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a b s t r a c t 

PEEK yarns are used for commingled yarn based preforms in order to manufacture high performance

thermoplastic composites. In a previous work, characterizations of PEEK commingled yarns revealed

degradation, causing poor consolidation of final composites. The sizing applied onto the yarn surface in

the melt spinning was identified as a degradation factor. Thus, the aim of this work is to assess the effect

of different melt spinning parameters: extrusion, sizing and draw ratio, on PEEK integrity and its degra- 

dation process. Yarns at different stages of melt spinning were characterized through various techniques.

For all yarns, degradation was identified during further transformation, in the molten state, inducing a

decrease of the crystallization temperature and an increase of viscosity due to crosslinking. Extrusion ini- 

tiates degradation earlier without changing the PEEK decomposition process. Sizing is responsible for an

acceleration and modifications of degradation steps.
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. Introduction

Poly(ether ether ketone) (PEEK) is increasingly used as matrix 

or high performance composites because of its thermo-mechanical 

tability and its chemical resistance [1] . PEEK can be used up to a

eak service temperature of 200 ◦C thanks to its glass transition 

nd melting temperatures respectively of 143 ◦C and 343 ◦C . 

However, the processing of such heat-stable matrix compos- 

tes is a major difficulty due to the high molten viscosity of PEEK 

2] . To overcome this difficulty, manufacturers have developed pre- 

orms to reduce the distance the matrix has to travel to impregnate 

he reinforcements. The main solutions proposed are preimpreg- 

ated tapes, powdered fabrics, film stacking, cowoven fabrics and 

ommingled yarns, which are generally consolidated by thermo- 

ompression. 

Preimpregnated tapes consist of reinforcements previously em- 

edded in a thermoplastic matrix, such as the commercial prod- 

ct AS4/APC-2, a PEEK tape reinforced with unidirectional carbon 

ber. This solution provides good interfacial bonding, but the man- 

facturing of complex shapes is difficult due to its stiffness [3] . 

owdered fabrics, as the name suggests are fabrics covered by a 
∗ Corresponding author.

E-mail address: lisa.feuillerat@mines-albi.fr (L. Feuillerat).

t

c

P

p

EEK powder melted to wet reinforcements. Homogeneous disper- 

ion and sufficient adhesion of PEEK with reinforcements are the 

ain difficulties of powdered fabrics. Another solution is to stack 

olymer films with reinforcement fabrics, but the difficulty is to 

orce the polymer flow through reinforcements made of thousands 

f filaments. Furthermore, this solution does not allow the produc- 

ion of complex geometries [4] . The matrix can also be cowoven 

nto a fabric, where reinforcements and matrix yarns are combined 

s warp and weft yarns, but this leads to a heterogeneous distribu- 

ion. Finally, the commingled yarns are the most interesting solu- 

ion with an intimate contact and therefore an excellent dispersion 

etween the reinforcement and the matrix [5] . 

However, as shown in a previous publication, unacceptable void 

ontents of about 10% are obtained when consolidating commin- 

led yarn based products involving a PEEK matrix [6] . The main 

eason of such behavior is a rapid thermal degradation of PEEK, 

n the range of processing temperature beyond 380 ◦C . As widely 

tudied in the literature, in the molten state, PEEK is subjected to 

egradation [7–15] . Firstly chain scission occurs at ether or ketone 

onds, then oxidation takes place and leads to the formation of hy- 

roperoxides and other degradation products, which finally leads 

o crosslinking [16,17] . This degradation process induces significant 

hanges of the thermal, rheological and mechanical properties of 

EEK, such as a decrease of the crystallization and melting tem- 

eratures, an increase of its viscosity, glass transition temperature, 
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Table 1

Name and sampling zone for the different yarns (DR: Draw ratio).

Sampling zone Name Sizing

B Extruded yarn –

D Drawn yarn DR = 1 Yes

D Drawn yarn DR = 2 Yes

D Drawn yarn DR = 3 . 75 Yes
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nd molecular weight. The degradation of the PEEK matrix in the 

olten state has been characterized at different scales and the 

apid increase of its viscosity makes impossible the impregnation 

nd consolidation of such architecture made of commingled yarns. 

