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ABSTRACT: The effect of nitrogen and oxygen plasma
surface treatments on the compressive strength of PBO
fibers has been studied. To this end, the nucleation and
propagation of compression-induced kink bands was care-
fully monitored by means of in situ bending tests inside a
scanning electron microscope. The micromechanisms of
deformation were identical irrespective of fiber surface
condition (either as-received or modified by plasma) but
the critical stress necessary to induce irreversible damage
in compression in the nitrogen-plasma treated fibers was

40% higher than in the as-received fibers. This improve-
ment occurred without any reduction in the fiber tensile
properties. The source of this behavior is discussed in the
light of the morphological and chemical changes induced
by the plasma treatments on the fiber surface, as studied
by AFM and XPS. © 2011 Wiley Periodicals, Inc. ] Appl Polym
Sci 123: 2052-2063, 2012
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INTRODUCTION

Poly p-(phenylene benzobisoxazole) or PBO (Fig. 1)
polymeric fibers present outstanding specific me-
chanical properties (particularly tensile strength and
modulus) that make them suitable for structural
applications in which weight is a critical issue. How-
ever, PBO fibers tend to fail prematurely in com-
pression due to the formation and propagation of
kink bands,l_4 and this phenomenon hinders their
use in structural components subjected to compres-
sive stresses as well as to fatigue. In general, kink
bands act as a potential failure mode for highly ani-
sotropic fibers such as aramids, poly[diimidazo pyri-
dinylene dihydroxy-phenylene] or PIPD, poly(p-
phenylene benzobisthiazole) or PBZT, carbon, etc., in
which the lateral interactions between the aligned
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polymeric chains are very weak (hydrogen bonds or
Van der Waals forces).”

The micromechanisms of kink band formation in
PBO fibers have been studied previously*'? to
improve the compressive properties of rigid-rod
polymeric fibers.''™'> However, the process of kink
band initiation and propagation is not yet fully
understood and improvements in the compressive
strength of PBO are usually accompanied by a
marked degradation of the corresponding tensile
properties (of the order of 25%).'*'°> The most
widely accepted theories establish that compressive
failure by kink band formation occurs due to an
elastic microbuckling instability of the polymeric
fibrils'® or due to a shear instability.17 In any case,
the kink band is initiated on the surface and propa-
gates through the fiber cross-section as the strain
increases'' due to the weak interaction between the
aligned polymeric chains. Modifications of the fiber
surface, particularly by increasing the crosslink den-
sity between polymeric chains, should constitute a
suitable strategy to alter the conditions for the for-
mation of the kink band and hence the compressive
fiber strength.

Among the different surface modification techni-
ques available, plasma treatments offer the capability
of changing the surface physical and chemical
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Figure 1 Monomer unit of PBO fiber.

properties without modifying the bulk material.
Thus, polymer surface properties (wettability, chemi-
cal composition, and roughness) can be tailored by
controlling the experimental parameters of the
plasma treatment (power, time, pressure, and gas
composition).'® Although it is difficult to predict the
extent of the depth affected by the treatment because
several processes can take place simultaneously
(ablation, branching, and/or crosslinking), the modi-
fications are usually confined to the uppermost
layers of the material.'® For instance, previous
work'”?® has shown that oxygen and nitrogen
plasma treatments improve the adhesion of PBO
fibers to epoxy resins, without degradation of the
tensile properties. Nevertheless, the compressive
properties of the individual filaments were not stud-
ied, and this investigation is focused on the effect of
oxygen and nitrogen plasma treatments in the com-
pressive properties of PBO fibers and the corre-
sponding mechanisms of kink band formation.

To this end, the deformation of treated and
untreated PBO fibers in bending was in situ moni-
tored inside a scanning electron microscope (SEM).
This technique allows the direct observation of the
process of kink band initiation and propagation as a
function of the applied strain. In addition, the fiber
tensile strength was determined before and after the
bending tests to study the effect of kink bands on
the degradation of the axial properties. The results
showed large differences in the critical strain for ir-
reversible damage due to kink bands depending on
the particular surface plasma treatment, which did
not lead to the degradation of the tensile fiber
strength. These results are discussed in the light of
the topographical and chemical changes induced by
the plasma treatments, as obtained by X-ray photo-
electron spectrometry (XPS) and atomic force mi-
croscopy (AFM) studies.

