessitates an overall measurement accuracy require-

ment of + 2 microinches . It is with this overall accuracy requirement in

m ind , that all measurement systems were eva l uated .
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4.3 A DHESIVE DEFO RMATION MEASUREMENT REQUIREMENTS

4.3.1 Strain In Bondl lnes

In measuri ng the s t ra i n in adhes i ve bondlines , the available gage leng th is

li mited to the bond line th i ckness. in this program , bondline thickness may vary

from 0.002 to 0.20 inches. For examp le , 1% strain in a 0.005- i nch bondline is

50 x 10 6 inches. To plot a load-strain curve over this range with a maximum

error of ± 2%, an absolute accuracy of ± 1.0 x ~o
6 inches is required. Measure-

ments to such an accuracy are difficult to make and beyond the capabilities of

most standard strain measuring systems .

4.3.2 Strain Sensor Requiremen ts

To measure the strain in the adhes i ve bond line directl y ,  it would be neces-

• sary to mount the strain sensor so that its active element would bridge the speci-

men ’s bond line interfaces . No way has been found to do this. It is necessary to

make the gage length greate r than the bondline thickness and anchor the ends of

the sensor ’s active element onto the specimen as close to the bondl Inc Interfaces as

possible. The sensor will then measure not only the strain in the bond line , but

also over two small lengths of adherend. The strain in the adherend must be sub-

tracted from the tota l measured strain. The contribution of the adherend strain

must be calculated from accura-ei y known characteristics of the adherend or from

si mu l taneous strain measurement on the specimen. The p rocess of correcting the

s tr ai n sensor output fo r the cont rib uti on of the adbere.nd will increase the error
in measuring the strain in the bondl ine . Therefore , the s t rai n sensor , to be
suf f ic ien t ly accurate , mus t be mounted with a minimum of adherend material included

between Its anchor potnts .

4.3.3 Other Measuring System Requirements

The criteria for selecting a suitable strain sensor operating princip le

• and physi cal configuration are as follows :

o Ease of attachment

o Simp licity

o Opera t in g range

o Resolution

o L i near it y

o Accuracy

o Durab i iity
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o Imunity to env i ronment (Inc l ud i ng frequence response) -must be

stable with minimum drift in high temperature , humidity environ-

ments for extended periods of time .

O Cost

4•4 APPL I CABLE ADHESIVE DISPLACEMENT MEASUREMENT SYSTEMS

Conven tiona l methods of strain or displacement measurement are not directly

app l icable to bondline deforma t ion measure ments beca use of their large gage
l engths and environmenta l limitations. A survey of the literature and discus-

sions Lh vendors showed promise for the following operating systems for adapta-

tion to bond line deformation measurements:

A i r-gap capacitive sensors -

Linear variable dif ferential transforme r sensors

A tabular suninary of the strengths and weaknesses of the various systems is pre-

sented in Table 7.

4.4.l Capac itive Disp lacement Sensor Systems (Two Pla te Capacitors)

The capaci tance of a parallel p la te condenso r is:

c _ 0 .0885xKxA 14
d

where C = capacitance in picofarads

K = dielectric constant (for air , K = I )
A = area of smaller pla te i n cm2

d = distance between p la tes i n cm

14 The plates of an air gap capacitor are arranged so that one plate Is attached
to a tensi le specimen at one interface between adherend and bondilne and the
other p late is attached at the other interface . Two different configurations of

7 the arrangement are show n schematically in Figure 12. Figure l2a shows a capaci-

tor whose p late spacing is varied direct ly wi th  and is always equa l to the bond—
line thickness. Figure l2b shows a capacitor whose area is varied proportiona l

to bondline thickness.

Referrin g to equation (114), case (a) capac i tance varies inversel y with

bondl ine thickness. The impedance of a capacitor is:

5~4
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where magnitude of impedance

2,rf

f frequency in Hz.

The impedance is seen to vary inversely as the capacitance . Therefore,
the impedance w i l l  vary direct ly as the distance between the p lates and hence
the bondline th ickness.

4.4.2 Candida te Capacit ive Sensors

A search of the literature and discussions with vendors showed several embod i-

ments of the capacitive disp lacement sensor systems as possibilities . These were:

o Systems reported by Rutherford et. al. in 1968,

o System reported by Yeakley and Lindholm in 1973,

Discussions wi th Genera l Radio ind i cated a signa l conditioning system of

exceptional adaptibil ity in their Mode l 1654 impedance compa rator.

4.4 2.l Rutherford System

Rutherford designed and used a capaci tive disp lacemen t sensor s imi lar  in
conception to that of Brown.~

8 The sensor was used in measuring properties of

adhes ives in bonded jo ints and is d i rectly app licable to the present study.

Fi gure 13 shows the basic desi gn of the sensor. Fi gure 14 illustrates his method

of gage attachment close to the bondline-spec i men Interfaces. As a signa l con-

di tioner he used either a Genera l Radio capac i tance bridge type 1615A (lO s pf

resolution) or a Robertshaw Fulton Proximity Meter. An x-y recorder was also
used. Sensi t iv i t ies on the order of 5 x l O~~ pf/dlv were routinely obta i ned.

Reference 58 makes no comment on linearity , stab flity , or accuracy .

4.4.2.2 Yeakley System

Yeak ley designed and used a parallel plate sensor s lm l lar to Rutherford ’s
for tens ion specimens. The p la tes are water cooled. Figure 15 shows the sensor

p lates and the mounting arrangement on a cylindrica l specimen . The signa l con-

di tioner shown in Figure 16 was des i gned specifically for this sensor. The sen-

sor capacitor is used as the feedback capac i tor in a charge amplifier. The gain 

~~~~~~~ ~~~~~~ -~~~~
-
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of the charge amp l i f ier  is Inversel y proportiona l to its feedback capacitor.

With a fixed capac i tor , C 1 as the Input element for a carrier si gna l, the amp li-
f ier output is a carrier signal proportiona l in amp litude to sensor p late spacin g.

He also designed a water-cooled biaxial capacitive sensor for measur i ng ax i al
and torsiona l strains in a butt bonded tub i ng specimen. Linearity, stability , and

accuracy are not specif ied in Reference 59.

4 .4 .2.3 Gene ra l Radio Model 1654 Impedance Capac itor

The Genera l Radio Mode l 1654 Impedance Compa ra tor is an ideal Instrument
for use as a si gnal conditione r w ith capacitive disp lacement sensors. Figure

17 shows the instrument , its controls , and the specif ications for the Instru-

ment. The instrument is a Wheatstone bridge providing shielded and guarded
terminals for connec t ion of a s tandard capaci tor ’~ and an unknown capac i tor.

The bridge circui t is not adjusted for a balance ; instead , the unbalance vol-

tage is measured to give the required Impedance difference information. The

detecto r is phase sensi tive and selects those vector components of the unbalance

voltage that are proportional to the i mpedance magnitude In percent , as well as

the phase ang le diffe rence .

The metering circuit and the ana l og output voltage for the magnitude chan-

nel of the 1654 are linearized to ensure accura te readings without correction

for up to 3O9~ i mpedance diffe rences. The comb i nat ion of four fixed frequenc i es

from 100 Hz to 100 kHz , wi th a wide i mpedance range and several different ranges ,

resul ts in a flexible and extremel y versatile impedance comparator.

The impedance difference ful l scale ranges in percent are: 0.1 , 0.3, 1 , 3,
10 and 30. If the separation of the p la tes of a parallel tension gage are set

equa l to the gage l ength before load i ng and a variab le capacitor as a standard

Is adjusted for a zero impedance diffe rence , the comparator will read out in

percent elongation (strain). The analog voltage output has a resolution of

O.OO l~ of full scale , and an accuracy of 3~ of full scale. The compa rator can
also be used effectively to compare two similar gages or the two ha l ves of a

differential variable capacitor.

*The Instrument w Ill also handle the comparison of resistive and inductive
impedances.
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SPECIFICATIONS ResolutIon: Meter , 0.003% and 0.00003 radian. Analog-volt-
FrequencIes: Internal only 100 Hz, 1, 10, and 100 kHz , ~ 1% age output, 0.001% and 0.00001 radian.
Ranges: 0.1% to 30% full-scale impedance difference; 0.001 Accuracy: 3% of full scale.
to 0.3 radian full-scale phase-angle difference. Available Voltage Across Standard and Unknown: 0.3€ 1€ or 3 V selected
ranges depend on test voltage selected as shown in the fol- by front-panel control . Test voltage of 2 V (with 0.6 and 6 V)
lowing table. can be obtained on special order .

Impedance Difference Phase.Angle Difference Analog -Voltage Outputs: Voltages proportional to meter deflec-
rest FUll- scale Range — % Full-scale Ran e — Radian tlons at two rear-panel connectors ±10 V full scale behind

v-Iltage 0_ i 0.3 1 3 10 30 0.001 0.003 0.01 0.03 0.1 0.3 <10 ii for 1782 Analog Limit Comparator; ±3 V or ±10 V (de-
0 3 V  ~ ~ ~ ~ ~ ~ 

pending on range) full scale behind 2 km for DVM , A-D con-
1 v ~ ~ ~ ~ ~ ~ verter or other use.
3 V X I X S I I I X Test Speed: About 1 component per second with meter , max.

With analog output voltage , about 4 components per second,
Impedance Ranges (0.3-V test voltage ) exce’~ about I component per second at 100 Hz.
Free Resistance capacitance Inductance Power 105 to 125 or 210 to 250 V , 50-60 Hz, 15 W except

+ 2(1— 20 Mfl l000 pF — 1000 9&F 5 mH — 1000H 
- 1654Z1,35W :

‘I 1 <Hz 2 ( 1 —  2 MA 50 pF1 —100 u~ 500 ~~ — 100 H SupplIed: Multiple-contact connector and power cord.
10 kHz 2(1— 200 ku 50 pF” — 10 ~F 50 ioH — 1 H AvaIlable: 1782 ANALOG LIMIT COMPARATOR (supplied with

100 kHZ 10 (1 — 10 kfl 50 PP° — 0.1 uF 20 ~H — 10 mH -Zi and -Z3); 1413 PRECISION DECADE CAPACITOR (supplied
Low R and I limits are increased and upper C limit decreased by with -Z2 and •Z3) and other GR decade boxes and standards

101 for 1-V test voltage and by 100 1 los’ 3-v. of resistance , capacitance, and inductance; 1680-Pi TEST
C To 0.1 pF by substitution method. FIXTURE for rapid connection of components (includes con-

FIGURE 17. GENERA L RADIO MODEL 1654 IMPEDANCE COMPARATOR
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4.4.3 Candidate Linea r Differential Transformer Sensors

Hermetically sealed and specially treated LVDT’s are available that will

Operate unde r conditions of hI gh humidity and modest temperatures (200°F).

LVDT ’s are mechanically rugged and wi l l  withstand shock and vibration . Special

coatings can be used to protect them from chemica l fumes. Two systems of special

inte rest to this program are discussed.

4.4.3.1 Tin ius Olsen LVDT Extensometer

The Tiniu s Olsen Testing Machine Company of Willow Grove , Pa. manufactures

a line of extensometers using LVDT ’ s as sensit ive elements and strain recorders.
Figure 18 shows one of inte rest for bondline deformation measurements. it can

be easi ly  adapted to a short gage length. The gage is designated as S- l000-2A .
The gage is easi l y installed by snapp ing It on the spec imen. The knife edges

and the leaf springs hold the gage secure ly in p lace . The left hand knife edge

and stress spring , support the structure holding the body of the LVDT. The ri ght

hand knife edge beam is pivoted at the nut and screw Imediately to Its right.

The other end of the beam which is spring loaded holds the push rod and core of

the LVDT. The beam magnifies the disp lacement of the knife by two. A mechanica l

zero adjust is prov i ded.

If the left hand kn i fe edge and spring assemb l y is turned upside down and

properly posi tioned , a very short gage length can be obta i ned. This arrangement

is recormiended for attach i ng the kn i fe edges adjacent to the adhesive-adherend

interface .

The performance of the gage in the new configuration would depend on the

choice of LVDT. Performance of the gage should be very close to that of the

LVDT chosen. Some slight errors might be introduced by the p ivot bearing but

it should be small.

4 .4.3 .2 Krieger LVDT Extensometer

R. B. Kriege r , Jr. has developed a disp lacement sensor system specifically

for shear measurements on the thick adherend lap-shear specimen. Fi gure 19 shows

the two LVDT assemblies required , mounted on a test specimen. The core is flexure

mounted and is driven by a single point. The co il is suspended from the other

pa ir of points. The points can be arranged to be very close to the bond line .
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FIGURE 18. TYPICAL LVDT EXTENSOMETER
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FIGURE 19. NEW ADHESIVE DEFORMATION MEASUREMENT DEVICE
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One set of gages may be used on a solid metal specimen to account for metal

deformation In the adhe rends. The accuracy calculated for this disp lacement
sensor based on available information is estimated to be ± 5% If it is assumed
that all errors wil l combine in one direct i on.

14 •5 SUMMARY

In an effort to more easil y evaluate the various displacement measurement

devices in an objective manner , Table 7 was prepared . All candidate measure-

ment systems have been eva l uated against a common set of criteria , It was con-

cluded as a resul t of the survey that the two cand i date measurement systems just

discussed be given further cons i deration , as to their ada ptabi l i ty to measure the
adhesive deformation off of adhes i ve mechanical property test spec i mens , within

the overall accuracy requirement of ± 2.0%.

The uncertainty as to the shape of the test specimens and the potential

problems and/or disadvantages of each system required that both systems be

g iven further stud y during the performance of Task III.
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SECTION V

TEST SPEC i MEN ANALYT ICAL MODEL

5.1 SCARF JO I NT ANALYSIS

Exam ination , in a real is ti c manner, of the stress (strain) state in an adhe-

s ively bonded scarf (butt) joint configuration , requires that a speci f ic closed
form analytical model be derived. The analysis presented enables one to deter-

mine the optimum specimen dimensions to maximize the uniform stress (strain)

reg i on i n the adhes ive , thereby minimizing disruptive edge effects for a particu-

lar test geometry . Emp loy ing these optima l test spec imens, one may obtain accu-
rate adhes i ve mechanica l property data and account for the fact tha t the apparent

adhes ive modulus measured during an actua l test is a known percentage of the true

un laxial adhes i ve modulus. This relationship is a function of adhesive and adhe—

rend properties and spec imen geometry . The mechanica l property data obta i ned us-

ing these specimens wi ll be the subject of a future paper.

Several attempts to analyze the scarf102 or ~~~~~~~~~~~~ joint have been

made . In all instances , the constraining effect of the stiffer adherend material

on the adhes i ve and the viscoe lastic nature of the adhesive were neg lected. The

ensuing analysis accounts for finite adherend proper ties and uses as a starting

poin t , the analytica l model developed in Reference 77. Both the circular and rec-

tangular scarf joint geometries are looked at. Once the stresses (strains) in

the rectangular (circular) scarf joint are defined , it is a simp l e ma t ter to

obtain the stresses (strains) in the butt joint.

A ri gorously correct mathematica l model for the scarf (butt) joint confi gu-

ration leads to a mixed bounda ry va l ue prob l em that is essentially int ractable
using a c lassica l elast ic i ty  approach . This Is pr imari ly due to the discontinuous
boundary cond it ion the join t presents a t the r ig ht ang led corner where the adhe-

rend surface is appreciably stiffer than the adhesive while the adhes i ve ’s surface
is free of stress. The ensuing stress singularity is not accounted for within the

analysis. Its effect can be quantified using the analytica l approach found In

reference 3. Moreover , its degree of penetration from the adhesive ’s free sur-

face I nward is a function of the spec i men ’s shea r modulus and Poisson ’s ratIo.

A realistic specimen design (a >> rt) will restrict the effect of this singularity

to wi th in  one to two adhes ive thicknesses from the adhesive ’s free surface.
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5.1.1 FormulatIon of the Prob l em (Rectangular Geometry)

The rectangular scarf Joint geometry and notation are shown in  Fi gure 20a.
The joint Is assumed to be infinitely long i n  the z—direction (i.e., L/a >> I)
and is therefore considered to be in a generalized plane strain state. Linea r

t..Ias tic anal ysis is used with the inclus i on of li near viscoela stic effects by

means of the ‘ quasi-elastic ” approach . The adherend ma terial is assumed to be

l i n e a r ly  e l a s t i c , iso t ropic and homogeneous. Its effect on the adhesive is rea-

l i z e d  th roug h use of the adher end  d i s p lacement boundary conditions , w h i l e  the
adhesive is charact erized in a linearl y viscoelastic manner. It too is assumed

to be isotropic and homogeneous. Additional assumptions are that the bond

be tween the adhes i ve a nd the adherend  i s  s t ruc tu ra l l y sound , the stresses and

displace ments vary over the adhesive thickness in a prescribed manner , that

adhesive planes ori g i n a l l y parallel to the adherend interface remain parallel

upon loading and that the adhesive-adherend discontinuity effect is defined by

the unknown function f(s).

The adhesive ’s geome try and notation are shown in Figure 20b. The adhes i ve

half—thickness is taken as un i ty for simplicity , bu t without lo’s of gene rality.

The adhes i ve slab is bonded to the two deformable adherends ~~n = ±1 . The

adhesive is loaded in the n-direction by a load (P si n o) wh i ch increases the

adhes ive thickness by 2c and a shear load (P cos 0). It is desired to determine

t he s t a t e  of s t ress  ( s t r a i n )  in the adhes i ve for this system of external forces .

5.1.1 ,1 Ela stic Adherend Boundary Conditions

The displacemen t boundary conditions at the adhesive-adherend interface can

be ascer ta i n e d  by determining the disp lacements in a solid homogeneous linearl y

e l a s t ic , iso t rop ic bar when subjected to a un i form axial tensile stress (a)

over i ts cross-section . The resul ting disp lacemen ts and s t ra i n s a re :

* A

a x - Va y —Vc~ zx x xu = — — — + C 2y + C 1 A 
- C 2x + C

3 ; w = —  
A

E E E

- vcr -va
~~ ~~~ 

A

= — = — - C = — = —- ; C = — = C O f l S t .
� )x y 

~
y z

= c  = c ~ = 0 17
xy xz yz

~~ ~~~~~~~~~ and are the Poisson ’s ratio and Younq ’ s modulus of the adhe rend  -

. s l wI~i I..- , i, v , and w are the disp laceme nt s in the x , y and z di rec t i on s ,
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FIGURE 20. RECTANGULAR SCARF JOINT GEOMETRY
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FIGURE 21. ROTATION OF A TYPICAL SCARF JOINT
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respectively. The constants C1, C2 and C4 define the reference location with res-

pect to the coordinates ori gin from which all deformation measurements are made.

C1, C3 and C4 will be equated to zero.

102L ubkin has shown that relative rotation between identica l adherends p in

loaded at points (A) and (B) is absent. However, It can be shown tha t the spec i-
men as a whole rotates in the (x-y) plane and that this rotation Is give n by the

(C
2
) term in Equation (16). The rotation It refers to is depicted in Figure 21

and Is i ndependent of cross-sectional geometry. It can be directl y determ i ned by

measuring the rotation of a vertica l side of the specimen with a hi gh resolution

• optica l measurement device as the specimen is loaded. Alterna tel y, the rotation

can be obtained by measuring the specimen ’s displacement parallel (u) and perpen-

d i cular (v) to the adhes i ve—adherend interface and using the relationshi p:

— 
V cos e — U sin eC2 — £/2

Moreove r, it can be shown , by the use of symetry arguments , that there Is

no horizontal movement of the center point (C) and that the deformation across

the adhes ive thickness from right to left is symetric. Therefore , the rotation
of the upper and lower adherends (C2

) must be in the same direction and does

occur about pints (A) and (B).

Let U and V be the adherend disp l acements in  the (s) and (~~
) directions ,

respective l y. Then per the well-known transformation of axes formulas:

U = u c o s  0 + v s i n O

V vcos 8 - u  sin O 18

Sim i l a r i t y ,  the coordinate transformation from the (x-y) to the (s, n) axes is:

x = S cOS 0 — ri sin 0

y s s i n o + n c o s 0 19

Substitution of Equation (16) into Equa tion (18) and emp loy ing the coordinate

transformation relations (Eq u a t i o n  (19)), provides the formulas for the adhe—

rend displacement functions with reference to the (s, ~-~) axes , name l y:
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U A s + B n  ; ~? — B n - Ds 20,21

where:

A = 
~~~~~

