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

- 
- Air Force Materials Laboratory , Air Force Systems Coninand, Wright-Patterson A ir

Force Base , Ohio , 451433. Dr. W. B. Jones, Jr., NBC , was the Air Force Project

Eng i neer. The report Is published in two volumes. The sEcond volume-contains

Appendix A , “The Symetric Lap Shear Test” and Appendix B, “Adhes i ve Specifica—
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APPENDIX A

THE SYMMETRI C LAP SHEAR TEST*

— -

This appendix is included in orde r to present the analysis and
rationale for selection of the optimum geometry for the thick adherend
specimen.

It also details possible sources of error introduced by various
adhes i ve deformation systems in use today .

*Renton , W. J., “The Symmetric Lap Joint—What Good Is It?” ,
Experimental Mechanics , Vol. j

~
, p. 1409, November , 1976 .
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INTRODUCTIO N

I t has been the usua l prac t ice to ut i l i ze  the bulk mechanica l p roper t ies
of adhes i ves in the ana l ysis and design of metal or non-metal bonded joints.

This is erroneous , as the adhes i ve system in most structural joints is of the

order of thousandths of an inch in thickness. Zabora , et al.,
1 and Hughes

and Ru therford 2 poin t out that thin film adhesive properties are , in general

signif i cantly different than those of the bulk adhes i ve .

Most recently a Napkin-ring test piece has been employed to obtain shear

and tensile properties.2 6 The use of the Napkin-ring test piece can provide

adhesive shear proper ty data for typ i cal bonded Joint thicknesses , bu t r e q u i r es

extreme care In load i ng to insure only pure torque . Additionally, the cos t pe r

test i tem is quite high and the specimen configuration is notably diffe rent

from the geometrica l configuration in which the adhesive is used as a structural

element.

An al terna te app roach , namely the thick adhe rend symmet r ic lap join t , has
been proposed7~~° as a viable specimen with which to obtain the effective thin

f i lm  adhes ive shear modulus , propor tional limit stress and ultimate shear

strength. Obtaining adhes i ve properties from this test specimen provides data

readil y usable in the numerous methods of analysis in use today for de te rm ini ng
stresses and deformations in both the adhesive and adherends of bonded joints.

Further , the trends associated with cogent variables such as adhesive thickness ,

surface roughness , ply orientation , temperature , strain rate , and residua l

strains effected by curing for various adhes ive sys tems can be ob tai ned through
these standardized tests. Pl y orien tat ion is impor tan t in lamina ted adherends
as an angl e p ly lamina f requentl y fa i l s  prior to the adhes ive due to the
bri ttleness of the resin. As a resul t accura te measurement of adhes ive
deformation is I mpossible unless one can attach a measurement dev i ce at the

adhes i ve bondline .

This paper looks in depth at the proposed shear specimen in an attempt to

determine its usefulness in obtaining the des i red adhes i ve prope rties. In

j doing this several questions were addressed . Is the spec i men a reliable and

accurate means of characterizing the behavior of the adhes i ve when restra i ned

by two “ri gid” adherends? If so , what are the constraints within wh i ch the

tes t should be run?
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To answer these basic questions , a comprehensive theoretica l and experi-

menta l effort has been formulated . A closed form ana l ysis of the joint , a

ser ies of tests to check the accuracy of the analysis , a parametric study to

determine the optimum speci men parameters, a cri tica l rev i ew of the measure-

ment systems used and the results of several adhesive tests are presented .

ANALYT I CAL APPROACH

To gain insight into the linear-elastic response of a symmetric lap joint

speci men, subjected to an axial load , a comprehensive method of analysis is

presented. Genera l relations for the stress coup le , transverse shear resultant

and in-plane stress resultant at any location in the adherends is derived . Use

of these relations and the appropriate boundary conditions enables one to pre-

d i c t accuratel y the state of stress in both the joint adhesive material as well

as at any point in the adherends. A full-field experimental verification of the

analytica l model is also shown. The analysis assumes the joint to be composed

of generally orthotropic adherends secured with an isotropic adhesive . A plane

strain approach (i.e., the panel is assumed to be infinitely wide in the width

di rection) i ncorporating the effects of transverse shear, norma l strain , and
therma l effects i-s taken. The analysis consists of the solution of two fourth

order ordinary homogeneous differen tial equations. The state of stress in the

adhes ive is shown to generally consist of shear and norma l stresses with the

shear stress becoming zero at the free edges of the overlap.

FORMULAT I ON OF THE PROBLEM

G i ven two identica l rectangular panels of generally orthotropic material;

each sheet has length (11 + L2) and thickness (h1 and h2). The thickness of

the adhesive (n) is small compared to (h1 ) and (h
2). The far ends of the sheet

are supported and are loaded in tens on by a force of (T) lbs/unit width , Figure
A-la. The structure is divided into four elements for ease of anal ysis , Figure
A-lb. The theory to develop the genera l relations for the stress coup le , in-plane
stress resultant , transverse shear resultant and governing differential equations

for the adhesive shear stress is quite lengthy and is presented in explicit detail

i n References 7 and 8.
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Assuming that elements (A—2) and (A-3) are i dentica l , Reference 8 shows the
govern i ng equations for the adhes i ve shea r stress (t

0
) and norma l stress (a

n
)

to be:

14 2d T  d T
A 1 ~ 

+ A2 2 + A
3
i0 

= g(x) A-idx dx

— d4a d2o 2o
B 0 D O _ ~~~~~~
~4 4

+ I~~ 2 D — A—2dx ~~dx 11

where g(x) is a func tion of the un i form temperature distribution and all con-
stants are functions of material proper t ies and geometry and are given expli-
ci tly in Reference 8.

The adhes i ve shear and norma l stresses are of the form:

T (x) = S.e ’ + (Pa~~~~~u
1
~
1
ar ) i = 1 ,4 A— 3

A .x
o (x) = - 1 3 . A . S . e  i = 5,8 A 4

where S. are the eight independent boundary va l ue constants , A . are the
e igenva lues of the two charac teris t ic equa ti ons , and is a func t ion of
(A

1 
- A

3
) and X~ .

Numerica l va l ues for S
1 are determ ined by Inspec tion of Figure A- lb.

They are obtained from the boundary conditions :

