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Thermal ageing of a supported epoxy-imide adhesive
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Abstract

A supported epoxy-imide adhesive has been aged in air at elevated temperatures (18p-E2&lution of the material has been studied
using gravimetry, optical microscopy, X-ray microanalysis, and viscoelasticimetry. Mass loss was manifest and has been shown to be more
significant from adhesive surfaces exposing fibres (the support) than from those presenting only polymer. Microscopic examination and X-
ray microanalysis indicated the formation of oxidised regions near the exposed surfaces of the polymer. Regions with exposed fibres
degraded more rapidly due to facilitated oxygen ingress. This surface governed form of degradation seems to be accompanied by bulk
thermolytic ageing, not requiring oxygen, as shown by viscoelasticimetry, indicating a drop in the glass transition tempgrafiee,
ageing.© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction such ageing effects as observed with the bulk adhesive and
the behaviour of structural adhesive joints, constructed with

The use of structural adhesives for the assembly of the same polymeric material, is sought. The techniques
systems required to withstand elevated temperatures isemployed in this study do not unfortunately allow us to
becoming more widespread. This indicates the use of poly- furnish explanations about the macromolecular mechanisms
meric adhesives presenting good thermal and chemicaloccurring during degradation of the epoxy-imide adhesive
resistance. The combined effects of oxygen in the air and under consideration. The influence of the presence of a fibre
heat can lead to thermo-oxidative degradation and subse-support within the adhesive on the kinetics of mass loss
guent loss in mechanical properties. Various factors, such asduring ageing has been considered. Effects of ageing on
the chemical nature of the crosslinking agent in a thermosetthe glass transitionl,, of the polymer have been exploited
polymer [1], or the presence of glass or carbon fibre rein- in an attempt to understand better the role played by thermal
forcement [2—6], can influence long-term ageing behaviour. degradation on the polymeric structure. X-ray analysis on
It is thus essential to identify factors limiting durability aged polymer samples has allowed us to correlate the
during extended exposure to air at elevated temperatureskinetics of advancing degradation and gravimetric evolution
with an aim to understand the ageing process(es) and relatedvith exposure time.
kinetics.

In this context, we have studied the behaviour of a
structural epoxy-imide adhesive under thermo-oxidative 2- Experimental
conditions (exposure to air at temperatures in the range _
180-250C) for extended periods. The present study 2-1- Material

complements work presented earlier on the creep behaviour h terial studied i imide adhesive distrib
of the same material [7]. Here, the objective is a macro- € material studied 1S an epoxy-imide adnesive distrib-

scopic analysis of the effects of thermal ageing on the adhe-Uted by CYTEC and known commercially by the reference

sive considered. From a practical standpoint, correlation of FMSZ' As studied previpusly [7], the film was supplied as
a film of ca. 0.4 mm thickness supported on a glass fibre
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Table 1
Dimensions of ageing samples
Nature of sample Width (mm) Length (mm) Thickness (mm) S, (mm?) S, (mm?) s % 5
Gravimetry Small 7.5 145 3 218 132 0.38
Square 14.5 145 3 421 174 0.29
Large 22.5 26.5 3 1193 294 0.20
X-ray microanalysis Observation 14 15 3 420 174 0.29
Viscoelasticimetry DMTA 5 28 3 280 198 0.41

chromatography have revealed the presence of the prepolysamples studied by gravimetry. Weighings were effected
mer diglycidyl ether of bisphenol A (DGEBA) and of two periodically on a MEMMERT AT 250 balance. Before
amine-based crosslinking agents: dicyandiamide (DDA) each weighing, the sample in question was cooled from
and 4,4-diamino-diphenylsulphone (44DS). However, the test temperature to ambient for 30 min in a desiccator.
no imide compounds or groups were detected with these Percentage relative mass losé,), during ageing for timet,
techniques. Notwithstanding, the high thermal resistanceis given simply by

of the adhesive suggests the presence of imide containing

constituents. According to the manufacturers, FM32 | . _ Am . 1o0= Mo~ MY
presents good mechanical properties at temperatures up to my