- (cos2 0 - ~ sin 2o); D = -
~~~~~

- (1 + ~
) sin 0 cos 0 + C

2 
22

E E

B - 
~~~~~

- (1 + ~
) sin 8 cos 8 + C

2; B = -
~~~~

- (sin2 e - ~ cos 2 o) 23,24
E E

Because the adhesive is constra i ned by the stiffer adherend at the adhesive-

adherend interface , the disp lacement relations must satisfy Equations (20, 21) at

r~ = ±1 for a continuous interface to exist. Therefore, the bounda ry conditions

to be satisfied at r~ = ±1 are:

U A s ± B ;  ~~= ± 8 — D s  25,26

5.1.1.2 Adhesive Stress Anal y s i s

Based on earl ier work,77
~
i9k the disp lacement functions for the adhesive in

the (s), (n) and (z) directions , respective l y, are assumed to be:

U = -f(s) (1 - + As + B~ 27

and

V = C - Ds ; w = 1’ z 28,29

where :

-Va

r =  A 
30

E

The terms A , B, and D are defined by Equations (22 and 23).

The function f(s ) Is to be determined by emp loying the stress equilibrIum
relations. It relates directly to the deformed shape of the adhesIve when con-

stra i ned by the adherends under load for reasonable aspect ratios . The assumed

forms for the disp lacements U and V , satisfy the boundary conditions , namely

Equations (25) and (26) prov Ided c — B at the adheslve-adherend Interface. The
disp lacements provide the norma l strain relations:

E = ~
fI (1 — ~2) + A ; C

T1 
-
~~~~~ 

— C 31 ,32

ft = r ; — .~!L + — 2frI + R 33,34
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where

R (B — D) and f’ df/ds.

The stress equilibrIum equations are satisfied on an average basis by their

integration across the adhes i ve thickness. For the s—direction the ensuing plane

strain relation is

1/2 P 1 [_
~~~~

. + 

aT
flS d~ = 0 35

Symmetry considerations require that and aq be even functions of (ri ) and that

be an odd function of (n). Furthermo re, the average norma l stresses will be

denoted by

= 1/2 a do; = 1/2 a d ~ 36

With this definition Equation (35) reduces to

ds + 1/2 T
ns 1 

= o 37

Similarl y, the stress equilibr ium relation in the n—d irection ,

1/2 

~ 
[

0 
+ 

OS
]d = 0 38

is i dentically satisfied by symmetry considerations.

The averaged stresses and a~ are obtained by substituting Equations

(31 - 331 into the stress—strain relations and Integrating over the adhesive

thickness per Equation (36). The ensuing averaged stress relations are :

= [Au + 2Gc
5)dn = -(2/3 A + 4/3 G)f’ + (A + c + r ) x  + 2GA 39

= f
i 

[~~ j  + 2Qc ]dn = -2/3 f’ x + (A + c + F) A + 2Gc

yE 2
A 

~11z a s  n -
~~~ n

and

= G = G(2fn + R) 42
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The governIng differential equation whereby a solution to f(s) is obta i ned ,
is formulated through substitution of Equations (34 , 39 and 42) into Equation
(37). The ensuing governing differ ential equation is:

f” — M f O; I~3

The governing differential equation is a second order ordina ry differential

equation with constant coefficients. Since the shear stress -r05 Is an odd func-

tion of (r,) the desired solution is:

f(s) = K sinh (iii s) ~45

The unknown constant (K) is determIned by the physica l requirement that

~ 
(a/sin e) = 0. 46

The resul t ing rela t ionship i s :

(A + c + r )x + 2GAK =  47
— (2/3 A + 4/3 G) ,4~ cosh (V~ a/sin e)

Substitution of Equations (45) and (47) Into the varIous adhesive deforma-
tion , (Equations 27—29) strain (Equations 31—34) and stress (Equations 39—34)
relations gives the fina l form for these relations.

5.1.2 Formulation Of The Problem (Ci rcular Geometry)

The circular scarf joint geometry and the cand i date notation (s,n,,) are

shown in Figure 22. Except for deletion of the plane strain condition , all assump-

tions are ident ical to that for the rectangular scarf joint. The adhesive disk

is bonded between two deformable adherends ~ 
— ±1 and is two units thick. The

disk is loaded in the r~ 
- direction by a load (P sinO) which increases the adhe-

sive thickness by 2 c and a shear load of (P cose).
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t i l l s
P FIGURE 22. CIRCULAR SCARF JOINT GEOIIETRY.

5.1.3 Adhes ive Stress Analysis

The disp lacement boundary conditions at the adhes i ve-adherend interface are

ascertained in a manner analogous to that for the rectangular geometry . Thus at

± I , Equations (25) and (26) are valid. Moreover , Equation (46) must also

be satisfied.

The disp lacement functions for the adhes i ve in the (i), (
~

) and (~~
) direc-

tions are i dentica l in form to those defining U and V in Equations (27.-28) The

strains corresponding to these disp lacements are i dentica l to those defined in

Equa tions (31, 32 and 34) for C
5
, C~~ and 

~~Ti ’ 
respeèt ively.  Moreover ,

—2 —

48

The resulting averaged stress relations are :

~— = i~~- 4/ 3Gf ’ ÷ 2GA 49

= - 4/3 G + 2GA 50

c n — = K + 2 G e  51
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where

R~— -2/3 x (L+ f’) + x (2A + e) 52

The stress-equilibrium equations can be satIsfIed on an average basis by integra-

tion over the adhesive thickness. Integration of the equilibrium equation for the

radial direction wIth respect to the ~—d irection will determine f(~) and the equa—

tion i tself must vanish based on cy lindrica l coordinate equilibrium considerations.

Thus:

1 3a— ~-r— a— a—
1 /2f (~_?-+-_ ~ .Ji + 

s
_ fl) d T = O  53

—l S Ti S

u~;ing the averaged stress definitions for a-i-, and there results the governing

d i f fe r e n t i a l  equation , namely:

f” + !_ - ( J-1+ M ) f = O  54

where is an odd function of ri due to symetry about the r~ = 0 plane . The

equilibrium equation for the ri—direct ion is satisfIed identically.

Equation (54) is a modified Bessel Equation of order one. A complete solu-

tion is of the form

f(s) = 
~

I l (s1~) + ~k1 (s1~
) 55

where I~ (sv’i~) is a modified Bessel function of the first kind and k1 
(sV1~) is

a modified Bessel function of the second kind.

As s -* 0, U must be finite. This specifies that f(s) be finite. Therefore

B = 0.

The constant A is determ i ned using equation (46) Thus:

-3A (2A+c ) - 6GA 56
+ 

~~ 
‘l(

~
1
~~
) sinO

Agai n , the f in al fo rm for the var i ous adhesiv e deforma ti on, strain and stress

relations is obtained using equations (55) and (56) in an identica l manner to

tha t specified for the rectangular geometry.
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5.2 BUTT JOINT ANALYSIS

For the limiting case whereby e = 90° , the solution for the butt joint is

realized from the scarf joInt analysis. The sole analytical difference is that

the in—pla ne shea r term previously identified by (R) ~~- 0 as 0 approaches 90°.

Therefore , the resulting shear strain is

y = 2~K sinh (sv’~) (rectangular geometry) 57

= 
~ 

I~ (siR) (circular geometry) 58

This strain is a direct result of the material property discontinuity which

ex ists at the adhesive—adherend interface. This readily substantiates tha t the

scarf joint is nothing more than a butt joint with a transverse in—plane shear

bein g superimposed on the adhes i ve.

5.3 VERIFICATION OF ANALYTICAL MODEL

The analytica l accuracy of the present analysis , for the limiting case where-

by the adherend modulus approaches inf inity , has been verified by comparing it

w ith the finite difference results of reference 77 (Fi gure 23). In turn , the re-

s u lts of reference 77 have been ver i f ied by the experi mental da ta of reference
194 and by the energy methods approach of reference 126 and 195.

A s i ngularity reg i on of influence is generally small compa red to the distance

to the nea rest boundary . The reg ion dom i nated by the stress singularity i n Figure
2,3 and reference 77 is shown to be less than one adhes i ve thickness for the case of

infinitel y rig id adherends . While no appreciable growth In the region the singu-

lari ty influences is antic i pated , a numerical solution to eva l uate the I mpact of

the singularity for a finite adherend modulus is recommended.