The previous study has shown that the initial state of the PEEK 

arns is responsible for the acceleration of PEEK degradation and 

hus the impossibility to consolidate this commingled yarn based 

reform [6] . Indeed, a first processing step is achieved in order to 

repare commingled yarn based preforms: the melt spinning op- 

ration to obtain PEEK yarns. During this process, PEEK is melted 

nd extruded through a spinneret leading to a multifilament yarn. 

n order to prevent breakage, friction and electrostatic effect, a spe- 

ific solution, called sizing is applied onto the surface of yarns be- 

ore drawing and winding. Sizing has been identified as a factor 

esponsible for degradation by accelerating it during the further 

rocessing of the commingled yarn based preform, in the molten 

tate. Therefore, the manufacturing of PEEK yarns is a crucial pro- 

essing step that can be critical for the consolidation of compos- 

tes, as it is carried out at high temperature, under high mechani- 

al stress and requires additives that induce an initial degradation 

f the PEEK matrix. 

However, although yarn sizing has been identified to have an 

ffect on PEEK degradation, the extrusion and drawing may also 

ave a critical effect on the PEEK stability. Thus, this paper aims 

o determine, through various experimental analyses, the influence 

f different melt spinning parameters on the stability, thermal and 

heological properties of poly(ether ether ketone) and its degrada- 

ion process. In order to evaluate the consequences of melt spin- 

ing on the integrity of PEEK, yarns were collected at different 

tages of the melt spinning process, characterized and compared 

o the properties of raw PEEK. 

. Experimental

.1. Materials 

The raw PEEK polymer was processed by melt spinning at 

90 ◦C. This process is composed of different equipments which 

re schematically shown in Fig. 1 . The raw material in pellets form 

s melted through the extruder and the molten polymer flows 

hrough a spinneret. The spun filaments are then drawn in the 

olten state while cooled in the cooling chamber, and a sizing is 

prayed onto the surface of yarns. The filaments are then guided 

ver godets heated above the glass transition temperature and fi- 

ally wound up. 
Fig. 1. Schematic of the melt spinning process.
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A drawing stage takes place between the first and the last 

odet. This draw ratio ( DR ) is defined as the ratio between the 

peed of rotation of the last godet ( V f ) and that of the first godet

 V 1 ), as described in the Eq. (1) . 

R = 

V f 

V 1 

(1) 

In this study, the spinneret was composed of 48 holes of 

.4 mm and the sizing used was made up mainly of fatty acid es- 

er and poly(ethylene-glycol) ester. The resulting sizing ratio was 

.5% in mass. The same extrusion flow rate was applied in order 

o obtain filaments of the same diameter for all yarns. Then, vari- 

us yarn samples were collected at different stages of the process, 

s summarized in Table 1 . The first yarn, referred to as extruded 

arn, was collected right after extrusion in the cooling chamber 

efore being sized and drawn, the other yarns were collected at 

he end of the melt spinning process after being impregnated with 

izing. The latter are referred to as drawn yarns DR = 1 , DR = 2 ,

R = 3 . 75 . The drawn yarns DR = 1 correspond to the yarns ob-

ained with all godets at the same speed of rotation. The drawn 

arns DR = 2 and DR = 3 . 75 correspond to yarns that were drawn

ith a faster rotational speed of the last godet equal to 2 and 3.75 

imes that of the first godet respectively. 

In order to avoid morphological effects during characterizations, 

he filaments were ground using a Retsch ultra centrifugal mill ZM 

00 with a 0.5 mm sieve. The mill was cooled with liquid nitrogen 

o avoid overheating. The powders obtained were then character- 

zed through different analyses. 

.2. Thermogravimetric analysis 

The thermal degradation was studied by means of thermogravi- 

etric analysis (TGA) with a Setsys SETARAM TGA. About 20 mg of 

ach sample was first held at 100 ◦C for 15 min, and then heated 

o 800 ◦C at a heating rate of 10 ◦C min 

−1 , under argon. In order to 

heck the repeatability, the test was reproduced 3 times. The tem- 

erature related to a 5% weight loss ( T 5% ) was taken to compare

he samples. 

