AD=A065 500 VOUGHT CORP ADVANCED TECHNOLOGY CENTER INC DALLAS TEX F/6 11/1
STRUCTURAL PROPERTIES OF ADHESIVES. VOLUME I, (U)
SEP 78 W J RENTON F33615=76=C~520%
UNCLASSIFIED 2=53500/8CRL=96 AFML=TR=78-127=VOL~=1







{. \'\ ] ,«:'f;/ \-; \ _ -
g y [\ B & o
AFML-TR-78-127
- .4
)
g
Ne
=
Q
<ti STRUCTURAL PROPERTIES OF ADHESIVES
Volume |
' W. J. RENTON
“'>S®  YOUGHT CORPORATION
: % ADVANCED TECHNOLOGY CENTER, INC.
P POST OFFICE BOX 226144
: DALLAS, TEXAS 75266
Yol
T wucl
e
¢ SEPTEMBER 1978

€ R T

TECHNICAL REPORT AFML-TR-78-127
Final Report April 1976 — September 1978

Approved for public release; distribution unlimited.

AIR FORCE MATERIALS LABORATORY

AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433

| 79 03 06 021

ity Aapasine 2 @ £ vibis - .
¥ h s 'l:?")'\’ & . Tl \?0.5,.. " S




NOTICE

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the government may have formulated,
furnished, or in any way supplied the said drawings, specifications, or other
data, is not to be regarded by implication or otherwise as in any manner licens-
ing the holder or any other person or corporation, or conveying any rights or
permission to manufacture, use, or sell any patented Invention that may in any
way be related thereto.

This technical report has been reviewed and is approved for publication.

7 3 2 M‘—‘*’fﬁ
Project Monitor T. J. REINHART, JR., Chief
FOR THE COMMANDER Composite & Fibrous Matls Branch

Nonmetallic Matertals Division

ELBLE, Chief
tallic Materfals Division

J/ M.
n

Copies of this report should not be returned unless return is required by
security considerations, contractual obligations, or notice on a specific
document.

AIR FORCE/56780/26 February 1979 — 150




SCCUII'l'#gLEIFICATION OF THIS PAGE (When Data Entered)

v\ JREPORT oocuueurm PAGE BEFORE COMPLETING FORM

L3-8 smr LA lz GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
127-vyoL-1 9/‘07
— ‘ - - s
- —_.—.—"—"'.‘" b 8 . ' b
oy o i 1 €|Final "=(RNICAL JRE"To
¥ el V l o TdRer 6 - Septsmiser #9378 o)

f STRUCTURAL PROPERTIES OF ADHESIVES o VOIUM i e |
Les R ya - -96 | |
7. Au*ruon(.) 1 Fe UMBER(s) |

P

\ly. J. RENTON | .

-
L /

F33615-76-C-5205 A

0. PROGRAM ELEMENT, PROJECT, TASK ‘~7/-—,
/

9. PERFORMING ORGANIZATION NAME AND ADDRESS
Vought Corporation

Advanced Technology Center, Inc. : 13;‘- - { :1 r;ZS—J/
Box 22614 « \" 2-24 K_,i

AREA & WORK UNIT NUMBERS

..0. 1 \ 730

E 1. CONTROLLING OFFICE NAME AND ADDRESS 2. REP_v?“RI‘ DATE >
Air Force Materials Laboratory (MBC] i 13&*‘78 { & it
Wright-Patterson AF Base, Ohio 45433 N | 14 4 -,

] zz \
T4. MONITORING AGENCY NAME & ADDRESS(!f dilferent from Controlling Oftice) 15. SECURITY CLASS. (of thie report} e S

~

Unclassified

| T8a. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

R Ry

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

Structural Adhesives, Adhesive Bonding, Adhesive Mechanical Characterization

20. ‘“STRACT (Continue on reverse side if necesenry and identify by block number)

To enable primary structures to be adhesively bonded in future aerospace
hardware structural response prediction procedures must be improved upon. One
task in accomplishing this overall objective is a requirement that a set of
standardized adhesive test specifications be formulated. It was the objective ]
of this ¥Structural Properties of Adhesives? program to develop low cost adhe- 3
sive test procedures required to generate the required rigorous engineering
structural property data. o i .F>'cnf4u/

e —————-—o e

DD , 5n"s 1473  eoiTion OF 1 NOV 68 1S OBSOLETE

S/N 0102-014- 6601 | "c;%%lﬁ%ﬂ%gﬁwmmw
Q €

- ——— - e ey - e

BRI o




ITY CLASSIFICATION OF THIS PAGE(When Date Entered)

The desired engineering structural properties were specified as was their
accuracy requirements. Optimum adhesive test specimens were designed as was a
new adhesive deformation measurement system; a parallel plate capacitor. An
extensive review of the literaturz on adhesive testing enabled the formulation
of ASTM type adhesive test specificatlons for static, viscozlastic, and fatigue
characterization of adhesives. A fabrication specification was also formulated,
Selected test data were generated to verify that the test procedures were easy
to perform and repeatable. Additional Improvements in the butt joint test pro-
cedure were recommended.

S

i

IFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered) | 3

A




FOREWORD
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contains Appendix A, '"The Symmetric Lap Shear Test' and Appendix B, "Adhes ive

Joint Fabrication and Test Specifications'.

RRE L L b L e




TABLE OF CONTENTS

SECTION PAGE NO.
| RESENRCH ORIECIIYE = i et e s o o e e o sl e e & R 1
(N REVIEW OF DATA REOUIREMENTS . . w .6 6.5 o & & & o o o ® » & 3
2.1 REVIEW OF EXISTING BONDED JOINT ANALYSES . . . . « ¢« « « . 3
2.2 SENSITIVATY REBLYENS .« & 5o sl mais wim s o @ p o & 3 8
2.3 EXTENSION TO OTHER BONDED STRUCTURES . . . & & ¢ & o o « & 17
2.4 COMPLETE ADHESIVE CHARACTERIZATION . . . . . S e 19
2.5 RANKING OF ADHESIVE PROPERTY DATA REQUIREMENTS ke S 19
2.5.1 Mechanical Properties Requirements Ranking . . . . 19
2.5.2 Strength Properties Requirements Ranking . . . . . 20
2.5.3 Physical Properties Requirements Ranking . . . . . 20
111 ASSESSMENT OF EXISTING TEST METHODS ., . . . & & v ¢ ¢ o o o o & 21
3.1 TEST SPECIMEN EVALUATION CRITERIA ., . . . . . . . e s 21
3.2 TEST METHODOLOGY EVALUATION CRITERIA ., . . . ¢+ &« o« o« o o « 23
i 3.3 REVIEW OF STATE OF THE ART TEST METHODOLOGY . . . s 5 24
; 3.4 CANDIDATE TEST SPECIMEN REVIEW . . . ¢ ¢ « « ¢ « o 5 o o &« 25
i 3.4.1 Thick Adherend Symmetric Lap Joint . . . . « . . . 28
PR R R 29
M3 Scart Jolnt SPRBTIR « « « ¢+ « 5 v u o 4 o5 eow e w 30
3.4.4 Napkin-Ring Specimen . . . . . .. et - N 31
3.4.5 Balanced Double Lap Joint Specimen , . . . . ‘v 34
3.4.6 Other Test Specimens . . . . . ¢ ¢ v v v o o o« & & 34
*3.4.7 Summary-Test Specimen Selection . . . . . i 34
3.5 TEST METHODOLOGY EVALUATION . . . & & ¢ ¢ ¢ o o o o o o & 34
3.5.1 Specimen Fabrication . . i « ¢ ¢ « o s o & & &« & 35
3.5.1.1 Adhesive Bondline Uniformity . . . . . . . 35
3.5.1.2 Fabrication Procedure Vs. Adhesive
Thickness Control . & s o « o ¢ 658 e 36
3.5.2 Bondline Thickness Measurement . . « « ¢ « ¢ « o & 37
3.5.3 Non-Destructive lnspection-Thick Metal
Adherend-Adhesive Joints . ¢« ¢ « ¢« ¢ ¢« « o o o o & 37
3.5.4 Environmental Considerations . « « « « « « o o « & 39
3.5.5 Considerations For a Successful Environmental
Test . . . . . . B . . L] . L . . . . . . . . . . . 1'0
3.5.5.1 Environmental Test Chamber . . . . . . . . 4
3.5.5.2 Specimen Conditioning . . . « ¢ « ¢ o« « & L3
3.5.5.3 Physical Testing « « « « ¢« o « s o o s s & 45
J:5:6 Dota RedUCtION ., & s o v ¢« s s ¢ v 3 5 w o w b b s 45




SECTION
3.6

MENT
b

4.2
4.3

b.h

b

h.5
v TEST

5.1

P

IV EVALUATION OF INSTRUMENTATION FOR BONDL INE DEFORMITY MEASURE

TABLE OF CONTENTS (CONT'D)

SUMMARY - CURRENT TEST SPECIFICATION WEAKNESSES AND/OR
ITEMS OF PARAMOUNT IMPORTANCE FOR AN ACCURATE TEST
METHODOLOGY . . . o ¢ o o o & & &

3.6.1 Test Specimen

Specimen Fabrication . . . . . . . .
Bondline Thickness Measurement , , .
Environmental ., ., . . . . ¢« ¢ ¢« o &

2
3
4
5 Ease of Test Performance and Repeatabil
6
7
8

-—® © o o

Data REdUCtion . % & % le % e o ' 5 T e
Failure Surface Examination
Error Analysis . . . « . & it e

e o o o o o o o
B w e eele 8 e
e o o o o o * o
e o o o o o o o

ty

o & @ & ® & @ & @ o 9 e * e & o o @ e o o o e o o o o o o

OVERALL ACCURACY REQUIREMENT ., . . ¢ v & ¢ ¢ o o o o o &
ADHES IVE DEFORMATION MEASUREMENT ACCURACY REQUIREMENT ., .
ADHESIVE DEFORMATION MEASUREMENT REQUIREMENTS . . . . . .

4.3.1 Strain inBondlines . . . v v &« & « & S8 Siie St By
L4.3.2 Strain Sensor Requirements . . . . . « ¢« ¢ « o o &
4.3.3 Other Measuring System Requirements , . . . . . .

APPLICABLE ADHESIVE DISPLACEMENT MEASUREMENT SYSTEMS . .

L.4,1 Capacitive Displacement Sensor System (Two
Plate Capacitor . 0 o o' ' o T W G e e
L.,4,2 Candidate Capacitive Sensors . . . . . e L

4.4,2.1 Rutherford System ., . . . . ¢« ¢ ¢ ¢ « « &

b.hi.2.2 Yeakly SyStem . o v o o s oo v v o o @
L.4.2.3 General Radio Model 1654 Impedance
CapACItOr v oo ¢ o w & o &%

4L.4.3 Candidate Linear Variable Differential Transformer

SENSOE . & 5 %o b 5 5 B B B el e % el e A

4L.4.3.1 Tinius Olsen LVDT Extensometer . . . . .
4.4.3.2 Krieger LVDT Extensometer . . . .

SUMMARY ., ., . . .

SPECIMEN ANALYTICAL MODEL ., . . . . ¢« « & &« & & o g TR

SCARF=-JOINT ANALYSIS , . . .
5.1.1 Formulation of the Problem (Rectangular Geometry).

5.1.1.1 Elastic Adherend Boundary Conditions . .
5.1.1.2 Adhesive Stress Analysis . . « « « « « &

¢ & e e e e e e & o o o e o

.
w N

Adhesive Stress Analysis . . . .

e o e e e e o e o

. Ay .¢."‘~;,‘ A A Aa‘\ - ad
!,&’;Miﬁ”f‘:ﬁ'" ‘%’;ﬁgh}_:" ;

Formulation of the Problem (Circular Geometry) . . .

PAGE NO.

b5

L7
47
47
L7
48
48
48

by

50

50
52
53

53
53
53

54

54
57

57
57

59

61

61
61

63
6k

. 6k

65

65
68

70
71

- —

|
{ =
1




TABLE OF CONTENTS (CONT'D)
SECTION PAGE NO.
8.2 "BUTT. JOINTUANALYS PS8 Vol (Sl e SUh i VR S TR TR 73
5.3 VERIFICATION OF ANALYTICAL MODEL , . . . . . AL o e B 73
5.4 APPARENT UNIAXIAL MODULUS . . . . . e Tl dre ol o F 73 :
5.5 OPTIMALLY DESIGNED TEST SPECIMENS ., . . . & v v o v o o 75 ?
6.6 MISCOELASTIC EFREETS e o = 0s s oot s o 2w o g o oy 79 :
5.7 OPTIMUM TEST SPECIMEN SELECTION ., . . . . T Rt 80
Vi DESIGN AND FABRICATION OF THE ADHESIVE DEFORMATION MEASURE- ;
oL S R L G e SRR A s S - TR e S e 82
6-] PARALLEL-PLATE CAPAC|TOR DES'GN e e e e o * e * e * * e o 82
6.2 CAPACITANCE VERIFICATION TESTS ¢ « ¢ ¢ o o o o o o o o o & 87 *
6.3 CAPACITANCE MEASUREMENT DEVICE HUMIDITY PROBLEM . . . . . 87
6.4 EXTENSOMETER FOR BULK SPECIMEN DEFORMATION MEASUREMENT , . 88
|
VIl TEST METHODOLOGY FACTORS « « ¢ « ¢ « & NP o i el e ) 91
7.1 SURFACE ROUGHNESS MEASUREMENTS OF ALUMINUM USED FOR
ADHESIVE BOND'NG e ® e & o @ e s e e e e ° ° ° ° ° ° e 9] b
7.2 SPECIMEN ALIGNMENT o « « % s % & & 8' s o o o s » % s & & Pss 93
7.3 DETECTION OF DEFECTS IN ADHESIVE BONDLINES « ¢« « ¢« ¢ o« o« 95
7.3.‘ lnspection Methods « ¢ ¢« ¢ ¢ ¢ o o o o o & ¢« o e 95 ,g
7.3.2 Expertmental Results ‘'« « ¢ ¢ ¢« v o s « ¢« ¢« ¢ ¢ s = 96
7.3.3 Ultrasonic C-Scan Observations . . « « « ¢ & o« & &« 100
7.3.4 Neutron Radiography Observations . « « « « « « « . 100
VIII VERIFICATION OF FABRICATION PROCEDURE « o « « v o « o o« « o o « 102
8.1 PANEL FABRICATION AND BONDLINE MEASUREMENT . « « ¢ & & o« & 102
8.2 NDI INSPECTION OF ADHESIVE SPECIMENS « « ¢ « ¢ ¢ ¢ o o o & 105
8.3 DESTRUCTIVE GOODNESS-OF-BOND TESTS & « ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o & 105
8,l&SUMMARY... ...... O T T e SRR SR e e - 110
L
X TEST SPECIMEN FABRICATION . « « « TRt e e U e e e e e 112
9.1 SUMMARY OF FABRICATION RESULTS ¢ « ¢ ¢ ¢ ¢ o o o & o o« o & 112
9.2 COST OF ADHESIVE BONDED SPECIMEN PREPARATION . . . . . . & 116
X DATA GE"ERAT'ON . . . . L] L] . . . . . . L] . . . . . . . . . . . 117
]0.] TEST MATR'X ® e & o e s e * e e o e e e o ° e o ° e o o ]‘7
192  SFATIC FESE RESULYS s % ¢ » 4 3% o % ¢ 5 v % % % % & & ® 117
10.2.1 Thick Adherend Shear Test Results . « « « « « « & 17
10.2.2 Butt Joint Test Results ¢« « ¢« ¢ ¢ ¢ o ¢ 6 6 s ¢ « 133
10.2.3 Scort Jolnt TESTTRIES" ' v ¢ ¢ ¢ v ¢'v v & = 147

vi




SECTION

X1

TABLE OF CONTENTS (CONT'D)

10.3 NEAT ADHESIVE TEST RESULTS . ¢ & « ¢ ¢ o « « &

10.3.1 Specimen Fabrication . . . . . . . ..
10.3.2 Tensile Test Results . . « « « « . . .

10.4 CREEP-RECOVERY TEST RESULTS . . . . . . . . .

10.4.1 Thick Adherend (Shear) and Neat Creep-
Recovery Test Results . . . . . . . .

10.4.2 Butt (Tensile) Joint Creep-Recovery
Test Resulits v . ' s o' e o wos

VO.5 FATIGUE TEST REGMLES . . . o o ¢ » w9 ¢ & «
CONCLUSIONS AND RECOMMENDATIONS . . . . . . « . . .

REFEREBEES « o o & 36 v v v o 05 » o 4% @ ¥ 4 &

vii

PAGE NO.

149

149
151

151
153

157
160

163
165

Shah. A0




TABLE

10
11

12

13

14

15

16
17
18

19

LIST OF TABLES

SUMMARY OF ADHESIVES MECHANICAL PROPERTIES REQUIRED
IN BONDED JOINT ANALYSIS

SUMMARY OF ADHESIVE TEST SPECIMEN EVALUATION
SUMMARY OF SURVEY ON TEST SPECIMEN SELECTION AND USAGE

COMPARISON OF ND! TECHNIQUES FOR DETECTION OF ADHESIVE
BONDLINE FLAWS IN THICK ADHEREND METAL/EPOXY JOINTS

EXPANDED SCALE RELATIVE HUMIDITY TABLE
SUMMARY OF BULK ADHESIVE MOISTURE ABSORPTION DATA

BONDL INE DISPLACEMENT MEASURING SYSTEM - EVALUATION
AND COST ESTIMATE

SUMMARY OF SURFACE ROUGHNESS MEASUREMENTS
ALIGNMENT TEST FIXTURE RESULTS

AVERAGE BONDLINE THICKNESS MEASUREMENTS
SUMMARY OF DESTRUCTIVE TEST RESULTS

SUMMARY OF FABRICATION RESULTS

PAGE NO.