= 0) = T0(x2 = L
2) = 0 A-5

and

~~x2 O; M
2(o)=M 1 ; T

2(o)=T

M
3
(o) = T

3
(o) = V2 (o) = V

3
(o) = 0

N(x4 = g 1 (o); N(x)~ — 
~~~°)

6



- . - —--—*5.. ~~~~~~~~~~ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ -~~ =~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ x2 = L2; M
3

(L
2) = H

4
; T

3
(L 2) T

v
3

(L
2) = v2 (L 2 ) = T2(L2) = M

2
(1

2
) = o

= g 1 (L2); N(x)~ = g2 (L 2) A—7

h h
Reference 8 shows that M 1 = -M4 = - (~

1
~ 
- .~!)T and tha V 1 V4 0.

N(x)T is the axial load induced by therma l effects.

Figure A-2 displays the adhes i ve stress distribution in  the symmetr ic  lap

joint. The dashed lines refer to a typ ica l stress distribution one may antici-

pate if the specimen is improperl y designed. This is primarily due to the

effect on the specimen of geometric and material property mismatch . The result

is the formation of significant stress concentrations at the ends of the overlap

and an accompany i ng non-un i form shea r stress state along the overlap length. A

properly designed specimen ’s adhes i ve stress distribution is given by the solid

lines in Figure A~2.

EXPER I ME NTAL CON F I R MATI ON

To facilitate confidence in the analytica l mode l and in turn its capacity

for designing an optimum shear modulus specimen , both full-field photoel astic

and strain gage tests were performed. PSM-l photoelastic material with a fringe

va l ue of 40 psI/fr/in (6.9 x 1O~ N/f r IM) ,  a Young ’s modulus of 340,000 psi

(23144.8 MPa) and a Poisson ’s ratio of .38 was used to mode l the joint. A typica l

photoelastic model and Its dimensions are shown in Figure A— 3. Sheet thickness

was .25 inches (6.35 mm). To facilitate a comparison between the experimental

and analytica l approaches , the photoelastic specime n ’s pertinent dimensions

and material properties were Input into the anal ytica l routine . Results are

reduced to field p lots of the isoch romatics shown In Figure A-4. Excellent

correlation is seen to exist between the two models. The exceptions occurred

when the gap to h2 ratio was appreciably less than one. This is directly the

result of the Saint Venant effect com i ng to the fore, whereby the load is

physically introduced into the overlap area in a significant ly different manner

than that prescribed by the anal ytica l model. This effect should be - considered

in the design of an optimum test specimen.

7
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An additiona l verification of the ana l ytica l model was made by mounting

.032 i nch gage length axial strain gages on the outer adherend surfaces of

three 7075-T6 aluminum and four 1002—S fIberg lass specimens , (Fi gure A— l) .

The adhes i ve was EA951. The strain gage readings reflected the strain due

to the axial load and compressive moment. The tests were conducted at amb i ent

temperature , 20—30 percent humidity and at a crosshead rate of .02 i n/mm

(.508 rn/mm ) In an Instro ri tensile tester.

A summary of the test results and the accompanying theoretica l predIctions

are given in Table A- I. The strain readings represent an average value of

strain over the gage length. For purposes of comparison , the theoretical strain

values are taken at the location of the centerline of the actual gages .

Judg i ng the adequacy of the anal ytical model by use of strain gages in

this ins tance  Is somewhat sensitive as one is try i ng to compare very small

strain readings. Generally, minor errors like gage transverse sensitivity ,

variation in material properties , and sensitivity of the measurement circuitry

can be significant In this region of strain measurement. Discrepancies of

10-20 micro- I nches are reasonable. Therefore , after consideration of these

effects and the reproducibility of the test data as seen from inspection

of Table A- i , the authenticity of the analytica l model would seem to be

justified again.

OPTIM UM SPEC IMEN DES IGN

Hav i ng ascerta i ned the validity of the anal ytica l mode l , It becomes des i rable

to determ i ne the optimum geometry for test spec i mens composed of various adherend-

adhes i ve material comb i nations . In conjunction with this , it is also desirable

to define the constraints , if any , for the accurate Implementation of such a

test.

Such a study was undertaken. The pertinent parameters were adhes i ve

effective shear modulus , lap length , adhererid thickness , and primary modulus

- - As many adhes i ves are Isotropic and possess a Poisson ’s ratio close

to 1/2 , the effective tensile modulus was assumed to be three times the

effective shear modulus. In this way the adverse effect of the norma l stress

in the model analysis Is magnIf ied.

11
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For this study, the constraints governing the selection of the optimum

specime n geomet ry were :

1. The variation in shear stress (deformation) in the adhes i ve

over 3/k of the overlap should be un i fQrm within 10% (.07

Mpa).

2. The norma l stresses in the adhes i ve should be minimiz ed

3. If measurement of the adhes i ve shear modulus and proportional

limit are to be made us i ng a device attached to the adherends

outer surface , (point A in Figure A-5), it should be placed

at the joint centerline thereby minimizing the bending error

introduced along the overlap.

Evaluation of the parametric results dictates that one understand the

kinematics of the surface measurement system presently in use to measure

specimen deformation during load app lication . Onl y then can one understand

the errors inherent in us i ng such a test specimen to obtain the adhes i ve

e f f e c t i v e  shear modulus and the propor t ional limi t shea r s t ress.

Figure A— 5 defines the kinematic relations that exist during a test. While

the adhesive may deform un i formly (AIA I), the inabil ity to have perfectly rig id

adherends introduces an error attribu table to moment relief (A’A”). Therefore ,

the surface measurement system may record a significant bending deformation

error unless the moment effects in each adherend (A Au) offset each other.

This is only the case at the center of the overlap reg i on of the joint. There-

fore, the location of the measurement system is Important. Moreover, it

emphas i zes the des i rability of deve l oping a measurement system wh i ch can be

attached at the adhes l ve-adherend interface .

Another possible source of error is the discrepancy between the normal

shear stress thought to exlst in the centra l portion of the joint and the

actual value the adhesive does experience . This discrepancy is the result

of the stress concentration associated with the free boundaries at the ends

of the overlap. Finall y, the sensitivity associated with a particular deforma-

tiori measurement system is all important , especiall y for relative l y rigid

adhesive systems for wh i ch one wishes to measure small deformation va l ues.

13
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For this study the ratio of the primary elastic modulus (E) of the adherends

(Identica l adhe rends onl y were cons i dered) to the shear modulus of the adhesive

(G) varied from 38 to 36,250. Spec flc optimum specimens are presented in Table

A-2. The results are presented in two parts. Section (A) results are wi thout
restriction and presupposes that measurement of adhes i ve strain Is possible at

the adhes i ve-adherend interface. Section (B) results are valid when an adherend

surface measurement system Is emp loyed subject to the restrictions specified in

co l umn (1k) .

Figure A-6 shows the percent error in measurement of the true adhesive

deformation vs. p lacement of a measuring dev i ce along the adhes i ve-adherend

interface . Within the inner 75 percent of the overlap length the error Is a

maximum of three percent only when the ratio of E/G Is small. For a system

that measures the adhes i ve straIn at the adherend surface as In Fi gure A—5 .

Uniform i ty of adhes i ve deformation is similar to that presented in Figure A-6.

However , results presented In Figure A— 7 indicate that the upper limit of the

capabil ity of this measurement system is for an (E/G) va l ue of approximate l y

2000. While uniformity of adhes i ve deformation is necessary , It is only use-
ful if it can be measured accuratel y. Figure A-7 presents the percen t error a

su r face  measurement  device would introduce In measuring the true adhes i ve deforma-

tion if it were positioned at other than the centerline of the overlap . This error

is due to the anti-syrnetry of the moments in each adherend. They are onl y of equa l

magnitude and oppos i te sense at the centerline of the overlap. Lastly, while it is

feasible to th i cken the adherends (h 1 ) beyond the values listed in Table A-2 , it

was observed that no appreciable imp rovement in the specimen ’s desired properties

were obtained. In some instances a deterioration was noted .

The limitations of the surface measurement system , name l y, the material
waste associated with the large r specimens and its limited capability to

obtain accurate adhesive deformation data , make i t  desirable that a better

adhesive measurement system be developed . Such a system is presentl y in

final checkout. A schematic of the system is shown In Figure A—8 . Funda-

mentally, it uses a three point pick-up on each side of the specimen. It is

attached at the adhesive-adherend interface . The net effect Is to cance l out

adherend deformation effects while giving an average adhesive deformatIon

reading . Further details of the system can be obta i ned from Mr. Ray Kre l ger

of the American Cyanamid Company of Havre de Grace , Maryland.
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T A B L E  A-2  - SUMMARY - OPTIMUM SHEAR SPECIME NS

(A) AD HES IVE MEASUREMENT SPECIMENS

Range of Usage In
Terms of Adhesive
Modulus Factor (C )Primary E l a s t i c

Modu lus 
________  

h 1 L2 106 lb/in ’ (Kg/M’)
- 

tlSi MPa in mm in mm 
_____________________

6. 8 4 .7  .75 19.05 .50 12.7 Full Range

1 0.3 7.1 .75 19.05 .36 9.14 Full Range

16.0 11.0 .75 19.05 .36 9.14 Full Range

29.0 20.0 .75 i9.05 .36 9.14 Full Range

( B) ADHEREND SURFA CE MEA SUREMENT SPECIMENS

.,. .,.j_ .
Range of Usage in
Terms of Adhesive
Modulus Factor (C 5)Primary Elastic .. *

_ _ _ _ _ _ _  _____
h 1 

_ _ _ _  

12 106 lb/in 3 (lQ~ K91M
3)

MS I MPa in mm in mm 
____________________________

6.8 4.7 .75 19.05 .40 10.16 .20+6.0 (5 . 5 4 + 1 6 6 . 3 9)

6.8 4 .7 1.50 38.10 .88 22.35 6.0+25.0 (166.39+693.30)
10. 3 7 .1 .90 22.86 .40 10.16 .20+6.0 (5.54+ 166.39)

10.3 7 .1 2.50 63.50 1.30 33.02 6.0÷25.0 (166 .39÷693 .30)

16.0 11.0 .90 22.86 .40 1O. i6  .20÷6.0 (5.54÷ 166.39)

16.0 11.0 2.50 63 .50 1.30 33.02 6.0÷25.0 (166.39÷693.30)

29.0 20.0 .90 22.86 .40 10.16 .20+6.0 (5.54÷166.39)

29.0 20.0 2.50 63 .50 1.30 33.02 6.0÷25.0 (166.39÷693 .30)

Refers to dimension shown in Figu re (1)
*~~ No optimum found

Shear Modulus
C Adhesive Thickness
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FI GURE A-7. PERCENT ERROR IN MEASUREMENT OF TRUE ADHESIVE DEFORMATION
vs. LOCAT I ON OF KN IFE  EDG E S ALON G A D HEREND SU RFA CE
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The effective thin film shear modulus (Geff) of the adhes i ve can be

ca lculated per Equation (A-8) .

G — 
(Load)(Adhes i ve thickness)(Stress Factor) 

A-8
eff TSurface Area) (Adhislve Deformation)

Again , results of the pa rametric stud y indicate that a stress factor

correct ion , Figure A-9, must be Included in the cal culation of the effective

shear modulus . This factor accounts for the fact that the shear stress is at

a uniform level other than the nominal (1/A) stress level. Additionally, the

proport iona l l imi t  shear stress wh ich is obtained from the load-deformation

p lot should also be adjusted by the stress factor .

EXPE RI MENTAL RESU LTS

• Both the surface measurement system described ear l ie r  and the adhesive

measurement system shown in Figure A-8 we re used to obtain the ef fect ive shear
modu lus of EA951 nylon-epoxy adhesive in a series of screen i ng tests. Perti-

nent geometry and results are given in Table A-3.

Specimens (3) and (4) are of near optimum design while specimens (A) and

(B) devia ted from these dimensions somewhat. With an extremely ~soft ’1 adhesive
as is EA951 , this is permissible. The effective shear modulus resutls are very

consis tent for a constant crosshead loading rate of .127 mm/minute . An average

val ue of 21 ,500 psi (148 MPa) would seem appropriate , whil e a proportiona l l i m i t

shear stress of 1235 psi (8.5 MPa) has been recorded for the adhesive . The

consis tency of the two measuring systems , when prope r ly a ttached , is ver i f ied
by the reproducibility of the test results . Specimen (B) was loaded at a

1.27 mm/minute crosshead rate. In turn , the eff ect ive shear modulus wou ld
seem modestly dependent on this parameter.

As is readily evident , much additiona l work on adhes i ve characterization

needs to be done. Both imp rovement of measuring techniques and the response

of various adhesives to env i ronmenta l and load rate parameters should be

asce rtai ned.

20
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APPENDIX B

AUHES IVE JOINT FABRI CATI ON AND TEST
SPECIFICATIONS

Based on review of the adhesive test spec i men and methodology lIterature

per the eva l uation criterIa defined in Section III  and the results of studies

in regards to adhes i ve deformation measurement , specimen analysis , detection

of defects in adhes i ve bond lines , surface roughness , and specImen ali gnment ,
the followin g adhes i ve fabrication and test specIfications were formulated.

Moreover , after their use throughout the performance of this program , selected
revisions have been made so that the fina l format of the specifIcations pre-

sented within this report reflects the pract i cability of “hands on” usage.

The format used is that followed in ASTM Test SpecifIcations as these

specifications will be introduced to the appropriate ASTM Review Co~wnlttee

for possible adoption.

ATTACHMENT I - Fabrication Specification for Th i ck Adherend , Butt and Scarf
Joints

ATTACHMENT II - Preliminary Test Specification for Characterizing the StatIc
Shear (Tension) Stress Strain Response of Structura l Adhesives

ATTACHMENT II I  - Preliminary Test Specification For Characterizing the Shear
(Tension) Creep-Recovery Response of Structura l Adhes i ves

ATTACHM ENT IV - Preliminary Test Specification for Characterizing the Shear
(Tension) Fati gue Stress-Strain Response of Structura l
Adhesives
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ATTACHMENT I

I. FABRICAT I ON SPECIFICAT iON FOR THICK ADHEREND , BUTT AND SCARF JOINTS

1. SCOPE

1 .1 This specif icat ion provides Information necessary to fabrIcate th i ck
adherend lap—shea r , butt and scarf adhes i ve bonded Joints tha t are useful for
the mechanIca l characterization of adhes ive systems.

1.2 Introduc tion

1 .2.1 Fabrication of bonded Joints may be described in three sequential
steps . These are machining of adherend spec i mens, preparation of the adherend
surfaces to be bonded and/or primed and the bonding of the adherends.

1.3 Machining of Adherends -

1 .3. 1 l~eneral

1 .3 .1 .1  Adhe rends should be mach ined from plate stock. Mach i ne the features of

— the jo int  Into two p ieces of material so that they make a specime n gang 7.5 inches

w ide by 9.75 inches long, w i t h  the joint located 4 .5 inches f rom one end (Figure

la) . Ca re must be taken at th is t ime that the ends are pa ra l l e l  to the Center
of the jo int. The gra in d i rect ion of the p la te  should be i n t he 9.75 inch direc-
t ion . Standard metal machining p rocedures for a par t icu lar  metal are recon~uended.
Mac hining methods wh ich may lead to IntroductIon of high residua l s t ress  and/or
cold-worked layers on the surface to be bonded should be avo i ded. The surfaces
to be bonded should be free of burrs . Test specimens should conform to the
geometr ica l dimensions g iven In the test specifications for characterizing
the s t a t I c , fatigue and creep response of structur al adhesives. The prepared

adherend specimens pr ior to surface preparation should have :

o T he adhesIve face f l a t  to w i t h i n  .000125 inch /inch of w i d t h  unless
i t  is desired to study surface roughness effects .

o The adhr~s iv c  face surface is to have a roughness 32 micro inches
w i t h  the sty lus t , a v e r s e  made i n  s ev r ra l  d i I E ~ct ion c .

- 

- 
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1 .3.2 Use of D r I l l  Jig

1.3.2. 1 To insure specimen al ignment , adhesive thickness contro l and tha t the
load is app l ied in a tru ly ax ia l  manner once the test specimens are ready to be
tested , the d r i l l  j i g show n in Fi gure lb is recommended. Its use prior to
adhe rend chemica l surface preparatIon procedures is as fo l lows :

o Place both halves of the specime n gang on the dri l l  jig base p late

(A) as shown , and shim the jo int  to the prope r clearance (i .e . adhes ive
thickness ) as in Figure Ia. SI  i p the uppe r ha l f  of the d r i l l  j i g
(B) ove r the studs . Be sure the specimen gang is seated against the
a l i gnment dowels and t ig hten the fixture lock nuts , firml y fixing the

halves of the specimen gang w i t h  the jo int  held at it s  prope r clearance .

o D r i l l  and ream a l l  of the holes marked ( 1) . (S ix  .500 inch diameter
and two .375 inch diameter ) .

1.4 Surface Preparat ion of Adherends

1. 4 .1 Scope

1 .4 .1.1 Surface preparation of aluminum surfaces to be bonded should comp ly w Ith
the phosphoric acid anod i zation procedure wh i ch follows . For othe r adherend

materials , the surface preparation procedure shall be in accordance with the

recomendations of the adhesive manufa cturer , unless It is desired to evaluate

specific methods of surface prepara tion . All surfaces to be bonded shall be
free from visible flaws , scratches or i mperfections .

1.4.2 Introduction

1.4.2.1 This p rocess covers the procedures used in preparing aluminum

panels for structural adhes i ve bonding with a phosp hor i c aci d anod i zed sur face
using 7075-—T6 or 2024-T3 aluminum al1oy~.

1.4.3 References

Reference Sources I i t 1 e

(a) SAC 5555 Boeing Process Spec. Phosphor c Acid Anodizing
of Aluminum for Structural
Bonding

(b) BAC 5408 Boeing Process Spec . Vapor Degreasing

27
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(c ) SAC 5 5 14 Boeing Process Spec . Con~iion l3ondinq Requirements
for S tructural Adhesives

(d) BAC 5713 Boeing Process Spec . Ap p lic a tion and Remova l of
Temporary Stri ppable Protec-
tive Coatings

(e )  BAC 5749 Boeing Process Spec . A l k a l i n e  C lea t - t i ng

( f )  BAC 5750 Boeing Process Spec . Solvent  C lean ing

(q) BAC 5763 Boeing Process Spec. Emu 1s~or, C) e a n ~ nq

(h) DPS 1 1 .08 McDonnell Doug l a s  Phosp ho r ic  A c i d  An od iz i nq
Spec . of Aluniinuin

1.4.4 Materials and Equi pment

(a) Phosphoric Acid , 85~ Technical Grade

(b) De i on i zed Water

(c) Va ts

(d) Tr ich lo reth y le ne

(e) Alkaline Cleaning Solutions : lurco 4215-S

(F) Deoxidizing Solution : Sodium Dichr omate (Technical g r a d e )

Sulfuric Acid (Concentrated)

(g) Co tton g l oves

(h) Al um inum w ire holder

I) Al um inum wire hangers

(j) Pola rizing fi l ter lens

(k) DC powe r u ni t

(1) Lead electrodes

1 .4.~ Preparation of Solu tions

(a) Vought Bond Clean

(I) Vapor Deg r ea sc  - A l l  parts are carried through a vapor ( leJ rease us ing

trichloroethane prior to alkaline cleaning and after whi dh parts ar c  a i r drfed .
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(2) Alkaline Cleaning Soluti on

Use
lurco 4215—S 7 oz./gal . 14 oz.
De i on i zed Water 2 gal .
Tempe rature Maintenance 155°F ± 10° F

(3) Deox id iz inq  So lu t ion

Sod i um Dichromate Technical grade 1 part by weigh t

Sulfuric Acid (concentrated ) 1 .86 sp. gr . 10 parts by wei ght
Distilled Water 30 parts by wei ght
Operating icrnpera ture l60~ F

(b) Anodizing Bath

- •- Phosphoric Acid (85% Technica l Grade) 11-1 5 oz./gal. 13 oz. - :
Deion i zed Water i gal.
Operating Temperature - Room Temperature wIthin (-5°F + 20°F)

1.4.6 Operations Flo’~ Chart

~ 
VAPOR DE&REASE

LR.T. - 30 M INUTES
4,

E~j ijRY R.1 ]~~4,
I DEIONIZED WATER RIN SE (IMMERSION) R.T.1

4,
JAL KALINE CLEANIN G - 10-15 MINUTES
I AT 1 5 S F ± I o ’ r

4,
R .T. WATER IMMERSION RINSE I

4,
t~~~~ DEI0NIZE0 SPRAY WATER RINSE]

f~ f~~~ D IZER - 5-ID MINUTES AT I6O]~~~
4,

WATER SPRAY RINSE AT R i .J
4,

I DEIONIZED WATE R SPRAY RINSE AT R. T . I
4.

[OVEN DRY - 130’ ~

PIIOSPIIORIC AC ID ANODIZCD
[ .~ _R.T. 10 VOlT S DC 22 1/2 MIN.J

[~~IoM IzED WATER RINS E Ar ~~~~~ I
.1~

I..! ~~1ONIZED WATER RINSE AT R T . I

lOVER DRY - 130 - I80’rl
4,

FOR ANO D IC COATING
L PRIME R APPLI CATION
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1 ,4.7 Requirements for Quality

1. 4.7.1 I nspection of Parts - Minimum acceptabili ty requirements preclude the

use of scratched , or bent parts or otherwise marked wh i ch cannot be removed dur-
ing the solvent cleanin g operation . Parts having gummed labels remaining after
chlorInated solvent cleaning w ill not pass acceptance requirements before the
anodizing step .

1 .4.7.2 Verification of Degreased Surfaces - Surfaces wh i ch have proper clean-

ing thru the degreaslng operatIon wi l l  exhibit an absence of ink marks on labels.

Water rinsed surfaces will have no water breaks In 2 min utes .

1.4.7.3 Reagent Acceptability - Cloudy or otherwise discolored solvent or

rinse w~ter..ls i.ir~acceptab le . Solvents shall have no more than 0.5% total dissolved

sol i ds , determined according to ASTM D-1353. There should be no p reci pitate in

either. Both the alkaline cleaning solution and the deoxidize r are cloudy and
have a preci pitate norma l l y present. Total dissolved sol i ds limit for the alka- 

-

~ -

li ne clean solution sha ll not exceed 750 ppm chemic all y de te r m i ned.

1.4.7.4 Handli ng of Parts - Parts are handled either in a wire rack or with

alum inum wire  hangers .

(a) Deg reased, Alkaline Clean or Deoxidized Parts - Wh i te cotton gloves

are used in touching the wire hangers or racks . Onl y corners of parts

not used for bonding are used for hange r holes .

(b) Anod i zed Par ts - No part may be touched or covered with any material

(even Kraft paper) after the anodic surface has been app lied and be-

fore primer app li cation . All parts mus t be racked or hung in areas

free from c rculatlng dust or particles . No surface wiping is accept-

able nor is any solvent cleaning pe rmitted after anodizing .

(c) Primer application is made on the anodized parts within 8 hours after

anodizi ng .

1.4 .8 Operat ion of Baths and Maintenance

1.4.8.1 Degreas i ng Solu t ion - Techn ica l Grade 1- 1- 1 Tr lch loroethane (Meth y l)

Chloroform) Mil-T-8l533 pH 6.5 or greater. Discard if pH d rops below 6.5 or if

clearness or discoloration occurs . Trichioroethy lene Technica l Grade - Ne i ther

solvent shall have total dissolved solids greater than 0.5%. Use at room tempera- I

ture .
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1 . 4.8.2 Alka li ne Cleaning Solution - Turco 4215-S - Ma in ta i n  concen t ra t ion

between 37 and 43 pounds per 100 gallon. Operate at 155 ° t 10° F.

1. 4 .8.3 Deox id iz ing So lut ion - By weight  use 1 part sod i um dlchromate , 10

parts su l fu r i c  ac id  and 30 par ts  d i s t i l l e d  water .  Operate at 160 °F.

1.4.8.4 Anodizing Bath - Technical grade phosphor ic ac id (H
3P0 4 ) use 11-16

oz/ga l (deion ized water ). Total  ac i d i t y  Is maintained at th is  level .  Operating
temperature is main ta ined  at room temperature (or 5° F less and up to 20°F more),
range being 65° F to 90° F . Current densi t Ies are 4-6 amps/ft2 depending on part .

1. 4 .8 .5 Rinse Solut ions - Rins ing of a l l  parts Is by i mmersion only and a
double rinse ope ration IS carried out subsequent to the Alkaline cleaning opera-

t io n . All rinse water is maintained at neutral pH and total dissolved solids

wi ll not exceed 1000 ppm . Final rinse operation where double rinses are used

will not exceed 50 ppm dissolved solids . Particle coun t may be determined chemi-

c a l l y or by Cou l ter Counter or equivalent measurement made by turbidity determina-

tion using a Klett photometer.

1.4 .9 Part Acceptability Af te r  Anod izat ion

1.4.9. 1 Scratched or Damaged Parts - Some marked or shallow scratches may

appear on ly af ter  f inal dry ing and observat ion of the surfaces  for  these defects is
carr ied out subsequent to anodizing and prior to pr imer app l ica t ion .

1. 4 .9 .2  Water Marks and Streaki pg — A burnished character to the ent i re  sur-
face is the norma l state with sli ght “grain ing ” or linings (grey or silvery in

color , no b rown or black ) In one di rec t ion . Obvious deep groov i ng or lining is

unacceptable and would indicate unusual etching during the deoxid izing step .

1. 4 .9 .3  Color - An obvious silvere d hue to the entire surface is norma l and the
phosphoric anodic coat is not properl y observable without the aid of a polarizing

lens . -

1.4.9.4 Anodic Surface Examinat ion :

(a) A white fluores cent l amp is used and projected onto the surface of

the part to be exam i ned so that the incident angle of this ti ght

from the lamp to the p lane of the part surface is 5 degrees or less.

(More than a 5° inc i dent ang le w i l l  not y ield the color changes men-

tioned In subsection 4.9.3).
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(b) Place a polarizing filter lens between the part and the observer
and rotate the lens through 180 degrees .

(c) Observe the surface of the part for interfe rence colors .

(d) Anod lc coating Is confIrme d by the appearance of yellow to —

deep green to purple colors .

1 .4.9.5 Con tro l Spec imen - A contro l specimen of the parent mater ial approxi—
ma tel y 4 Inches in length by one inch w ide by .063 I nches thick shall be included with
each set of adhe rends to be phosphoric acid anod i zed. This spec i men shall be

used to verify the quality of the anodic surface coating If adhes i ve bond material
characteriza tion test results are deficient . The contro l specimen is to be bent
upon remova l f rom the anod izat ion bath so as to fracture the anodized laye r formed

on the aluminum adherend surface , inspection of the anodic layer chara cteristics
can be conducted us ing SEM or other NDI inspection techniques on an as needed
basis. The contro l specimen should be labeled in a manner consistent w i th  that
par ticular set of adherend specimens.

i.4.io Priming of Surfaces to be Bonded

1.4.10.1 The primi ng of surfaces , once they have gone through appropriate sur-

face preparation procedures , sha ll follow the reconinended procedure of the manufacture r
unless special procedures are being investigated . Howeve r , consIdering the tend-

ency of most prImers , espec iall y BR-l27 , to settle on standing , carefu l con tro l

w i l l  be ma intained on the percent solIds of each individual a l i quot of all primers .

These will be determ i ned gravirnetr ical ly. Ove rage primer should not be used .

The chemical composition of the primer shall be verified by obtaining select

ana l ytica l data on its chemical composition . T h i s  data should include : per-

cent curing agent , Ox i rane ratIo , percent solids , percent i n h i b i tor and per-

cent pi gment. A record of its environmental history prior to use shall also

be maintained .

1 .5 BondIng Procedure

1. 5 .1 General

1.5. 1.1 The chemica l composition of the adhesive shall be verified by ob-

tam ing select anal ytical data on Its chemical makeup . This data should Include :
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percent curing agent , Oxi rane r a t i o , percent water content (v Pc ) and Butad iene

ra t i o  w hen app licable . The envIronmental h is tory  of tIe adhesive prior to i t s

use shall also he ma in ta ined .  D e f i n i t iv e  measures should be instituted to en-

sure that overage adhesIves are not used .

1 .5.1,2 The bonding fixture recommended is shown in FIgure lb. i t is
designed to ensure good alignment and un I form adhesive thickness con t rol. The

f ixture is app l icab le  for adhesives requir ing ambient or high temperatur e cure
cycles unde r pressure . Detailed use of the fixture to ensure ax i a ll ty of the

specime n and superior bond line contro l is given below.

1 .5 .1 . 3  The accuracy of the mechanica l characterization test data for adhesive

bonds w i l l  depend on the conditions unde r which the bonding p rocess is carried out.

Unless otherwise ag reed upon by the manufacture r and the purchaser , the bonding

conditions shall be prescribed by the mar~ufacturer of the adhesive . In orde r to

ensure that comp lete information Is available to the individua l conducting the

tests , the manufacture r of the adhesive shall furnish numerica l values and other

specific information for each of the following variables:

o Comp lete mixing directions for the adhes i ve if app licable.

o Conditions for app lication of the adhesive , including the rate of

spread or thickness of film , number of coats to be app lied , whethe r

to be applied to one or both surfaces , and the conditions of dry ing

where more than one coat is required.

o Assembly condItions before i n i t i a t i on  of the cure cycle including

pressure , room t empera tu re , re la t Ive  humidity , length of t ime , and
whether open or closed assemb l y is to be used .

o Curing condi tions , includ ing the amoun t of pressure (pressure bag ,

press p latens , e tc. ) , heat-up rate , coo l down rate , and the tempe ra-

ture of the assembly when under pressure . It should be stated whethe r

this temperature Is that of the bondl ine or of the atmosphere at

which the assemb l y is to be maint ained.

1.5 .1.4 A range may be prescrIbed for any variable by the manufacture r of the

adhes i ve if it can be assumed by the test operator that any arbitr arily chosen value

within such a range , or any combinat ion of such va l ues for severa l variabl es wil l

prov i de acceptable results .
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1 .5.2 Use of Bonding J19

1.5.2.1 The bonding jig should be used in order to ensure accurate adhes i ve

thickness control and specimen alignment.

1.5.2.2 The procedure to follow is:

o Apply a mold release agent to the bond i ng jig surfaces which are to be

in contact wIth the adherend surfaces . Place the specimen gang in the bonding

a l i gnment fixture (C) (See Figure ib), with a stri p of adhesive at room tempera-

ture and of sufficient length and width , in the Joint. The bonding alignment

fixture is carefull y made so tha t it maintains exactly the same hole spacing

in the specImen gang that the drill J ig establis hed. The joint wi l l  be held ,

therefore , in the same relationship to wh i ch it was shimme d In Section 1.3, 2 .1.

Shim stock of the des i red thickness Is inserted at each end of the bondline (for

butt and scarf joints only) with adequate pressure applied by the tapered end pins

(0 in Figure ib), ~e-ing inserted to hold the shIm stock in place. For all j o i n t s

af te r upheat to the cure temper ature is reached , the tapered end pins are turned

in for applIcatIon of full pressure . Prior to heating , apply sealing tape at the

ends of the bond line openings to prevent adhesive runou t at locations (G).

o install the bonding plate (F) and place the enti rc assemb l y in the

bonding press.

o Close the platens to app l y lIght pressure on the bond i ng assembly

and begin to app l y heat. As the adhes I ve reaches cure temperature it w i l l
soften and permit the joint to be properly aligned by means of the tapered

end pins (0), wi th re leas e of platen pressure. Since the bonding i~ is made

of the sam~ material as the specimen gang , there w i l l  be ve ry littl E ’ effect

on the bond thickness due to therma l expansion effects.

o App ly the proper p laten pressure and allow the adhesive to cure for

the pre scr Ibed amount of time at the proper . temperature. After the adhesive

has cured , remove the pins at (D) and relieve the platen pressure . Maintain

the platens in contact with the jig to insure uniform cooling , assumIng water

cooled platens are to be used. In thIs confIguration , cooling may begin without

fear of straining the bonded joint through the rma l effects due to uneven cooling

of the ji g and bonded Joint.
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1.5.3 Final Specime n Preparati on

1.5 .3 .1 After cooling, the specime n qang may he re i nstalled in the drill

jig (Fi gure la) using ~50 inch diameter pins through the previously drill ed

hole s for  a l i gnment purposes. The six .500 inch diameter holes marked (~) may
then be drilled and reamed . This procedure insures that the bonded joint of

the tes t specimens wi l l  be perpendicular to the center line of the loading

holes . Next the renoval of excess adhes i ve flash from the edges of the pane l
is recommended. This may be accompli shed by using a 1/16 inch or less diameter ,

sharp end mi l l  to traverse along the flash , removing the excess without touching

the metal surfaces . At this time the individual specimens may be cut from the

specimen gang and finished individually. As part of the finishing operation ,

the extra 3/4” lenath allowed on one end for ali gnment holes is removed and

specimens are  finished to a nine inch length by one inch width prior to testing.

The cutting operation should be performed so as to avoid overheating or mechani-

cal damage to the bonded regions .

“I
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(b ) BOND ING J IG ASSY

FIGURE 1. DRILL AND BONDING JIG ASSEMBLY
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ATTACHMENT II

PRELIMINARY TEST SPEC IFICAT ION FOR
CHARACTERIZIN G THE STAT IC SHEAR
(TENSION ) STRESS-STRAIN RESPONSE

OF STRUCTURAL ADHE S IVE S

INTRODUCTION

The purpose of this test specification is to provide the means by wh i ch one may

accuratel y obtain the shear or (tensile) mechanica l properties of adhesives. Accu-

racy and repeatability of the test results will depend on the repeatabil i ty of
adherend s u rface prepa ra t ion , the bonding process , environmental condi t ioning of
the adhes i ve , the physical test procedure and reduction of the test data. The
therma l history of the cure process 1 has been shown to exert a dramatic effect on
pol ymeric materials . Heat up ,  coo l down and the rma l cycl ing ra tes along w it h
surface roughness ,2 air entrapment ,3 pressure ,4 adhes i ve thickness and overage

mater ials are but some of the parameters that can significantly affect the repro-

duc i bil it y of adhesive mechanica l prope rty data. Extreme care must be maintained

throughout the entir e tes t procedure f rom adhere nd surface prepara t ion to data
reduction if re liab le , reproducible res ults are to be obtai ned.

This recommended practice lists the information Which should be inc luded in

reports of tests . The intention is to ensure that all useful and readily avail-

abl e in for ma t ion i s t rans mitt ed to in teres ted par t ies . Report s rece i ve special
attention for the following reasons : (1) results from different , recogn i zed
p rocedures vary significantl y ;  the refo re , i dentification of methods is i mportant ;

(2) later studies to establ i sh i mpor tan t  v a r i a b l e s  are of ten ha mpered by the lack

of detailed information in published reports ; (3) the nature of prolonged tes ts
of ten makes re tes t imp rac ti cal , and at the same time makes difficult remaining

wi thin the recommended variation s of some cont rolled variables . A detailed

repor t pe rmi ts transmi ttal of tes t res ults witho ut imp lying a degree of control

wh i ch was not ach ieved.

37

L : - :
~~~~~~~~~~~~ - -

~~~~ ~ — 5 -



r ‘

~

‘

