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Abstract

The structure-properties correlation of neat anthaa fiber reinforced (CFR) PEEK, subjected to
thermal annealing, was investigated. The polymdriemcomposites (30% w/w carbon fibers, PAN
or pitch based) underwent annealing treatment0@t 225, 250, 275 and 300°C. The resulting
morphology was investigated by Differential Scamgni@alorimetry (DSC), Fourier Transform
InfraRed (FTIR) spectroscopy, Wide Angle X-ray [bgiftion (WAXD) and Small Angle X-ray
Scattering (SAXS), while the flexural peak loadnfraa bending test and the reduced elastic
modulus from nanoindentation measurements wereschas markers of the mechanical properties.
The morphological investigation showed that anmgalnduces an increase in crystallinity, by a
combination of thickening of the existing lamellaed nucleation and growth of new, thinner
lamellae. Although the mechanical properties sholwgtly significant differences depending upon
the reinforcement type, we were able to inducegaifstant increase (form 9 to 12%) in the flexural

peak load with the annealing treatments, regardietise material formulation. The reduced elastic



modulus of all PEEK and CFR PEEK formulations alscreased with increasing the annealing
temperature.

In summary, this investigation provides an evideotbow appropriate thermal treatments can be
used to tune the mechanical properties of both PE&KCFR PEEK.

Keywords: PEEK, carbon fiber, crystallization, annealing.



1. Introduction

Poly(etheretherketone) (PEEK) is a high-temperatesestant semicrystalline polymer, possessing
excellent mechanical properties and chemical iesgnTo date, PEEK has been studied as a high
performance polymer in a wide variety of applicatip from high temperature bearings to
aerospace, including as a biomaterials for dentadrthopedic applications, due to its excellent
wear resistance and strength-to-weight ratio [1-3].

As for every semi-crystalline polymer, the macrgscomechanical properties of PEEK largely
depend on the morphology induced by the processomglitions [4]. The crystalline unit cell,
lamellar and spherulitic structure of PEEK haverbexgtensively investigated over the years [5-7].
Literature findings indicate that PEEK chains ie thmellar regions form an orthorhombic crystal
structure. Based on X-ray diffraction studies, thaxis of the orthorhombic unit cell of PEEK
spans three aryl groups, with a center-to-centadce between aryl groups of 5A, corresponding
to a long-axis length of 15A [8]. Like most semistailine polymers of medium molecular weight,
the macromolecules of PEEK fold into fine lamelfadiating out from a nucleus to form 5-fith
size spherulites [9]. The thickness of lamellae,wadl as the size and density of spherulites,
depends on the thermal history [4,10-12]. This olz®n has stimulated extensive research on
how crystallization conditions affect crystal moopdgy and properties of PEEK and its composites
[13-17]. In particular, there have been severaéstigations in which the degree of crystallinity
was measured at various heating rates using ditiafescanning calorimeters (DSC), showing that
crystallization in PEEK is much more complex thhattof other thermoplastic polymers [18,19]. In
addition, multi-peak endotherms were observed, ag tbeen observed for other thermoplastic
polymers [20-22]. Several interpretations have h@@posed to explain the origin of this double
melting behavior: among other, a dual lamellarkhéss model [13,23], simultaneous melting and
re-crystallization [3,24] or physical ageing [23|lthough the phenomenon has been discussed in
detail, there is still debate on its interpretatip6—28].

The mechanical properties of PEEK have also betmsively studied. A large body of literature is
present on the mechanical properties of PEEK angbaoafiber-reinforced (CFR) PEEK and their
stability over a range of working conditions, sashaqueous or high temperature environment [29—
31]. Nonetheless, these studies provide poor odata that relate the polymer morphology and
physical properties. Furthermore, the differencas thermal treatments, heating rates and
calculation formulas among these previous studiexipde the development of a correlation

between the crystallographic morphology and maaoqiscproperties of unfilled and CFR-PEEK
[6].