SUMMARY OF THICK ADHEREND FABRICATION RESULTS - ADHESIVE

THICKNESS CONTROL

SUMMARY OF BUTT JOINT FABRICATION RESULTS - ADHESIVE
THICKNESS CONTROL

SUMMARY OF SCARF JOINT FABRICATION RESULTS - ADHESIVE
ADHESIVE THICKNESS CONTROL

TEST MATRIX

SUMMARY OF THICK ADHEREND TEST RESULTS

SUMMARY OF BUTT JOINT TEST RESULTS

SENSITIVITY OF ADHESIVE TENSILE MODULUS AT AMBIENT

CONDITIONS TO A 1 x 10~6 INCH ADHESIVE DEFORMATION
DIFFERENCE

26
27

38
42
Ll
55

92
94
106
111

112

113

114

115
118
120
135

144




|

LIST OF TABLES (CONT'D)

o e ooy

TABLE PAGE NO.
20 BUTT JOINT SENSITIVITY STUDY 145
21 EFFECT OF VOID CONCENTRATION ON THE BULK MODULUS 145
22 SUMMARY OF BIAXIAL TEST RESULTS 148
23 SUMMARY OF NEAT ADHESIVE STATIC TENSILE TEST RESULTS 152
24 SUMMARY OF THICK ADHEREND SHEAR CREEP TEST RESULTS 155
25 SUMMARY OF BUTT JOINT TENSILE CREEP REST RESULTS 158
] 26 SUMMARY OF FATIGUE TEST RESULTS 162
.'
F
i
4
£
£
|
!
ix

f i LR




T T YT

FiGURE

2

1
12
13
14
15

16
17
18
19
20
21
22

23

LIST OF ILLUSTRATIONS

VARIOUS BONDED JOINT DESIGNS

SENSITIVITY ANALYSIS-PEAK ADHES{VE SHEAR STRESS
(Tmax) VS. T,

SENSITIVITY ANALYSIS-PEAK ADHESIVE NORMAL STRESS
(omax) vs. T,

SENSITIVITY ANALYSIS PERCENT CHANGE IN LT VS. T

SENSITIVITY ANALYSIS PERCENT CHANGE IN . VS. ™
TYPICAL ADHESIVE STRESS DISTRIBUTIONS PER REFERENCE 23
THICK ADHEREND SPECIMEN

POKER CHIP SPECIMEN

SCARF JOINT

NAPKIN-RING TEST SPECIMEN

MOISTURE ABSORPTION DATA

CAPACITIVE DISPLACEMENT SENSOR CONFIGURATIONS

EXTERNAL AIR-GAP CAPACITANCE EXTENSOMETER ASSEMBLY
SCHEMATIC CROSS SECTION OF ADHEREND AND GRIPPING ASSEMBLY

UNIAXIAL CAPACITANCE EXTENSOMETER MOUNTED ON SPECIMEN (A)
AND SHOWING PLATE ARRANGEMENT (B)

CIRCUIT SCHEMATIC FOR UNIAXIAL EXTENSOMETER
GENERAL RATIO MODEL 1654 IMPEDANCE COMPARATOR
TYPICAL LVDT-EXTENSOMETER

NEW ADHESIVE DEFORMATION MEASUREMENT DEVICE
RECTANGULAR SCARF JOINT ASSEMBLY

ROTATION OF A TYPICAL SCARF JOINT

CIRCULAR SCARF JOINT ASSEMBLY

COMPARISON OF AXIAL STRESSES OBTAINED FROM THE TWO
DIFFERENT METHODS OF SOLUTION FOR CIRCULAR GEOMETRY

PAGE NO.

9

¥

14
15
16
18
28
30
31
31
46
56
58
58

58
58
60
62
62
66
66
7

74




LIST OF ILLUSTRATIONS (CONT'D)

FIGURE PAGE NO.
24 PRIMARY NORMAL STRESS DISTRIBUTION IN RECTANGULAR OR
CIRCULAR SCARF (BUTT) JOINTS 76
25 SECONDARY NORMAL STRESS DISTRIBUTIONS IN RECTANGULAR OR
CIRCULAR SCARF (BUTT) JOINTS 77
26 SHEAR STRESS DISTRIBUTION AT ADHESIVE-ADHEREND INTERFACE
IN RECTANGULAR (CIRCULAR) SCARF (BUTT) JOINTS 78
27 TYPICAL GEOMETRIC SHAPE AND PERTINENT DIMENSIONS OF
OPTIMUM BUTT AND SCARF JOINT TEST SPECIMENS 81
28 SELECTED PARALLEL PLATE CAPACITOR TO MEASURE ADHESIVE
DEFORMAT ION 83
29 PARALLEL PLATE CAPACITOR - UNIDIRECTIONAL 84
30 PARALLEL PLATE CAPACITOR - BIDIRECTIONAL 85
31 CAPACITIVE SENSOR CIRCUIT 85
32 EXTENSOMETER SETUP ON TEST SPECIMENS 88
33 EXTENSOMETER CHARACTERISTICS 89
34 ALUMINUM CREEP-RECOVERY TEST AT 75% F AND 55% R.H. 90
35 THICK ADHEREND LAP JOINT 97
36 BUTT JOINT (45° BEAM INCIDENCE ANGLE) 98
37 SCARF JOINT (45° BEAM INCIDENCE ANGLE) 99
38 TYPICAL UNIFORM BONDLINES ACHIEVED USING THE ATC
DESIGNED FABRICATION FIXTURE 103
7 39 BONDL INE MEASUREMENT POINTS 104
‘ 4o TYPICAL BONDED PANEL WITH LOCATION OF ONE-INCH WIDE
TEST SPECIMENS 107
41 BUTT JOINT SPECIMEN (FM-73M ADHEISVE-10 MILS THICK) 108
L2 SCARF JOINT SPECIMEN (FM-73M ADHESIVE-10 MILS THICK) 109
xi

b

» SRS L Sy,
) S R




LIST OF ILLUSTRATIONS (CONT'D)

F1GURE PAGE NO.
43 TYPICAL FM-73 ADHESIVE SHEAR FAILURE 124 ?
b TYPICAL FM-400 ADHESIVE SHEAR FAILURE 125
b5 THE EFFECT OF ADHESIVE THICKNESS, LOAD RATE, TEMPERATURE, ?
AND MOISTURE ON THE SHEAR MODULUS OF FM-73M ADHESIVE 127 J
hé THE EFFECT OF ADHESIVE THICKNESS, LOAD RATE, TEMPERATURE,
AND MOISTURE ON THE ULTIMATE SHEAR STRAIN OF FM-73M
ADHES I VE 128
|
47 THE EFFECT OF ADHESIVE THICKNESS, LOAD RATE, TEMPERATURE, |
AND MOISTURE ON THE ULTIMATE SHEAR STRENGTH OF FM-73M
ADHES I VE 129
48 THE EFFECT OF ADHESIVE THICKNESS, LOAD RATE, TEMPERATURE,
AND MOISTURE ON THE SHEAR MODULUS OF FM-L4OO ADHESIVE 130
h9 THE EFFECT OF ADHESIVE THICKNESS, LOAD RATE, TEMPERATURE,
AND MOISTURE ON THE ULTIMATE SHEAR STRAIN OF FM-400
ADHES | VE 131
50 THE EFFECT OF ADHESIVE THICKNESS, LOAD RATE, TEMPERATURE,
AND MOISTURE ON THE ULTIMATE SHEAR STRENGTH OF FM-400
ADHES I VE 132
51 SMITH PLOT FOR THICK ADHEREND SHEAR SPECIMENS 134
52 TYPICAL ADHESIVE TENSILE FRACTURE SURFACES 140 ;
53 BUTT JOINT ADHESIVE FAILURE PATTERN 141 |
!
54 BULK TENSILE SPECIMEN GEOMETRY (FM-73M AND FM-400 ,
ADHES I VE) 150 g
55 THICK ADHEREND CREEP-RECOVERY TEST e %
56 TYPICAL STRIP CHART RECORD OF FATIGUE TESTS 161

xit

— -
e £ v 5
i !'r:-.'»:‘tj.&’(.‘" A B M s
e A

—



T

B ————

T AT IS

A

A‘, Az, A3, Bh' BS, 86

o

TR N, TRRYE T
>

V525 35 N

HT"

i
i
!‘(
L

LIST OF SYMBOLS

Cross sectional area of adherend (Inz)

Materials property and specimen geometry
constants

Flexural stiffness (in-1b)

Primary Young's modulus of adherends (psi)
Effective shear modulus of adhesive (psi)
Specimen lengths (in)

Bending moment (in-1b)

Axial load due to thermal effects (1b)
Primary stiffness modulus of adherend (psi)
Boundary value constants

Axial load (1b)

Transverse shear (1b)

Temperature distribution function

Specimen thickness (in)

Orthogonal axes

Constants dependent on material properties
Eigenvalues of characteristic equations
Adhesive thickness (in)

Adhesive normal stress (psi)

Adhesive shear stress (psi)

SUBSCRIPTS
Upper
Lower

Part designation

SUPERSCRIPTS

Temperature
xiii




SECTION |

RESEARCH OBJECTIVE

Adhesive bonding technology has been improved over the last several years.
Improvements in materials, processes, surface preparations and analyses for pre-
dicting the structural response of adhesive bonded joints are evident. However,
structural response prediction procedures are hindered by a lack of accurate
viscoelastic adhesive structural property data for various types of loadings

and environments.

The reason structural property data are not available is that neither a
E unified test method nor instrumentation required for obtaining structural pro-
perty data are available. Presently, numerous bulk, thin film and bonded joint
test procedures are indiscriminately used to obtain structural property data on
adhesives. Their ability to accurately characterize the structural response of
adhesives is questionable. A definitive study was needed to review existing
test procedures and develop new ones, as needed, that provide accurate, repro-

ducible low cost adhesive structural property data.

The problem was two fold: (1) the data needs and accuracy requirements had
to be unequivocally specified and (2) a set of standardized adhesive test proce-
dures had to be developed to meet this need. Only then can one hope to derive
adequate data for accurate prediction of bonded joint behavior in aircraft struc-
tures. It was the objective of the "Structural Properties of Adhesives'' program
to assess and develop the low cost test procedures required to generate rigorous
engineering structural property data on adhesives so that items (1) and (2) are
satisfactorily resolved for metal adherend bonded structures. To meet this

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

four tasks and their stated goals were:
TASK | - REVIEW OF DATA REQUIREMENTS

The goal of this task was to provide a ranked list of adhesive property
data required to predict the response of the adhesive in a bonded joint
under a variety of load and environmental conditions experienced by

aircraft structures. These results are presented in Section ll.




TASK

TASK

TASK

Il - ASSESSMENT OF EXISTING TEST METHODS

I

It was the goal of this task to determine the capabilities of existing |
test procedures to provide the adhesive property data determined in ‘
Task | and to determine the merits and deficiencies of these test

procedures based on the considerations listed above. The results are

presented in Section |11,

111 - DEVELOPMENT OF IMPROVED TEST METHODS

It was the goal of this task to develop a set of standard recommended
test procedures for providing reliable, low cost data meeting the
requirements generated in Task |. The recommended test procedures are

presented in Volume II.
IV - DATA GENERATION

The goal of this task was to demonstrate the utility, ease of performance
and low cost of these various test methods for adhesives representing
brittle and ductile structural behavior. The results are presented in

Section X.




SECTION 11

REVIEW OF DATA REQUIREMENTS

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

o Review existing bonded joint analyses to ascertain the adhesive para-
meters required in the various analytical procedures. Supplement the
list derived during this review to reflect time, temperature, and
humidity effects as required.

o Perform a sensitivity analysis to ascertain the accuracy within which

one should obtain the required adhesive mechanical properties.

o Rank the required adhesive properties in order of their importance to
the various analytical routines with their associated accuracy require-

ments.

2.1 REVIEW OF EXISTING BONDED JOINT ANALYSES

A thorough review of existing bonded joint analyses was made which included
a review of articles from NTIS, ASTM, Forest Product Laboratory Reports, Chemical
Propulsion Information Agency documents and the various technical journals. Such
a review was completed and is summarized in Table |I. Only bonded joint configu-
rations typically used in structural attachment configurations were considered.
Those bonded joint configurations used to obtain adhesive mechanical property
data (e.g. butt joint) will be discussed in detail in Section I1l. Moreover, the

subject of adhesive fracture mechanics was not considered within this program.

A number of individuals have developed analytical or finite element analyses
to determine the load and stress distribution for isotropic adherend bonded joints.
Significant contributions to the state-of-the-art have been made in references
1 through 40.

The basic approach to analyzing adhesive joints has been to idealize the
joint in terms of a mathematical model whereby the material properties and joint
geometry are related to the applied loads, resulting in a fourth order or high
differential equation. Its solution should result in a realistic description of

the stress distribution in the joint. The analyses reviewed for the most part

assumed that: (1) all elements are linearly elastic; (2) a state of plane strain
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or plane stress is assumed to exist across the width of the lap; (3) there is
no stress variation through the thickness of the adhesive; (4) the adherends
follow classical plate theory; (5) the adhesive is fully bonded to the adhe-
rends; (6) adhesive properties are uniform throughout the joint; and (7)
linear small deflection theory is valid, However, because many of the duc-
tile adhesives and resins in use today exhibit physical and/or kinematic
nonliinear behavior at relatively low percentages of their ultimate
strength and because the generally orthotropic behavior of composite materials
add further complexities, the traditional analytical techniques available have
become less reliable. More realistic approaches to this problem have been
advanced in references 23 and 25, among others, by using linear and nonlinear
discrete element analysis of the joint. Such analyses are more costly to run
and require additional time in data preparation and in the interpretation of
results. Thus, closed form analytical methods are preferable whenever possible.
Several of the more prominent analytical methods will now be enlarged upon.

In 1944, Goland and Reissner3 determined the stresses in a single lap joint
thickness adherend

elastic modulus adherend
) in which the cement layer is ignored, and for a rela-

for a relatively inflexible cement layer (
thickness adhesive

elastic modulus adhesive

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

account in the analysis. They assumed the joint acted as a cylindrically bent
plate of variable cross section and neutral plane location. Their analytical

results are among the most accurate in characterizing the peak adhesive shear

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

Hart-Smith32"3%

developed an approximate continuum mechanics solution to
determine the static load carrying capability of a scarf, single lap, double

lap and a stepped-lap joint. He accounted for adhesive plasticity effects,
thermal mismatch and variable step lengths in the analysis. The analysis is
restricted to isotropic adherends while the tensile stresses in the adhesive

are ignored and the stresses in the adherends are inadequately quantified. His
analysis takes the form of a infinite series. Results indicate that the adhesive
film strain energy in shear per unit bond area obtained from the thick adherend
symmetric lap joint can be used most effectively in predicting the adhesive fail-

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




The most ambitious attempt to analyze a bonded joint is presented by
Grimes et, al.23 His assumptions of plane strain, orthotropic adherends, mid-
plane symmetry and the inclusion of plasticity effects in the adhesive and adhe-
rends resulted in the solution of two non-linear, non-homogeneous differential
equations. The solution is of the same form for stepped-lap, single lap and

37

scarf joints. Experimental verification by Sharpe and Muha”’ of the single-
lap joint data found the analysis lacking in its ability to predict the adhe-
sive stress distribution.

35

Renton and Vinson”~ developed a closed form analytical solution for gene-
rally dissimilar adherends, which satisfied all boundary conditions and accounted
for the effects of traverse shear and normal strains in the adherend. Sharpe and
Muha,37 experimentally verified that this method of analysis predicted the adhe-
sive shear stress distribution in the most realistic manner of the nearly twenty
closed form and finite element methods analyzed. They stated that ''there are

significant normal stresses present, and it is presumed that the theory that

can best predict the measurable shear stress under these complicated conditions
will be the best theory'. Additionally, the results of a photoelastic study of
the symmetric lap _jointl‘8 further substantiates the adequacy of the analysis by
verifying that the predicted adherend stresses are in direct agreement with the

photoelastic test results.

A problem of increasing importance is the swelling strain introduced intoc
a bonded structure when the structure is in a high humidity environment. Papers
by Dietz and Reissnerb and by Harrison and Harrisonzh describe specific attempts
to analyze the severity of the problem. The problem is handled analytically
analogously to the thermal strain problem since the form of the field equations
is the same.

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

69

However a quasi-elastic ~ approach to the linear viscoelastic problem can
often lead to practical results in some situations. The quasi-elastic method
simply involves replacing the modulus, E, in the elastic analysis with its time

dependent counterpart E(t).

A summary of the adhesive mechanical properties required for the various

bonded joint analyses is summarized in Table 1.
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Based on the review of existing analytical techniques, which are inconclu-
sive in their ability to thoroughly characterize the response of an adhesive

bonded joint, and a parametric study conducted by Renton and Vinson,h“ the

material property variables which appear most important are:
o The adherend primary modulus (Ell)
o The adhesive shear and tensile moduli

o The adhesive's ductility and ultimate properties in tension and

shear
o Coefficients of thermal and hygroscopic expansion

2.2 SENSITIVITY ANALYSIS

The objective of this analysis was to determine the sensitivity of the
peak adhesive shear and normal stresses to a prescribed change in adhesive
shear and tension moduli for adhesive bonded joints (Figure 1). With this
knowledge, the accuracy can be defined within which adhesive moduli should
be measured to enhance the accurate analytical prediction of peak adhesive
stresses in bonded joints. The accuracy of adhesive property data required
is important as it determines:

o The test specimens' allowable geometric tolerances

o The sensitivity requirements of the measurement system by which

deformation or strain measurements are taken

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

ful adhesive structural property data

The accuracy of adhesive property data required for meaningful input in
rigorous structural analysis routines can best be determined through a para-
metric study on the sensitivity of peak adhesive stresses to variations in
select nondimensional bonded joint parameters. Studies by Renton and Vinsonhh
and DeBruyne7 have pinpointed those parameters which have a significant influ-

ence on the adhesive stress distribution in a bonded structure. They are: ?T

o Adherend inplane and flexural stiffness - this is a function of the

primary Young's modulus (Qll) and the adherend's thickness (h).

Generally, stiff adherends result in a uniform adhesive shear stress 1’
distribution with minimal tearing stresses along the overlap length. |
' F
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o Overlap length - as this parameter increases in magnitude the adhesive
shear stress becomes more uniform, approaching a (Load/Area) distribu-
tion. The peak normal stresses are also reduced. However, one should
be cognizant of the fact that beyond a length of overlap to adherend
thickness ratio of ten, the failure of the bonded structure is likely

to occur in the adherend at the edge of the overlap. ]
o Adhesive thickness (n).

o The shear and tensile moduli of the adhesive - the influence of the
adhesive's moduli on the adhesive stress distribution is important

for bonded joints composed of thick deformable adhesive layers,

while the adhesive's influence on the stresses is insignificant

for thin, stiff adhesive layers; neglecting free edge effects.

With the knowledge that adherend and adhesive stiffness, and thickness, and
overlap length, dominate the shape and magnitude of the adhesive stress distri-
bution in a bonded joint, a sensitivity study was performed by incorporating
these parameters into two nondimensional parameters for shear and two for adhe-

sive tearing stresses.