~~~~~~~ 

— — -5---— —-5-—-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~~~~

I. SCOPE

1.1 ThIs test specifIcation covers the determ i nation of the static shear

(tensile) stress-strain response of structura l adhesives , for various strain rates,

temperatures and relative humidities with the adhesive restra i ned by relatively

h igh modulus adherends i n  a thin bond line .

1.2 This specification Is Intended to be used to devel op realis tic shear

(tensile) mechan i ca l properties for des i gn of metal adherend bonded structures .

Properties will Include elastic shear (tensile) modulus , Note (1), proport ional
limit stress , ul timate shear (tensile) strain , ultimate shea r (tensile) stress

and the general shape of the static stress-straIn response curve.

1.3 ThIs specification can be used to evaluate environmental effects of the

adhesive ’s shear (tensile) response if proper specimen environmenta l conditioning

procedures are followed per Section 8.

1.4 The test specification is intended for use with meta l adherends only.

Its use with advanced compos i te materials and other non-metallic adherend ma te—

r ials may be app licable but much research needs to be performed to verify this.
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2. DEFINITION OF TERMS

2.1 CohesIve Failure

2.1 .1 Fa ilure wh i ch occurs within the adhes i ve or prime r I tself. Failure

at the adhesive-prime r interface Is also designated as a cohesive failure .

2.2 AdhesIve Failure -

2.2.1 Failure of the adhes i ve or prime r at Its Interface with the metal.

2.3 Ultimate Shear (Tensile) Stress

2.3.1 The maximum applied load divided by the original bonded surface area .

2.4  Elastic Shear (Tension) Modu l us

2.4.1 The ratio of the stress to strain within the elastic limit (Note 1).

The strain is the adhes i ve displacemen t per unit adhes i ve thickness.

2.5 ProportIona l Limit Stress

2.5.1 The stress at which the stress-strain response becomes nonlinear.

2.6 Ultima te Shea r (Tensile) Strain

2.6.1 The strain recorded for the max i mum applied load .

Note I: Since the existence of a true elastic limit In adhesives as in many

othe r organic materials and In many metals , is deba table , the pro-

priety of applying the term “e las t ic modulus” in its quoted generally

accepted definition to describing the “stiff ness” or “rigidity ”

of an adhes i ve has been seriousl y questioned . The exact stress-

straIn characteri~~t ics of adhes ive mater ia ls  are hi ghly dependent on
such fac tors as ra te of app l ica t ion of s tress , temperature , mois ture ,
previous history of spec i men , etc. However, stress-strain curves for

adhesives determined as described in this method almos t always show a

linea r region at low s tresses , and a s tra ight li ne drawn tangent to
this portion of the curve permits cakulation of an elastic modulus of

the usually defined type. Such a constant Is useful If its arbitrary

nature and dependence on time , temperature and s imi lar  factors are
realIzed .
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3. TEST APPARATUS

3.1 Test Machine

3 .1.1 The load shall be applied at a uniform crosshead rate throughout

the duration of the test. The test machine may be elec tro-hydrau llcall y

cont rolled or mechanicall y driven. I t must control and record the load appl ied

to the spec i men to an accuracy of ±.5O percent of full scale at all times .

The load Ind i cating mechan i sm shall be essentially free of inertial lag for

al l load i ng rates. The accuracy of the test mach i ne shall be verlf led in

accordance w ith ASTM Methods E4, Verifica tion of Testing Machines.

3.2 Grip 6

3.2.1 Grips are used for holding a test specimen between the fixed member

and the movable member. The grIps shall be of the self—aligning type; that Is ,

they shall be attached to the fixed and movable member , respectively, in such
a way that they will move into alignment as soon as a load is applied , so
that the direction of pull is pa rallel (at right angles for the tensile spec i men)

to the adhesive-interface plane. Recommended gri ps are shown in Figure 1.

The pin holes in the grips should be parallel within .10 degrees and alignment

i n the vertica l plane should be Insured by moving the ram and load cell together

and adjusting for any latera l accen trici ty.

3.2.2 Grip ping devices may oxidize , warp and creep with repeated use at

eleva ted temperatures and relative humidities . Eccentricity and associated

bending stresses may result. Therefore, grips should be period i cally retested

for axiali ty and reworked as necessary .
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4. MEA SUREMENT SYSTEM

4.1 Temperature and relative humid ity, control and measurement Instrumenta-

tion shOuld be stable for length y time intervals. ThIs is especiall y true when
a test specimen Is be i ng moisture conditioned In a specific temperature environ-

ment. Temperature contro l should be wIt hin ±1.0 degree centigrade . Relative

hum idity control should be with-i n ±3.0 percent from 0-100 degrees centigrade .

Temperature measurements can be made with a calibrated thermocouple or a dry

bulb thermometer. A wet bulb-dry bulb thermometer Is recon~nended for combined

• temperature—moisture measurements where the relative humidity leve l Is above

20 percent. Temperature and/or relative humidity control should be essentiall y
constant -throughout the actua l phys Ica l test. Contro l should prefe rabl y be
maintaIned by a suitable automatic contro l dev i ce. The extent of the fluctua-

tions should be reported in the test results.