18C°C and can withstand short periods at up to 220

Sheets of cured adhesive were obtained for cutting into wherem, andm(t) are, respectively, initial sample weight
samples by superimposing eight layers of the polymer film, and weight after ageing for time
leading to a final thickness of the “composite” material
(polymer and fibrous support) of ca. 3 mm. The eight layers
were placed between two films of poly(tetrafluorethylene) 2.3. X-ray microanalysis
(PTFE), used as non-stick agents, the assembly placed in a
steel support, and covered by a 2 mm thick sheet of silicone Samples of adhesive aged at 180, 200 and’@50ere
elastomer fixed by means of a steel fratB88x 80 mnf). analysed using X-ray microanalysis in order to study the
The silicone sheet effectively prevented any leaking of the evolution of the degraded zone of the adhesive as a function
adhesive, whilst in a liquid state, during crosslinking. Cross- of ageing time and temperature.
linking was effected under a pressure of 3 bars maintained After various exposure periods, observation samples (see
by the application of a compressed, calibrated spring. Heat-Table 1) were cut open, encapsulated in epoxy resin and
ing from ambient temperature (and subsequent cooling) waspolished to a surface finish ofidm (the method of surface
affected at 3C/min. Curing corresponded to 4 h at 280 analysis being sensitive to surface defects). Samples were
followed by a post-cure, also of 4 h, but at 2G5 cure cycle subsequently metallised to obtain an aluminium deposit of
recommended by the manufacturer). thickness 300 A30 nm).

After crosslinking and post-cure, samples were cut from  X-ray analysis was effected on a wavelength dispersion
the sheets of adhesive using a diamond mill, the areasspectrometer, CAMECA SX 50, using an acceleration
exposed after milling being subsequently polished with voltage of 15 kV and an electron beam intensity of 30 nA.
glass paper of grade 1200. Prepared samples were dried irfElectron penetration depth within the adhesive is of the
an oven for 10 days at 70 followed by 10 days at 9C order of 1.5um. Mappings of relative distribution of
before use. Table 1 gathers together the dimensions of theoxygen, carbon, nitrogen and sulphur were thus obtained
various sample geometries used in this study. for the adhesive after various ageing periods.

Thermal ageing of the samples was effected at five
temperatures, viz. 180, 200, 215, 230 and°250n natural
convection ovens (MEMMERT and PROLABO) capable of 2.4. Thermomechanical analysis of aged samples
maintaining a constant temperature with a precision of
+2°C during the entire ageing periods. We measured the glass transition temperature of the adhe-

Evolution of the FM32 adhesive during ageing was sive FM 32 as a function of ageing period by using visco-
followed mainly using gravimetry, X-ray microanalysis elasticimetric data. Rectangular samples (dimensions
and viscoelasticimetry. Optical microscopy was also 28x5x 3 mnt) aged at 180, 200 and 25D were tested

X100 D

employed. in compression on a METRAVIB Viscoanalysell at a
frequency of 5Hz and scanning a temperature range of
2.2. Gravimetric analysis 20-300C at a heating rate of’€/min. The glass transition

temperatureT;, of the polymer was determined from the
Three different geometries were employed for the maximal value of the loss tangent, tan
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Surface S DefiningS,, S; andSy = S, + S, as surfaces exposed to
) air during ageing, respectively, of types surface 1, surface 2
. ya and total surface, we considered behaviour for various rela-
~ A tive surface ratios. The smallest samples corresponded to
U the largest rati&,/S; (see Table 1).

Fig. 2 shows gravimetric curves obtained for the three
geometries with an ageing temperature of ZDOIt is
clear that the relative mass loss is a function of sample

_ « ! size, smaller samples suffering (relatively) greater
Glass fibres Surfaces 52 mass reduction for a given ageing time. This tendency
has been observed previously [2,3,5], but mainly for
polyimide (PMR 15) matrices reinforced with carbon fibres
and at considerably higher temperatures, in the range of

Fig. 1. Schematic representation of adhesive sample.

3. Results and discussion 350-400C.
The influence of geometry on the rate of mass loss is,
3.1. Gravimetric study of thermal ageing of adhesive however, not always evident, as found by Bowles [8],

when working with non-reinforced PMR 15 resins.