52

The Buckingham Pi theorem ™ was used to formulate the nondimensional para-

meters. The Pi theorem relates the dependent variable (i.e. R ™ max i mum

shear stress) to the independent variables, load (P), overlap length (L), adhe-
sive shear modulus (Ga), plane stress adherend stiffness (QII)’ adhesive thick-

ness (n) and adherend thickness (h).

The Pi theorem states: Given a relation among m parameters of the form

fz(quqz, o e ey qm) =0 1
an equivalent relation expressed in terms of n nondimensional parameters can be
found of the form

f3(n|,n2, L e ) 2
where the number n is given by the relation

n=m-k o
where m is the number of q's in Eq. 1 and k is equal to the minimum number of

independeri dimensions required to construct the dimensions of all the parameters

Sy Gy sy G

10
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The m's to completely define the bonded joint problem in shear for identical
adherends are

T L 2
max a
= . T =

27 qhn ¢

. h
11'3---‘? lQ

Based on linear elastic theory, two simplifications have been made. They are:

i Assuming a linear elastic adhesive, the maximum siress (Tmax)* is

proportional to the applied inplane load (P).

ii The effective shear modulus of the adhesive (Ga) and the adhesive
thickness (n) enter into the linear analysis in combination (Ga/n),
as the adhesive is being characterized in terms of it's overall

shear stiffness.

Hence:
F3(n], Tos n3) =0 5

which is equivalent to:

o= fh(NZ’ n3) 6

or
2 2
e S e (GaL e St hy
L Qllhn’ L 4 An 2 L 7

where

p = load/unit width (1b/in)

L = overlap length (in)

P/L = average shear stress (psi)

Qllh = A = adherend inplane stiffness

The parameter nz.is a measure of the shear strain (stress) in the adhesive due

to inplane adherend deformation vs. the average shear strain in the adhesive.

7

Moreover, Debruyne’ has shown m, to be an approximate similitude parameter.

*The singularity in the shear and normal stress predicted at the edge of the
adhesive-adherend interface is not considered.




T

In a similar manner, the sensitivity of the maximum adhesive normal stress

(omax) to the independent parameters P, L, Q;;, h, n and E, can be formulated

using the Pi theorem.

For ident’cal adherends they are:

A
G ofime e s Bgh oo Ty 8
1 P ! 2 Dn ° 5 ] 5
which is equivalent to;
o L E Lh
max__ _ ¢ (_a !5 9
P LY bn
where
Q11h3
D = 3 = the adherend's flexural stiffness. 10

The use of the Ea/n term follows from simplification (ii) with Ea replacing Ga'

The parameter T, is a measure of normal strain (stress) in the adhesive due

to the adherend's flexural rigidity vs. the average normal strain in the adhesive.

The results of the sensitivity analysis were obtained using the in-house

computer routines (BOND 3) for identical adherends and (BOND 4) for dissimilar

adherends.

2-5 for similar and dissimilar adherends.

bounds on the sensitivity indices, including various degrees of joint flexiblity

and associated moment and h/L effects.

The results of the sensitivity analysis are presented in Figures

These two conditions establish the

The BOND 4 results are for a limiting

case whereby the dissimilarity of the adherends is accounted for (Figure 1).

Dimensional analysis of dissimilar adherends requires that two additional w's

be considered:

where: h
avg

5

3 3
_ Gyt Nt

Qy

= 1.00 11

= (h, + h,)/2 replaces h in equations 7 and 9.
1 2
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The dependence of t

and
®m

L ax " various h/L ratio's, for all values of
Ty and F}, was found to produce curves within the envelope formed by the solid
and dotted lines in Figures 2 and 3. Therefore, only the limiting cases

were used to determine the sensitivity curves presented in Figures 4 and 5.

Figures 4 and 5 show the sensitivity of the peak adhesive stresses to
a 10% and 50% variation in the nondimensional parameters. Inspection of Figures
L and 5 reveals that the normal stress is somewhat more sensitive to its
nondimensional parameter than the shear stress. From Figure 4 one can readily
observe that the range of significant sensitivity is for .01 <™, < 2.5, For prac-
tical designs, in which adherend failure is absent, the magnitude of adhesive shear
moduli corresponding to this spread of Ty is 300 s G < 300,000. A range of extreme
sensitivity for the adhesive tension modulus can also be established from inspec-
tion of Figure 5. It is 200 < E < 1,500,000 for m, < 40.0. Within these
limits, the adhesive properties will significantly influence the adhesive stress

distributions for most bonded joint designs.

Review of Figures 4 and 5 dictates that the normal stress sensitivity
be used to establish a realistic design goal for the accurate determination of
adhesive moduli. A + 5% change in adhesive tension modulus (Fé in Figure 5),
would enable one to ascertain the peak normal stress to within + 2.5%. This is a
desirable modulus determination goal énd was used in the Tasks Il and Il of
this program to formulate the accuracy requirements for an adhesive deformation
measurement device and for the necessary geometric measurements of the test

specimens.
2.3 EXTENSION TO OTHER)BONDED STRUCTURES

The results presented, while based on single lap joint analyses, are believed
to be upper bounds for the sensitivity of peak adhesive stress vs. adhesive modulus
for the stepped-lap and double lap joints, shown in Figure 1 due to eccentric
load path effects. More uniform shear stress distributions in these joints neces-
sitates that an applied load divided by surface area shear stress will be approxi-
mated. Therefore, the response of these joints should be less dependent on adhe-
sive modulus, being independent of the modulus in the limit. Typical stress

distributions are shown in Figure 6.
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2.4 COMPLETE ADHESIVE CHARACTERIZATION

Additional adhesive property data requirements depend on the type of rigo-
: rous analysis of aircraft bonded structural components one wishes to perform.

] Assuming an all encompassing analysis is desired for both brittle and ductile
adhesives, an additional list of adhesive property data that must be considered,
based on an on-going literature search of applicable continuum mechanics, visco-

elastic and fatigue theories of bonded joint behavior has been compiled.

] d The complete characterization of an adhesive requires that its response to
various load, time and environmental conditions be ascertained. The data desired

were:
o Stress-Strain response at constant strain rate to failure 1
o Cyclic stress-strain response vs. number of cycles to failure
o Creep response

o Combined shear and tension response

o The response of the first three items to various moisture and

- temperature environments

The effects of the innumerable combinations of loading and environment on

the mechanical and physical response of adhesives was not ascertained in this

4 program but should be considered for later Air Force programs.

2.5 RANKING OF ADHESIVE PROPERTY DATA REQUIREMENTS

The ranking (relative importance) of specific adhesive property data required
to predict the response of the adhesive in a bonded joint under typical aircraft

structural loads and environments was the overall goal of this initial task.

The list of desired adhesive properties ranked from most important to least

important within the numerical categories only are:
2.5.1 Mechanical Properties Requirements Ranking
o Linear elastic shear and tension modul i *

o Creep compliance master curves in shear and tension 4

%
For an isotropic, homogeneous adhesive layer, the Poisson's ratio may be deter-

mined in place of the shear or tension modulus.

19




Linear viscoelastic limit shear and tension stress (strain). This

approximates the proportional limit stress.

Fatigue shear and tension moduli that reflect the adhesive's

wearout and/or stability region just prior to catastrophic failure.

2.5.2 Strength Properties Requirements Ranking

(o]

(o]

(o]

o

Ultimate shear, tension and combined shear and tension strength
Ultimate shear and tensile strain
Fatigue tensile and shear strength (strain) vs. cycles to failure

Fatigue endurance limit values

2.5.3 Physical Properties Requirements Ranking

o

o

Coefficient of thermal expansion

Coefficient of hygroscopic expansion

The effect of adhesive thickness, aging, scrim support, surface roughness

temperature and humidity on all of the above items, and the inclusion of strain

rate effects as applicable should also be determined. This would include the

development of a test to determine when moisture equilibrium of the adhesive has

been attained for a particular environment.

Rreyer




SECTION (11
ASSESSMENT OF EXISTING TEST METHODS

It was the goal of this task to determine the capabilities of existing test
procedures to provide the adhesive property data required in Task | and to
determine the merits and deficiencies of these test procedures based on the con-

straints defined in Task |.

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

taken:

o Formulate and rank a set of evaluation criteria by which the rela-
tive merits and deficiencies of the various test specimens and

testing procedures could be judged,

o Provide an in-depth review of existing test specimens and test
methods for measurement of adhesive properties within the con-

straints defined in Task |,

o Summarize the results of the evaluation (e.g. test specimen merits
and deficiencies) of the currently available test methodology in
a matrix format, ranking the test methods and specimen designs as
to their capability to obtain the adhesive property data required
by the analytical methodology identified in Task |.

3.1 TEST SPECIMEN EVALUATION CRITERIA

To objectively evaluate the adequacy of the various test specimens available
from which one can obtain adhesive mechanical property data, the following speci-

men evaluation criteria were defined.

THE SPECIMEN LOADING MODE IS DOMINANT AND CONTROLLABLE - Tension and shear
modes should be separable and their magnitude easily controlled. A biaxial

or triaxial stress state should be present in the adhesive.

SPECIMEN 1S CAPABLE OF PROVIDING QUANTITATIVE RESULTS - Modulus and strength

data in representative environments should be possible to obtain.

TEST SPECIMEN 1S REPRESENTATIVE OF MATERIALS AND PROCESSING USAGE IN A
PRODUCTION ENVIRONMENT - The specimen should reflect the chemical, phy-
sical and mechanical response of an adhesive bonded between two rela-

tively rigid adherends.

21
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A REALISTIC ANALYSIS OF THE BIAXIAL OR TRIAXIAL STRESS STATE IN THE
ADHESIVE BONDED TEST SPECIMEN IS POSSIBLE - A closed form or finite
element analysis should verify the suitability of using the specimen
for the generation of static, fatigue and viscoelastic stress-strain
response data for representative temperatures and relative humidities.
It should account for the constraint effect of the adhesive by the adhe-
rend when applicable and for the viscoelastic nature of the adhesive.
Nonlinear adherend deformation effects should be avoided. Finally, the
analysis should be capable of providing an estimate of the error intro-
duced on the adhesive stress and deformation state by non-uniform adhe-
sive thickness control and geometrical variations of pertinent specimen

dimensions.

EASE OF SPECIMEN FABRICATION AND ASSOCIATED COST - Multiple specimen
preparation should be possible, relatively easy to achieve and of nomi-
nal cost. Uniform dimensional control of adhesive bondline thickness
over the normal range of adhesive thicknesses (i.e., .002" - .030") is
necessary for proper test data interpretation. Specimen adherend dimen-
sions should not require unusually close tolerances, while the bond sur-
face undulations of the adherends should be minimal to insure uniform
adhesive thickness control. Means to attain accurate adhesive thickness
control should include considerations of shims, scrim and a precision

fabrication fixture.

THE SPECIMEN SHOULD BE USABLE FOR TESTING BRITTLE AND DUCTILE ADHESIVES -
The specimens response for both brittle and ductile adhesives should be
reflected in the analysis (i.e., elastic vs. viscoelastic). Moreover, any
sensitive specimen gripping or instrumentation problems which may make the

attainment of meaningful mechanical test data difficult should be avoided.

THE SPECIMEN'S BONDLINE SHOULD BE EASILY ACCESSIBLE, TO ACCURATELY MEASURE
ITS THICKNESS - Microscopes, Verniers and gage blocks with a Vernier are
several ways one may measure adhesive bondline thickness accurately. A
number of measurements along the perimeter of the bondline should be
possible to verify bondline uniformity. For visual measurement a sharp

contrast between adhesive and adherend is desirable.
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THE SPECIMEN'S BONDLINE SHOULD BE EASILY INSPECTED BY NDE MEANS - Inspec-
tion of the bondline for debonds, voids and air bubbles should be possible
for defects as small as .050 inches. Adherend thickness requirements
should not impose any severe restriction on inspection of the bondline

using NDE techniques. NDE means to consider are:
o X-ray

o Pulse-echo ultrasonics

o Neutron Radiography

o Transmission ultrasonics

TEST METHODOLOGY EVALUATION CRITERIA

Once the test specimen has been determined it is mandatory that simple, reli- ~
test procedures be employed to minimize data scatter and cost. The evalua-

criteria to be considered were:

ENVIRONMENTAL TEST CONSIDERATIONS - Proper environmental conditioning of
test specimens should insure that moisture and temperature equilibrium
in the bondline have been attained. Subsequently, long term mechanical
tests should be performed within this environment. Moisture and tempe-
rature equilibrium times vs. temperature-moisture history should be
determined to ensure equilibrium requirements are met. Means to accu-
rately measure temperature from -60°F to 350°F and relative humidity
from 10% to 100% before and during the performance of mechanical tests

should be determined.

TEST APPARATUS AND INSTRUMENTATION - Adhesive deformation measurement
device sensitivity requirements should be established to determine the
adhesive properties to within *3.4%. The maintenance of this sensi-
tivity over the prescribed temperature-humidity test extremes should

be ascertained.

Additional factors to be considered in the selection of a deformation

measurement device should include:
o Ease of attachment to the test specimens
o Simplicity

o Stability with respect to time and environment
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3.3

o Range of usage

o Linearity
o Durability
o Cost

EASE OF TEST PERFORMANCE AND REPEATABILITY - The actual test methodology
used for short and long term testing by various groups were reviewed to
ascertain its ease of performance by those familiar with good test pro-
cedures. The likelihood of avoiding inadvertent errors (i.e. to insure
repeatability) in performance of the test methodology should be con-
sidered and verified by selective testing. Errors may be introduced by
specimen alignment sensitivity, loading fixture complexity and/or defor-

mation measurement system complexity.

REDUCTION OF RAW TEST DATA - Presently used data reduction techniques
were reviewed as pertains to their utility in characterizing adhesive
raw data for direct inclusion in bonded joint analysis. Data reduc-
tion techniques should reflect the impact of static, fatigue, visco-

elastic and environmental effects on adhesive properties.

FAILURE SURFACE EXAMINATION - Visual and microscopic means in use today
should be evaluated for their ability to gleen pertinent information
from the failed adhesive surfaces. The ease and cost of using the
various microscopic devices vs. the potential information to be ob-

tained should be determined.

OVERALL COST - The overall cost to perform a specific test methodology
should be determined. The cost should include specimen fabrication,
NDE inspection, and environmental conditioning. Additionally, the cost

of special grips, fixtures, instrumentation, performance of the actual

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

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

methodology has been ascertained per these evaluation criteria.

REVIEW OF THE STATE OF THE ART TEST METHODOLOGY

In implementing the test methodology literature search, the following areas

of documentation were searched for their contribution to the state-of-the-art

on adhesive test methodology:
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o ASTM Standard Adhesive Property Test Methods
o DoD Program Technical Reports

o Space Science Reports

o Forest Product Laboratory Reports

o Federal Test Methods

o Engineering Journals

3.4 CANDIDATE TEST SPECIMEN REVIEVW

A summary of the various candidate test specimen geometries already in exist- ]
ance vs. the evaluation criteria is given in Table 2. From this review, the test

specimens deemed best suited for the successful accomplishment of this program are:
o Thick Adherend Lap Joint - Shear 1
o Butt Joint - Tension |
o Scarf Joint - Combined tension plus shear
These results are subject to the constraints that:
o Only the use of metal adherends was considered in this review. .

o Bulk adhesive specimens were excluded from serious consideration
as the ''candidate test specimens'' as they are not representative
of a '"'real structural application' environment. Their use is ]
significant in understanding and discerning the importance of p
the different interface effects evident with bulk (e.g. interac-
tion with oxide layer on the adherend surface) vs. constrained
specimens (e.g. the chemical plus residual mechanical constraints
imposed on the adhesive by the adherend during cure). Such infor-
mation is necessary to accurately characterize a bonded structure's

response in a realistic environment.

In arriving at the selection of the candidate test specimens, a survey ‘
questionnaire was mailed to selected individuals (2 15) in industrial and 3
governmental positions. These gentlemen were asked to respond to the ques-
tionnaire based on their working knowledge of the candidate specimens. This
information was most valuable in arriving at final selection of the test

specimens. The results of the survey are summarized in Table 3. The
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TABLE 2, SUMMARY OF ADHESI
TEST
PECIMEN
THICK BUTT SCARF NAPKIN-RING

EVALUAT 1ON ADHEREND JOINT JOINT Single or Multiple
CRITERIA Adhesive Layers

Load Mode* " 1, 1 1,11 1, 1

Controllable

Specimen Can Provide Yes Yes Yes Yes

Quantative Results

Representative of Real

Struct. Apolic. (Reflects
Phys., Chem., Mech., Res~ Yes Yes Yes
ponse of Adhes. Between
Adherends for Load - Environ.)

