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Abstract: The thermal stability of a hybrid composite rod, made of epoxy-anhydride matrix
reinforced with both unidirectional carbon and glass fibers, has been evaluated between 180 and
210 °C in different nitrogen/oxygen gas mixtures with several conventional but complementary
laboratory techniques such as Fourier transform infrared spectrometry, thermogravimetry,
differential calorimetry, optical microscopy, and three-point bending. Thermolysis predominates in
the carbon-fiber core, where it induces an efficient chain scission process, leading to a decrease in
the glass transition temperature and the formation of small macromolecular fragments, presumably
diacids. These very polar fragments remain trapped in the carbon core, where they initiate micro-
cavities when their concentration exceeds the solubility threshold. These micro-cavities accumulate
in rich-matrix regions, where they coalesce to form apparent large cracks. They are thus responsible
for the catastrophic decrease in elastic and fracture properties of the composite rod. In contrast,
thermal oxidation affects a too thin superficial layer (typically 60 um) of the glass-fiber shell to
change significantly the global mechanical behavior of the composite rod. Based on these
experimental observations, a kinetic model has been proposed to predict the initiation and
development of damage in the composite rod. Its validity is successfully checked by comparing its
predictions with the experimental results.

Keywords: hybrid composite; anhydride crosslinked epoxy; thermal ageing; chain scissions;
micro-cavities; embrittlement

1. Introduction

The request for electricity increases constantly over the world. Faced with environmental and
societal pressures opposed to the construction of new overhead power lines, electricity distributors
need new technical solutions for increasing the nominal rating of the present lines. The average
operating temperature of these is around 70 °C, but it could be increased beyond 90 °C in a near
future. Several technical solutions are under study to avoid a catastrophic increase in the sag, but
they will be selected by electricity distributors only if the long-term thermal stability of their different
constituent materials is well demonstrated.

The aim of the present study is to evaluate the feasibility of a new conductor technology
especially designed for the next generation overhead lines. It consists of an aluminum conductor
supported by a hybrid composite core made of epoxy matrix reinforced with both unidirectional
carbon and glass fibers (Figure 1). Carbon fibers have been selected for this application because of
the very low value of their thermal expansion coefficient in the longitudinal direction [1], thus
allowing to design lines with a sag almost independent of temperature variations. However, carbon
fibers have been replaced by glass fibers within the composite shell to avoid the galvanic corrosion
of the surrounding aluminum conductor [2].



Unfortunately, the durability of this hybrid composite rod has been the subject of very few
research works to date [3-5]. At high temperature (typically 180 and 200 °C) in air, it has been shown
that the outer superficial layer of the glass-fiber shell is subjected to a thermal oxidation leading to
both mass loss and densification of the epoxy matrix. The resulting “hindered” shrinkage induces the
development of a gradient of tensile stresses in the oxidized layer that is responsible, at more or less
long term, for its spontaneous cracking. It should be emphasized that these stresses are amplified by
the increase in the Young’s modulus during the course of oxidation [3,5]. However, the incorporation
of mineral fillers (in particular, kaolinite clays) into the formulation of the epoxy matrix has no impact
on its oxidation kinetics and, thus, on the damage development in the composite rod [5].

Despite the high quality of these researches, some crucial questions remain unanswered. In
particular, it would be surprising that the degradation of such a thin superficial layer (typically
110-120 um at 200 °C, which represents only 2-3% of the rod radius) allows explaining alone the
dramatic decrease in shear strength of the composite material [5]. However, the same authors also
report a significant mass loss in the absence of oxygen (typically 10 wt% after 200 h at 200 °C in inert
atmosphere or under vacuum) that they do not discuss and interpret [3,5]. Could it be a thermolysis
of the epoxy matrix? Could this additional degradation process affect the entire volume of the
composite rod and, thus, explain still non-understood changes in its mechanical behavior in the long
term.

The present study focuses on the understanding of the thermal ageing of the composite rod at
high temperature (typically between 180 and 210 °C) in different nitrogen/oxygen gas mixtures. A
multi-scale analysis involving several conventional but complementary laboratory techniques will be
applied to try to identify the different degradation mechanisms of the epoxy matrix. Then, a kinetic
model will be derived from these mechanisms to predict the initiation and development of damage
in the composite material. The validity of several assumptions necessary for building this model will
have to be checked in future research works.

Figure 1. Aluminum conductor supported by a hybrid composite core.

2. Materials and Methods

The composite rod under study consists in a carbon-fiber core (outer diameter =7.0 mm, volume
fraction of fibers = 69%) surrounded by a glass-fiber shell (outer diameter = 9.5 mm, volume fraction
of fibers = 64%). It was processed by pultrusion at 200 °C by the Merwyn C. Gill Foundation
Composites Center. The composite matrix results from the reaction of several epoxy monomers with
an anhydride hardener. It is filled by about 12 wt% of kaolinite clays.

This hybrid composite material is relatively easy to machine. Samples of various geometric
shapes (cylindrical or rectangular bars, powder, etc.) were taken in different parts of the rod, thus
offering the possibility of studying separately the different constituent materials. As an example, the
glass-fiber shell was totally removed from the rod to be separately characterized from the
carbon-fiber core before and after thermal ageing. In addition, steps of about 0.5 mm in height were
machined in the diameter of the carbon-fiber core (Figure 2) and a small amount of powder was then
taken at the surface of each step in order to determine the gradients of chemical structure and
physicochemical properties throughout the rod diameter before and after thermal ageing.



——— SN

Figure 2. Carbon-fiber core after glass-fiber shell removing and steps machining.

