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SUMMARY 

c 

Y 

A study was made to determine the probable causes of deterioration 
of each of several adhesives in bonds to stainless steel at temperatures 
from tiO" to 550° F. Prellminsry studies of aluminum surfaces on which 
ions of metals used in staLnless steel were introduced showed that iron 
was probably catalyzing a thermal deterioration of the adhesive. The 
resistance of ~~~878 adhesive to thermal deterioration at 550° F on 
steel was improved signiffcantly by treating the steel surface to be 
bonded with either zinc or cerium naphthenate and firing at 1,200' F. 
The addition of manganese dioxide to the adhesive also increased its 
resistance to thermal deterioration. A study of the thermal-aging prop- 
erties of five different chemical types of adhesives on stainless steel 
and alumina revealed that a phenol-nitrile rubber adhesive was superior 
to a phenol-epoxy adhesive on steel, but this order was reversed on 
alumina. These and other observations indicated probable specific 
relationships among the chemical structure of the adhesive, the metal 
sdherend, and the resultant thermal stability of bonds after aging at 
high temperatures. 

INTRODUCTION 

Adhesive bonds in metals msy react in two ways when subjected to 
elevated temperatures. The adhesive may soften and lose a considerable 
part of its initial strength merely because of thermal softening. Much 
of this loss may be regained when the adhesive cools. The adhesive may 
also permanently lose strength because of thermal aging at elevated tem- 
peratures. This loss involves chemical deteriorations that probably 
have definite rate effects and are irreversible. 

The work reported herein has been directed toward establishing 
probable causes and mechanisms for the erratic and generally unsatis- 
factory resistance of adhesive bonds on certain metals to thermal aging 
at temperatures up to 550’ F. In previous work (ref. 1) adhesive bonds 
on certain metals, psrticulsrly stainless steel, made with a phenol-epoxy 
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resin adhesive were shown to have generally low resistance to thermal 
aging, while bonds of the ssme adhesive on alminum were quite high in 
heat resistance. Low resistance to aging at elevated temperatures has 
also been observed for a phenol-epoxy resin adhesive in bonds on tita- 
nium, brass, copper, and low-carbon steel. 

. 

b 

These and similsr empirical observations suggested an important 
dependence of the heat-aging characteristics of an adhesive on the metal 
surface being bonded. The very marked difference in the performance of 
the ssme adhesive on aluminum and stainless steel indicated strongly 
that certain metal surfaces may have a critical catalytic effect on the 
deterioration of the organic adhesive. In the work reported in refer- 
ence 1, the deterioration of bonds on stainless steel was greatly reduced 
when bonds were aged in nitrogen. Air or owgen must therefore play sn 
important role in the thermal-degradation mechanism. The adverse behav- 
ior at elevated temperatures of several different types of commercial 
adhesives on stainless steel has also been observed by investigators in 
the aircraft industry. The work on this project has been restricted I 
mainly to a study of clad aluminum alloy (2024-T3) and stainless steel 
(type 302) bonded with ~~~-878 adhesive. (This is an experimental 
phenol-epoxy resin adhesive developed for high temperature use by the 

P 

Forest FVoducts Laboratory in cooperation with the National Advisory 
Carmnittee for Aeronautics and described in ref. 2.) For background 
knowledge on some of the metallurgical aspects of surface properties 
and film composition of stainless steel, the work by Gulbransen and 
associates (refs. 3 to 6) seemed to give the best insight into what 
might be happening to the various oxides of iron, chromium, and nickel 
on the surface of the stainless steel during heat aging. Their work 
revealed that, at elevat8d temperatures, the oxides on the surface of 
iron undergo a number of solid phase oxidation-reduction reactions with 
transformation from one oxide to another. Diffusion of metal and oxygen 
ions through the surface lattices also occurs to cause continuation of 
the oxidation process. The oxidation characteristics of iron beccme 
more compucated in the stainless-steel alloys, where diffusion and oxi- 
dation of the different metal components msy occur to different degrees, 
depending on surface treatment and conditions of oxidation. Gulbrsnsen 
also reported that iron showed a very marked gain in weight after oxi- 
dation for 2 hours at 400' F, but aluminum showed practically no gain 
after a similar exposure. Rhodin (ref. 7) in his study of oxide films 
on 18-8 type stainless steel showed that the percentages of the metals 
in the oxide film are not the ssme as the percentages in the alloy. 
Surface films become enriched with silicon by mild chemical pickling 
and passivating treatments, while a very msrked increase in the chromium 
content of the film occurs with air oxidation at elevated temperatures. 
The perferential diffusion of cbramium and the otidation of this chro- 
mium was also reported to occur in conditions of limited oxygen supply . 

such as would be expected within adhesive bonds between stainless-steel 
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plates. The principal metal components of stainless steel, namely, 
iron, chromium, and nfckel, and their &des sre also well recognized 
as catalysts for a naber of organic reactions involving oxidation, 
hydrogenation, and dehydrogenation (ref. 8). From these chemical con- 
siderations of the stainless-steel surface it seems quite likely that 
the adhesive forms a bridge or bond to a highly reactive metal-oxide 
surface that could be continually changing in chemical composition at 
elevated temperatures. 

This investigation was carried out at the Forest Products Laboratory 
under the sponsorship and with the financial assistance of the NACA. 

EXPERIMERTALPROCEDURE 

Since many of the procedures used in individual experiments were 
typical only of that experiment, such procedures are outlined briefly 
in the section entitled "Discussion of Experimental Results" rather than 
in this section. Scme of the chemical-treating procedures for preparing 
the metal for bonding and for conducting the strength tests, however, 
were common to a number of the expertits snd are described in this 
section. 

