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Abstract The skin-core morphology and the crystallinity in aramid fibers critically influence their mechanical properties. In this study, Kevlar 29
and Kevlar 49 fibers were embedded in epoxy and cut along the longitudinal direction, and the cross-sections were characterized by using confo-
cal Raman spectroscopy. The degrees of crystallinity in the skin and the core regions were determined quantitatively, and the crystallinity profiles
along the radial direction were obtained for both fibers. The results showed that the crystallinity at the fiber surface was relatively low, which in-
creased quickly into the fiber and approached a higher plateau value at the fiber center. The Kevlar 49 exhibited a steeper increase in the skin re-
gion than Kevlar 29, and a more uniform distribution in the core region with a higher degree of crystallinity.
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INTRODUCTION

Poly(p-phenylene terephthalamide) (PPTA) fibers have attract-
ed considerable attention owing to their outstanding mechani-
cal properties, including high tensile strength, high modulus,
and excellent impact.!'! Commercial aramid fibers such as
Kevlar and Twaron exhibit high strength-to-weight ratios and
excellent toughness. Consequently, they are widely used in bal-
listic armor, aerospace structures, and transportation compos-
itest*! constituting critical reinforcement materials in modern
defense and strategic engineering systems.[®”!

PPTA fibers are produced by dry-jet wet spinning, which re-
sults in a highly oriented molecular structure.l® This process-
ing route often leads to the formation of a skin-core structure,
a common heterogeneous feature of high-performance
fibers.”] The structural characteristics of the skin-core region
affect the energy absorption and crack propagation during
tensile deformation, thus influencing the overall mechanical
behavior of the fibers.l'-121 For this reason, the skin-core
structure of PPTA fibers has been investigated using different
characterization methods. Dobb et al. studied Kevlar 49 by
transmission electron microscopy (TEM) and electron diffrac-
tion and showed that there was a difference in the banded
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structure between the surface and the interior of the fiber.l'3]
Morgan and Steele characterized PPTA fibers by scanning
electron microscopy (SEM) and found that the outer region of
the fibers was relatively dense and highly oriented, while the
interior appeared less compact, suggesting the presence of
skin-core heterogeneity based on crack-propagation experi-
ment results.>'4 Li et al. observed brittle-fractured Kevlar 29
fibers using SEM and identified pronounced differences be-
tween the skin and core regions along the fracture plane.l'!
These results obtained from the study of the skin-core struc-
ture come from the direct observation of the fiber morpholo-
gy, and the skin thickness obtained depends very much on
the experimental techniques used. Further work is necessary
to understand this skin-core structure both quantitatively and
at the molecular level.[6]

Experimental studies have shown that for PPTA fibers, both
the elastic modulus and elongation at break, two essential
mechanical properties, are dependent on crystallinity.l'”]
Therefore, crystallinity control during fiber preparation and
processing plays an important role in determining fiber per-
formance in advanced applications.l'8! Roenbeck et al. ex-
posed the internal cross-sections of several types of Kevlar
fibers by focused ion beam (FIB) notching and observed by
atomic force microscopy (AFM) mapping that the transverse
stiffness of the cortex region was lower than that of the core;
they attributed this contrast to a non-uniform crystallinity dis-
tribution.l'2201 Chabi et al. revealed the skin-core structure of
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Kevlar 29 fiber by SEM, assessed the local mechanical proper-
ties of the fiber using nanoindentation, and reported higher
stiffness in the core than in the skin, thereby inferring lower
crystallinity in the skin region.2% In contrast, Li et al. analyzed
the effects of solution dispersion and coagulation bath on the
fiber formation process and concluded that the skin layer
possesses a higher degree of crystallinity than the core.l2' Re-
cently, Liu et al. performed synchrotron wide-angle X-ray
scattering (WAXS) line-scanning on Kevlar 29 and reported
that the crystallinity of the skin layer was lower than that of
the core.22