In recent years, reinforced composites prepareadduding glass or carbon fibers to the PEEK
matrix have been studied and evaluated for vardudications [2,32—36]. The type and content of
fibers, their length and orientation, as well as ttature of the polymeric matrix and the fiber-
matrix interface are considered to be the variabietermining the mechanical behavior of such
composites [15]. Macro and micro-mechanical mod#iat take into account all these
morphological parameters have been proposed, andsad in the design of reinforced polymer
composites [37]. However, it has been demonstridi&idalso the crystallinity of the polymer matrix
has an impact on the properties of the resultinghpmsite, for polymer matrixes such as
polyamides, poly(ethylene terephthalate), poly(pfeme suphide) and PEEK [38], with the
formation of crystal nuclei at the fiber-matrix énface in a process known as trans-crystallization.
The crystallization of PEEK in the presence of fifbbas been the subject of investigations focused
mainly on the effect of fiber addition to the matarystallinity and crystallization behavior [39]40
and the effect of fiber on fracture mechanics [309wever, these structure-property relationships
still need to be fully understood. Moreover, to ejasystematic studies correlating PEEK
crystallinity, fiber characteristics, and mechahigaoperties have not yet been sufficiently
developed.
This work aims therefore to provide more information such structure-property relationships
through a comprehensive study conducted by:
— Differentiating PEEK and CFR PEEK crystallinity ngiannealing treatments
— Assessing the extent of crystal structure modificatthrough Differential Scanning
Calorimetry (DSC), Fourier Transform Infra-Red dpescopy (FT-IR), and X-ray (Wide
Angle X-ray diffraction, WAXD; and Small Angle X-yaScattering, SAXS) techniques, in
order to obtain reliable and univocal information ®EEK and CFR PEEK melting
behavior, and to provide at the same time additiatedails on lamellar thicknesses,
dimensions, and crystal morphology in the diffeised crystal structures
- Providing PEEK and CFR PEEK mechanical charactgozaby testing the annealed
samples for static mechanical properties (bendang) hardness as a function of the resulted

differentiated crystallinity.

2. Materials and methods

Materials were supplied as granules by Invibio iprv Ltd, Lancashire, UK). Materials trade

names were Nil, NiLCA30 and Motis- an unfilled PEEK30% wt. PAN carbon fiber and a 30%

wt. pitch carbon fiber reinforced PEEK compositspectively. For better clarity, materials will be

referred hereafter as U, O, and M, indicating NN11CA30 and Motis, respectively. Given the
4



differences in chemical nature and structure (PAdrg are derived from the polyacrylonitrile
graphitization, and thus have much more alignedadosnalong the principal fiber axis in respect to
pitch fibers, that in turn come from the processidituminous substances and thus have a less
oriented graphitic structure) the two different mar fibers types had different mechanical
properties and dimensions: Young’s modulus andr fhameter were 540 GPa and26pum for
PAN carbon fibers and 280 GPa andt2i0m for pitch carbon fibers, respectively. In presou
studies, the different nature of the two carboerbhas shown to give different material properties
in terms of mechanical strength and modules, akageh the crystallization behavior of the tested
materials [40,41].

Sample preparation consisted of various steps:utganwere preheated to 70°C to remove the
residual moisture, and then injection molded i2@xi12.7x3.7 mm specimens. Nozzle temperature
was maintained at 400°C, higher than the PEEK matrelting temperature { (343°C), to
facilitate material flow in the mold, which was mtiined at 250°C. Polymer flow and holding
time took 2.5 minutes, in order to allow the polyne fill the mold volume, then the mold was
opened and specimens were naturally cooled in wirich reached room temperature in
approximately 5 to 6 minutes. Considering that pwy injection takes place in a very short time, it
is possible to state therefore that the materidennent a temperature gradient from 400°C to RT
within an overall time range of about 3 to 9 misut8ince the samples were completely cooled
down after the above mentioned steps, and takitogaiocount that the thermal conductivity of the
material is low, it is believed that the overaletimal history imparted to the polymer with the
injection molding procedure (that is, the overalinple cooling conditions) corresponds to a non-
linear cooling rate included in the 40°C/min-125%@1 span.

