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Synopsis 

The kinetics of autoxidation of FM-73U, a rubber-modified epoxy adhesive, were investigated 
by Fourier transform infrared analysis. Absorbance spectra for thin samples aged in hot, 
moist, oxygen-rich environments were used to assess a plausible reaction mechanism; rate 
constants, Arrhenius plots, and oxidation rates were determined. Concurrently, crack growth 
rates were measured on specimens which had been exposed to similar environments for periods 
of up to 8 months. Paris parameters measured in these tests were correlated with the results 
of the oxidation studies. These correlations were used to predict the crack growth rate of the 
adhesive after 10 years of aging in ambient conditions. Although the prediction indicates that 
the adhesive becomes more brittle with age, the changes are not severe. 

INTRODUCTION 

The rate of cyclic crack growth in a structural adhesive is an important 
factor governing the lifetime of a bonded joint. Current methods for char- 
acterizing the cyclic crack growth rates of freshly prepared (unaged) poly: 
meric materials are usually based on a variation of the Paris law,' which 
relates the incremental crack growth per load cycle to the stress intensity 
at the crack tip or to variables associated with energy changes occurring 
during crack growth. In its simplest version the Paris law may be written 
as 

where daldN is the incremental crack growth per cycle and AK is the 
difference between the maximum and minimum stress intensity factor at 
the crack tip. C and y are material parameters. 

Paris' type relationships were developed first for metals and are presently 
being applied to polymers.2 As yet, there is no systematic way of calculating 
the Paris parameters from first principles and fundamental material prop- 
erties. Instead, the Paris parameters are evaluated empirically for each 
material by performing crack growth experiments on representative spec- 
imens exposed to appropriate environments. This approach serves well in- 
sofar as aging effects are not a concern. However, the combined effects of 
time, temperature, oxidation, hydrolysis, and physical aging may lead to 
pronounced changes in the Paris parameters, especially for polymeric ma- 
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terials. Thus, methods for characterizing the cyclic fatigue properties of 
polymers over long service lifetimes need to be developed. 

Fortunately, powerful analytic tools capable for tracking structural 
changes at the molecular level are becoming available. These have lead to 
a better understanding of polymer degradation kinetics, raising the possi- 
bility that physicomechanical changes which occur over a lifetime of service 
can be predicted. This report presents an attempt to predict changes in the 
fatigue characteristics of FM-73U (a product of the American Cyanamid 
Corp.), a rubber-modified epoxy which is under consideration as an adhesive 
for the bonding of primary structures in aircraft. Autoxidation is thought 
to be the dominant aging mechanism in this material. Fourier transform 
infrared analysis (FTIR) was used to develop a kinetic model for the au- 
toxidation of this material. Oxidation rates obtained from the model were 
correlated with Paris law parameters (obtained on accelerated aged spec- 
imens) to predict crack growth rates over a 10-year period. Figure 1 presents 
the framework of this approach. The environments used to accelerate the 
aging of FM-73U are summarized in Tables I and 11. 

KINETIC MODEL FOR THERMAL OXIDATION OF FM-73U 

Oxidation of a thermosetting resin is an irreversible aging process that 
can affect the response, fracture, and fatigue behaviors of the material. It 
has been observed in FM-73U under warm, moist  condition^.^ Katz and 
Buchman4 demonstrated the deleterious effects of oxidation on the dynamic 
mechanical properties of diamine cured epoxy resins in specimens aged at  
elevated temperatures in air. 

Numerous studies have established that the thermal autoxidation of elas- 
tomers is a radical chain reaction. The primary intermediates are hydro- 
peroxides which proceed rapidly through a series of radical propagation 
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TABLE I 
Aging Environments for Cyclic Crack Growth Specimensa 

Relative humidity Relative humidity 

0 90 0 90 

Temperature (“(2) (%) at 50°C (%) at 60°C 

O2 partial pressure ra- 
tio (P,,latm) 0.40 1.00 0.40 1.00 0.40 1.00 0.40 1.00 

a Half were tested after 18 weeks of aging; the remainder were tested after 8 months of 
aging. 

actions to eventually produce carbonyl containing compounds such as al- 
dehydes, ketones, esters, and lac tone^.^ Similar studies of epoxy resin 
systems have resulted in the same general conclusions,G suggesting that the 
following mechanisms play a role in the oxidation of FM-73U: 

(1) Oxygen and the polymer combine to form peroxidic or hydroperoxidic 
species. 

