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Synopsis 
Previous studim by Black and Blomquist on the degradative failure of polymer-metal 

adhesive bonds have shown that composite failure depends largely on the type of metal 
substrate employed. In the work reported herein, metal powders of high surface area 
have been employed to maximize the metal-polymer interface. The composite systems 
studied consisted for aluminum and iron with polycondensates of bisphenol A-diglycidyl 
ether, phenol-formaldehyde and poly-2,2'-(m-phenylene)-5,5'-bibenimidazole. The 
composites were prepared in the absence of air and thermally degraded in a time-of- 
flight mas3 spectrometer while t,he degradation products were continuously monitnred 
from mass 1 to 200. In  the polymer and polymer-metal systems investigated, iron 
accelerated the decomposition of all polymers studied. This was determined by plotting 
m/e against degradation temperature for the more common m a s  peaks such as hydrogen 
and carbon monoxide for the carbon-hydrogen-xygen-containing polymer and hydrogen 
cyanide and ammonia for the carbon-hydrogen-nitrogen-containing polymer. This 
technique offers promise in determining the nature of the interface as well as the effect 
of the interface on polymer degradation. 

INTRODUCTION 

A knowledge of elementary reactions in the solid and gaseous states at an 
interface is essential for the understanding of degradative processes in a 
polymer-metal composite. The studies of Black and Blomquist' on the 
degradative failure of polymer-metal adhesive bonds have shown that 
failure depends largely on the type of metal substrate employed. More 
specifically, a phenol-epoxy adhesive is resistant to thermal degradation 
in bonds with aluminum but deteriorates rapidly with stainless and carbon 
steel, copper, and brass. 

The approach used in the present work involved the use of composites 
consisting of metal powders of high surface area in combination with selected 
polymers. The study included the careful characterization of the metal 
powders as well as purification of the polymers. Maximizing the interface 
area by using metal powders of high surface area was complemented by the 
use of mass spectrometry for determining the composition of degradation 
products. With this approach it was found that good correlation could be 
obtained between the previously demonstrated mechanical properties of 
polymer-metal plate composites and the chemical behavior of polymers in 

* Present address: Aerospace Corporation, El Segundo, California. 
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contact with metal powders. The loss of integrity of composites of poly- 
mers on metal substrates under thermal and oxidative environments has 
been ascribed by some to the catalytic effect of the metal substrates. It is 
generally accepted that, if present, the catalytic effect of the metal sub- 
strate should be exhibited in the interfacial region and it is in this region 
that adhesive failure occurs. The experimental difficulty lies in separating 
the oxidative, thermal, and catalytic degradative processes. Elimination of 
oxygen from the interfacial region can be used to minimize the first of these 
and study of the degradation of bulk polymer can be used to account for the 
second. Polymer degradation in contact with metal with subsequent 
analysis of the products so formed then provides information on the third 
process, namely, the catalytic effect. These products can be detected 
accurately by mass spectrometry, particularly if the amount of the inter- 
facial region is increased relative to that of the bulk polymer. Continuous 
monitoring of the degradation process by mass spectrometry over a tem- 
perature range yields a temperature profile of the composite degradation. 

The present paper describes some data reported previously on an Air 
Force ~ o n t r a c t . ~ , ~  The overall applicability and high sensitivity of the 
techniques used offer promise and new understanding of the properties 
and behavior of interfaces in general and of composites under thermal 
stress in particular. 

EXPERIMENTAL 

Characterization of Experimental Polymers and Metal Powders 

Bisphenol A-Diglycidyl Ether Polycondensate. The epoxy resin used 
was prepared from a bjsphenol A-epichlorohydrin adduct monomer. The 
epoxy equivalent weight was 174; theoretical 177. The dissolved oxygen 
in the resin and in the triethylenetetramine curing agent was removed by 
alternate freezing and thawing in v a ~ u u m . ~  

Phenol-Formaldehyde Polycondensate. The phenolic resin used was 
base-catalyzed and handled in an isopropyl alcohol solution at a concen- 
tration of 61.5y0 by weight. Air was removed from the prepolymer by 
bubbling helium through the solution. 
Poly-2,2’-(m-phenylene)-5,5’-bibenzimidazole. The bibenzimidazole 

prepolymer was supplied by the Air Force Materials Laboratory, Wright 
Patterson AF Base, Ohio. The material was recystallized from methylene 
chloride and dissolved in pyridine at a concentration of 52y0 by weight for 
composite preparation. 