The different shapes of samples used for the present study (with their corresponding size) are
listed in Table 1.

Table 1. Samples under study.

Material Shape Size (mm)
hybrid composite cylindrical bar 9.5 x 100
carbon-fiber core cylindrical bar 7.0x70

- rectangular bar 1.2 x4.2 %30
- powder -
glass-fiber shell powder -

On the one hand, hybrid composite rods were thermally aged between 180 and 210 °C in
nitrogen or ambient air in ovens. They were removed periodically from the ovens to be analyzed with
several conventional laboratory techniques. Some rods were characterized by three-point bending
tests (Instron 4502 device, distance between supports of 80 mm, crosshead speed of 2 mm-s)
according to the recommendations of the standard NF EN ISO 178 [6]. These tests were carried at the
current operating temperature of the overhead power lines, i.e., 70 °C. A peculiar attention was paid
to the changes in the breaking stress and flexural modulus.

Some other rods were examined by optical microscopy after cutting in small pieces, embedding
in a commercial acrylic KM-V resin, and polishing of their cross sections with a MECAPOL P320
device (Grenoble, France) using silicon carbide abrasive papers of decreasing particle size (typically
from 80 to 4000 granulometry). Then, a mirror finish was obtained using diamond pastes of
decreasing particle size (typically from 3 to 0.25 um).

Finally, the last rods were analyzed by FTIR spectrometry (Briiker IFS 28 device, Ettlingen,
Germany, 4 cm™ minimal resolution) and differential calorimetry (TA Instrument Q10 DSC, New
Castle, DE, USA, heating rate of 20 °C-min, nitrogen flow of 50 mL-min) after steps machining
(Figure 2). Powder samples of about 15-20 mg were taken from the surface of each step for
monitoring the changes in the molecular and macromolecular structures of the epoxy-anhydride
matrix, respectively. In some cases only, a rectangular bar was also machined in the center of the
carbon-fiber core to be analyzed by viscoelasticimetry (Rheometrics RDA3 torsiometer, New Castle,
DE, USA, heating rate of 5 °C min, frequency of 1 Hz, nitrogen flow) and, thus, to confirm the
corresponding value of the glass transition temperature (Tg) measured by differential calorimetry
(DSC).

On the other hand, powder samples of about 15-20 mg of each constituent material (i.e., carbon-
fiber core and glass-fiber shell) were aged thermally at 180, 190, 200, and 210 °C in various
nitrogen/oxygen gas mixtures directly in the furnace of a thermogravimeter (Netzsch Tg 209 device,
Netzsch Gerédtebau, Germany, nitrogen flow of 50 mL-min). The samples were directly placed on
the plateau of the microbalance, and their mass changes were continuously recorded versus time of
exposure in a computer.

3. Experimental Results

Experimental results are summarized in the following sections.

3.1. Mechanical Characterization

Figure 3 shows an example of a load-displacement curve obtained for the virgin composite rod.
This bending behavior can be qualified as brittle since it consists almost exclusively of an elastic
domain marked above half of the maximum load by the presence of sudden small drops of load due



to cracks initiation in the central region of the carbon-fiber core. It should be emphasized that this
central region may contain many processing defects (such as porosities, micro-cracks, etc.), which can
explain its lower mechanical strength. In addition, during the bending test, this central region is
subjected to high shear stresses.

The elastic domain ends with a very short plateau during which the cracks propagate rapidly in
the perpendicular direction of the load, i.e., in the longitudinal direction of the composite rod. Finally,
when it breaks, the rod separates into two equivalent parts.
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Figure 3. Example of load-displacement curve for the virgin composite rod.

Three important characteristics were determined graphically from the load-displacement curve
of Figure 3: The maximal slope of the elastic regime (4F/4s), the breaking load (Fr), and the breaking
sag (sr). The values of the bending modulus E and the breaking stress or were calculated by applying
the following classical formulas:

_ 413 AF (1)
 3nD*As
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where L is the distance between supports (L = 80 mm) and D is the rod diameter (D = 9.5 mm). The
bending properties of the virgin composite rod are summarized in Table 2.

Table 2. Bending properties of the virgin composite rod.

E (GPa) or (MPa) SR (mm)
489+0.6 838 £ 50 2.46 +0.20

The thermal ageing of the composite rod between 180 and 210 °C in nitrogen or ambient air leads
to a drop in E and or from the early periods of exposure, as shown in Figure 4. However, this drop is
less marked for E than for or. As an example, E decreases by about 4% after 25 h at 210 °C or 300 h at
180 °C, while or decreases by about twice (i.e., 8%). In addition, the drop in E is strongly slowed
down, while it remains almost linear for or. The damage causing this peculiar mechanical behavior
will be examined in the following section.
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Figure 4. Changes in the bending behavior of the composite rod during its thermal ageing at 180 and
210 °C in nitrogen or ambient air: (a) bending modulus and (b) breaking stress.

3.2. Optical Microscopic Examinations

First of all, Figure 5 reports examples of micrographs of the radial cross section of the as-received
composite rod. These micrographs were taken at random in the interfacial region between the carbon-
fiber core and the glass-fiber shell at three different magnifications (x5, x10, and x20). It can be clearly
seen that the interface separating both materials is not perfectly circular but very sinuous due to the
deposition of pre-impregnated glass-fiber wicks over the carbon-fiber core during the pultrusion
process. In the two constituent materials, fibers appear to be fairly homogeneously distributed,
although some small rich-matrix regions can be observed here and there.
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Figure 5. Examination by optical microscopy of the radial cross section of the as-received composite
rod: Magnifications are (a) x5, (b) x10, and (c) x20.