The crystallinity of the three PEEK injection matlsamples formulations was then differentiated
by annealing treatments. The chosen annealing t@types were 200, 225, 250, 275, and 300°C,
respectively. Specimens were heated up at a canstarof 5°C/min in a programmable B180 oven
(Nabertherm, D), held at the chosen temperaturesiiprand then air cooled to 20°C. Figure 1

reports the performed thermal treatments.
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Figure 1. Temperature versus time variation in ahng treatments performed on Nil, Motis, and
Ni1CA30.

A Q20 differential scanning calorimeter (TA Instrents, New Castle, DE, USA) was used to
assess the polymer crystallinity. 6.5 to 8.5 mg @aemwere prepared from the injection molded
samples, by cutting a portion of the specimen atdbrner edge throughout the entire specimen
thickness. Samples were then encapsulated intoetierpans and subjected to DSC scans. DSC
apparatus was calibrated with Indium and all testge run in triplicate. The samples were heated
up to 400°C at 20°C/min. The scan rate of 20°C/mas chosen as a compromise to minimize
recrystallization on heating and to maintain enoagburacy [42]. % Crystallinity was calculated

according to (1)

__ melting peak area ;.

X% = v, - 100 (1)

wherevy, is the fiber content, when applicable [43] and I80s the theoretical heat of fusion of
pure crystalline PEEK [5].

Peak area was calculated with integration algostimTA Universal Analysis 2000 SW (TA inc,
USA), using the 200-400°C interval for each of tolected thermograms. According to the slope
of the curve, sigmoidal tangential interpolationswesed. Double peaks were separately processed
in all samples except for 300°C annealed sampld®rev consistent peak overlapping was

observed. In the latter case, a single integratiep was applied for both signals.

Fourier Transform Infrared Spectroscopy (FTIR) wagormed in specular reflectance mode using
a Perkin Elmer Spotlight 300 microscope (Perkin &imJS). All spectra were collected on a
100x10Qum spot size on the samples surface, with 16 scams 4&m'’ resolution in the 700-

4000cm' region. Crystallinity was evaluated by transforgithe reflectance spectra with the



Kramers-Kronig algorithm into absorption index spacand then by evaluating the 1305/1283cm
band ratio [44].

Wide angle X-ray diffraction (WAXD) measurements time injection molded and annealed
specimens were collected using a Rigaku S-Max 88@ument operating with CukKX-rays of
wavelength 1.54A. The X-ray point source was geeedrdy a rotating anode operating at 40kV
and 30mA. Injection molded specimens were cut ggctions, approximately 1mm thick, in order
to be positioned in the sample holder. Sectioniag performed with a diamond blade mounted on
an automated Mecatome T330 metallographic cuttiaghime (Presi, F). Scans were performed
with a D amplitude of 0.09° <@< 41.63°. Data were recorded as signal countedch of the
scanned @ angle.

The same Rigaku S-Max 300 CuKotating anode instrument was used to obtain SAradle X-

ray Scattering (SAXS) data, with an X-ray sourceraging at 40kV and 30mA. The beam had a
pinhole collimation which resulted in a beam diaeneif approximately 0.3mm. Scattered X-rays

travelled through an evacuated tube to reduce lbagkg scattering and to increase the signal/noise
ratio. Data were recorded as scattering intens{gouints) as a function of the scattering vector q

expressed as

q= (?) sin® (3)

Wherel is the X-rays wavelength artdis half of the scattering angl®.2Scattering intensity was
collected by a Pilatus 300k pixel-detector at aasise of approximately 1500mm from the sample,
with an angular scattering ranging from g=6.49%18m* to q=2.79 nrit. Radially averaged
scattering curves were normalized and subtractetthdiy respective background curve taking into

account the thermal diffusive scattering contribatiollowing Porod’s extrapolation.

Specimens were also tested in order to assessstiadic mechanical properties. A 3-point static
bending test was then performed, in order to ingat the resulting flexural properties of all the
samples considered. A MTS mini Bionix Il 858 uns@r machine (MTS, US), equipped with a
15kN class 0.5-certified load cell was used. Tes&re conducted at a crosshead speed of 5Smm/min

until specimens failure or breakage, according 87l D790 [45].