Relative mass loss (see Eg. (1)) of the adhesive in air in Similarly, in the case of stable fibre/matrix interfaces, it
three different geometries (see Table 1) was followed with has been found that no geometric effect was detectable
time at various temperatures. Each sample geometry[8,9].
presents two distinct types of surface. The first, referred to  Notwithstanding, we have attributed the observed varia-
with index 1, corresponds to the polymeric adhesive alone: tion in gravimetric behaviour to the presence of two types of
the part normally intended to be put into contact with the surface: with and without exposed fibres, the relative frac-
substrate to be bonded and, under normal conditions, repretions of each, and the integrity of the fibre/matrix interface
senting by far the largest proportion of the adhesive film during ageing. (The fibres themselves are sufficiently stable
surface. The second type corresponds to that exposed aftechemically at the temperatures studied.) Degradation of the
a cut perpendicular to surface 1. This surface, noted 2, fibre/matrix interface may well favour the creation of easier
exposes sections (severed) of the supporting glass fibresdiffusion routes for environmental oxygen to penetrate into
In principle, various sub-types of surface 2 exist since a the bulk material, thus accelerating decomposition and, as a
perpendicular cut, with respect to surface 1, may adopt result, mass loss.
various angles compared to the fibre axes. However, the If we consider that during the early stages of ageing,
fibre support is (orthogonally) reticulate with apparent degradation is limited to a thin superficial layer of material,
symmetry for the two sets of fibre axes. Surface 2 corre- we may hypothesise that the rate of mass loss depends
sponds to cuts made perpendicular to either set of fibre axesgssentially on the local composition and the characteristic
it being assumed that the two directions are identical (see mass loss rates of the surfaces exposed [3].

Fig. 1). Thus we may model the first part of the gravimetric
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Fig. 2. Gravimetric curves for adhesive samples aged at@8:ffect of geometry.
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Fig. 3. Gravimetric curves for large samples aged in8ifS; =~ 0.2. Lines correspond to Eq. (2).

curves (Fig. 2) by an empirical relation of the type: where V,; and V,,, correspond to the rates of mass loss
Am associated to surfac& andS, (see Table 1), units being
o A ) g mm 2h™", andm represents the mass of adhesive per unit

exposed area, in g mm.

wheret is ageing timen is a constant and is a parameter The values ofy, vy, andn associated with each of the

depending on sample geometry. three geometries tested have been calculated for the five
With the above hypothesis, we may relate the fractional {®mperatures studied. Figs. 3—5 show the gravimetric curves

mass loss to the various surfaces exposed and to the CorreobtalnEd for the various cases over the time ranges for which

sponding rates of weight loss for a given temperature: we observe a satisfactory agreement between the experi-
mental results and the empirical power law relationship

A= ivpl + ivpz 3 summarised by Egs. (2)—(4). In Table 2 we present values
Sr Sr of Vp1, Vp2 @andn as evaluated from the experimental data,
with using regression analysis.
Whatever temperature is considered in the range covered,
_ Vyi Vo2 we note that/,, > v,; and thus the surfac&; with exposed
Vpl = —>,  Vpp= —= e . . :
p mg p mg fibres lead to more rapid mass loss than do surf&gesith
0.16
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Fig. 4. As for Fig. 3 except square samples WhS; = 0.29.
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Fig. 5. As for Fig. 3 except small samples wiyS; =~ 0.38.