Iron and Aluminum Metal Powders. The metal powders of high surface 
area were produced by evaporating the metal at reduced pressure in an 
inert argon atmosphere.* The powders were collected and stored and 
shipped under argon gas in air-tight containers. 

The ultrafine iron powder of high surface area used in this work con- 
* The source of this material was National Research Corporation, Cambridge, Massa- 

chusetts. 
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Fig. 1. Electron photomicrograph of ultrafme iron powder showing agglomerates and 
bridging between particles. Magnification X392,OOO. 

tained oxides of F@O3 and Fe304. The oxide concentration varied between 
3 and 8%. The ultrafine high-surface-area aluminum powder used con- 
tained slight impurities of zinc, iron, copper, chromium, and possibly lead. 
It was assumed that the aluminum was also partially oxidized, since x-ray 
patterns of unexposed samples were identical to samples exposed to air. 
The particle sizes of the powders were in an average range of 300 A. The 
iron powder, in contrast to the aluminum, was highly agglomerated. An 
electron photomicrograph of the iron powder is shown as Figure 1. 

Preparation of Polymer-Metal Composites 

To eliminate oxygen from the composite system an inert atmosphere 
(helium) glove box was used during composite preparation. A glove box 
capable of being evacuated to 3 X torr was equipped with a helium 
inlet line. To this line was added a train containing a magnesium perchlo- 
rate scrubber for the removal of trace water, an external cryosorption trap 
(a copper coil filled with synthetic zeolite 5 A. pore diameter) operating at 
liquid nitrogen temperature for the removal of oxygen, and internal to the 
glove box a NaK (sodium-potassium alloy) bubbler to $ewe as a final 
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Fig. 2. Electron photomicrograph of a thin section of an epoxy-aluminum (ultrafine 
powder) composite cured a t  mom temperature. Magnificatidn X 136,000. 

getter for traces of 02 and water. A “cure cell” inside the glove box was 
used for the preparation of polymer-metal composites and for curing. The 
products and gas from the cure cell were vented to an external trap. The 
epoxy and phenolic polymers were cured in a fluorinated ethylene-propyl- 
ene polymer release cup which was molded at 425°C. 

The polymer and metal powders were mixed and cured to yield com- 
posites containing approximately 33% by weight metal. The cure tem- 
perature for the epoxy-metal composite was 2 hr. at 100°C. An electron 
photomicrograph of an aluminum-epoxy composite is shown as Figure 2. 
The phenolic-metal composites were cured for 2 hr. at 100°C. and 1 hr. 
at  150°C. The polybibenzimidazole (PB1)-metal composites were cured 
for 2 hr. at 300°C. The composites were cooled, powdered, and stored in 
a helium atmosphere until degradation. 

Mass Spectrometric Thermal Analysis 
The finely powdered polymer-metal composites (based on 10 mg. of 

polymer) were placed in a glass cell containing a thermocouple and heated 
with a programed resistance heater at a rate of 1OoC./50 sec. The de- 
composition products were allowed to pass continuously into a time-of- 
flight mass spectrometer by means of a controlled leak. Spectra in the 
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range 1-200 were determined every 50 sec. for a given polymer-composite 
degradation series; the quantity of resin and the instrument sensitivity 
were held constant. No attempt was made to calibrate the instrument to 
a given concentration of decomposition products. Instead, the ion signal 
was plotted as a function of decomposition temperature. 

