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ABSTRACT: In this study, unidirectional poly(ether ether ketone)/carbon fiber (CF) composite sheets were elaborated with unsized,

epoxy-sized, and thermoplastic-sized CFs by hot-press molding. The thermoplastic sizings that we used were poly(ether imide) (PEI)

and poly(ether ketone ketone) oligomer aqueous dispersions. Scanning electron microscopy observation of the composites freeze frac-

tures showed that unlike unsized or epoxy-sized CFs, the thermoplastic sizings improved the interaction between the fibers and the

matrix. A comparative study of the mechanical relaxations by dynamic mechanical analysis was carried out on the different compo-

sites before and after immersion in kerosene. At low temperature, the PEI sizing had a significant influence on the b relaxation, par-

ticularly after kerosene immersion. The thermoplastic sizings did not modify the glass-transition temperature but improved the

kerosene resistance on the composites. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42550.
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INTRODUCTION

In the last 30 years, abundant literature has been devoted to

poly(ether ether ketone) (PEEK)1–6 because of interest in the

development of high-performance thermoplastic composites.7–14

More recently, enhancements in the mechanical properties with

the introduction of hybrid fibers15 or nanoparticles16–21 have

been reported. With electroactive particles, PEEK can also

became a multifunctional matrix.22 The strengthening of carbon

fiber (CF)/PEEK composites has led to the development of new

CF sizing agents. Indeed, sizing agents are important for making

fiber handling but also for improving the compatibility between

the matrix and CF.23–28 Consequently, the sizing has to be

adapted to the matrix. The formulation of the sizing is often

hidden by CF manufacturers. Most of the composites have an

epoxy resin matrix, and sizing agents are often an organic solu-

tion of prepolymers or polymers of the same nature.29–32 With

a degradation temperature around 2508C, such sizings are not

tailored for high-temperature thermoplastics such as PEEK. In

previous studies, on the basis of the general formulation of the

sizing,33,34 we elaborated new high-temperature thermoplastic

sizing formulations; they were two aqueous dispersions, one

based on poly(ether imide) (PEI) and the other based on poly(-

ether ketone ketone) (PEKK) oligomers.35,36

The aim of this study was to highlight the influence of these

new thermoplastic sizings on the mechanical properties of

PEEK/CF composites. Unsized CFs were coated by the PEI and

PEKK aqueous dispersion by sputtering. Four series of unidirec-

tional PEEK/CF sheets were processed by hot-press molding

with commercially available unsized and epoxy-sized CFs and

homemade PEI- and PEKK-sized CFs. Two different character-

izations were carried out to determine the importance of a suit-

able sizing on the mechanical properties of the PEEK/CF

composites. First, scanning electron microscopy (SEM) observa-

tion of the composites freeze fractures provided us with visual

information on the matrix/CF interface. Then, a comparative

study of dynamic mechanical analysis (DMA) highlighted the

influence of the sizing agents on the mechanical behavior of the

composites before and after kerosene immersion. This solvent

was chosen as common aerospace fluid.

EXPERIMENTAL

Materials

PEEK, provided by Victrex, was a 100 mm thick film. AS4 CF-

treated and unsized CF tows of 12,000 fibers, provided by Hex-

cel, were used. These CFs were sized with two different aqueous

sizings, both elaborated by the emulsion–solvent evaporation

method.36 The first one was based on PEI, and the second one
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was based on the synthesized PEKK oligomer. The kerosene was

provided by Sigma-Aldrich, and the remolding agent was

CIREX 041WB from Sicomin.

Sizing Coating Method

Even though the most common method for sizing is bath coat-

ing, we chose to spray the dispersion directly onto the unsized

fiber surface, as shown in Figure 1. This method is well suited

for a laboratory-scale processing. Usually, the sizing concentra-

tion is between 0.5 and 1 wt %.37,38 Our previous work shows

that the optimized concentration of the aqueous dispersion was

0.5 wt %.36 Therefore, the PEI and PEKK sizing concentration

used in this study was fixed at 0.5 wt %.