Physical
Chemical } Yes

Mechanical-Questicn-
able may be geometry

effect
Specimen Introduces Biaxial Yes
?r ;;;ax!a! Stress State Yes Can Provide a Near Yes Yes
L estve Triaxial Stress
State
Specimen** Analysis
Performed E E,P E,P E-incomplete ]
Adhesive iThickness
1. cControl Easy Easy Modestly Difficult Difficult
2. Can measure in several Yes Yes Yes Only on Outside
locations
Specimen Fabrication
1. Ease of Multi. Specimens Easy Easy Modestly Difficult Difficult
2. Relative Cost Low Yes Modestly Expensive High 4

D L T

Modestly Difficult

Modestly Difficult

Modestly Difficult

73, 155

151, 160, 166, 168,
174

102, 103, 174

Ease of NDI Inspectability Easy Angular Scan Re- Angular Scan Re- Reduced Access to
quired quired Bond From Inside
Spec. Can Be Used With
Brittle and Ductile Yes Yes Yes Yes
Adhesives
7 8y 1 3 Ha Y 7, 18, 28, 53, 54,
D 35,45, 55, 71, 72, | g5, 87, 126,143, 150,| 7, 23, 72, 78, 82, 7, 74, 83, 88, 94,

164, 167, 174

* Tension = |
Shear = ||

** E = Elastic

V = Viscoelastic
P = Photoelastic




TABLE 2,

SUMMARY OF ADHESIVE TEST SPECIMEN EVALUATION

BALANCED SINGLE BULK-DOG BONE BULK THIN
SCARF NAPKIN-RING :
Adhesive Layers
Il = Thick Adherends None | I, I
1,00 (T
Y Yes Yes-Thick Adherend Yes
a3 Mode |1 only Of Limited Value Yes Yes 3
Physical } Yes No No
Y Chemical Y Y Adhes i ve-Adherend Adhes i ve-Adherend
a3 Mechanical-Questicn- e3 a3 Interface Effect Interface Effect |
able may be geometry Absent Absent
effect
r Yes Yes Yes Yes No Yes
E,V E,V,P - Biaxial Strip
E,P E-incomplete E,V Adherends can fail or E - Dog Bone E, V
exceed yield
Modestly Difficult leflﬂﬂf Kodsktly Ditticale Easy Modestly Difficult Difficult
Yes Only on Qutside s Yes Yes Yes
Strip Biaxial-diffi-
Modestly Difficult Difficult Modestly Difficult Easy cult Difficult
Modestly Expensive High Modestly Expensive Low Dog Bone - Easy N
Low - Dog Bone
High - Strip
It | Modestly Difficult Modestly Difficult Modestly Difficult
Angular Scan Re- Reduced Access to Easy Easy Easy
quired Bond From Inside Defect in Bondline
Separability Problem
Yes Yos Yes Yes Brittle-Grip Problem |Brittle-Grip Problem Br’
78, 7, 18, 28, 53, 54, 7,18, 23, 72 7, 23, 72, 88, 100, 77, 82, 163 77, 82, 163
’ ’
150,| 7, 23, 72, 78, 82, 70, 74, 83, 88, 94, g 143, 152 - 154, 156-
1 102, 103, 174 164, 167, 174 159, 161, 162, 165,
174
L
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BULK-DOG BONE BULK THIN BULK TUBULAR
OR STRIP BIAXIAL WALLED TUBE SOLID ROD LAP
JOINT
—— |
k
| 1, 1 1, i "
3 Yes Yes Yes Yes
No No No
Adhes i ve-Adherend Adhes ive~Adherend Adhes i ve-Adherend Yes
Interface Effect interface Effect Interface Effect
Absent Absent Absent
No Yes No Yes
—
: E,V,P - Biaxial Strip
or E - Dog Bone E, V E E,V
Modestly Difficult Difficult Difficult Modestly
Yes Yes Yes Difficult
No
Strip Biaxial-diffi- :?;‘:7:'{t
cule Modestly Difficult 4
Dog Bone - Eas Difficult Modest]
% High Modestly Expensive Ex ns'ze
Low - Dog Bone 9 Lol
r High - Strip
' Modestly
Easy Easy Easy Difficult
Brittle~Grip Problem |Brittle=Grip Problem | Brittle-Grip Problem Yes
’ 77, 82, 163 77, 82, 163 72, 82, 163 78, 173,
56- 174
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specimens are evaluated with respect to six criteria on a | through 5 basis,
according to their ability to satisfy a particular item, with 1 representing

the easiest or least expensive specimen to use.

The strengths and weaknesses of the various test specimens, as detailed in
Table 2, make the selection of the test specimens to be used throughout the re- |
mainder of the test program obvious. A summary of selected pertinent information

gathered during the performance of this task will now be presented.

3.4.1 Thick Adherend Symmetric Lap Joint
35,55

Renton and Vinson conducted an analytical and experimental program on
joints, A seament of the program involved a systematic analytical and experi- bonded
mental effort to obtain effective adhesive properties in tension and shear be-
tween metal and composite material adherends. A closed form analytical model

was developed to analyze the thick adherend symmetric lap joint specimen, Figure
7, which was used to obtain adhesive shear properties. From this analysis, the
influence of adherend material properties and geometry and the importance of pro-
per location of the measurement device on the specimen were ascertained. The
conventional butt joint was used to obtain adhesive tensile properties. OQverall,
the results looked quite realistic with Poisson's ratio for EA951 adhesive in

the .425 to .L472 range.

Frazier et al7] conducted an extensive development program on the generation

of mechanical property data for adhesives joined between metal and composite
adherends. They also investigated the influence of various surface preparation
methods on the adhesives mechanical response, while seeking to develop or improve
adhesive durability testing methodology. They used the thick adherend lap shear
specimen shown in Figure 7. Although they didn't account for the influence of
shear stress distribution in the shear property determinations, their efforts
contributed significantly to the understanding of joint behavior. The cost of

specimen fabrication and testing was quite reasonable.

X\ )

FIGURE 7.  THICK ADHEREND SPECIMEN
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72

Marceau and Scardino’” conducted an extensive evaluation, based on specific

criteria, on the adequacy of certain tests to determine adhesive durability under
stress and adverse environments. They compiled an extensive test reference list
and a summary of advantages and disadvantages of specific test techniques. Their
objective was to ascertain which test methods, for a reasonable cost, could be
used to evaluate the stress durability of adhesive bonded structures subjected
to cyclic or steady state loads in various environments. They looked at a mini-

mum of eighteen distinct test methods. Their evaluation criteria were:
o The test specimens must relate to real structural loading modes
o Mode | loading must be controllable
o Mode |l loading must be controllable
o The test method must yield quantitative results and not be subjective

o Fabrication of specimens must be reasonable in that the specimens
are relatively simple, do not require unusually close dimensional
tolerances and fabrication costs are reasonable for programs

involving large numbers of test specimens.

0f the three specimens selected, two were for fracture toughness studies and do

not concern us. The third specimen was the thick adherend lap shear specimen.

A similar thick adherend lap joint test specimen to obtain adhesive shear
properties has also been advocated by Kreiger73 for aluminum adherends. The
specimen is presently being used on the PABST Program and by several aerospace
companies. However, the influence of optimum specimen geometry is neglected.
The positioning of the deformation measurement device away from the adhesive-

adherend-interface further clouds the accuracy of the adhesive properties obtained.
3.4.2 Butt Joints

Numerous attempts to analyze the butt joint have been made by Norris7h

and Lindsey77 7,76,78,79,83,88

among others. Norris assumed the adhesive was
isotropic and predicted the joint's failure based on Von Mise's failure cri-
terion. He then tested both tubular butt joints and bulk adhesive specimens.
He determined that a meaningful difference existed between bulk vs. constrained
tension moduli of the adhesive systems tested. He suggested characterizing an

adhesive in a butt joint in an orthotropic manner.
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The butt joint (poker chip) specimen illustrated in Figure 8, has been
rigorously analyzed by elastic methods by Lindsey, et al77 and Messner”l and

photoelastically by Dixonl72

and verified by finite element analysis. A tri-
axlal stress field is approximated in the center of the specimen when bending
of the rigid adherends is negligible, the ratio of the disc diameter to thickness

of the adhesive is greater than ten and the Poisson's ratio of the adhesive is

approximately .50. The effect of lower Poisson's ratios on the stress distribu-
tion is also discussed.

; ‘ﬁz,,/”//_—_netal Adherend

7 R R S SO S SN A S W

i

* Adhesive
P

FIGURE 8, POKER CHIP SPECIMEN

Overall, the potential problems in using this specimen are adhesive thickness
control, accurate adhesive deformation measurement of the bondline under load,

and the significance of eccentric load and adherend geometry (i.e., rectangu-
lar vs. circular cross section) effects on the adhesive stress distribution.
The cost is modest.

3.4.3 Scarf Joint Specimen

The scarf joint (Figure 9) specimen offers the advantages of a control-
able tension and shear loading mode. This control is achieved by the angle of
the scarf across the adherend's surface to be bonded. Analytical studies by
Lackman,103 Lubkin,lo2 104

the stress in the middle plane of the specimen is triaxial with a superimposed

and photoelastic studies by McClaren have shown that

shear stress. These specimens can pose bondline thickness control and align- 1
ment difficulties; this is more severe with composite materials.71'72 However,
it's projected problems appear less risky and the specimen is less costly than |

the alternate selection, namely the napkin-ring specimen.




3.4.4 Napkin-Ring Specimen
Many of the instrumented adhesive characterization tests done, to date,

used the napkin-ring specimen, (Figure 10). One of its principle attributes

i

PR

FIGURE 9« SCARF JOINT

ADHESIVE BOND LINE

NAPKIN RING SPECIMEN

FIGURE 10. NAPKIN - RING TEST SPECIMEN
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is that it can be used to determine the stress-strain response of an adhesive

material in shear, tension, or a combination thereof. An accurate analysis of
the stress (strain) distribution in the adhesive of this specimen is not pre-

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

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

between metallic adherends, using this specimen, has been the work of Hughes,

Rutherford and Shen.28’53’70

Believing that constrained films in general exhi-
bit a greater modulus than do bulk adhesives, the properties of several adhesive
systems adhering to aluminum and titanium adherends were studied. Using an air-

7

gap capacitance extensometer with a resolution of 1 x 10"/ inches attached to
a napkin-ring type specimen, they determined for the adhesives Epon 3601, Epon

828/vL40, EC2214 and Metlbond 329 that:

o The effective tensile modulus increased as the adhesive thickness
of the bondline decreased, decreased as temperature increased, and

showed no appreciable difference for tension vs. compression loads.

o The effective tensile modulus decreased in value as permanent strain
set in, was less when held by aluminum vs. stainless steel adherends,

and increased with strain rate for viscoelastic materials.

o The effective shear modulus decreased as temperature increased and
permanent strain set into the adhesive, increased as the strain
rate increased, and was independent of adhesive thickness between
.004" and .040".

o In a combined tension and shear type of loading, the elastic limit

increased as the test temperature decreased.

o Upon repeated loading-unloading, several of the epoxies exhibited
work hardening, changing their material property values at high
stress levels, while remembering the stress from which they were

unloaded.

o For the adhesives tested, they determined that the elastic limit

was lower and the viscoelastic flow higher for shear vs. tension

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

similar effects (i.e. the moduli were softer).

o Poor bonding procedures and out-of-date adhesives proved to be the l

f most damaging to material property values.

In general, their data exhibited scatter of as much as 70% while the Pois-

sion's ratio values were seemingly low, being in the .26 to .38 range.

Overall, their work emphasizes the complexity and high cost associated with

obtaining reliable adhesive property data in this manner. Variables included

cure condition, joint thickness, test temperature and humidity, pre-strain,

i strain rate, stress level, time between loads, time at load and adherend modulus.

Using a napkin-ring specimen in shear and a thin-walled cylindrical butt
joint in tension, Zabora et al5 developed test techniques to determine adhesive

properties in shear and tension. Results are presented for low, intermediate
and high modulus adhesives. The overall program suffered from several problems

as related to the proposed program herein:

o The cost of specimen preparation, test set up and data measurement

was quite high.

o Fabrication variables were not accounted for in the study and the
adherend specimens were reused. This leaves unanswered the ques-

% tion of what effect these uncontrollables had on the data output

} and its associated scatter.

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

nical linkage and specimen eccentricity errors.

o A comparison of shear and tensile moduli test results for the same
adhesive resulted in the Poisson's ratio being larger than + .50,

which is impossible.

Lin and Bell,93 Kuenzi and Stevens,83 Lehman18 and others have also made
use of the napkin-ring specimen in various adhesive characterization efforts.
Overall, the napkin-ring specimen is shown to be adaptable to a contro!led
tension plus shear loading with use of rather elaborate gadgetry. However,
bondline thickness control, NDI Inspection problems, high fabrication and
testing costs, and load linkage errors are detriments to using this test

specimen on a high volume basis.
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3.4.5 Balanced Douhle Lap Joint Specimen

In principle, the balanced double lap joint could be used in a shear mode
with modestly thick adherends. Increased fabrication, NDI Inspection and cost
problems would be associated with such a design. The selection of the joint's
geometry would be extremely important in obtaining a somewhat uniform shear

stress condition.

3.4.6 Other Test Specimens

Several other test specimens to characterize the structural response of
adhesives are available. The insufficiencies of using block shear (ASTM-D905),
cross-lap tension, and glueline cleavage methods are enumerated by Stanger and
Bloomquist.al The single lap joint is excluded by it's inability to have separ-
able and controllable loading modes in tension and shear.

3.4.7 Summary - Test Specimen Selection

The thick adherend, butt and scarf joint test specimens were selected as
the author believes, based on an extended literature search and communications
with knowledgable individuals in the field, that the specimens are most able
to fully meet the evaluation criteria set forth. The primary advantages of

the specimens selected are:
o Their load mode is controllable
o Specimen fabrication is relatively easy

= They experience the stress states that are experienced by

joints in structural applications
o They produce quantitative results
o Their cost is minimal

3.5 TEST METHODOLOGY EVALUATION

The specifics of a proper test procedure by which one obtains accurate data
must next be ascertained. The procedure must be formulated in accordance with
the type of test being run (e.g. shear, tension, fatigue, creep etc.), and
account for specimen fabrication, environmental conditioning, measurement of
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adhesive bondline thickness and deformation, ease of test performance, repeat-

ability expected using a particular test procedure, data reduction, failure sur-
face examination, error analysis and overall cost. Within this segment of the
program such topics were considered with regards to defining potential test

methodology problem areas to be resolved in Task IIlI.

3.5.1 Specimen Fabrication

The importance attached to fabrication of test specimems is that the proce-

P T T NS

dure, when completed, should produce adhesive bonds of uniform quality, of pre-
i ' dictable adhesive thickness within specific limits, and for a minimum cost. In
addition, the fabrication procedure should yield reproducible results and be

relatively easy to accomplish.

Based on the results of Task | it was determined to be desirable to ascer-
tain the peak stresses in the adhesive to within + 2,5%. To obtain this goal,
f the bondline thickness must be accurately controlled during fabrication, be of
k uniform thickness and be measured to within * 2,5% of it{s true value. There-
fore, the adherend's surface preparation, specimen fabrication and associated
bondline thickness control, and bondline thickness measurement should encompass
the following attributes.

o The surface preparation should yield uniform, reproducible adherend

surfaces of prescribed surface roughness. ;

|
E
i o The fabrication procedure should provide good, void free bonds, of !
predictable adhesive thickness, over a prescribed adhesive thickness
i range.
E |

o A means to measure the adhesive thickness (gage length) to within
( + ,00010 inches.

3.5.1.1 Adhesive Bondline Uniformity ?

It has been repeatedly demonstrated that adhesive properties vary with adhe-

1
sive thickness. Cuthrell 3 has shown an adhesive property gradient to exist

from the interface into the center of the adhesive thickness. Bulk properties
were approached in the center of the joint. Rutherford, et al,53 among others,
also determined that the adhesive material properties were a function of thick-

ness.

To obtain uniform strain in the adhesive, a uniform bondline thickness

(i.e., gage length) is necessary. This criterion requires an accurate and
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reproducible method for holding the specimen's surfaces that are to be bonded
parallel to one another. It also necessitates that if adherend surfaces are to
be bonded together their surface roughness including the oxide layer must be
within prescribed limits. This would minimize the variation observed in bond-
line thickness when adherends with an ill controlled surface finish are bonded
together and minimize gage length and associated adhesive property determination

errors.

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

between centerlines. Their surfaces are prepared, including the oxide layer,

to an average roughness height of * 63 x 10-6 inches. The maximum peak-to- ;
valley height between centerlines is then + 63 x IO-6 inches. The surfaces are

unprimed.

The error in gage length determination and in adhesive mechanical property

St

determination is:
Gage Length = .004 + .000252 inches

.004252 - .004000 _

.004000 +3%

Gage Length Error =

Therefore, consistent and reproducible specimen machining and chemical surface

preparation procedures must be instituted to maintain the adhesive thickness

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

3¢5.1.2 Fabrication Procedure Vs, Adhesive Thickness Control

A lack of bondline uniformity can also introduce an error of similar magni-
tude to that shown in the previous example. Nominal adhesive thickness control
is a direct function of the fabrication procedure employed during cure of the

adhesive.

For a general solution to bondline thickness control, precision tooling
offers the best hope. Such a fixture can guarantee specimen alignment. Tools
used for bonding should be designed to minimize the thermal expansion between

the parts and the tool. The elements of the tooling must not cause bridging
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or any interference which would prevent proper transmission of pressure to the
bond areas. A typical bonding fixture is seen in ASTM Specifications D2094 and
E229. In the latter instance, a precision screw is used to maintain thickness
of the bondline

3.5.2 Bondline Thickness Measurement

Once a specimen has been fabricated, various adhesive (bondline) thickness
measurement techniques can be employed. These include direct observation of
the specimen with the use of a microscope, the use of a Vernier with the estab-
lishment of reference marks on the specimen, or the use of precision gage blocks
and a high resolution Vernier to measure the relative distance between two
points on the adherends before and after curing. Often times, the lack of a
sharp contrast between the adhesive and the interface may necessitate using the
latter means. Throughout this program an optical measurement system was found

to be more than adequate.

3.5.3 MNon-Destructive Inspection-Thick Metal Adherend-Adhesive Joints

Once a bonded specimen is fabricated, assurance that the bonded area is
free of voids, air bubbles and associated imperfections is of paramount impor-
tance. Failure to attain a near defect free bond will result in poor bond
strengths and unreliable adhesive characterization data. The test results will
possess significant scatter. Therefore, accurate, sensitive inspection of
adhesive bondlines for these defects when located beneath thick metallic adhe-

rends is a must.

Based on evaluation of the applicability of several candidate techniques
to thick-adherend joints, two NDI techniques, neutron radiography and ultrasonics
are recommended for inspecting the adhesive bondline in the specimens used in
this study. Recommendation of these NDI techniques for the specimens of this
study results from laboratory experience at Vought Corporation and a consensus
of NDT personnel polled from within and outside the Vought Corporation. Con-
sideration was given to factors such as ease of data interpretation and avail-
ability of the techniques to the average fabricator of bonded structures, in
addition to its basic ability to detect bondline flaws. This comparison is
summarized in Table 4, which ranks the techniques in the order 1 through 6 accord-

ing to their capability or desirability, with 1 representing greatest desirability.
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Column 1 ranks the flaw detection sensitivity, or the minimum size (typi-
cally measured by the diameter) adhesive void detectable by the method in a

thick adherend specimen.

Column 2 ranks the degree of independence of the method's flaw detection
capability with respect to variations in the adherend-bondline geometry, e.g.,

thick adherend, scarf, and butt joints.

Column 3 ranks the techniques ability to define the nature of the flaw,
i.e., whether the flaw is a void, an inclusion, an unbond or an adherend/

bondline separation.

Column 4 ranks the ease of interpretation of the inspection data for the
specimens in question, for average NDI personnel. This takes into account
factors such as ambiguity arising from scatter effects, multiple reflections,
geometric complexity, etc. This ranking is an indication of the extent of
additional training which would be required of NDI personnel to utilize the

results of the technique.