The average diameter of the fibers and their volume fraction were determined by image analysis
with the Image] software. They are about 5 pm and 70 vol% for carbon fibers and 15 pm and 65 vol%
for glass fibers. These values are quite consistent with the announcements of the composite
manufacturer.

It should be noted that a small population of the as-received composite rods already contained
some cracks of circular shape all around the central carbon-fiber wick (see Figure 6). These cracks
were presumably created by too fast cooling of the rods at the exit of the pultrusion line. Of course,
these defective rods were excluded from the present study.



Figure 6. Examination by optical microscopy of the carbon-fiber core of the as-received composite
rod: Evidence of cracks around the central carbon-fiber wick. Magnification is x5.

Then, Figure 7 reports an example of micrographs of the radial cross section of composite rods
thermally aged in nitrogen or ambient air in ovens. These micrographs were taken in the carbon-fiber
core at low magnification (x5).

Between 180 and 210 °C, thermal ageing leads to the formation of many large cracks in the
carbon-fiber core, irrespective of the nature of the exposure atmosphere. A careful examination at
higher magnification reveals that these cracks have been, in fact, formed in rich-matrix regions and
are constituted of many micro-cavities juxtaposed against each other, like a pearl necklace. No doubt,
these large cracks result from the coalescence of micro-cavities. In addition, since they are formed in
the total absence of oxygen, it can be concluded that they can only result from the thermolysis of the
epoxy-anhydride matrix.

Figure 7. Examination by optical microscopy of the carbon-fiber core of the composite rod: (a) after
100 h in nitrogen at 190 °C and (b) after 90 h in ambient air at 200 °C. In both cases, magnification is
x5.

Finally, Figure 8 reports an example of micrographs of the radial and longitudinal cross section
of a composite rod thermally aged in ambient air in oven. These micrographs were taken in the free
edge of the glass-fiber shell at low magnification (x5).

Between 180 and 210 °C, thermal ageing in ambient air leads to the formation of a superficial
oxidized layer in the free edge of the glass-fiber shell, of which the thickness depends closely on the
ageing temperature and fiber orientation, as already observed for other types of unidirectional
composite material, in particular made of epoxy-diamine matrix [7]. The oxidized layer appears as a
darker area than the unaffected parts of the glass-fiber shell. For a better visualization, this layer was
delimited with yellow dotted lines on micrographs.



(b)

Figure 8. Examination by optical microscopy of the free edge of the glass-fiber shell of the composite

rod after 100 h in ambient air at 180 °C: (a) in the radial direction and (b) in the longitudinal direction.
In both cases, magnification is x5.

In both (radial and longitudinal) directions of the composite rod, the thickness of the superficial
oxidized layer (TOL) increases with time of exposure until reaching an asymptotic value, which is
reported in Table 3.

Table 3. Maximal values of the superficial oxidized layer (TOL) in the different directions of the
composite rod in ambient air at 180 and 210 °C.

Material Direction Temperature (°C) TOL (um)
glass-fiber shell radial 180 60
- - 210 60
- longitudinal 180 450
- - 210 230

As expected [7], TOL is much larger in the longitudinal direction where oxygen diffusion is
favored (no fiber obstacle) than in the radial direction where diffusion paths are much longer. In a
first approach, the model of Kondo et al. [8] based on simple geometric considerations can be used to
illustrate this problem. According to these authors, the diffusivities in the perpendicular (D.) and
parallel directions to the fibers (D) would be related by the following relationship:

-7,

b, = v, v 3)

where Vris the volume fraction of fibers and « is a constant such as a = 2/+/m for a cubic stack and

a= ’2\/5 /m for a hexagonal stack of fibers [9].

In addition, the diffusivity in the parallel direction is given by the following [10]:
Dy = (1= V)Dn,

where D corresponds to the coefficient of oxygen diffusion in the neat matrix. The introduction of
the volume fraction of glass fibers (Vr = 64 vol%) in Equations (3) and (4) leads finally to
D,,=37%xD, and Dy, =28 X D,, for a cubic stack.
At this stage of investigations, let us remember that TOL can be satisfyingly predicted by a
simple scale law [7,11]:

(4)

DiCS>1/2

TOLi=< .
S

®)
where Di is the coefficient of oxygen diffusion in the considered principal direction of the composite
material (i=_1 or //), and Cs and rs are the maximum values of the oxygen concentration and oxidation
rate, respectively. Of course, these two last quantities are maximum on the rod surface.



By combining Equations (3) and (5), it becomes

1/2 1/2
TOL, _ (D//> / _( 1=V 6)
TOL, \D, 1-a 7V,

Thus, according to theory, the following should be found: TOL,, = 1.9 X TOL, for a cubic stack.
However, TOL,, values reported in Table 3 are twice thicker at 210 °C and four times thicker at
180 °C than expected. This discrepancy can be only explained by the existence of a fiber/matrix
interphase highly permeable to oxygen [12].

Anyway, in the radial direction, oxidation remains confined to the rod surface (TOL,
corresponds to only 1-2% of the rod radius). It can be thus concluded that the micro-cavities induced
by the thermolysis of the epoxy-anhydride matrix are the main damages altering the mechanical
properties of the composite rod during its thermal ageing (see previous section).

