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Nanoindentation (NI) and atomic force microscopy (AFM) nanoindentation, coupled with polarized light mi-
croscopy (PLM), were used to determine the nano-/micromechanical behavior of the amorphous regions and
individual crystalline structures, both spherulites and transcrystalline (TC) layers, in PEEK samples containing
few carbon fibers. To this aim, thin model samples with a controlled thickness were manufactured to allow both
microstructure characterization in transmission mode and indentation tests without substrate effects. Surface

roughness of the model samples was carefully minimized to get reliable and low dispersion from indentation
experiments. The artefacts and sources of uncertainty of performing indentation experiments on thin polymer
films containing some fibers are also discussed. The AFM nanoindentation added value is the possibility of
evaluating the mechanical behavior of crystalline structures at the nanoscale, for the determination of me-
chanical behavior heterogeneities at the intra-spherulitic and intra-transcrystalline scale.

1. Introduction

Although the relationship between microstructure and properties of
semi-crystalline thermoplastics in the context of fiber-reinforced com-
posites has been the subject of extensive researches for many years,
several questions remain unresolved in particular regarding the local
heterogeneous mechanical behavior of the interfiber zone as a function
of the matrix microstructure. However, this is a key information to guide
the optimization of the composite properties but also for the establish-
ment of more predictive multiscale models which requires at the lowest
length scale a good understanding of the polymer matrix mechanical
response. The matrix microstructure is directly linked to the thermal
cycles experienced by the composite part during manufacturing.

Today, nano- and microscale characterization techniques can be
mobilized to unravel the mechanisms of deformation and fracture at the
scale of the interfiber zones. For example, different experimental
methods have been developed to determine the strength of the matrix/
fiber interface such as single fiber fragmentation test [1], the
micro-droplet test [2], the single fiber pull-out test [3] and the fiber

push-in or push-out tests [4,5]. In addition, a nano-digital image cor-
relation (DIC) method has recently been proposed in order to directly
characterize the strain field at the constituent scale during mechanical
testing [6]. Finally, indentation methods such as performed with a
nanoindenter (NI) and an atomic force microscope (AFM) using me-
chanical modes are used to determine the (visco-)elastic and (visco-)
plastic properties at the micro- and nanoscale of polymers in bulk form
[7-10], or in-situ when used as matrix in composites [11,12], and/or to
identify the presence of potential interphases at the composite fiber/-
matrix interfaces [12-16]. The mechanical properties are interrogated
by indenting the surface of the material at a predefined load with tips of
various dimensions. The nanoindenter tips can have a radius of few
hundreds of nanometers up to several tens of micrometers [17]. The
AFM tips have a smaller tip radius ranging from few nanometers up to
some tens of nanometers [17], allowing the identification of the me-
chanical properties at a smaller length scale but with more potential
experimental bias.

For instance, nanoindentation experiments performed on semi-
crystalline polymers and matrices aimed at linking mechanical
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properties with the degree of crystallinity [9,10,18], at capturing the
gradient of mechanical behavior across sample thickness [18-20], at
identifying the potential improvement of the mechanical behavior when
adding reinforcing elements in the matrix [21] and/or at the identifi-
cation of a potential interphase at the fiber/matrix interface of com-
posites [21,22]. Some studies already used nanoindentation in bulk
polymers to directly relate the morphology of individual crystalline
entities (spherulitic or non-spherulitic structure) with their mechanical
behavior using nanoindentation [23]. The identification of individual
crystalline entities was possible using an optical microscope by
revealing the crystalline morphology via chemical etching [23] or by
re-melting and re-crystallizing the previously polished sample [24] or
using polarized light microscopy for thin films (thickness between 8 and
150 pm) [25]. The topography of the samples surface was analyzed
using AFM to verify that the surface roughness was sufficiently smooth
to extract reliable results from nanoindentation experiment [25]. The
test samples were not systematically polished prior to indentation since
polishing erases a layer of material, destroys the polymer microstructure
and induces hardening of the near surface region [10]. For example, it
was shown that, in the particular case of PEEK, polishing can lead to an
overestimation of the hardness by up to 10 % at low indentation depths
(<200 nm) [10]. Although nanoindentation has been used since the
2000’s to characterize composite materials [18], past studies mainly
focused on amorphous polymers and matrix [12,26,27]. To the authors’
knowledge, in the case of semi-crystalline composites, no studies were
conducted to correlate the morphology of individual crystalline entities
within the interfiber zone with their mechanical behavior.