DISCUSSION 

Product Analysis 

The decomposition spectra of all three polymers-epoxy, phenolic, and 
polybibenzimidazole-were extremely complex. The main products were 
similar to those reported previously by other workers using this6-9 and 
other techniques.'O The main peaks used to monitor interface degradation 
were the hydrogen and carbon monoxide peaks for the epoxy and phenolic 
resin and hydrogen, carbon monoxide, hydrogen cyanide, and ammonia 
peaks for the polybibenzimidazole resin. The position of the mass peaks 
with respect to temperature and the area under the curve are both in- 
dicative of the influence of the metal substrate on the degradation of the 
polymer interface. 

The addition of metal to the before mentioned polymer system further 
complicates the spectra. The effects of temperature and metal substrate 
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Fig. 3. Plot of the yield of m/e 2 vs. temperature. 
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Fig. 4. Plot of the yield of m/e 28 vs. temperature. 

on product distribution from pyrolysis of epoxy resin-metal composite 
systems are shown as Figures 3 and 4. The yield of the mass 2 peak at 
lower temperature was proportional to m/e 18 up to 400°C. Above 400°C. 
the mass 2 peak results from molecular hydrogen. The epoxy-iron com- 
posite yields hydrogen at a greater rate and lower temperature than the 
epoxy and epoxy-aluminum composite. The m/e 28 (CO+) for the epoxy 
system are plotted as Figure 4. Again, the epoxy-iron composite liberates 
carbon monoxide at  a greater rate and lower temperature than either pure 
epoxy or epoxy-aluminum composites. The liberation of hydrogen as well 
as carbon monoxide starts significantly at approximately 440°C. In 
summary, when epoxy resin was heated with iron: ( I )  increases in each 
of the major low molecular weight products occurred, (2) the maximum 
yield point for each of these products was shifted to a lower temperature, 
(3) the lower molecular weight products were drastically increased at  the 
high temperatures. 

The investigation of the phenolic-metal composite system was com- 
plicated by the necessity of using isopropyl alcohol as a solvent carrier for 
the polymer. The effect of solvent on the composites was only detectable 
in the phenolic-aluminum system. The effects of temperature and metal 
substrate on product distribution for the pyrolysis of the phenolic resin- 
metal compositc system are shown as Figures 5 and 6. The hydrogen 
curves m/e 2 (Fig. 5 )  reflect the influence of iron at the polymer interface. 
Again, the catalytic effect of the metal on the polymer interface can be de- 
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Fig. 6. Plot of the yield of m/e 28 vs. temperature for phenolic-metal composites. 

tected. Although the degradation temperature of the phenolic polycon- 
densate was carried only to 500°C. in this work, the degradation of pure 
phenolic by Shulman and Lochte' using a similar technique demonstrated 
that at higher temperatures the pure phenolic polymer also yields consider- 
able quantities of hydrogen. The hydrogen degradation product of phe- 
nolic-aluminum are substantially the same at these temperatures. The 
m/e 28 (CO+) for the phenolic systems are plotted in Figure 6. The tem- 
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Fig. 7. Plot of the yield of m/e 42 vs. temperature for phenolic-metal composites. 
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Fig. 8. Plot of the yield of m/e 18 vs. temperature for phenolic-metal composites. 

peratures of the cataIytic degradation of the iron-phenolic composite are 
the same as for the hydrogen peaks. The isopropyl alcohol solvent in the 
phenolic resin has reacted with or was absorbed on the aluminum powder 
during composite preparation. This is shown in Figure 7 in which the 
m/e 42 peak (CH3CH3=CH2) is plotted. In Figure 8 can be seen the 
m/e 18 (H20+) water peak which results from the dehydration of the iso- 
propoxide group. In this instance the polymer was protected from any 
catalytic effect of the metal substrate. 



POLYMER-METAL COMPOSITES 

22 

20 

18 

16 

14- 

g 12- 

5 10- 
z 
0 8 -  

6 -  

4 -  

2 -  

- 

365 

- 
- 

1 
m/e=17 - AI-PEI / I  \ 

PEI  //-' I I 

- 
-- - 

I \ 
I \ 
I 
I \ 
I \ 
I \ 
I \ 
I \ 

\ 
I \ 

..... Fe -PBI  

I I 

2 0  
m / e = 2  - 3 3 % A l - P B I  

PBI - -  

TEMPERATURE 'C 

Fig. 9. Plot of the yield of m/e 2 vs. temperature for PBI and PBI-metal mmposites. 