L _____________________________________________
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5. DEFORMAT ION MEASUREMENT

5.1 The in tent of this specification is to insure the accurate measure-
ment5 (±3.4%) of the shear (tensIle) properties of structural adhes i ves.

Therefore , the adhes i ve deformation measurement device should measure the

adhes i ve deformatIon within ±2% of full scale to satIsfy this cri teria. In
order to obtain this sensitivity i n  a stable manner for relative l y long time

pe riods , for small adhes i ve bondl ines (i.e. gage lengths of from .002” to

.020”) typ i cally encountered in bonded structures , and for a broad range of
temperatures and relative humidities , a parallel- plate capacitive measurement

device is recommended. This is a Class A measurement device per ASTM E-83.

The capaci tive measurement dev ice should be calibrated against a precisely

known capacitance and so reported In the test results. The device will measure

adhes i ve deformation continuously for vario us strain rates. The attachment

of the detector should be within .062 i nches of the adhesive-adherend interface

on the adherend at the centerline of the overlap (i.e. L2 
in Fi gure 2) and

at h 1 /2 i n Figure 3. Correction for metal deformation should be made during

the data reduction phase of the test. Slippage of either capac i tance plate

during the tes t mus t be avo ided to preven t erroneous deformat ion data from
tainting the test results. The capacitance measurement device is so designed
that it will i mpose a load on the specime n of 1.2 pounds in a truly axial

manner. This can be subtracted out by most test systems . The capacitance

measurement device can be used in temperature extremes of from -30°F to 350°F

and over the full range of relative humid ities.

5.2 Once the deformation measurement dev i ce is attached , the tes t should
begin i mmediately if the specimen Is not maintained in its preconditioning

environm ent. If the spec i men and capacitance device are maintained in the

preconditioning environmen t during the mechanica l test , a period of 30 minutes

should be allocated to allow the measuremen t device to stabilize in the environ-

ment before commencIng the test.

5.3 RecordIng of the load-deformation data should be through the use of

Instrumentation wh i ch would not reduce the accuracy requirements below those

stated in thIs section .
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6. RECORDING SYSTEM

6.1 Selection of a system to record the output signa l from the capacitance
bridge is extreme ly Important. The output signal (voltage) from the bridge of

the deformatio n measurement dev ice Is amplified and recorded by dIgital or
graphic means. In order to avoid reducing the accuracy of the output signal ,
the record Ing device should be linear. Moreover, the recordIng device should

be essentially noise (I.e. jitter , drift) free so as to not impair the resol u—

t ion of the output signal from the bridge of the deformation measurement

device . Maintenance of these requirements is extremel y Important If one is

to meet the overall accuracy requirements specified In SectIon 5.

L a

I

I
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7. TEST SPECIMENS

7.1 Spec i men Fabrication

7 .1 .1 The test specimens are to be prepared for testing per the ATC

fab rication specification entitled “Fabrication of Thick Adherend , Butt and

Scarf Joint Test Spec i mens” (Note 2). This was presented In detail in

an AFML Con tract Report.6 Once the test specimens have been cut into

a pp roxi ma t e l y  one i nch wide  test p ieces , their pertinent dimens i ons shall be

measured to the following accuracy (Figures 2,3):

Overla p Length (L2)- ±.OO l inches

Adhe rend Th i ckness (h
1 ) 

— ±.0005 inches

Adhes i ve Thickness (ri) - ±.000lO inches

Specimen Length (L1 ) 
— ±.02 inches

Gap Length (L
G
) - ± .OOl inches (thick adherend specimen only).

7.1.2 The adhes i ve thickness should be measured at four l ocations , two

on each spec im en s i de , as detailed i n Figure 4. The thickness measurements

shou ld p referably be made once the adhes i ve-adherend Interface has been
properly prepared so that a distinct boundary Is readily visible for optical

measurements to be made. ThIs can be done using a polishing wheel and 600

grit paper. An optica l measurement dev i ce with a resolution better than

1 x lO~~ i nches should be employed .

7.2 Bondline Non-Destructive Inspection

7.2.1 Non—-~cstructlve Inspection of the bonded area is required to assure

the fabrica~~~ that the test spec i mens are free from voids , air  bubbles and/or
i mperfec t ion~. F-i ilure to attain near defect free bonded areas will result In

poor and unre lid le adhesive characterizatIon data . Ultrasonic C—scan or

Neutron Radiographic means are recommended for inspection of the bonded a rea
of the various test specimens. Proper NDI precedures are called out in the

ATC fabrication specif ication referenced In Section 7.1.

Note 2: It is realized that a material cannot be - tested without also testing

the method of preparation of that material. Hence, when comparative
tests of materIals per se are des ired , the greatest care must be
exercised to ensure that all samp les are prepa red in exactly the

same way. Simi lar l y, for referee or compa rative tests of any given
series of specImens , care must be taken to secure the maximum degree

of un i formity In detaIls of perparatlon , treatment, and handling.

-
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7.3 Number of SpecImens/Data Point

7.3. 1 It Is des irable to test at least five specimens for each set of

adhesive thickness , st ra in  rate and environmental pa rameters .

7.3.2 Spec Imens that fracture prematurely due to some obvious specimen

or testIng procedura l flaw shall be discarded and retests made.

~45

5-’- ~~~~~~ ..

~~~~~~~~~~~~~~~~~~~~ ~~
- .~ *~~J’C? ~~~~~~~~~



- — — — — 5-——”-- ‘5 —. 
“‘ ---~~~~~~~ - 

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

8. ENVIRONMENTAL CONDITIONING

8. 1 Scope

8 .1.1 Test conditions for temperature and moisture onl y are specified .

The duration of exposure is dependent upon the chemica l nature of the adhes i ve,

type of specimen , the temperature extreme and percent relative humidity at

which condi tioning is to proceed.

8.1.2 This section covers condition ing of the test spec i men at constant

temperature and rela t ive humidi ty va lues onl y.

8. 2 Preconditioning

8.2.1 Once the test specimens have been machined to their final dimen-

sions , they shall be labeled with an identification number and dessicated for

4 days at room temperature In a desslcant (<5.0% R.H.). Upon comp letion of
• this phase , actual conditioning of the test spec i mens for mechanical charac-

terization testing shall commence. A temperature , rela t ive humidi ty and number
of hours for the envlromental conditioning procedure shall be specified .

8.2.2 Preconditioning of bondlines in metal adherent bonded specimens

can take from severa l days to several months , depending on the equilibrium

conditions one seeks to attain. In all instances the tota l environmenta l

his tory of the test specimens should be known and recorded .

8.2.3 All test specimens shall be conditioned until moisture and/or

temperature equilibrium is atta i ned in the bonded area, prior to the initiation

of the attainmen t of mechanica l proper ty data .

8.2.1. Temperature and/or moisture conditioning shall be accomplished in

an environmen tal chamber capable of maintaining the required environment within

the constraints specified in Section 4.1. Readings of the temperature and

relative humidity environmen t shall be taken a minimum of tw i ce a day (pre-

ferably on a continuous basis) and within six inches of the spec i men If

circulating air Is not maintained .

8.2.5 The environmental chamber shall be calibrated a minimum of every

six months to veri fy that the chamber vs. temperature/relative humidity control

dev ice is In prope r working order. 
-
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8.3 Saturated Salt Solutions

8.3.1 if a saturated salt solution (ASTM SpecifIcation E104) In a

desslcator along with an oven is employed to precondition the spec imens, the
continuous monitoring of moisture can be mainta i ned through the use of varIous

hygrometr ic measurement devices below 140°F. A thermocouple can be used to

mon itor temperature in the oven . It should be placed adjacent to the bondl ine .

Both temperature and relative humidity variation should be within the limits

specified in Section 4.1. Verificatio n that the prescribed environment is

be i ng maintained should be made at least tw i ce a day.

8.4 Con tro l Spec imens

8.4.1 To verif y that the test specimen has attained moisture equ ilIbrIum ,

a control spec i men of the dimensions detailed In Fi gure 5 should be Inserted

in the dessicator or conditioning environment and Its moisture intake measured

period ica l l y  to verify that the test specimen has attained moisture equilibrium.

This would be required for the initIal specimens of a particular adhes i ve to

be conditioned. After this , a predictive equation , yet to be derived , may be
used to safely estimate the time required for the spec i men to attain equilibrium.

8.4.2 Test and control specimens should be placed in the environmental

chamber so as to not i mpair the bondline surfaces from the ingress of moisture.
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9. TEST PROCEDURE

9.1 The specimen is to be tested in shear (tension) by tension loading

after environmental equi l ibr ium is attained or within 15 minutes upon remova l

of the spec i men from the conditioning environment.

9.2 Grips

9.2. 1 Place the specimen in the ball and socket type grips shown in
Figure 1 so that the long axis of the speci men and the cen ter li ne of load pull
through the gri p assemb ly co incide.

9.3 Pre loading

9 .3 .1  Set the recording dev ice to the prope r sensitivity to record the

load vs. deformat ion resul ts.  Set the load range f requency and stra in rate
parameters to their desired va lues on the test machine. Attach the deformation

measurement device to the spec i men and calibrate all record i ng equipment.

Pre load the specimen to approximatel y ten percent of i ts expec ted ul t imate load
to al ign the specimen in the tes t f i xture and elim ina te any ini t ial adhesive
defects. Reduce the load to that prescribed in the next section .

9 .4 Testing

9.4.1 Mai ntain a small bias load of 25 lbs . on the specimen to preserve
all alignment in the assemb l y j u s t p r i or to app ly i ng load.  Load the test
specimen to fai lure at the prescr i bed strai n rate in the specif i ed environment .
Record load vs. deformation . If the elastic modulus is to be obtained from the

load-deformation trace , the scale on eithe r axis should be adjus ted as requ ired
to obta in approximatel y a 45-60 degree trace . This imp roves data reduction

accuracy . Test all spec i mens , wh i ch have been conditioned in a given environ-

ment , w it hin as narrow a t ime span as feasibl e, to avoid environmental ag ing
effec ts.

9 .4 Record

o Load-Deformation Curve
o Data , Temperature , Relative Humidity vs. Ti me

o Stra in Rate
o Pertinent Test Machine Settings
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10. REPORT OF TEST RESULTS

10.1 The report format specified in Table I shall be used to detail the
resul ts of all specimen testing.

10.2 Calculations

10.2.1 Definition of Terms

A = Surface Area of Shea r Specimen (i .e. overlap length x
specimen width) (in2)

AA Cross-sectiona l Area of Tensile Specimen (in2)

LA Apparent Uniaxial Tension Modulus of Adhes i ve as Measured
• In the Butt Joint Test (PSI)

E — Bulk Tension Modulus of Adhes i ve (PSI)

Ed = Young ’s Modulus of Adherend Material (PSI)

= Shear Proportiona l Limit Stress of the Adhes i ve (PSI)

F
Su 

= Adhes i ve Ultimate Shear Stress (Psi)

F
T 

= Average Adhesive Ultimate Tensile Stress at Failure (Psi)

G = Effective Shear Modulus of the Adhes i ve (Psi)

P = Applied Load (LBS.)

~PL = Load at which the Load-Deformation Curve Departs from

Linearity (LBS.)

= Maximum Load Specimen Attains (LBS.)

S.F. = Ratio of Constant Shear Stress of Optimum Spec i men to

(P/As) Shear Stress 
- (See Figure 6)

T.F. = Factor to Account for Dependence of Ratio of EA/E on the
Adhes Ive ’s Poisson ’s Ratio - (See FIgure 7)

c — Adhes i ve Tensile Strain (In/In)
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— A
s — Adhesive Displacement in Shear Specimen (Inches)

AL — Distance between Measurement Device Attachment Points (See

Figure 3) (Inches)

A.1. = Adhe sive Disp lacement in Tensio n Specimen (Inches)

= Adhes i ve Th i ckness (Inches)

= Po isson ’ s Ratio of Adhes Ive Material

= Po isson ’ s Rat io of Adherend Material

1 0.2.2 Shear Specimen

— 
P()~~ (S .F. )

G — A (~ ) 
C-I

s s

~PL (S .F. )
FPL = A C-2

S

P (S.F.)
FS 

= 
U 

C—3
5

For a load P
1 

> P2 and attachment points A & B .126” apart

= Disp lacement measured between loads P 1 and P2 
_~~~“P2) 6 ,7 x

100
10.2.3 W ith reference to Figure 6 , one is not sure of the ratio of Ed/G

when initially cal culating G. Therefore , one should enter Figure 6 assuming a

va lue of Ed
/G to obtain an initial va l ue of S.F. to calculate (G). If the

G Icul ted and G ssum d to enter Figure 6 are approx i matel y eq ual one has

the correct shear modulus. If there Is a d i spa r i t y ,  recalculate S.F. using

the new va l ue of (G). Continue this iterative scheme until G =assumed
G l l t d .  This should occur within severa l iterations.

10.2.4 Tension Spec i men

E — 
AP (ri) C—4A AAAT 

-

2[G - EA + 2 Vd/Ed EA9] C-5

50

• _ _

— -

~

i,- - -

~ 

- - —~~~~ --~~~~~~~-- --—-- -5__.-



----~—~-c
-
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• - - - - —~~~~
-

E — EA/T.F. C—6

E vA a~~*F — 
l+v cd + l-2v ‘ C 7

— a a

(P 1-P~ (AL -~ )
A1. — Displacement Measured between loads P 1 & P2 

- 

A E C— 8

>

C — AT/n C-9

10.2.5 Wi th  the va lue of (V
a

) calculated per equation (C— 5) one enters
Figure 7 to obtain the va l ue of T.F. so as to calculate (E) using equation

(C— 5).

10.2.6 Statis tica l Eva l uation of Data

0 Mean (i’), Standard Devia tion (SD) and Coefficient of Var IatIon (CV)
• for the ultimate stress , ultimate strain , proportional limi t stress ,

and elastic shear (tensile modulus) can be calculated per equat ions
(c— 9—l l ) .

N
‘
— 1/N ~ X. C—b

1—1

S.D. - [ 
~ 

(x 1 - 
~)2/ (N - 1 )1

1/2 
C-ll

1—1

C.V.  — S.D./X C—l2

whe re :

X. — i ndiv i dual tes t value for each specimen

N — Number of Individua l specimens tested .

10.3 Precision

10.3.1 The following data should be used for judging the acceptabili ty

of resul ts (95% confidence limits) (Note 3).

*Equa tion (C-6) to ca lculate ~he adhesive tensile stress becomes approximate‘ for “a 
> .48 and G > .5 x lob psi. the error Is ~ 5%.
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Repeatability — Duplicate test results by an indiv idua l should be

suspect If they differ by more than 3.4%.

Reproducibility - The average result reported by one laboratory

should be considered suspect If It differs from

that of another laboratory by more than 5%.

I

NOTE 3: These precision data are approxImatIons based on limited data , but
they prov i de a reasonable basis for judg ing the significance of

resul ts.

52

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
.•

~~~~-- . 5~~~~~~~ ----- - +1 -ii ~~~~~



r- - 5-5- 5-”. 5- ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

11 . REFERENCES

1 . Yalof , S., “Mechan i ca l Properties , Dielectric Measurements and the Therma l
His tory of Pol yme rs ”, 20th NatIonal SAMPE Sympos i um and Exhibi tion , Volume
20, April 1975 ,

2. Jenn ings , C. W ., “Surface Prepara tion For Adhes i ve Bonding ”. To be published
i n Journal of Adhesion .

3. Bascom , W . D., and Cottington , R. L. , “AIr Entrapment In the Use of Structural
Adhesive Films ” , Jou rna l of Adhesion , Volume 4, 1972 , pp. 193-209.