.3. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was achieved in order 

o evaluate the evolution of thermal properties in the molten state 

ith a power-compensated Perkin Elmer 8500 DSC. For all experi- 

ents, aluminum sealed pans filled with 3.7 ± 0.02 mg of sample 

ere used. The samples were subjected to four heating and cool- 

ng cycles in a nitrogen atmosphere between 50 and 400 ◦C . The 

hermal treatment consisted in heating the sample at 20 ◦C min 

−1 

ntil 400 ◦C , then in applying an isotherm at this temperature for 

0 min, and finally in cooling the sample with a constant rate 

f 10 ◦C min 

−1 to induce PEEK crystallization in identical condi- 

ions. The first one was applied to erase the thermal history and 

he isotherm at 400 ◦C was only 5 min. As explained by Jonas 

t al. [10] , above 385 ◦C , self-nucleation is eliminated and start- 

ng from 400 ◦C , thus ensured starting crystallization from a free- 

uclei melt. During the last stage of the thermal treatment, the 

rystallization temperature ( T c ) was measured. For convenience, 
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Fig. 2. TGA of all samples, performed in neutral atmosphere with a heating rate of

10 ◦C min 
−1 

. 

Table 2

Temperature related to a weight loss of 5% ( T 5% ) and

uncertainty.

Sample T 5% ( 
◦C ) 

Raw material 579 ± 3 

Extruded yarn 574 ± 2 

Drawn yarn DR = 1 544 ± 3 

Drawn yarn DR = 2 540 ± 3 

Drawn yarn DR = 3 . 75 545 ± 2 

Sizing 88 ± 3 

Dry Sizing 316 ± 3 
he T c was taken at the maximum heat flow of the crystallization 

xothermic peak. Identical trends on the T c were obtained by tak- 

ng the peak onset as a reference for T c . Nevertheless, the results 

ere much more scattered. In order to check the repeatability, the 

est was reproduced 3 times. 

.4. Rheometry 

The evolution of the melt viscosity was also studied in order 

o assess the effect of the melt spinning transformation on the 

egradation kinetics of PEEK. The samples were prepared with the 

ame method to avoid morphological effects. The powders were 

ompacted with a force of 29 kN during 1 min using an Instron 

ress 5567 and a cylindrical die with a diameter of 20 mm. The 

esulting tablets were then consolidated in a press using a pilot 

lant for thermo-compression molding process equipped with the 

iTechë technology from Roctool. The applied thermo-compression 

ycle consisted of a heating phase at 42 ◦C min 

−1 , a 3 min isother- 

al step at 370 ◦ under a force of 125 kN, and finally in a cooling

tage at 50 ◦C min 

−1 . 

Rheological measurements were performed on these consoli- 

ated samples with a Mars Haake rheometer using a plate-plate 

eometry in oscillatory mode with 20 mm diameter disposable 

luminum plates. In order to check the repeatability, the test was 

eproduced 3 times. The heating conditions were optimized so as 

o get the fastest heating rate without a temperature overshoot 

igher than 1 ◦C . This strategy was selected for limiting the ex- 

osure time of PEEK to an oxidant atmosphere once melted, which 

n turn may generate temperature differences within the sample 

uring the several tens of seconds. During the isothermal experi- 

ents at 400 ◦, constant shear and shear rates of 0.01 and 6.28 S −1 

Hz) respectively were applied. In order to guarantee the linear vis- 

oelastic range, strain sweep tests were carried out beforehand so 

hat the complex viscosity could be determined simply from the 

lastic and viscous moduli G S and G L . 

.5. Thermogravimetric analysis coupled to Fourier transform infrared 

pectroscopy 

Thermogravimetric analysis coupled to Fourier Transform In- 

rared Spectroscopy (TGA-FTIR) was performed using a NETZSCH 

09F1 Iris instrument. The samples were first held at 100 ◦C for 

5 min, and then heated to 800 ◦C at a heating rate of 10 ◦C min 

−1 

nder nitrogen. The emitted gases were analyzed with a BRUKER 

ensor 27 FTIR. The spectra were collected with an acquisition fre- 

uency of 6 spectra per minute and the measurements were per- 

ormed with a resolution of 4 cm 

−1 . In order to check the repeata- 

ility, the test was reproduced 3 times. 