5.4 APPARENT UNIAXIAL MODULUS

The appa rent uniaxial modulus E~ (Psi) is defined as the ratio of the average

norma l stress over the bonded surface area °~avg .’ 
required to produce a norma l

dIsp lacement (v), to the nominal axial strain €~m viz.

a f~~~~dsnavg. 0 Ti 59P C C

where ~ a/sin 0.
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FIGURE 23. COI IPA RISO N OF AX IAL STRESSES OBTAINED FROM THE TWO
DIFFERENT METHODS OF SOLUT I ON FOR CIRCULAR GEOMETRY .
(a = 10 , 0 = 900)
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Substitution of Equation (40 and 45) into Equation (59) gIves

E~ = ~~~~~~~~ s inh (/i~ R) [ (A + c ) A + 2GA j 60
C (2/3 A + 4/3 G)v’gcosh (iR~ )

+ ~~~~ - + ~ + L A + 2G

_ _ _  

C E A
Let F = -  

~~~~
— ;  A =  (cos 2 O - ~~~s i n 2 O)

Then

E 
2— =-— (cos 0 - v s i n  O ) = c t

C
E

Substituting for A/c and F in Equation (60) gives

E~ = 2__ A sinh (V~i~~) + A + 2Gct]3R (2/3 A + 4/3 G)iR cosh (iR’~)

yE
A

+ aA + A - — - —  A + 2(

E

i~earran gi ng terms , the f inal rela ti onsh ip is :

A + 2G 
— 

sinh (iR~~EA EA~
’ ~“~~

‘ 
(x + 2G) cosh (,i~~~ ’~

A 
1 + ~ ((cos 2 0 - 

~ s in 2 o ) (  sinh 
~~~~~ -I) + 

61

E RiRcosh (iR~~)

where E~ Is the uniaxial tensile modulus .

5.5 OPTIMALLY DESIGNED TEST SPECIMENS

Emp loy i ng the analytica l methodology developed in the previous section , a

parametric study was undertaken to ascertain the optimum geometry for adhes i ve

scarf and butt joint test speciaiens , whereby a uniform adhesive tensile and

shear stress state (scarf joint only) exist over as large a segment of the half-

span (a) as Is practicable. This is accomp lished by minimizing the adhesive-

adherend discontinu i ty effect defined by f(s) or f (i). Figures 24-26 determined
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E = 10 x 106 unless specified otherwise
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~

FI GURE 24. PRIMARY nORMAL STRESS DISTR I BUTION IN RECTANGULAR OR
CIRCU LAR SCARF (BUTT) JOINTS.

(c  = 1.0) ASPECT RATIO (10 ~ a ~ 100 )
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FIGURE 25. SECOFIDARY NORMAL STRESS DISTR I BUTIONS IN RECTANGULAR OR
CIRCULAR SCARF (BUTT) JOINTS.

(c 1.0) ASPE CT RATIO (10 ~ a ~ 100).
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FIGURE 26. SHEAR STRESS DISTR I BUTION AT ADHESIVE-ADHERE NT INTER-
FACE IN RECTANGULAR (CIRCULAR) SCARF (BUTT) JOINTS.
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from Equations (39—42 and 49—51) reveal that a uniform stress state can exist
over 90—95% of (a). From such specimens , rea listic “in situ ” adhes i ve mechanica l

properties can be obta i ned. Moreover, Fi gures (24-26), reveal that the pertinent

variables are aspect ratio (a), the tensile modulus of the adhesive and the adhe-

rend (EA and E) and the Poisson ’s ratio Cv ) of the adhesive . The data is normal-

i zed with respect to the adhes i ve ’s Young ’s modulus (EA) and the disp lacement (c)

norma l to the bondl ine .

Inspection of the figures reveals that It Is the aspect ratio in combination

with the Poisson ’s ratio of the adhes i ve wh i ch influences the spanwise uniformity

(edge effect) of adhes i ve tensile and shear stresses. This edge effect Is espec-

ially severe as the magnitude of the adhes i vee s Poisson ’s ratio approaches 1/2.

Additionally, the ratio of the adherend to the adhesive properties comb i ne with

the aspect ratio to dicta te the magnitude of the norma l and shear stresses in

the adhes i ve for a given applied strain. In the limit case (~ = EA) one atta i ns

the solution for a homogeneous , isotrop ic bar.

In summary , by careful selection of the test specimen geometry one can

obtain a nea r uniform triaxial stress state and impart to the adhesive a con-

trolled shear stress. An aspect ratio of forty (up to 100 if the Poisson ’s

ratio of the adhes i ve is ~ .1.80) is suggested to maintain the edge effect to

within two or three adhes i ve thicknesses of the adhesive ’s free surface. As

the mechanica l properties obtained are average properties of the adhesive con-

stra i ned between the much stiffe r elastic adherends , this minor edge effect

should not appreciably effect the test results. Thus, the uniformity of the

stress distribution over the bonded surface will enable one to obtain the

mechanical linea r and non flnear viscoe lastic response effects typica l of adhe-

sives at elevated load , temperature and moisture l evels.

5.6 VISCOELAST IC EFFECTS

Unde r sufficiently high strain rates and/or elevated temperature and rela-

tive humidity l evels , most adhesives will exhibit a viscoe lastic response. The

app licability of the scarf (butt) joint to attain meaningful viscoelastic res-

ponse characteristics is possible by selection of a Joint geometry within which

the adhes i ve sees an approx i matel y uniform stress state. Routine data reduction

techniques l28 are then used to obtain useful design data . This data can easil y

be used in conjunction with various viscoelastic analytical techniques to desi gn
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“rea l structure ”. One such method is the “quasi—elastic ” method , in wh i ch at

time (t) the elastic modu li are rep l aced by corresponding viscoelastic relaxa-

tion modul i , resulting in the determination of the time dependent adhesive stress

response of the component.

5.7 OPT I MUM TEST SPECIMEN SELECTION

Two basic shapes were cons i dered in the selection of the butt and scarf

joint geometry: rectangular and circular. The cost of specimen preparation

for each geometry was ascertained emp loying the drill and bond i ng jigs shown i n
Figure 1- 1 of Volume Ii . Final cost estimates revealed that the circular test

spec i mens would cost approx i mately twice that of the rectangular geometry . Since

anal ytica l difficulties were not antici pated i rregard less of the specimen geome-

try , the rectangular geometry shown in Fi gure 27 was selected for all butt and

scarf joint spec i mens.

The prima ry optimum test specimen desi gn objective is that the adhes i ve nor-

mal and shear stress distributions are to be uniform over as large a segment of

the span (a) as is realistic. This will tend to minimize the Influence of the

edge effect seen in Figures 21., 25, enabling one to obtain more accurate and re-

producible adhes i ve modu li properties. As the mechanica l properties to be

obtained are average properties of the adhesive constra i ned between the much

stiffer elastic adherends , a small edge effects will not appreciab l y effect the

test results. Moreover , the uniformity of the stress dist ribution over the

bonded surface will enable one to handle the mechanical nonlinear response effects

typ ica l of adhesives at elevated loads , temperature and moisture l evels in a much

simp ler manner. Finally, it is des i rable that the ratio of the appa rent to bulk

un laxial modulus be approximate l y 1.0.

It was assumed that adhesive bond line thicknesses of approximately four

and eight mils would be fabricated for all test specimens from which mechanica l
property data would be obtained throughout this program. Further , it was assumed

that an edge effect of approx imately ten percent of (s/a) for an adhes i ve with
a Poisson ratio 

~~. .1.00 could be tolerated . With these constraints it was pos-

sible to determine a realistic aspect ratio (a — 2 a/tadhesive per Figure 27)
for our test specimens.
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A minimum aspect ratio of forty was selected. This required a plate thick-

ness dimension (2a) of .300 I nches for a Poisson ’s ratio of approximately .400.

Such a specimen should limit the edge effects to within two or less adhesive

thicknesses from the edges of the Joint. if the Poisson ’s ratio of the adhe-

sive exceeds .1.00 some redesign for the 8 mU adhes i ve thickness specimens would

have to be made. This was not the case. In addition , the ratio of L/2a should

be �.. 4 and h/I .~~. 8 (see Figure 27).

The optimum adhesive bond area dimensions for the thick adherend test

specimen were obtained earlier and are sumarized In Table A-2 of Appendix A ,

Volume II. Per the results of Table A-2 and Figure A-3 of the appendix , the

pertinent dimensions for these specimens were selected to be: h 1 
= .750 i nches;

L2 .360 inches .

‘-C,”

FI GURE 27. TYPICAL GEOMETRIC SHAPE AND PERTINENT DIMENSIONS
OF OPT I MUM BUTT AND SCARF JOINT TEST SPECIMENS.
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SECTION VI

DESIGN AND FABRICAT I ON OF THE ADHESIVE

DEFORMATION MEASUREMENT DEVICE

6.1 PARALLEL—PLATE CAPAC I TOR DESIGN

An adhesive deformation measurement sensor was designed with the
intent of measuring the adhesive deformation wi thin ±2.0% as defined in Section

4.2. Further stud y of potential prob l ems in the use of an air-gap capacitor

vs. an LVDT to measure adhesive deformation resulted in the decision to use a

parallel—plate capacitance device. This decision was motivated mainly by the

superior environmental stability (temperature and humi dity), resolution capabi-
l i ty (~ 1.0 x 10~~ in) , accuracy (>7 x lO~~ in) and sensitivity (i 2.2 x

pf/~ in at 1.0 kHz) of the capac i tor. A design was deve l oped whereby one con-

fi guration of the capacitive sensor can measure shear , tensile or a comb i ned

shea r plus tensile deformation . The unidirectional model of the device is shown

in Figures 28 and 29. The bid irectional uni t is shown in Figure 30. The capa-

citive plates are made of copper. Fiberglass/epoxy insulators are
employed to isolate the copper plates from the aluminum body. The anti-plate

rotation guides are also made of aluminum with Teflon rollers. One roller arm

is fixed and the other is spring loaded to keep each capacitor plate from

rotating with respect to the other , during the time the specimen is being loaded .

This can be especially important when testing the thick adherend speci men as the

adherends in the overlap region may bend a significant amount under load. Four

pin point attachment screws (two for each capacitor plate) are used to attach

the capacitor to the test spec imen (Figure 29c) within .06 inches of the bond-

line. It is the movement of these points with the specimen , once it deforms

under load , which adjusts the air—gap of the capacitor , which in turn signifies

a displacement in the adhesive bond line.

The ability of the deformation sensor to measure extreme l y small changes

in separation of the capacitor plates is based on the relationshi p between

capacitance and plate separation . The capac i tance between two parallel plates

is determined as follows :
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FIGURE 30. PARALLEL PLATE CAPAC I TOR — BIDIRECTIONAL .
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FIGURE 31. CAPACITIVE SENSOR CIRCUIT
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0.255 c’A (N- i)C =  d

where

A — area of plates (in2)

N — number of plates

= die ectric constant

d — distance separating plates (in)

C = capacitance in picofa rads

This relationship allows one to measure the capacitance continuously during

a test , thereby giving the load or time vs. deformation information one re-

quires to mechan i cally characterize the adhes i ve.

The capacitance sensor circuit ~‘1gure 31), emp loys a General Radio

Comparison Brid ge, Mode l 1654, to eva l uate the change in capacitance of the

sensor plates. This bridge compares an unknown capacitance to a known stand-

ard capacitor. The sensitivity of this system is in the order of 2.2 x lO~~
pf/i.iin at 1 KHz. The output can be directl y read on a char t recorder , x-y
plotter and/or input into a mini-computer for rap id data reduction.

Ouring the test program , various capaci tive system checkout tests were

undertaken to verify that the system could perform up to expectations. Tests

F which were performed included :

o Performance at elevated temperature and/or in high humidity environ-

ments

o Stab Ility vs. time at constant load

o Reproducibility vs. t ime for cyclic loading at various frequencies

o SensItivity

o Accuracy vs. a known standard .

Ini tially, the capacitive system performed well except that stray capacitance

entered the system . This was due to the fact that all wiring was not shielded.

This problem was readily corrected by shiel ding all wire in the capacitive cir—

cui try .
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• 6.2 CAPAC I TANCE VERIFICATION TESTS

A bidirectional and two unidirectional capacitors were used to obtain the

shear , tensile and biaxial mechanical property data presented In this report.

Capacitor static verification tests were performed at various temperature and

relative humidity levels. Results , obtained using a solid 7075-16 aluminum

specimen .179 inches thick by .903 inches wide showed system repeatability over

severa l load-unload cycles within one p i co-farad with a sensitivity of approx i-

mately .007 pf/iiin.

Reproducibility tests were also conducted u-s i ng a bonded thick adherend lap

shea r spec imen. The results were reproducible within ± 10% i rregardless of tempe-

• rature (< 180°F) humidity (< 95%) cyclic load rate (up to 3 cps), or constant load-
unload test time (15 minute constant load).

6.3 CAPAC I TANCE MEASUREMENT DEVICE HUMIDITY PROBLEM

During the tests to ascertain the time wise stability of the capacitors

at 180°F and 95% R.H., an instability was observed in the capacitance system

due to the susceptibility of the ori ginal dielectric material to moisture

ingress. This eventually led to the capacitor shorting. A mino r des i gn change

was made.

The change was required because the phenolic material absorbed water and

became conductive . Initial (dry) resistance from the copper contact th rough the
di electric ma terial to the aluminum contacts ranged from 2.5 - 4.5 giga—ohms .

• These va l ues dropped (and qui te normall y should) after extended humidity-

temperature exposure down to 100 kilo—ohms . At this value , the guard voltage

of the capaci tor shorted out.

An empirica l reeva l uation of candidate materia ls produced a cho ice of two

mater ials that could be used in combination to rep lace the phenolic Insula tor.

The selection of an epoxy-fiberglass sheet which is edge sealed wi th a pol ysul-

fide barrier appeared to solve the adverse dielectric response under hig h humi-
dity exposure. The epoxy-fiberglass mater al Is Hexcel F-161 with 181 fiberg lass
which was specially produced by Vought manufacturing. The polysulfide sealant

Is Prosea l 898, obtained from Coast Proseal.

The phenolic was replaced using fiberg lass and all exposed edges were under

cut 0.050 I nches in order to accommodate the polysulfide barrier. Assembly followed

the same procedure as before. The fiberg lass was bonded to the aluminum and sealed

with the Proseal 898. The copper was bonded to the fiberg lass with EC 3445 epoxy.
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The modified device was placed in a 180°F, 95% R.lI. environment for 72
• hours. The resistance changed from 3.5 gi ga-ohms to 1 .3 mega—ohms . This seemed

to be an acceptable change so testing resumed. No further problems developed.

6.4 EXTENSOMETER FOR BULK SPEC I MEN DEFORMATION MEASUREMENT

An extensometer , shown in Figure 32 (available from ATC- I R&D) was used to

accurate ly measure bulk tensile spec imen extension in high temperature and hum i-

di ty environments . Two LVDT ’s (Schave i tz ’s GCA-121-050 series) are used in the

extensometer wh i ch is clamped by spring force to the specimen. Gage length for

the extensometer is two inches . The aluminum parts were ch romlc acid anod i zed

• to minimize corrosion. The extensometer we i ghs l ess than 440 grams and is

balanced. Calibration data and curves for two extensometer systems at various

tempera tures are shown in Figure 33. The calibration was performed by attach i ng

the extensometer and two st ra i n gages to an al um i num coupon under constant

temperature then comparing the output data after loading and unloading the alumi-

num coupon to 12 ,000 psi three times . Room temperature calibration measurements

ind icate that the accuracy of the LVDT is within ± .000002”.

Long-term extensometer stability was also studied through three cycle creep-

recovery tests (one hour per cycle) on aluminum coupon specimens. A forty-five

m inute soak time to bring the extensometer to environmenta l equilibrium was re-

quired before start of each test. A typ ica l th i rd cycl e result is shown in

Figure 34 for a 75°F, 55~ R.H. env i ronment. We cons i der this result satisfactory .

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

. 
•

FIGURE 32. EXTENSOMETER SETUP ON TEST SPEC I MEN .
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SECTION VI I

TEST METHODOLOGY FACTORS

7.1 SURFACE ROUGHNESS MEASUREMENTS OF ALUMINUM USED FOR ADHESIVE BOND I NG

An experiment was performed in order to define the nomina l va l ue of sur-

face roughness and its consistency for those aluminum surfaces to be bonded to-

gethe r to form the test spec i mens for this research project. The instrument
• used in these determinationswas the Mitutoyo Surftest-B apparatus. The sur-

faces to be measured were those of bare aluminum 7075-17651 which were ground

with an end mill in two different directions at two different speeds. The

finished surfaces were representative of those to be bonded in thick adherend ,

butt and scarf joint test geometries. Measurement of surface roughness was

taken ,once the surfaces had been ground,to substantiate the consistency of

the machining operation . The surface roughness was agai n measured after

anodization was completed and again after the primer had been applied . Anod i-

zation was with the phosphoric acid process and pr ming was done with American

Cyanamid ’ s BR-l27 ch romated anti-corros i on primer. The values reported here

represent an average range for each condition , and are not intended as absolute

va I ues.

Two alum i num blocks were machined at cutter speeds of 400 surface feet per

m m .  Surfaces were machined with an end mill tha t represented the faying sur-

faces of lap shear, butt and scarf joint test specimens at feed rates of 2

i nches/m m and at 4 inches/mm . The thick adherend lap shear surface reflects

the surface finish obta i ned using the side of the end mill. The butt—scarf

specimen reflects the surface finish obta i ned by using the end of the end mill.

Surface roughness measurements were made by moving the sty lus (a) parallel ,

and (b) perpendicular to the mill feed direction. An arithmetic (centerline) 
—

average was calculated for each surface between the two sets of readings and the

results are presented in Table 8.

The slow feed rate (2 i nches/mm ) gave the smooth surfaces. At the hig h

feed rate the surface roughness readings taken parallel to the mill travel direc-

tion increased. This effect carried over through the phosphoric anod i ze treat-

ment but was obscured when the primer was app lied. The surface roughness for
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TABLE 8. SUMMARY OF SURFACE ROUGHNESS MEASUREMENTS

a. For Surfaces Readings Parallel to Mill Travel

Surface Trave l Speed Mach i ned Onl y & Anod i zed & PrIme d

Thick 2 in/mm . @ 400 35* 46 42
Adherend Surface Feet/Minute

4 in/mm . ~ 400 67 72 40-
Surface Feet/Minute

Bu tt—Scarf 2 in/mm . @ 400 43 32 30
Surface Feet/Mi nute

4 in/mm . ~ 400 64 49 41
Surface Feet/Minute

b . For Surfaces Readings Perpendicular to End Mill Trave l

Surface Trave l Speed Mach i ned Onl y 6 Anod i zed & Prime d

Th i ck 2 in/mm . ~ 400 37 40 38
Adherend Surface Feet/Minu te

4 in/mm . €~ 
400 47 49 41

- - Surface Feet/Minute

Bu tt—Scarf 2 in/mm . ~ 400 36 38 32
Surface Feet/Minu te

4 in /mm . € 400 43 45 36
Surface Feet/Minute

Cu toff = .03 inches

Stroke = 2.00 inches

‘A ll readin gs are average va l ues in microinch/ inch .
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the primed surfaces was consistently between (30—40 micro i nches). in most

cases, it appears that surface roughness is incrased with the anodizin g step and
a smoother surface is rega ined w i th  pr immn g .

Results of this brief study would seem to substantiate that a reproducible

bonding surface , whether it be primed or unprimed , can be atta i ned. For this

prog ram in which a 2 I nch/minute trave l speed was used , anod i zed surfaces to be

bonded should have a surface roughness of approx i mately 40 microinches . For

primed surfaces this should average approxima tel y 35 micro i nches.

7.2 SPECIMEN ALIGNMENT

Un i axial tensile testi ng can be performed qumck l y and easily but specimen

misa l i gnment and i ts ef fect on the test results can easi ly go unrecognized.
Mi salignment introduces a local stress concentration in the test specimen. It

is especi all y cr itica l at low strain levels and can lead to errors in excess

of 2O~ of the true axial strain level. This In turn can falsel y alter fati gue

l i fe , and st ress rupture l i fe results . Misal i gnment may be due to loose threads ,
machining imperfec tions in the couplings joining the test fixture to the test

specime n, top and bottom grip centerline eccentricity or the spec i men ’s center-

li ne be i ng offset from that of the grip centerline .

Ali gnment may be atta i ned in a numbe r of ways inc l ud m ng the use of rod end

beari ng s, nonthreaded coup lin gs, a spherica l ball and seat, un iversal joints and

fluid coup l ings. The rod end bearings , such as shown in the Adhesive Test 
-

Specificatio ns of Volume II are recommended. These bearings are commercially

availabl e and are i nexpens ive and reliable.

The alignment of a loading system fitted with rod end bearings was checked

us i ng a rectangular aluminum CE = 10.3 x 10
6 psi) bar w ith four strain gages ,

one on each surface , bonded to the spec i men app rox i mate ly at its mid-height.

A tensil e load was app lied and the strain recorded for each gage at discrete load

l evels. The results are presented in Table 9. They substantiate that an align-

ment accuracy within 4.8% of true axial strain can be routinely antici pated.
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TA8LE 9. AL iG NMENT TEST FIXTURE RESULTS

STRA I N GAGE MREADIN G x l0~~ In /in THEORET I CAL AX. ERROR

TENS ILE 6
LOAD 

_____ 
Ga * 

_____ 

READ I NG x 10 In/in &rHEOR. EGAGE
(‘ P

‘ 1 2 3 4 c 
~~~~