(2) Peroxides and hydroperoxides decompose to form free radicals. 
(3) Radicals propagate to form a variety of active intermediates. 
(4) Termination results in the formation of at least one molecule of a 

carbonyl containing species per radical termination reaction. 
A kinetic model for thermal oxidation in FM-73U was developed from 

the results of a preliminary experiment in which a thin film of FM-73U 
was exposed to an oxidizing atmosphere at elevated temperature. The char- 
acteristics of the oxidation process were monitored by comparing FTIR 
spectra obtained after successively longer exposure times with the spectrum 
of the as-molded, unaged material. Absorbances corresponding to v(O-H) 
at 3314 cm-1, w(C=O) at 1727 cm-l, and v(C-0) at 1057 cm-’ increased 
with aging time while decreases were observed for 4G-H)  in methyl groups 
at 2965 cm-’. These observations suggest the following free radical model: 

Initiation: 1 F;ly-OOH - Poly-0. + *OH 
k. (2) polymer --+ radicals, frequently 

L Poly-H - Poly + H. 

Propagation: 

Poly-0- + Poly-H 

-OH + Poly-H 

Poly. + 0, A Poly-0,. (alkyl peroxy radical) 

Poly-0,. + Poly-H 

Poly-OH + Poly 

H,O + Poly 

Poly-0,H + Poly 

Termination: 
( 1  containing 

2 Poly-0,. C products + 0, 
/ \  

(3) 

(4) 
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If we assume that homogeneous decompositions of Poly-00H into Poly- 
0. and -HO.require more thermal energy than is available at 60°C or 
below, then the primary consumer of Poly-H will be the abstraction reaction 
governed by k3.’ 

This radical mechanism allows derivation of a rate equation for the ox- 
idation process. If it is assumed that steady-state conditions exist in the 
polymeric alkyl peroxy radical Poly-0, - , then 

k,[Poly * ] [O,] = k,][P~ly-O, * ][Poly-H] + k,[Poly-Oz * I,, (5) 

i.e., the rate of production of Poly-0, equals the rate of consumption of 
Poly-0, . Note that the left-hand side of eq. (5) represents the rate of the 
only reaction in the entire mechanistic sequence which consumes an ap- 
preciable quantity of oxygen. Therefore, k,[Poly e ][O,] = rate of oxidation, 
POX. 

An extensive FTIR program was undertaken to monitor changes in the 
molecular composition of FM-73U as function of exposure time, tempera- 
ture, relative humidity, and oxygen partial pressure. The measured con- 
centrations were subsequently used to evaluate the rate constants and 
Arrhenius parameters associated with the steady-state oxidation model. 

FTIR SPECIMEN PREPARATION AND EXPOSURE HISTORIES 

Films of FM-73U approximately 0.025-0.05 mm thick were prepared in 
a laboratory press by molding two piles of material between polished alu- 
minum plates. Specimens were cured using the manufacturer’s suggested 
schedule of 1 h at 121°C. This procedure produced 10 x 15 cm (4 x 6 in.) 
sheets of material which were checked for thickness and then cut into 
smaller 5 x 6.3 cm rectangular specimens. These specimens were secured 
between the cover plates of a specially designed plexiglass IR sample cell 
and aged in the environments specified in Table 11. 