.6. Pyrolysis-gas chromatography–mass spectroscopy/flame 

onization detector 

Analytical pyrolysis was carried out in a micropyrolysis unit 

Multi-shot pyrolyzer Model EGA/PY 3030D). This device was cou- 

led to a gas chromatograph (GC, Agilent 8890 Gas Chromato- 

raph) equipped with a mass spectrometry (Agilent 5977 Series 

SD System) and a flame ionization detector (FID). Approximately 

.2 mg of the sample was placed in a steel cup and weighted with

 micro-balance. The cup was loaded into the multi-shot sampler 

f the micro-pyrolysis unit. A heating rate of 56 ◦C min 

−1 was ap- 

lied until reaching 600 ◦C under a helium flow of 120 mL min 

−1 . 

olatile compounds were separated and analyzed with a GC–

S/FID system using a HP-5MS column (length 30 m; internal di- 

meter 0.25 mm; film thickness 0.25 μm, Agilent Technologies, 

SA). The injector temperature was kept at 300 ◦C. The initial GC 

ven temperature was 50 ◦C, heated to 200 ◦C at 2 ◦C min 

−1 
nd then to 320 ◦C at 3 ◦C min 

−1 . Peak identification of chro- 

atograms was achieved using the NIST (2017) mass spectral li- 

rary. 

. Results and discussion

.1. Thermal stability of raw material and yarns 

The thermogravimetric results obtained in non-isothermal con- 

itions ( 10 ◦C min 

−1 ) under argon atmosphere are presented in 

ig. 2 . The temperature related to a weight loss of 5% ( T 5% ) are also

ummarized in Table 2 . Three groups of data can be distinguished: 

he sizing, the sized drawn yarns and the extruded yarn with the 

aw material. 

The sizing has a lower thermal stability compared with the 

EEK samples, with a first intense weight loss below 100 ◦C. This 

rst decrease of weight correspond to a weight loss of 5% at 

round 88 ◦C. It is due to the evaporation of the sizing solvent. 

he second intense weight loss around 300 ◦C can be related to 

he degradation of fatty acid ester and poly(ethylene-glycol) ester, 

hich are the sizing compounds. 

In the melt spinning process, sizing is applied to the PEEK yarn 

efore the yarns being drawn at a temperature of 170 ◦C. Thus, the 

olatile compounds of the sizing are evaporated and only the fatty 

hase remains on the yarn. This fatty phase, corresponding to the 

ry sizing, remains stable until 300 ◦C. In this sense, the stability 

f sizing must be evaluated with regard to the process, i.e. in the 

ry state. Thus, the temperature related to a mass loss of 5% for 

he dry sizing is about 316 ◦C. 

An intense degradation phenomenon is observed for the raw 

aterial with a maximum intensity at around 574 ◦C. This degra- 

ation is directly linked to random chain scissions between aro- 

atic rings and ether or ketone bonds [18] . The same behavior can 
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Fig. 4. Temperature of crystallization ( T c ) against the number of cycles at 400 ◦C 

during 20 min, under neutral atmosphere, for all samples. Error bars are represent- 

ing standard deviations.
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e noticed for the extruded yarn. This suggests that the extrusion 

eems to have no significant effect on the thermal stability of PEEK. 

On the contrary, the drawn yarns have a different behavior 

ith degradation starting at around 300 ◦C. The relative weight 

ecreases gradually until an intense degradation at about 539 ◦C, 

35 ◦C and 542 ◦C respectively for the drawn yarns DR = 1 , DR = 2

nd DR = 3 . 75 . A decrease of about 35 ◦C is observed for the T 5% 

ompared with the raw material. 