Several advanced AFM techniques using mechanical mode are
increasingly used as a nanoindentation tool to measure the nano-
mechanical properties of surfaces. However, only few studies applied
these methods to semi-crystalline polymers in order to investigate the
correlation between morphology and nanomechanical properties of
crystalline entities (spherulitic and non-spherulitic structure) [28-30].
Among these studies, AFM nanoindentation has gained attention since
both morphology and mechanical properties at the nanometer scale can
be characterized simultaneously. The elastic modulus can be quantita-
tively estimated [31,32] by applying a selected load using the AFM
cantilever-tip assembly and analyzing the recorded force-displacement
curve with suitable models. AFM nanoindentation can potentially pro-
vide the mechanical properties of a single nanophase surrounded by a
homogeneous material when performing indentation at low loads and
penetration depths [33]. In the past, AFM nanoindentation has been
used to determine the mechanical behavior of polymers, biomaterials,
composite and composite interfaces [34-42].

According to literature, both nanoindentation and AFM using me-
chanical modes were mainly applied on bulk polymers. However, pre-
vious nanoindentation experiments [43,44] highlighted that the
properties of the matrix differ from the bulk polymer, possibly due to
differences arising in the thermal history, molecular structure and/or
residual stress distribution [11,12,43-46]. In particular, in some
semi-crystalline systems (PEEK/CF, ...), the molecular structure of the
matrix differs from the one of the bulk polymers as a result of the
nucleation and growth of transcrystalline (TC) layers. “Trans-
crystallization” is the development of a highly oriented crystalline
morphology at the fiber/matrix interface, and to the authors’ knowl-
edge, no direct local information is available regarding the influence of
these TC layers on the mechanical behavior of the interfiber zone. The
determination of the link between the matrix microstructure and the
mechanical behavior of the interfiber zone should therefore be deter-
mined in-situ. Yet, commercial composites contain a large fiber volume
fraction (>50 %) hindering the characterization of the microstructure in
the interfiber zones with conventional microscopy. The characterization
of the microstructure of the matrix is crucial to understand the link
between processing conditions and mechanical properties of the matrix.

Given the lack of in-situ characterization of the mechanical behavior
of the interfiber zone of semi-crystalline composites and the difficulties
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of characterizing the matrix microstructure with optical microscopy in
these zones, the goal of this study has been to set up a methodology
based on classical nanoindentation and AFM nanoindentation and on a
novel type of model samples that contains only a few fibers. The main
advantage of testing model samples is the combined identification of
individual polymer crystalline structures developed in the presence of
fibers and determination of the nano- and micro-mechanical behavior of
these crystalline structures using nanoindentation experiments.

The PEEK/CF system, commonly used in aerospace applications, was
selected for this study as a well-known and technologically relevant
semi-crystalline composite in which crystalline structures can develop at
the fiber/matrix interface (i.e. TC layers) under specific conditions
[47-50]. First, the microstructure of the model samples was determined
by polarized light microscopy (PLM) in transmission light mode. PLM
enabled the observation of the morphologies of different
semi-crystalline polymers with and without fibers [48,51,52]. In a sec-
ond step, PLM images were used to guide the indentation experiments
(nanoindentation (NI) and atomic force microscopy in nanoindentation
mode (AFM-NI)). Attention has been paid to control the thickness of the
samples. Microstructure characterization with the transmission light
mode requires a sample thickness relatively small but not too small in
order to avoid substrate effects during indentation experiments (i.e. NI
and AFM-NI). The low level of surface roughness of model samples was
also verified to evaluate the reliability of nanoindentation experiments.
The originality of this work resides in combining these “academic”
model test specimens with advanced nanomechanical methods to
investigate the local response of interfiber zones in PEEK/CF
composites.

2. Materials and methods
2.1. Manufacturing of model test specimens

PEEK/CF model systems have been manufactured from PEEK pellets
(KetaSpire® KT-880 NT) and carbon fibers (HexTow® AS4D 12K from
Hexcel) supplied by Syensqo.