PEEK/CF Composite Processing

PEEK/unidirectional CFs sheet samples were prepared at a labo-

ratory scale, as described in our previous work.36 The process-

ing was realized in two steps. First, the sample, consisting of a

strand of CFs in a folded PEEK film, was placed in an alumi-

num mold previously coated with the remolding agent. Then,

the mold was placed between the plates of the press previously

heated at 4008C.

SEM Observation

The different samples were all examined with a scanning elec-

tron microscope (JEOL JSM 6700F) with an acceleration ten-

sion of 5 kV.

DMA

The DMA were performed with an Advanced Rheometric

Expansion System strain-controlled rheometer (TA Instruments)

in torsion rectangular mode at an angular frequency of 1 rad/s.

The storage modulus (G0) and loss modulus (G00) were recorded

as a function of the temperature between 2135 and 2508C at a

scanning rate of 38C/min. The measurements were realized in

the linear zone with the strain c 5 0.1%. The sample dimen-

sions were 40 mm long, 10 mm wide, and 250 mm thick.

RESULTS AND DISCUSSION

Final Mechanical Properties

To determine the influence of the new sizings on the compo-

sites, we observed their freeze fractures by SEM. Figures 2 and 3

present the freeze fractures of the unsized and epoxy-sized CF

composites, respectively. Both figures clearly show a void

between the fiber and matrix: there was no cohesion between

the fibers and the matrix. Therefore, it appeared that there was

a lack of affinity between the fibers and the matrix; this con-

firmed the necessity of a sizing compatible with both materials.

Figures 4 and 5 present the freeze fractures of the PEI-sized CF

and PEKK-sized CF composites, respectively. Molecules consti-

tuting the sizing created continuity at the interface. Here, we

observed that the fiber was connected to the matrix. This obser-

vation showed that not only did the sizing not degrade during

the composite processing, but it also created continuity between

Figure 1. Schematic representation of the sizing process.

Figure 2. Freeze fracture of the unsized CF composite.

Figure 3. Freeze fracture of the epoxy-sized CF composite.

Figure 4. Freeze fracture of the PEI-sized CF composite.
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the fiber and the matrix by interacting with them. Both sizings

were constituted by the same chemical groups as the matrix, so

their density was analogous: Consequently, they could not be

distinguished on the SEM images.

Influence of Kerosene on the Mechanical Relaxation

Dynamic Mechanical Relaxation of the Neat PEEK. Before the

comparative study of the composites, a preliminary DMA was

realized to identify the different relaxations of the neat PEEK.

Figure 6 shows the dynamic mechanical response of the PEEK

at 0.1% strain from 2135 to 2508C.

The conservative modulus (G0) decreased slightly at low temper-

ature on the vitreous plateau; then, a sharp decrease was

observed at 1508C to reach the rubbery plateau. The dissipative

modulus (G00) showed two main relaxations. The relaxation at

1508C, named a, corresponded to the anelastic manifestation of

the PEEK glass transition. At low temperature, we can observe a

broad peak around 2808C, which corresponded to a b relaxa-

tion.39–41 This relaxation was associated with the intramolecular

flipping of the phenyl rings.42 The dielectric relaxation mode

associated with this anelastic mode was solved into two submo-

des by thermally stimulated current analyses.43 The submode ba,

at 21008C, was associated with the crystallizable amorphous

phase, and the submode bc, around 2758C, was located in the

crystalline zones. Both submodes have also been observed by

mechanical relaxation. According to David and coworkers,44,45

the relaxation b1 corresponded to the local intrachain mobility

in the amorphous phase, and the b2 relaxations corresponded

to the local mobility in the ordered regions of the amorphous

phase. All data converged to the assignment of the splitting to

the physical structure of the environment of the phenyl rings.

Dynamic Mechanical Relaxation of the PEEK Composites.

The temperature range being large and the different relaxations

of PEEK being well distinct, the mechanical study of the com-

posites was divided into two domains. The first one, from

2135 to 508C, corresponded to the relaxations in the glassy

state, and the second one, from 50 to 2508C, corresponded to

the relaxation associated with the glass transition. For each tem-

perature range, a comparative analysis was carried out between

the samples before and after 1 month of immersion in

kerosene.