Extrusion does not seem to be the parameter responsible for 

his acceleration of degradation because this phenomenon is not 

bserved on the extruded yarn. At this stage, either the sizing or 

he draw ratio above the glass transition could be responsible for 

his phenomenon. When comparing the different drawn yarns, it 

ppears that the draw ratio ( DR ) seems to have no significant effect

n the thermal stability of yarns. The last parameter is the pres- 

nce of sizing agents on the surface of yarns. In this way, it seems

hat the sizing has a more significant effect on the thermal sta- 

ility of PEEK. The gradually weight loss of the drawn yarns from 

00 ◦C may be related to the degradation of the sizing. 

.2. Thermal and rheological properties of raw material and yarns 

In order to assess the influence of the melt spinning transfor- 

ation on the thermal and rheological properties of the different 

amples, DSC and rheometry analyses were carried out. 

The DSC analysis consisted in applying four heat treatments at 

00 ◦C during 20 min in order to induce progressive degradation. 

n example of the evolution of crystallization peaks over the heat 

reatment cycles is presented in Fig. 3 . These exothermic peaks 

ere recorded after melting the polymer, when cooling the sample 

t 10 ◦C min 

−1 . For both samples, the sharp peak in the first cycle 

roadens over the heat treatment cycles, shifting the peak maxi- 

um to lower temperatures. This effect is related to crosslinking, 

hich induces a lower molecular mobility of chains, therefore a 

ecrease in the crystallization ability of the polymer and the exis- 

ence of a large amount of degraded polymer that crystallizes at a 

lower rate [8,10] . 

The crystallization peak of the raw material is slightly shifted 

owards lower temperatures as the number of heat treatment cy- 

les increases, from about 304 ◦C at the first cycle to about 302 ◦C

t the last cycle. For the drawn yarns, this shift is more pro- 

ounced, from about 300 ◦C in the first cycle to about 287 ◦C in

he last cycle. 

The evolution of T c over heat treatment cycles for all samples is 

resented in Fig. 4 . The crystallization temperature ( T c ) was mea- 
ig. 3. Evolution of the crystallization peak during cycles at 400 ◦C during 20 min, 

nder neutral atmosphere, for all samples.
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ured at the maximum heat flow of the exothermic peak during 

he cooling ramp at 10 ◦C min 

−1 . On one hand, it can be noticed 

hat for all samples, the T c decreases with the number of cycles. On 

he other hand, this phenomenon is increased after transformation 

f PEEK into yarns. 

After extrusion, a 2 ◦C decrease in T c compared to the raw ma- 

erial is observed from the first cycle. Then the gap between the 

aw material and the extruded yarn increases with the number of 

ycles. 

In the case of the drawn yarns, the T c is 4 ◦C lower than that

f the raw material in the first cycle, then the crystallization tem- 

erature drops over the heat treatment cycles. The final T c is about 

6 ◦C lower than that of the raw material. 

Thus, it appears that the melt spinning transformation induces 

n acceleration of PEEK degradation in the molten state, on one 

and due to the extrusion and on the other hand due to the siz- 

ng. These two factors therefore affect the crosslinking kinetics that 

ause the evolution of the crystallization behavior of PEEK. Extru- 

ion is sufficient to accelerate the degradation. In this study, the 

evel of degradation resulting from extrusion corresponds to a res- 

dence time in the extruder of about 10 min and an extrusion tem- 

erature of 390 ◦C. The effect of sizing on the crystallization tem- 

erature is even more pronounced and seems to be additional to 

hat of extrusion. 

The classification of drawn materials according to T c suggests 

hat a low draw ratio favors the degradation of PEEK: the higher 

he draw ratio, the lower the degradation. However, the sizing rate 

easured by Soxhlet extraction (see [6] for details) also appears 

o be affected by the draw ratio. It appears that the lowest sizing 

ate is measured on yarns of lower degradation. As the sizing con- 

itions of the yarns are identical, this difference in sizing rate may 

e due to the mechanical and chemical interactions of the sized 

arns at the rubbery state on the drawing godets. This effect of siz- 

ng rate on degradation kinetics has been observed in a previous 

tudy on the effect of additives on PEEK degradation [19] . There- 

ore, although variations in the draw ratio may affect degradation, 

he differences in crystallization temperature are likely to be the 

onsequence of a difference in sizing ratio. 