EXPERIMENTAL

The PBO fibers studied were extracted from Zylon®
HM fiber yarns supplied by Toyobo (referred to as
sample Z). The filament diameter, as reported in the
manufacturer’s datasheet, was approximately 11.6
pum, and the specific linear density was 545 dtex.
The plasma surface modification was carried out in
a microwave reactor (Technics Plasma, model 200-G)
using a power of 70 W for 4 min. As-received PBO
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fibers were modified using two treatment gases, ox-
ygen and nitrogen, and the corresponding gas pres-
sure inside the reaction chamber was 1.0 mbar. The
plasma-treated materials are referred to as ZO4 (oxy-
gen treatment) and ZN4 (nitrogen treatment).

The axial compressive strain in the fiber surface
which led to the initiation and propagation of kink
bands was determined by means of bending tests
inside the SEM. Short fiber segments were glued
with cyanoacrylate (superglue®) on a cardboard
frame for easy handling and mounting. The shape
and dimensions of the experimental fixture are
shown in Figure 2. The cardboard frame had a cen-
tral window of 2 mm in length. The specimens were
coated with Au by sputtering (Emitech K 550X) to
avoid charging effects and to enhance the quality of
the SEM observations. Mechanical tests were carried
out using an electromechanical testing machine
(Kammrath and Weiss GmbH, Dortmund, Germany)
inside a Zeiss EVO MA15 SEM operated at 3 kV.
The ends of the cardboard frame were connected to
the mechanical testing machine and bending of the
fibers was achieved by bringing together the two
ends of the fiber using the step motor of the me-
chanical testing machine. Elastic buckling of the
slender fiber occurred at very low strain and the
fiber deformed by bending. Micrographs were taken
at different magnifications during the process to
assess the onset and propagation of the kink band as
a function of the applied strain. They were obtained
at two different tilts to follow the in-plane as well as
the out-of-plane displacements of the fiber during
bending. To understand in more detail the process
of kink band formation, some of the bent fibers were
cut longitudinally using a FEI Quanta dual-beam
FIB workstation and the longitudinal cross-section
observed by SEM.

Tensile tests were carried out on single fibers fol-
lowing the ASTM D 3379 75 standard (“Standard
test method for Tensile Strength and Young’s modu-
lus for High-Modulus Single-Filament Materials”) to
check the effect of the plasma surface treatments on
the tensile strength. Instead of using the average di-
ameter of the fibers (as specified in the standard),
the diameter of each tested fiber segment was deter-
mined by SEM to provide more accurate values of
the tensile strength and modulus.

2 mm

Figure 2 Experimental fixture for the bending tests.

Journal of Applied Polymer Science DOI 10.1002/app
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The surface chemical changes induced by the
plasma treatment were studied by XPS. XPS spectra
were recorded on a CLAM2/4S (Fisons) spectrome-
ter with an AIK, source and an operating vacuum
pressure below 3 x 107° mbar. The spectra were
recorded at take-off angles of 90° from the samples
rolling up on a polished copper plate (Cu-holder-
plate). Survey spectra were obtained for elemental
quantification purposes and high resolution spectra
allowed the analysis of the chemical state of the ele-
ments (C, N, and O) on the fiber surface. Several
spectra were recorded for each sample and also on
different samples for each fiber. A constant analyzer
transmission energy of 100 eV for the survey spectra
and of 20 eV for the narrow scan spectra were used.
The survey spectra were recorded between 1 and
1000 eV and the high-resolution spectra were
acquired in the range 280-302 eV for Cls, 390-405
eV for Nls, and 524-548 eV for Ols. Charging of the
samples, as a result of photoemission, was corrected
using the C—C component of Cls signal at 284.6 eV
as an internal standard.”’ Shirley background was
used to correct the XPS spectra and intensities were
converted to elemental concentrations using Wagner
sensitivity factors (0.25, 0.42, and 0.66 for Cls, Nls,
and Ols, respectively™).

