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ABSTRACT: Poly(ether ketone ketone) (PEKK)/unidirectional carbon fiber (CF) composites have a poor interface. Accordingly, PEKK
oligomer (PEKKo) sizing with a chemical compatibility with PEKK is proposed for promoting interfacial interactions in order to
enhance mechanical performances. The thermal stability until 500 °C has been shown by thermogravimetric analysis (TGA). In order to
compare static and dynamic sizing methods, “lab sizing” and “pilot sizing” were carried out. Scanning electron microscopy images of
freeze fractures of PEKK/unsized CF, PEKK/PEKKo lab-sized CF and PEKK/PEKKo pilot-sized CF show that the PEKKo sizing causes
an improvement of fiber/PEKK interactions, regardless of the sizing method. Indeed, in both cases, there is a continuity of matter at the
interface while we observe a poor wetting of CF by matrix in PEKK/unsized CF. Dynamic mechanical relaxations in shear were analyzed
as a function of temperature. The increase of storage modulus upon sizing is observed for both methods but it is more important for

PEKKOo pilot sizing. In the same way, the mechanical energy loss increases, it reflects the optimization of stress transfer between matrix and
fibers.
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INTRODUCTION among the poly(aryl ether ketone) (PAEK) family.’® The han-
dling of continuous CF requires the presence of sizing which is
also necessary for the stress transfer at the fiber/matrix interface
in composites. The development of PEKK/CF composites there-
fore involves the availability of a thermostable sizing compatible
with PEKK. Due to a poor thermal stability, thermoset sizing
would undergo a degradation during implementation of compos-
ites’’; moreover, they are not chemically compatible with PAEK.
The work of Giraud et al.*** identified two sizing agents that
fulfill both requirements: the poly(ether imide) (PED*° for its
high miscibility®' * with PAEK matrix and the PEKK oligomers

Sizing and surface modifications of carbon fibers (CFs) for matrix
reinforcement in composites are under numerous investigations
namely for preparation'™ and also for their influence on
mechanical interface.”™'” Gargano et al. showed significant influ-
ence of sizing during a high shock wave impulse on polymer/CF
laminates. An agent with high chemical compatibility with the
polymer matrix promotes strong bonding and improves blast
properties of laminates.'® High temperature thermoplastic matrix
composites reinforced with continuous CFs'*?* are interesting
for impact behavior and damage tolerance.’’ Additionally, it

makes possible to envisage the use of recyclable structural
composites®>> with potential applications in aeronautics and
space domains. The poly(ether ketone ketone) (PEKK) matrices,
with their different configurations, occupy a privileged position

(PEKKo)* for their chemical analogy. For aeronautical applica-
tions, the inconvenience of PEI is its solubility in skydrol and
kerosene.”*® Consequently, PEKKo is a most relevant solution
to explore. Moreover, the influence on fracture mechanisms of
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new thermoplastic sizing in PEKK/CF composites®” was also
observed. The aim of this study was to investigate the influence
of sizing on the composite behavior in its linear domain of strain.
Accordingly, a study by dynamic mechanical analysis (DMA) was
carried out. Different PEKK/CF samples with and without sizing
were processed and analyzed in a comparative way to highlight
the effect of sizing. Two sizing methods were carried out in order
to explore the influence of sizing rates: the “lab sizing,” with a
higher rate, was performed at CIRIMAT; the “pilot sizing” with a
lower rate was carried out on the pilot line developed by IRT
Saint-Exupéry.

EXPERIMENTAL

Materials

PEKK matrix, KEPSTAN 7003 synthesized by Arkema (France) in
the form of powder with a granulometry of 20 pm, was used for this
work. The fibrous reinforcement, AS4 12000 unsized filaments, pro-
vided by Hexcel was used. The sizing agent was PEKK oligomers
provided by Arkema with a Terephthalic/Isophthalic configuration
20/80. A sizing formulation with a concentration in PEKK oligomers
of 0.5 wt % was elaborated by the sonofragmentation-dispersion pro-
cess.”® Thanks to this procedure, PEKKo particles of 5 pm were
obtained.

The thermal stability of PEKKo sizing formulations was con-
trolled by TGA. Figure 1(a,b) shows the weight loss and the
derivative weight loss thermograms respectively. It is clear that
formulation auxiliaries are totally degraded at 360 °C, that is,
the drying temperature of sizing process. The degradation tem-
perature of PEKKo was observed at 500 °C: this temperature is
higher than the implementation temperature of PEKK/CF com-
posites so that PEKKo remains stable during the implementa-
tion process.

Sizing Preparation

Laboratory Process. Lab-sized CFs were prepared by static
immersion in PEKKo aqueous dispersion at 0.5 wt % and dried
at 360 °C during 1 min. The sizing rate as controlled by
weighting was 10.5 wt % of CF.