The model samples were produced as highlighted in Fig. 1. Each
manufacturing step was completed as quickly as possible to avoid
degradation of the polymer at high temperature (i.e. up to 400 °C).

First, ~100 mg of PEEK powder obtained after pellets grinding
(Pulverisette 14, Fritsch) was spread on a glass slide. The glass slide
covered by PEEK powder was then heated at 400 °C on a hot plate
(Ceran™, Gestigkeit Harry™ 4A) to melt the PEEK powder. The thick-
ness of the sample was further reduced by sliding neat glass slides on the
one covered by melted PEEK. Dozens of carbon fibers with a length of
~1 cm were then placed above the melted PEEK. The impregnation of
fibers by PEEK was ensured by applying pressure by adding an upper
glass slide.

The model samples were then cooled down to room temperature, re-
melted at 400 °C to erase the thermal history and eventually isother-
mally crystallized on a heating plate (FP90 Central Processor and FP82
hot stage, Mettler Toledo) at high temperature (300 °C, 15 min) for
generating large TC layers [49].

Finally, the upper glass slide (resp. lower glass slide) was carefully
withdrawn from the sample before mechanical testing to access the
upper surface (resp. back surface) of the model sample. A release agent
(Loctite frekot 700 NC) was added on the withdrawn glass slides to
easily remove it and access the samples without damage.

Next to model samples, a polished sample of PEEK was manufactured
from the same PEEK pellets as the ones used for model sample produc-
tion. The sample was first cut from a PEEK plate produced by injection
molding (FANUC, Roboshot, S-2000i150A) and then thermally treated (i.
e. quenched in a mold) before polishing. The polishing step was per-
formed on a semi-automatic MultiPrep Precision Polishing System (Al-
lied High Tech Products, Inc., CA, USA) with diamond lapping films
coated with fixed particles of decreasing sizes (Allied High Tech
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Fig. 1. Processing of model samples: manufacturing (a) and thermal treatment (b).

Products, Inc., CA, USA) going down to 0.25 pm.
2.2. Optical microscopy

The microstructure of the model samples was characterized by
polarized light microscopy (PLM) in transmission light mode (Olympus
AX70 light microscope) and micrographs were taken using the camera of
a basic cellular phone through the lens. The regions of interest (i.e.
where large TC layers were observed) were highlighted in the sample.
Since observations in transmission light mode provides a sort of inte-
grated view across the thickness of the samples, the presence of crys-
talline structures at the sample surface was verified prior to mechanical
testing with the optical microscopes adapted in the NI and AFM in-
struments working in reflected light mode.

2.3. Nanoindentation

Nanoindentation (Agilent G200 nanoindenter) was performed using
a Berkovich diamond tip with a half-opening angle of 65.3° and a Dy-
namic Contact Module (DCM II) head. The indentation tests were per-
formed to determine mechanical properties (i.e. hardness and modulus)
at different indentation depths, using the same settings as a recently
published NI study on a thermoplastic polymer [12]. The tests were
performed at a strain rate of 0.05 s using the continuous stiffness
measurement (CSM) mode at a frequency of 75 Hz and with a harmonic
displacement of 1 nm. The load at the maximum indentation depth (i.e.
300 nm) was maintained for 10 s to minimize the viscoelastic effects
during unloading. The indentation elastic modulus (E) and hardness (H)
values were computed by the KLA NanoSuite software (version 6.54.0)
based on the Oliver and Pharr method [53]. Nanoindentation was per-
formed only on the upper surface of the model samples.

2.4. Atomic force microscopy in nanoindentation mode (AFM-NI)

AFM (Dimension Icon multimode AFM, Bruker Corp., USA) was
performed in PeakForce Tapping mode with quantitative nano-
mechanical mapping (PFT-QNM) using a precalibrated ADAMA NM
probe with a conical diamond tip. The cantilever spring constant,
nominal tip radius and half-opening angle were 178 N m™!, 13.14 nm
and 45.1° respectively. The calibration of the system (detector sensi-
tivities) was performed on sapphire prior each session of analyses.

AFM images were acquired in PFT mode with the following settings:
Peak Force setpoint = 100 nN, PF frequency = 1 kHz, PF amplitude = 30
nm. Scan rates between 0.15 and 0.5 line/s were used depending on the
image size.

