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By John M. Black and R. F. Blomgquist
SUMMARY

The results of an Investigation made for the purpose of developing
& metgl-bonding adhesive with Improved heat-resistant properties are
reported. The most promising results were obtained with a formulation
of a phenol resin and an epoxy resin with certain heat stabilizers and
catalysts. The formulation has high resistance to aging at 550° F and
is particularly promising in tape form for bonding sandwlch construc-
tions. An improved straight epoxy-resin adhesive that has superlor
strength properties at 250° to 300° F compared with any other kmown
epoxy-resin adhesive formulation is also reported.

INTRODUCTION

This report presents one phase of an investigation of experimental
adhesive formulations with improved performance and heat-resistant prop-
erties for structural bonding of metal to metsl in aircraft febricetion
which has been conducted at the Forest Products Laboratory under the
sponsorship and with the financial agsistance of the National Advisory
Committee for Aeronautics. Particular attention has been given to the
development of adhesives of phenol and epoxy resins that are less sensi-
tive to variations in bonding techniques and that have better strength
in joints over the range of -70° to 600° F. Earlier results of this
investigation have been reported in references 1 and 2.

Reference 1 described zdhesive FPI-T10, an adhesive that developed
promising shear strength when tested at temperatures up to 600° F and
possessed good resistance to aging st temperatures as high as 450° F.
The principal limitations of adhesive FPL-T710 were that it was somewhat
brittle, it possessed marginal bending and fatigue strength and varisble
performance at 600° F, and the optimm film thickness for bonding
(0.002 inch) was too thin for practical use in aircraft. Reference 2
described further work on and development of FPL-710 adhesive. The
varisble performance in immediate tests at 600° F was improved by post-
curing the adhesive and by impregnating it into a glass-mat carrier to
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form a tape adhesive. The tape adhesive increased the optimum film

thickness for bonding to 0.010 inch, which made it more practical in

industrial bonding applications. The resistance of adhesive FPL-T10 to -
aging at 550C F was also improved by the addition of certain chelating

agents to the adheslve mixture. The tape adhesive, however, was still

quite brittle, and low reslstance to peel, was somewhat variable in its
performance after aging at 5500 F, and lacked adequate flow and fil-

leting action to be completely satisfactory for the bonding of honey-

comb sandwich construction.

The present report Includes additionsl work on FPL-T710 adhesive and
covers the development of FPL-878 liquid and tape adheslves and FPL-881,
an epoxy-resin adhesive. The FPL-878 adhesives are considered 1mprove—
ments over FPL-T710 adhesive in many respects and are particularly prom-
iging in tape form for the bonding of heat-resistant sandwich materisls.
For this investigation a large amount of experimental work was performed
in order to determine the most promising components for the adhesives,
the optimum proportions of these components, and the optimum conditions
under which the resultant formulations could be used. In order to make
this report more concise, only the more important trends in the work are
discussed and only selpcted typlcal data are Included to illustrate
these trends and to demonstrate properly the performance of the three
most promising experimental adhesive formulations de51gnated as FPIrTlO,
FFL-878, and FPL-88L. -7

EXPERTMENTAT, PROCEDURE “

Since many of the experimental procedures used in individusl experi-
ments were typlcal only of that experiment, such procedures are outlined
only briefly in the section entitled "Discussion of Experimental Results."
The procedures described herein for preparing the metal for bonding snd
for conducting the strength tests were common to most of the experiments.

Preparation of Metal for Bonding

The aluminum surfaces were prepared for bondlng by immersion for
5 to 10 minutes in & solution of sulfuric acid (10 grams) and sodium
dichromate (1 gram) in 30 grams of water at 140° to 160° F. The panels
were rinsed in cold running water, then in hot water or steam, and then
were alr dried.

The stainless-steel surfaces were clesned by the followlng methods:

(l) A 10-minute immersion at 190° F in a solution of:

Sodium metasilicate, parts by welght . . . . + . . . . .+ . v . . &
Tetra sodium pyrophosphate, parts by weight . . . . . . . . . . . 11
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Sodium hydroxide, parts by weight e e e . « o e & o @ o o = 13
Nacconol NR (wetting agent), parts by weight s 5
Water, parts by welght . . . ¢« ¢ ¢ ¢« ¢ ¢ ¢ ¢« ¢ ¢ 4 4 4 a4 . 910

The panels were rinsed in cold water, then in hot water or steam,
and then were air dried.

(2) Cleaning by method (1) followed by & 10-minute immersion at
190° F in a solution of:

Oxalic acid, parts by weight . . . . . e e e s e e e e s 10
Sulfuric scid (sp. gr., 1.8%4), parts by weight e e e e e e e 10
Water, parts by weight . « « « & ¢ ¢ ¢« v ¢« ¢ ¢ ¢ ¢« o v o e e 80

The panels were rinsed in cold water, then in hot water or steam, and
then were air dried.

(3) Cleaning by method (1) followed by a 10-minute immersion at
190° F in a solution of:

Hydrofluoric acid (48 percent), parts by volume . . « « « « « « . 15
Sulfuric acid (ep. gr., 1.84), paertse by volume . . . . . . . . . 10
Water, parts Dy volume . . ¢ & & ¢ ¢ & ¢ ¢ o o o &+ « o o s o o« = 25

The panels were rinsed in cold water, then in hot water or steam, and
then were air dried.