no exposed fibres. We suggest that the more rapid degradas.2. Microscopic characterisation of thermal ageing
tion associated with surfac&s is related to local failure of
adhesion between fibre and matrix occurring early during In Fig. 6, we present examples of photomicrographs of
the ageing process. This separation may be due to thesections of FM 32 unaged, and after ageing for 500, 1000
generation of thermal, differential stresses (linear coefficient and 2000 h at 21%&. The formation of a blackish layer of an
of expansion for the polymer is ca>510 4 °C™?; that of apparently porous nature near the edge of the samples can
the glass fibres is ca.’10 °°C™?) in the vicinity of the be seen. With ageing time, this layer becomes thicker and
interface. Once fibre/matrix separation has occurred, this process is favoured by the proximity of micro-cracks
(presumably) diffusion of oxygen towards the centre of (Fig. 6¢). In the vicinity of glass fibres, this black degrada-
the sample will be facilitated, effectively increasing the tion layer is able to extend further into the bulk of the
surface of the polymer exposed to the deleterious environ- sample. Thus, we may suppose that preferential degradation
ment and consequently accelerating the overall ageingoccurs near the fibre/matrix interface, permitting the devel-
process. opment of privileged paths for the further diffusion of
Consideration of Table 2 shows that the powesf Eq. oxygen.
(2) decreases with increasing temperature. This cannot be The composition of this degraded layer has been ascer-
presently explained but it may be noted that values are in thetained using X-ray microanalysis, on samples aged from 500
range of 0.5—0.7. Dependencetdiin Eq. (2) withn in this to 2000 h at 180, 200 and 23D. Various elemental
range suggests that mass loss may be some sort of diffusiormappings are presented in Figs. 7—9. The distributions of
process not too far removed from Fickian behaviour. oxygen, carbon, sulphur and nitrogen have been considered.
Observations by optical microscope and using X-ray Both sulphur and nitrogen are (presumably) present in the
microanalysis have enabled us to add supplementarycrosslinking agents in the adhesive. Neither of these
evidence supporting the above findings and reasoningelements would seem to evolve significantly in concentra-
concerning the influence of the glass fibre support during tion during ageing. In contrast, we observe that a layer rich
ageing. in oxygen, yet poor in carbon, develops. This may attain a
thickness of ca. 7m after 2000 h at 18C or ca. 85.m at
200°C after the same time.
Analyses effected on samples aged at°’256howed the

I/Izlbslglgss rate data associated with different surfaces of adhesive exposed tformation of a similar layer, yet thinner (ca. §n). Never-
thermal ageing (values calculated from Egs. (2) and (3)) theless, samples aged at this temperature became extremely
o . . brittle, due to rapid degradation. It is therefore probable that
Temperature'c) Vs X 20°(0™") Yoz X 10°(0™") n the true thickness should be somewhat greater but partial
180 0.50 1.58 0.69 disintegration of samples occurred during handling.
200 2.44 3.40 0.61 We attribute the increase in oxygen in the degraded zones
Ség 12-23 i;g 8-2; to the chemical fixing of this element to the macromolecular
250 55.3 829 0.50 network. Indeed, the thermo-oxidation of thermoset resin

based composite materials is often accompanied by the
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Fig. 6. Optical micrographs of sections of adhesive aged a&t1(&) unaged; b) 500 h ageing; (c) 1000 h ageing; (d) 2000 h ageing.

formation of peroxide groups [10]. Following the classical e Inthe early stages, excess oxygen is available and degra-
scheme for thermo-oxidation [10], the oxidative reaction dation rate is chiefly governed by the kinetics of oxida-
leads to the formation of organic compounds obtained tion of the polymer. The degraded layer thickens rapidly.
from radical induced degradation of the polymeric network e At later times, the oxidised layer becomes relatively thick
initiated by heat and the degradation of the peroxide groups and constitutes a barrier to further diffusion. Degradation
formed. When these carbon containing groups are of suffi- rate is then largely controlled by the speed of diffusion of
ciently low molecular weight, they may be eliminated from oxygen into the, as yet, unaffected polymer.
the network during ageing (leaching). This may explain the
reduction in carbon content in the degraded layer and the The degradation kinetics of the adhesive would become,
mass loss of the material. (The implication is that the mass according to this scheme, rapidly dictated by the rate of
of oxygen attached to the network is less than the total massdiffusion of oxygen into the bulk polymer and not by the
of the groups eliminated—an analogous process can occursubsequent chemical reaction—particularly at higher
with degradation of polymers in a water environment at temperatures. In the absence of cracks, ageing rate would
lower temperature [11].) be somewhat slowed by the passivating effect of the surface
In Fig. 10, we present the evolution of the thickness of the oxidised layer.
degraded zone during ageing time perpendicular to the Fig. 11 represents the evolution of the oxidised degraded
fibres axes, i.e. diffusion int&,. This thickness increases layer thickness with ageing time, both for environmental
quite rapidly in the early stages and then attains a plateau.ingress principally from surfaces;, (direction D;) and
The value of the plateau thickness is an increasing function from surfaceS, (directionD,). Initially, ageing is virtually
of temperature and, as may be expected, the rate of increasindependent of the type of surface. However after (say),
of thickness also increases with temperature. These resultsl000 h, the oxidised layer grows more rapidly in direction
suggest that two processes participate in the oxidation D, than in directiorD;. This result confirms the hypothesis
kinetics. of an undesirable effect in ageing related to the presence of a



