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Introduction

Establishing a universal dry etching methodology
to unveil the nanoscale crystalline structure of
fiber reinforced thermoplastic composites via
scanning electron microscopy

Yuki Yoshida, (2 **° Chihiro Hamashige,® Aya Takenaka,” Yoshitomo Furushima, @
Masaru Nakada, (2 ° E. Billur Sevinis Ozbulut, © € Takashi Yamamoto® and
Boris Mizaikoff (224

This study aims at the establishment of a universally applicable etching methodology to unveil the nano-
scale crystalline structure of the matrix resin in fiber reinforced thermoplastic (FRTP) composites via scan-
ning electron microscopy (SEM). The crystalline structure hierarchically consists of crystalline texture,
spherulite and lamella. The details of these structures are key parameters to understand the relationship
with the mechanical properties of the material for the advancement. During previous studies, two novel
methodologies based on optical microscopy and micro-spectroscopy were developed via an innovative
polishing strategy enabling to process FRTPs at a thickness of a few micrometers. Thereby, comprehen-
sive information on both crystalline texture and spherulite was gained. A remaining challenge was the
characterization of nanometer-scale lamella, which may be accomplished via etching-SEM. However,
etching pretreatments are not commonly applied, as they require detailed knowledge, expertise on
selecting the appropriate etchant and conditioning to avoid structural degradation. In the present study, a
simple yet powerful strategy has been established based on plasma etching with a gas mixture comprising
oxygen and argon. Five types of major matrix resins (PBT, PA6, PPS, PEEK and PE) were processed, suc-
cessfully resulting in the distinct and universal exposure of the lamella topography by preferentially
removing amorphous polymer chains, yet, with negligible crystalline structural changes. Using the devel-
oped treatment routine, the formation of nanoscale transcrystalline structures from fiber surfaces was
notably unveiled. To complement this study, the relative etching rate of the amorphous zone with respect
to the lamella was determined numerically at the range of sub-nanometers per sec.

durability, etc." Especially, the lightweight characteristics and
the recyclability are noteworthy potentially contributing to a

Fiber reinforced thermoplastic (FRTP) composites are an
important industrial material with advantageous properties
such as high specific strength/stiffness, corrosion resistance,
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reduction in the emission of greenhouse gases and the realiz-
ation of circular economy strategies.> FRTPs are already used
in wide range of industrial fields including electronic, con-
struction, automotive, aerospace and future mobility.?
Nonetheless, vital research aiming at further enhancing and
controlling the material properties is still ongoing. One of the
most relevant aspects is to investigate the detailed crystalline
structure of the matrix resin to understand its correlation with
and influence on the mechanical properties of the FRTP.
Specifically, the primary effect on the interfacial forces
between matrix resin and fiber, and the secondary influence
on the interfacial strength between metals and matrix resins
or between resins after thermal welding is of substantial
interest.>® One of the key aspects of these studies is the
improvement of the material reliability and safety for automo-
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tive, aerospace and future mobility applications, whose market
is expected to grow with a more precise control and design of
the material properties from a fundamental chemical struc-
tural level. Major matrix resins used for FRTP composites are
semicrystalline polymers such as polybutylene terephthalate,
polyamide, polyphenylene sulfide, polyether ether ketone and
polyethylene.” These materials may form hierarchical crystal-
line structures consisting of three levels: (i) lamella, (ii) spheru-
lite and (iii) crystalline textures at an increasing order of scale
(lamella; usually at the scale of nm, spherulite; usually at the
scale of pm, crystalline textures; usually at the scale above
um).®° One of the most commonly applied techniques for the
analysis of the crystalline structure of polymer materials is
polarized optical microscopy (POM) next to etching-scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), micro-X-ray diffraction, Raman micro-spectroscopy and
infrared (IR) micro-spectroscopy.'®™*? Although POM is excep-
tionally useful due to its capability of visualizing both spheru-
lite and crystallizing textures, it was not commonly applied for
FRTP composites until recently, as suitable methods for the
preparation of thin sections that do not alter the material
structure was largely absent.’*'®> To address this problem, the
authors have introduced an innovative strategy and have for
the first time visualized the crystalline structure of the matrix
resin by observing prepared sections via POM, as recently
reported.'® Furthermore, the authors have established a novel
methodology enabling comprehensive, correlated and multi-
parametric crystalline structural characterization via cross-
referenceable polarized optical microscopic and micro-spectro-
scopic analysis strategy.'” The generic nature of the two meth-
odologies yielding inclusive structural information on both
spherulite and crystallizing textures not only advances and
accelerates research and development on FRTP composites,
but also establishes the basis for related future computational
simulations and material trouble shooting strategies.