Test Methods

Specimens of 0.064-inch 202%-T3 (24S-T3) cled aluminum alloy with
0.5-inch overlap, as described in reference 3, were used for the evalua-
tion of bending strength and shear strength. Two lap panels, each
8 inches wide, were bonded for each varisble. Each panel was then cut
into 7 individual test specimens, and the 14 specimens per variable were
then divided into three representative groups. One group of five speci-
mens was tested as a control group at room temperature, another group of
five specimens was aged for 200 hours at 550° F and then tested at room
temperature, and the final group of four specimens was tested immedistely
efter reaching equilibrium at 600° F.

Lap shear specimens were loaded in self-alining grips at the rate of
300 pounds per 0.5 square inch per minute.l Specimens for the bending
tests were loaded flatwlse at the center as a simple beam with a 1.5-inch
span at the rate of 200 pounds per minute, as described in reference 3.
The loading block was over the center of the bonded aresa.

Test temperatures were controlled during heat-aging and testing to
within #3° F of the desired temperature. In tests at elevated tempera-
tures, & period of 3 to 5 minutes was required to heat the speclmens from

lrhis is the slower rate prescribed in reference 4, which preceded
reference 3.
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room temperature to the test temperatures. In tests made at elevated
temperatures and at -70° F, the load was applied as soon as the speci- -
men reached the desired temperature.

In order to get some information on the peel properties of the
FPL-878 adhesive in a typical sandwich construction, some limited tests
were made. Since no well-standardized peel tests for adhesives have yet
been described, an experimental procedure was selected that was currently
under study at the Forest Products Laboratory as a part of another
project conducted in cooperation with the U. S. Alr Forces. For this
test, sandwich specimens (3 by 12 inches) of 0.020-inch clad 2024-T3 alum-
inum faces bonded to 1/2-inch-thick aluminum honeycomb cores (3/16-inch
cell, 0.002-inch foil) were tested by peeling over an experimental peel-
test apparatus with a 4-inch-dlameter drum. The peel-~test apparatus was
equipped with a movable table and tenslon spring to maintaln movement of
the test specimens at the seme rate as peeling. A peeling rate of approx-
imately 12 inches per minute was used, and an autographic recording was
made of load versus distance peeled.

DISCUSSION OF EXPERIMENTAL. RESULTS

FPL-T710 Adhesive -

Resistance to aging at 550° F.- The effect of several different h
chelating agente on the resistance of FPL-T10 adhesive to aging for
200 hours at 550° F was reported in reference 2. The data presented in
this reference indicated that a few of the chelating asgents were effec-
tive in improving the resistence of the bonds to heat-aging. It was
thought that the agents reduced the activity of trace elements, such as
copper and iron in the clad-siuminum surface, that could be contributing
to the oxidation and deterioration of the adhesive during heat-aging.

This phase of the study was continued and other chelating agents
were investigated. In a study of FPL-710 adhesive in methyl ethyl ketone,
a quantity of 1 percent chelating agent, based on the weight of the resin
solids of adhesive, was employed, and joints were tested at 80° F after

aging for 200 hours at 550° F. The results of these tests are shown in
the following tebulation:
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Shear strength at 80° F
Chelating agent after 200 hours at 550° F, psi
None : : 670
8-Quinolinol 960
Copper 8-quinolinol 298
n-Propyl gallaste 1,07k
Gellic acid 820
1-Hydroxy-2 naphthoic acid 486
3-Hydroxy-2 naphthoic acid b1k
5~-Phenyl salicylic acld 320
Selicylic acid 830
Salicyleldehyde 785
Acetyl-acetone 985
Acetonyl-acetone 965
AMuminum triacetonyl-acetonsate 960
Catechol 980
o~Amino-~-phenol 320
Ethylenediamine 835
Oxalic =acld 120
Mucic acid 480
Tartaric acid 320
Copper ciltrate 480
Triethanolemine titanate 4o

Several. of the chelate stabilizers were promising for retarding the
degradation of the adhesive on aging at elevated temperatures. The
n-propyl gellate appeared most effective, but 8-quinolinol, gallic acid,
salicylic acld, sa&licylaldehyde, acetyl-acetone, acetonyl-acetone, alumi-
num triacetonyl-acetonate, catechol, and ethylenedlamine were also quite
effective when results were compared wlth those from the control speci-
mens. Although 8-quinolinol was an effective stabilizer, the copper salt
of 8-quinolinol was quite ineffective and actually appeared to contrib-
ute to the rate of thermal breaskdown of the adhesive.

Subsequent bonding with FPL-T10 adhesive formulations containing
the better chelate stabilizers shows a definlte improvement over the
control-specimen bonds in the resistance of the bonds to aging at 550° F.
The spread in individual strength values was reduced, but the problem of
obtaining consistently high strength bonds remeined. In attempting to
overcome this limitation, a study was mede of many bonding varisbles and
varisetions in the adhesive formulation. Bonding variables studied
included preparation of the metal surface, age of the stock adhesive, age
of the thinned adhesive, percentage of hexamethylenetetramine curing agent,
time of reflux in prepsration of the adhesive, precure and curing condi-
tions, and the type of solvent and thinner employed in the adhesive. The
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results of these studies showed no definite trend in the reduction of
joint-strength variability after heat-sging, with the exception of the
type of solvent and thinner. In this study toluene, ethyl acetate, and
methyl ethyl ketone were employed, and results showed that ethyl acetate,
solvent and thinner reduced the varisbility of results to a slight degree.
The following formule appeared most promising for this adhesive:

Bakelite BV 9700 (phenol resin)®, g . . . . + . « « « ¢ « « « . . 100
Epon 1007 (epoxy resin)b, g . . . . . . . . . . . . o .00 L 20
Ethyl acetate, € . . . ¢« ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o ¢« v o+ o & o » 20
Hexamethylenetetramine, g . . « « « « ¢« « ¢ ¢ v ¢ o 4 4 4 0 0. b
n-propyl g8llate, & « « ¢« « « ¢ o 4 s 4t e s e s v 4 e e . . 0.8

87 product of Bskelite Corp., reported to have approximately
60 percent solids in solution form

PA s011d resin produced by Shell Chemical Corp.