Materials 

Metals.- This bonding study was conducted on 0.064--inch 2024-T3 clad 
aluminum alloy and 0.020-inch type 302 stainless steel that conformed to 
the specifications given in reference 9. The stainless steel had the 
following approximate composition by weight: iron, 70 percent; cbrcmium, 
18 percent; nickel, 8 percent; manganese, 2 percent; silicon, 1 percent; 
and traces of copper, molybdenum, carbon, phosphorous, and sulfur. 

Adhesives.- .The adhesive used most frequently in these studies was 
FFS-g-2) which had the following composition: phenol resin 
(Durez 16227), 12.3 grams; phenol resin (B&elite BV 9700), 3.3 grams; 
epor;y resin (Epon 1007), 2.0 grams; ethyl acetate, 2.0 grams; n-propyl 
gallate, 0.2 gram; and 1-hydroxy-2-naphthoic acid, 0.2 gram. This 
formulation was thiMed with an equal weight of ethyl acetate before 
it was spread.. The adhesive coat was precured for 30 minutes at 2W" F 
and was then pressed at 32Q" F for 60 minutes at 50 psi. Previous work 
with this adhesive indicated that it was one of the most prcgnising struc- 
turalmetal-bonding adhesives for almum joints and that these were 
the best bonding conditions from the stsndpoint of resistance to both 
thermal softening and thermal aging. 
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Four other commercial resins of different chemical types, identified 
in this report by the letters A, B, C, and D, were also evaluated for b 
resistance to heat-aging in bonds between plates of aluminum and stain- 
less steel. Adhesive A is a high-temperature-setting phenol resin; adhe- 
sive B is an uncatalyzed epoxy resin; adhesive C is a high-temperature- 
setting liquid adhesive ccmposed of phenol resin and nitrile rubber; and 
adhesive D is a high-temperature-setting silicone resin. 

The following conditions, which were considered adequate for good 
bonds, were used for these adhesives in bonding lap-joint shear specimens: 

Adhesive 

A 

aB 

C 

D 

s-w 

200 

320 

30 50 

-- Contact 

15 250 

10 * 200 

Curing conditions I 

Temperature, 
OF 

320 

450 

320 

400 

5-l 
60 

Overnight 

60 

190 

%esin and metal heated to 300° F; resin was applied by brush 
while hot. 

Preparation of Metal Surfaces for Bonding 

After the surfaces were wiped with methyl ethyl ketone, the fol- 
lowing two methods were employed in preparing the metal surfaces for 
bonding: 

(1) Method A: Method A consisted of immersion of the specimen for 
10 minutes at 150° F in the following solution: hydrochloric acid 
(concentrated), 100 grams; hydrogen peroxide (30 percent), 4 grams; 
formalin (40 percent), 20 grams; and water, 90 grams. The metal was 
then rinsed in cold tap water and then in distilled water and was then 
air dried. 

(2) Method B: Method B consisted of immersion of the specimen for 
5.to 10 minutes at &I0 to 160~ F in the following solution: sulfuri.c 
acid (concentrated), 100 grams; sodium dichromate, 10 grams; and water, 
30 grams. The metal was then rinsed in cold tap water and then in 
distilled water and was then air dried. 

. 
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Method A was used on stainless steel to produce sn active surface, 
and method A followed by method B, which contained dichromate, was 
employed to produce a passive surface on steel. Method B was also used 
for preparing aluminum surfaces. These chemical treatments were con- 
sidered from previous work (ref. 1) to be the most premising methods 
for preparing stainless-steel and altin= surfaces for bonding. 

Test Methods 

. 

Lap-joint shear specimens with an 0.5~inch overlap were prepared 
for both the alrminum and stainless-steel surfaces. The specimens were 
tested at rocm temperature initially and sgain at room temperature after 
aging at elevated temperatures. The lap-shear specimens were loaded 
until they failed in tension in self-alining grips at the rate of 
600 pounds per 0.5 square inch per minute. The type of bond failure 
in most bonds, as determined by visual examination of the broken spec- 
imens, was estimated to be 100-percent failure in cohesion of the adhe- 
sive layer. Whenever failure occurred in adhesion to the metal, the 
average estimated percentage of area of adhesion failure is shown in 
psrentheses following the joint strength values In the various tables 
throughout the report. 

The stainless-steel test specimens were prepared individually by 
bonding l- by 2-inch coupons to form a 0.5~inch overlap specimen 1 by 
3.5 inches in size. The altinm test specimens were prepared by bonding 
4- by 8-inch pieces into a panel 8 by 7.5 inches in size. Seven l-inch- 
wide test specimens were then cut from each test panel. At least five 
specFmens were tested for each test condition. Temperatures -during 
heat aging and when testing at the elevated temperatures were controlled 
to within +3' F in special, electrically heated ovens. Other details 
of metal preparation, adhesive formulation, bonding, and testing condi- 
tions are given for individual experiments in the following section. 

DISCUSSION OF EXPERIMENT AL RESULTS 

Studies of Adhesive Bonds to 

Aluminum Surfaces 

Earlier experience at the Forest Products Laboratory indicated 
that aluminum surfaces prepared for bonding using sulfuric acid and 
sodium dichromate (method B) had very little or no undesirable effect 
on the thermal deterioration of ~~~878 adhesive. For this reason, 