- £THEOR

500 130 130 130 130 132 0

1056 270 280 290 280 280 ±3.5

2160 550 580 590 570 570 ±3.5

3250 830 880 890 860 860 ±3.5

4400 1110 1180 1 200 1150 1160 -4.3

5550 1 390 1 480 1510 1 450 1 460 -4 .8

“Gages were l ocated at mid-height of rectangular aluminum bar of 7075-16 of
cross—s ectional dimensions 1.22” x .30”. Gages I and 3 were oppos i te each
other as were gages 2 and 4.
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7.3 DETE CTI ON OF DEFECTS IN ADHES IVE BOMDL INES

7.3.1 InspectIon Methods

Once a bonded specimen is fabricated , assurance that the bonded area is
free of vo i ds , air bubbles and associated i mperfections is of paramount impo r-

tance. Bond defects will contribute to low strength measurement, data scatter
and unreliable adhes i ve characterIzation . Therefore, accura te, sens i tive Inspec-

tion methods are Important.

• Seve ra l cand i date methods app licable to thick adherend joints , were eva l-
uated and discussed in Section 3.5 3. Of these two tecnniques , neu tron radio-
graphy and ultrasonics were recommended.

The capability of each method to detect defects in the adhesive were incor-

porated within the adhes i ve bondlines of th i ck adherend lap, butt and scarf
joint test specimens. A variety of materials which mi ght offer good detection
using the two ND I techniques were employed.

Some materials are more apt to be detected by one technique better than

another , such as metals for x- ray . Materials originally proposed for simulati ng

defects in the bond line included metals , porous and non-porous organic materia ls

(with high hydrogen content) and finally inorganic , non meta l l i c , porous materials.

L imi ts  we re placed on the fina l number of selections made simply by choos i ng

only those materials or techniques wHch might offer at least a limi ted prospect

for detection using neutron rad iography. Materials finally selected were alum inum

planchets , copper and stee l wire , glass bubbles , m lli pore filter material , human

hair and nylon cloth with a mylar tape backing . Void sizes ranged from 0.0035

inches to 0.375 i nches in diameter so that the lower detection limits of each

ND 1 inspection technique would be ascertained. The specimens prepared us i ng

these techniques were thick adherend lap, butt , and scarf joints , thus offering

a challenge for correct angle orientation techniques in detection by eithe r

neutron rad iography or ultrason t• c C-scan .

The adhesive used was American Cyanamid FM-73-M epoxy with BR-l27 pr imer.
A ttempts were made to maintain the bondline thickness as close to 0.010 inches

as poss ib !e. All defects , regardless of diameter , were maintained at less than

this .010” th ickness. Spaces for the defects were cut In the adhesive during
lay-up . This prevented “flow-out” of the defects during squeeze down of the
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adhesive and also allowed adequate movement of the adhesive around the defects

during cure. Curing was accomplished using a standard (ATC-built) bonding ji g
and the 50 ton Wabash press.

7.3.2 Experimenta l Results

Figures (35a - 37a) show a schematIc of each of the different joints and

the various defect materials with their respective size ranges. Figures 35b~
375) show reproductions of C-scan record i ngs of the thick adherend lap joint ,

• butt Joint , and scarf joint at 20 dB , obtained with the ultrasonic (through

transmission) techniques. Inspection of these scans reveals a “wash—out”

of the scan at the lap step of the thick adherend spec i men. A loss of detec-

tion in the area of the step is considered a draw—back in using ultrasonic

C-scan in co.ljunction with the thick adherend lap Joints. This is not a pro-

blem with the other two types of joints. Rev i ew of the figures revealed tha t

voids down to the order of .125 inches were detectable. No detection was ev i-

dent for any size of wire. Angle beam transmission C—scan was employed for

the butt joint specimen. The genera l effect is to spread out the area exam i ned .

The res u lt is to give a “double image” wi th the transmission beam reflecting

from the bottom surface of the adherend . This in effect gives a mirror image

on reception as can be seen from inspection of Figure 36b. Maximum energy

transmission and the reception sensitivity are arrived at only with multiple

trials for each different configuration of joint. The energy reception level ,

therefore , (marked on each scan in dB) is not necessarily the same for all joints.

F i gures (35c ~.- 37c) show the detect i on capability ach i evable using neutron

• rad iography. Comparing these figures with those of the schematic in Figures

(35a - 37a) indicates the relative position of each defect. As can be seen from

these pictures , small void defects associated with the glass bubble inclusions , with

the ny lon cioth~ nd with the metal inc lusions are measurable down to the 5 mil

size . Loss of void definition for the smaller voids on the positive prints is

evident when compared to the original radiograph negatives , especially for the

0.0055 inch wire , which is clearly visible only on the negative .
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7.3.3 Ultrasonic C—Scan Observations

(1) Defect detection is possible for aluminum simulator materials for a mini-

mum size of 0.125 inches while for nylon materials it is somewhat less than 0.187 inches.

(2) No detection of materials of the order of the wire size (3-5 m u )

is practical us i ng this method for these types of joints.

( 3) Through-transmissIon techniques are the choice for thick adherend
bonds although angle beam transmission d isp lays the scarf and butt jo ints
satisfactorily.

(4) Of the types of defects used , aluminum pianchet and nylon with

my lar backing were the easiest to detect using this method . Wire was not

detected possibl y because of size and the mi l ipore filter material was

poorly detected possibly due to an intrusion of the adhes i ve into the filler

material itself .

7.3.4 Neutron Radiog raphy Observation

(1) As can be seen in Figures (35c — 37c~, rad iography detection of voids

is possible down to the size of approx imately 0.005”. Good geometrica l

resolution to 0.047 inches for an aluminu m inclus i on is practical. Somewhat

poorer resolution is obtained for the mil ipore filter and the ny l on.

(2) Angle is not critica l for resolving voids , although a very good Job

can be obta i ned with a very slight ang le for both the scarf and butt joints.

(3) The angle is not critica l for void Identification on either the butt ,

scarf , or the lap joint.

(4) Defect detection was good using mi lipore filter material , the

aluminum p lanchet and mylar backed nylon that will “dam” out the resin but

not contribute small air pockets perip herall y. This is very evident in the

radiograph of the lap joint in Figure ~5c.

(5) FidelI ty, consistency , and the ability to i dentify defect types

in these bond lines are much better with neutron radIog raphy than they are

with C-scan ultrason i cs.
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(6) Althoug h i t is not true for the ultrasonic C—scan technique , de-

tection of the very smallest defects using neut ron radiography is limited onl y

by the source strength and the distance from the source ; smaller objects

could be resolved with a higher intens i ty source.

Throughou t this test program , detection of voids in the adhesive bondline~

of all test specimens was attempted usi ng neutron radiographic techniques.

Il 
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SECTIO N V I I I

VERIFICATION OF FABRICATION PROCEDURE

8.1 PANEL FABRICAT I ON AND BONDLINE MEASUREMENT

Three thick adherend test panels and two butt and scarf joint panels were

fabricated to verif y that an adequate adhesive bond i ng procedure had been estab-

lished per the adhes i ve ’s specification In Volume II. All adherend material was

3/4” thick 7075-T651 aluminum. The adhesive was FM—73M in all cases.