A remaining challenge is the characterization of the nano-
meter-scale lamellar structure, which is equally relevant para-
meter to be investigated for the precise interpretation of the
mechanical properties of FRTPs, as the smallest crystalline
structural unit has primary influence. For example, a transcrys-
talline structure, ie., stacked lamellae nucleating from a
surface of a fiber may increase the interfacial strength between
the resin and the fiber.'® Likewise, it has been shown that the
formation of a lamellar structure bridging across a thermally
welded interface is usually characterized by an increased inter-
facial strength vs. a discontinuous structure along a welding
interface, which the latter occurs if the viscosity of the resins
were not sufficiently lowered during the welding process."®
Last but not least, the lamellar size distribution may signifi-
cantly influence the tensile strength.?® In principle, POM,
Raman and IR micro-spectroscopies may achieve lateral spatial
resolutions at the sub-micrometer scale, which is insufficient
for characterizing smaller structures.

A potential promising method at the nanometer-scale is
etching-SEM, which is performed by a combination of etching
pretreatment and subsequently applied conventional SEM ana-
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lysis. Conventional SEM uses an electron beam with a kinetic
energy of approx. 1-20 keV as the scanning source for imaging
soft materials. Upon irradiation of a targeting sample, col-
lisions of the electrons occur with the atoms constituting the
sample, ie., repetitive energy dissipations of the electrons
within the material via scattering probabilistically results in
the ejection of electrons from their orbitals around the atomic
nuclei. These electrons are dissipated, e.g., by filling vacant
orbitals or accumulated in the material as negative charges if
not mitigated via potential electronic paths. Electrons ejected
in the vicinity of the outermost surface may be emitted from
the material surface by overcoming the binding energy of the
material. These electrons are termed ‘secondary electrons’
with an emission depth within approx. 10 nm from the surface
due to the low energy level (<50 eV).>' The emittance is also
affected by the surface shape, e.g., a curved surface may emit
larger numbers of secondary electrons per area vs. a flat
surface, a phenomenon called ‘edge effect’. Thus, collecting
secondary electrons provide information on the surface rough-
ness with a sensitivity of a few nm. The formation of lamella
structures at the surface of a material is accompanied by a
surface roughness determined by the distribution of the
lamella and the neighboring amorphous zones.?* If the order
of magnitude of that roughness is small with respect to the
resolution of SEM analysis or if a prepared cross-section is tar-
geted for the assessment of lamellar structure, an etching pre-
treatment step is needed to magnify the features and to unveil
the topography of the crystalline structure. Etching techniques
are primarily categorized into two types: (i) wet etching, i.e., a
targeted material is immersed into a chemical solution and (ii)
dry etching, i.e., a targeted material is exposed to a plasma or
an etching gas.*® Literatures demonstrating the remarkable
effects of suitable etchants are exemplified, e.g., etching of
polyethylene by orthophosphoric acid, sulfuric acid, etc.,>*
polypropylene by xylene, benzene, etc.,'® polyamide 66 by
nitric acid,?® poly aryl ether ketone by permanganic chemical,
etc.,”® polyethylene by oxygen or nitrogen plasma,>” polypropyl-
ene as well as polyethylene terephthalate by argon or/and
oxygen plasma,*® etc. However, etching-SEM is not commonly
applied to date, as the process is complex and requires
advanced knowledge and expertise for tailoring the etching
conditions for each specific sample to avoid structural degra-
dation. Resulting, there is no generic methodology established
for appropriate etching of FRTP composites prior to SEM
analysis.