The evolution of viscosity with time at 400 ◦C under air at- 

osphere is presented in Fig. 5 . Viscosity rapidly increases in an 

xponential way due to degradation for all materials. In addition 

o reducing the ability of polymer to crystallize, crosslinking also 

esults in a significant increase in viscosity, similarly to that of a 

hermoset during curing [12,14,20] . 



Fig. 5. Viscosity against time at 400 ◦C under air atmosphere for all samples. DY: 

Drawn yarn. Color halos are representing minimum and maximum values.

Fig. 6. Storage and loss moduli ( G S and G L ) against time during an isotherm at

400 ◦C under air atmosphere for all samples. DY: Drawn yarn. For clarity, the drawn 

yarns DR = 2 and DR = 3 . 75 are not shown in this figure because they are superim- 

posed on the drawn yarns DR = 1 . 
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Table 3

Crossover time ( t cr ) between G S and G L , during

rheometry tests at 400 ◦C, under air atmosphere

and uncertainty.

Sample t cr (min)

Raw material 33 ± 0.9 

Extruded yarn 26 ± 1 

Drawn yarns 7 ± 0.6 

Table 4

Molecules associated with the absorption bands of FTIR spectra.

Molecules Absorption bands ( cm 

−1 ) 

Carbon dioxide 2358 + 2310 

Carbon monoxide 2179 + 2113 

Phenol 3648, 1601, 1490, 1339, 1249, 1185 and 748

Aromatic ethers 1600, 1493 and 1233

Carboxylic acid esters 2930, 2861, 1745, 1461, 1367, 1237, 1135,

965 and 720

Carboxylic acid anhydrides 1770
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The extruded yarn has the same initial viscosity as the raw ma- 

erial but the viscosity increases more rapidly. In 20 min, the vis- 

osity of the raw material doubles whereas it almost triples for the 

xtruded yarn. 

The drawn yarns have a lower initial viscosity than the raw ma- 

erial and the extruded yarn. It seems that the sizing has a lubri- 

ating effect. This could be a beneficial factor in the processing of 

omposites, as a lower viscosity facilitates the impregnation of fi- 

rous reinforcements. However, this effect is very short lasting and 

he sudden increase in viscosity that follows can be disastrous for 

urther processing of the composite like welding or hot stamping. 

Finally, the same conclusion is obtained as in the DSC results, 

he melt spinning transformation has a huge effect on the degra- 

ation kinetics of PEEK. The time at the cross point between the 

torage and the loss moduli confirms also the acceleration of the 

egradation kinetics ( Fig. 6 ). The loss modulus ( G L ) is higher than

he storage modulus ( G S ) at the early stage of the experiments but

ith degradation, a faster increase of G S compared to G L occurs, 

eading to a crossover point that can be considered as a gel point. 

he crossover time between G S and G L has been analyzed by Chan 

t al. [21] . They actually noticed that the lower is the crossover 

ime, the higher is the rate of crosslinking and therefore the gel 

ontent in the polymer. The crossover times of the different sam- 

les are summarized in Table 3 . It appears that the drawn yarns, 

egardless of their draw ratio, have the same crossover time, which 
s considerably less than that of the extruded yarn and the raw 

aterial. In other words, the gel point is reached more quickly for 

he drawn yarns than the extruded yarns and the raw material. 

The DSC and rheological results show that extrusion and sizing 

re the main factors that are responsible for an acceleration of the 

EEK degradation in the molten state. Since extruded (non-sized) 

arns degrade less quickly than drawn (and sized) yarns, the effect 

f sizing seems to be predominant over that of extrusion process. 

n addition, the draw ratio induces different sizing ratio leading to 

ifferent degradation kinetics. This effect was identified in DSC but 

ot by rheological analysis. 

These results are in good agreement with the recent literature 

n poly(aryl ether ketone) (PAEK) degradation [15,19,22] . However, 

he physico-chemical process that results in an acceleration of the 

egradation kinetics has never been analyzed and was therefore 

urther investigated in this study. In particular, the way in which 

he different melt spinning parameters affect the degradation pro- 

ess of PEEK has been analyzed. 