Confocal Raman spectroscopy is a nondestructive optical
technique with several key advantages, including rapid data
acquisition, minimal sample preparation, and high spatial res-
olution. These features make it particularly well suited for
probing the crystallinity of single fibers and localized microre-
gions. For example, Laramee et al. studied electrospun
poly(ethylene terephthalate) (PET) nanofibers using polar-
ized confocal Raman spectroscopy and determined the
molecular orientation and degree of crystallinity within the
fibers collected, which helped clarify the effect of the collec-
tor on the internal structure of the electrospun fibers.[3] Shar-
ma et al. visualized the crystallinity distribution by Raman
mapping across the cross-section of PET monofilaments and
PET-polyamide 6 (PA6) composite fibers, revealing a pro-
nounced skin-core structure.*! Recently, Sun et al. demon-
strated analyses of degree of crystallinityl’® and molecular
orientation?®! in individual PPTA fibers by confocal Raman
spectroscopy with excellent agreement with that measured
by WAXD. These studies indicate that confocal Raman spec-
troscopy can not only assess polymer crystallinity with accu-
racy, but also resolve spatially heterogeneous structures with-
in fibers.

In this study, the skin-core structures of Kevlar 29 and
Kevlar 49 fibers were investigated using confocal Raman
spectroscopy. The results showed that the crystalline fraction
in the core was higher than that in the skin in both cases, with
a distinct radial crystallinity distribution.

EXPERIMENTAL

Materials

The two PPTA specimens examined were commercially avail-
able Kevlar 29 and Kevlar 49 fibers produced by DuPont, which
were used as received without further treatment.

Sample Preparation

Individual fibers carefully straightened and aligned roughly par-
allel to each other were embedded in epoxy resin (SPI-Pon 812)
and cut along the axial direction at room temperature using a
diamond knife (DIATOME cryo 35°) on an ultramicrotome (RMC
Boeckeler PT-PC). Thin sections of approximately 500—-1000 nm
thickness were collected and transferred onto a polished silicon
wafer substrate for subsequent analyses.

Characterization

Spectra were acquired using a LabRAM HR 800 spectrometer
(HORIBA) coupled with an Olympus BX 41 optical microscope in
backscattering geometry with an excitation wavelength of 633
nm from a He-Ne laser operating at a power of 1.8 mW. The
laser beam was focused onto the sample surface using a 100x

objective lens with a numerical aperture of 0.9. Both confocal
pinhole and slit widths were set to 20 ym. Raman signals were
dispersed using a 600 g/mm grating and were recorded using a
CCD camera. No discernible photothermal effects or irreversible
spectral changes were observed during these measurements.
The spectra were processed using OMNIC 8.2 software. To elimi-
nate background contributions arising from fluorescence, poly-
nomial baseline correction was applied to all spectra.

RESULTS AND DISCUSSION

Fig. 1 shows the Raman spectra of both the Kevlar 29 and Kevlar
49 fibers in the range of 600—1800 cm~'. The two spectra are al-
most identical, exhibiting the characteristic bands of PPTA.
Specifically, the band at 1280 cm™ is assigned to coupled N—H
bending, C—N stretching, and C—C stretching vibrations; the
peak at 1332 cm™ originates from ring C—H bending com-
bined with aromatic C—C stretching; and the most prominent
band at 1610 cm™ corresponds to aromatic ring C—C stretch-
ing vibration.” In addition, the medium-intensity C=0
stretching vibration (amide | band) appears at approximately
1650 cm™', which is highly sensitive to crystallinity and is re-
garded as one of the most important structural markers for dis-
tinguishing the crystalline and amorphous phases in PPTA
fibers.”728! Previous studies have established that PPTA crystal-
lization is promoted only when the C=0 groups in the poly-
mer chain adopt a trans conformation and are coplanar with the
adjacent benzene rings, thereby enabling efficient chain pack-
ing.>°=3" Based on this structural model, Sun et al. deconvolut-
ed the amide | band into multiple components for different
conformations and developed a Raman-based quantitative
method for determining the crystallinity of individual PPTA
fibers.l'8 This method also allows the assessment of local crys-
tallinity variations within a single fiber.