Micro-hardness test was performed using a Fischpes¢diM2000 micro indenter (Fischer, D)
equipped with a 4x4m (principal direction) Vickers tip. The samplesreveut into sections and
polished up to 0.05-0.1um roughness prior to tee &he experiment was conducted in continuous
indentation mode at a constant loading/unloading & 30QuN/sec to a maximum depth of
5000nm. Load holding segments, 20s at maximum foadnaterial creep and 50s after 80%
unloading or until 0.4uN load, whichever occurr@dtf(for thermal drift corrections) were also
implemented [46]. Each sample was indented at Iferdnt positions at least 106 apart.
Particular attention was put in examining the budgion as well as the fiber-matrix interface, by
indenting the polymer matrix in the non-reinforaa@as and in the adjacent region of the matrix-
fiber interface. For the latter, only circular fibgections were selected (vertically oriented &her
SO as not to impact the tip with underlying fibectons. This approach has been extensively used
to evaluate polymer properties such as hardnes®lastic moduli at the micron scale [47,48]. In
the literature, the elastic properties of the itgesed materials are often compared by meanseof th

reduced elastic modulus E*, defined as:

Fr= (22424 (4)

E; Ej

Where E, E andvs, vi are the Young’'s modulus and the Poisson’s ratfakhe polymer and the
indenter, respectively [49]. With this expressidif; takes into account the polymer-indenter
interactions and compensates measurement deviatemged from the indenter deformation and
from the indented shape warping. In the presemlystine reduced Elastic modulus E* was used to
guantify the elastic deformation on all PEEK forafidns according to the performed annealing
cycle. On the contrary, hardness was not consideeeel since the inevitable presence of physical
imperfections in the indenter tip geometry is andigant problem encountered during hardness
evaluation by load—displacement based indentati@n5[Ll]. These geometric tip defects may be
comparable to the full indent size and thus causigraficant error in the computed property values
[49]. Moreover, considering that the elastic praijesrof a composite material are known to be
particularly meaningful for the determination ofethmechanical properties of the composite,
according to the macro-mechanical model principessent in the literature, only E* evaluation

was performed [52].

3. Results and discussion

3.1 Crystallinity of the annealed samples



The DSC thermograms of the as-molded and annealegbles are illustrated in Figure 2. All
thermograms of the as-molded samples showed aesinglting endotherm. A previous study [53]
demonstrated that the non-isothermal crystallinatibthe same materials leads to the development
of a complex morphology, resulting from the combima of primary, fast and secondary, slow
crystallization processes. This behavior is strpmigipendent on the time allowed for crystallization
and thus on the cooling rate. At high cooling raeS0°C/min) the extent of the secondary
crystallization was negligible and only the primamystallization occurred, resulting in a single
crystal population, which melted in one simple @hdom in the following DSC scan. Given the
molding procedure, the as-molded sample were indemsdisothermally crystallized at a high
cooling rate and showed the expected behavior.alisence of any significant deflection of the
baseline below the primary melting endotherm suggesthat no significant melting-

recrystallization occurred during heating.

All the annealed samples exhibited a secondaryimgetteak, whose position and intensity varied
with the annealing temperature, as already obsearnvpdevious studies [38,54]. Table | reports the
peak temperatures of both the endotherms obselexlsecondary peak was approximately 20-
30°C above the annealing temperature, indicatiegptiesence of a population of small, imperfect
crystals formed during annealing. The secondark phdted towards the primary endotherm as the
annealing temperature increased, indicating thendtion of thicker crystals for higher treatment
temperatures.

While the area of the primary melting peak remaimemstant independent of the annealing
treatment, that of the secondary endotherm incteasethe annealing temperature increased. As a
result, the overall crystallinity, calculated aatiog to equation (1), was found to increase between
the as-molded and the 300°C annealed material: 8tr@+0.4 to 40.5£0.6%, from 31.5+0.1 to
39.61+0.3% and from 32.3+0.1 to 42.1+0.5% for U,avid O, respectively (Table II).
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Figure 2. DSC thermograms of samples U (A), M (BJ ® (C).