It should be noted that an alternative method to analyze
the nanoscale structures of polymer materials is TEM;
however, when it comes to FRTP composites, TEM studies are
challenging due to the lack of suitable sample preparation
methods to obtain a thin section (<100 nm) facilitating the
transmission of electrons.'® Mechanical thinning methods
such as ultra-microtoming unavoidably result in interfacial
delamination between the resin and the fiber besides potential
shrinkage and breakage effects. Conversely, focused ion beam
(FIB) milling may potentially modify the polymer crystalline
structure via irradiation with the ion beam.

Analyst, 2025, 150, 4714-4726 | 4715
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Consequently, the purpose of the present study was to
develop a novel universal etching methodology that is appli-
cable to any type of matrix resin, facilitating subsequent SEM
analysis to unveil nanoscale crystalline structures. Given its
potential universality to every type of matrix resin, which dis-
tinguishes the methodology from previously published etching
approaches, and its potential ability to suppress crystalline
structural deterioration during the treatment,”® plasma
etching techniques were adapted herein using a gas mixture of
25% oxygen (O,) and 75% argon (Ar). As the plasma genera-
tor,”® a commercially available system usually applied as a
plasma cleaner to eliminate organic contaminants from a
material surface prior to electron microscopy was used (for
details see the experimental section). It should be noted that
when it comes to etching treatment for discriminating
different types of polymers, e.g., visualization of the domain
distribution of polymer alloys for SEM, Collinson et al. success-
fully developed a universal methodology based on gas cluster
ion beams.*®

During the present study, five types of major matrix resins
categorized as engineering, super-engineering or commodity
polymers were prepared, and the plasma etching was applied
varying the duration time. Then, the acquired surface was mor-
phologically investigated by SEM referring to an image before
the treatment to inspect the etching effect; the average lamel-
lar thickness and the interlamellar spacing of each sample
before the treatment was supplementarily provided by small-
angle X-ray scattering (SAXS). Next, the magnitude of the
yielded roughness was determined by atomic force microscopy
(AFM), and the relative etching rate of the amorphous zone
with respect to lamella was quantified aiming at providing gen-
erally referable etching conditions. Finally, the novel estab-
lished methodology was demonstrated by applying to a cross-
section of a FRTP composite for nanometer-scale lamellar
structure characterization.

Experimental
O,/Ar plasma etching at major matrix resins

Five representative matrix resins of FRTP composites, i.e., poly-
butylene terephthalate (PBT), polyamide 6 (PA6), polypheny-

Table 1 Samples prepared for O,/Ar plasma etching
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lene sulfide (PPS), polyether ether ketone (PEEK) and poly-
ethylene (PE), were prepared. Each resin was fully melted and
re-crystallized during subsequent cooling and isothermal pro-
cesses, as summarized in Table 1, by differential scanning
calorimetry (DSC8500, PerkinElmer) with the sample weight of
approx. 10 mg in an aluminum pan without the lid supplying
nitrogen gas. The prepared specimens in cylindrical shape had
dimensions of approx. 5 mm in diameter and approx. 1 mm in
height and were collected from the pans with tweezers paying
attention to not cause any scratches at the surface.

In accordance with the conditions described by T.C.
Isabell et al. using the plasma generator (1020, Fischione
Instruments), this also suppresses the temperature elevation at
the outermost surface of the specimen.’® Etching was per-
formed at an operating gas pressure of 6.7 Pa locating the
specimen in the plasma-cleaning position at a distance of
100 mm from the center of the antenna coil operated at a
radio frequency of 13.56 MHz with a power of 80 W resulting
in inductively coupled ion energies of approx. 15 eV. It should
be noted that, conventionally, O, mainly induces chemical
reactions while inert Ar causes physical breakage via bombard-
ment; although the full mechanism of polymer etching is not
yet entirely understood due to the complexity of the plasma
state, the widely accepted process is that Ar ions break bonds
on polymer’s outermost surface, creating reactive sites.”*?” O,
radicals then react with these sites to form volatile gases, such
as carbon monoxide, which leave the surface, while Ar bom-
bardment enhances the removal by exposing more sites. It was
reported that the amorphous structure is etched faster than
the lamella, resulting in an increased surface roughness.”*?’
Such chemical and physical reactions may change the surface
temperature inducing crystallization, melting or degradation;
it was also reported that etching of representative polymers
such as amorphous polyethylene terephthalate (PET), semi-
crystalline PET or PE by O, plasma at a pressure of 75 Pa and
at a radio frequency of 27.12 MHz with a power of 200 W
without cooling system led to an elevation of the sample temp-
erature by approx. 100-200 °C.*® Consequently, the present
study cautiously paid attention to this aspect and selected the
plasma generator such that the electrodes are located outside
the plasma chamber, which facilitates low-temperature plasma
generation due to the weaker electric field and the lower