This adhesive formulation was then used for the determination of resis-
tance to salt-spray exposure and for the development of the mat tape.

Salt-spray exposure.- The salt-spray exposure tests of panels bonded
with FPL-T10 were conducted in accordance wilth reference 3. The results
of salt-spray exposure tests were as follows:

Shear strength Type of faillure,
after exposure, psi percent
Panel (v) (c)
Average Range Adhesion Cohesion
(a)
1592-1-1 2,771 2,665 to 2,970 100 0
1592-1-2 2,951 2,845 to 3,065 99 1
1592-1-3 2,806 2,835 to 3,005 100 0
1592-1-4 2,860 2,700 to 2,930 99 1
1592-1-5 2,893 2,670 to 3,065 100 0
1592-1-6 2,915 2,860 to 3,005 98 2

8rive specimens were exposed and tested from each panel.

bAverage control strength of this group of panels before
exposure was 2,440 psi.

CValues are estimsted averages.
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These tests showed that the FPL-T710 adhesive bonds had a high degree of
resistance to salt-spray exposure and were consistently higher in shear
strength than the 2,000 psi required in reference 3.

Development of tape adhesive.- Preliminary tests reported previously

indicated thet bonds made with FPL-710 adhesive impregnated into glass
cloth to form a supported tape adhesive resulted in improved shear strength
of lap Jjoints tested immediately at elevated temperatures, such as 600° F.
The tape adhesive was also found to be more satisfactory for bonding metal
faces to honeycomb core msterial than the liquid adhesive.

In view of the encouraging results of these preliminary tests, work
on methods of making the tape more uniform and freer of volatiles was
continued. Various impregnation methods by dipping and spraying were
tried in addition to solvent casting of the adhesive onto the mat on
gheets of Teflon. The principal problem in each case was to remove the
solvent from the adhesive film without overcuring the adhesive and to
prevent skinning over the film thus entrapping the solvent and resulting
in formation of bubbles. A method of building-up the film thickness by
multiple thin coats was most promising but was far too slow and laborious
to be practical. In bonding clad-aluminum faces to high-strength phenol-
resin-impregnated glass-cloth honeycomb cores, it was observed that the
adhesive did not flow and fillet adequately gbout the edges of the honey-
comb to develop a bond strength high enough to fall the core in flexursal
tests. It seemed desirsble to improve the fiow of resin during cure to
overcome this limitation. An adhesive formmlation employing phenol resins
with & lower molecular weight and softening point should allow the film to
remain fluid at the precure temperature and thus more readily permit the
loss of volatiles to occur during precuring. Such a formulation would
also have a longer flow life during cure, which would be advantageous.
Therefore, the development of FPL-T10 composition as a tape adhesive was
discontinued in order to concentrate on such a combination of resins.

FPL-878 Adhesive

Although the liquid adhesive FPL-TL0 described previously had excel-
lent strength properties at temperatures up to 600° F and showed good
aging characteristics at 550° F when used to bond aluminum lap Joints, 1t
was unsatisfactory for bonding metal faces to honeycamb cores in sandwich
construction and for bonding larger areas in metal laminating because of
insufficient film thickness, inadequate flow, and inadequate filleting
action of the adhesive during the curing cycle. Effectlive use of a
thicker film of the liquid adhesive to get the desired filleting and flow
was limited by the problems arising from the additional solvents incorpo-
rated in a thicker £ilm. :
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Further work included the investigation of varlous phenol resins
and epoxy resins that could be substituted Into the original FPL-710 for-
mula to improve the flow and the release of solvents during drying of
the adhesive. The use of a phenolic resin, Durez 16227, to replace
most of the Bakelite BV 9700 improved these propertiles markedly over the
FPL-710 adhesive. The following discussion of the results is a summary
of the most lmportant effects of variatione in formulation and bonding
procedures in the development of adhesive FPL-878.

Effect of composition.- In the inltial stages of development, the
optimum ratio of phenol resin Durez 16227 to epoxy resin Epon 1007 was
determined by dissolving the resins and other components in ethyl acetate
to give a solids content of about 70O percent and applying the liquid
adhesive by brush to cleaned clad aluminum-alloy surfaces. The followlng
results of tests show how the strength of bonds tested at room temperature
and immediately at 600° F was affected by the ratio of the two resins in
the adhesive:

Shear strength, psi

Durez 16227, g | Epon 1007, g
At 80° F | At 600° F
100 - 1,924 688
100 5 I 1,650 1,010
100 10 1,706 Thi
100 20 2,090 TTh
100 25 ' 2,100 618
100 30 2,236 682
100 4o 1,884 202

In a subsequent series of tests evaluating the effect of different
epoxy resins, 100 parts by weight of the phenol resin, Durez 16227, were
modified with 20 parts by weight of several different epoxy resins in
ethyl acetate and the shear strength of the lap Joints was determined at
room tempersture and immediately at 600° F. The results were as follows:

Shear strength, psi
O. resi
fpoxy resin At 80° F | At 600° F
Epon 1009 1,460 670
Epon 1007 1,790 646
Epon 1001 1,308 452
Epon RN-3k 1,204 512
Epon RN-48 1,302 750
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Based on the results of these tests, a formmlation of 100 parts of
Durez 16227 and 20 parts of Epon 1007 was selected for further study.
The addition of small amounts of hexamethylenetetramine, which was used
as curing agent in FPL-T710 to increase bond strength at 600° F, was found
to be unnecessary in these formulations. In fact, it actually caused a
reduction in the shear strength of bonds tested immediately at 600° F.
In an effort to increase the strength of bonds at 600° F, small amounts
of Bakelite BV 9700, a phenol resin which cures faster than Durez 16227,
were added to the formulation of Durez 16227 and Epon 1007. The shear
strength of several of these adhesive formulations when tested immediately
at 600° F was as follows:

Shear strength, psi

Durez 16227, g | Epon 1007, g | BV 9700, g
At 80° F | At 600° F

100 20 -- 1,790 6Ll
100 20 10 1,622 TO4
100 20 20 1,488 930
100 20 30 1,hh2 966

The addition of increasing amounts of the phenol resin BV 9700 to the
mixture of Durez 16227 and Epon 1007 resin resulted in an increase in
bond strength st 600° F. The strength of the bonds at 80° F, however,
was decreased, indicating that the adhesive was made more brittle at
normael temperatures. The composition of 100 parts of Durez 16227,

20 parts of Epon 1007, and 20 parts of Bakelite BV 9700, which appeared
to be the most promising combination snd the best compromise in
strength properties, was selected for further study in aging tests.
This was the basic formulation from which FPL-878 adhesive was derived.

Resistance to aging at 550O F.- A study of the performance of adhe-
sive FPL-878 in clad aluminum lap joints when aged at 550° F for 200 hours
showed that a considerable loss in strengbth may occur as & result of
thermal decomposition or degradation of the adhesive. The following
results of tests made before and after aging at this condition show that
only 16 percent of the initial strength was retained. The bonds were
initially cured at 5500 F for 60 minutes after a precure of 45 minutes
at 270° F.

Heat-exposure conditions

Shear strength at 80° F, psi
Time, hr | Temperature, Op

None _— 1,488
200 550 240
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The addition of 1 percent of n-propyl gellate based on the resin
golids of the FPL-878 formulation, which was known to be an effective
chelate stabilizer in the FPL-T710 adhesive, improved the thermal resis-
tance as follows and showed. over 100-percent increase in strength after

aging:

Heat-exposure conditlons

- _ Shear strength at 80° F, psi
Time, hr | Temperature, oF

200 550 h 553

Further study of bonding verisbles 1n the use of FPL-878, particu-
larly precure conditions, revealed the possiblliity of even greater
improvements in the resistance of the adhesive to aging for 200 hours at
5500 F. In an experiment where the precure of the adhesive was varied
from 15 minutes to 45 minutes at 270° F, the strength of ‘bonds after
aging was increased as the precure period was shortened. The following
data indicate that possibly some component which contributed to greater
thermal resistance was lost from the adhesive or was otherwise inacti-
vated during the longer precure periods. At present, an explanation of
a mechenism for such a phenomenon is not available.

o Shear strength at 80° F after
Precure period at 270" F, 200 hours at 550° F, psi
min
(a) (v)
5 952 T80
30 665 330
45 553 240

2adhesive contained 1 percent of n-propyl gallate.
bAdhesive contained no n-propyl gallate.

The performance of adhesive FPL-878 containing no n-propyl gallate was
likewise improved when shorter precure periods were employed. This
indicated that the n-propyl gallate was not belng destroyed during pre-
cure but that some components of resins in the adhesive were adversely
affected.

Further study of the effect of varying amounts of n-propyl gallate
stabilizer revealed that the amount of n-propyl gellate affected the
strength properties of the bonds initially at 80° F and also the
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Immediate strength st 600° F. Increased amounts of n-propyl gallate
seemed to have a plastlclzing effect on the adhesive and resulted in
increased bond strength at 80° F but decreased bond strength at 600° F,
as shown in the following data on lap Jjoints that were bonded at 300° F
for 60 minutes after a precure period of 30 minutes at 270° F:

Shesr strength,
Amount of n-propyl gasllate, psi, at -
percent
80° F 600° F
0 1,930 350
1 1,952 28k
3 2,546 17h

The addition of certain organic acids to the adhesive formuilation with
n-propyl gallate Ilncreased the rate of cure and increased the Jjoint
strength of bonds tested immediately at 600° F. This was considered
indicative of more thorough cross-linksge and greater cure. The results
of shear tests of lap joints bonded with FPL-8T78 adhesive, with 1 percent
n-propyl gallaste and 1 or 2 percent of one of several different organic
aclids, which were also considered as chelating agents, to accelerste the
rete of cure, are shown in the following table. The lap-jolint specimens
werg bonded at 300° F for 60 minutes after a precure of 15 minutes at

270° F.

Shear strength, psi, at -
Acid accelersator 80° F [ 600° F| 80° F | 600° F
(a) (a) (b) (b)
None 2,2k3 | 339 | 952 302
3-Hydroxy-~
2-naphthoic, 2 percent 2,350 650 | 1,298 T76
1-Hydroxy-
2-naphthoic, 2 percent 2,176 84 | 1,376 866
Salicylic, 2 percent 2,450 720 | 1,264 T2k
5-Phenyl salicylic, 2 percent | 2,150 624 | 1,248 T64
Benzene sulfonic, 1 percent 2,316 230 | 1,162 636

Srested immediately at temperature shown
DPregted at temperature shown after 200 hours at 550° F.
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The most effective of these acld accelerators was l-hydroxy-2-nasphthoic

acid. The addltion of this acid accelerator to the adhesive formulation

which also contained 1 percent of n-propyl gallate produced the most . —.
promleing heat-resistant adhesive developed during this investigation.