Figures 7 and 8 present the dynamic mechanical relaxations

from 2135 to 508C, respectively, before and after immersion in

kerosene. We can see on Figure 7, that the b relaxation of PEEK

Figure 5. Freeze fracture of the PEKK-sized CF composite.

Figure 6. Dynamic mechanical relaxations of PEEK (38C/min, 1 rad/s).

Figure 7. G00(T) between 2135 and 508C.

Figure 8. G00(T) between 2135 and 508C after 1 month in kerosene.
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is modified according to the sizing used. Indeed, the PEI sizing

brings up clearly two relaxations named b1 at 21008C and b2

at 2348C. The increase of the magnitude of the b1 mode might

be related to a better toughness due to a continuity of the poly-

meric matter at the interface. The PEI sizing amplifies also the

b2 relaxation meaning that it tends to increase the coupling

with crystalline domains. This result highlights interactions

between the fiber, the PEI sizing and the matrix. Concerning

the PEKK sizing, no significant modifications of the b mode is

observed. It is probably due to the chemical immiscibility of

PEKK with PEEK, contrary to PEI.

After 1 month of immersion in kerosene (Figure 8), only the b
relaxation of the PEI-sized CF composite was highly modified,

particularly the b1 submode. This result highlights a modifica-

tion of the localized molecular mobility in the amorphous

phase. Sasuga et al. observed the same phenomenon on

quenched amorphous PEEK40 and associated it with the molec-

ular mobility of water bound to the main chain. PEI is known

for its solvent sensitivity, so it is possible that the small aliphatic

chains of kerosene penetrated into the sizing and decreased the

local interchains interactions in the amorphous phase.

Figures 9 and 10 present the imaginary part of the mechanical

modulus G00(T) from 50 to 2508C, respectively, before and after

1 month of immersion in kerosene. The sizings had no impact

on the a relaxation always being centered at 1508C before or

after immersion in kerosene. These results show that, in the

viscoelastic zone, there was no modification of the matrix by

the sizings, but also these sizings were not affected by kerosene.

The histograms (Figure 11) correspond to the normalized area

under the a peak before and after kerosene immersion for each

composite. They were calculated 508C below and above Ta, the

mechanical manifestation of the glass transition, and averaged

on a series of three samples.

Before immersion, the dissipated energy was lower for the sized

composites. The sizing agents created physical entanglements

with the matrix on one side and interacted with CFs on the

other side. Such interactions stiffened the matrix.46 After

immersion, the energy loss for the unsized composite decreased

significantly, whereas for the sized composites, it remained prac-

tically unchanged. Both sizing agents made the PEEK composite

totally inert to kerosene.

CONCLUSIONS

This study highlighted the importance of a CF sizing compati-

ble with the thermoplastic matrix PEEK. Indeed, the SEM

observation showed that there was no continuity of matter

between the fiber and the matrix when there was no sizing or

unsuitable sizing. The use of PEI- and PEKK-sized CFs allowed

this continuity by interacting with the CFs and the matrix and

creating a continuous interface. The DMA of PEEK showed two

main relaxations that were very distinct, the b relaxation at low

temperature, corresponding to the intramolecular motion of the

aromatic rings, and the a relaxation, at high temperature, which

was the mechanical manifestation of the glass transition. The

mechanical analysis of the composites showed that the PEI and

PEKK sizings had a significant influence on the different relaxa-

tions. At low temperature, the PEI sizing modified the relaxa-

tion with the apparition of two submodes, b1 and b2; this

brought out the interactions between the fibers, the sizing, and

the matrix. The kerosene created a modification of the b

Figure 9. G00(T) between 50 and 2508C.

Figure 10. G00(T) between 50 and 2508C after 1 month in kerosene.

Figure 11. Normalized area under the a peak before and after immersion

for each composite.
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relaxation for the PEI-sized CFs composite by increasing the b1

submode; this was probably due to the solvent sensitivity of the

PEI. The PEKK sizing showed no influence on the b relaxation.

In the viscoelastic zone, the temperature of the a relaxation was

not influenced by the sizings or the kerosene. The study of the

dissipated energy highlighted the interaction between the

matrix, the sizing, and the CF, which played the role of physical

crosslinking. This explained that the PEI- and PEKK-sized com-

posites were inert in kerosene.
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