Resin  Manufacture Molecular weight Sample preparation: melt — ramp — isothermal Crystallinity
PBT  Toray Industries M, = 58600 g mol " M,/M, =2.3 At 280 °C — at 50 °C min~" — at 200 °C for 30 min 45%
(ref. 31)
PA6  Sigma-Aldrich M, =11100 g mol™* M,,/M,, = 3.5 At 270 °C — at 50 °C min~* — at 130 °C for 30 min 35%
PPS Scientific Polymer M, =10000 g mol™* At 350 °C — at 50 °C min~" — at 220 °C for 30 min 38%°
Products (ref. 32)
PEEK Victrex — At 400 °C — at 50 °C min~" — at 270 °C for 30 min 36%*
PE NBS Density 0.978 g cm™ at 23 °C, M,, = At 160 °C — at 50 °C min~" — at 120 °C for 15 min 79%

52000 g mol ™, M,/M, = 2.9(ref. 35)

M,: number of average molecular weight, M,,/M,: polydispersity. The heat of fusion of a perfect crystal, AH,, , to calculate the crystallinity was

referred to the ATHAS database established by Wunderlich.?®
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efficiency of energy transfer compared to electrodes located at
the inside of the chamber. At these conditions, O, may domi-
nate by chemical etching while suppressing the Ar bombard-
ment;*® an article of the manufacturer of the plasma generator
asserts negligible heating during the treatment.>® The absence
of significant morphological deterioration is demonstrated in
the following.

After etching, the bottom of the treated specimen was
attached onto a silicon substrate via carbon tape (7322,
NISSHIN EM) ensuring electrical conductivity. SEM studies
(Gemini FE-SEM Merlin, Carl Zeiss) were performed without
the coating by electrically conductive metal in order not to
affect the surface roughness at an accelerating voltage <1 keV
and at a working distance <4 mm. At these conditions, the
absence of observable morphological deterioration owing to
the exposure to the electron beam was confirmed. The mor-
phology of the sample surfaces was imaged before and after
the etching treatment. Supplementarily, SAXS measurements
were performed to quantify the average lamellar thickness of
the initial specimen supporting the interpretation of the
morphologies obtained via SEM; the specimen after the
treatment was not analyzed, as X-rays penetrate the sample,
i.e., the measurement does not selectively provide infor-
mation on the outermost surface exposed to the etching
treatment. SAXS measurement was performed using a beam-
line of a synchrotron radiation facility at the BLO8B2 of
SPring-8. A monochromatic X-ray at a wavelength of 0.1 nm
was used to irradiate the specimen positioned at 2370 mm
from the 2D detector (Pilatus 1M, Dectris). The SAXS inten-
sity profiles were analyzed to evaluate the lamellar thickness
and the long period using the extrapolation procedures
developed by Strobl et al.*® (note: the subtraction of the
lamellar thickness from the long period provides the interla-
mellar spacing).

