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Abstract

The present paper is concerned with thermo-oxidatiduced degradation and damage in
carbon-epoxy composite materials at the microscopiale. Confocal Interferometric
Microscopy (CIM) measures and Scanning Electronicréscope (SEM) observations have
been carried out on IM7/977-2 composite UD samplgsd under atmospheric air at 150°C,
showing the occurrence of matrix shrinkage — whegent depends on conditioning time and
fibre-to-fibre spacing - and fibre/matrix debondjngfter around 1000h conditioning. By
comparison with experimental observation, a nunarmodel simulating thermo-oxidative-
induced matrix shrinkage and stress can be empltyexstimate the critical energy release
rate for fibre/matrix debonding.

1 Introduction

Composite materials possess very interesting spetiéchanical properties (strength and
stiffness) and very good fatigue resistance and tacay largely employed within
aircraft/aerospace structures. To be employed rurctsiral parts subjected to rather severe
thermal conditions (for instance, composite strigguor aero — engines) their behaviour at
moderate and high temperatures must be charadengeder such conditions thermo-
oxidation reaction/diffusion phenomena take plagthiw the polymer material eventually
inducing degradation and damage. Thermo-oxidatfoorganic matrix composites has been
the subject of specific studies over the past teary [1-4] mainly focusing on the resin
material alone: the coupled oxygen diffusion/reactiphenomenon leads to matrix chemical
shrinkage strains and to the development of aniseddlayer in which the mechanical
properties of the material are degraded. At theasmpic scale (the scale of the fibre), the
coupling between stress concentration close to filw@/matrix interfaces and thermo-
oxidative matrix degradation can lead to microscaamage, such as fibre/matrix debonding.
The present paper is concerned with thermo-oxiddatiduced degradation and damage in
carbon-epoxy composite materials at the microscagale. Confocal Interferometric
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Microscopy (CIM) measures and Scanning Electronicrédcope (SEM) observations have
been carried out on IM7/977-2 composite UD samplgsd under atmospheric air at 150°C,
showing the occurrence of matrix shrinkage — whegent depends on conditioning time and
fibre-to-fibre spacing - and fibre/matrix debondirgfter around 1000h conditioning. By

comparison with experimental observation, a nunaémeodel simulating thermo-oxidative-

induced matrix shrinkage and stress can be empltyedtimate the critical energy release
rate for fibre/matrix debonding.

2 Testing methods and experimental measurements

Composite samples were oxidised for 192 h and 10@0 150°C under atmospheric air in
dedicated climatic chambers opportunely conceiwedstich applications. Figure 1 shows a
view of this setup and some details of the sampédibn system.

(b)

Figure 1. View of the climatic chambers (a) and some detdHikhe sample fixation system (b)

Thermo-oxidative-induced shrinkage profiles haverbeneasured on the side surfaces of
CFRP [IM7/977-2 carbon-epoxy samples cut from thj@ko, UD composite plates by
Confocal Interferometric Microscopy (CIM), by empiog a Taylor Hobson TALYSURF
CCI1 6000 microscope, whose measure technique edbas Michelson interferometry; with a
50x magnification, this apparatus is able to ext@d images and profiles with a vertical
resolution up to 1® pm along a 0.35 x 0.35 nimsurface. Values of slopes higher than 27°
cannot be measured by the apparatus and are @mtenmeasured points (NM). Figure 2
illustrates a typical image (observed at room tewepee) captured by the apparatus at the
side surface edges (exposed to the environmerghadxidised composite sample, aged at
150°C.

The illustration shows the presence of matrix abdefrich zones within the composite and
possibly a certain amount of unmeasured points. aBglogy with Scanning Electron
Microscopy (SEM) clichés the unmeasured points lsarcorrelated to matrix microcracks,
flaws and fibre/matrix debondings. From 3D cartpiiias, thermo-oxidation-induced
shrinkage profiles can be extracted: moreover, dgyneng on the zone of interest (Fig. 2),
matrix shrinkage profiles between two fibres camisasured and the corresponding maximal
shrinkage depth can be quantified. Interruptedsteah be also carried out: the experimental
setup allows re-finding the same thermo-oxidisedesoand following the evolution of the
shrinkage profiles.
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Figure 2. Example of images extracted by CIM at the expossel exdge surfaces of an oxidised composite
sample and measurement of thermo-oxidative-indsbeidkage profiles

Thermo-oxidative-induced matrix shrinkage can kerdfore qualitatively and quantitatively
characterised as a function of the fibre-to-fibretahce by extracting and post-processing a
certain number of profiles such as that illustrabedrig. 2. Additional details about the
experimental technique can be found in referen8garid [4].