Material Annealing T Tml Tm2
(injection moulded samples) [°C] [°C] [°C]
- 340.4
200 339.2 226.1
o 225 339.5 250.3
250 339.8 275.3
275 339.3 297.5
300 339.2 321.2
- 340.2
200 340.8 228.7
M 225 340.1 252.4
250 340.4 276.6
275 340.7 299.8
300 340.9 323.7
- 343.3
200 345.2 228.8
U 225 343.7 251.3
250 340.7 275.8
275 341.2 300.1
300 343.3 324.3

Table I. Melting peak temperatures as a functiothefannealing thermal treatment for O, M and
U.

In order to check the validity of our assumptionsd &o confirm the observed trend, FTIR
(reflectance mode), WAXD and SAXS measurements aise performed.

FTIR band ratio varied among the annealed sampdegjing from 1.17+0.01 to 1.50+0.04, and
constantly increased with the annealing temperatti@ble Il reports the calculated DSC
crystallinity, together with the FTIR band ratia #ach material tested.

Material (injection  Annealing T DSC crystallinity FTIR band ratio
moulded samples) [°C] [%] [1280/1305 cri]

- 31.9+0.4 1.17+0.01

200°C 32.840.1 1.25+0.01

U 225°C 33.9+0.1 1.29+0.01

250°C 35.3+0.4 1.33+0.01

275°C 38.5+0.2 1.42+0.03

300°C 40.5+0.6 1.49+0.01

- 31.5+0.1 1.17+0.02

200°C 31.9+0.3 1.20+0.01

M 225°C 33.840.1 1.25+0.01

250°C 34.9+0.1 1.27+0.01

275°C 38.0+0.5 1.36+0.02

300°C 39.6+0.3 1.50+0.04

- 32.340.1 1.17+0.01

200°C 33.7+0.7 1.19+0.02

o 225°C 35.4+0.4 1.18+0.04

250°C 36.7+0.5 1.23+0.03

275°C 39.2+0.4 1.31+0.01

300°C 42.1+0.5 1.44+0.04

Table II. DSC crystallinity %, and FTIR band ratieasurements for U, M and O
10



Additionally, DSC and FTIR measurements were comgban order to evaluate the correlation

between the two methodologies (Figure 3).
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Figure 3. Correlation between DSC and IR measuré&nen

1280/1305cnt band ratio and DSC crystallinity percentages shbaédavorable correspondence,
with a statistical error within 0.9 (p<0.001), de#spghe fact that there was no direct corresponelenc
between the DSC calculated percentage crystallant/FTIR band ratio among different materials.
This can be attributed to the analysis methodolagg to samples characteristics: FTIR implies
essentially the analysis of superficial materidypwhile DSC analyzes primarily the bulk material.
The two different regions (surface and bulk) migjatve undergone different cooling gradients
following both injection molding process and aninaakreatment, and to different extents, leading
to the evident discrepancies. In addition, the gmee of the carbon fiber can induce small
differences in the response to FTIR. This saida datrrelation with DSC peak integration was

relatively consistent.

In order to provide complementary information ome tirystallinity of the tested materials, WAXD
measurements were performed. Crystallinity calcahatvas performed by dividing diffraction peak
areas by the amorphous halo area. Diffraction peads visible at @ approximately equal to 19°,
21°, 23°, 29°, 33°, and 39°, associated with th@ 111, 200, and 211 planes, respectively whereas

the 33° and 39° peaks are not associated withafgpglane orientation [8] and were ignored.

11



Figure 4 reports the collected WAXD spectra forheamaterial considered. As can be observed, the
total counts were lower for the CFR PEEK sampldss Tould be caused by the difference in
density between PEEK and Carbon fibers [41], whadused more absorbance within the
reinforced PEEK samples. Also differences in santiplekness could have had an impact on the

lower signal intensity observed.
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Figure 4. WAXD plots for the untreated samples of Ml and O. CFR formulations have an
additional weak signal resulting from the scattgrir the carbon fibers at approximateB/\2Zalues

of 24°, which is more pronounced for M in respecOt

Data analysis on the calculated crystallinity patage from WAXD data is reported in Figure 5.
As already anticipated by DSC and FTIR measuremehés overall crystallinity progressively
increased, as the annealing temperature incres¢AXD data indicated an increase from 28.2 to
34.3%, from 24.1 to 28.8%, and from 28.3 to 37.5%df, M and O, respectively.