Since only few studies report the use of AFM-NI on polymers, a

parametric study was performed on a polished PEEK sample to deter-
mine the ideal experimental parameters. To this aim, indentations were
performed with different maximum indentation loads (1, 2, 5 and 10 pN)
and holding times (0, 1, 2, 5, 10 and 20 s). The maximum load was
maintained for a given time before unloading to minimize the visco-
elastic effects on the measurement of the mechanical properties (i.e.
elastic modulus and hardness). The loading and unloading frequency
were 1 Hz.

AFM-NI experiments were then performed on the upper and back
surfaces of model samples. First, images were acquired in PFT mode.
Based on these images, indentations curves were then recorded across
spherulites and along lines perpendicular to fibers.

Finally, the data were processed and analyzed using home-made
routines developed on Igor Pro (Wavemetrics). The force-distance
curves were analyzed using the Oliver and Pharr model. The fit of the
unloading curve was performed between 20 % and 98 % of the
maximum load, as recommended in Refs. [54,55].

3. Results
3.1. Morphology of interfiber PEEK

A typical micrograph of the microstructure of PEEK within model

Amorphous
phase

Fig. 2. Polarized light microscopy (PLM) image in transmission light mode of
the model carbon fiber-reinforced PEEK sample revealing close to a fiber (in
black) the three typical morphologies: “amorphous” phase, bulk spherulite and
transcrystalline (TC) layer.
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samples obtained by PLM in transmission light mode is shown in Fig. 2.
Three different zones are identified by PLM: highly birefringent zones
corresponding respectively to spherulites grown in the bulk and to
transcrystalline layers grown from the fibers, and a non-birefringent
zone where PEEK is expected to be amorphous or, at least, weakly
crystallized. In the remaining, these zones will be referred as “spheru-
lite”, “TC layer” and “amorphous phase”, respectively.

3.2. Nanoindentation of interfiber region

Fig. 3 shows (a) a topographic image obtained by AFM of an NI
indent performed close to a fiber (i.e. in a TC layer) and (b) two line
profiles measured across the indent. In Fig. 3(c) (resp. (d)) the NI curves
of the evolution of the elastic modulus (E) (resp. the hardness (H)) as a
function of the indentation depth (h) is presented for the amorphous
phase, bulk spherulites and TC layers of the upper surface model sam-
ples. Indents were performed in several spherulites and TC layers in
order to generate a sufficiently large number of data. The topographic
image in Fig. 3(a) and the corresponding profiles (Fig. 3(b)) show no
noticeable pile-up around the indent suggesting that the Oliver and
Pharr model is appropriate for the analysis.

In Fig. 3(c) and (d), the dots and the error bars correspond, respec-
tively, to the average values and the standard deviations of the values
measured at 10 nm penetration depth. For all indentation depths, the TC
layers exhibit mean values of E and H larger than for bulk spherulites.
The amorphous phase involves the lowest levels of stiffness and hard-
ness. At an indentation depth of 150 nm, the E (respectively H) values of
the transcrystalline layers are ~ 30 % higher (resp. ~15 %) compared to
spherulites which are themselves ~35 % (resp. ~ 90 %) higher
compared to the amorphous phase.

Large standard deviations on E and H values are found at all inden-
tation depths for the crystalline structures (i.e. spherulites and TC
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layers). The high values of E and H obtained at low indentation depths
(<100 nm) can be explained by the inaccurate calibration of the tip area
at small indentation depths and/or by the switch from the deformation
mode of a sphere (due to tip rounding) to a pyramid [56] and/or by the
presence of a thin surface layer of PEEK with higher mechanical
behavior. Substrate effects (continuous increase of E/H values with h)
start affecting some results from an indentation depth of 150 nm in the
amorphous phase and TC layers curves of Fig. 3(c).

3.3. Atomic force microscopy

The results from the AFM indentation tests on the polished sample of
PEEK are summarized in Fig. 4. Fig. 4(a) presents a topographic image of
the indents produced under different maximum loads (1-10 pN from left
to right) and increasing surface hold times (0-20 s from top to bottom).
Fig. 4(b) shows the topographic profiles of the indent performed with
Pnax = 5 PN and to)q = 10 s (parameters selected for testing the model
samples). Both the topographic image and the profiles, do not reveal a
clear pile-up around the indents, indicating that the Oliver and Pharr
(O&P) model is suitable for the analysis. Fig. 4(c) shows the evolution of
E and H obtained by fitting the unloading curves with the O&P model
with the surface hold time and at the different maximum loads.