Additionally, an amorphous PET was prepared by quench-
ing the molten resin (M, = 30000 g mol™*, M,/M,, = 2). The
resin was heated at 300 °C for 1 min supplying nitrogen gas,
and then manually immersed into a liquid nitrogen bath.
Subsequently, the sample surface was brushed gently by twee-
zers at room temperature (23 °C) to add tiny scratches at the
surface. The DSC measurement at the heating rate of 10 °C
min~" with the sample weight of approx. 10 mg confirmed
that the prepared specimen has a crystallinity of approx. 0-1%
with the glass transition and cold crystallization temperatures
of 75 °C and 140 °C, respectively. Followingly, the sample
underwent the same etching treatment with a duration of 10 s,
and the surface morphologies were investigated by SEM to
check the potential degradation (note: conventionally, PBT has
a faster crystallization rate than PET, thus, amorphous PBT
with a crystallinity of approx. 0-1% could not be prepared at
adequate amounts for these experiments).

Quantification of the relative etching rate of amorphous zone
with respect to lamella

The surface roughness confirmed by SEM investigation was
quantified by AFM (Dimension FastScan Bio, Bruker). The
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specimens before and after the etching treatment were fixed
on a silicon wafer by a resin, and the topography was scanned
by tapping mode with the scan rate of 0.5 Hz using a silicon
cantilever along a line in the length of approx. 200 nm. The
setup achieves the lateral spatial resolution of approx. 3-5 nm
and the height resolution of approx. 0.1 nm. The line measure-
ments were performed three times alternating the measure-
ment areas arbitrary. The obtained line profiles are interpreted
such that each local maximum point corresponds to a lamellar
surface and the neighboring local minimum points accord to
amorphous surface. The difference in height between the local
maximum point and the line passing through the two neigh-
boring local minimum points was determined and the average
number was calculated from 20 lamellae before the etching
treatment and subtracted from that after the treatment. This
results in the relative etching rate of the amorphous zone with
respect to the lamella.

Results and discussion

O,/Ar plasma etching at major matrix resins

Fig. 1(a) shows the SEM image of the initial PBT, i.e., before
the etching treatment. It is confirmed that some areas are
characterized by a certain roughness, while other areas appear
to be relatively flat. Fig. 1(b) provides a magnified image, and
the morphology indicates that the roughness is resulting from
spherulites, as exemplarily indicated by dotted blue lines. The
diameter of the spherulite is approx. 2 pm and the shape is
categorized as ‘sheaf-like structure’.’® The radial lamellae
developing from the nucleus appear to have a thickness of
approx. 5-10 nm, as marked by arrows in light blue,*" which
was estimated by image analysis (Image], National Institutes of
Health). Meanwhile, the existence of the secondary lamellar
structure growing perpendicularly from the radial lamellae, so-
called cross-hatched lamella,*" is not evident.

The SAXS measurement provided the average lamellar
thickness and the average interlamellar spacing of the PBT as
4 nm and 8 nm, respectively, as briefly summarized in Fig. 2.
The finding that the spectroscopic data correlates well with the
morphological characteristics confirms the interpretation of
the SEM images. In Fig. 1(b), the minimal surface roughness
at the relatively flat area suggests the existence of spherulitic
and lamellar structures.

Fig. 1(c)—(f) show the SEM images of PBT after the etching
treatment with a duration of 5 s and 10 s. The images reveal
that the etching led to the surface morphology resulting from
the lamellar structures to be evidently more distinctive with
increased duration at areas with some evident roughness. This
further substantiates the existence of spherulitic and lamellar
structures at relatively flat areas. A further confirmation
derives from the enhancement of the difference in height
between the radial lamellar structures and the neighboring
zones. Indeed, the brighter contrast along the radial lamellae
after the etching treatment is an edge effect indicating that the
radial lamellar edge became increasingly sharpened by the

Analyst, 2025, 150, 4714-4726 | 4717
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Fig. 1 SEM images of (a and b) initial PBT, showing spherulitic and lamellar structures, and SEM images after the plasma etching treatment with a
duration of (c and d) 5 s and (e and f) 10 s, each with a corresponding higher magnification.
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(b) Electron density correlation functions

(c) Lamellar structural parameters
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Fig. 2 Lamellar thicknesses and interlamellar spacings of PBT, PA6, PPS, PEEK and PE acquired by SAXS measurement. The SAXS data were listed in

(a), and the electron density correlation functions obtained from the data by following the procedure developed by Strobl et a

1.3 were given in (b).