.3. Thermal degradation process of raw material and yarns 

Thermogravimetric analysis coupled to Fourier Transform In- 

rared Spectroscopy (TGA-FTIR) and pyrolysis-Gas Chromatography 

oupled to Mass Spectroscopy and Flame Ionization Detector (py- 

C–MS/FID) were used to probe the effect of extrusion, sizing and 

raw ratio on the PEEK degradation process. 

FTIR analysis were carried out upon heating in TGA, in order to 

haracterize the gases formed during the degradation of the differ- 

nt samples. FTIR spectra of the emitted gases at different temper- 

tures during the heating stage are presented in Fig. 7 . The main 

olecules identified and their related absorption bands are sum- 

arized in Table 4 . 

For the raw material, the evolution of the FTIR spectra with 

emperature shows the appearance of intense absorption bands at- 

ributed to phenol, carbon dioxide, carbon monoxide and aromatic 

thers. These molecules are characteristic of the PEEK degradation 

16,17] . 

The degradation by-products of the extruded and drawn yarns, 

hatever the draw ratio, have the same chemical nature as the 

aw material. However, the absorption bands characteristic of siz- 

ng degradation products (carboxylic acid esters and anhydrides) 

re not detected. The low proportion of sizing on the extruded 

arns can explain the absence of sizing by-products, but it can also 

e the consequence of some interaction of those chemicals with 

EEK material. 



Fig. 7. FTIR spectra of emitted gases during TGA at 10 ◦C min 
−1 

, performed in neutral atmosphere. (a) Raw material and extruded yarn, (b) Sizing (c) Drawn yarns. 

Fig. 8. Chromatograms of extruded and drawn yarns.
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Table 5

Molecules identified by MS/FID with the related re- 

tention time of chromatogram peaks.

Molecules Retention time (min)

Carbon dioxide 3

Benzene 3.5

Toluene 5.2

Phenol 14.9

Diphenyl ether 41.9

Dibenzofuran 48.5

2-phenylphenol 48.7

Fluorene 52.3

Benzophenone 55.3

4-phenoxyphenol 60.9
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These observations are confirmed by py-GC–MS/FID analysis. As 

resented in Fig. 8 , the chromatograms of the extruded and drawn 

arns are perfectly superimposed. The same degradation products 

re formed as the same retention times in the column are observed 

etween the extruded and drawn yarns. The separated species 

ere then analyzed by Mass Spectroscopy and Flame Ionization 

etector (MS/FID) in order to identify the related molecules, as 

ummarized in Table 5 . These degradation products detected are 

onsistent with those identified in the literature [16] . No additional 

eaks were observed, thus no new species were identified. These 

hromatograms were also compared to the sizing chromatogram 

nd no common peaks were identified. 
Although all yarns have the same chemical nature, with the 

ame emitted gases during the degradation, they do not have the 

ame degradation kinetics. Indeed, as illustrated in Fig. 7 the ab- 

orption bands of the by-products appear at a lower temperature 

or the drawn yarns (about 540 ◦C), compared with the raw mate- 

ial and the extruded yarn (about 580 ◦C). 

In order to highlight this acceleration of degradation, Fig. 9 

hows the absorbance profiles of specific bands corresponding to 

he main degradation products of PEEK (phenol, carbon monoxide 

nd carbon dioxide). This allows monitoring the evolution of the 

egradation process. 

The comparison of the different absorbance peaks for PEEK- 

ased materials indicates that phenol and carbon dioxide have the 

ighest intensity and are therefore the main degradation products, 

hich is in agreement with the literature [16,23] . Furthermore, all 

hese products appear in the same range of temperature. For the 

bsorption band related to phenols, a unique peak is observed con- 

rary to that of carbon monoxide and carbon dioxide, which exhibit 



Fig. 9. Peak intensity profiles of the main degradation products of PEEK (a) Phenol (b) Carbon monoxide and (c) Carbon dioxide, during thermogravimetric analysis at

10 ◦C min 
−1 
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 double peak. This confirms that several steps are involved in the 

hermal decomposition mechanism of PEEK, as described in the lit- 

rature [16] . 