FTIR SPECTRAL ACQUISITION AND ANALYSIS 

Absorbance spectra, similar to the zero time spectrum shown in Figure 
2, were taken on a Nicolet 7199 instrument after each aging interval. The 
interval lengths varied from 2-3 days to as long as 8 months, depending 
on the approximate rates of change observed in the initial stages of oxi- 

TABLE I1 
Aging Environments for Specimens Used in the Fl’IR Oxidation Studies 

Temp Relative humidity O2 partial pressure 
(“C) (%) ratio (P,,/atm) 

40 
40 
50 
50 
60 
60 

89 
0 
84 
0 
84 
0 

0.20, 0.40, 1.00 
0.20, 0.40, 1.00 
0.20, 0.40, 1.00 
0.20, 0.40, 1.00 
0.20, 0.40, 1.00 
0.20, 0.40, 1.00 
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Fig. 2. FTIR absorbance spectrum of unaged FM-73U. 

dation. Each spectrum was digitized and stored for future processing. The 
peak assignments for the zero time spectrum are listed in Table 111. 

A representative difference spectrum for specimens aged in dry environ- 
ments is shown in Figure 3. The dry specimens exhibited a gradual growth, 
with time, of the absorbance in the vicinity of 3297 cm-I. This growth is 
indicative of hydroperoxide (ROOH) and alcohol (R-OH) group formation. 
The negative absorbances at 2929 cm-' and around 2872 cm-' correspond 
to loss of (C-H) moieties in 4 H 2 -  and 4 H , .  The (0-H) absorbance at 

TABLE I11 
IR Peak Assignments for Unaged Specimens of FM-73U 

Absorbing 
Absorbance functional 

frequency (cm- 9 group Probable moiety 

3457 
3034 
2964 
2929 
2872 
1760 

1667 
1605 
1584 
1506 
1457 
1414 
1384 
1362 

1240 
1186 

Poly-OH 
Ar-H 
R--CH3 
R - - C H r R  
R 4 H 3  
ROOR 
Ester 
A r - 0  

Ar :: 1 stretch 

Ar 

Quadrant 

'Me 
I 

I 
Ar-C-Ar 

Ar-0-R 
Ar-C-Ar 

Me 

A 
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Fig. 3. FTIR difference spectrum for FM-73U aged for 3833 h at 60°C in a 20% oxygen, 
0% relative humidity environment. 

3457 cm-' in Figure 2 shifts to lower frequencies with aging. This suggests 
a lengthening of the (0-H) bond due to increased polarity within the 
material. The pronounced growth in absorbance in the region between 1820 
cm-' and 1654 cm-' is caused by formation of several carbonyl containing 
products which have previously been identified by Lin et a1.6 The shoulder 
at approximately 1780 cm-l is due to perester or peracid groups while the 
peak at 1724-1730 cm-l is due to formation of aldehyde and ester moieties. 
Aliphatic ethers, (R-4-R), are the most likely source of the increasing 
absorbance seen at 1057 cm-'. 

The spectra for the moist specimens exhibited the same features as the 
dry specimens with the addition of a low shoulder near 3600 cm-', corre- 
sponding to (0-H) absorbances caused by the additional sorbed moisture. 

Validation of the oxidation model requires a determination of concen- 
trations of (Poly-H) and (C=O) from the spectra. Concentrations were de- 
termined from absorbances via Beer's law. Calibrations of the (C=O) and 
(C-H) molar absorbances were made using the spectra of standard solutions 
of propionaldehyde, which exhibits a (C=O) peak at 1732 cm-' and n- 
nonane, which exhibits four discrete (C-H) absorbances between 3000 cm- 
and 2800 cm-'. 

were then determined as a function of exposure time by 

H) absorbance regions, 

The concentrations of (C=O) and (C-H) in the aged FM-73U specimens 

(1) integrating the baseline absorbance spectrum over the (C=O) and (C- 

(2) integrating the difference spectra of specimens aged for various times, 
(3) forming sums of integrated absorbances to determine total integrated 

absorbance as a function of times, and 
(4) calculating concentrations of (C=O) and (C-H) from Beer's law and 

the calibration values of the molar absorbances. 
According to the steady-state rate equation (51, the rate of oxidation is 

equal to the sum of the rates of a reaction in which (Poly-HI is consumed 
and a reaction in which two polymeric radicals terminate with each other. 
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The rate of consumption of (Poly-H) is then 