The values of E and H corresponding to the maximum indentation
load tend to stabilize for a holding time of 10 s. In addition, the highest
the value of the maximum load, the lowest the variation with the
holding time of E and H.

Fig. 5 gathers topographic images - (a), (c) and (e) - and the values of
the elastic modulus and hardness from the AFM-NI tests along the lines
drawn on the corresponding images. Both images and results generated
on the upper surface of the model sample (Fig. 5(a and b)) and on its
back surface (Fig. 5(c-f)) are presented.

The evolution of the mechanical properties across spherulites and the
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Fig. 3. (a) Atomic force microscopy (AFM) micrograph of an indent produced by the nanoindenter (NI) inside a transcrystalline (TC) layer and (b) height profiles
along the orange and blue lines drawn in (a). Variation of (c) the elastic modulus E and (d) the hardness H as a function of indentation depth h as determined by NI for

the amorphous phase, bulk spherulites and TC layers of model test samples.
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amorphous phase/spherulite interface is given in Fig. 5(b) and (d),
respectively. Fig. 5(f) focuses on the evolution of the mechanical prop-
erties through a TC layer and the amorphous phase/TC layer interface.
The RMS (root mean square) roughness measured on each topographic
image in Fig. 5 is respectively equal to (a) 31 nm, (c) 2.6 nm and (e) 6.3
nm, highlighting that the roughness of the back-surface is lower than at
the upper-surface.

The elastic modulus and hardness measurements on a spherulite on
the upper surface (Fig. 5(b)) are more dispersed than the ones on a
spherulite on the back surface (Fig. 5(d)). The standard deviation
associated to the elastic modulus measured on the upper surface is equal
to 0.9 GPa and is reduced to 0.3 GPa on the back surface. Regarding the
hardness values, the standard deviations are respectively equal to 193
MPa and 48 MPa.

The elastic modulus and hardness measured in a spherulite and TC
layer are larger than the ones measured in the amorphous phase (Fig. 5
(d) and (f)). The mean value of E (resp. H) in the spherulite is ~24 %
(resp. 16 %) higher than the one in the surrounding amorphous phase,
while the mean value of E (resp. H) in the TC layer is ~30 % (resp. 32 %)
higher than in the amorphous phase. The mechanical properties of the
TC layer measured very close to the fiber (~1 pm distance) do not seem
to be impacted by the proximity of the fiber in view of the similarity of
the values of E and H determined further away from the fiber (Fig. 5(f)).

It is worth noticing that the values of E and H obtained by AFM-NI on
the upper surface are larger than the ones coming from the back-surface.

4. Discussion
4.1. On the model test specimens

The manufacturing of model samples containing only few fibers
enabled the characterization of the microstructure of PEEK in the
presence of carbon fibers by polarized light microscopy (PLM) and the
identification of the different morphologies (Fig. 2), which is hindered
by the high fiber volume fraction in standard composites. Since the
observations rely on transmission light mode, a sufficiently small sample
thickness is required to distinctly reveal the microstructure. However,
the sample thickness should not be too small to avoid substrate effects
during indentation experiments (see Section 4.3, factor 2). Data gener-
ated on model samples cannot be simply translated as such to the
composite level for several reasons addressed in Section 4.4. In addition,
other ways to easily remove the glass slide from the model samples
should be considered in the future to avoid the use of a release agent
which may impact the crystallization of the polymer and the mechanical
properties measured at the surface of the specimen.

4.2. On “classical”-NI versus AFM-NI

In order to determine the optimum parameters for AFM-NI analyses,
experiments were first performed on a polished pure PEEK sample.
Based on the results of these tests, the selected maximum load and
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interface (back-surface).

surface hold time were respectively 5 pN and 10 s since larger loads give
smaller dispersion on the measured properties. The maximum load was
limited to 5 puN because, with the cantilever used in this study, the
photodetector response became non-linear above ~6 pN. As shown in
Fig. 4(c), the values of the elastic modulus and hardness did not
significantly vary for surface hold times larger than 10 s.