6 NACA TN 4287 

aluminum surfaces were prepared by this process, and other metal ions 
were deposited on these surfaces to study their effect on the heat-aging 
properties of the adhesive. In these experiments, the various ions of 
the metals found in stainless steel, and also other ions, were deposited 
on the aluminum surface by chemical displacement from a dilute acid solu- 
tion of the metal salt. This deposition was accomplished by immersion 
of the clean aluminum metal for 60 minutes at 80° F in a lo-percent 
nitric acid solution (by weight) in which the metal salt was dissolved. 
The concentration of the salt was varied from 0.005 to 0.100 mole per 
liter of solution. After the metal surface was immersed, it was rinsed 
well with cold tap water and then with distilled water and was air dried 
before bonding. No chemical characterization of the resultant metal 
surfaces was attempted. The results of shear tests of bonds on aluminum 
surfaces containing iron, nickel, chromium, or manganese, the metals 
present in the stainless steel, and certain other metals are contained 
in table 1. Tests were conducted initially at room temperature and also 
at room temperature after aging for 100 hours at 550’ F. The data show 
that ferrous and ferric iron and nickel ions that were deposited from 
the O.l-molar solutions lowered the resistance of the adhesive bonds to 
aging for 100 hours at 550’ F. Ferric iron had the greatest adverse 
effect at this concentration. Chromium and manganese seemed to have no 
consistent significant effect at the concentrations and conditions 
employed in the study. The results of these experiments indicate that 
the iron of the stainless steel was probably the alloying element 
causing the accelerated deterioration of adhesive ~~~878 at elevated 
temperatures. 