The results on the degradation products of polybibenzimidazole alone at 
elevated temperatures were in agreement with the findings of other work- 
e r ~ ; ~ * ~  notably water and phenol were the only significant products below 
550°C., with the latter product probably representing a measure 
completeness of polymerization. The influence of iron on interfacial deg- 
radation of polybibenzimidazole markedly changed these observations. 
There was little difference in the hydrogen peak obtained from the deg- 
radation of the polybibenzimidazole composites (Fig. 9). This indicates 
that the hydrogen atoms attached to aromatic rings do not appear to be as 
labile to catalytic effects as those attached to aliphatic carbon chains. 
Detectable also was the lower temperature of degradation of the polybi- 
benzimidazole-iron composite. The m/e 17 peak, mostly ammonia, is 
shown as Figure 10. The polybibenzimidazole yields considerably more 
ammonia than either the iron or aluminum-bibenzimidazole composites. 
Concerning the hydrogen cyanide peak (m/e 27), the bibenzimidazole-iron 
composite yields very little HCN as compared to bibenzimidazole and bi- 
benzimidazole-aluminum composite (Fig. l l ) .  The m/e 28 peak (Fig. 12) 
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Fig. 11. Plot of the yield of m/e 27 vs. temperature for PBI and PBI-metal composites. 

consists mostly of carbon monoxide and nitrogen. The peak at 575°C. in 
the iron-bibenzimidazole composite was a result of carbon monoxide for- 
mation, while the 765°C. peak resulted from nitrogen. These assignments 
were based not only on the m/e 28 peak but also on the heights of the re- 
spective daughter fragments, m/e 16 and m/e 14. It was significant that 
the bibenzimidazole and the bibenzimidazole-alunlinum composites did 
not yield these products. In these instances not only was the rate of a re- 
action changed, but completely new reaction products were obtained. 

In conclusion, certain metals have a catalytic effect on the thermal deg- 
radation of a polymer interface in the absence of oxygen. This effect was 
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demonstrated for an iron substrate with epoxy, phenolic, and polybibem- 
imidazole polymers by means of mass spectrometry. The degradation 
product analysis of the composites k in agreement with the observed in- 
creased rate loss of mechanical integrity of steel-polymer as compared to 
aluminum-polymer composites. 

The authors wish to acknowledge the efforts of Dr. E. Feingold, C. Miglionico, and 
T. H. Harris who provided x-ray analysis and electron photomicrographs. The authors 
wish also to thank Dr. H. L. Friedman for use of time-of-flight mass spectrometer and 
to Messrs. C. GrifEth and J. Brown for their assistance with the experiments. Per- 
mission from the Air Force Materials Laboratory, Wright-Patterson Air Force Base, 
Ohio, to publish this work is gratefully acknowledged. 

This paper is based on research supported by the Air Force Materials Laboratory, 
Research and Technology Division, Wright-Patterson AF Base, Ohio, Contract AF33- 
(657b11240. 

References 
1. J. M. Black and R. F. Blomquist, Ind. Eng. Chem., 50,918 (1958). 
2. C. A. Gaulin and G. A. Schmidt, Technical Document Report No. MLTDR 

Air Force Materials Laboratory, Research and 

3. D. G. Flom, G. A. Schmidt, and A. L. Speece, AF 33(657)-11240 AFMGTR-65- 

4. R. T. Anderson, Vacuum Manipulation of Volatile Compounds, Wiley, New York, 

5. S. L. Madorsky, Thermal Degradation of Organic Polymers, Interscience, New York, 

6. H. L. Friedman, J .  A p p l .  Polymer Sci., 9,651 (1965). 
7. G. P. Shulman and H. W. Lochte, paper presented at  149th Meeting, American 

Chemical Society, Detroit, Michigan, April 1965; Polymer Preprints, No. 1, 36 (1965). 
8. G. P. Shulman and H. W. Lochte, paper presented at 150th Meeting, American 

Chemical Society, Atlantic City, New Jersey, September 1965; Polymer Preprints, 
No. 2,772 (1965). 