This adhesive was deslgnated FPL-878, and its composition, method of

preparation, and use are as follows:

Durez 16227 (phenol resin)®, € « « « « ¢ ¢ o o o o « « o o o o 125 L
Bakelite BV 9700 (phenol resin), € « « « « v v v v v o o o o o 3% -
Epon 1007 (epoxXy Tesin); & » « + o o o o o o o o o o o o o o o » 20
Ethyl acetate, g . . . e e e et e e e e s e e ee e e 20 o
1-Hydroxy-2-naphthoic acid, g c h e e e e e e e e e e e e e . 2.8

N-Propyl 82118t€, € . o « « & ¢ « o o o 0 @t ee e v e e .. 1.4

8 product of Durez Plastics and Chemicals, Inc., reported to con-
tain approximately 80 percent solids in solution form.

The adhesive is prepared by dissolving the Epon 1007 resin in the
ethyl acetate, to which the remaining components may be added and readily
dissolved by warming and thorough mixing. Storage in a closed container
at room temperature for a period as long as 3 monthe has produced no
adverse effect elther on the use conditions or on the quelity of Jeints

made after storage. The approximate solids content of the adhesive is .
78 percent.
The following steps in bonding procedure are recommended for most -

consilstent results with FPL-878:

(1) Prepare the metal surfaces for bonding by an effective chemical
cleaning method. For bonding alumimum, an immersion in & solution of
sulfuric acld and sodium dichromate 1s recommended. For bonding stain-
less steel, immersion in a solution of sulfuric acld and oxalic acid
appears most effective. These cleanling methods were described in detaill
in the section entitled "Experimental Procedure."

(2) Thin 10 parts by weight of the adhesive with 10 parts by weight
of ethyl acetate. The thinned solution has been used for 2 months with-
out adverse effects. Apply one brush coat to each surface to be bonded. -
Application by spray or roller has not been studied. . .

(3) Precure the adhesive film for 15 minutes at 270° F.

(4) Assemble the parts to be bonded and press at 320° F for 1 hour.
For optimum strength properties et elevgted temperatures, the bond should
be postecured 'for 16 Hours at 270° F. Minimm curing and postcuring
reguirements have not been established. . . _ . - e —
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Bonding of stainless steel.- A limited investigation was made

of the liquid adhesive FPI-878 for bonding stainless steel. This work
consisted primarily of studying the effect of several methods of preparing
the surface for bonding on the strength properties of the bond and the
resistance of these bonds to aging for 200 hours at 550° F. The results
of lap shear tests of specimens of T302, 1/2 hard, 0.020-inch-thick stain-
. less steel after a precure of 15 minutes at 270 F and an initial cure of
60 minutes at 320° F are shown in the following tabulation:

Shear strength, psi, at 80° F
Method of cleaning Unaged Aged
(a) (b) (e)
Metasilicate-pyrophosphate degrease 1,664 92
Sulfuric acid - oxalic acid L, 292 160
Sulfuric acid - hydrofluoric acid 2,408 0

8Methods of prepering stainless steel for bonding are described
fully in section entitled "Preparation of Metal for Bonding."

bspecimens tested after initial cure only.
cSpecim.ens tested after sging for 200 hours at 5500 F.

The most effective cleaning method was immersion in & bath consisting of
10 percent each of sulfuric acid and oxalic acid in water. The metal was
first degreased in a metasilicate-pyrophosphate bath, then immersed in
the acid bath for 10 minutes at 190° F, and then rinsed and air dried.
The average strength of these bonds at room temperature initislly was
4,292 psi, which Par exceeded the highest individuasl strength of any bonds
made between surfaces of clad aluminum alloy. The strength of the bonds
after aging at 550° F, however, was very low and much inferior to bonds
between surfaces of aluminum made with this adhesive after similar aging.
Prepering the metal for bonding with the sulfuric-scid—hydrofluoric-~acid
treatment had an exceedingly adverse effect on resistance to aging, and
the bonds were completely charred and decomposed and had no strength.

In similar tests of stainless-steel joints made with FPL-T10 adhe-
sive, initisl dry shear strength was 2,190 psi and strength after 200 hours
at 550° F was 1,490 psi. Only very light charring was noted when the metal
was prepared by using a solution of hydrochloric acid, hydrogen peroxide,
and formalin. Several other chemical treatments gave low heat-aging
results and showed jet-black charring of the ‘adhesive bond. Generally
high degrees of black charring were observed after heat-aging of stainless-
steel joints mede with FPL-710 and FPL-878, whereas joints on aluminum
showed only lightbrown discolorstion after aging. Thils might be expected
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to be due to a larger degree of physical cracking or crazing of the
sdhesive film on the stalnless steel during aging, thus allowing greater
entry of oxygen and resultant oxidation. However, one set of Jolnts on
aluminmm made with FPL-878 liquid adhesive applied in narrow strips to
give a discontinuous glueline so that such oxidation could presumably
occur more readily in the aluminum jolnts did not show abnormal charring
or poor aging characteristics as noted for the stainless-steel Joints.