In a further experiment, small amounts of iron were deposited on 
the cleaned aluminum surfaces (method B) by electrodeposition with a 
direct current of 3 volts and 0.210 ampere for 2 minutes from a 0.03-molar 
aqueous solution of ferric chloride at room temperature. Frcxn these 
electrolysis measurements it was calculated that about 0.0012 gram of 
iron was deposited per square inch of aluminum surface. In the electro- 
deposition procedure, stainless steel (type 302) was used as the anode, 
and the aluminum to be bonded was used as the cathode. After the iron 
was deposited, the surfaces were washed with distilled water, air dried, 
and then heated to 300' F for 30 minutes. Bonds were then made with 
~~~-878 adhesive to the iron-modified surface as prepared and to similsr 
surfaces from which the iron had been subsequently removed by a second 
treatment with a solution of sulfuric acid and sodium dichromate-(method B). 
The following results of tests of these bonds at room temperature, before 
and after they were aged for 100 hours at 550’ F, show conclusively 
the marked adverse effect of iron on the thermal deterioration of the 
adhesive : 
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Surface treatment 

(1) Control (method B) 2,210 1,184 
(2) Method B plus iron deposit 2,104 0 
(3) Same as (2) with iron removed 2,162 1,258 

1 Shear strength of specimen;psi 1 

I No aging 1 Aged 100 hr at 550' F 1 

The results obtained with other metals that were introduced on the alu- 
minum surface by chemical displacement are shown in table 1. Several 
of these metals, psrticulsrly silver, zinc, and cerium, improved the 
resistance of the adhesive to aging at 5500 F. The deposition of a 
relatively thick layer of copper, which was observed from the most dilute 
solution, resulted in complete loss of joint strength after heat aging. 
Lesser amounts of copper deposited on the aluminum from the 0.015-molar 
or higher concentrations showed no adverse effect. Mercury had a very 
severe adverse effect, whereas cobalt and lead, at the conditions employed, 
had no well-defined effects. The performance obtained with the various 
surfaces treated tith the different metals was of interest because of 
the possible correlation of the chemical properties of the metals or the 
metal oxides, which presumably are formed at the metal surface after 
very short exposure to air, and the subsequent behavior of the adhesive 
when exposed to heat. For example, the oxides of zinc and cerium, which 
improved the resistance of the adhesive to thermal aging, are known to 
be smphoteric in their chemical properties and also have high thermal 
stability. Zinc oxide has long been employed as a protective coating 
for iron (galvanized iron) because it prevents further oxidation snd 
corrosion. 

From a general review of metal catalysts for various organic reac- 
tions at elevated temperatures (ref. 8), a number of examples were noted 
that involved the metals included in the present study. Silver and its 
oxide, for example, are known to be strong oxidizing agents and catalysts 
for oxidation reactions.. Copper and its oxides sre catalysts for organic 
reactions involving dehydrogenation. Chranim, however, is also an 
excellent catalyst for dehydrogenation, but it showed no adverse effect 
on adhesive performance. Nickel is usually classified as a catalyst 
for hydrogenation but may be an active catalyst for dehydrogenation in 
the presence of promoters such as aluminum oxide. Iron is also a dehy- 
drogenation catalyst. The metals iron, copper, and nickel, which showed 
the greatest adverse effect on the resistance of the adhesive to aging 
at 550' F, are all classified as catalysts for the Fischer-Tropsch syn- 
thesis of hydrocarbon fuel fram carbon monoxide and hydrogen, which 
involves reactions of hydrogenation, dehydrogenation, and dehydration. 
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In another reaction described by Wet-t (ref. B), where o-WI&e 
or naphthalene is partially oxidized to phthalic anhydride with a vana- 
dium pentoxide catalyst, complete oxidation will occur if iron oxide is 
present. This oxidation reaction may more closely resemble the condi- 
tions of adhesive deterioration observed in bonds at high temperature 
in the presence of stainless steel or of iron on alwninm than did any 
of the catalytic reactions previously cited because of the similarity 
in aromatic structures of the phenol and epoxy resins and those of 
naphthalene and xylene. 

Studies of Adhesive Bonds to Stainless-Steel Surfaces 

The studies of stainless-steel surfaces were directed toward 
improvement of the rather poor thermal-aging resistance of adhesive 
bonds to stainless steel. The postulated catalytic effects of iron in 
the steel were to be reduced by certain surface treatments that could 
either have a poisoning effect or could tie up the iron to reduce or 
destroy its catalytic effects. Before such poisoning possibilities 
were investigated, the effect of several different initial surface 
treatments for steel on the heat resistance of the resultant ~~~878 
bonds was determined. The following data are the results of tests at 
80° F on bonds made with ~1~878 on stainless steel that were aged for 
50 or 100 hours at 550’ F: 

Shear strength of specimen, psi 
Surface treatment 

Aged 50 hours Aged 100 hours 

Milled a104-(72) em- 
Method A 2w 28 
Method A plus 2 hours at 450° F -------- % 
Method A plus 2 hours at gOO" F -------- 
Method A plus method B 300 12 

aValue in parenthesis is average estimated percentage of shear 
area failing in adhesion to the metal. In all other cases, failure 
was completely in cohesion of the adhesive Layer. 

Methods A and B for treating the surfaces sre described in the section 
"Experimental Procedure." The milled surfaces were prepared while the 
steel was immersed in a bath of the liquid adhesive. This milling pro- 
cedure was an attempt to produce a fresh surface of metal in immediate 
contact with the adhesive so that the adhesive could be preferentially 
adsorbed before any oxygen could came in contact with the surface. Such 
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oxygen adsorption would normally be expected to follow a chemical treat- 
ment where surfaces sre then dried in air. 

These precautions to exclude adsorbed olZygen from the surface were 
not effective in retarding thermal deterioration of the adhesive, which 
suggests that air or wgen that is accessible to the periphery of the 
bonded srea msy have been a factor in the deterioration of the bonds on 
stainless steel at elevated temperatures. Since previous studies showed 
that bonds on aluminum did not deteriorate seriously, however, entry of 
air at the periphery of the bond during heat aging was not considered 
to be the major factor contributing to deterioration but rather it was 
considered that a combination of air or oxygen and the presence of iron 
instead of aluminum was necessary to cause severe deterioration of the 
adhesive bond. 

A surface treatment involving immersion in a solution of hydrochloric 
acid, hydrogen peroxide, and formalin (method A) to produce an active 
surface gave joints that were low in strength after heat aging, and 
heating the surfaces for 2 hours at either 450' or 900' F in an attempt 
to passivate the surface by ticreasing the thickness of the oxide layer 
was not beneficial. Heating iron surfaces at gOO" F was reported by 
Moreau (ref. 10) and Hiclcnsn (ref. 11) to promote the formation of reduced 
iron oxides such as Fe504 and FeO, whereas principally Fe205 existed at 
or below 450° F. The results of tests of these bonded surfaces, however, 
showed no marked difference in performance or any increase of thermal 
resistance over the results of tests on those surfaces that were only 
air dried. 

Stainless-steel surfaces prepared for bonding by method A followed 
by tiersion in a solution of sulfuric acid and sodim dichrcmate 
(method B) had the highest strength after aging for 100 hours at 550° F 
and showed the least amount of visible thermal deterioration of the 
adhesive bond. This surface was considered to be scam&a-t more passive 
in nature than the surface prepared by method A only because of the oxi- 
dation effects of the dichromate ion used in method B. 

Treatment of stainless steel with metal naphthenates.- In one 
approach to the problem of deactivating the iron, the stainless-steel 
surfaces were modified by a firing technique. Other metal ions were 
introduced on the stainless steel in the form of metal'naphthenates, 
and the steel was then heated at 1,200' F for 15 minutes to remove the 
organic corn-ponents. This naphthenate method of deposit%ng ions on 
stainless-steel surfaces showed pramising results in a previous study 
of thermal deterioration of adhesive bonds conducted in cooperation 
with the Wright Air Developent Center (ref. 1). The treated surfaces 
were cooled end bonded with ~~~878 adhesive under the usual procedures, 
and the joints were then aged for 100 hours at 550’ F before they were 
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tested at room temperature. The surfaces were cleaned by method A 
before the naphthenate was applied. 

The results of this work (table 2) showed that zinc- and cerium- 
treated surfaces were quite superior to all other metal-treated surfaces 
in reducing adhesive deterioration during heat aging. These results 