As we are assuming that steady-state conditions exist for [Poly-0, - 1, then 

log[Poly-HI = - k,[Poly-O, - ltj2.303 + log[Poly-H], (7) 

where [Poly-HIo 

formed for every termination of two (Poly-0, - ) radicals, then 

concentration of C-H moieties at some initial time. 
If it is assumed that one molecule of a (C=O) containing compound is 

d[C=O]/dt = k,[Poly-0, '12 (8) 

the solution of which yields 

1 %  [Poly-0, ] = ([C=O] - C,)/k, t  ! 
where C ,  concentration of (C=O) at some initial time. Substitution of 
eq. (9) into eq. (7) provides the solution for the concentration [Poly-HI, a 
relationship which is linear in t%: 

l~g[Poly-H]/ [C=O] - C ,  I 1% 
Measured concentrations of (Poly-H) and (C=O) were used to construct 

plots of eq. (10) for each of the aging conditions. Good linear behavior, as 
represented by Figure 4, was obtained except for the 4WC, 20% [O,] aging 
environment. These specimens apparently did not reach steady-state con- 
ditions during the course of the exposure. For the others, the ratios 
k3/kP were found from the slopes of the straight line region of the plots. 

If it is assumed that the rate of radical generation equals the rate of 
radical termination, then k, = ki. Chien et al.8.9 developed an Arrhenius 
expression for k, from a study of the decomposition of polymeric hydroperoxy 
radicals. A combination of their results with the slopes obtained from eqs. 
(10) yields Arrhenius plots for k,. These are shown in Figures 5 and 6 for 
dry and wet aging conditions. 

The steady-state rate equation for oxidation in FM-73U; 

pox = K,[Poly .] [O,] = k3[Poly-0, - 1  [Poly-HI + k,[Poly-0, .Iz (11) 
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may be solved for pox at any of the exposure conditions by inserting the 
experimentally determined values of k3 and [Poly-HI and the values of k, 
from Chien et al.8!9 It was found that at the partial pressures of 0, used in 
these experiments pox was essentially independent of 0, concentration. 
Therefore, pox is essentially first order in [Poly . 1. 

- 

0.005 I I I I I 
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l/T(OK) x lo2 
Fig. 5. Arrhenius plot of the rate constant kt. The relative humidity during all exposures 

was 0%. Oxygen content (0) 20%; Ca, 40%; (0)) 100%. 
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Fig. 6. Arrhenius plot of the rate constant kB. The relative humidity during all exposures 

CYCLIC CRACK GROWTH MEASUREMENTS 

Compact tension (CT) specimens were machined to size as specified by 
ASTM E647 from material plaques which had been cured according to 
vendor specification and cooled slowly to room temperature in order to 
minimize free volume. Cyclic crack growth rates were measured on speci- 
mens aged 0 weeks, 18 weeks, and 8 months in each of the environments 
listed in Table I. 

Fatigue testing was done at room temperature on an Instron hydraulic 
servo machine with feedback control. Specimens, which had been aged in 
moist environments, were kept moist during testing. Each specimen was 
precracked and tested using a 1.0-Hz haver-triangle load wave form with 
a stress ratio maintained at R = 0.1. 

Crack length during testing was determined by the crack opening dis- 
placement (COD) method.I0 Prior to extensive testing, a calibration was run 
on eight unaged CT specimens. This calibration established a correlation 
between COD, as measured by an extensometer located at the mouth of the 
crack, and crack length as measured by an optical comparator accurate to 
+1 mil. Crack lengths in subsequent tests were found from the measured 
COD, and the calibration curve was corrected for the modulus appropriate 
to each individual aging condition. These data were reduced to cyclic crack 
growth rates by the secant formula 

where ai is the length of the crack after Ni cycles of the load and 
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The stress intensity factors were calculated from 

where F(alw) is a fourth-order polynomial given by Ref. 10, a = crack 
length, w = specimen width, B = specimen thickness, and AP is the dif- 
ference between the maximum and the minimum of the load cycle. 