Kevlar 49

Kevlar 29

600 800 1000 1200 1400 1600 1800

Raman shift (cm_1)

Fig. 1 Raman spectra of Kevlar 29 and Kevlar 49 fibers in the
600—1800 cm™! region.

Because of the strong scattering and absorption of the ex-
citation light by the PPTA fiber, direct analysis of the core re-
gion by focusing the laser inside the fiber produced poor-
quality Raman spectra with low signal intensities. Therefore,
the fibers were embedded in epoxy resin and cut along the
axial direction via ultramicrotomy to produce longitudinal
cross-sections of the fibers.l'd) We employed longitudinal
cross-sections instead of lateral ones so that the Raman ex-
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perimental geometry was consistent with that in the crys-
tallinity quantitation method established,!'® as illustrated in
Fig. S2 (in the electronic supplementary information, ESI). This
is important because the excitation laser is polarized and the
PPTA chains are not randomly oriented. As a result, the Ra-
man spectra acquired from the longitudinal cross-section
match well with those from the fiber, whereas the spectra
from the lateral cross-section are different and the quantita-
tion method established in Ref. [18] is not applicable. From
the optical images shown in Fig. 2, longitudinal sections of
the Kevlar fibers are clearly observed, the width of which is
approximately 13—15 pm, which corresponds to the diame-
ter of the fibers, and the boundary between the epoxy resin
and the aramid fiber is clearly distinguishable. This well-de-
fined morphology facilitates reliable Raman spectral acquisi-
tion from both the skin and core regions of the fiber.

R

__ Hm

Fig. 2 (a, b) Optical microscopy images of longitudinal sections of
Kevlar fibers embedded in epoxy resin. The color circles in (b) mark
the positions where spectra in Fig. 3 are acquired.

Previous studies have revealed that the thickness of the
skin layer of Kevlar fibers is typically in the range of 0.1-1
Mm.B1 The lateral spatial resolution of confocal Raman spec-
troscopy can be estimated based on the Rayleigh diffraction
limit as dyy = 0.61A/NA, where A is the excitation wavelength
and NA is the numerical aperture of the objective lens.?]
Thus, the lateral spatial resolution achieved using the 100x
objective (NA ca. 0.9) and 633 nm excitation laser was on the
order of about 1 um. In practical measurements, instrumen-
tal adjustments made to achieve an acceptable spectral quali-
ty, such as confocal pinhole size, focus conditions, and signal-
to-noise optimization, can significantly influence the actual
probing volume. Consequently, the effective lateral resolu-
tion in the measurements was approximately 2 um, which is
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significantly larger than the reported skin-layer thickness.
Owing to this instrumental limitation, we were not able to di-
rectly target the skin layer for spectral acquisition. Instead, Ra-
man spectra were acquired stepwise from the surrounding
epoxy resin region toward the fiber region (Fig. 2b). By ana-
lyzing the intensity evolution of the Raman bands characteris-
tic of PPTA in comparison with that of the resin, the proximity
of the measurement position to the fiber skin layer could be
inferred. As shown in Fig. 3(a), the spectrum (blue trace) col-
lected in the matrix region far from the fiber matches that of
the epoxy, dominated by a strong band at ca. 1450 cm-! as-
signed to the methylene bending vibration, and the carbonyl
stretching of the ester groups at ca. 1700—1780 cm~1.133341 No
PPTA features are observed. As the laser focal spot gradually
approaches the fiber, peaks characteristic of PPTA, in particu-
lar the aromatic ring C—C stretching bands at 1610 and 1518
cm-!, begin to emerge in the resin-dominated spectra, indi-
cating the contribution from the skin region of the fiber. The
PPTA features become progressively more intense, and when
the laser focal spot moves within the fiber (black trace), the
epoxy characteristics at 1450 and 1740 cm~' completely dis-
appear, and the spectrum matches that of PPTA shown in Fig.
1. The spectra for the skin layer were then obtained by sub-
tracting the epoxy contribution from the spectra recorded at
the perimeter of the fiber (Fig. 3b). The resin-specific band at
1740 cm~' was selected as the reference peak for subtraction,
as no PPTA-related Raman band was present in this region.
The subtraction process was considered complete when the
intensity of the 1740 cm~" band was reduced to zero, yielding
a resin-free Raman spectrum for the skin layer. Consistent re-
sults were obtained using a different subtraction protocol
(Fig. S3 and Table S1 in ESI), thereby indicating the validity
and robustness of the proposed method. The amide | band is
not distorted during this process (Fig. S4 and Table S2 in ESI)
and is suitable for subsequent crystallinity analysis.

