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NOTICE

When Government drawings , specification., or other data
are used for any pur pose other than in connection with a def i-
nitely related Govsrnm.nt procur~~~nt operation , the United
Sta tes Gov.rnasnt thereby incurs no responathility 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 d*ta , is not to be regarded
by impl ication or otherwise as in any manner licensing 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 .

The data in this report are a factual presentation of
the results of the particular tests performed. They do not
constitute official endorsement , condemnation, or approval
of these products. The results in this report ar. not to be
used , copied , or referenced for advertisement purposes.

This technical report has been reviewed by the Information
Office (0!) and is releasable to the Nationa l Technical Informa-
tion Service (NTIS ) (ASD 790119). At NTIS, it will be available
to the general public, including foreign nations .

This technica l report has been reviewed and is approved
for publication.

MR. N NB. ALBERT 0L1..T ~~,

Specialty Ma terials Non-Metals Lng .~ erin ,
Materials Engineering Branch Systems Support Divisio.

Acting Chief , Systems Support
Division

Copies of this report should not be returned unless return is
required by security considerations , contractual obligations,
or notice on a specific doc~~ent.
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A program has been conducted t~~ investigate the durability of
a 350°F (121°C) curing m o d i f i e d  epoxy structural adhesive in an
elevated temperature . hi ih humidity environment while under stress

Durability was assessed with three different types of environ
mental exposure . Unstressed lap shear specimens were exposed to
both a 140°F (60’C),95-100% R.H. environment and a 140°F (60°C) ~~
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~0. Abstract (Concluded)

water soak and ~uaidua l ~~t i~~~~~; th  tests were conducted after variou
aging intervals. Stressed lap shear specimens were exposed to
a 140°F (60°C)/95-100% R.H. env ironment arid time—to-failure
recorded .

The unstressed aginjs produced a progressive loss of residual
streng th and a proqressive increase in the amount of adhesive
(ilittrta cial) failure with increased aging time.

The stressed aginqs ~r~ duced times-to-failure at least as long
as those previously obtained (AFM.L-TR-78-35, Par t I) for  the
PL-729- 3 P:~-728 and A r -1 43 - 2  1:c-3917 adhesive/primer system s
~~ the ~~ t r,e substrates and sur f a c e  preparations . Had exposure
time s bi~e~~ extended beyond 2400 hours , the R398/R500 system
may have proven more durable than the two previously tested
systems .

UNC LASSIFIED
I$C~~Ult v C~~~NIPIC*?~OU OP ?NI$ ‘s•i~~~~ DII. DIuS.Sd)

-
—-- — I



PREFACE

This report covers work performed during the period from
June 1978 to December 1978 under Ai r  Force Contract F336 15-78-
C-5002 , Projec t 7381. This is the third report to be published
in a series deal ing wi th  the same general theme . Part I describes
the environmental  du rab i l i t y  test ing of AF- 143/EC-39 17 and
PL- 729-3/P L -72 8 , both 350°F ( 17 7 ° C )  cur ing adhes ive systems .
Pa r t  I I  describes the env i ronmenta l  d u r a b i l i t y  t e s t ing  of
FM— 1 2 3 / B R — 1 23 ,  a 2 5 0 ° F  ( 121°C)  cu r i n ’  adhesive system . This
repor t,  Pa r t  I I I , covers the environmental  d u r a b i l i t y  test ing
of Reliabond 398/Rel iabond 500 , .i 350°F ( 1 7 7 ° C )  cu r ing  adhesive
sy s tem . The work was adm in i s ter ed  under the direct ion of the
Sys tems  Suppo r t  Division of the A i r  Force Ma t e r i a l s  Laboratory,
Wr~~:ht—Patterson Air Force Base , Ohio . Mr. Weldon S ardino (AFML/

MX E ) ~icted as the Pr o ,) ec t Ln ;in eer.

The Pr inci~ .~l Invcsti-;utor on this investiqation was

:) . Robe r t Askins . The ~ajor portion of th~ laboratory work

was conducted by Messrs. David Klosterr.an and David Maxwell ,

r esea r ch technicians.