4. McI nty re , R. T., Due r , F. L. and Gallag her , E. A. , “Effect of Vary ing Process-
ing Parameters in the Fabrication of Adhesive-Bonded Structures , Part V I :
Production Methods , Final Report”, Plcatlnny Arsena l , TR No. 4162, February
1971 .

5. Renton , V . J., “Structura l Properties of Adhesives”, Quarterl y Progress
Report No. 1 , AFML Contract No. F33615-76-R-5205 , August 1976.

6. Renton , V. J., “Structura l Properties of Adhes i ves ,” Quarterly Progress
Report No. 3, A FML Contract No. F336l5-76-R—52O5, Februa ry 1977.

53

-- -‘5-- - .~1-
- -- -. - -• -r. ----5 ~~~~~~~



‘F ~- ‘  
~~ — 

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

4: -D
~0 4)

4-’C-. .5’ U
C~ L1’ ~fl 0.~,tn ~fl )— G~

C 4-’
IA

C IA 4)
c m ~ ~~ ‘ 

-
~~ I—

m 4) .C 4) IA
4) T 4) Q -

~~ 
I. -~~

‘5) 4) 0 0 L
4’ I U) I

4) I . U) U, •)~~-n .5’ D ~D I) ~/‘ ‘4- II ~ V — 4)
-~ 4) 4) 0 0 t. 4 )—  0 C C 4) a
— 

~~ 0 ~~ ~~ ‘5 •- C 0 0 C
_) 0 ‘1’ .—‘ ‘0 U >- •— —

U, C 5) . 4) ‘5 4-’ 4)
4) . . . 

~
_ 4) 4) • L ‘5

m ‘ ~ _i • w C -— 0 4)
‘5 4-’ ‘0 .- a — C > 0 ‘5 C.5- - -  . — — . — > Q 4) 4) ‘5 4)

~I) U, G ~~ Ui 0- ~ I— ~! U) ~~ L~ LU
4)

~5

l~
I

• 

I I (
z 4-’ >- 06) 4) C I — >  • 4) 4) 4) U, C C C V ‘ 5 0  ‘5C U _i 0 Ui C 0 C _J C ‘5 4) (0 LU C IC IC

4) (0 4) V 4) < E 0 0 > .
E L ~~~~~~~~~~~~~~~~~~~~~~~~~ 0. 0~ ~~ ‘ U) .—. C .— ‘ ‘5) ‘5~~ 14 ~ Li V 4) U) > I.) -D 4) ~0 0 U, V -
‘5 U —~~~~~~~~~~ --- -- ‘U ~ 

4) 0. C C —~ I- ifl C ~ X > X
— .5- 0 4-’ J~~— 0 0. ‘4 0 V .- 4) 0 0  14 C 14

4’ -~~ IA —J C X L/) (~ ~~ > 0 ‘5) ~~ ~ LU
LU 4) C

— ,- LU

LI) ._~ N-

C
0

4)
I— ‘5

a-

4) D -
.5 1~~ I — 4’ 4) 4)
(V 4) I ~~ ‘n .n It)

- — C~~~ -— I 4) 4-
‘5 I 4)0. L ‘5 0 0 41 4) L 10

4) 4) 4) 4) . C ‘ C — a.
•.

~ 
I .5~ ‘5 4_I L. I 0. 4) Li .— 10

• In Q 4) (4 14 0- 14 C )_ 4) I— ~ C
4) 0 ~ ‘ - ‘ 4 ) 0  r .-‘ ‘ 0  0 I I O a
I— ..J ~ t- 4) 0 ~ - 4) ~o C. 0.

C V 0 I— V I) 4) 4) 0 I— 0) U. ~ 0
‘I- 4) ‘ C O l D  > ‘4- .C C
o C ~~~~~~ gi —~~~~ C ’4-- .- — u -- E E E t- V C .

C I- — I 0 L UI C — ‘5 ‘5 4) -— 0 E c ‘5 ID E 04) 0 .14 4) 4 ) 4 ) 4 )~~~ 4) (0 IV 10 U 0 .C ‘5 ‘5’ -— 0 IV 4) 4)0
a. 4) — 0. -~~ (..) 

~~ Z L/) .C E LI) 1~ I~) 0. LII 1 
~~ ~ 

I_ LI
>- 0 V V
I— ~n .~ .~

— (‘4 I..’ ~~~ 

54

_ _ _ _ _  
_ - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ 55-__5 
-

~~

LOAD
_____ CELL
L~~~~~~~ J

ROD E N D  BEAR I NG

- 
ROLLER BEARING END ( TYPICAL )

I i~~~~~~~~~ I DOWE L PINS (TYP I CAL)
I__

__
__

L J U

_____________ 
TEST SPEC I MEN

l L ~J 1

ROD END BEARI NG

I~~~~I

RAM 

¶ 

i~.~jn
iOo~\Y

FIGURE 1 . TYP I CAL TENSILE TEST SETUP U S I N G  ROD END B E A R I N G S
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ATTACHMENT I I I

PRELI M I NAR Y TE ST SP E C I F I CATI ON FOR
CHARACTERIZING THE SHEAR

(TENSION) CREEP—RECOVERY RESPONSE
OF STRUCTURA L A D H E S I V E S

INTRODUCT I ON

The purpose of this test procedu re i s to prov ide  t he means by wh i ch one
may acc u ra tel y obtain the shear (tensi le)  creep-recovery response of adhes ives .

Accuracy and repeatability of the test results will depend on the repeatability ’

of adhe rend surface prepa ration , the bonding process , environmental condition-

i ng of the adhesiv e, the physica l test p rocedure and reduction of the test da ta .

The t he rma l history of the cure process 1 has been shown to exe r t a dra mat ic
e f f ec t  on polymeric mater ia ls . Heat  u p ,  cool down and the rma l cycling rates

- 2 .  3 4
alo ng with surface roughness , air entrapmen t , pressure , adhesive thickness

and overage materials are but some of the parameters that can si gnificantly

affect the reproducibility of adhes i ve mechan i cal property data . Extreme care

must be mainta i ned throug hou t the e n t i r e  test proced u re f rom adhe rend su rface
prepara t ion  to da ta red uct io n i f  re l i a b l e , rep rod uc i bl e r e su l t s  are to be
obtained.

This recomended practice lists the information which should be included in

reports of tests. The intent Is to ensure that a l l  useful and readily avail-

able information is t ransmit ted to interested parties. Reports receive special

a t t e n t i o n  for the f o l l o w i n g  reasons: (1) results f rom different , recogn ized

procedures va ry s ign i f i can t l y ;  the refore , ident i f icat ion of methods is  i m p o r t a n t ;

(2) later studies  to esta b l i s h  impor tant v a r i a b l e s  are of ten ha mpered by the

lack of detailed information in published reports; (3) the nature of prolonged

tests of ten makes retes t i mprac t ical , and at the same t ime makes difficult

r e m a i n i n g  wi th i n thc recomended v a r i a t i o n s  of some con t ro l led  var i ables . A

detailed report permits transmittal of test results without implying a degree

of control wh i ch was not achieved.
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1 . SIGNIFICANCE

1. 1 Data from creep tests are of conside rable In~ ortance In predicting the

strength of materials for resisting loads continuously app lied for long t ime s~
and in Dredic ting dimensIonal changes whIch may occur as a result of long-con-
t i n u e d constant l oads.

1.2 Data from creep tests are useful In pred icting the increase In strain In

mater ia ls  subjected to constant stress for long times .

1.3 The test is sensitive to small changes in materIal composition and environ-

mental condItion s and hence Is useful In eva luating the effect of such chançies.

1 .4 The reproducibility of the data Is good when precise control Is maIntained

over all testing conditions and material composition , Includ i ng moisture con-

tent , tempe ra ture , load and effects resulting from ag ing .

• 1.5 In the app lica tion of the following test requirements and recommendations

it is assumed that the test specimens of a g i ven adhes I ve bond are essentially

compa rable and t rul y representative of the mater ial . In tests conducted to

show the effects of temperature , relat ive humidity or stress as variables , great
care must be used to ensure that the specimens are representative of the adhe-

sive bond. Departure from this assumption may introduce discre pancies as great
as , if not grea t e r  than , those due to departure from details of procedure out-

l i ned i n th i s t e s t .
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2. SCOPE

2 .1  This method covers the determination of the creep-re l axation response of

structura l adhesives , for various temperatures and relative humid ities , with
the adhes ive i n a t h i n bondl i ne , restrained by rela tively high modulus adhe-

rends .

2.2  Th i s method is intended for use in deve l oping realistic creep—relaxation

da ta to be used in design of adhe rend bonded structures. A master curve of
creep- recove ry compliance for va r ious tempe rature and/o r r e l a t ive hum i d i t y
pa rame te r s  may be obta i ned by using this test procedure .

- 
- 2.3 This test method is intended for use with metal adherends onl y. I ts use

wi th  advanced compos ite ma ter ia ls  and other non-metallic adherend materials may
be appl icable but addi t ional research needs to be perfo rmed to v e r i f y this.

-

. 1
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3. DEFINITION OF TERM S

3.1 Cohesive Failure

3.1.1 Failure whIch occurs wi th in the adhesive or prime r itself . Failure
at the adhesive—primer interface is also des i gnated as a cohesi ve failure .

3.2 Adhesive Failure

3.2.1 Failure of the adhesive or primer at its interface with the metal.

3.3 Total C reep Strain (Fi gure 6)

3.3.1 The total creep strain (CT) IS the ini tial strain (C0) plus the
transient creep strain at a parti cular time (t) that results from exposure to

a constant l oad (Note 1), temperature and/or relative humidity .

3.4 Total Recovery Strain (F gure 6)

3.4.1 The total recovery strain cr(t) is the strain at time (t) following

unloading of a spec i men maintained at the i dentica l constant temperature and/or

relative humidity as during the c reep segment of the test.

3.5 Fa i l u re

3.5. 1 Rupture of the s pecime n , or exceeding the strain requi rements of a

spec i f ic  design .

NOTE 1 : Whi le  constant—stress tests are des irable , the usual one is a con-

stant load test. Such a difference should have a neg li g ible result

on the test results as any change in cross—sectional area should be

minima l . Creep tests made by means of spring loading or fixtures

which involve deflection or strain measurements in the fixture for

the application of load are satisfactory . However , if the total

deformation in the adhesive is large , corrections must be made to

compensa te for the decrease in stress because of the extension in

the adhesive .
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4. TEST APPARATUS

4. 1 Test Machine

4.1 .1 The load s h a l l  be app lied to the specimen as quickly and smoothl y

as feasible. The test mach i ne may be electro-h ydrau lically controlled or

mechan i call y dr iven  but a dead weigh t sys tem is pre fe rable . It must contro l

and record the l oad app lied to the specimen to an accuracy of ±.50 percen t of
full scale at all times. The l oad i nd i ca t ing mechan is m s h a l l  be essen t i a l l y

f ree of i ner ti al lag  f o l l o w i n g  load application . The accuracy of the test

machine if app licable shall be verified in accordance wi th ASTM Methods E4,

Verification of Testing Machines .

4.1.2 The test machine shall incorporate a means of taking up the exten-

si on of the spec i men so that the load will be main tained essentia ll y cons tan t

du ring the creep portion of the test. The extension of the specimen should

not allow the l oading system to introduce eccentricity into the spec i men . The
take-up mechanism should avoid introducing shock loads , overload i ng due to

fric tion or inertia in  the l oading System , or appl y torque to the speci men.

4.2 Vibration Control

4.2.1 Since creep tests especially are quite sensitive to shock and vibra-

tion , selec t the l ocation of the testing apparatus for a minimum of disturbance .

When the possible l ocations are not free of vibrations , the test equi pment and

mounting shall be desi gned so tha t the specimen i s i so la ted from shock and
v i b r a t i o n .

4.3 Grips

4.3.1 Grips are used for holding a test specime n between the fixed member
and the movable member. The grips shall be of the self-ali gning type ; that is ,

they shall be attached to the fixed and movable member , respect i vely, in such

a way that they will move into  a l i gnment as soon as a l oad is applied , so that

the direction of pull is parallel (at ri ght angles for the tensile specimen) to

the adhesive-adhe rend interface pla ne. Recommended grips are shown in Fi gure 1.

The p in holes in the grips should be parallel wi th in .10 degrees and alignr .znt

in the vertica l p lane should be insured by moving the ram and load cell together
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and adjusting for any lateral eccentricity. Frict i on at the pin—grip interface

should be a mIn imum to prevent unwanted bending to influence the test results .

k.3.2 Gripping devices may oxidize , warp and creep wIth repeated use at

elevated temperatures and relative humidities . Eccentricity and associated

bending stresses may result. Therefore , grIps should be perIod I cally retested

for ax iality and reworked as necessary.

— 
I
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5. TEMPERATURE-HUMIDITY MEASUREMENT SYSTEM

5. 1 The determination of the temperature and re la t ive  humidity w i th in  the
test space during condit ioning and the running of the test is one of the most
important measurements in a c reep tes t .  Sma ll var iat ions in temperature and!
or relative humidity may significantl y affect the creep rate . A un i form

tempera tu re and r e l a t ive h umi di ty s h a l l  be mai nt a i ned i n  the test  space .

5. 2 Tempe rature and re la t i ve  humidity control and measurement instrumen-
ta ti on sho u ld  be stab le  for le ngt hy ti me int e r v a l s .  T h i s  is  es pec i a l l y true
when a test spec imen is being m o i s t u r e  condit ioned in a spec i f i c  tempe rature
environment. Temperature cont rol should be within ±1 .0 degree centi grade .

Relative humidity control should be within ±3.0 percent from 0-100 deg rees

centi grade . Tempe rature measurements can be made with a calibrated the rmo-

coup le (Note 2) or a dry bulb thermometer. A wet bulb-dry bulb the rmometer
is recommended for comb i ned tempe rature-moisture measurements whe re the rela-

tive humidity leve l is above 20 per cent. Temperature and/or relative humidity

cont rol sho u ld  be essenti a l l y  constan t throug hout the actua l phys i cal test.

Cont rol s h o u l d  pre f e r a b l y  be mai n t a i ned by a suitable automatic con trol device .

The extent of the fluctuation s should be reported i n  the test results.

NOTE 2 :  Such measurements are subject to two types of error . The rmocouple

cali bration and instrument measuring errors initially introduce

- uncertainty as to the exact temperature . Secondly both thermo-

coup l es and measur i ng instruments may be subject to variation

wit h tim e. Common er rors  encoun tered in the use of the rmocouples

to measure tempe ra tures inc l ude: cal i b r a t i o n error , d r i f t i n cal i-
b r a t i o n due to cont ami nat i on or de ter i o ra t ion wi th use , lead—wir e

erro r , erro r a r i s i ng from method of attachment to the specimen,
d i rect rad ia t ion of heat to the bead , heat-conduction along thermo-

coup l e wire s , etc.
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6. DEFORMAT I ON MEASUREMENT

6.1 The i ntent of this specificat i on is to insure the accurate measure-

ment5 (±3.4%) of the shear (tensile) properties of structura l adhesives.