Column 5 ranks the availability of or accessibility to the technique, for
the average potential fabricator of adhesively bonded structures. This rank-
ing considers factors such as cost, complexity or sophistication level of the
required apparatus or facility, availability of properly trained users of the

technique, etc.

Of the two more sophisticated techniques, neutron radiography and ultra-
sonic holography, neutron radiography was chosen as the recommended technique,
for several reasons: The image is more easily interpreted as to the presence
of and the nature of flaws, The sensitivity is believed better for imaging

adhesive voids than is ultrasonic holography.
3.5.4 Environmental Considerations

Environment is hereby defined to be the interrelated parameters of tempera-
ture and moisture. The effects of moisture on the response of adhesives in bulk
or in bonded structures has received little attention until recently. The funda-
mental mechanisms of moisture penetration are only now beginning to be understood.

107-10 |
Kinlock and Gledhill e among others, have determined that the primary

mechanism by which water migrates into the bondline is by diffusion of water




through the epoxy interface and surface cracks, displacing the adhesive at the
interface. Moreover, as oxidation forms on the interface, the mode of failure
is changed from cohesive to adhesive. Capillary action is generally thought to
be a secondary mode of moisture penetration. Temperature in turn, acts as an
accelerator by reducing the time it takes to reach moisture aequilibrium in a

bonded joint.

The adverse effect of moisture absorption in an adhesive joint is that the
adhesive expands in a purely dilatational manner. This introduces swelling
stresses and lowers the glass transition temperature of the adhesive. As a re-
sult, the adhesive loses its structural integrity at a temperature it was
thought to be able to survive. Serious degradation of its properties may re-
sult.

Initial moisture distribution at equilibrium in an adhesive bondline is
thought to be highly nonuniform. The peak moisture content occurs near the
joint edges, while the center part is saturated to a significantly less degree.
The cross-sectional distribution is parabolic. As time at equilibrium continues,
the migration of moisture inwards results in a more uniform moisture distribution.

In general, temperature levels above ambient have been shown to be detri-
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mental to the performance of adhesive joints. Kuenzi“shand Frazier, et al
i

among others have substantiated this. Eickner, et al, . while supporting

Kuenzi's observation based on tests of fourteen different adhesives, is one of

several to verify that sub-zero temperatures are not nearly as detrimental as

elevated ones. This may not be the case for high temperature cure adhesives.
3.5.5 Considerations For A Successful Environmental Test

With the knowledge that time, temperature and moisture interact to have a
potentially profound effect on adhesive properties, the components necessary for

a successful and meaningful environmental test are all important. They are:

o ENVIRONMENTAL TEST CHAMBER - It must maintain prescribed environmental

requirements for given time periods within specific constraints.

o TEMPERATURE-RELATIVE HUMIDITY MEASUREMENT DEVICES - They should be
able to record temperature and relative humidity within prescribed
limits.




o SPECIMEN CONDITIONING - The time necessary for a test specimen to
reach environmental equilibrium for a given set of environmental
conditions should be specified.

o PHYSICAL TESTING - Proper test procedures to follow should be for-
mulated so as to insure that environmental equilibrium effects will
be reflected in the mechanical property test results.

o DATA REDUCTION - Proper, universal means to report test results, for
a specific set of environmental and load test conditions should be
specified.

3.5.5.1 Environmental Test Chamber
Environmental conditioning will be defined for this program, as the exposure i

of a test specimen of a predetermined material, to the influence of a prescribed
environment for a stipulated time period or until equilibrium has been attained.
Throughout this program, where practicable, environmental equilibrium was attained

so that a fair and equable comparison of material test results was possible.

Environmental (temperature and relative humidity) chambers should be de-
signed to maintain the working space within specific limits of temperature and
relative humidity. Good air distribution is the essential factor in obtaining
close control of environmental conditions. This necessitates that the air out-
lets must be positioned such that conditioned air reaches all parts of the work-
ing space in sufficient quantity. Another important factor in control of the
environment, is the positioning and design of the control elements. They must
receive a representative sample of conditioned air and any change must be
adjusted for as quickly and as uniformly as possible. The saw-tooth effect,
whereby, the parameter being controlled is cycled between two specific limits of
an on-off sensing circuit should be held to a minimum. This drift of temperature

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

An alternate means of controlling relative humidity at prescribed levels
for a specific temperature is the use of saturated salt or acid solutions.
Such a slush provides a stable relative humidity environment if accurate tempe-
rature control is possible. |Its cost to maintain is minimal, but purity of the
salt and water which form the slush are important if specific relative humidi-

ties are to be attained. |It's use in hygrothermal testing should be given
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TABLE §

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

This table facilitates the determination of exact relative humidity values when a differential recorder or any other
measuring device is uscd that is capable of measuring depression to .1°F. Expanded range covers a maximum of
4°F. depression in .1°F. increments. This is the area of greatest interest in relation to current mulitary specifica-

tions.
Yiet Bulb Wet Bulb
degresion DRY BULB TEMPERATURE — °F. depvesion
77181 821087 B8t 95 9610103 104to 113 11410127 12310141 14210149 15010161 16210 171 172 to 200
% RELATIVE HUMIDITY
0.0 100.0 100.0 1000 1000 100.0 100.0 100.0 100.0 1000 100 O 1000 00 3
9 99 6 99 6 99.6 99.6 997 99.7 99.7 99.7 99.8 99 8 99 8 3
2 99%.2 93.2 99.2 99.2 93.4 99.4 99 4 99 4 99 6 99 6 99.6 K.
3 92 8 98 8 94 4 988 99.1 99.1 99.1 99.1 99 4 99 4 99 4 .3 4
4 934 614 98 4 93.4 93.8 98 8 98.8 98 8 99.2 992 99 2 4
5 980 430 98 0 980 98.5 98.5 98.5 985 99.0 990 930 5
» 6 97.6 97.6 97.6 97.6 98.2 982 98.2 98 2 98.8 98 8 98 8 .6
7 97.2 97.2 97.2 97.2 97.9 97.9 97.9 97.9 98.6 98 6 98 6 TZ
.8 968 96.8 96.8 96.8 97.6 97.6 97.6 97.6 98 4 98 4 98 4 8
.9 96.4 96.4 96.4 96.4 97.3 97.3 97.3 97.3 98 2 98.2 98 2 9
1.0 96.0 96.0 96.0 96.0 97.0 97.0 97.0 97.0 98.0 980 980 1.0
B
% | 955 95.6 95.6 95.7 96.6 96.7 96.7 96 8 97.7 97.7 97.8 .1
@ 950 95 2 95.2 95.4 96.2 96.4 96.4 96.6 97.4 97 4 976 .2 4
3 94.5 94.8 94.8 95.1 95 8 96.1 96.1 9 4 971 97.1 97 4 .3
4 910 94 .4 94.4 94.8 95.4 958 958 96.2 96.8 96.8 972 4
9 935 940 94.0 94.5 95.0 95.5 95.5 96 .0 96 5 96 5 97.0 5
.6 93.0 93.6 93.6 94.2 94.6 952 95.2 95 8 96.2 96.2 96 8 .6
7 925 93.2 932 939 94.2 949 949 956 959 959 96 6 4
if .8 92.0 928 92. 936 93.6 94.6 94.6 954 95.6 956 96 .4 .8
9 91.5 92.4 92.4 933 934 943 94.3 952 953 953 96.2 9
20 91.0 92.0 92.0 93.0 93.0 94.0 94.0 85.0 950 95.0 960 20
.1 90.6 91.6 91.7 92.6 92.7 93.7 93.7 94.7 94.7 948 958 K
40 90.2 91.2 91.4 92.2 92.4 934 93.4 94.4 94.4 946 956 2
< 898 90.8 91.1 91.8 92.1 93.1 93.1 94.1 94.1 914 95.1 -
4 89 4 90.4 90.8 914 91.8 92.8 92.8 938 938 94.2 95.2 4
5 8106 90.0 905 91.0 91.5 925 925 93.5 93.5 94.0 95.0 5
.6 8.6 89.6 90.2 90.6 91.2 92.2 92.2 93.2 93.2 93.8 918 .6
7 &3.2 89.2 89.9 90.2 90.9 919 91.9 929 929 93.6 94 .6 J
.8 87.8 88 3 89.6 89.8 S50.6 91.6 91.6 92.6 92.6 934 94.4 .8
9 87.4 88.4 893 894 90.3 91.3 91.3 923 92.3 93.2 94.2 9
3.0 87.0 880 89.0 89.0 90.0 91.0 91.0 92.0 92.0 93.0 940 3.0
1 86.6 87.6 88.6 88.7 89.7 90.7 90.8 91.8 91.8 928 93.8 .1
2 86.2 87.2 88.2 884 89.4 90.4 90.6 91.6 91.6 926 93.6 2
.3 85.8 86.8 87.8 88.1 89.1 90.1 90.4 91.4 914 924 93.4 3
A 854 86.4 87.4 87.8 88.8 89.8 90.2 91.2 91.2 922 93.2 4
D 85.0 860 87.0 87.5 88.5 89.5 90.0 91.0 91.0 92.0 930 =
£ 6 846 85.6 86.6 87.2 88.2 89.2 89.8 90.8 90.8 918 92.8 6
P 4 84.2 852 86.2 86.9 87.9 88.9 89.6 90.6 90 6 916 926 T
.8 83.8 84.8 85.8 86.6 87.6 886 89.4 90.4 904 91.4 924 .8
9 83.4 814 85.1 86.3 87.3 88.3 89.2 90.2 90 2 91.2 92.2 9
4.0 83.0 84.0 85.0 86.0 87.0 88.0 89.0 90.0 90.0 91.0 920 40

*Reference 186




serious consideration. However, problems relating to the breakdown of the salts
for extended test periods and their deposition of corrosive deposits on the test
specimens should be resolved. Relative humidity control in the (1-2%) range
should be expected. The salt slush is maintained in a dessicator which can be

maintained at a constant temperature by insertion into a laboratory oven.
3.5.5.2 Specimen Conditioning

Equilibrium Relative Humidity, i.e., the relative humidity of the air at
which the specimen moisture is in balance with that of the air so that the

specimen neither gains nor loses moisture, is what one wishes to attain prior
to the initiation of mechanical property testing.

Moisture absorption tests to determine the moisture equilibrium weight
gain and the time to attain this weight gain have been performed for FM-73M and
FM-400 adhesives in bulk and bonded joint specimens. The bonded joint dimen-
sions of 1.0" wide x .36" long duplicates the dimensions of the thick adherend

test specimens and approximates that of our butt and scarf joint test specimens.

Our goal was to determine a moisture absorption vs. time curve Figure 11,
to ascertain the time required for the thick adherend, butt and scarf joint
specimens to attain moisture equilibrium for 75% and 95% relative humidity

environment.

In a bonded joint, the moisture absorption process is a two dimensional
diffusion problem. A one dimensional analytical solution can be used to approxi-
mate the two dimensional moisture absorption process for a bonded structure. In
this particular instance, the one dimensional approach has been exploited and is

guided by existing bulk adhesive test data.

Reduction of the bulk adhesive data at 140°F enabled one to determine the

6 . 2
in“/hr,

inzlhr. With this information and one-

one-dimensional diffusivity coefficient. For FM-73M it was 6.05 x 10”
and for FM-400 it equalled 6.96 x 10-6
dimensional diffusion theory, one can estimate the time for a bonded specimen
of a given length and width to attain its 95% saturation level for a given
relative humidity level at 140°F. The adhesive's moisture equilibrium weight
gain for a particular relative humidity level, independent of temperature, can
be obtained from the bulk data for which moisture equilibrium at 75% and

95% R.H. was attained. A summary of 99% saturation weight gain for both adhe-

sives is given in Table 6 along with the source of the data.
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With the moisture equilibrium weight gain, the Vought test data for bonded
sandwiches (solid lines of curves in Figure 11) and the time to attain 95%
of moisture equilibrium weight known, the predicted moisture weight gain vs.
time curves (2-dimensional approximation) in Figure 11 could be determined

for the thick adherend specimens at 95% - 100% relative humidity.

The projected moisture absorption vs. time curves in Figure 11 for 75% rela-

tive humidity makes use of the 99% saturation data in Table 6. Since the long
time bonded joint specimen data are lacking, the moisture absorption vs. time
curves were estimated such that the net change in moisture absorption as a percent
of the known moisture equilibrium value vs. time is identical to that for the

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

2 These data were subsequently used in Tables 17, 18, 22, 24, 25 to predict
the amount of moisture weight gain for thick adherend, butt (.30" x 1.0") and

scarf joint specimens.
3.5.5.3 Physical Testing

Once a test specimen has attained temperature and moisture equilibrium, the
proper means by which one carries out adhesive characterization tests must be
ascertained. Long term tests (i.e., creep, fatigue) and elevated temperature/
relative humidity static tests should be run within the prescribed environment. -

Room temperature static tests, can be performed outside of a controlled environ-

ment.

3.5.6 Data Reduction

In the test report, all pertinent environmental data must be recorded that
will make the data useful in design of bonded structures. This should also eli-
minate the uncertainties which presently exist in comparing adhesive test data
for similar environmental conditions. The specific information required to
resolve the concerns over making valid data comparisons, based on the work of
independent investigators, is defined in each adhesive test specification (Vol-
ume 1),

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

The major deficiency in adhesive characterization, is the arbitrary test
and report procedures followed by the various investigators. Incomplete infor-

mation on the tests is disseminated. This makes data results questionable and
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data comparisons impossible. This may be due in part to the lack of ASTM test
specifications in this area. Only a standard adhesive shear modulus test (E-229)
using a Napkin-ring test specimen, presently exists for characterizing thin film
adhesives. Creep testing is defined but uses an unsatisfactory test specimen,
the single lap joint.

As a result of the review conducted in this task, the items which were
given serious consideration during the formulation of the adhesive test speci-

fications in Task 111 were.
3.6.1 Test Specimen

o The effect of specimen geometry on the stress state (biaxial, uniform
etc.) was not specified. Optimum specimen design considerations were

absent and were considered.
3.6.2 Specimen Fabrication

o A fabrication procedure for the three test specimens selected was in
need of development. It had to ensure bondline thickness control, pre-
vent specimen eccentricities and avoid thermal cool down problems. Also,
it had to be verified by physical tests that the fabrication procedure
employed resulted in a high quality bond.

3.6.3 Bondline Thickness Measurement

o For optical measurement methods, specify the surface polishing
procedure to insure a good measurement is made and that the bond

is not degraded during the polishing procedure.
o Specify the adhesive thickness measurement device accuracy.

o Specify the number and location of the bondline thickness mea-
surements one should make to insure that bondline uniformity is

maintained.
3.6.4 Environmental

o A test chamber with a demonstrated ability to maintain a uniform environ-
ment within a prescribed accuracy had to be specified. This may be an
oven with a saturated salt solution in a dessicator or an environmental

chamber.
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o The constraints within which the percent relative humidity should be
maintained at elevated temperatures and the measurement means to in-

sure this should be specified.

bk

o A test procedure to ascertain when environmental equilibrium has been
attained should be specified. This should include the time to reach

equilibrium for a specific temperature and relative humidity.

o An analytical technique which can predict the time for a specimen to

3 ' attain moisture equilibrium, and the equilibrium content is desirable.

3.6.5 Ease of Test Performance and Repeatability

o There must be developed test procedures for the test specimens selected

that minimize the chance for inadvertent error.

o Specification of the number of specimens per set of test parameters to

guarantee believability of data must be made.

3.6.6 Data Reduction

o A universal reporting format to insure that data results by various

parties are readily comparable must be specified.

o The equations required to reduce the test data for easy use in

rigorous bonded joint analysis must be specified.

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

temperature, relative humidity) and the accuracy within which the

environmental conditions were maintained is critical.

. o Whether the mechanical testing was performed in the specimen condition-
ing environment must be reported. |If not, the time elapsed from speci-
men removal from the conditioning environment until the testing was com-

pleted should be reported as should the new environmental parameters.

3.6.7 Failure Surface Examination

o The type of adhesive failure observed - adhesive or cohesive should

be specified.

o Microscopic analysis of the adhesive failure surface may be desir-

able in specific instances.
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3.6.8 Error Analysis

An appreciation for the magnitude of the error incurred during the perform-

ance of the test should be ascertained. The parameters of concern are:
o Specimen geometry
o Grip eccentricity

o Deformation measurement system linearity, sensitivity and its loca-

tion with respect to the bondline.
o Bondline thickness eccentricity.
o Load readout accuracy.

o Data Reduction Methodology Accuracy
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SECTION IV

EVALUATION OF INSTRUMENTATION FOR BONDLINE DEFORMITY MEASUREMENT

The purpose of this evaluation is to determine the instrumentation best
suited to measure adhesive deformation so as to obtain specific structural
properties of adhesives to within a prescribed accuracy. The problem associat-
ed with the measurement of changes in bondline dimensions during loading is
related to the small changes in bondline thickness usually encountered. For
example, in a tensile test, 1% strain in a 5 mil bondline is 50 x 10~
inches. Careful workers in the field53-55 express the need for a minimum
accuracy in measurement of bondline dimensional changes of- 1 x 10" inches.
This accuracy must be maintained over a very wide temperature and humidity
range and for long periods of time. These conditions impose very strict

requirements on the stability of the strain sensor.

Study to date indicates that LVDT's, extensometers, Tuckerman gages,
air-gap capacity gages, and strain gages are the sensors most commonly used.
For the present purpose, direct reading gages are not applicable since the
strain history during loading must be recorded on an analog chart or digital

printout.

The method of attachment of a sensor to the specimen is also important.
For best accuracy and precision,a gage should be attached so that it spans
only the bondline. A gage attached to a specimen at an appreciable distance

on either side of the bondline must be corrected for strain in the adherend.
4.1 OVERALL ACCURACY REQUIREMENT

Results of the sensitivity study performed in Task | resulted in the
peak normal stress being the most sensitive adhesive design parameter.

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

out as a desirable goal. This in turn stipulates that the nondimensional
parameter w, = E,L /(Dn) be determined to within an overall accuracy of

+ 5%.

2




Assuming a mean square error (MSE) analysis is applicable, the mean

square error is defined as MSE2 = E‘2 + E 2 + E 2 + E‘.2 + ESZ

2 3
It is desired that the MSE be < 5%.