T h i s  r ep ’r t  was submi t ted  by the au t h c ~r in ~~cv c~~~i e r  1979

The C o n t r a c t o r ’ s r & ’~ -or ~ nuzthez is  U D R - T R - 7 9 - .~4 .

- . 

. 
-

. 

-

f ’

___________________________



TABLE OF CONTENTS

SECTION PAGE

I INTR ODUCTION 1

II DURABILITY TEST APPARATUS 2

I I I  EXPERII*NTAL PROG RAM 6
1. MATERIALS 6
2 .  SPECI MEN FABRICATION 6

3. TEST PLAN 6

IV DISC USSION OF RESULTS 9
1. STATIC LAP SHEAR TEST RESULTS 9
2 . L:X l.~t ;M~~ TAL. EXP US~ P!-; TEST RESULTS 9

V CONCMSIONS 17

A p p e n d i x  A : rm 1( ~te ~~~ : a t a  19

Appendix B ~i i .~~ 
‘ ‘ I’ -~~~ i .1 t 1 i~ r occdux es 23

Appendix C ~‘anc  I ~. - ‘n d in:; ~
‘ r~ c. d ire s 25

Appendix D Specimen P r t ~ ir a ’ i :~ n P r oc e du r e s  27

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . . li .~



— —--~~~— — -~~-,~-
~~~~

--

J

LIST OF TABLES

TABLE PAGE

1 Single Lap Shear Strength of Adhesive Joints 10

2 Environmental  Stress-Rupture Lap Shear Behavior 11
of Adhesive Joints

A .l Single Lap Shear Strength of Dry Adhesive Join ts 20

A .2 Lap Shear Strength of Environmentally Aged 21
Adhesive Joints

A . 3  Envi ronmenta l  Stress-Rupture Lap Shear Behavior 22
of Adhesive Joints

I vi

a — — 

— ——--- —- _____ • _&



-- ~~~~~-~~~~~~~~~~~~~~~———~~~~~~~~~~~~~~~ -— --  - -

— ~~~~~~ nfl ‘~

- - - 

V

L IST OF ILLUSTRATIONS

FIGURE PAGE

1 Spec imen Mounting Cells for  the D u r a b i l i t y  3
Test Apparatus

2 Specimen Mounting Cell Being Inserted Into 4
Humidi ty  Cabinet

3 Overal l  View of Durab i l i ty  Test Apparatus 5

4 Single Lap Shear Adhesive Specimen 7

5 Environmenta l Degradation Behavior of 12
Machined Single  Lap Shear Adhesive Joints

6 Comparat ive Environmental  Stress-Rupture  Time- 15
to-Fai lure  Behavior of Three 350°F Curing
Adhesive Systems at 140°F ( 60 °C)  and 95— 100%
Rela t ive Humid i t

1

I

L_



— ~~~~~~~~~~~~~~~~~ 

SECTION I
INTRODUCTION

The University of Dayton Research Institute has been
conducting investigations into the durability of adhesives
and adhesive bonded structures for several years . Much of this
work in recent years has involved the use of env ironmental stress-
rupture testing of lap shear joint s. The test apparatus which
permits the measurement of the durabil i ty of bonded joints while
exposed to elevated temperature and humidity under a controlled
stress leve l was designed and constructed by the University of
Dayton and has been in service for several years. It permits
time-to- fa i lu re  measurements on stressed adhesive bonds in adverse
env ironments and also has the capability of measuring joint de-
formation as a function  of exposure t ime . AFML-TR-78-35, Parts I
and I I , described invest igations  of the durabi l i ty  of two 350°?
( 177°C )  curing adhesive systems and one 250°F (121°C) curing
adhesive system on acid etched and anodized adherend surfaces.

In the invest igation reported here , another 350°? (177°C)
cur ing adhesive system (Reliabond 398) has been investigated on
an optimized Forest Products Laboratory (OFPL) acid etched
adherend surface (2024T3 bare aluminum). Durability tests
using stressed lap shear joints in the environmenta l stress-
rupture apparatus have been conducted at 140°? (60°C) . A second
type of durability test in which unstressed lap shear joints
are soaked in water at 140°F (60°C) has also been conducted
to provide a comparison of results obtained from the two dif-
ferent test procedures.

1
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SECTION II
DU RABILITY TEST APPARATUS

The durability test apparatus provides the capability of

conducting environmental exposures on specimens subjected to a
constant tensile load during the exposure period . The environ-

ment can be controlled between 95°F (35°C) and 200°? (93°C) and

between 40% and 95% R . H .  Loads are applied hydraulically and

can be controlled to within +5 lbs (+22 N) over a range f rom