Therefore , the adhesive deformation measurement device should measure the

adhesive deformation wi th in ±2% of full scale to satisfy this criterion . In

orde r to obtain this sens i t iv i ty  in a stable manner for relatively lon g time

periods , for small adhesive bond lines (i .e. gage lengths of from .002” to

.020”) typ icall y encountered in bonded structures , and for a broad range of

tempe ratures and relat ive humidities , a para l le l -p la te  capacitive measurement
device is recommended . This I s  a Class A measurement device per ASTM E-83 .

The capacitive measurement device should be calibra ted against a precisely

known capac i tance and so reported in the test results . The device wi ll measure

adhesive defo rmation continuously for various strain rates . The attachment

of the detector should be within .062 inches of the adheslve-adhe rend interface ,

on t he adhe rend,at the centerl ine of the overlap (i .e. L2 in Fi gure 2) and
at h 1

/2 in Fi gure 3. Correction for metal deformation should be made during

the data reduction ~iase of the test . Sli ppage of eithe r capacitance plate

during the test must be avoi ded to prevent erroneous deformation data from

ta int ing the test resul ts . The capacitance measurement device is so desi gned
t hat it w i l l  impose a load on the spec imen of 1 .2 pounds in a truly axial

manner. This can be subtracted out by most test systems . The capacitance

measurement device can be used in tempe rature extremes of from -30°F to 350°F

and over the ful l range of relative humidities.

6.2 Recordi ng of the load—deformation data should be through the use of
instrumentation wh ich would not reduce the accuracy requirements below those
stated in this section .

I
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7. RECORD ING SYSTEM

7.1 Select i on of a system to record the output signal from the capaci-
tance bridge is ext remely i mportant. The output si gnal (voltage) from the

br i dge of the deformation measurement device is amplified and recorded by

dig ital or graphic means . In order to avoid reduci ng the accuracy of the out-
put signa l , the recording device should be linear. Moreove r, the record i ng
dev ice should be essentially noise (i.e. jitter , dr ift) free so as to not im-

pair the resolution of the output signal from the br i dge of the defo rma ti on
measurement device . Maintenance of these requirements is extremely i mportant

if one is to meet the overall accuracy requirements specified in Section 5.

7. 2 Timing Apparatus

A suitable timing appa ratus shall be emp l oyed during the temperature ,

re la t ive h um i d i ty cond i t i o n i n g of the specimen and d u r i n g  the actual  tes t so

as to accura te ly record :

o The time at which environmental equilibrium is attained .

o Deformation and recovery vs. time during the creep test .

- -l
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8. TEST SPECIMENS

8.1 Specimen Fab r ica t ion

8.1.1 The test specimens are to be prepared for testing per the ATC fabri-
cation specification entitled “Fabrication of Th i ck Adherend , Butt and Scarf

Joint Test Specimens” (Note 3). This was presented in detail in the third

Quarterl y P rogress Report .6 Once the test specimens have been cut into approxi-
mately one i nch wide test p i eces , th e i r  per t inen t d i m ension s sha l l  be measured
to the following accuracy (Fi gures 2 , 3):

Overla p Length (L2) 
- ± .001 inches

Adhe rend Th i ckness (hI) - ± .0005 inches

Adhes ive Th i ckness (ri) - ± .00010 inches

Spec i men Length (L1 ) 
- ± .02 inches

Gap Length (LG) 
- ± .001 inches (thick adherend specimen only) .

8. 1 .2 The adhesive th ickness  should  be measured at four  l ocat i ons , two on
each spec i men side , as deta i l e d  i n Fi gure 4 . The thickness measurements should

p refe rabl y be made once the adhesive-adhe rend interface has been properly pre-

pared so tha t a d i s t i nct boundary is readily visible for optical measurements

to be made . This can be done using a pol i shing wheel and 600 grit paper. An

optica l measurement device with a resolution better than I x I O~~ inche s should
be emp l oyed.

8.2 Bondline Non-Destructive Inspection

8.2.1 Non—destruct ive inspection of the bonded a rea i s requ i red to assure
the fabr icator that the test specimens are free from voids , a i r  bubbles  and/o r

i mperfect i ons. Fail ure to attain near defect free bonded areas will result in

poor and un re l iable adhesive characterization data. Ultrasonic C-scan or

Neut ron Rad iographic means are recommended for inspection of the bonded a rea
of the various test specimens.

Note 3: I t  is  r ea l i zed  tha t a ma teri a l canno t be tes ted wi thout a lso  test ing

the met hod of preparation of that material . Hence , when compa r a t i v e

tes ts of ma te r i a l s  per se are desired , the greatest care mus t be
exercised to ensure that all samples are prepa red in exactly the

same way . Simi lar l y, for referee or comparative tests of any given
ser ies  of spec i mens , care must be taken to secure the maximum degree

of un i formi ty in details of prepara t ion , treatmen t , and handling.
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8.3 Numbe r of Specimens/Data Point

8.3. 1 Test a minimum of 3 specimens from each panel to destruction in

shear (tension )  for each set of adhesive th i cknesses and env i ronment al pa ra-

meters to be tested for in creep. The deformation rate should be constant.

8.3.2 Test a minimum of 3 specimens In creep by shear (tension) loading

for each set of adhesive thicknesses and environmental pa rameters . Specimens
that fracture prematurel y due to some obvious specime n or testing procedural

f law shall be discarded and retests made .

I
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9. E~’iV IRONMENTAL CONDITIONING

9. 1 Scope

9 .1. 1  Environmental condition ing for temperature and moisture only are
speci f ied.  The duration of exposure Is dependen t upon the chemical nature of
the adhes i ve , type of specimen , the temperature extreme and percent relative

humidi ty at wh i ch condition i ng Is to proceed .

9.1.2 Th is sec t i on  covers conditioning of the test specimen at constant

temperature arid relative humidity values only.

9.2 Precondi t ion i n g

9.2.1 Once the test specimens have been machined to their final dimen-

sions , they shall be labeled with an i dentificat i on n umbe r and dessicated for

4 days at room temperature in a dessican t (<5.o~ R.H.). Upon comp le t ion of
this phase , actua l conditioning of the test specimens for mechan i ca l charac-

terization testing shall comence . A tempe ra ture , r e l a t i v e  h u m i d i t y  and
number of hours for the environmental condition i ng procedure shall be specified.

9.2.2 Precondition i ng of bondlines in metal adherend bonded specimeus , with
respect to moisture , can take f rom seve ra l days to several months , depend i ng on

the equi l ibr ium conditions one seeks to attain. In all Instances the total
environmen tal history of the test specimens should be known and recorded .

9. 2.3 All test specimens shall be conditioned until moisture and/or

tempera ture e q u i l i b r ium i s attained in the bonded are a , prior to the initiation

of the attainment of mechan i cal p roperty data.

9.2.4 Temperature and/or moisture conditioning shall be accomplished in
an environmental chamber capable of maintaining the required environment within

the constraints speci f ied in Section 5 .2. Readings of the temperature and

relative humidity environment shall be taken a minimum of twice a day (pre-

ferably on a continuous basis) and wi thin six inches of the specimen If

c i rcu lat ing a i r  is not maintained .

9. 2 .5 The environmental chambe r shal l be cal ibrated a minimum of every
six months to verif y that the chamber vs. temperature/relative humidity control

device Is in  prope r working order.
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9.3 Saturated Salt Solut ions

9. 3. 1 If a saturated salt solution (ASTM Specif ication E104) in a dessi-
ca tor alon g w it h an oven is emp loyed to precondi t ion the specI mens , the con-
tinuous mon i toring of moisture can be maintained through the use of various

hyg rom etric measurement devices below 140°F. A the rmocoup le can be used to
monitor temperature in  the oven . It should be placed adjacent to the bondline.

Both temperature and relat i ve humidity variation should be within the limits

specif ied in Section 5.2. Ver i f i ca t ion  that the prescribed environment is
being maintained should be made at least tw ice a day.

9. 4 Control Spec imens

9.4.1 To verif y that the test specimen has attained moisture equilibrium

F a contro l specimen of the dimensions detailed in Figure 5 should .be in serted

in the dessicator or conditioning environment and i ts moisture intake measured

p eriodically to verif y that the test specimen has attained moisture equ ilibrium.

This would be - required for the in i t ia l  specimens of a part icular adhesive to

be conditioned. After this , a predictive equation may be used to safe l y

est imate the time required for the specimen to attain equilibrium.

9. 4.2 Test and control specimens should be placed in the environmental

chambe r so as to not i mpair the bond line surfaces from the ingress of moistu re.
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10. TEST PROCEDURE

10.1 The specimen Is to be tested by subjecting it to a constant stress

(load), once temperature and moisture equI l ibr ium is attained. The load
sha ll be app l ied to the specimen while It is in the cont rolled environment.
A l l  displacement measurements shall  be taken during this time .

10.2 Static Tests

10 .2. 1 S ta t i c  mechanical p roperty tes ts at the corresponding c reep tes t
tempe ra ture , rela tive humidity and specimen bond line thickness shall be per-

formed per the ATC test specification for static testing . The constant defor-

mation rate shall be .050 In/minute. Results shall be presented per the

referenced s p e c i f i c a t i o n ’ s recommended format.

10.3 Gri ps

10.3.1 Place the specimen in the bal l and socket type gri ps shown i n
F igure  1 so that the specimen and the centerline of load pull , through the gri p

assemb ly, co incide . Gri p the specimen f i rm ly,  1.0 inches at each end. No

sli ppage shall be allowed to occur throughout the test.

10.4 Pre l oading

10.4.1 Set the record i ng device to the prope r scale to record the deformation

vs. time resul ts for a given load . Attach the capacitance device to the specimen
and ca l ibrate a l l  recording equipment by preloading the specimen to 5 percent of

ultimate load and then un l oad i ng to a pre l oad of 25 pounds for seating purposes .

10.5 LInear Viscoe las t ic i t y  and Mult iple Cycle Effects

10.5. 1 Creep and recove ry tests of adhes i ves should be conducted for at

leas t two cycles in orde r to assess any multiple cycling effects . This l ack of

repeatability in the creep compliance vs. t ime response of the material is due

to residua l stresses and/or flaw effects. After severa l cycles , the adhes i ve

wil l  normally respond in a repeatable manner if the load is not close to the

ul timate load. This may readily be verified for a give n stress level by inspection

of the creep vs. time curve (Figure 6). For a linear viscoelast ic material

c(t)/cJ is independent of stress (la)

and

C ( t )  = c (t - t ’) (lb)
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where t s the actual time from the initiation of the creep test and t ’ is the

time since the stress (load) was removed from the specimen and recovery was

initiated .

10.5.2 Onl y when the adhes i ve has reached a stable state (repeatable creep and

recovery response) within the linear viscoe lastic regime , and verified using

the above two criteria (Ia) and (lb) , should  the ac tual col lec t ion of creep
data commence .

10.6 Length of Creep Test

10 .6 .1 The length of a sing le cycle of a creep-recove ry test should last a

minimum of three decades from when the initial load transients die out (a 1

minute) cor a par t icu lar  environment . This should amoun t to approximately

s i x t y  (20 minutes c reep — 40 minutes recovery) minutes for a test cycle. An

exact t ime , eithe r longe r or shorter than th is  can be ascertained f rom inspec-

tion of the initial test data . To obtain an accurate estimate of the exponent

(N) (Section 11.2.8) a minimum of a ten percent change iii st ra in  is des irable.

10. 7 Test ing

10. 7. 1 App ly the test load quickly but gently. Avoid any sudden shock or

vibration movements . Record deformation (strain) vs. time on a continuous b a s i s

until the required time has elapsed. Un l oad the specimen in an i dentica l manner

to wh i ch it was loaded . Again record deformation (strain) vs . time until the

required time has elapsed . Repeat the cycle if desirable. Record tempe rature

and relative humidity throughout the test. Test all specimens conditioned at

the same time within as narrow a time frame as possible to avoid environmental

ag ing effects .

10. 8 Record

o Deformat ion (strain) vs.  t ime during creep and recove ry

o Time to load , un l oad specimen (Approx.)

o Stress (load) leve l

o Cycle number

o Date , temperature , relative humidity vs. time
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11. REPO RT OF TEST RESULTS

1 1 . 1  The report format specified in Table I shall be used to detail the

resul ts of all specimen testing .

11. 2 Calculations

1 1 . 2 . 1  Def in i t ion  of Te rms

aT 
- The time-temperature shift factor of the adhesive

aM 
- The time-relative humidity shift factor of the adhes i ve

- C ross-sectional area of tensile specimen (In2)

A
~ 

= Sur f ace area of shea r spec imen ( i . e .,  over lap  leng th x specime n
width)  ( in 2)

D( t )  - The time-dependent creep comp liance of the adhesive (psi 1 )

0 (t) - The time-dependent recovery compliance of the adhesive (psi~~ )

EA 
- Apparent un iax ial  tension modulus of adhes ive as measured in

the butt joint test (Psi). — Obtained from tensile test (static)
resul ts.

Ed 
— Young ’ s Modu lus of adherend material (PSI)

P - App lied load (LBS)

R - Un i versal gas constant

t — Time elapsed since the i n i t ia t io n of the creep test

t 1 
- Time at wh ich the recove ry segment of the creep test was

in i t ia ted

S.F. = Ratio of constant shea r stress of optimum specimen to (P/A
shear stress - obtained from static test specification andS

specimen anal ysis.

T - Temperature -°C

T
R 

— Arbitrary reference temperature -

— Adhesive tensile strain (in/in)

ET 
- Adhesive creep and recovery tensile strain (in/in)

— Adhes ive creep and recovery shear strain (in/ in)

~ (t ) 
- The time dependent recovery strain (tension or shear) of ther adhes ive (See Figure 6) .
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- The time dependent displacement measured between attachment
points for thick adherend specimen (see points A&B of
Fi gure 2) by measurement device (Inches)

- Distance between measurement device attachment points (see
Figure 3) (Inches)

- The time dependent adhes i ve displacement In tension specimen
(Inches)

- Adhes i ve thickness (Inches)

V - Poisso n ’s ratio of adhes i ve determined from static tests
at the respective temperature or relative humidity

11.2.2 Genera l -

11 .2.2.1 In most instances ,it is expected that the form of the creep compliance

(tens i on or shear) relation will be:

= D( t) = D0 + D~ t~
’
~ (Tension) (2a)

= G (t )  = G + G 1 t
N 

(Shear) (2b)

0 , D 1 and N are i ndependent of time.

11.2.2.2 The recovery compliance obtained from the creep-recovery test results ,

Figure 6 , dur ing which a constant s t ress (on
) was app l i e d  is def i ned as :

c (t)
D ( t)

for both tens i on and shear tests.

11.2 .2 .3  For the thick adherend specimen , Fi g u r e  2 , the adhes ive shear stress

(a ) i s :
° 

= 
P(:.F.) (4)

11 .2 .2 .4 For the butt jo int  specimen , F igure 3, the adhes i ve tensile stress

(a ) is :
L (5)

-- - 
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11 ,2 .2.5 For an isotherma l and/or constant re la t ive humidity test , D r (t ) for
a l inear viscoe las t i c  material , can be wr it ten as7:

D r (t) = [ (1  + x ) N 
— A

N
] 0r (t1 ) (6)

A 
- 

~l (7)
t I

11.2.3 Adhesive Shea r C reep—Recovery Strain

~~ (t)
= (8)

For attac hment points A & B .126” apar t (see Fi gure 2);

- . t45 (t) = d i s p lacement measured - (P/100 )(6.7 x 10-6) (~)

where the sacond term of the equation is the adherend correction factor.