Subsequent to bond i ng , the panels were prepa red for cutting into the indivi-

dua l test pieces per Section 1.5.3 of the fabrication specification . Panels were

cut into six one inch wide test pieces first with the band saw and were then

smooth cut using an end mill .  Finished cuts of each panel were macroscopically

smooth although microscopic irregularities with respect to the adhesive—meta l

interface offer some challenge in the choice of techniques for accurately mea-

suring bond line widths. The maximum heig ht of metal intrusion into the bondline

averaged less than .0002”. Fi gure 38 shows the typ ica l uniform i ty of bond line

thickness achieved , across the full panel width using the fabrication jig de-

signed at ATC . Although polishing of each bondline is to be avoided , it was

found necessar y for techni que development to give a buff finish to one spec i-

men each of both the butt and scarf joints , using fine grit sandpaper and finally

a polishing alum i na . It was not necessary in the case of the thick adherend lap

joints since the bondline direction of these joints lie along the direction of

the cut made by the end mil l .  Irregular lines along the adhes i ve metal inter-

face for the butt and scarf joints were on only one side of the bond line and

this according to the directio n of movement of the end mi l l ’ s bit. Measure-

ments were made at two points on each milled side of each joint , 1/3 of the

distance in from the opposite edges (Figure 39) for the butt and scarf joints.

Six readings for the thick adherend specimen were obtained. Bond line measure-

ments of the top and bottom surfaces (non-milled) of the butt and scarf joints

were not made since the bond line erroneously appea red to have dimensions 2-3

times greater than the milled adhes i ve sides. This was an anomalous result of

the normally presen t fillet and possibly due to the machining of the bonded

panels. It occupied a depth of less than 2 m ils.

Bond line measurement profiles were compiled from data obtained using a

Bausch and Lomb Filar micrometer mounted on the scope attached to the Wilson

Tukon Tester which has a nicroton stage. It exceeds the acc u racy requirement
specified in each of the test specifications , name l y .001 i nches.
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Usi ng the fabrication fixture described in Section 1.5.2 of the Adhes ive

Fabrication Specification , (Volume II) bondl ine thickness for the th i ck adherend

panels of .004 i nches, .007 i nches, and .010 i nches were attempted. Onl y the

.004 i nch and .010 I nch adhesive th i cknesses were fabricated for both the butt

and scarf joints. Table 10 shows the measured bondline th i cknesses obta i ned

• from the one I nch wide test pieces cut from each pane l (Figure 40) for each of

the different type Joints. The results revea l that by using the fabrication

fix ture designed by ATC , prescribed boneline thicknesses , of a minimum variation

throughout the test panel can be consistently fabricated .

8.2 NDI INSPECTION OF ADHESIVE SPEC IMENS 
-

• Prior to cutting the test panels into one— i nch wide specimens , both neu tron

radiograp hic and throug h transmission ultrasonic C-scan Inspection of the bond—

lines was made. The through transmission frequency was 5 mega-hertz.

The neutron radiographic technique employed a portable callfornlum—2 52

source (-2.2 mg) and SR-54 film. The neutron beam ’s angle of incidence was

90 degrees to the adhesive surface for the thick adherend and scarf joint

specimens . I t was 45 degrees for the butt joint.

For the ultrasonic C-scan technique , the frequency was optimized and the

op t i mum value accompanies each of the enclosed fi gures.

• Generally, the bond line ’s clari ty and definition were much improved through

the use of neutron radiography . Void free bond lines were achieved in all thick

adherend spec imens. Inspection of the butt joint neutron radiog raphs revealed

- 
- severa l isola ted voids of from .003 to .013 I nches in diameter (Figure 41).

~ Ul trasonic C-scan results did not revea l these isolated voids.

Inspection of the scarf joint spec imens (Figure 42) revealed three possible

isola ted voids. Again , the C—scan results were not able to verify this finding.

8.3 DESTRUCTIVE GOODNESS—OF—BOND TESTS

Quasis tatic tests to failure were run on two of the six spec i mens from

each bonded panel. The stroke rate was .012 Inches per minute. The test

environment was 80°F and 45~ R.H. A tota l of fourteen specimens were tested
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and the results are surmiarized in Table 11 . Due to the limited test data

defin itive trends were not ascertained . However, the shear strength attained
compares favorably with values obtained on lap shear specimens in the PABST

program.

In all insta nces the failure was cohesive within the adhes i ve except at

one edge (assumed to be the initial failure region) within wh i ch a narrow

band (
~ .002” for the thick adherend specimen to .15” for the scarf joint) of

adhes i ve failure was noticed . Minute but scattered voids , ~ .005 inches or

less , were ev i dent in the butt joint specimen . This supported the observa-

tion made in Sect i on 7.3.4 pertaining to the butt joint radiographic resul ts.

A color change of the adhes ive failure surface was also noted. This color

change may be related to the rate of the crack propagation as the spec i men

begins to fail.

8.4 SUMMARY

Res u lts of bondli ne measureme nts , NDI inspect i on of the bonded areas and

destructive tests verified that the fabrication fixture and bonding press

facil itate adhes i ve bonds of uniform thickness and representative strength

w ith voids of .005” or less. The fabrica tion fixtures were used to fabricate

all test specimens for this prog ram.
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TABLE 11 . SUMMARY OF DESTRUCTIVE TEST RESULTS

ADHESIVE MAX
SPEC I MEN THICKNESS STRESS (P/A)

(IN) (PSI)

THICK ADHEREND .0046 5611
• .0050 5444

.0068 5277

.0076 5222

•OiO 5555
.0094 5500

BUTT .0055 7933

- 0054 7866

.0104 6866

.0103 7133

45° SCARF •O039 8300*

.0045 8200

.0109 8066

.0105 7933

*Based on projected area norma l to applied load.
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SECTION IX

TEST SPECIMEN FABRICATION

9.1 SUMMARY OF FABRICATION RESULTS

All adhesive bonded test specimens were fabricated per the Fabrication

spec ification (Volume II). Each adherend faying surface was mach i ned , then
checked for cons istent surface roughness using a Mitutoyo Surftest-B meter.

The surface roughness consistently averaged 32 x l0 6 i nches. The cure cycles

for the primers and adhes i ves used followed the manufacturer ’s recommended pro—
cedures , taking Into cons i deration the upheat charac ter i s ti cs of the press pla-
tens. Although both the FM-73 and the FM-400 adhesives have a broad range of

cure cycles , an effort was made to obtain the recommended optimum cycle.

A sumary of the fabrication results are presented in Table 12.

panels were inspected us i ng neutron radiograp hy. The thick adherend panels
were consistently void free (Table 12) , wh ile the initial butt and scarf joint

panels contained small voids. The bonding fixture was modified and subsequent

bu tt and scarf joint panels were void free.

Adhesiv e thickness control results are sumarized in Tables (13—15).

Thickness contro l for the thick adherend specimens is primarily controlled by

the accuracy of the machining procedure along the surfaces to be bonded. Thick-

ness contro l for the butt and scarf joints is dependent on the shim stock accu—

racy, degree of parallelism of the surfaces to be bonded and the tapered pin

di mensiona l accuracy . Overall , thickness contro l across the panel from A to B

(see Fi gures in Tables 13 - 15) was excellent. The ability to fabricate a par-

ticular bondline thickness was adequate for thicker bond lines. It was more
— difficult to fabricate bondlines of 4 mils and less. This may be due to an

accumulation of tolerance buildup in the drill ji g, bonding jig and in the

nomina l dimensions of the plates themselves.

TABLE 12. SUMMARY OF FABR I CATION RESULTS

SPECIMEN 
FM-73 Adhesiv e FM-400 Adhes i ve

Number Numbe r Number Number
Fabrica ted Wi th Vo i ds Fabrica ted Wi th Voids

Thick Adh erend 12 1 9 0
Butt Joint 16 9* 15 4*
Scarf Join t 5 4* 6

*These resul ted prior to modify i ng bonding fixture . After modification
void free panels were consistently fabricated.
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TABLE 13. SUMMARY OF THICK ADHEREND FABRICAT I ON
RESULTS - A DHESIVE THICKNESS CONTROL