3.3. Physicochemical Characterizations

Unfortunately, due not only to the high fraction of fibers (typically >60 vol%) in the composite
rod but also to the initial presence of a very intense IR absorption band centered at 1735 cm™ and
assigned to ester groups (formed by the crosslinking reaction of the epoxy monomers with the
anhydride hardener), it was very difficult to detect by FTIR spectrometry any chemical modification
in the epoxy matrix during its thermal ageing between 180 and 210 °C. As an example, Figure 9 shows
the IR spectra measured on the outer surface of the glass-fiber shell during the course of thermal
ageing at 210 °C in ambient air.
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Figure 9. IR spectra of the outer surface of the glass-fiber shell before and after several durations of
thermal ageing at 210 °C in ambient air.

The only chemical modifications that were detected by FTIR spectrometry for the epoxy-
anhydride matrix occurred in the oxidized layer of the glass-fiber shell. As shown in Figure 10, a
broadening of the base of the ester band was observed due to the appearance and accumulation of
new carbonyl groups during the course of oxidation. The shoulder centered at 1785 cm can be
attributed to new anhydride groups resulting from the condensation of carboxylic acids [13]. In
contrast, the different shoulders centered at 1710, 1700, and 1690 cm™ can be attributed to a large
variety of other types of (saturated and unsaturated) carbonyl groups, for instance, aldehydes,
carboxylic acids, and ketones. The formation of unsaturations is attested by the raising of the baseline
between 1630 and 1670 cm™.
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Figure 10. Modifications of the IR spectrum of the outer surface of the glass-fiber shell before and
after 33 h of thermal ageing at 210 °C in ambient air.

In contrast, DSC was very useful to evidence the consequences of thermal degradation on the
structure of the macromolecular network and, in particular, to reveal the inhibiting effect of oxygen
on thermolysis. As an example, Figure 11 shows the changes in T at different depths in the rod
diameter during the course of thermal ageing at 210 °C in ambient air.
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Figure 11. T profiles in the rod diameter before and after several durations of thermal ageing at
210 °C in ambient air.

These profiles call for the following comments:

e  Between 180 and 210 °C, the thermolysis of the epoxy-anhydride matrix is far from being
negligible. It consists of an efficient chain scission process leading to the destruction of elastically
active chains and crosslink nodes and, thus, to a catastrophic decrease in Ts in the carbon-fiber
core. The rate of Tg decrease is maximum from the early periods of exposure and, then, slows
down gradually so that Ty reaches an asymptotic value in the long term. The asymptotic values
measured by DSC for the different ageing temperatures under study in the carbon-fiber core are
reported in Table 4. All these values were confirmed by viscoelasticimetry.



Thermolysis presumably consists of the thermal rearrangement of ester groups, a well-known
reaction for linear polyesters [14-16]. Indeed, this reaction would lead to the formation of
terminal carboxylic acids and double bonds. Then, the resulting carboxylic acids could
condensate into anhydrides. All these chemical events are summarized in the mechanistic
Scheme 1. They can explain the formation of a large part of the degradation products detected
by FTIR spectrometry. It should be emphasized that the second chemical event (denoted T2 in
Scheme 1) is assumed to generate volatile compounds such as cyclic anhydrides and water. It is
in competition with the condensation of carboxylic acid chain ends, leading to the formation of
new covalent bridges in the macromolecular network (see event T3 in Scheme 1).

In conclusion, thermolysis leads the formation and coalescence of many micro-cavities of gas in

the carbon-fiber core (see Figure 7), thus inducing its catastrophic embrittlement (see Figure 4).

Table 4. Minimum values of Tg determined after long-term thermal ageing at 180 and 210 °C by DSC
in the carbon-fiber core of the composite rod.

Ageing conditions Tg (°C)
Virgin rod 185.7 £3.1
300 h at 180 °C 142.3+1.9
33 h at 210 °C 1349+1.9
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Scheme 1. General mechanistic scheme for the thermolysis of epoxy-anhydride matrices: Letters E
and A designate epoxy monomer and anhydride hardener, respectively.

In addition, between 180 and 210 °C, the epoxy-anhydride matrix is very sensitive to oxidation
because its chemical structure contains, as main reactive sites, very labile hydrogens located in
the o position of a heteroatom (oxygen). Indeed, the corresponding C-H bonds are characterized
by a much lower dissociation energy (Ep = 376 k]-mol) than in polyethylene (Eb = 393 k]-mol")
[13,17,18]. Korcek et al. tried to correlate the rate constant ks for the propagation of oxidation to
the chemical structure of a series of hydrocarbon substrates. They found that Log(ks) is a linear
decreasing function of Eb of the weakest C—H bond [19].

Since the oxidation kinetics is diffusion controlled, it leads to the formation of a superficial
oxidized layer of which the maximal thickness in the radial direction is about 60 um (see
Table 3). In Figure 11, it can be clearly seen that oxidation inhibits almost totally thermolysis on
the outer surface of the glass-fiber shell. This result is not surprising because the C-H bond
involved in the thermolysis reaction (see Scheme 1) is also one of the two preferential oxidation



sites in epoxy-anhydride matrices (denoted S2 in Scheme 2). It can be thus concluded that the
radical attack on site S2 prevents the thermal rearrangement of the ester group, ie. the
thermolytic chain scission process.

Y
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CH, Evuvwn
Oxidation
Many steps
Large variety of carbonyl groups such as: carboxylic acids, aldehydes, anhydrides, etc.
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HO/ H/

Scheme 2. Main reactive sites (denoted S1 and S2) in epoxy-anhydride matrices and their main
carbonyl products.