It can be noticed that for the extruded yarn, the peak maximum 

s not shifted but the peak onset for all degradation products is 10 

o 20 ◦C lower than that of the raw material. In addition, whatever 

he by-product, the peaks for raw and extruded PEEK have similar 

hapes. The absorbance peaks that correspond to the degradation 

teps have for both materials the same maximum temperature re- 

ardless of the by-product. This indicates that the extrusion step of 

he melt spinning process caused slightly earlier degradation with- 

ut changing its chemical process. Extrusion is therefore likely to 

ave initiated formation of radicals by chain breakage. 

For the drawn yarns, regardless of their draw ratio, the same 

hanges can be observed on the absorbance profiles, which indi- 

ates that sizing is responsible for modifications of the degrada- 

ion process. The onset of absorbance peaks is significantly shifted 

o temperatures 25 to 45 ◦C lower than those of the raw material, 

eading to broader absorbance peaks. For phenols and carbon diox- 

de, this onset shift induces a distinct shift in the maximum of the 

bsorbance peaks. For carbon monoxide, the maximum absorbance 

ccurs at the same temperature as for the raw and extruded mate- 

ial, but the double peak shape indicates that the chemical modifi- 

ations occur over a broader temperature range, suggesting a more 

radual degradation process. 

However, for carbon dioxide, the peak shape of the drawn yarns 

s significantly modified compared to the raw material. Instead of 

 double peak, the absorbance profile exhibits a triple peak, sug- 

esting a change in decomposition mechanisms compared to the 

aw material. This particular peak shape that appears is relatively 

lose to that of the sizing. It is therefore likely that the degrada- 
ion by-products of sizing are involved in PEEK degradation mecha- 

isms. In particular, it appears that carbonization that occurs above 

50 ◦C is affected, with an intense carbon dioxide absorbance peak 

t about 780 ◦C [23,24] . 

These results show that, although the same decomposition 

roducts are identified, thermal degradation of PEEK is modified 

ue to melt spinning processing. Extrusion appears to induce only 

 slightly earlier degradation process, while sizing applied to the 

urface of the drawn yarns appears to modify the degradation 

echanisms with modifications occurring at lower temperatures. 

evertheless, no significant effect of the draw ratio on the degra- 

ation mechanisms could be detected with these techniques. 

In this study, the products formed during sizing decomposition 

nd the products resulting from their interaction with PEEK could 

ot be identified due to the low quantity of sizing on the yarn sur- 

ace (1.5% in mass). Further analyses with larger amount of addi- 

ives will be required in order to identify the chemical process of 

EEK decomposition in presence of additives. The nature of the siz- 

ng also should be investigated to better understand the interaction 

f PEEK with its environment. 

. Conclusion

The influence of different melt spinning parameters on the sta- 

ility, thermal and rheological properties of poly(ether ether ke- 

one) and its degradation process was analyzed using various ex- 

erimental techniques. To do so, yarns collected at different stages 

f melt spinning were characterized and compared with raw PEEK: 

xtruded yarns collected in the cooling chamber before being sized 

nd drawn, and drawn yarns corresponding to yarns that were ex- 

ruded, sized and drawn at different draw ratios. 
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PEEK degradation has been identified on the different yarns. As 

idely described in the literature, this degradation induces a de- 

rease of the crystallization temperature and an increase of the 

iscosity in the molten state. This degradation is irreversible and 

an be a limiting factor in the processability of thermoplastic com- 

osite preforms. 

The results show that the melt spinning operation has a sig- 

ificant effect on the PEEK properties. First, the extrusion affects 

he crystallization temperature and viscosity. It shifts slightly the 

eginning of degradation at lower temperatures without changing 

he decomposition process. 

On the contrary, the drawn yarns have higher degradation ki- 

etics than that of the raw PEEK and the extruded yarn. In ad- 

ition, the TGA coupled with infrared spectroscopy suggests that 

izing modifies PEEK degradation mechanisms due to an interac- 

ion of sizing by-products with PEEK. In addition, the draw ratio 

eems to induce different sizing ratio causing different degradation 

inetics. 

Further work should be carried out to investigate the effect of 

he chemical nature and stability of sizing on PEEK degradation. 
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