11.2 .4 Adhes i ve Tens i on C reep and Recovery Strain

CT (t) = (10)

(~ - n )
~T (t) = Displacement measured - 

A E ( 11)
A d

where the second term Is the adherend correction factor (See Figure 3).

11.2 .5 Data Rest r ic t ion

11.2 .5 . 1  To avoid viscoelastic transien t effects In the data reduction

p rocess ,data recorded at time s less than five times the loading (un l oading) time
should be d isregarded . This factor may vary depend i ng on the test mach i ne used

and adhes i ve one Is cha racterizing .

11.2.6 Determination of the Time-Temperature (Time—Relative
HumIdIty) ShIft Factor

11.2.6.1 To determine the horizonta l shift factors aT
(a
M) plot the net creep

compl iance  vs. log t i m e  (t) for all the constant temperature (relat i ve—humidity)

creep response data available , F i g u r e  7. Select any one of these curves as a

reference compliance for wh i ch aT l (aM = 1). The horizontal distance required

to superpose another curve on this reference one Is equa l to log aT
(a
M).
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11.2.6.2 ftc distance log aT (aM) Is positive when the data is to the right

of the reference curve and negative when the data Is to the left of the

reference curve . Tha t th i s  is  the correct sign convention can be easily checked

by recognizing that a materIal at a temperature lower than the reference values

has a smaller compliance (i.e., i t is stiffer) and therefore its compliance will

lie to the right of the reference one.

11.2.6.3 Once aT(aM
) vs.  temperature (relative humidIty) has been determined ,

a master compliance curve vs. reduced time (t/aT or t/aM) can be readily con-

structed , Fi gure 7, for multiple decades of time . This enables one to ascertain

the complete rheo l og i ca l response of the adhes i ve.

11.2.7 Dete rmination of Activation Energy of VIscous Flow

11.2.7 .1  Assume the shi f t  fac tor aT has an exponential dependence with

respect to the inverse of absolute temperature :

log 10 aT = 
2.303 R 

(1_ ..) (13)

F rom a p lot of log a
T vs. ~~

. (°R 1 ) one can use Equation (13) to estimate the

act iva t ion energy (pe i mole) of viscous flow (t4H) . Equation ( 13) is va l id

be low (Tg), the glass t ransi t ion temperature .

1 1 . 2.8 Determination of (N)

11.2.8.1 The exponent (N) may be determined by p lotting Equation (6) on

a log—log scale for severa l va l ues of N (typically 0 < N < .5) and then overlaying

these curves on a plot of the experimental recovery data (i.e., log Dr
(t) vs.

logx) to select the (N) va l ued curve wh i ch best fits all of the recovery com-

pliance data. The va l ue of (N) determined should be independe nt of s t ress , and in
most cases will be i ndependent of tempe rature and relative humidity below the Tg

of the adhesive .

11 .2.9 Determination of the Coefficients D0 
and D 1

11.2.9.1 Select any two points (0(t), t) from the creep data. Substitute

th is data into Equation (2a) to yield two simu l taneous equations in the unknowns

D and 0 . Sol ve for D , 0o 1 o 1
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11. 2 .10 Check on the Va l ues D , D , N.o 1

11 .2 .1 0.1 One may readily check the accuracy of the values of D
0, D1 and

N ob ta i ned by plotting

D(t )  - D0 = D 1 t
N (12)

on a log-log scale. The resul t should  be a st r a ig ht line of slope (N) with a

value of D 1 at t = 1.

- I 11 .2 .11  Determination of the Constants D0 an d D 1 vs.  Temperature and/or
Rela t ive H u m i d i ty

11.2. 1 1.1 The temperature and/or relative humidity dependence of D0 and D 1
can be obtained in a manne r identica l to that of Section 11.2.9. Thi s p re sumes

that one has creep-recovery data for various constant temperature and/or relative

h u m i d i ty va l ues .

1 1. 2.11.2 The dependence of D
~ 

and D
1 on temperature and/or relative

humidity should be presented In graphica l form for easy interpretation .

11.2.12 Re laxation Moduil

11.2.12.1 The relaxa tion modu li for tension and shear can be approx i mated

as 
-

s i n
E (t) Mn (14)M — 

dlt)M 1r

dlog D(t)where M = _ _ _ _ _ _

dlog (t)

GM (t) 
~ ~Tl + V )  0(t) (15)

11. 2. 13 S ta t i s t i ca l  Evaluation of Da ta

o Mean (
~), Standard Deviation (SD) and Coefficient of Variation (Cv)

for the creep compliance and the constants D0, D l and N can be
calculated per equations (l6 18).
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~~~ = 1/N 
i~ l 

x 1 (16)

N 2 1/2
S.D. = I 

~~ 
(x ~ - 

~) / (N - 1)] (17)
i=l

C . V .  = S.D ./X (18)

where:

= I n d i v i d u a l  test value for each speci men

N = Numbe r of individua l specimens tested.

11 .3 Precis ion

11 .3.1 The following data should be used for judging the acceptability

of resu l ts (95% confidence limits) (Note 4).

Repeatab i l i t y  - Dup lica te test results by an tnd lvldua l should be con-

srdered suspect if they differ by more than 5% for creep
and 10% for recovery da ta .

Reproducibility - The average result reported by one laboratory should be

cons idered suspect if it d i ffe rs  from tha t of ano ther
labora tory by more than 5% for c reep and 10% for recove ry

da ta. -

NOTE 4: These precision data are approx imations based on limited data , but

they provide a reasonable basis for judging the significance of

resul ts.
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ATTACHMENT tV

PRELI M I NARY TEST SPECIFICATION FOR
CHARACTE R I Z I N G THE SHEAR (TENs I oN)
FATIGUE STRESS-STRAIN RESPONSE OF

STRUCT URAL ADHE S IVE S

INTROD UCTI ON

The purpose of this test procedure is to provide for the determination of

the tensile and shear fatigue stress -strain response of structura l adhesives.

The data is to be used in fatigue design of load bearing bonded assemblies.

Adhesives fail in fati gue . They do so, in analogy with more well-studied

metals, because of a cycle by cycle accumulation of damage resulting from re-

peated non -elastic strain . This strain can furthe r be influenced by frequency

of loading, temperature , humidity and time (viscoe l astic) effects. After a

sufficien t numbe r of stress (strain) app lications numerous micro—cracks form ,

grow incrementall y and eventually propagate in an unstable manner , resulting in

specimen failure . Fati gue failure should , therefore , be given serious considera-

tion in the design of structura l bonded components .

One of the i tems required in the design process is the stress-strain behavior

of the adhesive during it ’s lifetime at a prescribed fati gue load , frequency and

in a controlled environme r)t. From such data master curves can be constructed to

ascertain the fatigue stress-strain relationshi p for a particular adhesive for a

definite strain ratio and various combinations of environmen t and frequency of

l oad application . This .test procedure outlines the methodo logy by which one can

obtain the required mechanical characterization of the adhesive .

The accuracy and repeatability of the test results will depend on the repeat-

abil ity of adhe rend surface preparation , the bonding process, environmental con-

ditioning of the adhesive , the phys i ca l test procedure and reduction of the test

data . The thermal history of the cure process 1 has been shown to exert a drama-

tic effect on pol ymeric materials. Heat up, cool down and the rmal cycling rates

along with surface roughness ,2 air entrapmen t ,3 pressure ,4 adhesive thickness

and overage materia ls are but some of the parameters that can si gnificantly

affect the reproducibility of adhesive mechan ical property data . Extreme care

must be maintained throughout the entire test procedure from adherend surface

preparation to data reduct i on if reliab le , reproducible results are to be obtained .
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This recommended practice lists the information wh i ch should be Inc l uded

in reports of tests. The Intention is to ensure that all useful and readily

available informatio n is transmitted to Interested parties. Reports receive

special attention for the following reasons : (1) results from diffe rent,

recogn i zed procedures vary si gnificantly ; therefore , identification of methods

is i mportant ; (2) later studies to establish i mportant variables are often

hampered by the lack of detai led information in published reports; (3) the na-

ture of prolonged tests often makes retest Impract i cal , and at the same t ime

makes difficult remaining within the recommended variations of some controlled

variables . A detailed report permits transmittal of test results without im-

p lying a degree of contro l wh i ch was not achieved .

I
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1 . SCOPE

1 .1 This method covers the determination of the fati gue shear and tension

stress—strain response of structural adhesive s , for various strain ratios ,

tempe ratures , relative humidities and frequencies , with the adhesive restrained

by relatively high modulus adhe rends in a thin bonciline .

1.2 This method is intended to be used to deve l op the shear and tension

stress-strain response of adhesives for desi gn of metal adhe rend bonded struc-

tures . Properties obtained will inc lude appa rent shear (tension) modulus , maxi—

mum strain vs. cycles to failure and the genera l shape of the fat i gue stress-

strain response curve .

1 .3 This method can be used to eva l uate environmental effects of the adhe-

sive ’s shear and tensile response if p roper specimen environmental conditioning

procedures are followed per Section 8.

1 .4 The test method is intended for use with metal adhe rends onl y. It ’s

use with advanced composite materials and othe r non-metallic adhe rend materials

may be app lic able but much research needs to be performed to verif y this.