9. H. L. Friedman, Technical Documentation Report No. ML-TDR-64274, August 
1964. Air Force Materials Laboratory, Research and Technology Division, Wright- 
Patterson AF Base, Ohio. 

10. R. T. Conley, paper presented to Society of Plastic Engineers, ILETEC, Washing- 
ton, D. C., June4-5,1964; Preprints, 118. 

64-155 AF 33(657)-11240, May 1964. 
Technology Division, Air Force Systems Command, WrightrPatterson AF Base, Ohio. 

235, July 1965. 

1948, pp. 97-98. 

1964. 

R6sumb 
Les etudes antCrieures de Black et Blomkist sr la degradation de liens adhesifs poly- 

mbre-metal ont montre que la cassure depend fortement du type de substrat m6tallique 
utilis6. Dans le present travail des poudres metalliques B. grande surface ont C t B  
utilisees pour augmenter au maximum l’interface polymbrem6tal. Les systkmes com- 
posites etudih consishient en aluminium et en fer avec des polycondensats & base de 
bisph6nol-A, glycidyl ether, de ph6nol-formald6hyde et de poly-2,2‘-(m-phenylbne)-5,5‘- 
bibenzymidazol. Ces composites 6taient prepares en absence d’air et degradb ther- 
miquement dans un spectrombtre de m m e  Time of Flight tandisque la polyd6grada 
tion est continuellement enregistree de la masse 1 B. 200. Dans le plymbre et les sys- 
Gmes m6tal-polymbre etudiks, le fer accelbre la decomposition de tous les polymbres 
BtudiBs. Ceci Btait determine en portant graphiquement en fonction de la temgrature 
de degradation pour des pics de masse les plus communs, l’hydrogkne et l’oxyde de car- 
bone pour les polymbres contenant du carbone, de l’hydrogkne et de l’oxygkne et HCN 
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et NHs pour les polymhres contenant du carbon-hydrodne-azote. Cette technique 
permet de determiner la nature de l’interface a w 4  bien que l’effet de l’interface sur la 
degradation des polymbres. 

Zusammenfassung 
Fruhere Untersuchungen von Black und Blomquist uber die Abbaubestandigkeit von 

Polymer-Metallklebeverbindungen haben gezeigt, dass die Bestiindigkeit dea zusam- 
mengesetzten Systems weitgehend vom Typ des verwendeten Metallsubstrates ab- 
hangt. In der vorliegenden Arbeit wurden Metallpulver mit grosser spezifischer 
Oberflache verwendet, um die Metall-Polymergrenzflache moglichst gross zu machen. 
Die untersuchten zusammengesetzten Systeme bestanden aus Aluminium und Eisen mit 
Polykondensaten aus Bisphenol-Adiglycidylather, Phenol-Formddehyd und Poly- 
2,2’-(m-phenylen)-5,5’-bibenzimidazol. Die zusammengesetzten Systeme werden unter 
Luftausschluss hergestellt und in einem Flugzeit-Massenspektrometer unter kontinuier- 
licher Registrierung der Abbauprodukte von der Masse 1 bis 200 thermisch abgebaut. 
Bei den untersuchten Polymer- und Polymer-Metallsystemen beschleunigte Eisen die 
Zersetzung aller untersuchter Polymerer. Das wurde durch Auftragung von m/e vs. 
Abbautemperatur fur die gewohnlicheren Massenmaxima, wie Wmerstoff und Koh- 
lenmonoxyd bei dem Kohlenstoff-Sauerstoff-Wasserstoff-hiiltigen Polymeren und Cy- 
anwasserstoff und Ammoniak bei den Kohlenstoff-Wasserstoff-Stickstoff-haltigen Poly- 
meren, festgestellt. Dieses Verfahren scheint fur die Bestimmung der Natur der 
Grenzflache und des Einflusses der Grenzflache auf den Polymerabbau brauchbar zu 
sein. 
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