As shown in Figure 10, thermal oxidation leads to the formation of a large variety of new types
of saturated and unsaturated carbonyl groups such as ketones, carboxylic acids, aldehydes,
anhydrides, etc. The formation of saturated carbonyls can be easily explained by the radical
attack on sites S1 and S2 (see Scheme 2). In contrast, the formation of unsaturated carbonyls is
presumably due to the radical attack on a second population of sites (denoted S3 in Scheme 3):
allylic hydrogens. Indeed, let us remember that allylic hydrogens are also very labile, certainly
much more labile than hydrogens located in the o position of a heteroatom, given that the
corresponding C-H bond is characterized by an even lower dissociation energy of only
Ep = 335 kJ'mol™ [20]. Thereafter, it will be considered that oxidation propagates almost
instantaneously on site S3.

It can be thus concluded that the mechanistic Schemes 1-3 allow explaining the formation of the
vast majority of degradation products detected by FTIR spectrometry.
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Scheme 3. New oxidation site (denoted S3) produced by thermolysis of the epoxy-anhydride matrices
and its main carbonyl products.

Finally, thermogravimetry was very helpful for analyzing and elucidating the general trends of
the thermal oxidation kinetics. Figure 12 shows some examples of mass changes in various

nitrogen/oxygen gas mixtures between 180 and 210 °C of powder samples taken in the carbon-fiber
core or glass-fiber shell.
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Figure 12. Mass changes of powder samples of carbon-fiber core in nitrogen between 180 and 210 °C
(a), and carbon-fiber core and glass-fiber shell in air and pure oxygen at 180 °C (b) and 210 °C (c).

These kinetic curves call for the following comments:

As expected, thermolysis leads to nonnegligible mass losses. As an example, the carbon-fiber
core loses about —1% after a hundred hours in nitrogen at 180 °C and more than 4% after only a
few dozen hours in nitrogen at 200 and 210 °C (Figure 12a). Thus, thermolysis is clearly thermo-
activated.

Thermal oxidation leads to stronger mass losses than thermolysis presumably because it
produces a large amount of small molecules (mainly water and carbon dioxide), which can thus
easily leave the epoxy-anhydride matrix. As an example, the carbon-fiber core loses more than
10% after only 15 h in air at 180 °C and after only a few hours in air at 210 °C (Figures 12b,c).
Thus, thermal oxidation is also thermo-activated.

Mass losses are much higher for the carbon-fiber core than for the glass-fiber shell presumably
because of a large difference in the mass fraction of fibers. To check this assumption, let us note
Winc and Wy as the respective mass fractions of epoxy-anhydride matrix in the two composite
materials and the indexes C and V refer to carbon and glass fibers, respectively. If the same mass



loss of matrix occurred in both composite materials, then the following equality should be

checked:
Am| Wy Am

Wiy mg

Mol , @)

Wic and Wnv were directly determined in the cavity of the Netzsch Tg 209 thermogravimeter by
heating the samples from 25 to 700 °C with a rate of 20 °C'min~! under nitrogen until the complete
pyrolysis of the epoxy-anhydride matrix. It was found that Wuc =30 £ 3 wt% and Wav =16 £ 2 wt%,
which allowed finally simplifying Equation (7) as follows:
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Figure 13 shows the same kinetic curves of mass changes of Figure 12b but is now readjusted to
the same mass fraction of epoxy-anhydride matrix (i.e., 100 wt%) in both materials. It can be observed
that the curves are superimposed almost perfectly, which validates Equation (7) and checks the initial
assumption.
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Figure 13. Mass changes of powder samples of carbon-fiber core and glass-fiber shell in air and pure
oxygen at 180 °C but now readjusted to the same mass fraction of anhydride-epoxy matrix (i.e.,
100 wt%) in both composite materials.

e In general, volatile compounds are formed in the initiation steps of oxidation. As an illustration,
mechanistic Scheme 4 reports an example of a chemical event leading to the generation of two
volatile compounds (water and carbon dioxide) during the unimolecular decomposition of
hydroperoxides POOH, beforehand formed on sites S1 and S2. It should be specified that the
rearrangement by B scission of alkoxy radicals PO*® occurs preferentially on the weakest bonds
of the macromolecular skeleton, i.e., on the O-C bonds, which are characterized by a dissociation
energy of only Ep = 340 kJ-mol™ [20].
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Scheme 4. Generation of volatile compounds (water and carbon dioxide) during the unimolecular
decomposition of hydroperoxides.

However, Figure 12b,c shows clearly that an increase of the oxygen partial pressure in the ageing
environment (typically from 21% to 100% of the atmospheric pressure) leads to a significant
reduction of mass losses. It can be thus concluded that an increase of the oxygen partial pressure
favors more the incorporation of oxygen (i.e., mass gain) than the release of volatile compounds
(i.e., mass loss). In Figure 12b, a slight hump of mass gain can even be observed between 10 and
20 h of exposure in pure oxygen at 180 °C. This peculiar behavior is presumably due to the
existence of additional chemical events generating volatile fragments in oxygen default, which
are however totally annihilated in oxygen excess. As an illustration, mechanistic Scheme 5
reports an example of a chemical event leading to the generation of one volatile fragment (carbon
dioxide) during the rearrangement by B scission of alkyl radicals P*, beforehand formed on sites
S1 and S2. As for alkoxy radicals PO®, this rearrangement occurs preferentially on the O-C bonds
of the macromolecular skeleton. Of course, in the presence of oxygen, alkyl radicals P* are quasi-
instantaneously transformed into peroxy radicals PO:* propagating oxidation on sites S1 and S2,
thus annihilating totally the formation of carbon dioxide.
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Scheme 5. Generation of volatile fragments (carbon dioxide) during the rearrangement of alkyl
radicals.