12

Let:
EI = the error in measuring the overlap length (L) magnified by the fourth
power.
E2*= the error in measuring the adherend thickness (h) magnified by the
third power
E3*= the error in measuring the adherend's modulus (E).
E, = the error in measuring the adhesive thickness (n)
Es = the error in measuring the adhesive tensile modulus (Ea).
The following assumptions were made in this analysis in order to realistically
estimate E5.
Parameter Typical Measurement Probable
Value Accu, acy Error (%
L .500" + .001 + .80
h .100" + .0005 + 1.5
E 10 x 106 * 2.0
n . 004" + .00010 4 2.5
thus:

2 2 2 2 2
ES =/745E -EI E2 E3 El&

e, =/ (.05)7 - (.008)% - (.015)% - (.02)% - (.025)2

ES = + 3.4%
Therefore, the tension modulus must be measured to within an accuracy of

+ 3.4%, for a bondline thickness of .004 inches. For a .010 inch bondline
thickness, the overall accuracy of + 5% can be attained if the adhesive modulus

is measured to a + 4.2% accuracy.

*b = En3/ (12(1-v?))
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4.2 ADHESIVE DEFORMATION MEASUREMENT ACCURACY REQUIREMENT

The adhesive tension modulus (Ea) and shear modulus (Ga) are obtained

from an equation of the form:

R S R I R TIE  FLepy e

E,(G,) T 13
where:

P = the applied load (Ib).

A = the cross-sectional area normal to the applied load for tension
and the surface area of the adhesive parallel to the applied load

<2

for shear (in“).

n = the adhesive thickness (in).

A = the adhesive deformation (in)

The load on a typical closed-loop hydraulic system can be determined to within

+ .5%. Continuing with the accuracy requirements stipulated in the previous

section, the cross sectional area (surface area in shear) will be determined to

within an accuracy of + 1.0%, with (n) being determined to within * 2.5%.

The accuracy within which the adhesive deformation (EA) should be determined

is again based on a MSE analysis. The MSE must be §_3.h%.

E =/(.o3l;)2 - (.005)2 - (.01)2 - (.025)2

For 100 x 10-6 inches this necessitates an overall measurement accuracy require-
ment of + 2 microinches. It is with this overall accuracy requirement in

: mind, that all measurement systems were evaluated.
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4.3 ADHESIVE DEFORMATION MEASUREMENT REQUIREMENTS

4.3.1 Strain in Bondlines

In measuring the strain in adhesive bondlines, the available gage length is
limited to the bondline thickness. |In this program, bondline thickness may vary
from 0.002 to 0.20 inches. For example, 1% strain in a 0.005-inch bondline is

-6
50 x 10

error of *+ 2%, an absolute accuracy of + 1.0 x 10-6 inches is required. Measure-

inches. To plot a load-strain curve over this range with a maximum

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

most standard strain measuring systems.

4.3.2 Strain Sensor Requirements

To measure the strain in the adhesive bondline directly, it would be neces-
sary to mount the strain sensor so that its active element would bridge the speci-
men's bondline interfaces. No way has been found to do this. It is necessary to

make the gage length greater than the bondline thickness and anchor the ends of

the sensor's active element onto the specimen as close to the bondline interfaces as

possible. The sensor will then measure not only the strain in the bondline, but
also over two small lengths of adherend. The strain in the adherend must be sub-
tracted from the total measured strain. The contribution of the adherend strain
must be calculated from accuraiely known characteristics of the adherend or from
simultaneous strain measurement on the specimen. The process of correcting the
strain sensor output for the contribution of the gdherend will increase the error

in measuring the strain in the bondline. Therefore, the strain sensor, to be

sufficiently accurate, must be mounted with a minimum of adherend material included

between fts ancher poeints.
4.,3.3 Other Measuring System Requirements

The criteria for selecting a suitable strain sensor operating principle

and physical configuration are as follows:

Ease of attachment
Simplicity
Operating range
Resolution
Linearity

Accuracy

Q' 8 & 6 a= a8 6

Durability
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o Immunity to environment (including frequence response) -must be
stable with minimum drift in high temperature, humidity environ-

ments for extended periods of time.
0 Cost
4.4 APPLICABLE ADHESIVE DISPLACEMENT MEASUREMENT SYSTEMS

Conventional methods of strain or displacement measurement are not directly
applicable to bondline deformation measurements because of their large gage
lengths and environmental limitations. A survey of the literature and discus-
sions . .h vendors showed promise for the following operating systems for adapta-

tion to bondline deformation measurements:

Air-gap capacitive sensors "

Linear variable differential transformer sensors

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

sented in Table 7.
4.4,1 Capacitive Displacement Sensor Systems (Two Plate Capacitors)

The capacitance of a parallel plate condensor is:

_0.0885 x K x A

c 3 14
where C = capacitance in picofarads

K = dielectric constant (for air, K =1)

A = area of smaller plate in cm?

d = distance between plates in cm

The plates of an air gap capacitor are arranged so that one plate is attached

to a tensile specimen at one interface between adherend and bondline and the
other plate is attached at the other interface. Two different configurations of
the arrangement are shown schematically in Figure 12. Figure 12a shows a capaci-
tor whose plate spacing is varied directly with and is always equal to the bond-
line thickness. Figure 12b shows a capacitor whose area is varied proportional

to bondline thickness.

Referring to equation (14), case (a) capacitance varies inversely with

bondline thickness. The impedance of a capacitor is:

doiar adadben, b ooc Lov Lt o




TABLE 7.

BONDLINE DJSPLACEMENT MEASUR

'NG SYSTEM - EVALUATION AND COST ESTI
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FIGURE 12. CAPACITIVE DISPLACEMENT SENSOR CONFIGURATIONS.
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where magnitude of impedance

w = 2nf
f = frequency in Hz.

The impedance is seen to vary inversely as the capacitance. Therefore,

the impedance will vary directly as the distance between the plates and hence
the bondline thickness.

L.4,2 Candidate Capacitive Sensors

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

ments of the capacitive displacement sensor systems as possibilities. These were:
o Systems reported by Rutherford et. al. in 1968,
o System reported by Yeakley and Lindholm in 1973,

Discussions with General Radio indicated a signal conditioning system of
exceptional adaptibility in their Model 1654 impedance comparator.

4.4.2,1 Rutherford System

Rutherford designed and used a capacitive displacement sensor similar in
conception to that of Brown.58 The sensor was used in measuring properties cof
adhesives in bonded joints and is directly applicable to the present study.
Figure 13 shows the basic design of the sensor. Figure 14 illustrates his method
of gage attachment close to the bondline-specimen interfaces. As a signal con-
ditioner he used either a General Radio capacitance bridge type 1615A (10-5 pf
resolution) or a Robertshaw Fulton Proximity Meter. An x-y recorder was also

h

used. Sensitivities on the order of 5 x 10° ' pf/div were routinely obtained.

Reference 58 makes no comment on linearity, stability, or accuracy.
4, 4,2.,2 VYeakley System

Yeakley designed and used a parallel plate sensor similar to Rutherford's
for tension specimens. The plates are water cooled. Figure 15 shows the sensor
plates and the mounting arrangement on a cylindrical specimen. The signal con-
ditioner shown in Figure 16 was designed specifically for this sensor. The sen-

sor capacitor is used as the feedback capacitor in a charge amplifier. The gain
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of the charge amplifier is inversely proportional to its feedback capacitor.
With a fixed capacitor, Ci as the input element for a carrier signal, the ampli-

fier output is a carrier signal proportional in amplitude to sensor plate spacing.

He also designed a water-cooled biaxial capacitive sensor for measuring axial
and torsional strains in a butt bonded tubing specimen. Linearity, stability, and

accuracy are not specified in Reference 59.
4.4.2.3 General Radio Model 1654 Impedance Capacitor

The General Radio Model 1654 Impedance Comparator is an ideal instrument
for use as a signal conditioner with capacitive displacement sensors. Figure
17 shows the instrument, its controls, and the specifications for the instru-
ment. The instrument is a Wheatstone bridge providing shielded and guarded

terminals for connection of a standard capacitor® and an unknown capacitor.

The bridge circuit is not adjusted for a balance; instead, the unbalance vol-
tage is measured to give the required impedance difference information. The
detector is phase sensitive and selects those vector components of the unbalance
voltage that are proportional to the impedance magnitude in percent, as well as

the phase angle difference.

The metering circuit and the analog output voltage for the magnitude chan-
nel of the 1654 are linearized to ensure accurate readings without correction
for up to 30% impedance differences. The combination of four fixed frequencies
from 100 Hz to 100 kHz, with a wide impedance range and several different ranges,

results in a flexible and extremely versatile impedance comparator.

The impedance difference full scale ranges in percent are: 0.1, 0.3, 1, 3,
10 and 30. |If the separation of the plates of a parallel tension gage are set
equal to the gage length before loading and a variable capacitor as a standard
is adjusted for a zero impedance difference, the comparator will read out in

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

0.001% of full scale, and an accuracy of 3% of full scale. The comparator can

also be used effectively to compare two similar gages or the two halves of a

differential variable capacitor.

*The instrument will also handle the comparison of resistive and inductive
impedances.




SPECIFICATIONS

Frequencies: Internal only 100 Hz, 1, 10, and 100 kHz, *1%.
Ranges: 0.1% to 30% fuli-scale impedance difference; 0.001
to 0.3 radian full-scale phase-angle difference. Available
ranges depend on test voltage selected as shown in the fol-
lowing table.

Impedance Dlﬂerencn Phase-Angle Dlﬂenm:c
Test Full-scale Range — Full-scale Range — Ra
voltage | 0.1 |03 I 1 l 3 |1o |3O 0001|0003|001f003|0 l| 03
23V x | x |x |x X X x| x
1v X X | x |Ix X X X X
3v X X x | x X X X X
Impedance Ranges (0.3-V test voltage*)
Freq Resistance I Capacitance | Inductance
100 Hz 20— 20 M0 |1000 pF — 1000 uF 5 mH — 1000 H
1kHz| 20— 2MQ0| S50pF** —100uF |500 uH— 100H
10 kHz | 2 0 — 200 kN 50 pF** — 10 uF 50 uH — 1H
S0 pF** — 0.1uF| 20 uH— 10mH

100 kHz |10 2 — 10k
* Low R and L limits are increased and upper C limit decreased by

10:1 for 1-V test voltage and by 100:1 for 3-V
** To 0.1 pF by substitution method.

FIGURE 17

Resolution: Meter, 0.003% and 0.00003 radian. Analog-volt-
age output, 0.001% and 0.00001 radian.

Accuracy: 3% of full scale.

Voltage Across Standard and Unknown: 0.3, 1, or 3 V selected
by front-panel control. Test voltage of 2 V (with 0.6 and 6 V)
can be obtained on special order.

Analog-Voltage Outputs: Voltages proportional to meter deflec-
tions at two rear-panel connectors: =10 V full scale behind
<10 @ for 1782 Analog Limit Comparator; =3 V or =10 V (de-

_pending on range) full scale behind 2 ke for DVM, A-D con-

verter or other use.

Test Speed: About 1 component per second with meter, max.
With analog output voltage, about 4 components per second,
excer( about 1 component per second at 100 Hz.

Power: 105 to 125 or 210 to 250 V, 50-60 Hz, 15 W except
1654-21, 35W.

Supplied: Multiple-contact connector and power cord.
Available: 1782 ANALOG LIMIT COMPARATOR (supplied with
-Z1 and -Z3); 1413 PRECISION DECADE CAPACITOR (supplied
with -Z2 and -Z3) and other GR decade boxes and standards
of resistance, capacitance, and inductance; 1680-P1 TEST
FIXTURE for rapid connection of components (includes con-

GENERAL RADIO MODEL 1654 IMPEDANCE COMPARATOR
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4.4.3 Candidate Linear Differential Transformer Sensors

Hermetically sealed and specially treated LVDT's are available that will
operate under conditions of high humidity and modest temperatures (200°F).
LVDT's are mechanically rugged and will withstand shock and vibration. Special
coatings can be used to protect them from chemical fumes. Two systems of special

interest to this program are discussed.
4.4,3.1 Tinius Olsen LVDT Extensometer

The Tinius Olsen Testing Machine Company of Willow Grove, Pa. manufactures
a line of extensometers using LVDT's as sensitive elements and strain recorders.
Figure 18 shows one of interest for bondline deformation measurements. It can
be easily adapted to a short gage length. The gage is designated as S-1000-2A.
The gage is easily installed by snapping it on the specimen. The knife edges
and the leaf springs hold the gage securely in place. The left hand knife edge
and stress spring, support the structure holding the body of the LVDT. The right
hand knife edge beam is pivoted at the nut and screw immediately to its right.
The other end of the beam which is spring loaded holds the push rod and core of
the LVDT. The beam magnifies the displacement of the knife by two. A mechanical
zero adjust is provided.

If the left hand knife edge and spring assembly is turned upside down and
properly positioned, a very short gage length can be obtained. This arrangement
is recoomended for attaching the knife edges adjacent to the adhesive-adherend

interface.

The performance of the gage in the new configuration would depend on the
choice of LVDT. Performance of the gage should be very close to that of the
LVDT chosen. Some slight errors might be introduced by the pivot bearing but
it should be small.

L,43.2 Krieger LVDT Extensometer

R. B. Krieger, Jr. has developed a displacement sensor system specifically
for shear measurements on the thick adherend lap-shear specimen. Figure 19 shows
the two LVDT assemblies required, mounted on a test specimen. The core is flexure
mounted and is driven by a single point. The coil is suspended from the other

pair of points. The points can be arranged to be very close to the bondline.
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FIGURE 18.

4
SSISTSSISTBETTLSTT "'A

LY
A

NEW ADHESIVE DEFORMATION MEASUREMENT DEVICE

FIGURE 19.




i T N R o ettt o

One set of gages may be used on a solid metal specimen to account for metal
deformation in the adherends. The accuracy calculated for this displacement
sensor based on available information is estimated to be + 5% if it is assumed

that all errors will combine in one direction.
4.5 SUMMARY

In an effort to more easily evaluate the various displacement measurement
devices in an objective manner, Table 7 was prepared. All candidate measure-
ment systems have been evaluated against a common set of criteria. It was con-
cluded as a result of the survey that the two candidate measurement systems just
discussed be given further consideration, as to their adaptability to measure the
adhesive deformation off of adhesive mechanical property test specimens, within

the overall accuracy requirement of * 2.0%.

The uncertainty as to the shape of the test specimens and the potential
problems and/or disadvantages of each system required that both systems be

given further study during the performance of Task II1I.




SECTION V

TEST SPECIMEN ANALYTICAL MODEL
5.1 SCARF JOINT ANALYSIS

Examination, in a realistic manner, of the stress (strain) state in an adhe-
sively bonded scarf (butt) joint configuration, requires that a specific closed
form analytical model be derived. The analysis presented enables one to deter-
mine the optimum specimen dimensions to maximize the uniform stress (strain)
region in the adhesive, thereby minimizing disruptive edge effects for a particu-
lar test geometry. Employing these optimal test specimens, one may obtain accu-
rate adhesive mechanical property data and account for the fact that the apparent
adhesive modulus measured during an actual test is a known percentage of the true

uniaxial adhesive moduius. This relationship is a function of adhesive and adhe-

rend properties and specimen geometry. The mechanical property data obtained us-
ing these specimens will be the subject of a future paper.

Several attempts to analyze the scarf'02 or butt77"9h’]95

—

joint have been
i made. In all instances, the constraining effect of the stiffer adherend material

on the adhesive and the viscoelastic nature of the adhesive were neglected. The

ensuing analysis accounts for finite adherend properties and uses as a starting
point, the analytical model developed in Reference 77. Both the circular and rec-
tangular scarf joint geometries are looked at. Once the stresses (strains) in
the rectangular (circular) scarf joint are defined, it is a simple matter to

obtain the stresses (strains) in the butt joint.

A rigorously correct mathematical model for the scarf (butt) joint configu-
ration leads to a mixed boundary value problem that is essentially intractable
using a classical elasticity approach. This is primarily due to the discontinuous
boundary condition the joint presents at the right angled corner where the adhe-
rend surface is appreciably stiffer than the adhesive while the adhesive's surface
is free of stress. The ensuing stress singularity is not accounted for within the
analysis. |Its effect can be quantified using the analytical approach found in
reference 3. Moreover, its degree of penetration from the adhesive's free sur-
face inward is a function of the specimen's shear modulus and Poisson's ratio.

A realistic specimen design (a >> n) will restrict the effect of this singularity

to within one to two adhesive thicknesses from the adhesive's free surface.

V7 VI




5.1.1 Formulation of the Problem (Rectangular Geometry)

The rectangular scarf joint geometry and notation are shown in Figure 20a.
The joint is assumed to be infinitely long in the z-direction (i.e., L/a >> 1)
and is therefore considered to be in a generalized plane strain state. Linear
elastic analysis is used with the inclusion of linear viscoelastic effects by
means of the ''quasi-elastic' approach. The adherend material is assumed to be
linearly elastic, isotropic and homogeneous. |Its effect on the adhesive is rea-
lized through use of the adherend displacement boundary conditions, while the
adhesive is characterized in a linearly viscoelastic manner. It too is assumed
to be isotropic and homogeneous. Additional assumptions are that the bond
between the adhesive and the adherend is structurally sound, the stresses and
displacements vary over the adhesive thickness in a prescribed manner, that
adhesive planes originally parallel to the adherend interface remain parallel
upon loading and that the adhesive-adherend discontinuity effect is defined by

the unknown function f(s).

The adhesive's geometry and notation are shown in Figure 20b. The adhesive

half-thickness is taken as unity for simplicity, but without loss of generality.

The adhesive slab is bonded to the two deformable adherends @ n = +1. The
adhesive is loaded in the n-direction by a load (P sin 8) which increases the
adhesive thickness by 2¢ and a shear load (P cos 6). It is desired to determine

the state of stress (strain) in the adhesive for this system of external forces.
5.1.1.1 Elastic Adherend Boundary Conditions

The displacement boundary conditions at the adhesive-adherend interface can
be ascertained by determining the displacements in a solid homogeneous linearly
elastic, isotropic bar when subjected to a uniform axial tensile stress (nx)

over its cross-section. The resulting displacements and strains are:

Iol X ':)O' y "t)Cx 74
u= e Czy ar C] ; Vo= ——;5—— - sz St C3 W= = Ch 16
E E E

- a o} - ; -vo “ -Qox

S ;E - _§.’ £l = %l = __:ﬁ ; €, = —— = const.

x X £ Yy y E z E
- &< = Y = 1
ny Yxz sz - !