The main results obtained by “classical”-NI (or simply “NI”) and
AFM-NI on the different PEEK morphologies (i.e. amorphous phase,
spherulite and TC layers) are given in Fig. 3 et 5 respectively. The added
value of AFM-NI is the possibility to probe very locally the mechanical
properties of the crystalline structures (Fig. 5), i.e. at the scale of a few
lamellae, highlighting a gradient of mechanical properties within crys-
talline structures in accordance with what was published in Ref. [57],
and very close to the fiber (~1 pm distance) without being impacted by
the latter (Fig. 5(e and f)).

Fig. 6 summarizes the mean values of (a) E, (b) H and (c) the ratio H/
E measured by NI and AFM-NI (on the back-surface) in the different
PEEK morphologies. For NI, the data were taken at an indentation depth
of 150 nm to avoid both surface and substrate effects (see point 4.3,
factors 2). Only the data from the AFM-NI tests on the back-surface were
considered here since the values obtained on the upper surface might be
overestimated due to a potential contamination of the tip prior to/dur-
ing testing. The represented data correspond to the mean values ob-
tained in each PEEK morphologies on a series of AFM images taken on

the back-surface. The measurements from AFM-NI tests are semi-
quantitative due in particular to the challenge of accurately deter-
mining the tip shape [24]. The values obtained during the parametric
study on the quenched and polished sample of PEEK are also presented
for comparison.

The TC layer exhibits the largest E and H, followed by the spherulite
and then the amorphous phase. The values obtained by AFM-NI in the
TC layer do not follow the trend which is potentially explained by the
local higher surface roughness of the TC layer (6.3 nm) compared to the
spherulite (2.6 nm) which can affect the measurements. The differences
in mechanical properties measured in the three PEEK morphologies may
be explained by the variation in the degree of crystallinity. A deeper
analysis of the link with the degree of crystallinity is left to further
studies. In Fig. 6(c), the values of H/E obtained by both indentation
techniques indicate that the level of elastic deformation is almost con-
stant and that the plastic response of PEEK is very much connected to the
elastic stiffness, proving the very good consistency between results. The
H/E ratio from NI tests are similar to those observed in past studies [10]
while the ones obtained from AFM-NI are slightly lower [58]. Finally,
the mechanical behavior measured by AFM-NI of the quenched PEEK
bulk sample is similar to the one of the amorphous phase in model
sample.
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Fig. 6. (a) Elastic modulus (E), (b) hardness (H) and (c) H/E ratio measured by nanoindentation (NI) (corresponding to a depth of 150 nm) and atomic force mi-
croscopy nanoindentation (AFM-NI) (on the back surface) in the amorphous phase, bulk spherulites and transcrystalline (TC) layers of model test specimens; the
values measured on quenched bulk PEEK specimens during the parametric study of the AFM-NI tests are also added for comparison (dashed line).

4.3. Artefacts and sources of uncertainty

Figs. 3 and 5 highlight that both “classical”-NI and AFM-NI are
suitable methods to evaluate the local mechanical properties (i.e. E and
H) on the proposed model specimens and to characterize the variations
of mechanical behavior in different PEEK morphologies.

However, several factors must be considered and well controlled in
order to generate reliable results from indentation experiments; surface
roughness, sample thickness and fiber proximity must be carefully
considered. Fig. 7 shows a schematic drawing representing the length
scale of these parameters as compared to usual dimensions of spherulites
and TC layers, while the tip size for both NI and AFM-NI are also rep-
resented. Note that the spherulite is not represented as a perfect
spherical structure due to the predominant two-dimensional growth
within thin polymer films [52].

Factor 1: Surface roughness. The presence of large standard de-
viations on the elastic modulus and on the hardness could be explained

by a possible variation of mechanical properties within crystalline
structures. However, the surface roughness also affects the dispersion in
the measurements. Minimizing the surface roughness is a key factor to
get reliable elastic modulus and hardness measurements, especially
when using AFM. ISO standard recommends a roughness smaller than 5
% of the maximum indentation depth, hpayx [54].