0 to 2500 lbs ‘0 to 11,125 N) . Figures 1 to 3 illustrate the

test apparatus and spec imen mounting cel ls. An adhes ive lap
shear specimen of the type used in this program is shown moun ted
and also l y i n g  beside the test cell in Figure lb. The tester can
accommodate 12 specimens simu ltaneously. Although all 12 are

exposed to the same temperature and humidity conditions , the load
on each can be independently controlled . The exposure cabinet is
a standard Blue M humidity cabinet, model AC-7502HA-l, which has
12 holes cut through the door for insert ion of the test cells.
Each test cell permits free access of the environment to the test
specimen. Small L i n e a r - V a r i a b l e - D i f f e r e n t i a l - T r a n s f o r m e r s  ( LVDT)
t r ansducers  are mounted in the hydrau l i c  loading heads of each
cell. These transducers permit continuous recording of specimen
creep deformat ion  dur ing  exposure . The creep measurement capabil i ty
was not utilized in this investigation , however; only t ime-to—
rupture was recorded .

2
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Figure 1. Specimen Mounting Cells For the Durability
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SECTION I I I
EXPER IMENTAL PROGRAM

1. MATERIAL S

A 350°F ( 177°C) curing modi f ied  epoxy s t ruc tura l  adhesive
(Reliabond 398 by Reliable,  division of Ciba-Geigy) has been
evaluated . The adhesive is nominally 0.090 lb/ft2 (0.439 Kg/rn2)

and is nominally 0.012 inch (0.030 cm) thick . It is supported 
V

on a synthetic woven fabric carrier . This adhesive was used in

combination with a high temperature resistant, corrosion in-

hiLiting primer (Reliabond 500 by Rel iable , d ivis ion of
Ciba-Getyy)

Al]. of the specimens in this investigation were prepared

with 2024T3 bare aluminum adherends. These adherends were

0..~S0 inch (0.64 cm) th ick  and were used to prepare machined
si.n.;le lap shear specimens (also known as blister shear speci-

mens) . Fi.;ure 4 illustrates this specimen.

An optimized FPL etch su r face  prepara t ion was used for
thzs  ~ ro-;rarn . This is the same as that described in Boeing

j recesa spec i~ ication BVAC 5514. The central features of this

process are presented in Appendix B.

SPECIMEN FABRICATION

Specimen fabrication procedures can be separated into
three general phases . The first phase deals with adherend
surface  preparat ion . the second with  the pane l bonding opera-
tion , and the third wi th  the machining of the bonded panel into
individua l test spec imens. Details  of each of these three
phases are presented respectively in Appendices B , C, and D.

3. TEST PLA N

Four types of tests were conducted on th. lap shear
specimens ira th is  invest igat ion. The f i r s t  was a simpl e static

6 
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test on the as-fabricated, dry specimens at three different
temperatures; 72°? (22°C) , 1IO F (60°C) , and 250’? (121°C) .
The second type was also a simple static test at 72°F (22 °C)
on specimens which had been exposed to eleva ted temperature ,
high-humidity aging (l40 F (60°C) and 95—100% 9.14.] for 30 and

100 days prior to testing . The third type of test was also

a simple static test at 140°F (60 °C)  on specimens which had
been soaked ira water at 140°F (60 C) for 100 and 1000 hours

prior to testin;. The fourth type of test was an environmental
stress-rupture te5t in which the lap shear spec imens were loaded
to various stress levels and exposed to a 140°F (60°C), 95—100%

9.11. environment until failure. If no failure had occurred

within 2400 hours, he specimens were removed from the environ-

mental durability tester and tested statically at 72°F (22°C)

for residual strength . The stresses imposed during the en-

vironmental durability exjx sures varied between 20% and 60%
of the u 1tiir~a t v  st r eng th  ob ta ined  in the dry s ta t ic  tests at
40°F (60°C) . A ll of the lal shear tests conducted on specimens