The lamellar thickness and the long period were visualized in (c), and the interlamellar spacing was calculated as denoted in the parentheses.

elimination of the neighboring areas, which are assigned to
amorphous polymer chains. Besides, it was noticed that after
the treatment the surface was covered by small particles with a
diameter of few tens of nanometers or below, as indicated in
Fig. 1(d) and (f). These particles most likely derive from
etching byproducts comprising fragments of cleaved polymer

4718 | Analyst, 2025, 150, 4714-4726

chains, which at the same time evidences the occurrence of
scissoring and removal of polymer chains during the
treatment.

Fig. 3(a) and (b) show the SEM images of amorphous PET
with a crystallinity of approx. 0-1% prior to the etching treat-
ment, whereas Fig. 3(c) and (d) provide images after the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 SEM images of amorphous PET (crystallinity of approx. 0—1%): (a and b) before the etching treatment and (c and d) after the etching treat-
ment, each with a corresponding higher magnification. For reference, SEM images after 600 s of treatment are also provided in (e and f).

etching treatment with a duration of 10 s. Both materials evi-
dence a flat surface along with the intentionally added
scratches and particles resulting from initial contaminations
consistent with the amorphous state. There is no significant
morphological difference between the samples except the
number of small particles presumably assigned to etching
byproducts. Thereby, it is successfully demonstrated that, at
the selected etching conditions, no significant crystalline
structural change owing to the increase in temperature was
induced. Additionally, the retention of the morphology of the
scratches rules out the possibility that PET had fully molten
during the treatment and then rapidly cooled off without the
formation of lamellar structures. Based on the cold crystalliza-
tion temperature of amorphous PET identified as 140 °C, the
temperature rise during the etching treatment is estimated to
be <140 °C avoiding cold crystallization. Thus, it is reasonable
to conclude that a similar behavior applies to most FRTP
matrix resins without a concern of crystal structural change, as
these have similar first-order structures likewise undergoing
exothermic reactions. It is noteworthy that even commodity
polymers such as PE or polypropylene should not change the
crystalline structure, as the degree of crystallinity remains
almost saturated during storage at room temperature.
However, an excessive duration of the etching treatment may
elevate the temperature beyond a critical threshold. For refer-
ence, SEM images of amorphous PET after 600 s of the treat-
ment were also provided in Fig. 3(e) and (f). There is no mor-

This journal is © The Royal Society of Chemistry 2025

phology indicating the formation of crystalline structures,
which leads to an estimation that the treatment can be contin-
ued at least for 10 min without excessive temperature
elevation. However, the remarkable number of the smaller par-
ticles, presumably assigned to etching byproducts, may hinder
the investigation if a sample with crystalline structures is
targeted.

Fig. 4, 5, 6 and 7 show SEM images before and after the
etching treatment of PA6, PPS, PEEK and PE. It is unambigu-
ously confirmed that the treatment commonly made the
spherulitic and the lamellar structures more apparent by shar-
pening the spherulitic and lamellar edges. Considering the
variety of the polymers analyzed in this study ranging from
commodity to super-engineering plastics, the same etching
treatment should be applicable to other types of polymers
such as polyamide 66, polyurethane, polyethyleneimine or
polypropylene, as these do not have significantly different first-
order structures. Therefore, it appears that the established
etching conditions facilitate the generic utility of the method
preventing the misinterpretations of subsequently acquired
analytical data.

The spherulites of both PA6 and PE appear to have sheaf-
like structure. The thickness of the radial lamellae of the PE is
estimated at approx. 10-20 nm and appears thicker vs. PA6,
which has a thickness of approx. 5-10 nm; the same trend is
evident in the SAXS data. Concurrently, PPS and PEEK see-
mingly have dendritic spherulites with a thickness of the

Analyst, 2025, 150, 4714-4726 | 4719
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Fig. 4 SEM images of (a and b) initial PA6, and those after the plasma etching treatment with a duration of (c and d) 10 s and (e and f) 20 s, each
with a corresponding higher magnification.
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with a corresponding higher magnification.
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radial lamellae at approx. 5-10 nm. There are also some cross-
hatched lamellar structures evident (marked by pink arrows),
which became apparent via the etching treatment.