These limited tests on stainless steel along with the other work, not
reported, on clad aluminum alloy indlcate quite definitely that the type
of metal and the methods of preparing the metal for bonding have g very
merked effect on both the initial shear strength and the strength of the
adhesive joints at elevated temperatures and after heat-aging. A more
extensive study of metal bonding along these lines 1s needed to understand
the effect of the type of metal and of the preparation of the metal sur-
face on thermal degredation. This information would alsc be helpful in
formuilation of more heat-resistant adhesives.

Development of tape adhesive.- The more desilrable features of adhe-

sive FPL-878 as compared with FPL-T710, such as greater film thickness,
greater ease in solvent removal, and improved flow propertiles, made
FPL-878 particularly promising for further study and development into a
supported tape adhesive. The development of a tape adhesive was con-
gidered to be of special importance since it would mske the adhesive more
practical and easler to use, both in the laminating of metal and also in
the bonding of various face materisls to honeycomb cores in sandwich
construction.

Since no facilities were available for making unsupported films, pre-
liminary investigations of various glass-fiber cloths and mats for carrilers
for supported films were undertaken. The best material appeared to be a
glass-fiber mat that was approximately 0.010 inch thick and weighed
0.0071 pound per square foot (Owens-Corning Fiberglas Mat S11L). The mat
material as a carrier seemed to have better blotting and holding proper-
ties than did svailable cloths, and its use made possible an adheslve tape
with greater resin solids per unit area. The cost of the glass mat,
approximately 1 cent per square foot, was also considerably less than that
of the glass-fiber cloth.

Various methods of impregnating the liquid adhesive FPL-878 into
the mat by dipping, spraying, and solvent casting were investigated. A
method employing solvent casting on Teflon f£ilm was most promising. The
procedures for preparing the FPL-878 tape adhesive and for its use are as
follows:

The mat tepe adhesive is prepared by impregnating the FPL-8T8 liquid
adhesive (not thinned) into a glases-fiber mat or cloth by a solvent-
casting method on Tefleon f£ilm. In this process, the Teflon film is leid
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on a flat surface, and about one-half the required amount of unthinned
liquid adhesive 1s spread out evenly over the asrea. The glass mat or
cloth is then laid on top of thils and worked down through the liquid
adhesive. The remainder of the liquid adhesive is then applied to the
glass-fabric surface and rolled out evenly with hard-rubber hand rollers.
The whole assembly i1s precured at 270° F for 35 minutes. Immediately
after removal from the precuring chamber, the hot liquid-adhesive surface
is covered with another film of Teflon, and the film is rolled with hand
rollers to force out entrapped air and volatile vapors. After cooling,
the Teflon sheets asre stripped from the adhesive £ilm and the adhesive
tape, which is relatively tack free, is ready for use. The £ilm should
be stored between sheets of polyethylene film to prevent the sticking of
adjacent £ilm layers on the tape adhesive. The optimum amounts of adhe-
sive impregnation have not been fully established, but an amount to give
about 0.10 to 0.15 pound of solids per squaere foot of tape appears to be
necessary to develop the strength of certain high-strength honey cores
used in sandwich construction.

The FPL-878 tape may be used under the same bonding conditions as
described for the liquid adhesive. In bonding of large areas of laminated
metal or sandwich panels, 1t is recommended that the bonding pressure be
released and then restored or the panel breathed three times within the
first 6 minutes of the curing period. The same postcure of 16 hourse at
270o F is recommended for the tape as for the liquid adhesive to obtain
optimum heat-resistant properties.

Although the present form of adhesive FPI~-878 tape has excellent
flow and filleting properties and appears particularly promieing for
bonding metal laminates and sandwich materials, 1t requires an extensive
cure and posteure to develop full strength and optimum strength proper-
ties at elevated temperatures. ZPresent forms of the glass-mat-base tape
also lack the desired resistance to long aging at elevated temperatures.
Further developmentel work will be required to improve these present
limitations.

Bonding of sandwich comnstruction with FPI-878 tape adhesive.- The

FPL-878 tape adhesive has been used to bond sandwich-panel specimens of
high-strength, glass-cloth honeycomb cores with either clad aluminum or
stainless-steel faces in a study to determine the strength properties

of the cores in flexural tests at elevated temperatures. This study is
part of an Air Force project this laboratory is conducting in cooperstion
with Wright Air Development Center. The FPL-878 tape adhesive has given
consistently higher test results on this type of sandwich specimen at
temperatures of 300° to 700° F than has any other experimental or commer-
ciel adhesive which wae tried for this purpose and has facilitated tests,
not previously possible, of new high-strength heat-resistant cores.
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Flexural tests of these sandwich specimens have been made at 809,
3009, 500°, and TOO® F, and in some cases actual shear failure of the core
was sttained. The following results present the highest individually com-
puted shear-strength values attained at the varicus temperatures in a
flexural test of clad sgluminum faces bonded to high-strength phenolic--
resin-impregnated glass-cloth bhoneycomb cores:

Computed shear

o
Test temperature, “F stress in core, psi

80 660 (bond failure)
300 560 (bond failure)
500 k20 (bond failure)
700 160 (bond failure)

The average peel strength of 135.7 inch-pounds for an all-saluminum sand-
wich panel made with FPL-878 tape, as shown in table I, is somewhat lower
than that of & similar panel made with a commereial phenol-butyral liquid
adhesive (which had a strength of approximately 17 inch-pounds) and much
lower than that of a panel bonded with phenol-butyral tepe adhesive
(strength of epproximately 45 inch-pounds). Neither of these commercial
edhesives, however, has significant resistance to heat-aging at 550° F

or resistance to thermal softening at 450° or 600° F.