which had been humidity aged (e i the r  the s t a t i c  or residual
s t r eng th  tes t s)  or wa te r  soaked were completed within 30 minutes
a f t e r  the specir .eri was removed frur the environment. Additionally,

each of t hese specimens was wrapped with a wet cloth to preven t
dryout durin~ this Fel iod.

L I ’  
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SECTION W

DISCUSSION OF RESULTS

Tables 1 and 2 presen t the test results obtained during
this investigation. Complete tabulations of all the individual

test data , including computed standa rd deviations are presented
in Appendix A. In addition to these tabulations, the environ-
mental stress-rupture durability data are graphically illustrated

in Figure 5.

1. STATIC LAP SHEAR TEST RESULTS

As can be seen from the data in Table 1, the static lap

shear s t r eng th  and f a i l u r e  mode of dry specimens is little
affected by terpcrature f rom ‘2°F (22°C) to 250°F (121°C) . In

fac t, the strcn~;tn ot the bonds made with the R398, R500 system

in  t h i s  inves t i~~a t ion  re ta ined  .i considerably h igher  f r a c tion
of t h e i r  room t~~~j-erature value than those p r e v i o u s l y  reported
in AFML—TR—78— 35 , Part I, fez twu other 350°F (177°C) curing

adhesive systems (PL-729-3 PL-7~~8 and AF—143-2/EC—3917) . Failure

modes for all three of these adhesive systems on OFPL etched

sur faces and 2024T3 bare alun~inur adh eronds was predominately
cohesive for the dry static tests .

2.  EN VIRON ME ?~1’AL EXPOSURE TEST RESULTS

The unstressed spec imens aqed in a humidity cabinet at

140°F (60°C) and 95-100% 9.11 . exhibited a residua l strength V
reduction of about 12% after 30 days and 22% a f ter 10 0 days
(based on o r i g i n a l  7 2 ° F  (22°C) dry static strength) . The
f a i l u r e  mode of these specimens becomes progressively more
adhesive ( i n te r f a c i al )  in na ture  as aging t ime increases .

The unstressed specimens aged in a water bath at 140°F
(60°C ) exhibited a residual strength reduction of about 8% a f t e r
100 hour s and 25 % a f te r  1000 hour s (aga in  based on origina l
7 2 F  ( 2 2 C) dry static strength ) . The f a i l u r e  mode of these

9 
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TABLE 1
SINGLE LAP SHEAR STRENGTH OF ADHESIVE JOINTS

Adherends : 2024T3 bare aluminum
Surface Preparation : Optimized FPL etch
Surface Primer : Reliabond 500
Adhesive : Reliabond 398

Test 
- 

Ultimate Fai lure  ~~~~~~~~Temperature Pre-Test Strength Mode Specimens
( °F )  ( °C) Conditioning (psi) (MPa ) j % Coh) Represented

72 22 None 6430 4 4 . 3  85 5
140 60 None 6160 42.5 98 5
250 121 None 5610 38.7 75 5

72 22 30 days at 140°F 5630 38.8 65 5
(60°C) and 95—100%
R.H. - unstressed

72 22 100 days at 140°F 5040 34.7 40 5
(60°C) and 95-100%
9.14. - unstressed

140 60 100 h r .  soak in 5920 40 .8  85 5
water at 140°F
( 60°C )  -unstressed
1000 hr. soak in 4790 33.0 40 5
water at 140°F
(60°C ) -unstressed

_ _  - V~~~~~~VV. -
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TABLE 2
ENVIRONMENTAL STRESS-RUPTURE LAP SHEAR

BEHAVIOR OF ADHESIVE JOINT S

Adherends: 2024T3 bare aluminum
Surface Preparation : Optimized FPL etch
Surface Primer : Reliabond 500
Adhesive : Rel iabond 398
Exposure Environment : l4 0 ° F ( 6 0 ° C) and 95-100% R.H.

Join t  Shear Stress 
- 

Residual —

During Exposure Time to Lap Shear Fai lure No. of
(% of 140°F ’ Failure Strength Mode Specimens

(psi ) (MPa) dry ultimate J (hrs) (psi) (MPa) (% Coh) T;3presented

3700 25.5 60 560 - ——  ——— 40 3
2460 16.9 40 2010 : 5950 41 .0  60 3
1850 12.7 30 2400’ 5280 36.4 55 3

1230 8.5 20 2400 : 5960 41.1 75 3

‘Two specimens survived 2400 -hour  exposure period .

a A l l  spec imens survived 2400 -hour  exposure period .

‘Base s t rength at 140°F - 6160 psi ( 4 2 . 4  MP a) .

11

I



V V V V V V5~~~~~V_ VVV 
V V V~ V - V~~ S~~~~VVV..~V V _ 

-~~ V

a
~~~~~~~~~~~~
4 -~~~~~~~~‘,