4. Kinetic Modelling

A kinetic model was elaborated for simulating the kinetic curves of mass changes obtained in
various nitrogen/oxygen gas mixtures between 180 and 210 °C on powder samples of carbon-fiber
core and glass-fiber shell. This model is derived from a general mechanistic scheme taking into
account all the different chemical events evidenced and discussed in previous sections.

4.1. Mechanistic Scheme

The mechanistic scheme is the combination of two distinct reactions. On one hand, thermolysis
can be summarized by only two elemental steps:
0a) Es — (1-vo)Ac+F+voVo -PH (koa)
0b) Ac+Ac— An+HO (ko)

where Es, Ac, F, An and PH account for esters, carboxylic acids, unsaturations, anhydrides and
oxidation sites, respectively. The first step brings together the two chemical events T1 and T2
previously detailed in Scheme 1. This step leads to the consumption of sites S2 and S1 and to the
formation of allylic hydrogens as new reactive sites (of type S3; see Scheme 3) and are, thus, taken
into account in the calculation of the global yield in reactive site PH. Finally, it produces small diacid
molecules Vo of molar mass Mvo with a yield vo. In contrast, the second step corresponds exactly to
the last chemical event T3 of Scheme 1, producing water.

On the other hand, thermal oxidation is composed of at least ten elementary steps [17,18]: two
initiations (1u and 1b), two propagations (2b and 3), and six bimolecular combinations between the
different radical species (from 4 to 6d). In addition, it takes into account the rapid rearrangement by
B scission of alkyl radicals P* (denoted 2a):



1lu) POOH — 2P* + H:2O+wVi -2-v)PH (k)
1b) 2POOH — P* +PO:2* + H2 O +viVi —(1-y)PH (k)
2a) P*>P*+1v:Ve —-(1-1)PH (ko)
2b) P*+0O2— PO:* (kav)

3) PO:*+PH—POOH+P*  (ks)

4) P*+P*>ywP-P+(1-vwwPH+(1-1wF +1-ywPH (ke
5) P*+PO2* — yPOOP +(1-v)POOH+ (1-v)F +(1-v)PH  (ks)
6a) PO:2* +PO2* — [PO® *OPJeage + Oz (kea)
6b) [PO® *OPJcage —> POOP  (kev)
6c) [PO® *OPJleage > An+ Al (kec)
6d) [PO® *OPJeage — 2P* +2v1V1  =2(1-71)PH  (ked)

where PH, POOH, P*, PO:*, PO*, P-P, POOP, F, An, and Al account for reactive sites, hydroperoxides,
alkyl, peroxy and alkoxy radicals, dialkyl and peroxide bridges, unsaturations, anhydrides, and
alcohols, respectively. y1 is the yield in B scission of PO*® radicals (leading to aldehydes, ketones, and
volatile fragments; see Scheme 4) in competition with hydrogen abstraction (leading to alcohols and
carboxylic acids) in elementary steps 1u, 1b, and 6d. Similarly, y2 is the yield in B scission of PO*®
radicals (leading to volatile fragments; see Scheme 5) in competition with hydrogen abstraction
(leading to carboxylic acids) in elementary step 2a. In a first approach, each volatile fragment was
assimilated to single average molecule Vi of molar mass Mvi formed with a yield vi. Finally, 14 and s
are the respective yields in coupling of alkyl-alkyl and alkyl-peroxy radicals in competition with
disproportionation in termination steps 4 and 5. It should be specified that the different yields in
reactive site PH take into account both the consumption of sites S1 and 52 and the formation of new
reactive site S3.

4.2. System of Differential Equations

The following system of seven nonlinear differential equations (one equation per reactive
species) was derived from the previous mechanistic scheme:

% = —koafpulEs] 9)

e (1 vo)keafonlEs] - 2Ky AcT? (10)

% = —kyyfru[POOH] — 2k fou [POOH]? + k3[PO3][PH] + (1 — y5)ks[P*][PO3] (11)

d[d[:] = 2k1yfpu[POOH] + k1p fpu [POOH]? — k3, [P*1[0,] + k3 [POSI[PH] — 2k4[P*]? a2
—ks[P*][PO3] + 2keafpu[PO* *POlcqge

% = kyp fru[POOH]? + k,p[P*][0,] — k3[POSI[PH] — ks[P*][PO3] — 2k, [POS]? (13)

% = kealPOST? — (ke + kec + Koaforn)[PO® *PO]cqge (14)

d[ﬁf’ 1 —ko1 feulEs] — (2 = v1)kiufpu[POOH] — (1 — y k1, fou[POOH]? — (1 = y3)kz0[P*] (15)

—k3[POSI[PH] + (1 — y5)ks[P*1[PO3] + 2(1 — y)k4[P*]? — 2(1 — y1)keafpu[PO* *POlcqge

where fru is a mathematical function introduced in the system of differential equations to avoid the
substrate concentration [PH] becoming negative at high conversion ratios of oxidation reaction. In a
first approach, a hyperbolic mathematical form was chosen to describe the changes of fen with [PH]:



[PH]

“[PH] + ¢ (10)

fen
where typically € = 102 << 1. This function does not introduce significant changes in the oxidation
kinetics below a conversion value of about 99%.

The system of Equations (9)—(15) admits the following initial conditions (at f = 0):
e [Es]=[Es]o
e [Ac]=0
e [POOH] = [POOH]o
o [P*]=[PO:*] =[PO* *OP]cage =0
e [PH]=[PH]o

Typical values for epoxy-anhydride matrices are [Es]o = 10 mol-I"* and [PH]Jo = 24 mol-1-.