Strength properties of FPL-878 bonds.- A summary of the strength

properties of aluminum lap Joints bonded with FPL-878 liquid and tape
adhesives is presented in table I. The strength properties of the liquid
form of FPL-878 in the various lap-joint tests were generslly superior to
the tape modification of FPL-878. Both adhesives were outstanding in
immediste shear-strength properties at elevated temperatures and in resis-
tance to creep at 300° F. The liquid adhesive was particularly resistant
to long-tlme aging at elevated temperatures, while the tape adhesive
showed a very significant loss In strength when aged at a temperature of
450° F. The bend strength and peel strength of both types of adhesive
were low and indicative of the brittle characteristics of the adhesives
at room temperature. Neither the liguld nor the tape form showed any
loss in strength when immersed in hydrocarbon fluid for T days.

In the limited number of long-time strength tests, the lap shear
specimens were first loaded to 1,00 psl at 300° F for a period of
200 hours and then the load was increased to 1,500 psi for an additional
200 hours. There was no creep observed by a periocdic microscopic observa-
tion of a scratch line on the side of the specimen while under load after
the total 4OO-hour loading period. Lap joints that were not given the
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16-hour postcure &t 270° F, however, failed immediately when the
1,000-pound load was applied at 300° F.

FPI-881 Adhesive

Previous comments have indicated that entrapped volatile solvents in
liguid-solution adhesives and in film adhesives prepared from such liquid
adhesives are believed to be a major factor in reducing the stability of
adhesives at high temperatures. A loglcasl solution to this problem would
then appear to be the utilization of some of the newer liquid resins that,
because of their reactivity, contain potentially 100 percent solids and
cen be cured without entrapment of solvents or loss of volatile byproducts.
One of these is the liquid epoxy type of resin. Such resins have been
investigated previously at the Forest Products Laboratory in metal-bonding
adhesive formulations in cooperation with the Navy Bureau of Aeronsutics.
This investigation indicated that certain highly methylated tertiary
emines were promising curing agents for such liquid epoxy resins, without
Phenol resins, giving reasonably satisfactory metal-to-metal lap Joints
at 200° and 2500 F.

Some further preliminary studies on such formulaetions were under-
taken during the present investigation. Based on certaln theoretical
reasoning from the results of previous studies, one special smine, penta-
methyl diethylene triamine, was selected for trial as a curing sgent.
Since this was not commercielly available, the Union Carbide and Carbon
Chemicals Company kindly synthesized this amine for the present work.
This amine was used with Epon RN-L8 liquid epoxy resin and gave strength
values of 3,000 psi at room tempersture and as high as 3,400 psi at 250° F
in aluminum lap shesr specimens when cured at elevated temperatures. The
adhesive can be applied as a liquid and pressed immediately at tempera-
tures from room temperature to 300° F, with no previous air-drying or
precuring.

In the evaluation of pentamethyl diethylene triamine as a curing
agent for epoxy resin Epon RN-48, the amount of the amine was varied to
study the relation of the ratic of the number of epoxide groups present
in the resin to the number of amino groups present in the amine and
their effect on the degree of cure and cross-linkage of the resin, as
determined by the shear strength of bonds tested at 250° ¥. The results
of these tests of lap-joint specimens after a cure of 1 hour at 200° F.
and a postcure of 1 hour at 300° F were as follows:
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Amount of Ratio of epoxide groups Shear strength
emine, percent per amino group at 250° F, psl
(a) (b) (e)

1.90 15.7 to 1 112
2.25 13.3 to 1 Loo
2.95 10.2 to 1 2,096
3.50 8.7tol 2,928
4 .00 7.5 to 1 3,358
4.3 7.0 to 1 2,678
5.2 5.6 to 1 1,890
7.8 3.8 to 1 8
9.7 3.1 to 1 578

8Percent by weight of pentamethyl diethylene triamine based on
weight of epoxy resin Epon RN-48.

PRatio of reactive groups 1n resin (epoxide) to reactive groups
in amine (amino) in adhesive mixtures.

CTested immediately after reaching equilibrium at this
temperature.

The deta showed that a meaximum shear strength at 250° F was attained when
4 percent by weight of the amine was used as a curing agent. This combil-
nation of resin and amine apparently resulted in the optimum reaction of
the resactive groups present in the mixture and resulted in optimm croas-
linkege and thermal stability. Since this combination of amine and resin
was most effective, it showed that on the average approximately seven and
a half epoxide groups from the resin were reacting with each of the three
emino groups in the.amine curing agent._ This sdhesive’ composition, com-
posed.of 100 grams of Epon RN-48 and 4 grams of pentamethyl diethylene
triamine, is designated as FPL-881. These results are in close agreement
with the mechanism of polymerization and cure of epoxide resins reported
by Narracott (ref. 5) who showed, by the characterization of the products
of triethylamine and phenylglycidyl ether, that one mono tertiary amine
reacts with about eight epoxide groups. :

Further study of the formulation FPL-881 with 4 percent of penta-~
methyl diethylene triamine showed that the adhesive had the following
shear-strength properties when tepted immedistely after reaching equilib-
rium at temperatures ranging from -70° to 500° F:

Test temperature, OF Shear strength, psi
-70 3,240
80 3,110
250 2,950
300 1,040
Loo 570 °
500 380
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A rather abrupt loss in strength was observed in increasing the test
temperature from 250° to 300° P, indicating that the adhesive was still
somewhat thermoplastic at those conditions. A limited amount of eddi-
tional work on the effect of ionic polymerization catalysts, such as
iocdine, and of chelating asgents showed only a slight increase in the
strength of bonds at 300° F.