ow —
z~~~~

~~~~~~~~~~~~~~ 
~~~~ eo

0 0 9 1 : , w z o i~~— -~D

~~~~~ 
-

~~~~~~~
— a.>,’t -~~~~~~~~~-- ~~~~~— — t ,

4 In 1, -.
-j 13 4 0 0’ ;

I I -) 4z V

0 0 1 
~ (V~~~~~0 44

~~~~~f l U~~()  00  ~~ 0°
~I 

Ifl I.J In •
~~ ~~ 

V~ ~~~~~~~~ (•‘

~I,•, — —Q u’I~~fl~~~
~~ ‘‘.- O A V In~~~~~~ 4 e

— • 0  cz ..
— O

w
I —

~~~~ 4~~~~~1J I 0

U 
~__~ 

I., ~~ —

_

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

I 
F 

~

(ISd) SS3~US

12

— - -----V -V -~~~~~

~~~~ITI~~~ ~~~~~~~~~~~~~~~~~~~~~ _  _ __ __  _



specimens also becomes progressively more adhesive in nature as
aging time increases .

An interesting point to note in comparing the residual
strength characteristics of unstressed specimens aged in the
humidity cabinet and in a water bath is that the slope of the
residual strength versus aging time curves plotted in Figure 5
have the same slope. The relative location of these two curves
(A and B) is probably the result of two factors. First, the
residual strengths of the water soaked specimens (curve B)
were obtained at a 140°F (60 °C)  test temperature while those
for the humidity aged specimens (curve A) were obtained at a
72°F (22°C) test temperature . This d i f f e r e n c e  in test temperature
caused about a 5 percent decrease in strength on the dry unaged
specimens (Table 1) .  Since the d i f fe rence  in the positions of
curves A and B in Figure 5 represents a di f f e rence  of about 10
percent in streng th for equivalent aging time , it would appear

that the thfference in a;iny conditions may also be contributing

to this difference . The progressive decrease in the amount of

cohesive f a i l u re  ( a l t e r n a t i v el y,  the progressive increase in the
amount of adhesive or i n t e r f a c i a l  f a i l u re )  wi th  increasing expo-
sure time indeed indicates a progressive degradation of the inter-

facial bond, leading to reduced strengths for longer exposures.

Since it is reasonable that water would diffuse into the bond-

line more rapidly in a wa ter immersion exposure than in a high
humidity exposure, i t  is also reasonable that  the dif ferences
in exposure conditions between curves A and B would indeed
contr ibute  to a s h i f t  in their relat ive posi t ions.

The specimens which were exposed to 140°F (60°C) and 95 to

100 percent relative humidity under stress exhibited no failures

at all for  aging times of up to 2400 hours at stresses of
1850 psi (12.7 MPa) and below. Two of the three specimens
subjected to a 2460 psi (16.9 MPa) stress level also survived
for 2400 hours without failure . Since this only provides one
good data point for purposes of plotting a stress versus time-
to-failure curve in Figure 5, a broken curve, C, has been plotted

13
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j through the single real average value with a slope arbitrarily

equal to curves A and B. Wegman, et ~~~~~~ have developed evidence

that, for some adhesives, this procedure provides a reasonably

valid method of prediction of time-to-failure for stressed joints

in environmental aging. There is insufficient evidence to

establish what the true slope of curve C should be. ~‘o do this,
substantially more time would have had to been expended in

carrying the exposures completely out to joint failure .

The levels of durability observed are very compara~-le to

those reported for the AF-143-2/EC-39l7 and PL-729-3/PL-728

systems in AFML-TR-78-35, Part I, par ticularly below 2800 psi
(19.3 MPa) waere the stress is low enough that the adherend

surface oxide layer should not fracture (see pp. 27-30 of

AFML-TR-78-35 , Part I). A comparison of the environmental stress-

rupture time-to-failure behavior of these two systems with the

R398/9500 system , tested here, is presented in Figure 6. Here

both the broken curve plotted in Figur e 5 as well as the relevant