At this stage, it is important to recall that [POOH]Jo does not correspond to the real initial
concentration of hydroperoxides within the epoxy-anhydride matrix but often a higher value since it
takes also into account the presence of “extrinsic” species, very difficult to titrate chemically (e.g.,
catalytic residues, polymer-oxygen complex, structural irregularities, etc.), which are also largely
responsible for the earliest acts of oxidation. However, since the decomposition rate of these latter
vanishes rapidly with time of exposure, POOH decomposition becomes rapidly the main source of
radicals. If polymers are weakly pre-oxidized during the processing operations, [POOH]o is typically
ranged between 10-° and 10-' mol-l"! [21]. In a first approach, a value of [POOH]o = 102 mol-1"! was
selected for this study.

In the case of thin films (of thickness lower than 100 um) or powder samples, the oxygen
concentration remains constant at any point of the sample volume throughout thermal ageing. Its
value is given by the classical Henry’s law:

[0;] = [0,]o = S X Py, (17)

where S is the coefficient of oxygen solubility into the composite matrix and Poz is the oxygen partial
pressure in the ageing environment. Databases [22,23] show that S is almost independent of
temperature for polymers. In a first approximation, the order of magnitude reported for S in aromatic
epoxy-diamine matrices [18] was chosen for this study: S = 1.6 x 107 mol-1""-Pa™.

The system of Equations (9)-(15) was solved numerically using the semi-implicit algorithms
recommended for stiff problems of chemical kinetics [24], in particular, the ODE23s solver of Matlab
commercial software. Its resolution gave access to the changes with time of exposure of the main
reactive species, i.e., [Es], [Ac], [POOH], [P*], [PO2*], [PO* *OP]wge, and [PH] = f(t). These quantities
were then used to calculate the changes of important physicochemical properties easily measurable
experimentally to check the validity of the kinetic model, in particular, the rate of oxygen
consumption and the release rate of the different volatile compounds:

d[Odzt::Iabs — k2 [P.][Oz] _ kﬁa[POZ.]Z (17)
dalV,

% = VokoafoulEs] (18)
d[ZiO] = kop[Ac]? + K1y fou[POOH] + kyp, fou[POOH]? (19)

d[v;] 2 o
Tdt U1k1u fou[POOH] + v1kyp fou[POOH] + 201 keafpu[PO* *PO]cqge (20)

dalv,

% = UykzalP*] @1

from which can be deduced the mass changes:
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where p is the composite matrix density. A typical value for epoxy-anhydride matrices is
p =127 [25]. Introducing Equations (17)—(21) into Equation (22), it finally becomes the following:

1dn W,
g dt = Tm{32(k2b[P°][02] — kea[PO31%) — voMyokoq fou[Es] — 18k, [Ac]?
—(18 + vy My ) (k1 fou[POOH] + kyp, for [POOH]?) — v, My k50 [P°] (23)
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4.3. Experimental Checking and Discussion

The kinetic model composed of Equations (9)-(23) was used as an inversed method to reproduce
as well as possible the kinetic curves of mass changes shown in Figure 12 and to determine the values
of the twenty one unknown parameters, i.e., the thirteen rate constants (from koa to ked), the five
chemical yields (vo, and from y1 to ¥5), and the three average molar masses (from voMvo to V2Mvz).

The first stage of the kinetic modelling consisted in the determination of the thermolysis
parameters. In a first approach, it was assumed that the condensation of the terminal carboxylic acids
is very difficult and, therefore, very slow. Thus, the corresponding rate constant ko» was set to zero.
Despite this restrictive hypothesis, Figure 14a shows a good agreement between theory and
experiment. The values determined between 180 and 210 °C for the three remaining parameters (i.e.,
koa, vo and voMwo) are given in Table 5.

Two distinct kinetic regimes are clearly observed. In rubbery state, ko increases rapidly with
temperature, obeying an Arrhenius law with an activation energy of about 133 kJ-mol-'. The value of
koa previously reported in the literature for molten poly(ethylene terephthalate) (PET) at 280 °C [13]
is found again by applying this law, which demonstrates the high heuristic value of the kinetic model.
In contrast, in a glassy state, koa takes a very low value and seems to be independent of temperature.
Similarly, in glassy state, parameters vo and vVoMvo are much lower than in rubbery state, confirming
that the thermolysis reaction occurs with difficulty because of the reduction of the molecular mobility.

The second stage of the kinetic modelling consisted in the determination of the thermal oxidation
parameters while retaining the previous values for the thermolysis parameters. If agreed that the
main oxidation sites are located in the o position of a heteroatom (sites S1 and S2 in Scheme 2), then
these parameters should not significantly differ from the values recently reported in the literature for
polyamides [17]. For this reason, the simulations started with the parameters already identified for
polyamides but their values progressively changed if necessary. Figures 14b,c show a fairly good
agreement between theory and experiment. The values determined between 180 and 210 °C for the
thermal oxidation parameters are also given in Table 5.