. 7511 

~~~4J’~~ ~~~~~~~ ~J
Nominal Adhes i ve Thickness

ADHESIVE PANEL NO . DESIRED ADHESIVE AS FABRICATED ADHESIVE THICKNESS

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  

TH I CKNESS (MILS) FROM A ÷ B (MILS)

FM—73 2-L-O4 4 7.76 -
~ 7.03

ZI-L-04 4 7.02 -~ 6.35
5-1-01+ 4 8.46 -

~
- 6.20

6-L-08 8 8.67 -
~ 9.36

7-L-08 8 9.65÷10.13

8-1-08 8 9.80÷10.50

9-L-08 8 9.61 8.62

l O-L-08 8 9.71 -a- 9.1+1

l 2-L-08 8 8.77 -a- 8.35

l3-L- 08 8 15.85 -a-12.00

i4-L-08 8 10.33 8-97
l5-L-08 8 ll .65 - ’-ll . 03

FM-kOO IL-04-F 5.40 4.50

31-04-F 4 10.20 -* 7.40

111-08-F 8 8.20 -* 8.90

16L-O8-F 8 8.10 -a- 7.70

17- 1-08-F 8 9.50 9.40

18-1-08-F 8 9.50 -a- 8.90

191-08-F 8 8.60 -a- 8.60

20L-O8-F 8 9.20 -a- 7.20

2lL-O8-F 8 7.90 -~ 7.60
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TABLE 14. SUMMARY OF BUTT JOINT FABRICAT I ON RESULTS -

ADHESIVE THICKNESS CONTROL

Nomin al Adhes i ve Th i ckness

,
,
,,A

- 3O55h i.~~../~~~~~~~~~~~
’ ,‘

ADHESIVE PANEL NO. DESIRED ADHESIVE AS FABRICATED ADHESIVE
THICKNESS (MILS) THICKNESS

______ _______ _______________ 
FROM A -a- B (MI LS)

FM-73 B-l-O4 4 5.43 -* 5.36
B-2-04 14 5.60 -a- 4.80
B-3-04 1+ 3.60 -a- 6.90
B-4-04 4 4.40 -a- 4.40
8—5-04 4 3.82 -a- 7.26
B-7-08 8 6.05÷ 12.43
B-8-O8 8 8.07÷ 10.13
B-9-08 8 7.91 -a- 9.22
8-10-08 8 9.00 -a- 9.25
8-11-08 8 8.90 -- 8.90
B—12- 08 8 8.80 -+ 9.20
B-13-08 8 6.30 -a- 9.30
B-l4-08 8 7.00 ÷ 8.56
B-16-08 8 6.93 -a- 7~93
B- 18-0k 1~ 2.75 -a- 7 .14

FM-400 6-19-04-F 1 7.1+0 -a- 7 .10
B-2O-O4-F 4 7.50 ÷ 7.40
B-22-014 F  4 7.90 -a- 7.70
B-23-08 F 8 9.40 -a- 11.02
B-25-0 8-F 8 9.60 + 10.40

• B-26-08-F 8 9.60+ 10.20
6-27- 08-F 8 5.80 + 12.70
B-28-08-F 8 7.76 -a- 8.19
B-29-08-F 8 12.00÷12.40
B-3O-04-F 4 6.20 + 7.00
B-3l-04-F 1+ 5.80 + 6.40
8-32-04-F 4 5.60 + 6.40
B-33-04-F 4 6.00 -a- 7.00
B-34--08-F 8 8.15 -, 8.15
B—35-08-F 8 9.51 + 9.60
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TABLE l 5~ SUMMARY OF SCARF JOINT FABRICATION RESULTS -

ADHES IVE THICKNESS CONTROL
Nominal Adhesive Thickness

. 305” A

ADHESIVE PANEL NO. DES IRED ADHES IVE AS FABRICATED ADHESI VE
THICKNESS (MILS) THICKNESS -

_______ _______ _______________ 
FROM_A_-a-_B_ (M ILS)

FM—73 S-l— 08 8 8.70 ÷~Ø.78

S-2-O8 8 9.22 + 9.06 -

S-3-O8 8 ~5.6O ÷ 9 , 10

s—4-08 8 ~ 9.50÷ 10.03

S-5-04 4 4.5~ + 620

• FM-LOO S—6-O8-F 8 ~ io. ro + 7.30

S-7-08-F ‘~8 -% 9.87+LO.l5

s-8—08—F 8 8.20+10.95

S-9-08-F 8 
- 

‘ 8.50 + 8.~~
S-10-04-F / 4 

‘ 

6.10 + 6.30

S-ll- 04-F .4 5.60 + 6.50

a,

)

1 ,

- - 

• 

- 
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In summary, a bonding fix ture and fabrication specification were finalized

which i nsure:

o Near void free bond lines of excellent quality.

o Super ior bondline thickness contro l over the panel’ s w idth.

o The abili ty to fabricate bondlines to a desired thickness when

that thickness is > 5 mils.

9.2 COST OF ADHESIVE BONDED SPEC I MEN PREPARAT I ON

One i mportant feature of the fabrication method developed with-

in this program is that it be low cost. To verif y tha t this has been ach i eved
a cost estimate of the complete fabrication procedure was performed. i tems

included in the cos t es t imate were :

o Initial metal adherend sizing, sanding and mil l ing of edges.

o Fi nish machining of meta l surfaces to be bonded.

o Dri l l i ng of alignment holes.

o Cleanin g, priming and bond i ng .

o Cutt ing of the bonded panel i nto one inch wide specimens and
dr i ll ing of the l oading holes.

o Mil l i n g  test specimens to fina l dimensions .

o The dr ill i n g  of four holes in each test specime n for attachrTent

of the capac it or.

The cost eva l uation was based on making twenty test panels (120 one inch

wide test specimens) of either the th i ck adherend geometrica l configuration

or the butt (scarf) joint geometrica l configuration . It assumes one is

famiUar wi th the Fabrication Specification and the Drill and Bonding Jigs.

The resul ts were that it took 45.5 man-hours to completely fabrica te the
twenty but t (scarf) joint test panels of planar d i mensions 9.75” x 7.50”.

Th is amounts to 2.3 man-hours per test panel or .1+ man-hours per test sped-

merit.

For the thick adherend tes t panels (extra machining is required to form

the gap for the adhesive bond line) , it required 70.5 man-hours . This is 3.5
man-hours per test panel or .6 man—hours per test specimen .
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SECTION X

DATA GENERATION

The goa l of this task is to demonstrate the utility, ease of performance ,
low cost and repeatability of the various test methods for FM-73M and FM— 1100

adhesives. Thus , the test results will enable one to accurately verify the

cost of performing the test methodology , make any necessary modif ica t ions to
the respective adhes i ve test specifications , to enhance their ease of perfor-

mance and support improvements to the adhesive deformation measurement dev i ce

to enhance data repeatability. Selected bulk unia xial tensile specimens were

• also tested to estimate If meaningful differences exist between static and

viscoelastic adhesive mechan i ca l properties tested in the neat vs. bonded

conf iguration .

1 0.1 TEST MATRIX

The scope of the test program is shown in Table 16. The influence of

~tra~n rate, teliperature, hw~
idt ty~ adhesive thickness , and mode of loadi ng on

the mechanica l response of bonded joints was experimentally investigated.

10.2 STATIC TEST RESULTS

1 0.2.1 Th i ck Adherend Shear Test Results

Shear adhesive mechanical properties for FM-73M (Dacron Mat) and FM-400

(Nylon Knit Fabric) adhesive systems have been determ i ned per the Static Test

Specificat ion (Volume II). Aluminum adherends (7075—T651) were .75” th tck,

1.0” wide , 10.0” long and had an overlap length of .36”.

The specimens , once removed from the saturated salt chamber , were immed-

ia tely placed in a universal type grip within the controlled environment of the

environmen tal test facility with the ATC designed parallel plate capacitor

attached to them (Figure 29). The recording dev i ce was set to the proper sensi-

tivity to record the load vs. deformation results. The load range frequency and

strain rate parameters were also set to their desired va l ues. The specimen was

pre l oaded to approximately 900 PSI to align the specimen in the test fixture

and eli minate any initial adhesive defects. The load was then reduced so as to

maintain a small bias load of 25 lbs. on the spec i men to preserve all alignment

in the assembly prior to applying the test load. The test specimen was then
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loaded to failure at the prescribed strain rate in the specified environment .

The load vs. deformation data was recorded using a mult ipo int digistrip chart

and transferred to a cassett tape for reduction of the data using an HP 9815
mini-compu ter and HP—98O8 plotter.

A summary of the test results is presented In tabular form In Table 17.
The data reduction equations are:

• 
AP(i)(S.F.) ~u 

(S.F.) A 1tG 
A

5
(~~5

) 
, F = 

A 
— = 62—64

For a load P
1 > P

2 and attachment points A and B .126” apart (Figure 29),
i s the dis p lac ement measured between loads P

1 and P
2 mi nus the adherend

deformation correction factor for the metal between attachmen t points A and B.

Also , A5 = surface area of shear spec i men (i.e., overla p length x specimen
width) ; F

5~ 
= adhesive ultimate shear stress (PSI); G = effective shear modulus

of the adhesive ; t~P = P
1 

- P
2 = applied load ; P

u maximum load specimen attains;

S.F. = ratio of constant shear stress of optimum specimen to (P/A
5
) shear

stress; = adhesive displacemen t in shear specimen ; r~ = adhesive th i ckness;

and C it = ultimate adhesive shear strain at centerline of overlap.

The data reproducibility is generally good and it does not seem to be

dependen t on the capacitance measurement device used. In all cases the shear

modulus did change slightly wi th load. Therefore, for compar i son pu rposes ,

al l  shear modul us val ues were computed at app rox imately the same ti me from

tes t initia t ion for a given load rate. In obtaining the initial test data for

FM-73M spe c imens (21-04 and 61-08), the - capacitance scale selected precluded

an accurate estimate of the ultimate displacement. However , the va l ues are

believe d to be reasonable approximations.

The FM-73M specimens consistently f ai led in a cohesive manne r as shown in
Figure 43. The FM-400 specimens failed in a predominantl y adhes i ve manner at

the adhesive-metal interfaces as shown in Figure 44.

The p rima ry purpose of this tes t p rogram was to demonstra te the ut ili ty ,
ease of perfor mance , and low cost of recently defined test procedures . Moreover ,

sli ght modification s to the test procedure were made as the test program
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FIGURE 143~ TYPIC (~IL FM- 73 ADHESIVE SHEAR FAILURE
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FIGURE 44 TYPICAL FM- 400 ADHESIVE SHEAR FAILURE
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proceeded. Certain trends were observed during eXamination of the shear test

results with regard to the effect of load rate , adhesive thIckness , relative

humidi ty and temperature . It is recommended that these trends be verified by

further testing .

Inspection of Figures 45 through 50 reveals severa l trends. These are:

o For the two load rates at which specimens were tested , only a modest

load rate effect on the FM-73M adhesive shear modulus was observed.

All other adhes i ve properties were rate independent for the range

tested.

o In general , for the three temperature (-65° F, 75°F, 180°F) and three
rela tive humiditIes (0, 75%, 95%) at which test data was obta i ned for

FM-73M adhesive , its shear modulus and ultimate shear strength decreased

as temperature and relative humidity increased. Ultimate shear strain

I ncreased with an increase in temperature ‘-‘ i th an anomaly being observed

wi th regard to the 75°F, 95% da ta.

o For the FM-400 adhes i ve most of the failures were adhes i ve, therefore

the data is not very informative about the strength characteristics of

that adhes i ve. Regarding response characteristics , the shear-modulus

was moderately sensi tive to moisture at room temperature while ultima te

shear strain decreased in magnitude as temperature and/or moisture in-

creased.

o Where appl icable , specific trends in the adhesive ’s propertIes directly

relatable to adhes i ve thickness were observed. For the FM—73M material ,

shear modulus tended to decrease with an increase in adhes i ve thickness ,

for 180°F and 75°F at 75% R.H. conditions over the narrow range of adhe-
sive thicknesses tested . The FM—400 modulus tended to increase with an

i ncrease in adhesive thickness over a much broader range of adhes i ve

thicknesses. The ultimate shear strain of FM—73M tended to increase with

adhesive thickness at 180°F. The effect of 75°F may have been obscured

due to the initial data recording limitations of the capacitor as spec i-

fied on the previous page.
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That the shear modulus was related to the adhesive thickness for both

adhesive materials (ultimate strain of FM—73M) may be attributed to the

volume percentage of mat (scrim) vs. adhesive for a part icular adhesive

thickness. For thinner bond lines one would expect the mat (scrim) to

dom i nate the va l ue of shea r modulus (ultimate strain) obtained . As the

thickness increases , the influence of the adhesive should tend to

become dominant.

The stress-at—failure and strain-at-failure data measured during the con-

stant rate tests have been p lotted and are shown in Figure 51 , From this fi gure ,

• 
it is clea r that the trend of the failure enve l ope is toward lower shear strength

and greater strains at the elevated temperature , moisture conditions. This is in

agreement with the trends observed when the adhesive film alone (Neat) was tested

(see referencel96), Such similarities are encouraging since the stress state

within the adhesive layer undoubtedly has residuals from cure shrinkage and cool

down, and may wel l be influenced by the moisture (see reference 197) . This a rea
of investigation appears especially promising.

10.2.2 Butt Joint Test Results

Tensile adhesive mechanica l properties for FM—73M (Dacron Mat) and FM—400

(Nylon Knit Fabric) adt~esive systems have been determined per the Static Test

Speci f icat ion (Volume it). The data obta i ned reflect two load rates, three

temperature l evels and three relative humidities. The data presented revea l

certain data trends and problems as regards the efficient use of this specimen

and deformation measurement dev i ce to obtain accurate tensile mechanica l pro—

part ies of the adhesive .

A butt joint test methodology was developed and experimental static and creep

data obtained with an optimall y desi gned butt joint test specImen based on the

work performed in Sect ion 5.7. AlumInum adherends (7075-T65l) were .30” th i ck

1.1” wide , and lO.0 11 long. The joint response measurements were extreme l y sens i-

tive to temperature,moisture and strain rates .

A l l test specimens were fabricated and their geometries recorded , includ i ng

adhesive thickness per the Fabrication Specification (Volume It). In genera l

small voids (~~~Q•5II — .010”) were ev i dent In severa l specimens and are noted

under Type of Failure In Table 18.
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Al l  test spec i mens we re conditioned In a speci f ic  tempe ra ture , rela ti ve
humidity env i ronment for a prescribed time prior to physica l testing. in al l

instances these parameters are defined in Table 18.

The specimens , once removed from the saturated salt chamber had the paral-

l el-p la te capacitor attached to them. They were immediate l y placed in a un ive r-

sal type grip within the controlled environment of the environmenta l test fac i-

lity . The l ong axis of the spec i men and the centerline of load pu ll through the

gri p assemb l y cc i nc ded. The recording device was set to the proper sensitivity

to record the load vs. deformation results . The load range frequency and strain

rate parameters were also set to their desired va l ues. The load was then reduced

so as to maintain a small bias load of 25 lbs . on the specime n to preserve all

alig nment in the assemb l y prior to applying the test load. The test spec i men was

then loaded to failure at the prescribed strain rate in the specified environment .

The load vs. deformation data was recorded using a mu lt i point di g istr i p chart and

transferred to a cassette tape for reduction of the data using an HP 9815 mini-

computer and HP-9808 plotter.

A summary of the tensile test results is presented in tabular form in Table
18 . The data presented for the orthotrop ic adhes i ve systems , FM-73M and FM-400

are scattered. These properties are for the adhesive norma l to the p l ane of the

scrim.

A l l FM-73M spec i mens failed consistent l y in a cohes i ve manne r as exemp lified

in Figure 52b. However, most surfaces exhibited a two phase failure pattern of

app rox i matel y equa l surface area. Inspection revealed that one phase invo l ved

the scrim beg in pulled out of the adhes i ve wh le the rest of the surface exhibited

a failure in the adhesive yet away from the scrim (Figure 53). The FM-400 spec i-

mens failed in an adhes i ve-cohes i ve mode (Figure 52a). In several instances

minute vo i ds were evident toward one edge of the specimen. This may have been

due to a fabrication pressure differential.

In an attempt to identify the reasons for the data scatter, a small study

was undertaken. During this study, the secant modulus approach for presenting

the test results was tried except for the 180°F. These data are presented in
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Table 18, except for the 180°F, 75% condi t ion for which 2 ksi was used for FM-400
data. The adhesive disp lacement was determined us i ng Equation 8 of the Static
Test Specification . The ultima te tensile strength F

TU
, was calculated as the

ultima te load over the ori g ina l adhesive area.

Inspection of the results in Table 18 revealed tha t

O In genera l , for the three temperatures (—65 °F, 75°F, 180°F) and three

rela tive humidities (0, 75%, 95%) at -which test data was obta i ned for

FM—73M and FM—400 adhesive , its secant modulus exhibited sizable scat-

ter except at 180°F, 75% R.H. for FM-73M. This scatter was also cvi-

dent on i nspection of the max i mum strain to failure data.

0 For FM—73M adhesive tested at 180°F and 75% R.H. a sizable reduction in

secant modulus was observed as was a sizable increase in maximum strain

to failure with respect to 75°F, 75% R.H. properties. Moreover , a

dras t ic reduct ion in the ultimate tensile strength of the adhesive at

180°F, 75% R.H. was observed (<1000 psi) while a 30% - 40% reduction

at 75°F, 95% R.H. and a nom i nally 60% increase in strength at —65°F,

0% R.H. was noted .

o For the FM-400 adhes i ve, the secant modulus and maximum strain to fail-

ure (partially interfacial) data reflected no noticeable change in

proper ties for the specified temperature and/or relative humidity levels

at wh i ch data was obta i ned . A 30% - 40% reduction in the ultima te ten-

sile strength of the material was noted for 180°F, 75% R.H. while nomi-

nally a 50% reduction was noted for the 75°F, 95% R.H. condition .

The pr imary purpose of these tests was to demonstrate the uti lity, ease of
performance , and low cos t of recently defined test procedures. However , as
evidenced by the consistent scatter in the test data specific improvements in

the test methodology are required . As a result of studying this issue the pro-

blem areas have been defined that possibly introduced sizable scatter in the

adhes i ve data results. These are:

o Specimen geometry
o Adherend Modulus Variabi lity 

I

o Adhesive void percentage

o Capac i tor sensitivity.
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Spec i men geometry is seen as a major reason for the sizable data scatter

observed in the secant modulus and ultimate strain to failure data. Due to the

small adhesive bond line thickness of typica l bonded joints (In this program

adhesive thickness varied from 4 to 12 m Ils ) and the inab i lity to attach the

capac i tor attachmen t screws no closer than approximately .06 inches from the

adhes i ve-adherend interface , the major component of measured deformation

occurring during a tensile test is the aluminum deformation . Table 19 is pre-

sented to quantif y this and the sensitivity of the adhesive modulus calculated

per Equation c—4 of the Static Test Specification (Volume ii) . The difficulty Is
due to the small adhes i ve deformation being measured over an extreme ly small

gage length (i.e. adhesive thickness). As Table 19 points out, an 8- 17 percent

error is possible due to this specimen geometry p rob l em at ambient conditions

for a I x io -6 inch adhesive deformation measurement error. The absolute magni-

tude of this error is inversel y proportiona l to the magn i tude. of the modulu5.

This erro r could be minimized by redesi gn of the test specimen.

An additiona l error of significance is the variability in the adherend

Young ’s modulus. The size of this error is quantified In Table 20. To summa-
rize , as the modulus of the adhesive approaches, in magnitude , the Young ’s modu-

lus of the adherend material , a sizable error amounting to 100% or more is pos-
- . .  6 6 .

s ibl e for an adherend modulus variat ion of from 10 x 10 to 12 x 10 psi. While

such a change in magnitude is not believed to be the cause of our p resen t da ta
scatter problem it is believed tha t a 10—20% var i a t ion in adhesive modulus data
is possible due to adherend modulus variations. This is an error which could be

overcome if the adhesive gage length was increased significantly.

Another source of error is the effect of adhesive void volume on the bulk

modulus of the adhesive which can be related to the tens ile modulus , albeit , in

a rather comp l icated manner for an orthotropic system. In order to estimate the

magnitude of this error the work of Hashin 1
~
8 was employed . Assum i ng a quasi-

homogeneous , quasi-isotropic material system, Equation 65 was used to generate
the results of Table 21.

K 
— — 

3(1 - v)  C 65
K 

— 2 ( 1 — 2v)

K is the bulk modulus from test da ta w i th voids , Ka 
is the bu lk modulus f rom

tes t da ta wi thout vo i ds , v is the adhesive Poisson ’s ratio assumed constant

at .38 and C is the void concentration .
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TABLE 20. BUTT JOINT SENSITIVIT Y STUDY

SP ECIMEN B l— 04 — 5

ASSUMED
ADHEREND E 

MAX MAX
M0DU~,US ADHESIVE DIS P . STRAIN
x 10b ps~ X 106 PSI (IN) (IN /IN)

10. 2.080 .00010 .01787

11. 1.206 .00011 .02028

12. .893 .00012 .02228

13. .732 .00013 .02398

TABLE 21 . EFFECT OF VOID CONCENTRATION ON THE BULK MODULUS

C 0_]_
.02 .04 .06 .08 .10

l .922 .845 .767 .690 .612
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A 10% void concen tration can generate a 39% change in bulk modulus. Per

the well—known quasi—isotropic formula to relate tensile modulus to bulk modu-

lus , name ly:

E = 3K (l - 2v) 66

this can be directly equated to a 39% change in tensile modulus. This is a

sizable quan tity, yet , this example is meant to point out the sensitivity of

adhesive tensile modulus to void content in a qualitative sense only.

A f in al source of poss ib le  er ror is the capaci tors means of attachmen t to the
butt joint test spec i men . While the capacitor ’s desi gn was qu ite wel l  sui ted for
the thick adherend specimen , 4’le consistently had difficul ties in getting a repeat-

able response from the capacitor on a spec i men to spec i men basis (possible pin

rotation) for the butt joint. It is now believed that when dealing with a device

which is designed to measure 300 x IO 6 in/pf , extreme stability and attachmen t

rigidity must be maintained for the capacitor to respond in a consistent manner

when a 1 x l0 6 inch var iatic~ can result in a sizable error in mechan i ca l pro-

perty data. With the thin butt joint specimen design , this was not possible.

Again , redesign of the test spec i men could resolve this problem.

Moreover , the scatter in the maximum strain to failure data s believed to

reflect the impact of the capacitor and specimen design difficulties. Yet ,

adhesiv e var i ab i li ty i nherent ly i ntroduces a w i de band of da ta resul ts for th i s
parameter.

In summ ‘-y, a number of sources are bel iev ed to be res ponsible for the
— scatter observed in the static tensile results. However, it is bel i eved the

data do provide realistic bounds for the material parameters of interest and

for the environmental parameters within which the tests were run. To obtain

data with significantly reduced scatter , add it ional effor ts should be direc ted
at redesigning the butt joint spec i men and the attachment of the capacitor to

the spec i men. The capacitor concept by itsel f , did perform in a consistent

manner ove r a wide range of tempera tures and rela t ive humidi t ies wi th an
extremely sensitive measurement capability.
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1 0.2.3 Scarf Joint Test Results

Adhesive biaxial mechanical properties for FM-73M and FM—400 adhesive sys-

tems were determ i ned per the Static Test Specification of (~olume II). Alum inum

adherends (7075-1651) were .305” thick by 1.0” wide by 9” long. The bond line

ang le was 4~° w ith respect to the load pull direction. The load was app l i ed
through 1/2” diamete r pin holes located in the specime n ’s ends. A tota l o

twe l ve spec i mens were tested , s ix for FM-73M and six for FM-400 adhesive .

The specimens once removed from their respective environments were imed-

Latel y p laced in a universal type gri p within the controlled environment of the

environmental test facility with the ATC desi gned biaxial pa rallel plate capaci—
— tor attached to them. The gage length was equa l to the capacitor ’s attachment

point spacing (.230”) when mounted on the test specimen. The attachment points were

l ocated at the centerline . The recording device was set to the proper sensitivity

to record the load vs. deformation results. The load range frequency and strain

rate parameters were also set to their desired va l ues. The specimen was pre l oaded

to approx i mately 900 PS1 to ali gn the spec i men in the test fixture and elimina te

any initial adhesive defects. The load was then reduced so as to maintain a small

bias load of 25 lbs. on the spec i men to preserve all alignment in the assembl y

prior to app l ying the test load. The tes t speci men was then loaded to fa i lure
at the prescribed strain rate in the specified environment.

Load wa s app lied manually at approximately 1.6 lb/sec. This was necessary ,

as both the parallel and vertical capacitor gages had to be read separatel y at

each load level, to determ i ne full y the biaxial response of the adhesive . Two

comparator measurement instruments were not availabl e to read the data simul-

taneous l y.

Ov eral l , the biaxial gages respo nse was much more s tabl e unde r load and the
alignment was much easier to maintain than that of the unidirectional model . Th i s

enabled direction and linearity of the output si gnal to be repeatable thereby mini-

mizin g da ta scatter. Again , the tens i le data exhib it ed sca tte r rem i nescen t of
that observed during the tensile test segment of thi s program. Much of this

scatter is again attributed to the specimen and capacitor design.

In genera l, for 75°F/50% R.H., the shear modulus of FM-73M (Table 22) Is shown

to be sinila r in magn tude to that obtained us i ng the th i ck adherend spec i men; that

of FPI-400 is a factor of two large r vs. the thick adherend test results. The ten-
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sile modulus data Is somewhat lower for the FM-73M adhes i ve vs. that obta i ned

usin g the butt Joint while that of the FM-bOO adhesive is of a similar magnitude .

The ul -tlmate shear strain for FM—73M adhesIve is three to four times that mea-

sured using the thick adherend specimen while the ultimate tensile strains

(normal to the adhes ve-adherend Interface) are approx imately equivalen t. Due

to the adhes i ve—cohes i ve failure mode for the FM-bOO th ick adherend specimens ,

no similar ultimate shear strain comparison is possible. The ultImate tensile

stra i ns are comparable us i ng the two test specimens. Again , the scarf spec imens
design and the parallel-p late capac itors gage length (.230”) vs. the adhes i ve

bond l ine thickness (.004”) result in a condition whereby the adherend deforma-

t ion is the dominant movement being measured. Moreover , a one micro inch er ror
in the adhesive deformation measurement can lead to a sizable error in determ i n— —

ing the true adhes i ve mechanica l properties response. Therefore , as with the

butt joint spec i mens 5 redes i gn of the scarf joint specime n and capacitor attach-

nient techni que is desirable.

10.3 NEAT ADHESIVE TENSILE TEST RESULTS

10.3.1 Specimen Fabrication

Three p l y lay-u ps neat adhes i ve were made against Nylon peel-p l y on a
polished alum i num “caul” p la te, making sure that no bubbles were seal’~d be tween
p l ys. Th is was accomplished by rolling each p ly on to the other from one edge

to the other. On top of the adhesive layup were p laced , i n consecu ti ve orde r ,
(1) Ny lon peel-p ly, (2) 0.020 inch aluminum caul sheet, (3) cotton ca nvas bl eeder
cloth and finall y (4) Tedlar vacuum sheet. Evacuation of the bag assemb l y was

main tained during the entire cure and cool down cycle.

Pla tes of both adhes i ves were cut into oversize panels us i ng a hi gh speed

saw . F ina l sizing (6 inch x 0.75 inch) of the panels was made with the saw-cut

L. p ieces stacked and edge cu ts made w it h an end mill . The end m ill was then used

to fash i on these panels into a dog bone confi gurat ion with ends for tabs being

approx i matel y 1.3 inches in l ength. The gauge length is approximate ly 3.4 i nches

x 0.375 inches , Figure 54. Tapered aluminum end tabs were app li ed using M-coat

200 and edge sealed with M-coat C. Condit ioning at 130°F and 75~ relat i ve
h-~rnid ty was accomp lished using a salt satura ted aqueous solution and a l abora-

tory oven. The moisture l eve l for FM—73M was approximately l .40~ and for FM-bOO

l .97~ . 
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a. FM-73M SPECIMENS

_

__  _

b. FM-1400 SPECIMENS

FIGURE 54. BUL K TENSILE SPECIMEN GEOMETRY (FM-73M AND
FM— 1400 A D H E S I V E ) .
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10.3.2 Tensile Tes t Results

Limited tests were performed to eva l uate the tensile stress-strain response

of neat FM-73M and FM-boo adhesives. Room temperature (75 °F) tes t ing was done
within one hou r after a sample was taken from the chamber. The relative humidity

leve l in the test laboratory was ~ bO~ . Elevated temperature testing was done

at the prescribed temperature and relative humidity specified in Table 23. The

l oad rate for all tests was 1.60 lbs/sec . All testing was performed in the

Shore Western Environmental Test Chamber. Three specimens were tested for each

adhesive and set of environmental conditions. Grip failure was not a problem

while overall data scatter is small.

The tensi le modulus , maximum strain to failure ard ultimate tensile strength

data showed far less scatter than the butt joint test results. In genera l , the

tensile modulus and ultimate tensile strength decreased with increasing tempera-

ture for both adhesives. The ultimate shear strain increased with temperature

for FM-73M while remaining unchanged for FM-bOO. A direct comparison between

the nea t and butt joint data was not possible due to the butt joint data scatter

and the orthotropic nature of the adhesive; that is for the neat adhesive the

load was applied parallel to the scrim ; for the butt joint tests, the load was
applied norma l to the scrim.

10.4 CREEP-RECOVERY TEST RESULTS

To gain insight into the time , temperature , mo i s tu re response of adhesive
materials , a series of creep-recovery tests were performed per the Creep-Recovery

Test Specification in Volume II. Creep—recovery tests were run for thick adhe-

rend spec i mens in shear and butt joint spec i mens in tension . Neat specimens were

loaded in tension only. The bonded and neat spec i mens were identica l to those

used in the s tat ic tes ts be i ng fabrica ted , NDI inspected , and env i ronmen tally

conditioned along with thei r static counterparts.

The test assembly includ i ng spec i men , parallel—plate capacitor (LVDT for

neat spec i mens) and fixture linkages required approx i mately 45 minutes to

stabilize in a given env i ronment. After the test system was stabilized , the

specimen was loaded ( 
~ lO~ of it ’s ultima te load) and unloaded severa l times

(3 - 15 times) at the rate of 2 cycles per minute. This exercise is important ,

in tha t it w i ll not only mechanicall y condi tion the specime n in the chamber , but

also enables one to verify the stability of the fixture linkage system so that

i t w i l l  yield reproducible test results.

151 

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

-



_ ____ - - -~~~~_ - -_- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—5
“- C

UI~~~

,__ ;~~ ‘.J _~~~~~
U.

— — I_n

3; 13 14) P-I 0) ( 4 _ S  0 ) 0 )_ S  0 _ S  —
— & 0) U, (‘4 N -t (4) _S N N N 0’. U,

a- 0 — N N N sQ 0’. 0 0) ‘3 0 .3
LA U, U’. ‘. _S — N N — _S N

II

Z C  0 ) 0 )  (44 — LI) N. Pa- LA N .5 0)
-~~~~~50 .3 .5 1n N ( 4 ) _ S  U) E 0 ) _ S
N N N 0 0 0 0 0 0 -- Pa- Pa-
0 0 00 0 0 0 0 0 0

- . - 
—

5)
Sn ‘II.- 0 --- N. ‘0 .3 N 0 N .3 0 U) 5) N- 0’. —

34 N 0) 0) N N. N. N. 0 0) N-
~~~ * 4/5 C .3 U) .3 0 0 0 0 0 — 4) 44) .3 4.
5fl ~~~~~~~~~ 0 0 0  0 0 0  0 0 0  4 ) —
LU U . - 3