3 Modelling of thermo-oxidation and polymer mechanical behaviour

The composite can be modelled as a two-phase @atbaracterised by the fibres, which are
thermally and chemically stable with respect todakion, and by the polymer material in
which the ageing process takes place. The fibrexaterfaces are not modelled. The model
is developed within the framework of the Thermodwyies of Irreversible Processes (TIP)
(see, for instance, [5]) following a deterministapproach and with little use of
phenomenological relationships. The chemical pegstaking place during thermo-
oxidation are detailed by a mechanistic schemeldped by Colin et al. [1], which allows
predicting the evolution of each chemical speaeslly and at each instant of time during the
thermo-oxidation process, taking into account teaetliffusion couplings. The local
evolution of the oxygen concentration within thdypoer (noted [Q]), due to both chemical
reaction and species diffusion can be thereforeroehed by employing the mechanistic
scheme by Colin et al. [1]: for more details abthé mathematical representation of such
scheme and its appropriate boundary conditionsrébder is referred to references [1, 4].
Oxygen reaction-diffusion is normally characteridggda global parameter, the concentration
of oxidation products, Q, defined by:

t
Q (x,y, z,t)=f ﬂ(%ld'[

0

(1)

The thermo-oxidative-induced shrinkage free sttaimsor can be calculated starting from the
knowledge of the advancement of the chemical reatnd is given by [6]:
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wherel is the identity tensor, m ardrespectively the mass and the density of the nadzr
time t, the index “0” indicates the same varialdéeshe start time, and Mhe molar mass of
the component X. The mechanical behaviour of tHgnper material can be modelled by a
nonlinear viscoelastic constitutive law, similarthat proposed by Cunat [7]:

n
TrS=3Ky trE — 3Ky E™ - 3K, E¥ —3Y K; z"*
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in which S is the stress tensdg, the strain tensor, the index “d” refers to theid®ric part of
the corresponding tensor aid™ is the free thermal strain tensor: in this modeg
internal variables, which rule the viscoelastic abur, are noted by'Z andz (for the
spherical and the deviatoric part, respectively)e Thodel uses fifty variables, each with its
own relaxation timer;"® andt;¥, respectively. The weights“pand p° of the distribution
associated to each characteristic time follow adawilar to that proposed by Cunat [7]. The
internal variables are ruled by differential eqoas of the type:

d 7"

dt as(-l-).[ T (ZJII’E trE)
dz™ _ 1 Ed Ed

The parameters of the model are: the glass andeetlaoduli of the resin, K Kg, Gy, Gg, a
coefficient of the distribution law (not detaileere) and the functions(@) et &(T). The
model has been identified by relaxation tractistget 150°C performed on unoxidised pure
resin samples. In this model, thermo mechanics lomgpare represented by the free thermal
strain tensor term depending on the free expardidine resin and by the functiong® and
ay¢(T). Chemo mechanics couplings are taken into atcby the thermo oxidation induced
shrinkage strain tensog>", calculated by Eq. 2. The model integrates alsoettpression of
the local indentation modulus (EIT) of the resinaafsinction of the concentration of oxygen
products, Eq. 1, identified by Ultra Micro Indemndst (UMI) tests. The model has been
implemented into the ABAQUS finite element commafaode [9] via the available user
subroutines. More details about the model andutearical implementation can be found in
references [4] and [8].
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4 Results and discussion

Figure 3 shows the measured maximal shrinkage dapth function of the fibre-to-fibre
distance for samples aged 192 h and 1000 h unehesaheric air at 150°C and SEM clichés
of the observed external surfaces.
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Figure 3. Maximal shrinkage depth as a function of the fitwrdibre distance for samples aged under
atmospheric air, at 150°C for 192 h and 1000 hSBM clichés of the observed surfaces

For both samples, the maximal shrinkage depth @&se® for increasing fibre-to-fibre
distance, its magnitude being higher for the 1000thbrmo-oxidised sample. SEM
observations show that the 192 h aged sample supi@sents some matrix shrinkage while
the 1000 h aged sample surface exhibits matrixikage and fibre/matrix debonding at some
interfaces.