Pilot Process. Pilot-sized CFs were prepared by the dynamic
immersion in PEKKo aqueous dispersion at 0.5 wt % with a
sizing speed of 8 m min~"' and dried at 360 °C in an IF oven.
The sizing rate as controlled by weighting was 2.2 wt % of CF.

PEKK/CF Composite Processing

Figure 2 shows a schematic illustration of the processing setup.
PEKK/CF composites were prepared by impregnation of unidi-
rectional CFs with PEKK dispersion in ethanol solvent (1), dried
at 360 °C during 1 min (2) and placed in an aluminum mold at
360 °C during 15 min under low pressure (<20 MPa) (3). The
aluminum mold was cooled at ambient temperature (4). The
dimensions of the composite samples were 90 mm long X 10 mm
wide X 0.5-0.6 mm thick (5). The fiber content of composites
was between 14 and 16 wt %.

Methods
Scanning Electron Microscopy. All samples were examined with
a scanning electron microscope (SEM) in backscattered electrons,

on JEOL JSM 7800 Prime microscope with an acceleration of
10 kV, a magnification of X5.000 and a working distance of
15.0 mm.

Dynamic Mechanical Analysis. The DMA were performed with
the Advanced Rheometric Expansion System strain-controlled
rheometer (ARES G2) of TA Instruments in the torsion rectan-
gular mode at an angular frequency of 1 rad s™'. The storage
shear modulus (G') and loss shear modulus (G”) were recorded
as a function of temperature between —125 and 270 °C at a
scanning rate of 3 °C min~"
the linear zone under a strain y = 0.1%. The dimension of sam-
ples was 40 mm long, 10 mm wide, and between 500 and
600 pm thick.

. Measurements were realized in

RESULTS AND DISCUSSION

Observation of Fracture Surfaces

Freeze fractures at LNT of PEKK/unsized CF, PEKK/PEKKo
lab-sized CF, and PEKK/PEKKo pilot-sized CF composites
were observed by SEM in order to determine the influence of
the PEKKo sizing. This first approach allows us to perform a
qualitative comparison of the matrix/fiber interface. Figure 3
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Figure 1. TGA thermograms of the PEKKo sizing formulation under air,
with a ramp of 20 °C min™". (a) Weight loss as a function of temperature.

(b) Derivative weight loss as a function of temperature. [Color figure can be
viewed at wileyonlinelibrary.com]
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(a) presents the freeze fracture of the unsized CF composite.
There is a discontinuity between CF and polymer matrix which
reveals a poor wetting of CF by the matrix in composites with
unsized fibers.

Figure 3(b,c) presents freeze fractures of the PEKK/PEKKo lab-
sized CF and the PEKK/ PEKKo pilot-sized CF composites,
respectively. In both cases, we observe a continuity of matter at
the interface. There is a more important wetting of CF by
matrix so that we might expect a better transfer of stress
between CF and polymer matrix. Moreover, it is important to
note that there is no degradation during the composite
processing.

Dynamic Mechanical Relaxation

Composite with Unsized CF. Figure 4 represents the storage
modulus (G) as a function of temperature: blue circles (O) corre-
spond to the unsized CF composite and black squares (O) are for
the PEKK matrix. In the whole temperature range, the storage
modulus of the unsized composite is of course higher than the
one of the PEKK matrix. In the vitreous domain, G’ of the PEKK
matrix is multiplied by 2 in the unsized composite. This improve-
ment is due to the reinforcement of the vitreous matrix by CFs.
In the rubbery domain, G’ of the unsized composite is six times
higher than the one of the PEKK matrix; this increase is due to
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Figure 4. Storage modulus G’ as a function of temperature for the PEKK/
unsized CF composite (O) and the PEKK matrix (). The framed detail rep-
resents the viscoelastic step of the storage modulus for both materials.
[Color figure can be viewed at wileyonlinelibrary.com]

the contribution of the topological entanglements that creates
physical nods. Phenomenologically, they play the role of dynamic
crosslinks. The AG step is defined by eq. (1):
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Figure 2. Schematic illustration of the preparation of CF/PEKK composites. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. Freeze facture of the (a) PEKK/unsized CF composite, (b) PEKK/PEKKo lab-sized CF composite, and (c) PEKK/PEKKo pilot-sized CF composite.
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AG=G,

vitrious

(100 OC)_G;ubbery(ZOO OC) (1)

The histogram (framed detail of Figure 4) represents the step of
the G’ modulus associated with the viscoelastic transition (AG) as
a function of the material.

The increase of AG (I'ag) is defined by eq. (2):

A Gunsized composite — A GPEKK matrix (2)

Cag=
A GPERK matrix

T'ag for the unsized composite is 66%. Note that, above 200 °C,
PEKK exhibits an irreversible flow despite its semicrystalline
structure. This flow is no more observed in composites.