These trends are consistent with the previous rigli indicating that DSC, FTIR, and X-ray
diffraction techniques are consistent, despitefélae that the absolute crystallinity percentage was

lower than that indicated by DSC measurements.
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Figure 5. Calculated crystallinity from WAXD diffciion patterns for U, M and O.

Differences in crystallinity between DSC and WAXDeasurements are usually explained

considering that the area of crystalline refleciowhich is summed to provide the crystalline

component and then divided by the total backgrogindn both by the amorphous halo and the
amorphous peak, can be highly increased by theepcesof defects/microstrain. As a result,

crystallinity associated with WAXD is usually muéiigher than DSC. In this case however, the
carbon fiber peak might have broadened the amomplpeak, resulting in a lowered calculated

crystallinity, and in the observed differences agh®$C and WAXD results.

WAXD profiles were also used to determine the @alystructure change after the annealing and
subsequent cooling treatments by evaluating patleahianges in the unit cell parameters. These

parameters were calculated using the angular positf different reflections as

A

= sinBypp (5)
b — [435?:::9._._,3 _ﬁ]_lm (6)
.= [43:'?:::9._._._ . 5_5}_1” @)

WhereA=0.154 nm is the X-rays wavelength, ai represents the angular position of the hkl
reflection [55].

13



0,555

0,55

0,545

b[A]

0,54

0,535 T T T T T T
0 50 100 150 200 250 300

Annealing T [°C]

Figure 6. Variations of the unit cell parametepbd, M and O.

A slight decrease in all the unit cell parametarsst significant for b (Figure 6), was observed for
the annealed samples, as already reported in pewdies [56,57]. This indicates that the unit
cell density increases with the annealing tempegatBonsequently, a higher corresponding crystal
density is expected, indicating a closer packingthef lamellae or a greater crystal perfection
induced by the thermal treatment.

3.2 Lamellar morphology and dimensions

Further information on lamellar morphology was am¢a by performing Small Angle X-ray
Scattering (SAXS) measurements on the same spesimsd for WAXD analysis. SAXS was
used to highlight any potential lamellar thickenmgrurring upon annealing treatments. The most
probable value of interlamellar spacing L (nm) &&ncalculated from the acquired scattering data

according to Bragg’s law

b=~
[l
o |y

(8)

where q is the scattering vector, by individuatthg maximum in the first peak of the Lorentz

corrected 1-§ vs q plot, which takes into account the theorétimarection that lamellae are

infinitely large in two directions [58]. Figure hews the obtained I?qversus q plots for all the

material formulations herein considered. The p#btsw that all samples exhibit a broad peak at a

decreasing scattering angle g, as the annealingetetture increases. For the CFR-PEEKS, the

scattering curves did not decay at high g valueshably due to interference from the fibers or due
14



to morphology associated with transcrystallinityreunding the fibers, although no evidences of
such have been observed in all the other performeatyses, (attributable to the different sensitivit
of the applied techniques). This hypothesis is almrated by considering that the observed
scattering upturn, which is absent in the unfilédamples and occurs at g values of approximately
1-1.5, must be derived from scatters in the lerggthle of 4 to 6nm. In the absence of other
additives, we must conclude that this scattering fa associated with the presence of small
crystallites, which are absent in the unfilled slee@mnd may be associated to transcrystallinity.
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Figure 7.1-q versus g plots for U (A), M (B) and O (C) matesialespectively, for all the annealing

temperatures herein considered.

One-dimensional correlation function analysis pened for broader peaks and/or weaker signals
variations, is applied by inverse Fourier Transfation of the I-§versus g plots, in order to obtain
more precise long period spacing data than by sfeeafi Bragg's law, which was possible for the
unfilled PEEK [57].