2
U) I-.

(‘4 - . . 3.
VS -- 0 N Ii) U, LA — .5 0) .5 0) 0 0

5’ 0 ~~ 0) 0) N- — SO _S C) — N 4’. -
Mi -~ N N (44 N N. — LA U) U) — — =

a.
LU 0 ~‘. .3 N 0’ -5 N ‘0 I’I U, 0’. 0 4-/- 0) 0) 0 N N .3 (/5 N N 0’. — Si)
— -3 ( UN _ S  N _ S  N N _ S  N N N _ S  N-

0 0 0  0 0 0  0 0 0  0 0 0
Si

LU
I- - U)

LA U) U) 44) U) LA (A U, U, U) U) U, —
- *5’ N. N Na- N N N. N N N N- N. N

- -

P4 I.- 
-

LU
4/) Mi~~~ 5-

0) X I
0 0 0  0 0 0  - 5 -

< LU 0CIi. ‘4) U, I_A U, U, U, 0 ) 0 ) 0 )  0) U, LI) 5) 4
~~ Mi 0 N. N N. N. N — OS

~~

Z Z /5 50 0 0 50 .3 0 0 0 .3 .3 .5 .3 -.5
— 0 ~~ — -3 ‘5 — ‘-0 .3 -3 .5 sO sO SO sO ‘.0 E

~~~t N (‘4 (‘1 N N N N (‘4 (44 N N (‘4 N Uz M i —a -  U

; Mi 
_ _ _  _ _ _  _ _ _  

ii
~~~ -~~~~~~~~ (_ ~~~~ ~~~~~~~~~~~ 

N~~~~~

Sn 
~~~~~

%‘
~~~~ 

II.~~~~~O Z M i  -
C) M iI -  .5 0 0%

‘—I
Mi 3

OMiIII sO .O sO SO .3 40 S i ’ 0 4 0  SO ‘ 0 5 0
~~ II

0~~~~a-. I) C

0 5

-— 0
-3

Mi C 5

~~~~~ 8 8 8  8 8 8  ~~~~~ 8 ~N. N Ia- .3 .3 .3 .3 .5 .5 (a-. ‘a- N.

0 U. U. Ia U. U 5--  IC U. U. I&_ I( U. C

U
I) U
3. I~

— (I
(44 .5 44) _ S N . 0  ( ‘ 0 ) O )  0 N

0~U,

152

- 4~~~~~ ‘..A~~’ 4,’. 
~~~~~~~

- - 

-

- ~~~~ - a-, ~~~~~~~~ - - -



- - - a - - - a-a-~~~~~~~~~~a-~~~~~~a- 

The creep-recovery cycle was approx imatel y one hour (15 minutes load - 45
mi nutes recovery). if creep was observed on the first cycle , a second cycl e
was run to assess the presence of multi ple cycling effects.

Creep and recovery tests of adhesives should be conducted for at least

two cycles in order to ass ess any mul t ip l e cycling effects. The transients

frequentl y observed in the cree p comp lianc e vs. time response of the material

are due to residual stresses and/or flaw effects. After several cycles , the

adhesive used in this prog ram responded in a repeatable manner . This w.~s readil y
verified for a given stress leve l by inspection of the creep vs. time curve

(Figure 55). For a linear viscoe lastic material ~ (t )/ c r  is i ndependen t of s tress
and ~ (t) = ~(t 

— t
1
) where t is the actual time from the initiation of the creep

test and t
1 

is the time since the stress (load) was removed from the specimen

and recovery was Initiated .

1 0.4.1 Th i ck Adherend (Shear) And Neat Creep - Recovery Test Resul ts

Cr eep-Recovery tests were conducted using specimens subjected to several

temperatures and relative humidities. A summa ry of the pertinent test para-

meters are detailed in Table 24, wh i le F i gure 55 show s a typ ica l Creep—Recovery

response for FM-73M.

For the FM—73M adhesive , creep was observ ed for tempera tures ~ 120°F that

had been conditioned in a dessicant . For those specimens conditioned at 75~ R.I-I.

a sl i gh tly viscous response of the adhesive was observed at 72°F. Creep rupture

occured at 160°F, 75~ R.H. The FM-bOO adhesive experienced a sli ght time

dependent response only at 180°F, 75~~ 
R.H.

I t was assumed for the FM—73M adhesive that its time—dependent response

cou ld be represen ted by a powe r law of the for m

0(t) = D0 CT , R.H.) + 0 , (T , R.H.) t N 67

where D i s the ini ti al compliance and 0,t
N 

the time—dependent compliance and

D
~
, D , and N are independent of time . The exponen t (N), a material constant ,

has been determined where possible using the recovery portion of the creep-

compliance curve as detailed in Volume II. Linear regress i on techniques

were then used to eva l uate D~ and D, from the creep test data.

153

- — ——-a--oe—a-.- .- ~~~~~~~~~~~~~~~~~~~~~~~~~ — —  _ .a-a- -.t __ -L - _- _ 2  — - ..fi - -—-a- a--_ a - ‘ -~~—- --- -_- (-..S -



~~
‘ 

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

_ -a-a-a-a-
~~~ 

a-
~ 

a - a -

~~~~~~~~~

- 

~~~~~~~~~

a-. a- - . _

IL U II

dI ~~~~~~a-,

2

\

\
~— 

— _ 0
S.