data points for the 9398/9500 system are presented for comparison

with the AF-143-2 and PL-729-3 curves. At worst i t  is evident
that the R398 system is at least equa l to the two previously
tested . If the broken curve , obtained as described above, is
indeed a reasonable estimate of the R399 behavior, then this

system would appear to be more durable than the previous two

for this type of test condition.

While the residual strength of the aged unstressed speci*~ens
consistently decreases with increasing aging times, as would be

expected , the residual  strength behavior of the specimens aged
under stress is more d i f f i c u l t  to explain.  While one might
normally expect that the residual strength of those specimens

which survived the entire 2400-hour aging period would be higher
for the specimens which were at a lower stress and lower for

~
1
~Wegman, R. F., Bodnar, N. 3. ,  and Ross, N. C., “A New
Technique for Assessing the Durability of Structural Adhesives,”

V SAMPE Journal, Vol. 14, No. 1, January/February 1978.

I
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those specimens which were at a higher stress, this is not the

case, nor has it been for any of the previously tested materials
(APM~-TR—78-35, Parts I and II), so long as the stress during
exposure is low enough that the surface oxide layer does not
fracture (less than about 2800 psi (19.3 MPa) for 0.250 inch
(0.64 cm) thick adherends). For stresses below this level,
the residual stress of specimens which survive the 2400-hour
exposure are all about equivalent regardless of the stress
level during exposure, and also about equivalent to the original
dry room temperature control strength .

16
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SECTION V

CONCLUSIONS

1. Unstressed aging of lap shear adhesive joints made with V

the Reliabond 398/Reliabond 500 (R398/R500) adhesive/primer
system on optimized FPL etched 2024T3 bare aluminum adherends
in both a 140°F (60°C)/95—100% 9.14. environment and a

140°F (60°C) water soak results in a progressive loss of

residua l strength with increased aging time and a progressive

increase in the amount of adhesive (interfacial) failure
with increased aging time.

2. Unstressed agings in the 140°F (60°C) water soak produce

about a 10% lower residual streng th, for equivalent aging
time, than unstressed agings in a 140°F (60°C)/95—100% R.H.

environment.

3. Specimens made with the R398/R500 adhesivc,’primer system

and subjected to shear stress during aging in a 140°F (60°C)!

95-100% R.H. environment produced times-to-failure com-

parable to those obtained previously (AFML-TR-78-35 , Part I)

for the PL-729-3/PL-728 and A F— l43 -2Vi C-39l7 adhesive/primer

systems on the same substrates . It is possible, had aging

times been carried out beyond 2400 hours, that the R398/

9500 system would have produced longer times-to-failure

than either of the other two systems for shear stress

levels during exposure of less than about 2800 psi (19.3 MPa).

This is the approximate level at which oxide fracture

occurs on this type specimen (see M’ML-TR-78-35, Part I-
Appendix D).

4. The R398/R500 system loses less strength during a 250°F

(121°C) test on dry unaged specimens than either the PL-729-

3/PL-728 or AF-143-2/EC—3917 systems tested earlier.

1~
17
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r TABLE A.1

SINGLE LAP SHEAR STRENGTH OF DRY ADHESIVE JOINTS

Adherends: 0,250 inch (0.64 cm) thick 2024T3
bare aluminum

S r!.i~-c Prt~p.ir~ttion : Optimized FPL Etch
Sur:~t~~ Primer: Reliabond 500
Adhesive : Reliabox~d 398

Test U1timat~c Lailure
Tempera t ure Strength Mode
(F) ( ° C )  

- 
(p Si) (MP a) (f Coh. Failure )

7150 49.3 50
72 .~~~~ 7000 48.3 80
72 2.~ ,u-)0 4.~.0 95

5790 3~~.9 95
~ 1O 0 4.~.1 100

4 30 4 4 . 3  85
~
;t-