agreed with those obtained on aluminum surfaces that contained either 
zinc or cerium. Surfaces treated with lithium, nickel, end tin showed 
slight improvement over the control surface with no naphthenate treat- 
ment. Treating the steel surface with either calcium, iron, cadmium, 
lead, vanadium, or copper caused complete deterioration of the bond 
during heat aging. These results also showed that, of the elements 
usually found in stainless steel, enrichment of the surface film with 
iron by the naphthenate treatment caused complete loss in bond strength, 
chromium had no significant effect, and nickel appeared to improve the 
retention of bond strength when heat aged. The elements calcium, cerium, 
and zirconium, which are known as "long life" elements (ref. 12) that 
increase the life of electrical resistance wires, were markedly different 
in their effect. Calcium caused a ccanplete loss in joint strength, 
zirconium had no effect, end cerium showed a very significant improve- 
ment. These elements are thought to increase the life of heating wires 
by either increasing the adhesion of the protective oxide scale or a 
specific influence on the formation of simple oxides and spinels in the 
scale that are thought to have a direct effect on the rates of diffusion 
of the ions through the scale. Spinels are a group of minerals occurring 
in octahedrons of great hardness that are usually formed from altaoinates 
or ferrates of the type M+%~*OJ+; fl msy be magnesium, zinc, man- 
ganous manganese, or ferrous iron, and w may be aluminum, chromium, 
ferric iron, or manganic manganese. A number of the metals studied, 
such as calcium, cerium, zirconium, vanadium, and manganese, are also 
known to act as purifiers and scavengers of oxygen in the manufacture 
of steel, while strontium and barium are used as scavengers in the 
refining of copper. Magnesium is also an excellent deoxidizer for other 
metals. Zinc, of course, is well known for its anodic protection of 
iron against electrolytic corrosion and is also believed to protect iron 
from thermal-oxidation effects at intermediate temperatures by virtue 
of the protective oxide layer formed on the surface. Zinc is also sol- 
uble in steel and readily diffuses into the metal at the elevated tem- 
peratures used in the firing technique. 

The particular surface treatment of.the steel used before applica- 
tion of the naphthenate solution was also found to influence the effec- 
tiveness of the zinc and cerium surfaces. Zinc surfaces were most 
effective in reducing adhesive deterioration when the stainless steel 
was first treated by method A followed by method B. Cerium was most 
effective when the steel surface was cleaned by method A. The results 
of tests made at room temperature after 100 hours at 550° F to establish 
these effects are shown in the following tabulation: 
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Cleaning method Naphthenate 

Method A 
Method A plus method B 
Method A 
Method A plus method B 

Zinc 380 
Zinc 536 

Cerium 382 
Cerium 158 

Shear strength 
of specimen, 

Psi 

In another study, small amounts of different metal ions were 
electrodeposited on stainless steel by passing a direct current of 1 
to 2 amperes at a potential of 3 volts for 5 minutes through 0.03-molar 
salt solutions in 10 percent nitric acid, by weight, at room temperature. 
The metal was then rinsed and heated to 1,200' F for 15 minutes before 
it was cooled and bonded with ~~~-878 adhesive. In the deposition proc- 
ess, a sheet of 18-8 type 302 stainless steel was used as the anode, snd 
a sFmilar piece of stainless steel was used as the cathode. Both elec- 
trodes were first cleaned by method A. 

The strength values for bonds made to these various surfaces were 
determined at 80' F after aging for 100 hours at 550' F and sre as 
follow: 

Metal salt 
Shesr strength 

of specimen, 
Psi 

None 50 
Zinc chloride 104 
Cerous nitrate 1% 
Aluminum chloride 136 
Bismuth subnitrate 24 
Copper chloride 0 
Silver nitrate 0 

Zinc, cerium, and altinum salts gave the best results, although they 
gave joint-strength values considerably lower than those obtained when 
the corresponding naphthenates were fired on the surfaces. Bismuth, 
which was reported in the literature (ref. 8) as a poison for iron oxi- 
dation catalysts, had no marked effect on adhesive deterioration, but 
copper again caused complete deterioration of the bond. Silver, which 
had been found to increase the resistance of the adhesive to thermal 
aging onaluminum, caused complete deterioration of the adhesive when 
used to modify the stainless-steel surface. 



12 NACA TN 4287 
t 

Treatment of the stainless-steel surface with chelating agents.- 
In this study, it was hypothesized that certain organic compounds could 
possibly form-chelates with the iron at the surface of the steel and that 
these chelates might be stable compounds which would reduce or prevent 
the catalytic deterioration of the adhesive when aged at 550' F. To 
investigate this possibility, the stainless-steel surfaces were cleaned 
with a solution of hydrochloric acid, formalin, and hydrogen peroxide 
(method A) and were then immersed for 1 hour in a boiling-water solution 
containing 5 percent of the selected chelating agents. The surfaces 
were then rinsed and air dried before they were bonded with ITPI,-878 adhe- 
sive. The results of tests at rocm temperature after aging at 550° F 
for 100 hours were as follows: 

C&elate 
Shear strength 

of specimen, 
Psi 

None 
1-hydroxy-2-naphthoic acid 
Quinolinol 
Salicylic acid 
Dicyandiamide 

* 

Some rather significant improvements in joint strength were obtained 
with 1-hydroxy-2-naphthoic acid and dicyandiamide, although results 
were not so high as those shown in table 2 for the zinc and cerium 
naphthenate treatments on steel. 

Effect of additives in ~~878 adhesive when bonding stainless 
steel. - In this phase of the work on bonds to stainless steel, improve- 
ment in the resistance to heat aging was attempted by reducing the pos- 
sible catalytic effects of iron with certain additives to the adhesive 
itself instead of the metal surface. These additives were selected 
because they might have a poisoning or inhibiting effect on iron or 
because they could also act as oxygen scavengers in the bonded area. 
The stainless-steel surfaces were first prepared for bonding by method A 
followed by method B. 

A study of 21 different inorganic materials that were added to 
adhesive 1~~878, in amounts of 5 percent-or less, showed several a.dEti- 
tives that contributed significantly to improved resistance to aging 
at 550' F (table 3). Most effective of the different compounds studied 
was manganese dioxide, which increased the joint strength of the bonds 
after aging for 100 hours from 130 psi (controls) to 566 psi when a - 
concentration of 1.0 percent was used. Aluminum oxide (3 percent) 
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increased the joint strength to 474 psi, arsenic trioxide (3 percent), 
to 44.0 psi, stannous sulfide (1 percent), to 426 psi and antimony tri- 
sulfide (3 percent) increased the joint strength to 116 psi. These 
results indicated that the sulfur and arsenic compounds, which are poi- 
sons that will inhibit the catalytic effects of iron in many organic 
reactions, were effective in reducing the deterioration of the adhesive 
bond during heat aging. 

There was also sn indication that low and-intermediate valence 
forms of several different metals were more effective in improving heat- 
aging properties than were metals in their completely oxidized state. 
This was the case for antimony and zinc at 3-percent concentration and 
for arsenic at both 3- and 5-percent concentration, which suggests that 
the low valence forms of the metals were able to take up oqgen or unite 
with the iron in some way to inhibit the catalytic effects of iron. The 
action of manganese dioxide as an intermediate valence form of manganese 
msy also be as an oxygen scavenger, although-this compound16 amild 
oxidizing agent and is used as a depolarizer in dry cells, where it 
reacts with liberated hydrogen to form water. The excellent performance 
of aluminum oxide in these tests was surprising since it is generally 
considered to be a relatively inert and heat-stable material. 

The si@pificant improvement in strength of heat-aged bonds containing 
addditives at concentrations as low as 5 percent is a further indication 
that iron acts as a catalyst in the deterioration of the phenol-epoxy 
resin adhesive in contact with stainless steel at high temperatures. 

Effect of adhesive composition in bonds to stainless steel.- All 
previous work discussed in this report concerned. the performance of 
~~~878, a phenol-epow resin adhesive. The purpose of this phase of 
the study was to investigate the relationship of chemical composition 
of other adhesives to their thermal deterioration in bonds to aluminum 
and stainless steel at various temperatures. A series of bonded aluminum 
and stainless-steel specimens were prepared with each of several dif- 
ferent chemical types of adhesives. The decomposition temperatures of 
the bonds were then determined by (1) aging the specimens for 50 hours 
at temperatures from 400' to 550’ F and then testing them at room tem- 
perature and (2) aging the specimens for various lengths of time at 
550' F before testing them at room temperature. 