-~

mstants o and £ are the Poisson's ratio and Younqg's modulus of the adherend

Mile, u, v, and w are the displacements in the x, y and z directions,
d
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respectively. The constants CI, Cz and Ck define the reference location with res-
pect to the coordinates origin from which all deformation measurements are made.
C‘, C, and Cb will be equated to zero.

102

3
Lubkin
loaded at points (A) and (B) is absent. However, it can be shown that the speci-

has shown that relative rotation between identical adherends pin

men as a whole rotates in the (x-y) plane and that this rotation is given by the
(CZ) term In Equation (16). The rotation it refers to is depicted in Figure 21

and is independent of cross-sectional geometry. It can be directly determined by
measuring the rotation of a vertical side of the specimen with a high resolution
optical measurement device as the specimen is loaded. Alternately, the rotation
can be obtained by measuring the specimen's displacement parallel (U) and perpen-

dicular (V) to the adhesive-adherend interface and using the relationship:

- Vcos 6 - U sin 6

¢, 772

Moreover, it can be shown, by the use of symmetry arguments, that there is
no horizontal.movement of the center point (C) and that the deformation across
the adhesive thickness from right to left is symmetric. Therefore, the rotation
of the upper and lower adherends (CZ) must be in the same direction and does

occur about pints (A) and (B).
Let U and V be the adherend displacements in the (s) and (n) directions,

respectively. Then per the well-known transformation of axes formulas:

U=ucos 6 +vsinb

-~

V=vcos ®-usinb 18

Similarity, the coordinate transformation from the (x-y) to the (s, n) axes is:
X =5 cos O - nsin 8
y = s sin 8 + n cos 9 19

Substitution of Equation (16) into Equation (18) and employing the coordinate
transformation relations (Equation (19)), provides the formulas for the adhe-

rend displacement functions with reference to the (s, n) axes, namely:

A o Llarse i L " i
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U=As + Bn ; V = 8n - Ds 20,21

where:
9% 2 ~ 2 %% A
A == (cos® 8 - ¥ sin“®); D =—= (1 +v) sin6 cos 6 +¢C, 22
E E
o o -
B = - 75 (1 + v) sin 6 cos 6 + Cz; B = ;5-(sin2 8 - v c052 8) 23,24
E E

Because the adhesive is constrained by the stiffer adherend at the adhesive-
adherend interface, the displacement relations must satisfy Equations (20, 21) at
n = 1 for a continuous interface to exist. Therefore, the boundary conditions

to be satisfied at n = =1 are:
0 = As + B; U =18 -Ds 25,26

5.1.1.2 Adhesive Stress Analysis
77,194

Based on earlier work, the displacement functions for the adhesive in

the (s), (n) and (z) directions, respectively, are assumed to be:

U=-f(s) (1 - n2) + As + Bn 27
and
V=¢n-=-Ds; w=T2 28,29
where:
-vo
) = e 30
E

The terms A, B, and D are defined by Equations (22 and 23).

The function f(s) is to be determined by employing the stress equilibrium
relations. It relates directly to the deformed shape of the adhesive when con-
strained by the adherends under load for reasonable aspect ratios. The assumed
forms for the displacements U and V, satisfy the boundary conditions, namely
Equations (25) and (26) provided ¢ = B at the adhesive-adherend interface. The

displacements provide the normal strain relations:

2 _ aV
e, = %%.. gl (1= n®)* A g ., 3 fp-e 31,32

Ul v _
Yns - ﬁ. * Y 2fn + R 33,3"
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where

integration across the adhesive thickness. For the s-direction the ensuing plane

strain relation is

Symmetry considerations require that o and °, be even functions of (n) and that

Yrd be an odd function of (n). Furthermore, the average normal stresses will be . !
denoted by
S=w2f o day T =12[ aadn 36
s =g ’ n =1

With this definition Equation (35) reduces to

is identically satisfied by symmetry considerations.

(31 - 33) into the stress-strain relations and integrating over the adhesive

thickness per Equation (36). The ensuing averaged stress relations are:

and

R = (B -D) and f' = df/ds.

The stress equilibrium equations are satisfied on an average basis by their

| aos Brns
1/2 f—l [—5; + -3;-4 dn =0 35

d 8; 1
il l_] =0 37

Similarly, the stress equilibrium relation in the n-direction,

1 9 Un 9 Tns
1/2 f_] [—3;-”‘ 3—5—]dn =0 38

The averaged stresses 5; and 3; are obtained by substituting Equations

5; - fé [Av + 2Ges]dn ==(2/3 x + 4/3 G)f' + (A + ¢ +T)A + 2GA 39

En » fé (v + 2Gen]dn ==2/3 f' A+ (A+ e +T)X+ 26Ge 4o : j
\)E2

- oLz i

9, va(oS + Gn) = o 4

Eg G Yog ™ G(2fn + R) 4o




The governing differential equation whereby a solution to f(s) is obtained,
is formulated through substitution of Equations (34, 39 and 42) into Equation

(37). The ensuing governing differential equation is:

11 - Mf = 03 43
- a8 .
M= i b a

The governing differential equation is a second order ordinary differential
equation with constant coefficients. Since the shear stress e is an odd func- 3

tion of (n) the desired solution is:

-

f(s) = K sinh (/M s) 45

e

The unknown constant (K) is determined by the physical requirement that

3; (a/sin 8) = 0. L6

The resulting relationship is:

(A+e +T)) + 2GA
(2/3 » + 4/3 6) VM cosh (M a/sin 6)

K = "‘7

Substitution of Equations (45) and (47) into the various adhesive deforma-
tion, (Equations 27-29) strain (Equations 31-3h) and stress (Equations 39-34)
relations gives the final form for these relations. 1

5.1.2 Formulation Of The Problem (Circular Geometry)

The circular scarf joint geometry and the candidate notation (s,n,9) are
shown in Figure 22. Except for deletion of the plane strain condition, all assump-

tions are identical to that for the rectangular scarf joint. The adhesive disk : .
is bonded between two deformable adherends @ n = 1 and is two units thick. The
disk is loaded in the n - direction by a load (P sin8) which increases the adhe-

sive thickness by 2 ¢ and a shear load of (P cosf).
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FIGURE 224 CIRCULAR SCARF JOINT GEOMETRY,
5.1.3 Adhesive Stress Analysis

The displacement boundary conditions at the adhesive-adherend interface are
ascertained in a manner analogous to that for the rectangular geometry. Thus at
W=+ 1, Equations (25) and (26) are valid. Moreover, Equation (46) must also

be satisfied.

The displacement functions for the adhesive in the (s), (n) and (¢) direc-
tions are identical in form to those defining U and V in Equations (27-28) The
strains corresponding to these displacements are identical to those defined in
Equations (31, 32 and 34) for €sr € and Yns’ respectively. Moreover,

-2 ot
g o) L, 8 T
S

S S

The resulting averaged stress relations are:

B’;='K-lo/3cf'+2cA 49
- _ = f
o-=K- 4/3 G =+ 2GA 50
\ B
9= = K + 26Ge 51




where

K=-2/3 A(£+ f') + 1 (2A +¢) 52
s

The stress-equilibrium equations can be satisfied on an average basis by integra-
tion over the adhesive thickness. Integration of the equilibrium equation for the
radial direction with respect to the n-direction will determine f(s) and the equa-
tion itself must vanish based on cylindrical coordinate equilibrium considerations.
Thus:

1 30; o r
VL | . Comr® ot & Seern) il = 0 53

-1 s n s

using the averaged stress definitions for oo and there resuits the governing

differential equation, namely:

g o -
froe (52+M)f 0 5k

where Ten is an odd function of n due to symmetry about the n = 0 plane. The

equilibrium equation for the n-direction is satisfied identically.

Equation (54) is a modified Bessel Equation of order one. A complete solu-

tion is of the form

f(s) = K]I (sVM) + Fk‘(s/ﬁ) 55

where I, (sYM) is a modified Bessel function of the first kind and k| (svM) is

a modified Bessel function of the second kind.

As s > 0, U must be finite. This specifies that f(s) be finite. Therefore
B =0.

The constant A is determined using equation (46)  Thus:

T - -3 (2A+c) - 6GA 56
avi he 1, a/M -
-2(x+2G) /ﬁlo(m) + = 1 (-S'm) sind

Again, the final form for the various adhesive deformation, strain and stress
relations is obtained using equations (55) and (56) in an identical manner to

that specified for the rectangular geometry.
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5.2 BUTT JOINT ANALYSIS

For the limiting case whereby 6 = 90°, the solution for the butt joint is
realized from the scarf joint analysis. The sole analytical difference is that
the in-plane shear term previously identified by (R) -~ 0 as 6 approaches 90°.

Therefore, the resulting shear strain is

L 2nK sinh (sVM) (rectangular geometry) 57

Yoy ™ 2n K'Il (svM) (circular geometry) 58
This strain is a direct result of the material property discontinuity which

exists at the adhesive~adherend interface. This readily substantiates that the

scarf joint is nothing more than a butt joint with a transverse in-plane shear

being superimposed on the adhesive.

5.3 VERIFICATION OF ANALYTICAL MODEL

The analytical accuracy of the present analysis, for the limiting case where-
by the adherend modulus approaches infinity, has been verified by comparing it
with the finite difference results of reference 77 (Figure 23). In turn, the re-
sults of reference 77 have been verified by the experimental data of reference

194 and by the energy methods approach of reference 126 and 195.

A singularity region of influence is generally small compared to the distance
to the nearest boundary. The region dominated by the stress singularity in Figure
23 and reference 77 is shown to be less than one adhesive thickness for the case of
infinitely rigid adherends. While no appreciable growth in the region the singu-
larity influences is anticipated, a numerical solution to evaluate the impact of

the singularity for a finite adherend modulus is recommended.
5.4 APPARENT UNIAXIAL MODULUS

The apparent uniaxial modulus Ep (PS1) is defined as the ratio of the average

normal stress over the bonded surface area Onavg , required to produce a normal
displacement (V), to the nominal axial strain enm viz.
o R 3 ds
f = _navg. _ ‘o0 n 59
P € €

where R = a/sin 0.
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FIGURE 23. COMPARISON OF AXIAL STRESSES OBTAINED FROM THE TWO
DIFFERENT METHODS OF SOLUTION FOR CIRCULAR GEOMETRY.
(a = 10, 0 = 90°)




Substitution of Equation (40 and 45) into Equation (59) gives

EPs;—gi‘-sinh (/M R) [ (A +€)) + 2GA ] 60
(2/3 » + 4/3 G)/M cosh (/M R)
+53‘-+A+£A+ZG
€ €
GeE e E
Let F=-—EP-; A= (cosze-?)sinze)
Then
E
A=-—(cosze-\)sin2 8) =a
SRR

Substituting for A/e and T in Equation (60) gives
2 A_sinh (/M R)

Ep =i~3% [ex + X + 2Go]
(2/3 A + 4/3 G)YM cosh (M R)

P 3R

GEA
+al + A - — A+ 26
E

Rearranging terms, the final relationship is:

A+ 2G _ A% sinh (VM R)
Ep A EAR /M (X + 2G) cosh (/M R) :
el :
E : 3
4 1 +;>¥-[(cosze-35in2 8) (= sinh (VM R) el
E R VM cosh (VM R)

where EP is the uniaxial tensile modulus.

5.5 OPTIMALLY DESIGNED TEST SPECIMENS

Employing the analytical methodology developed in the previous section, a

parametric study was undertaken to ascertain the optimum geometry for adhesive

scarf and butt joint test specimens, whereby a uniform adhesive tensile and
shear stress state (scarf joint only) exist over as large a segment of the half-
span (a) as is practicable. This is accomplished by minimizing the adhesive-
adherend discontinuity effect defined by f(s) or f(s). Figures 24-26 determined
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from Equations (39-42 and 49-51) reveal that a uniform stress state can exist

over 90-95% of (a). From such specimens, realistic "in situ'" adhesive mechanical

properties can be obtained. Moreover, Figures (24-26), reveal that the pertinent

variables are aspect ratio (a), the tensile modulus of the adhesive and the adhe-

rend (EA and E) and the Poisson's ratio (va) of the adhesive. The data is normal-
ized with respect to the adhesive's Young's modulus (EA) and the displacement (e)

normal to the bondline.

Inspection of the figures reveals that it is the aspect ratio in combination
with the Poisson's ratio of the adhesive which influences the spanwise uniformity
(edge effect) of adhesive tensile and shear stresses. This edge effect is espec-
ially severe as the magnitude of the adhesive‘s Poisson's ratio approaches 1/2.
Additionally, the ratio of the adherend to the adhesive properties combine with
the aspect ratio to dictate the magnitude of the normal and shear stresses in
the adhesive for a given applied strain. In the limit case (E = EA) one attains

the solution for a homogeneous, isotropic bar.

In summary, by careful selection of the test specimen geometry one can
obtain a near uniform triaxial stress state and impart to the adhesive a con-
trolled shear stress. An aspect ratio of forty (up to 100 if the Poisson's
ratio of the adhesive is > .480) is suggested to maintain the edge effect to
within two or three adhesive thicknesses of the adhesive's free surface. As
the mechanical properties obtained are average properties of the adhesive con-
strained between the much stiffer elastic adherends, this minor edge effect
should not appreciably effect the test results. Thus, the uniformity of the
stress distribution over the bonded surface will enable one to obtain the
mechanical linear and noniinear viscoelastic response effects typical of adhe-

sives at elevated load, temperature and moisture levels.

5.6 VISCOELASTIC EFFECTS

Under sufficiently high strain rates and/or elevated temperature and rela-
tive humidity levels, most adhesives will exhibit a viscoelastic response. The
applicability of the scarf (butt) joint to attain meaningful viscoelastic res-
ponse characteristics is possible by selection of a joint geometry within which
the adhesive sees an approximately uniform stress state. Routine data reduction
t:echniques]28 are then used to obtain useful design data. This data can easily

be used in conjunction with various viscoelastic analytical techniques to design

79

]
3 a

2 «}q\‘-‘l , ;3-.);;"';'.(-:‘: " ,»,\vﬂ"&:f»%‘f '}
‘5&' iy S BB




"real structure''. One such method is the ''quasi-elastic' method, in which at
time (t) the elastic moduli are replaced by corresponding viscoelastic relaxa-
tion moduli, resulting in the determination of the time dependent adhesive stress

response of the component.
5.7 OPTIMUM TEST SPECIMEN SELECTION

Two basic shapes were considered in the selection of the butt and scarf
joint geometry: rectangular and circular. The cost of specimen preparation
for each geometry was ascertained employing the drill and bonding jigs shown in
Figure I-1 of Volume Il. Final cost estimates revealed that the circular test
specimens would cost approximately twice that of the rectangular geometry. Since
analytical difficulties were not anticipated irregardless of the specimen geome-
try, the rectangular geometry shown in Figure 27 was selected for all butt and

scarf joint specimens.

The primary optimum test specimen design objective is that the adhesive nor-
mal and shear stress distributions are to be uniform over as large a segment of
the span (a) as is realistic. This will tend to minimize the influence of the
edge effect seen in Figures 24, 25, enabling one to obtain more accurate and re-
producible adhesive moduli properties. As the mechanical properties to be
obtained are average properties of the adhesive constrained between the much
stiffer elastic adherends, a small edge effects will not appreciably effect the
test results. Moreover, the uniformity of the stress distribution over the
bonded surface will enable one to handle the mechanical nonlinear response effects
typical of adhesives at elevated loads, temperature and moisture levels in a much
simpler manner. Finally, it is desirable that the ratio of the apparent to bulk

uniaxial modulus be approximately 1.0.

It was assumed that adhesive bondline thicknesses of approximately four
and eight mils would be fabricated for all test specimens from which mechanical
property data would be obtained throughout this program. Further, it was assumed
that an edge effect of approximately ten percent of (s/a) for an adhesive with
a Poisson ratio < .400 could be tolerated. With these constraints it was pos-

sible to determine a realistic aspect ratio (a = 2 a/t per Figure 27)

adhesive
for our test specimens.
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A minimum aspect ratio of forty was selected. This required a plate thick-
ness dimension (2a) of .300 inches for a Poisson's ratio of approximately .400,
Such a specimen should limit the edge effects to within two or less adhesive
thicknesses from the edges of the joint. |If the Poisson's ratio of the adhe-
sive exceeds .400 some redesign for the 8 mil adhesive thickness specimens would
have to be made. This was not the case. In addition, the ratio of L/2a should
be > 4 and h/L > 8 (see Figure 27).

The optimum adhesive bond area dimensions for the thick adherend test
specimen were obtained earlier and are summarized in Table A-2 of Appendix A,
Volume Il. Per the results of Table A-2 and Figure A-3 of the appendix, the
pertinent dimensions for these specimens were selected to be: hl = ,750 inches;

L2 = ,360 inches. ‘

LX
ot f

e

P 1
PR |

FIGURE 27. TYPICAL GEOMETRIC SHAPE AND PERTINENT DIMENSIONS
OF OPTIMUM BUTT AND SCARF JOINT TEST SPECIMENS.
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SECTION VI

DESIGN AND FABRICATION OF THE ADHESIVE
DEFORMAT ION MEASUREMENT DEVICE

6.1 PARALLEL-PLATE CAPACITOR DESIGN

An adhesive deformation measurement sensor was designed with the
intent of measuring the adhesive deformation within *2.0% as defined in Section
b.2. Further study of potential problems in the use of an air-gap capacitor
vs. an LVDT to measure adhesive deformation resulted in the decision to use a
parallel-plate capacitance device. This decision was motivated mainly by the

superior environmental stability (temperature and humidity), resolution capabi-

3

lity (= 1.0 x 10-9 in), accuracy (>7 x 10-7 in) and sensitivity (% 2.2 x 10~

pf/u in at 1.0 kHz) of the capacitor. A design was developed whereby one con-
figuration of the capacitive sensor can measure shear, tensile or a combined
shear plus tensile deformation. The unidirectional model of the device is shown
in Figures 28 and 29. The bidirectional unit is shown in Figure 30. The capa-
citive plates are made of copper. Fiberglass/epoxy insulators are

emp loyed ;o isolate the copper plates from the aluminum body. The anti-plate
rotation guides are also made of aluminum with Teflon rollers. One roller arm
is fixed and the other is spring loaded to keep each capacitor plate from
rotating with respect to the other, during the time the specimen is being loaded.
This can be especially important when testing the thick adherend specimen as the
adherends in the overlap region may bend a significant amount under load. Four
pin point attachment screws (two for each capacitor plate) are used to attach
the capacitor to the test specimen (Figure 29c) within .06 inches of the bond-
line. It is the movement of these points with the specimen, once it deforms
under load, which adjusts the air-gap of the capacitor, which in turn signifies

a displacement in the adhesive bondline.