Figure 5 represents the loss modulus (G”) as a function of temperature
for the unsized composite (O), and the PEKK matrix (00). The peak at
higher temperature (162 °C) is referred as the o relaxation; it is due to
the viscoelastic transition. The reinforcement by CF does not modify
the T, maximum temperature of the a relaxation. The histogram
(framed detail on Figure 3) represents the area of the o relaxation peak
measured between 100 and 210 °C, as a function of the material. We
observe an increase of 27% for the unsized composite compared to the
matrix. This energy loss mechanism involves a stick-slip effect.*"***!
This effect which is present in a wide range of composites, indicates a
specific dissipative energy due to the creation and disruption of physi-
cal bonds between the matrix and the fibrous reinforcement.

Figure 6 represents tan 0 as a function of temperature for the
unsized composite (O), and the PEKK matrix (C). The histogram
(framed detail on Figure 6) reports the area of the o relaxation
peak determined between130 and 205 °C, for tan & as a function
of the material. We observe a decrease of 54% for the unsized
composite compared to the matrix.

At T, (162 °C), tan & of the PEKK matrix is 2.77 X 10~} com-
pared to 1.40 x 10™" for the unsized composite. Tan & is defined
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Figure 5. Loss modulus G” as a function of temperature for the PEKK/
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area of the a relaxation peak of tan & for both materials. [Color figure can
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as the ratio between G”/G'. At T,, G” has the same order of mag-
nitude for the PEKK matrix and the unsized composite. Accord-
ingly, tan § is led by G’ which is much higher for the unsized CF
composite than for the PEKK matrix.

Composite with PEKK Oligomer Lab-Sized CF. Figure 7 repre-
sents the storage modulus G’ as a function of temperature for the
PEKKo lab-sized composite (green inverted triangles V), and for
the unsized composite (blue circles 0). In the whole temperature
range, G’ of the PEKKo lab-sized composite is higher than G’ of
the unsized composite. In the vitreous domain, G' of PEKKo lab-
sized composite is multiplied by 1.2: This improvement is due to
a higher efficiency of the CF reinforcement of the vitreous matrix
due to the PEKKo lab sizing. In the rubbery domain, G’ of the
PEKKo lab-sized composite is 1.7 times the one of the unsized
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Figure 7. Storage modulus G' as a function of temperature for the PEKK/
PEKKo lab-sized CF composite (V) and the PEKK/unsized CF composite (O).
The framed detail represents the viscoelastic step of the storage modulus for
both materials. [Color figure can be viewed at wileyonlinelibrary.com]
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composite due to the contribution of the PEKKo lab sizing to the
topological entanglements. Then, physical modes acting as cross-
links are favored. The histogram (framed detail of Figure 7) rep-
resents AG as a function of the various composites. Taking as
reference the unsized CF composites, the gain of AG for the
PEKKo lab-sized CF composite is 11%.

The thermogram (Figure 8) represents the G” energy loss as a
function of temperature for the PEKK/PEKKo lab-sized CF com-
posite () and for the PEKK/unsized CF composite (0). We
observe that the o relaxation position is not modified by the pres-
ence of PEKKo sizing. The histogram of Figure 6 represents the
area associated with the o mode determined between 100 and
210 °C as a function of the composite. We observe for the a
mode area associated with the PEKKo lab-sized composite, an
increase slightly higher than the one of the PEKK/unsized CF
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Figure 9. Tan & as a function of temperature for the PEKK/PEKKo lab-
sized CF composite (V) and the PEKK/unsized CF composite (O). The
framed detail represents the area of the « relaxation peak of tan & for both
composites. [Color figure can be viewed at wileyonlinelibrary.com]
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composite. We conclude that dissipative effects at the CF/PEKKo
lab-sized/PEKK interface reflect a mild enhancement of the
stick—slip effect observed in unsized composite.

Figure 9 represents the tan 8 as a function of temperature for the
PEKKo lab-sized CF composite (V), and the unsized composite (O).
At T, (162 °C), tan d of the unsized composite is 1.40 X 107! com-
pared to 1.07 x 107" for the PEKKo lab-sized CF composite. G"
between the unsized composite and the PEKKo lab-sized CF com-
posite at T, is of the same order of magnitude. Then, tan § is led by
G. G (unsized composite) is inferior to G' (PEKKo lab-sized CF
composite) hence tan & (unsized composite) is superior to tan &
(PEKKo lab-sized CF composite) as shown by Figure 7. The decrease
of tan § due to the influence of sizing is another view of the influence
of CF reinforcement of the vitreous matrix. The histogram (framed
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Figure 11. Loss modulus G” as a function of temperature for the PEKK/CF
PEKKo pilot-sized composite (A) and for PEKK/CF unsized composite (O).
The framed detail represents the area of the o relaxation peak for both com-
posites. [Color figure can be viewed at wileyonlinelibrary.com]
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detail on Figure 9) represents the area of the a relaxation peak of tan
8 measured between 130 and 205 °C as a function of the composite.
It is recorded a decrease of 18% for lab-sized CF composite com-
pared to the unsized composite.