The chemical types of adhesives used sre described in the section 
"Experimental Procedure." It should be noted that some of these adhe- 
sives, such as the particular phenol-nitrile rubber and the uncatalyzed 
epoxy resin, did not produce joints of high strength when loaded ini- 
tially at elevated temperatures. This study, however, was concerned 
only with the resistance of such joints to chemical and thermal deterio- 
ration when aged in sn unstressed condition at elevated temperatures 
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and then tested at room temperature. The results of this work are pre- 
sented in table 4 and are also shown graphically in figures 1 to 6. 
The altinum surfaces were prepared for bonding by method B, and the 
stainless-steel surfaces were prepsred by method A followed by method B. 

The results of these tests point out some very interesting rela- 
tionships among the chemical type of adhesive, the aging temperature, 
and the metal adherend. When used with aluminum, adhesive ~~~878, a 
phenol-epoxy type adhesive, showed practically no difference in joint 
strength at temperatures from 450' to 550' F after eging for 50 hours 
(fig. 1). The same adhesive used with stainless steel (fig. 2) decreased 
significantly in strength with an increase in aging temperature. Phenol- 
resin adhesive A, when used alone as an adhesive, showed a moderate loss 
in strength when aged at 550° F on allnninti compared with its performance 
at 500' F or lower; it showed a very definite loss in strength on stain- 
less steel at temperatures of 450' F and above. Epoxy-resin adhesive B 
on aluminum had excellent strength after aging for 50 hours at 450’ and 
500° F but was almost completely deteriorated sfter 50 hours at 550° F. 
The same epoxy resin on stainless steel showed an abrupt loss in strength 
when aged at 500' F and almost complete deterioration at 550' F. Thus, 
aluminum specimens bonded with a straight phenol- or a straight epoxy- 
resin adhesive were low in resistance to thermal deterioration when aged 
at 550' F, but a combination of phenol and epoxy resin, such as ~~~-878 
adhesive, had high resistance at 550° F. These observations would indi- 
cate that there is presumably a weak chemical link in both the phenol and 
epoxy resins that is readily broken at 550° F. When the two resins are 
used together, however, this inherent weakness is strengthened by some 
cross-linking reaction to form a more thermaLly stable bond. The improved 
thermal stability of the combined resins over that of the individual com- 
ponent resins is lost, however, when the combination is used to bond 
stainless steel, which would indicate a specific effect of iron on the 
deterioration of this type of adhesive. 

In figure 1, the strength of bonds made to aluminum with adhesive C, 
a phenol-nitrile type adhesive, was shown to decrease noticeably with 
an increase in the aging temperature. Adhesive C on steel (fig. 2) also 
showed a loss in strength when aged for 50 hours at 500° F, but little 
or no further loss occurred when the sging temperature was raised to 
5W°F. This performance would indicate that iron in the steel probably 
has no important catalytic effect on the deterioration of the phenol- 
nitrile adhesive and that the nitrile-rubber portion of the adhesive mqy 
have a protective influence over the phenol resin. 

Adhesive C was believed to contain only a relatively small propor- 
tion of phenol resin with the nitrile component. In some further work, 
4-O and 80 percent by weight of phenol resin A, based on the solids con- 
tents of each resin, were therefore added.to adhesive C, and bonds made 
to steel with the new mixture were aged for 50 hours at 5500 F before 
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they were tested at room temperature. The results of tests made at room 
temperature before and after aging were as follows: 

Adhesive 

Adhesive C plus 40 percent of adhesive A 
Adhesive C plus 80 percent of adhesive A 

2,102 
2,026 

1,336 
1,392 

1,= 680 

. 

These results indicated that, when larger amounts of phenol resin were 
present, joint strength after heat aging was considerably lower because 
the nitrile component was too small to protect the phenol resin. 

The performance of silicone adhesive D was much better in bonds on 
stainless steel (fig. 2) that in bonds on aluminum (fig. 1). The initial 
strength of bonds on stainless steel (table 4) was also significantly 
higher than that of bonds on aluminum, which indicated that a higher 
degree of adhesion was attained on steel than was attained on aluminum. 
The silicone adhesive on steel (fig. 2) showed an abrupt loss in strength, 
however, when the aging temperature was increased frcm 500' to 550' F. 