~~~i. ~~~~~~ 610 4..~ 20

14J ~~~~~ t,850 47.2 95
140 uSSO 45..~ 95
:40 5 t Ø  ~7 9  100
140 5V ~ 30 3 ’ . 5 100
140 t l 5 0  4 . . 4  100
Avc r~~:~ • - 0 4.’ . 98

~~t J .  ~)ev . 3.9 3

250 lfl 5800 40.0 80
.~50 1.1 5~~ O 40.t 95

~50 l.~1 5~ - 0  40.0 90
250 121 5 s . 0  36.7 70
250 12 1 5250 36.2 50

Av ’r. :-:t 5610 38 V 75
Std. Dcv. 300 2.1 20
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TABLE A.2

LAP SHEAR STRENGTH OF ENV iRONMENTALLY
AGED ADHESIVE JOINTS

Adherends: 0.250 inch (0.64 cm) thick 2024T3
bare aluminum

Surface Preparation : Optimized FPL Etch
Sur~ ice Primer : Reliabond 500
Adhesive : Reliabond 398

~est 
— 

Ult ir n a t c  Failure
Temperature Pre-Test Strength Mode
(°F) — (°C) Condit~onir~~ (j~si) (MPa) (% Coh. Failure)

72 22 30 days at 140°F 5300 36.5 60
72 22 (t’O°C) and 95—100% 5950 41.0 95
72 22 R.h. I 5760 39.7 - 60
72 22 1 4’.70 ~~~~~~~~~~~ so
72 22 

, 
V 6180 ~~~~~ 7(

Averagt~ ~ ~ 3~ .8 65
Std. Dcv. 4~~~j  3 .4 15

72 22 130 days ~t 140°F 5560 3h .3  50
72 22 (t0°C) and 95—100% 4080 28.1 10
72 22 R.H. i 4550 31.4 5
7 2  22 I 5~~43 39.~72 22 5260 36.3 I 50

Avera je 5040 34. 7 40 V

Std . )cv. V
~00 4. 8 - 30

140 60 100 hr. soak in 6430 44.3 
- 

90
140 60 water at 140°F V

~~ 00 40. 7 50
140 60 (60°C) I 6440 44.4 95
140 60 1 5 4 *~ ) 37 .~ 100
140 60 5350 36.9 100

Average 5920 40.8 85
Std . Dcv. 520 3.6 20

140 60 1000 hr. soak in 5670 39.1 90
140 60 water at 140°F 4110 28.3 10
140 60 (60°C) 5020 34.6 30
140 60 4080 28.1 20
140 60 5050 34.8 50

Average 4790 33.0 40
Std . Dev . 680 4 . 7  30

21
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TABLE A.3

ENVIRONMENTAL STRESS-RUPTURE LAP SHEAR
BEHAVIOR OF ADHESIVE JOINTS

Adherend : 0. 250 inch (0.64 cm) thick 2024T3
bare aluminum

Sur face  Preparat ion:  Optimized FPL Etch
Sur face  Primer: Reliabond 500
Adhesive : Reliabond 398
Exposure Environment~ 140°F (60°C) and 95—100% R.H.

—- -V V.~~~~- -
~~-- ~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _  -

Jo int Snear St :
Uuri n~ Expu suxt

H ~ t 140°F Time to Residual Lap Failure
( 0 °C) dry F5iilure Shear Strength’ Mode

hrs) 
— 

(psi) (MPa) (% Coh.)