Quantification of the relative etching rate of amorphous zone
with respect to lamella

AFM studies were performed only on PA6 and PPS samples, as
the other samples exhibited significant non-uniformity in
surface roughness along the plane direction, as revealed by the
SEM images. Fig. 8(a)-(d) depict exemplary line profiles of PA6
and PPS before and after the etching treatment, wherein the
horizontal and vertical axes correspond to the position along
the measurement line and the height, respectively. The calcu-
lated relative etching rates of the amorphous zone with respect
to the lamella are visualized in Fig. 8(e). It is confirmed that
both relative etching rates are in the range of sub-nanometers
per sec. The finding that the etching rates are on the same
order of magnitude when comparing PA6, i.e., an engineering
plastic, and PPS, ie., a super-engineering plastic, suggests a
similar etching duration is applicable for the visualization of
nanometer-scale crystalline structure of other polymers. A
detailed investigation may reveal a slight difference in the
etching rates, which may result from the differences in their
chemical structures as reported for the absolute etching rates
of different polymers (note: for example, aliphatic hydrocarbon
polymers were evidenced to etch faster than aromatic hydro-
carbon polymers in O, plasma).”® However, such minor differ-
ences are unlikely to cause significant difficulty in determining
the appropriate etching duration time. Most FRTP matrix
resins in industrial applications have a lamellar thickness of
approx. 5 to 50 nm, as confirmed in the present study. Thus,
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etching with a duration of tens of seconds, translating into a
relative etching depth of a few nanometers, should effectively
work.

Last but not least, the developed methodology was briefly
demonstrated for a cross-section of a FRTP composite. As a
sample, a glass fiber reinforced PBT (GF/PBT) injection
molded plate with the fiber volume content of 30% was pre-
pared (supplied from Toray Comms Nagoya Co., Ltd). The
plate had dimensions of 80 x 80 x 3 mm (length x width x
thickness), whereby the mold was injected from a film gate
along an edge, as illustrated in Fig. 9(a). The plate was cut at
the center and the cross-section along the mold flow direction
was prepared by conventional mechanical polishing, first with
silicon carbide sandpaper and then with a polycrystalline
diamond suspension (for details see ref. 16). In addition, a
thin section was prepared with a thickness of 5 pm at the
same area following the procedure previously developed by our
research team."® A polarized optical microscopy image is given
in Fig. 9(b) and confirmed the presence of spherulites and
characteristic areas with a white contrast around the fibers
derived from smaller units with needle-like shape.

Fig. 9(c) shows the SEM image of the cross-section prepared
by conventional mechanical polishing. The left side corres-
ponds to a GF, and the right side is PBT; the scratches and the
roughness are attributed to the polishing procedure using par-
ticles. It was noticed that the interface between the GF and the
PBT was delaminated, which probably occurred due to shear
stress during the coarse polishing process. Also, the edge
effect on the rim of the GF is a typical feature which is una-
voidably accompanying mechanical polishing due to the differ-
ence of the hardness between the resin and the fiber. The
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Fig. 8 Exemplary AFM line profiles of PA6 (a) before and (b) after the etching treatment, and those of PPS (c) before and (d) after the treatment. The
acquired relative etching rate of the amorphous zone with respect to lamella was plotted in (e).
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Fig. 9 Morphologies of GF/PBT cross-section. The schematic of the plate sample is shown in (a), and the polarized optical microscopy image
obtained at the core area is presented in (b). The SEM image of the cross-section prepared by conventional mechanical polishing is provided in (c),
while that after the etching treatment with a duration of 10 s is shown in (d). Similarly, the SEM images of the cross-section prepared by cryo-broad

ion beam milling are presented in (e) and (f).