The crystallinity-sensitive amide-I regions of the spectra ob-
tained for the skin and core regions of Kevlar 29 are com-
pared in Fig. 4(a). A subtle shift in the position of the band at
approximately 1650 cm™' is observed for the skin region to-
ward higher wavenumbers relative to that of the core region.
This shift is more discernible in Fig. S5 (in ESI), which shows
multiple spectra collected from different skin and core re-
gions. It has been reported that the amide | bands for the

b Epoxy band
/

Epoxy band

1400 1500 1600 1700 1800

Raman shift (cmq)

Fig.3 (a) Raman spectra acquired at different positions marked by colored circles in Fig. 2(b). (b) Subtraction of the epoxy contribution (blue) from

the mixed spectrum (orange) yields the spectrum for the skin layer (red).
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Fig.4 Comparison of Raman spectra between skin (blue) and core (red) regions of (a) Kevlar 29 and (b) Kevlar 49 fibers.

amorphous and crystalline phases are located at 1652 and
1648 cm!, respectively,l'8271 so this peak shift to higher
wavenumbers suggests lower crystallinity’] in the skin re-
gion. To verify this finding, the degrees of crystallinity in both
the skin and core of Kevlar 29 were extracted from their Ra-
man spectra using the method developed by Sun et al.l'8]
Briefly, the amide | band at about 1650 cm~! was deconvolut-
ed into three sub-bands located at approximately 1633, 1649,
and 1662 cm-!, assigned to cis, in-plane trans and out-of-
plane trans conformations, respectively (Fig. 5), and the crys-
tallinity was derived using the following equation:!'é]

X = (heao = hes2)/(he3s + leas + hes2) (M
where X is the degree of crystallinity, and / is the intensity (area)
of the sub-band.

1

1649 cm’ —— Experimental spectrum

—— Fitted spectrum

1662 cm™'

1620 1640 1660 1680 1700
Raman shift (cmq)

Fig. 5 Schematic illustration of the deconvolution of the amide |
band into three components.

To increase the reliability of the experiment, three distinct
positions were selected from one fiber for both the skin and
core regions, and three spectra were collected at each posi-
tion, producing nine replicate spectra for each region. The av-
erage degree of crystallinity determined for the center region
(the bulk part of the fiber) was 62.1%+1.7%, which is in good
agreement with the literature value for Kevlar 29 fibers.22 In
contrast, the crystallinity in the skin region was 54.4%+2.5%,
which was significantly lower than that in the core. Thus, both
the qualitative observation based on the amide | band posi-
tion and the quantitative analysis result demonstrate that the
crystallinity at the fiber center is higher than that at the edge,

providing clear evidence for the skin-core heterogeneity in
aramid fibers.[22]

To further elucidate the crystallinity distribution in the radi-
al direction, a line-scan analysis was performed, where Ra-
man spectra were acquired along the radial direction from
the perimeter region toward the fiber center at a step size of
200-500 nm, and the spectra were then processed as de-
scribed above. It should be emphasized again that the spatial
resolution was 2 pm, indicating a significant overlap in the
sampling volume between neighboring points. The line-scan
measurements were performed at three different locations
on the same fiber, and the averages are reported. Fig. 6(a)
shows the degree of crystallinity derived from the Raman
spectra as a function of the radial position for Kevlar 29. We
see that the crystallinity at the fiber surface is rather low at ca.
50%, which rises quickly to just below 60% in the first several
steps, and then continues to increase slowly to ca. 63% at the
fiber center.