Figures 3 and 4 show the results of tests at rocxn temperature on 
specimens made with the different adhesives on aluminum and stainless 
steel that were aged for various periods of time at 550' F. On aluminwn, 
~~~878 adhesive (phenol-epw type) was superior to other types of adhe- 
sives, although phenol-resin adhesive A also showed a promising degree 
of thermal resistance. It was noted that the main change in strength 
with all adhesives on altinum was during the first 50 hours of aging, 
after which the strength tended toward a constant level. On stainless 
steel, adhesive C (phenol-nitrile rubber) was best in resistance to 
thermal deterioration at all aging periods (fig. 4). Silicone adhe- 
sive D and 1~~878 adhesive retained a strength of 900 psi or more after 
16 hours of aging'but then decreased msrkedly in strength after 50 hours 
of exposure. Phenol-resin A and epoxy-resin B adhesives suffered the 
greatest losses in initial strength after aging for 16 hours at 550° F. 
After 100 hours at 550° F, only adhesive C retained sny significant 
strength on stainless steel. 

The data shown graphically in figures 5 and 6 indicate the behavior 
of a phenol-epoxy type adhesive (~~~878) and a phenol-nitrile rubber 
adhesive (adhesive C) in bonds on altinum and stainless steel when aged 
at elevated temperatures. The phenol-epoxy type adhesive showed high 
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resistance to thermal deterioration at 550’ F on aluminum but low resist- 
ance on stainless steel. The phenol-nitrile rubber adhesive, on the w 
other hand, had a high resistance on stainless steel but was low in 
resistance to thermal deterioration at 55Ov.F on aluminum. 

From these observations on adhesives of different chemical types 
for bonding aluminum and stainless steel, it appears that a very defi- 
nite relationship must exist between chemical structure of the adhesive 
and its thermal stability on various metal sdherends. Further study 
in this direction would offer leads towards tailoring special resins 
and other components for adhesives for use on specific metals when heat 
aging was expected to be a problem. 

Effect of surface preparation and adhesive composition on bonds to 
stainless steel.- In the final phase of this project, the best metal 
surface treatments for stainless steel (zinc and cerium nanhthenates) 
and the most promising adhesive additive (1 percent of manganese dio;dde) 
were used in preparing bonds made with a phenol-epow type adhesive 
(FPL-878) and with the phenol-resin-n itrile-rubber type adhesive (adhe- 
sive C). The surfaces were initially treated by.method A followed by 
method B before application of the metal naphthenate and heating to 
1,200° F for 15 minutes. The following data on tests of bonds at room 
temperature that were aged for 100 hours at 550° F show the effects on 
joint strength with changes in surface preparation and adhesive additive: 

. 

. 

. 

Adhesive Naphthenate treatment 