N. Piccirelli, M.E.R. Shanahan / Polymer 41 (2000) 4077-4087 4083

High
concentration

Low
concentration

= oot

P
100pum

Fig. 7. Elemental mappings for sections of adhesive aged &C1#80 2000 h (surface analysed: 0.24 Am

fibrous support. At the outset, interfacial cracks and separa-decrease become more notable with increasing temperature.
tion should be (relatively) insignificant and thus the two In particular, the marked drops ®f at both 200 and 25C
surfaces should present similar overall behaviour. As inter- strongly suggest that microstructural modification is occur-
facial damage occurs, oxygen ingress becomes facilitatedring to the polymer during ageindy is a function of degree
and ageing rate increases for surfé&&ewhen compared  of crosslinking [12] and thus we propose that the modifica-

with surfacesS;. tions involved are principally due to macromolecular chain
scission (e.g. [11]). Degradation does not “undo” crosslinks
3.3. Evolution of T during thermal ageing (or, at least presumably does not), yet chain scission will

have the same global effect by reducing network density.

For different ageing times at temperatures of 180, 200 and At long ageing times, cracks, or microcracks, will allow

250°C, we have considered the evolution of the glass transi- oxygen to diffuse into the bulk material to oxidise the
tion temperatureT,, of the adhesive. Results are presented macromolecular structure. Chain scission and a drofyin

in Figs. 12—14. We observe a dropTigwith ageing time at ~ will therefore presumably be related to thermo-oxidation.
all three temperatures, yet both rate of decrease and absolutéleverthess, results at 180 and 200suggest a second



4084 N. Piccirelli, M.E.R. Shanahan / Polymer 41 (2000) 4077-4087

High

concentration

TR

Bl Glass fibres b | . ; Ny

= 100um Low
concentration

Fig. 8. As for Fig. 7 except ageing at 2@

mechanism occurring concomitantly. A process of thermo- susceptible to oxidation than surfaces consisting uniquely
lysis would affect theentire sample simultaneously (ignor-  of the polymer. Increased rate of degradation has been
ing any slight time lags in attaining the ageing temperature). shown to be related to interfacial separation between fibres
Such a degradation mechanism would increase in rapidity and polymeric matrix. This separation leads to a privileged
with temperature but would not be limited by diffusion path for the diffusion of oxygen within the bulk material.
processes. Evidence for this comes from the fact that, atinterfacial cracks may be related to thermal stresses due, in
lower temperatures, the material would seem to suffer their turn, to different coefficients of expansion of the fibres

from a relatively homogeneous degradation (dropTih and the matrix.
combined with the surface effects and diffusion constituting In the case of the epoxy-imide material studied, we
the main part of this article. have shown that thermo-oxidation leads to the formation

of an oxygen-enriched surface layer, suggesting the
fixing of oxygen to the macromolecular network. Degra-
4. Conclusion dation is accompanied by the loss of organic matter,
leading to reduced local carbon content. At (relatively)
The presence of a fibrous support procures many mechan{ow temperature, degradation occurs in a fairly thin
ical advantages for composite materials, yet in the case ofsurface layer (of the order of 1QOm) and it would
structural adhesives, the main role is to facilitate handling. seem that the oxidised layer slows further ageing, prob-
In this study, we have shown that the fibres can have ably by acting as a passivating barrier. Finally, it would
undesirable effects when the cured adhesive is submittedseem that an overall (bulk) process of thermolysis is
to elevated temperatures in the presence of air. Surfacescoupled with the essentially surface predominant oxida-
of the adhesive containing exposed fibres may be moretive phenomenon.
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