surface of the matrix resin shows no specific topography
attributed to the crystalline structures. On the contrary,
Fig. 9(d) shows the SEM image after the etching treatment
with the duration of 10 s (note: the difference in the curva-
ture of the GF is due to the fiber orientation formed by non-
uniform shear stress during the injection molding process,
as referred in our previous paper'®). The morphology suc-
cessfully confirms the existence of lamellar structures.
Notably, the growth of the transcrystalline structures from
the surface of the GF was observed unveiling the nature of
the needle-like structures found by POM. It is noteworthy
that the transcrystals appear to remain bonded to the surface
of the GF, while the neighboring amorphous areas are
unbonded. This behavior aligns well with previous reports
that a transcrystalline structure nucleating from the surface
of a fiber can increase the interfacial strength between the
resin and the fiber.'®*

Besides, another cross-section was prepared by cryo-based
ion beam milling (IB-19520CCP, JEOL) aiming at the suppres-
sion of the delamination. The sample underwent exposure to
an Ar ion beam with an ion acceleration voltage at 4.5 kV at a
beam width of 500 pm and at —100 °C for 10 hours with the
milling angle of zero relative to the targeting cross-sectional
plane. The obtained morphology shows no detectable delami-
nation, as illustrated in Fig. 9(e) and achieved a perfectly flat

This journal is © The Royal Society of Chemistry 2025

surface in absence of any abrasive particles. On the other
hand, the lamellar topography after the etching treatment
became indistinct, as derived from Fig. 9(f). This may be
attributed to the scissoring of polymer chains during the ion
beam milling that may have caused significant amorphization
of the lamellae.*>**

In summary, the methodology established in the present
study enables the characterization of nanometer-scale crystal-
line structures of FRTP composites in a straightforward and
generic approach. Although the method requires a plasma
cleaner and consumables such as the gas mixture, the treat-
ment cost is comparable to traditional dry or wet etching, as
these methods also require a plasma cleaner or a draft venti-
lation system with consumables; the universality, its simplicity
of the procedure, and the lower hazard due to the absence of
chemicals will facilitate broader application.

Conclusions

The present study aimed at developing a universal etching
methodology that is applicable to any type of matrix resin of
FRTP composites facilitating subsequent SEM analysis to
unveil nanometer-scale lamellar structures. The analyses of
five exemplary major matrix resins (i.e., PBT, PA6, PPS, PEEK
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and PE) before and after plasma etching with an optimized
gas mixture of 25% O, and 75% Ar confirmed that the etching
procedure generically facilitates the enhancement of the differ-
entiation between lamellae and the neighboring amorphous
zones without causing significant -crystalline structural
changes. In addition, AFM studies yielded the relative etching
rate of the amorphous zone with respect to the lamella at the
sub-nanometer per sec level. Considering the variety of poly-
mers analyzed in this study ranging from commodity to super-
engineering plastics, it is evident that the developed etching
routine universally applies to a wide range of polymers such as
PET, polyurethane, PA66, polyethyleneimine or polypropylene,
as these do not have significantly different first-order struc-
tures. The generic nature of this strategy will conventionalize
the application of dry etching-SEM for studying nanoscale crys-
talline structures of FRTP composites. For the further advance-
ment, we attempt to develop the mechanical polishing pro-
cedures as a pretreatment prior to the etching, aiming to sup-
press the delamination between the fiber and the resin, also
assess the degree of the damage on the crystalline structure by
cryo-broad ion beam milling.

In a wider context, our research team has now established
three innovative methodologies enabling the comprehensive
characterization of the hierarchical crystalline structures com-
prising crystalline textures, spherulites and lamella of FRTP
composites. These strategies complementarily give access to
the dimensional scale ranging from millimeters to nanometers
providing essential crystalline structural information for the
detailed interpretation of the relationship with the mechanical
properties of the materials. These routines facilitate the com-
prehensive analytical characterization of FRTP materials
leading to precise design and control of the material
properties.

Last but not least, if FRTP matrix resins which the etching
methodology doesn’t work emerge, the authors will expand
the innovative polishing strategy devised for the preparation of
thin sections of FRTP composites in the thickness of a few
micrometers toward sample preparation of ultrathin sections
below 100 nm for TEM applications, which has not been
achieved ideally for FRTP composites to date due to the
absence of a suitable sample preparation method especially at
the interface between the fiber and the resin.
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