As observed in Fig. 5, the E and H measurements in a spherulite on
the upper surface show a higher dispersion than the ones obtained for a
spherulite indented from the back-surface, which may be explained by
the lower surface roughness of the latter (2.6 vs 31 nm). The roughness
of the back-surface is lower thanks to the better contact of the polymer
film with the lower glass slide during the manufacturing process. The
roughness of the upper surface is also influenced by the semi-free or-
ganization of the lamellae within crystalline structures. In both cases,
hmax varied between 60 and 90 nm. The ISO recommendation [54] was
thus met on the back surface but not on the upper one, where the
roughness is of the same order of magnitude as the indentation depth.

NI AFM-NI
v ~
G : Case 3
ase
Amorphous Y m Case 2 I g
phase Y r~

Glass slide

Fig. 7. Schematic summarizing the different factors affecting the values obtained by indentation (i.e. nanoindentation (NI) and atomic force microscopy nano-
indentation (AFM-NI)) in thin model samples. The probed volume under an indent is represented as a red bubble.
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Obtaining a sufficiently smooth surface roughness on the back surface of
model samples without any polishing step is convenient to avoid any
alteration of the indented regions. Additionally, the upper surface
roughness may also explain the large standard deviations in the mea-
surement of the mechanical properties of crystalline structures with NI
(Fig. 3).

Factor 2: Sample thickness. The specimen thickness should be low
enough to enable the characterization of the PEEK microstructure with
PLM in transmission light mode but not too thin to avoid substrate ef-
fects during nanoindentation testing. This typically requires working
within a thickness window between a couple of micrometers and 10 pm.
This is a range of thickness commensurate with typical fiber diameters.
As reported in the literature [59], the sample thickness should be at least
10 times larger than hy,« to avoid any substrate effect, indicating that a
sample should be at least 3 pm thick when indenting up to hpay of 300
nm. The one fiber thickness of the sample therefore leads to the
appropriate thickness to avoid substrate effects. However, despite an
average film thickness in line with the minimum requirements, the lack
of true thickness control during the manufacturing process led to vari-
ations across the samples, and hence to local values falling below the
aforementioned threshold. As a result, several NI results revealed the
influence of the substrate before reaching hn,x, as displayed in Fig. 3(b).
Substrate effects could be detected in the NI curves (continuous increase
of E (H) with h) corresponding to the amorphous phase and TC layers
from an indentation depth of ~150 nm. As a result, the mechanical
properties that would be measured beyond this indentation depth
cannot be considered as material properties.

Factor 3: Fiber proximity. The proximity of stiff carbon fibers when
indenting the TC layers may lead to an overestimation of both E and H
[13,60]. In NI tests, the indents were therefore made far enough (i.e.
~10 pm) from the fiber to avoid any influence on the measurements.
Indeed, FE simulations of nanoindentation tests have shown that the
indentation response is no longer influenced by the presence of the fiber
when x/h > 30 [12], where x is the distance between the indenter tip
and the closest fiber and h is the penetration depth. The selection of an
indentation depth of 300 nm therefore hinders the possibility to probe
the mechanical properties of the TC layers at distances smaller than 9 pm
from the fiber. In AFM-NI, the small tip radius coupled with the lower
load enable to measure E and H with lower indentation depths, giving
access to the mechanical properties in the TC layers up to very close
distances from the fiber (~1 pm or less) without any influence on the
results, as shown in Fig. 5(e and f). It is therefore possible with AFM-NI
to determine the nanomechanical behavior heterogeneities across the
thickness of TC layers.

4.4. Transfer to bulk composite behavior

Extra steps are needed to make use of the data gathered in this study
to quantitatively determine the links between the microstructure and
mechanical behavior of the interfiber zone of composites, and from
there, move to the bulk composite level. Several elements are worth
commenting.

- First, the dimensions and organization of the crystalline structures
are different in the model samples compared to bulk composites. This
is due to the predominant two-dimensional growth of the spherulites
within thin polymer films [52] versus the 3D confined growth in
composites. The spherulites in the model samples do not exhibit a
perfect spherical structure. In addition, due to the smaller interfiber
distance in the composite, the development of large crystalline
structures as in the model samples is impossible.

The large volume fraction of carbon fibers in real bulk composite
influences the thermal cycles experienced by the matrix. The inter-
fiber distances being larger in model samples, the large thermal
conductivity of carbon fibers potentially only influences the thermal
cycles experienced by the matrix very close to the fibers while in the
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composite, the same is true for the whole matrix due to the small
interfiber distance. Model samples and composites processed in the
same conditions might therefore involve different degrees of
crystallinity.