94

• - - ,
~~~
.•, . 

_
c

_‘ $ 
_____ 

“~(‘l~’~ 
~~

_______________ 4-, ~~~~~~~~~~~



______ - 
— r- - • 

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

2. DEFINITION OF TE~ iS

2 .1 CohesIve Fa i lure

2.1 .1 FaIlure which occurs within the adhesive or primer i tself . Failure

at the adhesive-primer interface Is also designated as a cohesive failure .

2.2 AdhesIve Failure

V 2.2.1 Failure of the adhesive or primer at Its Interface with the metal.

- 2.3 Appa rent Modulus 
—

2.3.1 The ratio of the stress to strain at a gi ven location on the fati gue

stress-strain curve . The strain is the - adhesive disp lacement per unit adhesive

• thickness .

• I
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3. TE ST APPARATU S

3.1 Test Machine

3 .1 .1 The test machine shall be capable of applying a sinusoidal cyclic

tensile load . The test mach i ne may be elect ro-hyd raulically controlled or

mechan i call y driven . It must control and record the load applied to the speci-

men to an accuracy of ± .50 percent of full scale at all times. The l oad indi-

cating mechan i sm shall be essentially free of inertial lag for all loading rates.

The accuracy of the test machine shall be verified in accordance with ASTM Methods

E4 , Verification of Testing Machines. The cyclic rate and type of control (load

or strain) can influence test results . Therefore the cycle rate and mode of

contro l shal l be specified when reporting the test results. A low cycle rate

(2-4 Hz) is recommended to obtain mechanical property data not unduly influenced

by heat buildup (hysteresis) within the specimen .

3.2 Grips

3.2.1 Grips are used for holding a test specimen between the fixed member

and the movable member. The grips shall be of the self-ali gning type ; that is ,

they shall be attached to the fixed and movable member , respectively, in such a

way that they will move into alignment as soon as a load is app lied , so that the

direction of pull is pa ral lel (perpendicular for the tension test) to the adhe-

sive-adhe rend Interface p lane . Recommended grips are shown in Figure 1 . The pin

holes in the grips should be parallel within .10 degrees and ali gnmen t in the

vert i cal plane should be insured by moving the ran and load cell together and

adjusting for any l ateral eccentricity.

3.2.2 Gripping devices may oxidize , warp and creep with repeated use at

elevated temperatures and relative humidities . Eccentricity and associated

bending stresses may result. Therefore, grips should be period i cally retested

for axiality and reworked as necessary.
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4. ENVIR ONMENTAL MEASUREMENT SYSTEM

4.1 Temperature and relative humidity , contro l and measurement Instrumen-

tation should be stable for lengthy time intervals. This Is especiall y true
when a test speci men is being moisture conditioned In a specific temperatijre
environment. Temperature control should be within ± 1 .0 degree centigrade .
Relative humidity control should be within ± 3.0 percent from 0-100 degrees

centi grade . Temperature measurements can be made with a calibrated thermocouple

or a dry bulb thermometer. A wet bulb-dry bulb thermometer is recommended for

comb i ned temperature-moi sture measurements where the relative humidity leve l is

above 20 per cent. Temperature and/or relative humi dity control should be essen-

tiall y constant throughout the actual physical test. Control should preferably

be mainta i ned by a suitable automatic control device . The extent of the fluctua-

tion s should be reported in the test results .

H’

‘
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5. DE FORMAT I ON MEASUREMENT

5. 1 The inten t of this specification is to insure the accurate measurement 5

(± 3.4%) of the fati gue properties of structural adhesives. Therefore , the

adhesive deformation measuremen t device should measure the adhesive deformation

within ± 2% fu ll scale to satisfy this criteria . In orde r to obtain this sensi-

tivity in a stable manner for relatively long time periods , for small adhesive

bond) ines (i .e. gage lengths of from .002” to .020”) typically encountered in

bonded structures , and for a broad range of temperatures and relative humidities ,

a pa rallel-plate capacitive measurement device is recommended. This is a Class

A measurement device per ASTM E-83. This capacitive measurement device should

be calibrated against a p recisely known capacitance and so reported in the test

results. The device will measure adhesive deformation cOntiflUOUsly for various

strain rates. The attachment of the detector should be within .062 inches of

the adhesive-adhe rend interface on the adhe rend at the centerline of the overlap

(i .e. L2 in Fi gure 2) and at h1 /2 in Fi gure 3. Correct ion for metal deformation

should be made during the data reduct ion phase of the test. Slippage of either

capacitance plate during the test must be avoided to prevent erroneous deforma-

tion data from tainting the test results . The capacitance measurement dev i ce is

so des i gned that it wil l i mpose a l oad on the specimen of 1 .2 pounds in a trul y

axial manner. This can be subtracted out by most test systems . The capacitance

measurement device can be used in temperature ext remes of from -33°F to 350°F

and over the ful l range of relative humidities.

5. 2 The specimen and capacitance device are to be maintained in the pre-

conditioning environment during the mechanical test. A period of 30 minutes

should be allocated to allow the measurement device to stabilize in the environ-

ment before commencing the test.

5.3 Recording of the load-deformation data should be through the use of

instrumentation wh i ch would not reduce the accuracy requ i rements bel ow those

stated in this section .
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6. RECORD I NG SYSTEM

6.1 Selection of a system to record the output signal from the capacitance

bridge Is ext remel y Important. The output signal (voltage) from the brIdge of

the deformation measurement device Is subsequently amplified and recorded by

di gital or graphic means. In order to avoid reducing the accuracy of the Out-

put signal , the recording device should be linear. Moreover , the recording

V 
device should be essentiall y noise (I.e. jitte r, drift) free so as to not i mpair

the resol ut i on of the output signa l from the bridge of the deformation measure-

ment device . Maintenance of these requirements is extremely i mportant if one

• is to meet the overall accuracy requirements specified In Section 5.
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7. TEST SPECIMENS

7.1 Specimen Fabrication

7.1. 1 The test spec i mens are to be prepa red for testing per the ATC fabri-

cation specification entitled “Fabrication of Thick Adhe rend , But t and Scarf

Join t Test Specimens ” (P.’r te 2). This was presented in detail in an

AFML Contract Report.7 Once the test specimens have been cut into approxi-

matel y one inch wide test pieces , their pertinent dimension s shall be measured

to the following accuracy (Figure s 2, 3):

Overlap Length (12) - ± .001 inches
Adherend Thickness (1,1) - ± .0005 inches

Adhes i ve Thickness (
~

) - ± .00010 inches
Specimen Length (L1) - ± .02 inches

Gap Length (LG) 
- ± .001 inches (thick adhe rend specimen only) -

7.1.2 The adhesive th i ckness shou ld be measured a t four loca ti ons , two on

each speci men side , as detailed i n Fi gure 4. The thickness measurements should

preferabl y be made once the adhesive-adherend interface has been properl y pre-

pared so that a distinct bounda ry is readily visible for optica l measurements to

be made . Th s  can be done using a polishing whee l and 600 gri t paper. An opti-

cal measurement device wi th a resol ut ion bette r than 1 x lO~~ inches should be
employed.

7.2 Bondline Non -Destruct i ve Inspect i on

• 7.2.1 Non-destruct i ve inspect i on of the bonded area is required to assure

the fabricato r that the test specimens are free from voids , air bubbles and/or

i mperfect i ons. Failure to attain near defect free bonded areas will result in

poor and un reliable adhesive cha racterization data. Ultrasonic C-scan or Neu-

t ron Radiographic means ai-e recommended for inspection of the bonded area of the

various test specimens. Prope r NDI procedures are called out in the ATC fabri-

cation specification referenced in Sect i on 7.1.

Note 2: It is realized that a material cannot be tested without also testing

the method of preparation of that materIal. Hence, when comparative

tests of materials per se are desired , the greatest care must be

exercised to ensure that all samples are prepared in exactly the same

way . Similarl y, for referee or comparative tests of any given series

of specimen s, care must be taken to secure the maximum degree of un i-

formity In detaIls of preparation , t reatment , and handling .
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7.3 Number of Specimens/Data Point

7.3 .) It is desirable to test at least five specimens for each set of adhe-

sive thick5iess , strain rate and environmental ,.arameters .

7.3.2 Specimens that fracture prematurel y due to some obvious specimen or

- testing procedura l flaw shall be discarded and r~tests made .
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8. ENVIRONMENTAL CONDITIONING

8.1 Scope

8.1 .1 Test conditions for tempe rature and moisture onl y are specified.

The duration of exposure is dependen t upon the chemical nature of the adhesive ,

the type of specimen , the tempe rature ext reme and percent relative humidity at

which conditioning is to p roceed.

8.1. 2 This section covers conditioning of the test specimen at constant

tempe ra tu re and re la t ive hum id it y val ues only.

8.2 Preconditioning

8.2.) Once the test specimens have been machined to their final dimensions ,

they shall be labeled with an i dentification numbe r and dessicated for 4 days at

room temp~ rature in a dessican t (<5.0% R.H .). Upon comple t ion of this phase ,

• actua l conditioning of the test specimens for mechanical cha racterization test-

in g shal l  commence . A tempe rature , r e l a t i v e  h u m i d i t y  and nu mbe r of hours  fo r

the environmental conditioning procedure shall be specified.

8.2.2 Preconditioning of bondlines in metal adhe rend bonded specimens can

take from several days to several months , depending on the equilibrium condi-

ti ons one seeks to attai n . In all  ins tances the total environmental his tory of
the test specimens should be known and recorded.

8.2.3 All test specimens shall be conditioned until moisture and/or

tempe rature equ il ibriur ii is attained in the bonded area , prior to the initiation

of the attainment of mechan i cal property data .

8. 2.4 Temperature and/or moisture condition i ng shal l be accomplished in an

envi ronmental chamber capable of ma i ntai n ing the require d environment withi n the
constraints specified in Section 4. Readi ngs of the temperature and relative

humid ity environment shall be taken a minimum of twice a day (preferably on a

continuous basis) and within six inches of the specimen if circula t ing air  is
not maintained .

8.2.6 The environmenta l chamber shall be calibrated a minimum of every

six months to verify that the chambe r vs. temperature/relative humidity control

dev i ce i s in proper working order.
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8.3 Saturated Salt Sol utions

8.3.1 If a saturated salt solutIon (ASTM Specification El04) In a dessi-

cator along with an oven Is employed to precondition the specimens , the con-

tinuous monitorIng of moisture can be maintained through the use of various
hygrometrlc measurement devices below 1 40°F. A thermocoup le can be used to
monitor temperature In the oven. It should be placed adjacent to the bondl Inc.

Both temperature and rel at i ve humidity variation should be within the l imits

sp ec if ied in Section 4 . VerificatIon that the prescribed environment Is be i ng

mainta i ned should be made at least twice a day.

8.4 Control Specimens

8.4.1 To verify that the test specimen has attained moIsture equil ibrium ,
a control specimen of the dimensions detailed in Figure (5) should be inserted

in the dessicator or condition i ng environment and It ’s moisture intake measured

• period i cally to verIfy that the test specimen has attained moisture equi librium.

This would be required for the in itial specimens of a particular adhes i ve to

be conditioned . After this , a predictive equatIon , yet to be derived , may be

used to sa~cly estimate the time required for the specimen to attain equ ilibrium.

8.4.2 Test and control specimens should be placed In the environmenta l

chamber so as to not i mpair the bondllne surfaces from the ingress of moisture.

~1
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9. TEST PROCEDURE

9.1 The specimen is to be tested in shear (thick adhe rend) or tension

(butt joint) by tension loading after environmental equilibrium is attained .

The test is to proceed within the environment at which equilibrium was attained.

9.2 Gri ps

9.2.1 Place the specimen in the ball and socket type grips shown in Figure

1 so that the long axis of the specimen and the centerline of load pull through

the gri p asse mbly coi ncide .

V 
9.3 Pre l oading

9.3.1 Set the recording device to the prope r sensitivit y to record the

load vs. deformation resul ts. Set the cycli c frequency and maximum strain range

parameters to their desired va l ues on the test machine. At tach the deformation

measurement devic e to the specimen and calibrate all recording equi pment. Pre-

load the specimen to app rox ima tel y ten pe rcen t of i ts expec ted u l t i m a te load to

al i gn the specime n in the test fixt ure and eliminate any ini tial adhesive defects.

Reduce the load to approx i mately 25 lbs . to preserve ali gnment in the assemb ly
until the prescribed sinusoida l load is app l ied.

9.4 Testing

9.4.1 Appl y a constant uniaxial tensi le st rain ra t io to the spec imen wi th
the test machine in the strain control mode . The maximum strain for a pa rticular

strain ratio should be less than the ultimate strain of the material. The cyclic

frequency and env i ronment should be kept constant throughout the test. Because

of the hi gh mechan ica l damp in g and low thermal conductivity of most adhesive s a

rela t ive ly low va l ue of cycle frequency (2 -* 4 Hz) is recommended.

9.4.2 Test five specimens each , at f ive or more maximum st rai n levels ,

maintaining the strain ratio , cyclic frequency and test environment at constant

va l ues for each stra i n level. The maximum strain values shal l be selected such

that failures occur with somewhat regular spacing over a cycles to failure range

of several thousand to 4 000,000.

9 .4.3 Record , the maximum strain , cycl ic fr~quency , strain ratio , cycles
• to failure and date. Continuall y mon i tor and ret_rd the test chambers environ-

ment and the ctress (load ) vs. time response of the adhes I ve for the particular

max imum st.~~ln .
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10. REPORT OF TEST RESULTS

V 
10,1 The report shall include those Items specified in Table 1.

10.2 Present a compos i te of the test resul ts by plotting the average adhe-

sive shear (tensile) stress (just prior to failure) vs. maximum straln, stress—

strain curve analogous to a monotonic stress-strain curve. Also plot maximum

strain vs. life cycles to failure from the test results.
V 

10 .3 Present a plot of pertinen t changes In the cyclic hysteresis loop

vs. its l ocation in the life of the test. The hysteres i s loop can d i sce rn the

I percentage of the deformation process that is elastic , anelastic or plastic.

The area enclosed by the hysteresis loop indicates the energy dissipated as a

fraction of the total energy input per cycle (~E/E). It ’s enlargement in width

V 
will si gn i fy a heat buildup within the material and si gnificant damage bei ng

- 

- 
done . The maximum width of the cyclic hysteresis l oop is an approximate m di-

cator of the damaging strain per cycle.

10.4 Calculations

10.4.1 Definition of Terms

Surface Area of Shear Specimen (I .e. overlap length

x specimen width) (in2) .

= C ross-Sectional Area of Tensile Spec imen (In 2)

EA Apparent Uniaxial Tension Modulus of Adhesive as

Measured In the Butt Joint Test for a Particular

Maximum Strain , Strain Ratio , Cyclic Frequency and

EnvI ronment (PSI).

E = Bulk Tension Modulus of Adhesive for a Part i cular

Maximum Strain , Stra i n Ratio , Cyclic Frequency and

Environment (PSI).

E
d 

= Young ’s Modulus of Adherend Material (PSi)

— Average Adhesive Shear Stress for a Particular

Maximum Strain , Strain Ratio , Cyclic Frequency and

Environmen t (PSI).

— V
• I

V 
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= Ave rage Adhesive Tensile Stress for a Particular

Maximum Strain , St rain Ra t io , Cyclic Frequency

-; 
and Environmen t ( Ps i ) .

G = Effect i ve Shear Modulus of the Adhes i ve at a

Particular Point on the Fatigue Stress—Strain

Curve for a Give n Strain Ratio , Cyclic Frequency

and Environment ( Ps i ) .

P = Maximum Applied Load Prior to Specimen Faiure For

a Part i cular Max imum Strain Leve l (Lbs.)

• 1 S. F. = Ratio of Constant Shea r Stress of Optimum Specimen

to (P/A5) Shear Stress — (See Figure 6)

1. F. = Factor to Account for Dependence of the Ratio of

EA /E On The Adhes ive ’ s Poisson ’s Ratio. (See Figure 7).

~s 
= Adhesive Displacement In Shear Specimen
(Inches).

= Distance Between Measurement Device Attachment Points

(See Figure 3) (inches)

~T 
= Adhesive Dis placemen t in Tension Specimen (Inches)

= App l ied Maximum Strain (in/in)

ii = Adhesive Thickness (Inches)

• “a = Poisson ’s Ratio of Adhesive

= Poisson ’ s Ra tio of Adherend Material.

10. 4 .2 Shear Specimen

— 
P(n) (S.F.) (12)G — 
A
~
(
~ 5
)

F5 
— 

P ( S.F .)  (13)
S

‘1
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For a load P and attachment points A & B .126” apart

— Displacement measured at load P - $~
. (6.7 x l0~6)

10.4.3 With reference to Figure 6, one is not sure of the ratio of Ed/G 
V

when Initially calculating G , therefore, one should enter Fi gure 6 assuming a
val ue of Ed/G to obtain an Initial val ue of S.F. to calculate (G). If the
Gcalculated and Gassumed to enter Fi gure 6 are approximately equal one has the

correct shear modulus . If there is a disparity, recalculate S. F. using the
new val ue of (G). Continue this Interatlve scheme until ~~~~~~~ — Gcalculated .

This should occur within several Interations.

10.4.4 Tension Specimen

EA 
— ( 14)

A T
2 G — E

“a — (15)

21G—E + _—2. E G) VA Ed A

E
~~~

EA/T. F. (16)

E v
F1 

a 1e~ c (l + l—2 v (17)

- Dls:lacement Me:sured ~ P - 
P(~L-~) (18)

{ c t ~1/~ ( 19)

10.4.5 With the va l ue of 
~“a~ 

calculated per Equation (15) one enters

Figure 7 to obtain the va l ue of T. F. so as to calculate (E) using Equation (16).

10.4.6 Statistical Eva l uation of Data

o Mean (
~

) , Standard Deviation (SD) and Coefficient of Variation

(CV) for the average stress , and shear (tensile) modulus can be

calculated per EquatIons (19-21).

• N
ia 1/N ~ 

(20)
i— 1
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N 1/2
S. D. ( ~ (X.  - ~)

2/(N - 1)] (21)
l l

c~ V . a 5~ D./X (22)

where :

X 1 — Individua l test value for each specimen
- 

N — Number of individual specimens tested .
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FIGURE 1. TYP I CAL TENSILE TEST SETUP USING ROD EtID BEAR I NGS
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L2 = .3~~i J~ L

4

h
4

= h 1

ALUMINUM
A DHER ENDS

NOTE: ASSUMES DEFORMATION MEASUREMEN T TO BE TAKEN NEAR
ADI-IESIVE-ADHEREND INTERFACE-SPECIMEN GOOD FOR FULL
RANGE OF ADHESIVES ’ 5T I FFHESSES .

L
~ ~ 

h
2/2

h2 
= h 1 /2  - ri/2

FIGURE 2 . SHEAR SPECIMEN OPTIMUM ADHESIVE TEST SPECIMEN GEOMETRY

112

- - -- —V-V  
- V - -V_ _V

V 
~ - V • .

~~~~~
V 

V
V V~~~~~~

’i
~~~~~

1’
~~~~ ;:V ~~~~

_________________________________________ ___________________________ ~~~~~~ ~~~~~~~~~~ ±~~~~ �_1



-~ 
-V_V

~
_ V

~~ 
- ~~~~~~~~ __ V •~~ ___~_~_ ~__~~~~_ 

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
-V-V

r ~
- -

~~~~~~ 
- V - - 

V ~~-_~_

H

OPT I MUM DIMENSIONS : A
~~ ~ —.-ATTACHMENT PO I NT

R = h
1 >40 

(Ty p.)

12 > ~— t
~
L >ç ~

B~~~~~ L 1
L I

V 2

~-1’

FIGURE 3. TENSILE SPECIMEN OPTIMUM ADHESIVE TEST SPECIMEN
GEOMETRY .

113

~~ ~~~~~ V~~~~
V V ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~



_ V

I I
k. .1 V •

V 
T

.$~jI~~ ~~~~~~~~~ . - . I
-
~~~ 

~~~ 
__________ — 

V

p ijpt&~~ ~i_

~~~&75L _ _ _ _ _ _ _ _

V V 

“Ia. 
~~~~~~ .25L

—i I
l/3 W ’~~~ ~ ::j.-~~~l/3 W

_ 
W.

_ _ _

—is
SCARE THICK BUTT

ADHEREND

F I G U R E  ~~ BONDLINE MEASUREMENT PO I NTS .

114

--V 1~~~. 
- - 

_ _~~~~~~~~~~ _ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— 

— 
— -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 

- --—- 

~~~~~

—--

.50”
-,-

--
- 

~~~~~~~~~~

V 

•

... %__ -V..
’

.06”

METAL

ADHESIVE

I FIGURE 5. MO I STURE CONTROL SPECIMEN

115

_________ —V— ..- ~5I~II~~ ’~~1 ~~~~~~ .e-_
~ ~~~‘ ~~~~~~~~



r 
-i’ 

~~~~~~~~~~~ 
V -TT~~ 

-V~~~~-V V--V 
• -~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ -~~ — V-V -V - V-V ~~~~~~~~

-

I

1 200 -

: I
1 000 -

Ed
/G

800 -

600 -

400 —

200 -

0
1.00 1.0 4 1.08 1 . 1 2  1. 1 6 1.20

STRESS FACTOR (S.F.)

FIGURE 6. STRESS FACTOR VERSUS E
d/G

116 t

- 

_

_- -_V V

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



-- ——-V __._~~~
_

~~~
_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— -  ~~~~~- ----•-- - — ---

V V r

FOR

16 - ‘-I

14 -

E = TE NS I L E  MODULUS OF ADHES IVE

E = APPARENT TE1~S ILE MODULUS AS
12 — 

A MEASURED IN BUTT JOI NT TEST
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FIGURE 7. TENSILE STRESS FACTOR FOR ALUM INUM
ADHEREND S (4 0 < ASPECT RAT IO < 80).
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