The ability of the deformation sensor to measure extremely small changes
in separation of the capacitor plates is based on the relationship between
capacitance and plate separation. The capacitance between two parallel plates

is determined as follows:
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FIGURE 29. PARALLEL-PLATE CAPACITOR - UNIDIRECTIONAL
84




FIGURE 30,

PARALLEL PLATE CAPACITOR =~ BIDIRECTIONAL,

FIGURE 31. CAPACITIVE SENSOR CIRCUIT
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¢ = 0:255¢A (N-1) | 4
: 1
where 3
2 E |
A = area of plates (in®)
N = number of plates }

ol dieilectric constant

d = distance separating plates (in)

= capacitance in picofarads

This relationship allows one to measure the capacitance continuously during
a test, thereby giving the load or time vs. deformation information one re-

quires to mechanically characterize the adhesive.

3 The capacitance sensor circuit (Figure 3]), employs a General Radio
Comparison Bridge, Model 1654, to evaluate the change in capacitance of the
sensor plates. This bridge compares an unknown capacitance to a known stand-
ard capacitor. The sensitivity of this system is in the order of 2.2 x IO-3
pf/uin at 1 KHz. The output can be directly read on a chart recorder, x-y

plotter and/or input into a mini-computer for rapid data reduction.

Buring the test program, various capacitive system checkout tests were

undertaken to verify that the system could perform up to expectations. Tests

which were performed included:

o Performance at elevated temperature and/or in high humidity environ-

ments

o Stability vs. time at constant load

o Reproducibility vs. time for cyclic loading at various frequencies

o Accuracy vs. a known standard.

Initially, the capacitive system performed well except that stray capacitance
entered the system. This was due to the fact that all wiring was not shielded.

|
o Sensitivity i*

|

|

This problem was readily corrected by shielding all wire in the capacitive cir- i
cuitry. i
i
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6.2 CAPACITANCE VERIFICATION TESTS

A bidirectional and two unidirectional capacitors were used to obtain the
shear, tensile and biaxial mechanical property data presented in this report.
Capacitor static verification tests were performed at various temperature and
relative humidity levels. Results, obtained using a solid 7075-T6 aluminum
specimen .179 inches thick by .903 inches wide showed system repeatability over
several load-unload cycles within one pico-farad with a sensitivity of approxi-
mately .007 pf/uin.

Reproducibility tests were also conducted using a bonded thick adherend lap
shear specimen. The results were reproducible within + 10% irregardless of tempe-
rature (< 180°F) humidity (< 95%) cyclic load rate (up to 3 cps), or constant load-

unload test time (15 minute: constant load).
6.3 CAPACITANCE MEASUREMENT DEVICE HUMIDITY PROBLEM

During the tests to ascertain the time wise stability of the capacitors
at 180°F and 95% R.H., an instability was observed in the capacitance system
due to the susceptibility of the original dielectric material to moisture
ingress. This eventually led to the capacitor shorting. A minor design change

was made.

The change was required because the phenolic material absorbed water and
became conductive. Initial (dry) resistance from the copper contact through the
dielectric material to the aluminum contacts ranged from 2.5 - 4.5 giga-ohms.
These values dropped (and quite normally should) after extended humidity-
temperature exposure down to 100 kflo-ohms. At this value, the guard voltage

of the capacitor shorted out.

An empirical reevaluation of candidate materials produced a choice of two
materials that could be used in combination to replace the phenolic insulator.
The selection of an epoxy-fiberglass sheet which is edge sealed with a polysul-
fide barrier appeared to solve the adverse dielectric response under high humi-
dity exposure. The epoxy-fiberglass material is Hexcel F-161 with 181 fiberglass
which was specially produced by Vought manufacturing. The polysulfide sealant
is Proseal 898, obtained from Coast Proseal.

The phenolic was replaced using fiberglass and all exposed edges were under
cut 0.050 inches in order to accommodate the polysulfide barrier. Assembly followed

the same procedure as before. The fiberglass was bonded to the aluminum and sealed
with the Proseal 898. The copper was bonded to the fiberglass with EC 3445 epoxy.
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The modified device was placed in a 180°F, 95% R.H. environment for 72
hours. The resistance changed from 3.5 giga-ohms to 1.3 mega-ohms. This seemed

to be an acceptable change so testing resumed. No further problems developed.
6.4 EXTENSOMETER FOR BULK SPECIMEN DEFORMATION MEASUREMENT

An extensometer, shown in Figure 32 (available from ATC-IR&D) was used to
accurately measure bulk tensile specimen extension in high temperature and humi-
dity environments. Two LVDT's (Schaveitz's GCA-121-050 series) are used in the
extensometer which is clamped by spring force to the specimen. Gage length for
the extensometer is two inches. The aluminum parts were chromic acid anodized
to minimize corrosion. The extensometer weighs less than 440 grams and is
balanced. Calibration data and curves for two extensometer systems at various
temperatures are shown in Figure 33. The calibration was performed by attaching
the extensometer and two strain gages to an aluminum coupon under constant
temperature then comparing the output data after loading and unloading the alumi-
num coupon to 12,000 psi three times. Room temperature calibration measurements
indicate that the accuracy of the LVDT is within = .,000002".

Long-term extensometer stability was also studied through three cycle creep-
recovery tests (one hour per cycle) on aluminum coupon specimens. A forty-five
minute soak time to bring the extensometer to environmental equilibrium was re-
quired before start of each test. A typical third cycle result is shown in

Figure 34 for a 75°F, 55% R.H. environment. We consider this result satisfactory.

FIGURE 32. EXTENSOMETER SETUP ON TEST SPECIMEN.
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SECTION V11

TEST METHODOLOGY FACTORS
7.1 SURFACE ROUGHNESS MEASUREMENTS OF ALUMIMUM USED FOR ADHESIVE BONDING

An experiment was performed in order to define the nominal value of sur-
face roughness and its consistency for those aluminum surfaces to be bonded to-
gether to form the test specimens for this research project. The instrument
used in these determinations was the Mitutoyo Surftest-B apparatus. The sur-
faces to be measuredwere those of bare aluminum 7075-T7651 whichwere ground
with an end mill in two different directions at two different speeds. The
finished surfaceswere representative of those to be bonded in thick adherend,
butt and scarf joint test geometries. Measurement of surface roughness was
taken,once the surfaces had been ground,to substantiate the consistency of
the machining operation. The surface roughness was again measured after
anodization was completed and again after the primer had been applied. Anodi-
zation was with the phosphoric acid process and priming was done with American
Cyanamid's BR-127 chromated anti-corrosion primer. The values reported here
represent an average range for each condition, and are not intended as absolute

values.

Two aluminum blocks were machined at cutter speeds of L00 surface feet per
min. Surfaces were machined with an end mill that represented the faying sur-
faces of lap shear, butt and scarf joint test specimens at feed rates of 2
inches/min and at 4 inches/min. The thick adherend lap shear surface reflects
the surface finish obtained using the side of the end mill. The butt-scarf

specimen reflects the surface finish obtained by using the end of the end mill.

Surface roughness measurements were made by moving the stylus (a) parallel,
and (b) perpendicular to the mill feed direction. An arithmetic (centerline)
average was calculated for each surface between the two sets of readings and the
results are presented in Table 8.

The slow feed rate (2 inches/min) gave the smooth surfaces. At the high
feed rate the surface roughness readings taken parallel to the mill travel direc-
tion increased. This effect carried over through the phosphoric anodize treat-

ment but was obscured when the primer was applied. The surface roughness for
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TABLE 8. SUMMARY OF SURFACE ROUGHNESS MEASUREMENTS

a. For Surfaces Readings Parallel to Mill Travel

Surface Travel Speed Machined Only & Anodized & Primed ]
Thick 2 in/min. @ 400 35* 46 42
Adherend Surface Feet/Minute

4 in/min. @ 400 67 72 40

Surface Feet/Minute 4

Butt-Scarf 2 in/min. @ 400 43 32 30
Surface Feet/Minute

4 in/min. @ 40O 64 49 i
Surface Feet/Minute

b. For Surfaces Readings Perpendicular to End Mill Travel

Surface Travel Speed Machined Only & Anodized & Primed i

Thick 2 in/min. @ 400 37 Lo 38 1

Adherend Surface Feet/Minute i
4 in/min. @ 40O 47 L9 4

Surface Feet/Minute

g Butt-Scarf 2 in/min. @ 400 36 38 32
' Surface Feet/Minute

4 in/min. @ 400 43 45 36
Surface Feet/Minute

Cutoff

.03 inches

Stroke = 2,00 inches

e

"All readings are average values in microinch/inch.
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the primed surfaces was consistently between (30-40 microinches). In most
cases, it appears that surface roughness is incrased with the anodizing step and

a smoother surface is regained with priming.

Results of this brief study would seem to substantiate that a reproducible
bonding surface, whether it be primed or unprimed, can be attained. For this
program in which a 2 inch/minute travel speed was used, anodized surfaces to be
bonded should have a surface roughness of approximately 40 microinches. For

primed surfaces this should average approximately 35 microinches.
7.2 SPECIMEN ALIGNMENT

Uniaxial tensile testing can be performed quickly and easily but specimen
misalignment and its effect on the test results can easily go unrecognized.
Misalignment introduces a local stress concentration in the test specimen. It
is especially critical at low strain levels and can lead to errors in excess
of 20% of the true axial strain level. This in turn can falsely alter fatigue
life, and stress rupture life results. Misalignment may be due to loose threads,
machining imperfections in the couplings joining the test fixture to the test
specimen, top and bottom grip centerline eccentricity or the specimen's center-

line being offset from that of the grip centerline.

Alignment may be attained in a number of ways including the use of rod end
bearings, nonthreaded couplings, a spherical ball and seat, universal joints and
fluid couplings. The rod end bearings, such as shown in the Adhesive Test
Specifications of Volume || are recommended. These bearings are commercially
available and are inexpensive and reliable.

The alignment of a loading system fitted with rod end bearings was checked

6

using a rectangular aluminum (E = 10.3 x 10° psi) bar with four strain gages,
one on each surface, bonded to the specimen approximately at its mid-height.
A tensile load was applied and the strain recorded for each gage at discrete load

levels. The results are presented in Table 9. They substantiate that an align-

ment accuracy within 4.8% of true axial strain can be routinely anticipated.




TABLE 9. ALIGNMENT TEST FIXTURE RESULTS

READING x 10-5 In/in THEORET | CAL “"x'z“m"
b gy = READING x 10%n/in | eryeor.” ScacE
(LB) 1] 2 3 b ol é €THEOR.
500 130 | 130] 130 130 132 0
1056 270 | 280 | 290 | 280 280 £3.5 |
2160 550 | 580 | 590 | 570 570 +3.5
3250 830 | 880 | 890 | 860 860 +3.5 |
4400 110 [1180 | 1200 | 1150 1160 4.3
5550 1390 [1480 [ 1510 | 1450 1460 -4.8

0

hGages were located at mid-height of rectangular aluminum bar of 7075-T6 of
cross-sectional dimensions 1.22" x .30'". Gages 1 and 3 were opposite each |
other as were gages 2 and 4. ;




7.3 DETECTION OF DEFECTS IN ADHESIVE BOMDLINES
7.3.1 Inspection Methods

Once a bonded specimen is fabricated, assurance that the bonded area is
free of voids, air bubbles and associated imperfections is of paramount impor-
tance. Bond defects will contribute to low strength measurement, data scatter
and unreliable adhesive characterization. Therefore, accurate, sensitive inspec-

tion methods are important.

Several candidate methods applicable to thick adherend joints, were eval-
uated and discussed in Section 3,5 ,3. Of these two techniques, neutron radio-

graphy and ultrasonics were recommended.

The capability of each method to detect defects in the adhesive were incor-
porated within the adhesive bondlines of thick adherend lap, butt and scarf
joint test specimens. A variety of materials which might offer good detection

using the two NDI techniques were employed.

Some materials are more apt to be detected by one technique better than
another, such as metals for x-ray. Materials originally proposed for simulating
defects in the bondline included metals, porous and non-porous organic materials
(with high hydrogen content) and finally inorganic, non metallic, porous materials.
Limits were placed on the final number of selections made simply by choosing
only those materials or techniques which might offer at least a limited prospect
for detection using neutron radiography. Materials finally selected were aluminum
planchets, copper and steel wire, glass bubbles, milipore filter material, human
hair and nylon cloth with a mylar tape backing. Void sizes ranged from 0.0035
inches to 0.375 inches in diameter so that the lower detection limits of each
NDI inspection technique would be ascertained. The specimens prepared using
these techniques were thick adherend lap, butt, and scarf joints, thus offering
a challenge for correct angle orientation techniques in detection by either

neutron radiography or ultrasonic C-scan.

The adhesive used was American Cyanamid FM-73-M epoxy with BR-127 primer.
Attempts were made to maintain the bondline thickness as close to 0.010 inches
as possibl'e. All defects, regardless of diameter, were maintained at less than
this .010" thickness. Spaces for the defects were cut In the adhesive during

lay-up. This prevented ''flow-out'' of the defects during squeeze down of the

3
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adhesive and also allowed adequate movement of the adhesive around the defects

during cure. Curing was accomplished using a standard (ATC-built) bonding jig
and the 50 ton Wabash press. ;

7.3.2 Experimental Results

Figures (35a - 37a) show a schematic of each of the different joints and
the various defect materials with their respective size ranges. Figures 35b-
376) show reproductions of C-scan recordings of the thick adherend lap joint, i
butt joint, and scarf joint at 20 dB, obtained with the ultrasonic (through u
transmission) techniques. Inspection of these scans reveals a '‘wash-out"
of the scan at the lap step of the thick adherend specimen. A loss of detec-
tion in the area of the step is considered a draw-back in using ultrasonic
C-scan in conjunction with the thick adherend lap joints. This is not a pro- 1
blem with the other two types of joints. Review of the figures revealed that ?
voids down to the order of .125 inches were detectable. No detection was evi-
dent for any size of wire. Angle beam transmission C-scan was employed for
the butt joint specimen. The general effect is to spread out the area examined.
The result is to give a ''double image' with the transmission beam reflecting
from the bottom surface of the adherend. This in effect gives a mirror image
on reception as can be seen from inspection of Figure 36b. Maximum energy
transmission and the reception sensitivity are arrived at only with muitiple
trials for each different configuration of joint. The energy reception level,

therefore, (marked on each scan in dB) is not necessarily the same for all joints.

Figures (35¢c = 37c) show the detection capability achievable using neutron
radiography. Comparing these figures with those of the schematic in Figures
(35a - 37a) indicates the relative position of each defect. As can be seen from 1
these pictures, small void defects associated with the glass bubble inclusions, with
the nylon clothand with the metal inclusions are measurable down to the 5 mil r

size. Loss of void definition for the smaller voids on the positive prints is ]

evident when compared to the original radiograph negatives, especially for the

0.0055 inch wire, which is clearly visible only on the negative.
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7.3.3 Ultrasonic C-Scan Observations

T N Y T T T T, WS T

(1) Defect detection is possible for aluminum simulator materials for a mini-
g mum size of 0.125 inches while for nylon materials it is somewhat less than 0.187 inches.

(2) No detection of materials of the order of the wire size (3-5 mil)

is practical using this method for these types of joints.

(3) Through-transmission techniques are the choice for thick adherend
bonds although angle beam transmission displays the scarf and butt joints

satisfactorily.

(4) of the types of defects used, aluminum planchet and nylon with
mylar backing were the easiest to detect using this method. Wire was not
detected possibly because of size and the milipore filter material was

poorly detected possibly due to an intrusion of the adhesive into the flller

——

material itself.

7.3.4 Neutron Radiography Observation

(1) As can be seen in Figures (35c = 37c), radiography detection of voids
is possible down to the size of approximately 0.005'". Good geometrical

resolution to 0.047 inches for an aluminum inclusion is practical. Somewhat

poorer resolution is obtained for the milipore filter and the nylon.

(2) Angle is not critical for resolving voids, although a very good job

can be obtained with a very slight angle for both the scarf and butt joints.

(3) The angle is not critical for void identification on either the butt,

{ scarf, or the lap joint.

(4) Defect detection was good using milipore filter material, the
aluminum planchet and mylar backed nylon that will ''dam' out the resin but
not contribute small air pockets peripherally. This is very evident in the

radiograph of the lap joint in Figure 35¢c,

(5) Fidelity, consistency, and the ablility to identify defect types
in these bondlines are much better with neutron radliography than they are

with C-scan ultrasonics.
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(6) Although it is not true for the ultrasonic C-scan technique, de-

tection of the very smallest defects using neutron radiography is limited only
by the source strength and the distance from the source; smaller objects

could be resolved with a higher intensity source.
Throughout this test program, detection of voids in the adhesive bondlines

of all test specimens was attempted using neutron radiographic techniques.
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SECTION VIII

VERIFICATION OF FABRICATION PROCEDURE
8.1 PANEL FABRICATION AND BONDLINE MEASUREMENT

Three thick adherend test panels and two butt and scarf joint panels were
fabricated to verify that an adequate adhesive bonding procedure had been estab-
lished per the adhesive's specification in Volume Il. All adherend material was
3/4" thick 7075-T651 aluminum. The adhesive was FM-73M in all cases.

Subsequent to bonding, the panels were prepared for cutting into the indivi-
dual test pieces per Section 1.5.3 of the fabrication specification. Panels were
cut into six one inch wide test pieces first with the band saw and were then
smooth cut using an end mill. Finished cuts of each panel were macroscopically
4 smooth although microscopic irregularities with respect to the adhesive-metal
interface offer some challenge in the choice of techniques for accurately mea-
suring bondline widths. The maximum height of metal intrusion into the bondline
averaged less than .0002'. Figure 38 shows the typical uniformity of bondline
3 thickness achieved, across the full panel width using the fabrication jig de-
signed at ATC. Although polishing of each bondline is to be avoided, it was
found necessary for technique development to give a buff finish to one speci-

men each of both the butt and scarf joints, using fine grit sandpaper and finally

a polishing alumina. It was not necessary in the case of the thick adherend lap
joints since the bondline direction of these joints lie along the direction of

the cut made by the end mill. Irregular lines along the adhesive metal inter-

face for the butt and scarf joints were on only one side of the bondline and
this according to the direction of movement of the end mill's bit. Measure-
ments were made at two points on each milled side of each joint, 1/3 of the
distance in from the opposite edges <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>