P(x) = g Jy @*1(a) cos(ar)da 9)

Where P(x) is the paired distance distribution fiorcand, for the case of lamellae, is identical to
the one-dimensional correlation function, A is thea of the lamella, 1(q) is the experimental
scattering function, q is the scattering vectas the radial distance perpendicular to the lamsella
surfaces within a stack is the wavelength of X-rays (=1.543 A for CalKand 0 is half the

scattering angle. P(x) was plotted versus r andvilee of the first maximum was taken as the

inter-lamellar spacing (L).
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Figure 8. P(x) versus r plot for Nil unfilled PEEK.

For the pure polymer, the correlation function wited the experimental data (Figure 8). On the
contrary, it was not possible to accurately fit tistribution function to both the CFR PEEK
scattering profiles, essentially because of twesoaa: (i) the significant scattering tail due te th
presence of the carbon fiber, and (ii) scatteriggpaiated with smaller structures which scatter at
high g values (Figure 7). This scattering was agshe angular range of WAXD so it was not
expected to be observed in WAXD. As a result, iswat possible to obtain reliable information on
the long period for O and M CFR PEEK from the im&Fourier Transform analysis. The inter-
lamellar spacing (L) values for O and M CFR PEEKemnals were therefore estimated directly by
applying Bragg’s law to the 1?oyersus q plots. Lamellar thickness (indicated \sjtvas calculated

by multiplying L by the resulting crystallinity olined from either WAXD, FT-IR or DSC results.
According to previous studies [11], DSC crystatynivas used as a reference. Figure 9 reports the

variations in the interlamellar spacing observetijlevTable 1l reports the calculated lamellar
thickness values for each of the considered samples

Annealing T [°C] U M 0]
Llnm] s[nm] L[nm] s[nm] L[nm] s[nhm]

0 9.45 3.01 11.12 3.50 8.33 2.69
200 9.52 3.12 11.54 3.68 8.57 2.89
225 9.87 3.35 11.93 4.03 9.00 3.19
250 9.94 3.51 12.33 4.30 9.28 3.41
275 10.29 3.96 12.68 4.82 9.68 3.79
300 10.71 4.34 13.44 5.32 9.86 4.15

Table Ill. calculated lamellar thicknesses (s) daraction of the annealing temperatures for U, M
and O.
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Figure 9. L growth trend according to the annealregtment temperature for U, M and O

The results indicate that annealing increasedaimellar thickness of all polymer formulations. The
lamellar thickness followed the same growth trebdewsved for the overall crystallinity, indicating
that the annealing treatment induce a morphologittatation via lamellar thickening. It must be
noted that the lamellar thickening observed usiAXS did not translate into higher peak melting
temperature in the DSC experiments. This is likde to the high sensitivity of SAXS showing
less than 3nm increase in thickness of lamellaenvdoenparing control and the highest annealing
temperature, which may not show statistically digant changes in the peak melting temperature
in DSC. However, SAXS did not show the emergencea afiscernible peak at high scattering
angles upon annealing demonstrating that scattevesg dominated by the original morphology,
except that the peak was shifted to a lower seagfesingle due to lamellar thickening, which
increases long period and thereby decreases tle @infpe scattering peak. This is also not entirel
surprising since the overall increase in crystajlicomparing control and the PEEK with the
highest annealing temperature showed less than i&éedce in crystallinity, and some of this
difference in crystallinity can be attributed tonlallar thickening, thereby masking the scattering
contributions of the newly formed thin lamellae dae@nnealing.

3.3 Mechanical properties
Data from the bending test (Figure 10) indicateghlyi significant differences depending upon the
reinforcement type. The mechanical resistance ab@posites was much higher than that of M,
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since PAN carbon fibers have higher mechanicahgtrecompared to pitch carbon fibers [59], as
well as higher flexural modulus, which means higbtfness of the resulting composite material
[41]. Conversely, the resulting bending strengtthefU was significantly lower, due to the absence

of reinforcements within the polymer.
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Figure 10. Static bending strength for sample Uarid O.