They call for the following comments:

e  Half of the constant rates of the thermal oxidation reaction (from kiu to ks) took the same values
as in polyamides [17]. All others (from ks to ked) took very close values, thus confirming the
initial assumption. The main difference between the oxidative behaviors of epoxy-anhydride
matrices and PET is the presence of an additional radical rearrangement. To our knowledge, the
value of the corresponding rate constant kza has never been reported in the literature. The fact
that kea takes a very high value and is independent of temperature clearly indicates the high
instability of the alkyl radicals P* involved in the corresponding reaction.

e  Asfor thermolysis, a change in kinetic regime is detected near T for thermal oxidation, but only
some chemical yields (from Y2 to ys) are affected. It can thus be concluded that the impact of
molecular mobility on the thermal oxidation kinetics is much more reduced than on the
thermolysis kinetics.

e  Finally, a value higher than the molar mass of carbon dioxide (i.e., 44 g-mol?) was found for
viMvi, thus suggesting that volatile fragments heavier than carbon dioxide are also formed
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during the rearrangement by [ scission of alkoxy radicals PO®. A more detailed knowledge of
the chemical structure of the epoxy-anhydride matrix would be necessary to identify these
volatile fragments and to propose a possible mechanistic scheme for their formation.
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Figure 14 Mass changes of powder samples of carbon-fiber core in nitrogen between 180 and 210 °C
(a) and of carbon-fiber core and glass-fiber shell in air and pure oxygen at 180 °C (b) and 210 °C (c):

Comparison between simulations (black lines) and experimental data (color symbols).

Table 5. Parameters used for simulating the experimental data of Figure 14.

Parameter Pre-exponential Activation
. Comment Reference
(unit) factor energy (kJ-mol?)
Rate constant
koa (s7) 5.8 x 106 0 T <190 °C This study
2.5 x10° 133 T2>200°C
kob (I'mol-1-s1) 0 - - This study
kiu (s71) 7.6 x 1012 132 - [17]
kb (I'mol--s) 1.4 x10° 94 - [17]
kaa (s) 2.4 %105 0 - This study
kab (I'mol-1-s1) 108 0 - [17]
ks (I'mol-s1) 1.8 x 10° 63 - [17]
ks (I'mol-1-s71) 8 x 101 0 - [17]
ks (I'mol-s1) 4 <101 0 - This study
kea (I'mol-s71) 8.4 x 1016 63 - This study
keb (s71) 9 x 107 0 - This study
kee (s7) 9 x 107 0 - This study
ked (s7) 4.1 x 102 43 - This study
Chemical yield
Vo (%) 6x1 - T <190 °C This study
20£2 - T>200°C
T (%) 90 - - This study
Y2 (%) 70 - T <190 °C This study
10 - T>200°C
V4 (%) 45+5 - T <190 °C This study
10 - T>200°C
s (%) 45+5 - T <190 °C This study




10 — T 2200 °C

Molar mass
voMvo (g-mol1) 55+1.3 - T <190 °C This study
20+1.7 - T =200 °C
viMv1 (g-molT) 48 - - This study
v2Mv: (g-mol1) 11 - - This study

4.4. Towards a Nonempirical Prediction of Damage Development

Prior to mass changes, the kinetic model gives access to the concentrations of several small
molecules produced by the thermal ageing (see Equations (18)—(21)). In the case of thin films (of
thickness lower than 100 um) or powder samples, these molecules evaporate almost instantaneously.
They are thus rightly qualified “volatile products”, and Equations (18)—(21) can be used to calculate
their corresponding concentration. However, in the case of the hybrid composite rod, these molecules
first have to migrate (by diffusion) up to the outer surface of the glass-fiber shell to be released.
Depending on their diffusivity, a large quantity of these molecules will remain trapped in the carbon-
fiber core, where they will accumulate. In this case, the Fick’s second law needs to be introduced in
Equations (18)—(21) to calculate their local concentration in the carbon-fiber core.

Some of these molecules (such as diacid fragments and water) are very polar and, thus, are
characterized by a very high value of solubility parameter (e.g., = 48 MPa'”? for water), whereas
epoxy-anhydride matrices are known to be moderately polar polymers (6 = 22.7 MPa'?) [26]. For this
reason, these molecules are also characterized by a low solubility threshold in epoxy-anhydride
matrices. When their concentration will exceed this critical value, a phase separation is expected to
occur in the composite matrix, leading to the formation of micro-cavities of gaz. Such a scenario was
evidenced in a very different situation: the radiochemical ageing of poly(methyl methacrylate)
(PMMA) [27].

At this stage of investigations, the kinetic model cannot be used to calculate the initiation and
development of damage in the carbon-fiber core due to the ignorance of the solubility thresholds of
diacid fragments and water. These quantities can be obtained from sorption experiments in acidic
solutions and distilled water, respectively.

5. Conclusion

Analytical investigations (with FTIR spectrometry, thermogravimetry, differential calorimetry,
optical microscopy, and three-point bending) have clearly shown the low thermal stability of the
hybrid composite rod at high temperature. Between 180 and 210 °C, the thermolysis of the epoxy-
anhydride matrix induces significant damage in the carbon-fiber core (chain scissions, formation of
gases, mass losses, initiation, and coalescence of micro-cavities), thus altering catastrophically the
mechanical properties of the composite rod. In contrast, thermal oxidation inhibits thermolysis in a
too thin superficial layer (typically 60 um) of the glass-fiber shell to have a decisive impact.

Since thermolysis is characterized by a high activation energy (typically about 204 kJ-mol,
against about 130 kJ-mol' for thermal oxidation), it cannot be excluded that this composite material
satisfies finally the industrial requirements to be used for the reinforcement of next generation
overhead power lines in the current operating conditions, i.e., typically between 70 and 90 °C.

Additional experiments need to be performed at temperatures lower than 18 °C to answer this
question. Moreover, the kinetic model needs to be completed to predict not only the concentrations
of volatile compounds and the resulting mass changes but also the initiation and development of
damage in the carbon-fiber core. Finally, a critical size of damage needs to be proposed as end-of-life
criterion and, then, introduced into the kinetic model to predict the lifetime of the composite rod. All
these research works will be the subject of future publications.
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