The differences in the thermal expansion coefficients between the
carbon fibers and PEEK can lead to large levels of residual stresses in
the composite. These residual stresses may influence the crystalli-
zation of the matrix and the mechanical behavior of the interfiber
zone.

It is important to consider heterogeneities at different scales within
thicker (~ few mm) composite parts for modeling. First, due to the
poor thermal conductivity of PEEK, the thermal cycles experienced
by the matrix differs in the core and the edges of the sample, leading
to a gradient of degree of crystallinity and microstructure along the
sample thickness. In addition, the heterogenous distribution of fibers
within the composite leads to the development of different micro-
structures within the interfiber zones of different dimensions. A
combination of TC layers and spherulites might be present in large
interfiber zones while smaller interfiber regions might significantly
restrict crystallization outside of TC layers. Finally, the formation of
TC layers at the fiber/matrix interface is influenced by additional
parameters that vary locally (pressure, cooling rate, nature of the
fiber/matrix system, ...[61-63]) and it cannot therefore be assumed
that, in thermal conditions that favor the development of TC layers,
the latter is present at each fiber/matrix interface in simulations.

5. Conclusion

The use of polarized light microscopy (PLM) in transmission light
mode combined with indentation methods (i.e. NI and AFM-NI) on thin
PEEK/CF model samples has proven effective to determine the micro-
structure and local mechanical behavior of the different morphologies
that are encountered in the matrix of PEEK/CF composites.

PLM allows the direct observation of the microstructure of thin PEEK
films in the presence of fibers to determine regions of interest for
indentation experiments, i.e. “classical”-NI and AFM-NI. Both NI and
AFM-NI experiments provide quantitative data regarding the local
elastic modulus and hardness of the different PEEK morphologies
observed in PLM micrographs. “Classical”-NI showed that, at an
indentation depth of 150 nm, the elastic modulus (respectively hard-
ness) of the transcrystalline layers is ~30 % higher (resp. ~15 %)
compared to spherulites which are themselves ~35 % (resp. ~ 90 %)
stiffer compared to the amorphous phase. AFM-NI also highlighted the
larger elastic modulus and hardness in a spherulite and TC layer with a
mean elastic modulus (resp. hardness) ~24 % (resp. 16 %) and ~30 %
(resp. 32 %) higher than in the surrounding amorphous phase. In order
to avoid measurement artefacts, the model specimen must meet several
criteria which involve: i) a small surface roughness compared to the
maximum indentation depth and ii) a sufficient thickness (ideally ~
5-10 pm) to avoid substrate effects, but low enough to characterize the
microstructure in transmission light mode. Despite a more stringent
surface roughness requirement, the added value of AFM-NI compared to
“classical”-NI is its capacity of indenting very locally thanks to a small
tip radius around a few tens of nanometers and to the low applied load
on the order of few uN. In AFM-NI, the volume of material probed under
the tip is much smaller than in NI, hence significantly reducing the in-
fluence of the close environment, i.e. glass substrate and carbon fibers,
on the measurements and enabling the determination of mechanical
behavior in TC layers in the vicinity of the fibers, and to perform enough
indentations in the zones of interest to ensure the representativity of the
results.

The main contribution of this work is to directly correlate the
microstructure owing to PLM with advanced nano/micro-mechanical
characterization techniques (NI and AFM-NI) on the PEEK/CF system
in order to determine the local mechanical behavior of PEEK away from
(~few tens of pm) or close to (~1 pm) the fiber without being impacted
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by the latter.
The main perspectives of this study are the following:

- The investigation of other routes for easily removing the glass slide
from the model samples to avoid the use of a release agent which
may impact the crystallization of the polymer and the near surface
mechanical properties measured by indentation techniques. If the
use of release agent remains the best option, it would be interesting
to study its potential influence on the mechanical behavior.

The study of nano-/micromechanical response of a series of crys-
talline morphologies, potentially grown at different temperatures,
identified from PLM images (i.e. spherulites and TC layers) in order
to determine potential differences in elastic modulus and hardness
values between and within these crystalline structures.

The application of the approach to deal with ageing effects that will
be very much accelerated owing to the small thickness of the ideal
samples proposed in this study.
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