More interesting though was a significant rise lne tmechanical strength with the annealing
treatments. Flexural peak load increased by 12%JfMil unfilled PEEK) and M and by 9% for O
samples. In all cases, the variation in the resylthechanical properties indicates that there is a
strong correlation with the resulting crystallirentent. Ranging from the untreated material to that
annealed at 300°C, the flexural peak load incredsed1% (mean, p<0.005), regardless of the
material formulation. This result is particularlyna®uraging for the carbon fiber reinforced
materials, since the mechanical properties impreargnn a polymer matrix composite material is

largely due to the added reinforcement [59].

The same bending strength enhancement trend wasvelsfor unfilled and CFR reinforced
formulations, indicating that the failure mechanisnstatic flexion test was primarily related t@th
failure of the polymeric matrix. This can be alsmsidered as an indication of a good fiber-matrix
interaction in terms of interface adhesion of fftr the surrounding polymeric matrix.

The nanoindentation test gave further informatiam the elastic properties of the analyzed
materials. Figure 11 reports the reduced Elastidulus calculation. E* increased with the

annealing treatment for all PEEK and CFR PEEK fdatons.
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Figure 11. E* modulus for U, M and O at differenhaaling conditions.

O showed a slight increase in the elastic modulilb imcreasing annealing temperature: values
ranged from 5.9£1.2 to 6.7+0.6GPa for the as mokpetimen to the 300°C annealed CFR PEEK,
respectively. A similar result was observed forwhose E* varied from 5.8+1.3 to 6.5+0.6GPa for
the as molded specimen and the 300°C annealedAsreready observed for flexural strength, U
showed lower properties when compared to M and @ @Fmulations: E* varied from 5.2+0.3 to
5.5+0.1GPa for the untreated (as molded) and fer3®0°C annealed samples, respectively. The
rise in the calculated elastic modulus was linga0(001), in contrast to the observation for both
CFR PEEK formulations. Data scatter in CFR PEEK @ashowever was too high to provide
statistical significance in those measurementsth@rcontrary, U showed limited scatter in the data,
indicating that the source of scatter in the fillREEKs was likely the variability in fiber content,
interfacial adhesion or the difficulty in avoidanoksubsurface fibers during indentation. This is
reinforced by the fact that the variability in respive crystallinities was relatively low. In some
studies, differences in macroscopic properties eetwthe unreinforced polymer and the reinforced
material had been explained by transcrystallizaboaurring at the fiber matrix interface, which
has been proposed to be responsible for enhangsthltization [60], but this does not seem to be
the case here, given the limited differences irstatyinity. In this context, material hardness ntigh
have been influenced by the annealing treatmengs dceater extent in the fiber-matrix interface
region than within the bulk polymer. However, ngrsficant difference was observed in the two

CFR samples tested by comparing the calculatechBhe bulk region with the E* obtained from
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the fiber-matrix interface investigated areas, pldp also due to the increase in data scatter
depending on the proximity of subsurface fibersht® indentation and on the indenter penetration
area, despite having made indentation measuremeriseas where visible fibers were oriented
perpendicular to the polished surface, as indicateBigure 12. Nevertheless, these indentation
tests showed a significant increase in the redidadtic modulus for unfilled and filled PEEKS,

demonstrating modulus reinforcement due to thegmas of carbon fibers.

Figure 12. A), M indentations; B), O indentatioAs1 underlying fiber can be clearly discerned at
the center of O analyzed section.

4. Conclusion

This study demonstrated that the crystallinity amechanical properties of PEEK and CFR PEEK
varied significantly with the thermal history of ethpolymer. FTIR, WAXD and SAXS
measurements showed an increase in crystallinity ldpellar thickening with annealing
temperature. In addition, all the annealed sam@kigbited a secondary melting peak in the DSC
thermograms, whose position and intensity varieth whe annealing temperature, indicating the
growth of a population of thinner crystals upon eaiing.

Annealing was found to have an impact on PEEK aRR EEEK mechanical properties, indicating
that increase in crystallinity had a strengthengffigct in the presence of fiber reinforcement.
Further studies are needed to evaluate not onlgtttee, but also the dynamic properties of PEEK,
S0 as to obtain more information on its crystalcire and stability over time and/or in working
conditions, as well as on the role of the more dempsystem associated with fiber-matrix
interaction, which is essential to guide in the elegment of CFR-PEEK composites of high
strength and toughness.
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