3~~0O .s.5 ~>0 - 1544  ——— ——— 30
37 -)0 .~S .5  ~-0 77 — — — —— — - 50

!3 00 .~5 .5  ‘-0 50
A’~~r :t V 

-~ — — —  — — —  40
- :~ t - ~~. ~~~~.

‘ . 850 — — —  — — —  10

V 2 4 ’ - O  ~~~ • 
—
~ 40 

- 

1240 ——— ——— 10
2 - ’ - O  ~~~~V •~~~ 40 . 40 0 ~ 5950 4 1 . 0
2 4 1 0 1~~~

s . • 40 - .400 - ~4 i  4 1 . 0  80

~i .:1~10 5~~- O  41.0 60
5. 

~~. ~~~~ ‘70 -0 ~0 4 5

~~ .7 30 2400 4770 32 .’~ 10
. 2. 7 30 240Cr 5030 34 .; 60

j~~50 1. . 7 30 2 4 0 0  6030 4 1 . h - 90

2400 ~28O ~1. :e.. 0 ‘-~ 0 4 .~ 40

12 3 0  ‘~.5 2 0  2 4 0 0 ’ 5~~40 3~~.2 50
1 2 3 0  ~ .5 20 2 4 0 0  t 4 7 0  44.t~ 80
1230 8.5 20 2400’ ~— 60 40.4 95

2400 ~60 41.1 75
S t 5 ~ . ~~~~~~ 0 470 3.2 25

‘~~~~:~~s V h  ::~~~ ~i1 durtn~ 2400—hour exposure period and were
r c’rr ov ’~ r res i 1u i l  a t r o nj t h  t e s t ing .
A : l  : . :;l d :IVi l st r ~ rr;t :is ob t ai n e d  at  7 2 ° F ( 2 2 ° C )  (Section 111.3) .

22
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APPENDIX B
SURFACE PREPARATION PROCEDURES

The spec imens prepared and tested in this investigation were
made wi th  either an optimized FPL etch or wi th  a phosphoric acid
anodized surface  preparation . Each of these are described below .
The referenced SAC numbers refer to processing specifications de-

veloped by the Boeing Aircraft Company .

1. OPTIMIZED FPL ETCH

The stepwise procedure used for this surface is:

(1) Wipe adherend surface with MEK and dry .

(2) Vapor degrease in trichioroethylene according to

SAC 5408.

(3) Acid etch with the sclutions and procedures contained

in SAC 5514 for optimized FP1~ etch.

(4) Rinse immediately in continuously flow ing tap water

f - r  ten minutes ~nd dry with an air heat gun .

(5) A p p l y  p r i m e r  w i t h i n  1 1 ~~u r .

V - 23
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APPENDI X C

-
5 PANEL BONDING PROCEDURES

The stepwise procedure used to cure the panels from wh ich
indiv idual spec imens wer e subsequently machined is:

(1) Layup primed panels and adhesive film into assembly

required for final specimens.

(2) Place layup assembly in autoclave at room temperature .

(3) Apply 40 ÷ 10 psi (276 + 69 KPa) over the bladder and

then release the vacuum.

(4) Heat the autoclave to 350°F (177°C) in less than four

hours.

(5) Hold at 350°F (177°C) for 60 minutes .

( 6 )  Cool the autoclave to below 200°F (93°C), maintaining
the 45 + S psi (310 + 34 Pa) over the bladder .

(7) Release pressure and remove the panel from the

autoclave .

25
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APPENDI X D
SPEC IMEN PREPARATION PROCEDURES

The as-fabricated panels are 16 inches (40.6 cm) wide when

bonded and are first cut into 13 individua l specimens on a

bandsaw. These rough-cut specimens are then finish milled

down to the i r  f i n a l  one inch (2 .54 cm) wide by seven inches
(17.8 cm) long dimension. Holes are drilled through the ends

for  mounting in the test grips as well as for specimen location
in a machining fixture when the specimens are slotted across their

width. The slots are cut across the specimens to provide the

lap j o i n t .  Those slots are machined down to, but not through ,
the adhesive l aye r .  F i n a l l y ,  the ends of the specimen are
machined down to a 0.250 inch (0.64 cm) thickness to fit into

the test grips on the environmenta l stress—rupture durability

tester.

27
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