Plots of daldN vs. AK were constructed from the crack growth meas- 
urements. Figure 7 is a typical example of the results. Note the slight 
curvature seen in the plotted data. Many of the other aging conditions 
yielded plots with similar curvature, suggesting that the lower stress in- 
tensities employed in the measurements were near the threshold for crack 
growth. 

PREDICTION OF CRACK GROWTH RATES 
Regression methods were applied to each plot to obtain values of the Paris 

parameters y and C for each combination of age and exposure. These par- 
ameter values were then correlated with the degree of oxidation in each 
specimen as predicted by eq. (11). 
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The scatter plots shown in Figures 8 and 9 suggest that the Paris par- 
ameters are related to thermooxidative aging as measured by the oxidation 
index, pox t. Except for two points, there appears to be a reasonably good 
linear relationship between each Paris parameter and the oxidation index. 
Discernable differences between wet and dry exposures were not apparent. 
This was explicitly confirmed in fatigue tests on aged samples. It is seen 
that whereas the exponent y increases with oxidation, the amplitude factor 
C decreases. Thus, the crack growth curves rotate counterclockwise as ox- 
idation proceeds. This effect is illustrated in Figure 10, where the measured 
crack growth in unaged samples at room temperature and at 60°C are 
compared with the predicted crack growth in samples aged for 10 years in 
ambient conditions (room temperature, dry, 20% oxygen concentration). 
This prediction was calculated by first using eq. ( l l) ,  with appropriate rate 
constants, to predict the oxidation index for 10 years of ambient aging; then 
the linear relationships of Figures 8 and 9 were used to obtain Paris par- 
ameters for use in eq. (1). It is seen that the material, as expected, becomes 
more brittle with age. 

DISCUSSION 
The oxidation index corresponding to the 10-year prediction of Figure 10 

has a value of pox - t = 462. This is somewhat greater than the largest 
oxidation index calculated for the specimens which were fatigue tested. 
Thus the prediction of Figure 10 involves a significant extrapolation of the 
linear behavior shown in Figures 8 and 9. 

In addition, the role that diffusion plays in the oxidation process has not 
been fully considered. On the basis of autoxidation studies of poly-4-meth- 
ylpenetene-1, Billingham and Walker1' found a 3 4 %  deviation from a non- 
diffusion-controlled oxidation rate for specimens of thickness in the range 
0.025-0.05 mm. Thus the oxidation of the FTIR specimens used in this work 

I x 

2 Itl-----, 0 40 80 OXIDATION 120 INDEX, 160 poxt 200 240 280 

Fig. 8. Paris' law exponent y vs. oxidation index poXt, where pox is the oxidation rate and 
t is the exposure time (h). Typical uncertainty in the plotted values of the exponent is k0.36. 
Relative humidity: (0) 0%; (0) 84%. 
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Fig. 10. Predicted crack growth rate (-) for FM-73U aged 10 years a t  25"C, 0% relative 
humidity in a 20% oxygen environment. This is compared with measured crack growth rates 
for unaged FM-73U at  25°C (-) and 60°C (-), 0% relative humidity. 
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was probably not diffusion-limited. On the other hand, the much thicker 
fatigue specimens were likely not uniformly oxidized. 

The aging characterization presented in this paper has focused on ther- 
mooxidation as a degradation mechanism of an adhesive. Extrapolations 
and simplifying assumptions were made in the interest of illustrating a 
prediction strategy and the potential impact of the aging process upon the 
service life of a bonded joint. More realistic investigations are called for. 
These should take into account the influence of joint geometry, adherend 
surface preparation, local stresses, and service profiles. Furthermore, other 
material aging mechanisms need to be considered. Physical aging, for ex- 
ample, has been shown to cause significant changes in the response prop- 
erties of epoxy adhesives.12 Shrinkage during and after cure, and gradual 
loss of plasticizers may produce similar effects.I3 Finally, although debond- 
ing is not a major cause of failure in a fresh, properly made joint, interfacial 
properties may change with age in ways that are not fully understood at 
this time. Thus, debonding may become a significant failure mode during 
the service lifetime of a bonded joint. 

The authors wish to acknowledge the support of the Materials Laboratory of the Air Force, 
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