The Raman analysis results clearly revealed a heteroge-
neous distribution in crystallinity along the radial direction in
the Kevlar 29 fiber, with the skin region significantly less crys-
talline than the core, exhibiting a pronounced gradient. This
distinct morphological feature can be rationally interpreted
based on the formation mechanism of the aramid fibers re-
ported previously.l' During the fiber spinning process, PPTA
chains in the skin region experience higher shear stress and
hence attain a higher degree of orientation than that in the
core,l'%36 however, in the subsequent coagulation stage, the
skin region undergoes rapid cooling, effectively “freezing” the
highly oriented molecular structure formed during
spinning.[>3%1 As a result, the chain ends are randomly dis-
tributed, disrupting the formation of extended-chain crystals
of PPTA.l In contrast, the core region retains a longer relax-
ation time, allowing more extensive molecular chain rear-
rangement and solvent-coagulant exchange; thus, the ionic
chain ends, driven by both electrostatic interactions and ster-
ic factors, can aggregate within planes perpendicular to the
fiber axis, leading to a higher degree of crystallinity.l3¢]

The same analysis was applied to the Kevlar 49 fiber. Fig.
4(b) displays the amide | region of the Raman spectra for the
skin and core of the fiber, which shows a more pronounced
peak position shift between the two than that for Kevlar 29,
implying a greater crystallinity difference between the sur-
face and the interior in Kevlar 49. This is confirmed by the ra-
dial crystallinity distribution profile shown in Fig. 6(b). Com-
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Fig. 6 Radial crystallinity distribution of PPTA fiber cross-section for (a) Kevlar 29, and (b) Kevlar 49.

pared with Kevlar 29, the transition from the low-crystallinity
region to the high-crystallinity region was steeper, suggest-
ing a thinner skin layer in Kevlar 49 and a substantially greater
proportion of the core than in Kevlar 29, consistent with that
observed by Roenbeck.['%20] |n addition, the core region of
Kevlar 49 exhibited a higher crystallinity of ca. 68% and a
more uniform crystallinity distribution than Kevlar 29. The dif-
ference in crystallinity and radial distribution observed be-
tween the two fibers is likely due to their distinct processing
and post-treatment histories. It has been reported that Kevlar
49 is obtained from Kevlar 29 through subsequent stretching
and thermal treatment,3”! and such treatment can reduce mi-
crovoids and structural heterogeneities, thereby promoting
structural homogenization and enhancing overall crystallini-
ty,371 resulting in a higher elastic modulus for Kevlar 49 than
for Kevlar 29. The higher and more uniform crystallinity ob-
served in Kevlar 49 in the present study is consistent with pre-
vious findings.37!

CONCLUSIONS

In this study, confocal Raman spectroscopy was employed to
quantitatively analyze the skin-core crystallinity heterogeneity
in PPTA fibers, using Kevlar 29 and Kevlar 49 as examples. The
results clearly show that the crystallinity of the fiber core was
significantly higher than that of the skin region for both fibers.
Profile analysis of the radial crystallinity distribution revealed a
continuous gradient from the skin to the core, rather than a
sharp skin-core interface. Kevlar 49 showed a steeper transition
from the skin to the core and a more uniform distribution of
crystallinity in the core region than Kevlar 29, exhibiting a high-
er degree of crystallinity. These findings provide structural in-
sights for a better understanding of the structure-property rela-
tionship of aramid fibers.
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