Figure 4 shows the experimental and the numericgihyulated thermo-oxidative-induced
matrix shrinkage (maximal depth and profiles betwdires) for samples aged under
atmospheric air, at 150°C for 192 h and 1000 h.

A good agreement is obtained for 192 h aged samiple$000 h aged samples both maximal
shrinkage and profile predictions are far from timeasured ones. This is due to the
occurrence of fibre/matrix debonding at the integfas it is proved by SEM observation and
by direct profile measurement (the presence of measured points close to some interfaces,
see Fig. 4).

Figure 5 shows experimental vs. numerically simadathermo-oxidation-induced matrix
shrinkage for samples aged under atmospheric &i158°C 1000 h. Calculations are
performed including fibre/matrix debonding of vduie depth, h, at the interfaces.

It can be noted that — for the 1000 h aged samfile agreement between the experimental
and the numerically simulated matrix shrinkage t@&nincreased by adding fibre/matrix
debonding at the interfaces. Moreover, increadmegfibre-to-fibre distance, the fibre/matrix
debonding depth must be increased for a correatlation of the thermo-oxidative-induced
shrinkage.

In fact, for a 20 um fibre-to-fibre distance, thieré/matrix debonding depth is around 10 pm
while, for a 40 um fibre-to-fibre distance, ther&@bmatrix debonding depth is around 30 pm.
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Figure 4. Experimental vs. numerically simulated thermo-ofizinduced matrix shrinkage (maximal
depth and profiles between fibres) for samples agetbr atmospheric air, at 150°C for 192 h and 1000

This tendency indicated that higher fibre-to-filsistances — related to matrix rich zones and
low local fibre volume fraction values — tend tovdl®p more damage: this conclusion is
qualitatively supported by experimental observatiorainly SEM observation), though it is
difficult to measure fibre/matrix debonding depthihaa good level of precision.
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Figure 5. Experimental vs. numerically simulated thermo-ofiizinduced matrix shrinkage for samples
aged under atmospheric air, at 150°C 1000 h. Catiownis are performed including fibre/matrix debamp{of
variable depth, h) at the interfaces

By employing the numerical model, the energy redaase related to the onset of fibre/matrix
debonding at the interface can be estimated favendibre/matrix debonding depth by the
formula:
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AE
=AM (6)

For h approaching zero, this calculation approatchesvalue of energy release rate for the
onset of debonding. More details can be foundfereace [4]

Figure 6 illustrates the calculated values @gfas a function of the fibre-to-fibre distance, for
samples aged under atmospheric air, at 150°C 1000 h

200 atmospheric air, 150°C, 1000 h

Gy (J/m?)

Fibre-to-fibre distance (jum)

Figure 6. Calculated values of the energy release rate ioefinatrix debonding onsety&s a function of
the fibre-to-fibre distance, for samples aged umderospheric air, at 150°C 1000 h.

It can be noted that {3ncreases by increasing the fibre-to-fibre distarihis again indicates
that zones with higher fibre-to-fibre distancesdteéa develop more damage in the form of
fibre/matrix debonding, if one assumes that thisnf@f damage occurs when the calculated
Gy equals a critical energy release rate valug, The exact identification of §is difficult
since, for a 1000 h aging time, for instance, werast able to detect exactly a configuration
(an interface) in which fibre/matrix debonding tstlee onset. However, if we limit ourselves
to fibre-to-fibre distances between 20 um and 40-uwhich have already developed some
damage — the identified value ofs between 100 and 250 Jim

5 Conclusions

Confocal Interferometric Microscopy (CIM) measuasd Scanning Electronic Microscope
(SEM) observations have been carried out on IMABEbmposite UD samples aged under
atmospheric air at 150°C, showing the occurrencamafrix shrinkage — whose extent
depends on conditioning time and fibre-to-fibre@pg - and fibre/matrix debonding, after
around 1000h conditioning. By comparison with ekpental observation, a numerical model
simulating thermo-oxidative-induced matrix shrinkagnd stress has been employed to
estimate the critical energy release rate for finedrix debonding.
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