LU

- LU

0L__J LI IS II

LU~~~

____  

I

;

.. ’

— —
[ % ]  NI8èW ~ 154

...‘, 
~~~~~~~~~~~~~~~~~~~~ ~~~

~ 

_ :‘.i~ _ .___~~
— —----———- ——-- — -—— 

~~~~~~~ 
— .--.. - . .



— - --- --—-- - - - — - ‘ — - -- - — - — - - -  -a--——-- - -,-—-~~~~~~~~~~~a - . 54 ’

(4 14) P4 Nd Nd p.’. EN (4 EN (‘1 Nd C.) (‘4

I-i ~~

C”
l/5 .U 0) 0’.
.
~~~

0 0 0
— z  0 0 0
0-  c,~ 0 0

z
4-. 0 0 0 U) 0 0 N. (‘4

0 0 0  0 00  -.
S..
In

z

LA .4’ U) 11) 1/)
I- 0’. 0) 0’. 0’.

0

1i’(
LU

I.-
LA U) 5 ’&’ 0 0 0 0 0 0 U) Li) U) U) U) I-i) 14) 14)
LU N. N N. N. N- N. N N.

U)
IIJ~~~ -

0. )- ~ - (4’) 0 0 (‘4 0 0 (‘4 0 0 0 N. 0 0 0
LU ~~ N C’) ‘3 N. N. .0 N. €‘4 ‘3 0) N. (‘4 ‘0 3

U ) ’ - -

(-‘S

I.-
-~~ LU
P4 — 53 53 ‘3 .0

5/) U) — — ‘.0 N .0 N
00-  N. N. (4) (4) N) (4)

.~~ o ‘0 ‘.0 N) U’. N) U)

~~~ 
a ->  , u

Ui Ui

LU

~~~ ~ - 144
0 0U) . )

S.- .
(‘S C

Q ~~ U.S - — — U. ~~ C Is. ~~ Is, ~~ C U- ~~( J _ 0 _  
~~ 1)) 4) 4)

> Z - 1/5 (44-4- .3(44-5’ (4*4- .3 (44-4-
Z Ui ~~ U) U) (4U)~~- (44)0 14) 14’. 5- (40
W 5- 0 0 C’S N. — C’. N.

0

~~~~~g~ ~~r — ~~
(/) Ui ~J U. IA >. 0) ~~ (A >- ~~• 0-0~ ~~ 0 • .3 ~~ 01 0  z t.i ~~~~U. U)

0. < — ..> o. — 0  --> 3.
Lii 0 

~~ 0 0 0 uJ £ 00  Ui
Ui~~~ i C’4<(JW

u’s a U) 0 0  Ui ~~C_S 
~~~~~~~

U,
3. 0 0 0 0
— 0 0 0 0
U) .4’ .5 .3 .3
UI I I I
x z z
0 U. U. U.

Nd — U-S 50
2~ U. U. U.
Ui I I I

0) 0) 0) 0)

I
I.E .J -S ..J
0 . 0 )  N. N..

155

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

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

- -

. 

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

- a- - -- a- - a - - - ~~~~~~~~~ - -



_ _ _ _ _ _  - a- - - -~~~~~_ - - -- -—-——

.0
L W  (4) (4 (4 (4 (4 (4 (4 (55 (‘4 (‘4 54 54 (4 14)

U

‘0 IN. (‘4
( 4 ( 4- 5 0 0)  — (‘4

In U S C O O N .  0 —
• UI — — (4 — (4 N. 0) — EN —

L X  0 0 0 0  0 0 —  0 0 0
4W 0 0 0 0  0 0 0  0 0 0
— z  o o o o  0 0 0  0 0 0
0—  0 0 0 0  0 0 0 0  0 0 0

z IA
— M’s 0) (4) IA 0 (‘4 N. 0) — EN 0

r •~~~~~ . . . • • 1

In

UI US
0- 0-

IA IA (4 0 UI 5- 0) U. 5-0 Z EN (4) EN EN 5.5 0. 54 Ui 0.
- • • • •
I- C_) 0- .10-

z
0 (‘4 0 — .3
5.’ 2 2 2

.— 0 0 0 0
ô5 — .

(A
I-
-J

I-U)
~~ 45’ 0 0 0 0  0 00 0

5- Z
IN C

I— 1.50-
~~ 

5— -- 0. C) 0 0 0 (‘4 0 0 C (‘4 0 0 0 0 0 0
LU ~~~~~~~~~ Li’. N. .* s0 N. N-) .S 5O N C ’. I .~~~~~sC (4 .5 53

I— IU 5-

0.
LU
Lii

=4 4 )
-1~ “ Z .a -  ~~ 53 ‘3 ‘3Z U S  — — ~~ N. 53 N

UI 0 N. (‘4 (4 (4 N) (4)
0- 53 54) LA N) U)

*
0) (1)

z
Lii
~~ 5- Is)

0 0
UI~~~ -... - w U,

= .X I-  44- 5-. 5— • 5
0 C5~~~~~~~Id.” < =

O~~~~U’ - IU.~~~~~CU.~~~ U.~~~~~~ CU .~~~~C_S — 0. X If) U) l i e  C

~~ 3. • U) U) 14) 4-P .3 14) 4-4- (4) 44- .3 EN 4-P
Z U) 0- Ui (4) (A 5- (4 0 (41/5 5- (40

— 
Ui 5- 0 0 3) — N — C’-, — N.

=I-
C

LI. 0 • U)
0- • • U) Z 3.
U i W  -Z  3. —

— 3. .J ._S — U. 0- • X U. U)
0 Li ~~ Z — Is) I- — U)
5.) >. U) ~~ ) J SI) U)
US LI Is. L’s>- 0) >‘ 0-
0- • 0-3 0- 0 • 0-0.

Z 1 0  U) X II. Lii
Z 0. ~~ 

... 4-4- .3. 0. — 0 - - >0 .
UI 0 0 0 0  Is) X 00  U)
Ui -i (‘4 I<L iW ~~~~~~L i U )5/) 0- in 0 Isi ~~ LA 0 0  U) 0-
Li .‘- 0) ..J 0- C_) — N d _ . J~~~~~ I_.)

U)
3 X E
- EN N’. N) (4)
U) N. N N. N.
US I I I I
Z X X £
0 U. U. Is. U.

X — (‘4
UI I I (‘I U)

0) 0) I I
— 0 0 CO 0)
C_I I I 0 0
UI .1 .J I I
0. -.3 .l ~ .1
U) — — 0) 0)

156

~~~~~~~~~~~~~ 
- a-— —~~~~~ —~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a-



___________  - - ~~~~~~~~~~~~ ~~~~~~~~~~~~

The exponent (N) for FM—73M thick adherend spec imens is seen to be approx i-

matel y .30. N has also been determined from bulk FM-73M and FM—bOO creep data .

It is .30 for FM—73M and .28 for FM—bOO thereby verif y ing the authenticity of

our bonded creep test procedure. The coefficients and 0, were also deter-

mined selectively using the linear regression procedure for the FM-73M bonded

shear specimens at 140°F , 75?~ R.H.. They were determined to be: D = 9.54 x
6 1 6 1 °

10 psi , D , = 7.85 x 10 psi . From the bulk FM—73 data at the same

temperature and relative humidity D
0 

= 21.9 x lO~~ psi~~ and 6.15 x 1O~~ psi
1
.

This is good correlation of bulk vs. bonded joint data for a shea r type loading.

If the coefficient information is prov i ded over a wide range of tempera-

tures and humidities , a master curve of creep compliance vs. time can be con—

structed to enable one to ascertain the effect of a given environment for a

g iven time span on the response of an adhesively bonded structure.

10.4.2 Butt (Tensile) Joint Creep—Recovery Test Results

Butt joint specimens were tested in a creep-recovery type of test for

severa l temperature and two relative humidity levels. A summary of the perti-

nent test parameters and results are presented in Table 25. Sli ght creep-

recovery response was noted for the FM-73M adhes i ve with creep rupture occurring

at 160°F , 759~ R.H. Measurable creep was absent for the FM-boo adhes i ve for the

range of parameters tested . This precluded a comparison of butt joint creep

data with the neat tensile data.

For many po l yme r based systems , which are being characterized well below

their T
9 

l eve l , the Po i sson ’s ratio is constant. Assum i ng the material is

isotrop ic , the ratio of shear modulus to tensile modulus will remain approxi-

matel y constant , implying that the ratio of creep experienced by the material

in the linear elastic regime for both shear and tensile loads should remain a

fixed percentage of their ultima te strain.

Rev iew of the thick adherend and butt join t tes t resul ts reveals tha t the
ultimate shear- strain for FM—73M is 5.5 times that of Its ultimate tensile

strain. For the FM—boo adhesive this factor is 3:1 , thus a mini mal amount of

tensile creep strain would be expected . This is what has been observed based
on limited test data .
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The limited testing was done in order to verify the adequacy of the recom-

mended tes t procedure and the stabi l i ty ,  sensi tivity and accuracy of the para l-

id pla te capac i tor in the various environments. While this was accomplished ,

a longer time at load (creep) may have revea l ed a viscoelastic response of the

material at the higher temperatures. Again as with the static tests the capa-

ci tance gages response was somewhat unstable at times during the test period .

This could be due to mois ture , the spec imen geometry, or the pin attachment

problem discussed In Section 10.2.2

1 0.5 FAT I GUE TEST RESULTS

L imited fatigue tests were run to partially substantiate the correctness of

the Fatigue Test Specificat ion (Volume it) and to ascertain the performance of the
parallel plate capacitor under a fatigue type load. Both thick adherend and butt

— joint spec i mens were tested . A l l spec i mens were from the same group used for the

s ta t ic test por t ion of the p rogram and had been in a dessican t for more than
5000 hours or had attained 95-lOOZ of their moisture equilibrium va l ue (75~ R.H.

spec i mens) prior to testing.

The spec i mens , once removed from the environmen tal condi t ioning chamber ,
were immediately placed in a universal type grip within the controlled environ-

ment of the environmental test facility with the ATC designed parallel plate

capacitor attached to them. The recording device was set to the proper sensiti-

vi ty to record the load vs. deformation results. The frequency was 2 Hz while

the cons tant si nusoida l load ra t io was + .10 for all tests . Once the capacitor

had s tab i l ized in the env i ronment , the test was begun. The load and deformation

was mon i tored continuously on a strip chart recorder (figure 56).

A summary of the test results are shown in Table 26. Overal l , the fati gue
endurance of FM-boo was superior to that of FM-73M.

The parall el p la te capacitor performed in excellent fashion for both butt

and th i ck adherend tes t spec im ens , Figure 56, shows the typ ica l repeatab ility of

the capacitor observed for up to 130 ,000 cycles (test No. 5) and its ability

to measure the creep the adhesive experienced just prior to failure . It is

an ticipated that the accelerated creep phenomena observed just prior to speci-

men failure is due to the growth of numerous flaws that have been developed in

the ma terial unde r the fati gue loading mode.
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SECTION XI

CONCLUSIONS AND RECOMMENDATIONS

The overall goa l of this program was met namely ; to assess and develop the

low cost test procedures required to generate ri gorous engineering s truc tural
property data. Significant accomp lishments and probl em ar eas include :

o Development of an ana l ytica l model to optimize butt and scarf joint

test spec i men geometry.

o Def inition of easily executable Fabrication and Test Specif i ca t ions
to accurate l y characterize the mechanica l response of an adhes i ve

in severe environments , subjected to a variety of load conditions .

These were verified by the fabrication and testing of spec i mens .

o Bond line thickness control and void free bond lines in butt (scarf)

joints is difficult to achieve in a consistent manner.

o Neutron Radiog raphy was s hown to be superior in detecting voids of

5 mfls or l ess for each test specimen geometry .

o The overall goa l to measure the adhesive deformation within

± 2 x 10 6 inches was not atta i nable for the butt (scarf) joint

spec i mans. This was primarily due to specimen geometry (small

bondline thickness) and capac i tor attachment geometry .

o The LVDT extensometer was determined to perform In a superior

manner on NEAT specimens in severe environments.

o A uni que, highly sensitive , hi ghly accurate un iaxial and biaxial

capac i tance measurement device was designed. Specific redesi gn

of the biaxial unit as a do It all model should be considered.

The spec i men attachment concept and the use of a ceramic insulator

should be considered during the redesi gn.

o Based on l imited data , promising correla tion between NEAT and th i ck

adhe rend shear specimen test data was found as regards the visco-

elas tic characterization of an adhesive .

I 63

~1 

—--~~—--—-—~

-a- --a-_a a-~~~~~ -  - ‘a-a-~~ a-



J~V ~~~~~~~~ — ~~~~~~~ a-!a-ff~~ — --,-~~~~ a-_- - - —__.~~~~~ . 

Recommendations for future work Include:

o Establish a data base (static , fatigue , viscoelastic) for a specific

adhes ive ; design ureal struc tur&’ us i ng the data base and attempt to

verify the goodness of the data base with a test-theory correlation

prog ram.

o The effect of various combinations of loadin g and environment on the

mechan i cal and physical response of adhesives needs to be quantified

for des i gn purposes (see Section 2.5).
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