Composite with PEKK Oligomer Pilot-Sized CF. Figure 10 rep-
resents the G’ storage modulus as a function of temperature for the
PEKK/PEKKo pilot-sized CF composite (red triangles A), and for
the unsized composite (blue circles O) used as reference. In the
whole temperature range, G for the PEKK/PEKKo pilot-sized CF
composite is higher than for the PEKK/unsized CF composite. In
the vitreous domain, the G’ of PEKK/PEKKo pilot-sized CF com-
posite is 1.5 times higher than the one of unsized composite this
enhancement is due a strengthening of the vitreous matrix by the
PEKKo pilot sizing. In the rubbery domain, G' of PEKK/PEKKo

pilot-sized CF composite is two times higher than the one of
unsized composite; this effect reflects the contribution of PEKKo
pilot sizing to topological entanglements creating physical nods.
The histogram on Figure 8 represents AG for both composites.
Taking as reference the PEKK/unsized CF composite, the gain of
AG for the PEKK/PEKKo pilot-sized CF composite is 29%.

Figure 11 represents the G” energy loss as a function of tempera-
ture for the PEKKo pilot-sized composite (A), and for the unsized
composite (0). The o relaxation is not modified by the use of
PEKKo pilot sizing. The histogram (framed detail of Figure 9) rep-
resents the area associated with the o relaxation mode determined
between 100 and 210 °C for both composites. We observe a gain of
42% for the « mode area associated with the pilot-sized composite
compared to the unsized composite. We conclude that the dissipa-
tive effect of stick-slip observed in composite with unsized fibers is
strongly favored by the presence of the PEKKo pilot sizing. This
result is consistent with SEM images showing a wetting of CF by
the matrix in composite with PEKKo pilot sizing.

Figure 12 represents tan d as a function of temperature for the PEKKo
pilot-sized composite (A), and the unsized composite (0). At T,
(162 °C), tan & of unsized composite is 1.40 x 10™" compared to
0.97 x 107" for the PEKKo pilot-sized composite. Both G’ and G”
between the unsized composite and the PEKKo pilot-sized composite
are varying. Since the major variation is due to G/, a decrease of tan &
is observed. The histogram (framed detail on Figure 12) represents
the area of the o relaxation peak determined between 130 and 205 °C
as a function of the composite. We observe a decrease of 31% for
PEKKo pilot-sized composite compared to the unsized composite.

We observe a difference between tan 8 for sized composites of
0.1 x 107" and 1.07 X 10~" for PEKKo lab sized and 0.97 X 107"
for PEKKo pilot sized. This demonstrates once again the rele-
vance of low sizing rates favoring stick—slip effects and CF/matrix
cohesion (Figure 13).

Figure 13 shows a schematic representation of composites with
PEKKo lab sizing and PEKKo pilot sizing. For higher sizing rate
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Figure 13. Schematic illustration of fiber/matrix interface for PEKK/PEKKo sized CF composites for lab sizing and pilot sizing. [Color figure can be viewed

at wileyonlinelibrary.com]
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(lab sizing), sizing is deposited as droplets: for lower sizing rate
(pilot sizing), the sizing speeds onto CFs. The increase of stick-
slip effects for PEKKo pilot-sized composite can be explained by
a homogenous sizing deposit which favors higher density of
physical bonding at the fiber/matrix interface.

CONCLUSIONS

This study is focused on the effect of PEKKo sizing on PEKK/CF
composites. The SEM images of freeze fractures demonstrate an
evident continuity of matter at the PEKK/CF interfaces in both
PEKK/PEKKo lab-sized CF and PEKK/PEKKo pilot-sized CF
composites. Accordingly, PEKK/CF interactions are favored in
both cases, that is, the major interest of a sizing with a chemical
compatibility with the matrix, like PEKK oligomers.

DMAs in shear are well suited to analyze the effect of interfaces
on the dynamic mechanical performances of composites. The
increase of the storage modulus upon the introduction of sizing
is observed in both PEKK/PEKKo lab-sized CF and PEKK/
PEKKo pilot-sized CF composites. It is interesting to note that
this last one is more important for the PEKKo pilot sizing. In the
same way, we observe a more important increase of the energy
loss indicating the optimization of stress transfer at the interface
for the PEKK/PEKKo pilot-sized composite. This effect is due to
the spread of the sizing on the fiber due to the low sizing rate.
Then, the stick-slip at the fiber/matrix interfaces is evidently
favored. It is interesting to note that the decrease of tan & upon
PEKKOo sizing, reflect that the predominant effect is the increase
of the glassy modulus.
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