~~~-878 None 0 
FPL-878 Zinc 0 
FPL- 878 Cerium 0 
~~~-878 Zinc 1 
FPL-878 Ceriuni 1 
Adhesive C None 0 
Adhesive C Zinc 0 
Adhesive C Cerium 0 
Adhesive C Zinc 1 
Adhesive C Cerium 1 

1 
, 

Manganese 
dioxide, 
percent- 

I Shear strength of specimen 
at 80° F after 100 hours 

at 550’ F, 
Psi 

i-2 
158 
658 
552 

1,020 
894 
750 
470 
306 

These data showed that, as had been previously noted with ~~~-878 adhe- 
sive (phenol-epoxy type), the zinc naphthenate surface treatment with 
1 percent of manganese dioxide added to the adhesive definitely improved . 
the resistance of the adhesive to thermal deterioration at 550° F. For 

. 
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adhesive C (phenol-resin -nitrile-rubber type), treatment of the surface 
with these ssme metal naphthenates lowered the thermal resistance of the 
adhesive, and addition of manganese dioxide to the adhesive lowered the 
resistance to aging at 550° F still further. These results further 
suggest that the effects of metal surfaces and additives on the adhesive 
are specific for a given chemical type of adhesive. 

CONCLUSIONS 

The following conclusions derived from this study of the relation- 
ship of metal surfaces to the heat-aging properties of adhesive bonds 
were considered to be the most important and pertinent: 

1. The high resistance of adhesive ~~~-878 (phenol-epow resin 
type) to thermal deterioration at 550° F was destroyed when either iron 
or copper was deposited on the aluminum surface before it was bonded. 
From the performance of iron in these tests, it was concluded that the 
iron in stainless steel apparently had a catalytic effect on the deteri- 
oration of phenol-epoxy resin adhesives at elevated temperatures. 

2. The low resistance of adhesive ~~~878 to thermal deterioration 
at 550' F on stainless steel was improved by applying either zinc or 
cerium naphthenate to a clean steel surface and firing at 1,200' F to 
remove organic components. Similar surface treatments with 15 other 
metal naphthenates resulted in either no masked improvement or complete 
deterioration of the bond. 

3. A surface treatment consisting of immersion of clean stainless- 
steel surfaces in an aqueous solution of either dicyandiamide or 
1-hydroxy-2-naphthoic acid at the boiling point improved the resistance 
of ~~~878 bonds to thermal aging. The use of several other organic 
compounds and chelating agents in a similar wsy was not beneficial. 

4. A study in which a nusiber of inorganic ccanpounds were added 
to adhesive ~~-878 in quantities of less than 5 percent showed several 
that improved the resistance of the adhesive to thermal aging on stain- 
less steel. Most beneficial of these compounds were manganese dioxide, 
aluminum oxide, arsenic tritide, stsnnous sulfide, and antimony tri- 
sulfide. These materials were believed to have catalyticalJy poisoned 
or inhibited the action of the iron on the adhesive during high- 
temperature aging. 

5. A study to determine the thermal-aging properties of five dif- 
ferent chemical types of adhesives in bonds on stainless steel and alu- 
minum showed that a phenol-nitrile rubber type (adhesive C) was superior 
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to a phenol-epoxy resin type (adhesive ~~~878) on stainless steel, 
but the phenol-epoxy tjrpe was most resistant on aluminum. Silicone 
resin adhesive D also showed better thermal resistance on steel than 
on altinum, whereas the phenol resin and the epoxy resin separately 
had greater resistance to deterioration on altrminum than on stainless 
steel. 

6. The treatment of stainless-steel surfaces with zinc naphthenate 
and the addition of 1 percent of manganese dioxide to adhesive FP~878 
increased the strength of the adhesive on stainless steel at 80° F after 
aging for 100 hours at 550° F from 130 to 658 psi. SFmilar treatment 
of the steel and addition of manganese dioxide reduced the thermal-aging 
properties of the phenol-nitrile adhesive. 

. 

Forest Products Laboratory, 
Madison, Wis., November 29, 1956. 

. 

. 
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TABLE l.- EFFECT OF VARIOUS METAL IONS DEPOSITED BY CHEMICAL DISPLAMT 

ONCLADAIUMlXLIMONSKEABSTBEEGTHOFBESUWANT 

BCX?DS AFTER AGING AT 550' F 

c Metal salts were dissolved in a lo-percent nitric acid solution, and 
aluminum surfaces were inanereed for 60 minutes at 80' F; test speci- 
mens were bonded with FPL-878 adhesive under standard conditions 
described in the section "Experimental Procedure"] 

Shear strength at 80° F, psi 

Metal salt Concentration, 
DlOlS After 100 hr at 

Before aging 550' F 
(4 

None --s-M 1,771 935 
Manganous chloride o.cm5 1,712 1,044 

.015 1,876 930 

.030 1,480 912 

.060 1,860 1,084 

.X0 1,322 1,054 

chromic chloride .w5 1,690 890 
,015 1,926 1,194 
.w 1,560 924 
.060 1,832 1,032 
.lCC 1,622 932 

Ferrous chloride -005 1,716 1,084 
.015 2,026 

1,926 

1,286 

.030 ,060 1,930 iii2 

.lOO 1,420 732 

Ferric chloride .005 1,460 962 
.015 fJ0g 1,@!-4 

,030 ,060 
.lOO 

$75 Z-(7) 
9 552 

Nickel chloride .005 1,876 
,015 1,740 

1,326 

1,342 
1,042 

,030 866 
.060 1,496 926 
.lOO 1,606 702 

- 

aValue in parentheses is average estimated percentage of shear area 
failing in adhesion to metal.. In all other cases, failure was completely 
in cohesion of adhesive layer. - 
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TABLE l.- EFFECT OF VAEIOUS MJ?l'AL IONS DEPOSITED BY CIIESIICAL DISPLAcEpiENT 

ONCLADALllMINUMONSHEARSTRENGTHOFRESUI;TAMT 

BONDS AFTER AGING AT 5%' F - Concluded 

Metal salt 

Zinc chloride 

Cupric chloride 

Silver nitrate 

Cerous nitrate 

Cobaltous chloride 

0.005 1,304 
.015 1,192 
-0% 1, I.24 
.060 1,040 
. 100 1,136 

l m5 0 
.015 1,106 
.WO 1,160 
.060 1,206 
.lOO 1,282 

,005 1,254 
.015 1,450 
.030 1,450 
.060 1,272 
.lOO 1,162 

l m5 1,094 
$15 1,146 
-030 
.060 1%-(6) 
.lOC 8% 
.015 89245) 

1,732 
2,040 
1,890 
1,530 
1,390 
1,880 
1,200 
1,790 

Mercuric chloride .015 o-(100) 
Lead nitrate .015 886 

aValues in parentheses are average estimated percentages of shear area 
failing in adhesion to metal. In all other cases, failure was ccmpletely 
in cohesion of adhesive layer. * 

Concentration, 
Inols Before aging 

After 100 br at 
550°F 

(4 

1,800 
1,606 
1,966 
I,76 
1,836 

1,390 
2,200 
2,156 
2,266 
2,000 

2,100 
2,152 
2,376 
2,120 
2,120 

Shear strength at 80' F, psi 
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TABLEi 2.- SEEAR-STRENGTHVALWFORW SpECmSMADE WITH 

FPL~~~ADHESI~ ON STAINLESS ~THELTHEATED~ITH 

VARIOUS NAPHTHEXATl3S AFTER AGING FCR 

1OOHOUHSAT 550°F 

C Metal surfaces were cleaned by method A described in 
section "Experimental Procedure," one coat of naph- 
thenate was applied by brush, and steel was then 
heated to 1,200° F for 15 minutes before cooling and 
application of adhesive3 

Metal naphthenate 
Shear strength at 80' F, psi 

Before aging 
(a> 

After aging 

None 
Lithium 
Strontium 
Barium 
Calcium 
Magnesium 
Aluminum 
Manganese 
Zinc 
ChrOEliUIll 
Iron 
CadmiUUl 
Cobalt 
Nickel 
Tin 
Lead 
Vanadium 
Copper 
Cerium 
Zirconium 

2,470 50 
110 
32 
20 

6z 

2 
2,=6 

% 
0 
0 

28 
x63: 9 138 

124 
100-(3-w 0 

0 
1,280-(60) 

aValues in parentheses are aversge estimated percentages of shear 
area failing in adhesion to metal. In all other cases, f&lure was 
completely in cohesion of adhesive layer. 
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Figure l.- Shear strength plotted against aging temperature for adhesive 
bonds between aluminum-alloy plates. Specfmens were tested at 80~ F 
after aging for 50 hours. 
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Figure 2.- Shear strength plotted against aging temperature for adhesive 
bonds between st&inles&-steel plates. Sp&mens were tested at 80~ F 
after aging for 50 hours. 
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Figure 3.- Shear strength -plotted against aging time for adhesive bonds 
between aluminum-alloy plates. Specimens were tested at 800 F after 
aging at 5500 F. 
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Figure 4.- Shear strength plotted against aging time for adhesive bonds 
between stainless-steel plates. Specimens were tested at 80~ F after 
aging at TXl" F. _ 
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Figure 5.- Shear strength plotted against aging temperature for FFL-878 
and phenol-nitrile adhesive bonds between aluminum-alloy and stainless- 
steel plates. Specimens were tested at 800 F after aging for 50 hours. 
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Figure 6.- Shear strength plotted against aging time for FPE878 and 
phenol-nitrile adhesive bonds between alu&num-alloy and stainless- 
steel plates. Specimens were tested at 80~ F after aging at 550' F. 
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