This adhesive FPL-881 is believed to have distinectly improved
strength properties at elevated temperetures over known conventional
epoxy-resin adheslves and is considered to be & very promising approach
to the problem of developing metal-bonding adhesives that have better
heat resistance.

CONCILUSIONS

Based on extensive experience gained in an investigation of metal-
bonding adhesives, the effect of different adhesive components and
bonding variables on the performance of adhesives at elevated tempera-
tures may be summarized generally as follows:

(1) The strength of adhesive bonds when tested immediately at ele-
vated temperatures is spparently dependent primasrily on the cohesive
strength of the adhesive as a result of the polymerization and cross-
linkage that occurs during the initlal cure of the adhesive.

(2) The resistance of the adhesive to long-time aging st elevated
temperatures is dependent in part on the chemical maskeup of the resin
of which the adhesive is composed.

(3) The resistance of the adhesive to long-time aging at elevated
temperatures is also dependent on the conditions employed in the process
of bonding. The metal being bonded has a msrked effect on the thermal
resistance aof the adhesive. The method of preparing the metal for
bonding and the chemical composition of the metal surface are likewise
critical In determining the heat resistance of the bond. The removal of
volatiles and solvents from the adhesive film prior to bonding is impor-
tant. The type of carrier employed in supported tapes also has g marked
effect on the performance of the adhesive at elevated temperatures.

(%) Three adhesives with promising heat-resisting characteristics
have been described in thils report. Adhesive FPL~T710, a phenocl-epoexy
resin formalation, has shown good resistance to thermal softening up to
600° F and to thermal degradation on heat-aging for 200 hours at 5500 F
in thin gluelines In aluminum-to-gluminum lsp shear tests. Adhe-
sive FP1-878, another phenol-epoxy resin formiletion, has better flow
and filleting properties than FPL-T10 and can be made into a tape,
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supported on glass-fiber mat, for use in bonding sandwich panels having

high heat resistamces” This tape adhesive has provided bonds of aluminum

and stainless-steel faces to high-strength heat-resistant phenol-resin-~ »
Impregnated glass-cloth honeycomb cores that are superlor in hest resis-

tance at 500° and 700° F to those made with any other currently availsble
adhesive process. Heat-aging resistance of the FPL-878 tape is not so

high as for the liguid adhesive in lap joints. This is apparently due to

an undesirasble action of the glass surface on the resins at 550° F and is

one of the most serious present limitations of the FPL-878 tape adhesive.
Adhesive FPL-881, composed of a liquid epoxy resin with a special amine

curing agent, is a very promising 100-percent-reactive liguid adhesive

for metal bonding when cured at 200° F or higher. Without the need of

elsborate precuring, it gives very good resistance to thermsl softenling

at 250° F, a major limitation of other straight epoxy-resin adhesives.

This FPL-881 adhesive does not have the high resistance to thermal soft- _ -
ening at 500° and 600° F noted for the phenocl-epoxy resin combinations. -

(5) Adhesive formulations that possess outstanding strength proper-
ties at elevated temperatures and high resistence to thermal degradaticn
may be excessively brittle at normal and subnormal temperatures. Since
there is a definite need for a single adhesive with acceptable strength
properties over a wide range of temperatures, further work in the develop-
ment of such adhesives 1s highly desirable.

Forest Products Laboratory, ’ ' T o - .
Msdison, Wisc., September 25, 195h
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TABIE I.- AVERAGE STRENGTH PROPERTIES OF ADHESIVE FPL-878 IN VARIOUS TESIS

FPL~878 liquid FPL-875 tape
Test
temperatura, Type of test Aged Aged Aged Aged Aged Aged
oF Control] 200 hr 200 hr 200 hr {Control| 200 hr 200 hr 200 hr
5) at 3500 Flat 450° Flat 5500 F (0) at 350° Flat U500 F | at 550° F
b b
-T0 1,840 | ~mmmm | mmmem | e 1,200 | —m--- - —.—
80 2,04 | 1,674 1,320 1,080 |1,540 1,274 120 0
250 3,134 | ——--- i e 1,63 | ----- —-- -
350 1,336 | 2,310 1,162 | mewa- 1,168 1,390 256 ———
450 1,298 | 2,078 1,322 [ —m--- 920 1,210 12k ——n
600 806 958 1,156 866 690 860 80 —_
80 7-day lumersion
in hydrocarbon :
fluld, psi 2,028 | C1,704 | —erm= | meemn 1,518 | ¢1,264 - -—
300
Btrength, pai 1)5m -------------- l,sm ----- - -
80 1O | —mome | emmmm | e 3y (R [p—
76 |  Peel, in.-1b | —momm | mmmm f memen | e 3.7 ==--- - -=-

8411 tests except peel tests were made on lap shesr specimens of 0.06l-inch cled 2024-T3 alumimm alloy
Each value 1s average of
at least five test specimens except long-time strength values which are average of two specimens, and peel
test values are averages for four specimens.

ba1n specimens were cured for 60 mimutes at 320° F. Control specimens only were posteured for 16 hours

with a 0.5-inch lsp joint.

at 2700 F.

CSpecimens were aged for 200 hours at 350° F before immersion.

Tests were conducted in accardance with reference b.

A

QOACE WA VOVN -
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