Finally, the morphology changes induced by the
plasma treatment were studied by AFM under ambi-
ent conditions (relative humidity ~ 45%, tempera-
ture ~ 22-23°C) and using rectangular silicon canti-
levers (spring constant ~ 40 N m™', resonance
frequency around 250 kHz). AFM phase images
were obtained in tapping mode operated in the
attractive interaction regime. The free (Ap) and set-
point (Asp) amplitudes were determined from phase-
distance curves being 15-30 nm the values adopted
for Ag and 0.8-0.9 for rsp (rsp = Agp/ Ao)®

RESULTS
PBO bending studies inside the SEM

A large number of tests was carried out in the as-
received fibers to understand the process of damage
formation during bending. At each loading stage,
the curvature of the fibers was measured from the
SEM micrographs. All fibers displayed the same
sequence of events, as schematically reported in Fig-
ures 3 and 4. A large number of regularly spaced
kink bands developed when the curvature was very
low. They started in the compression side of the
fiber and formed an angle in the range 60°-70° with
fiber axis, as shown by the arrows in Figure 3. Two
sets of kink bands can be observed to each side of
the fiber center with opposite angles of inclination
(see right part of the Fig. 3(c) micrograph). At this
stage of deformation, the fiber bends uniformly

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM micrographs obtained before (a) and dur-
ing bending at different magnifications (b,c). The arrows
indicate the location and inclination of the kink bands.

along its length and can be bent back and forth
without further damage. Even more, the kink bands
seemed to disappear on unbending, showing the re-
versibility of the kink-band formation process, as
pointed out in other studies.” Several fibers bent up
to this point were tested in tension and no degrada-
tion of the tensile strength was found, indicating
that this type of kink bands do not lead to perma-
nent damage.

The number of kink bands increased with the
bending curvature (i.e., the spacing between kink-
bands was reduced) until two kink bands with op-
posite orientation intersected around the fiber center,
as shown in Figure 4(a), producing a “V” shape
defect. From now on, we will refer to the intersect-
ing kink bands as a knuckle. Contrary to the behav-
ior of isolated kink bands, the formation of the
knuckle represents an irreversible damage process
that has a strong influence on the behavior of the
PBO fiber.

The fiber curvature was not homogeneous any
more once the knuckle was formed, and the fiber
segments at each side of the knuckle remained
approximately straight, while the bending strain was
completely localized at the knuckle, as shown in Fig-
ure 4(b,c). This was accomplished by the formation
of multiple intersecting kink-bands in the knuckle,
as can be readily observed in Figure 4(c). Further-
more, the knuckle did not disappear on unbending
and all the strain was localized at the knuckle if the
fiber was bent back and forth, contrary to the homo-
geneous deformation observed in pristine PBO fiber
segments. Finally, the tensile strength of the fiber
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Figure 4 The sequence a—c represents the formation of a knuckle in a PBO fiber subjected to bending, with images taken

at low (a;—c;) and high (a—c,) magnifications.

was reduced by at least 30% (from 4.8 GPa to 3.3
GPa) once the knuckle was formed. These results
clearly indicate that knuckle formation (rather than
kink band formation) induces a permanent irreversi-
ble damage in the fiber. For this reason, this investi-
gation was focused in the critical compressive strain
to form a knuckle rather than in the compressive
strain required to initiate the kink bands, and the
compressive strength of PBO fibers was determined
from the critical bending strain to form a knuckle.

To get more insight into the micro-mechanism of
kink-band propagation and knuckle formation, sev-
eral fibers were cross-sectioned using a focused ion
beam. The longitudinal cross-section across one of
these knuckles is shown in Figure 5. The layer of Pt
was deposited on the surface to protect the fiber
during milling. The strikes (vertical lines) in Figure
5(c) are a well known curtaining effect that occurs
during the ion milling process. Two kink bands,
with opposite inclination angles, are clearly

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 SEM images of a knuckle formed in a PBO fiber. (a) Knuckle prior to milling the longitudinal cross-section (Pt
is deposited on the fiber surface to protect the fiber during milling). (b) Knuckle after the milling process. (c) Cross-section

showing the two intersecting kink bands.

observed. Unfortunately, it was not possible to
obtain a cross-section right across the fiber axis, and
the image does not show the point of intersection of
the two kink bands. It does provide, however, very
interesting information inherent to the mechanism of
kinking. Firstly, the kinks initiated at the compres-
sive side of the bent fiber (not seen in the image)
and are formed by two distinct kink boundaries that

Journal of Applied Polymer Science DOI 10.1002/app

TABLE I
Kink Band Angle, Diameter (Mean Value), and Critical
Compressive Strain (¢.) for Z, ZO4, and ZN4 Fibers

Z 704 ZN4
Kink band angle (°) 62 =8 66 + 4 61 = 4
Diameter (jm) 136+10 13108 130 =06
& (%) 1.7 £ 0.1 19 £ 05 24+ 05
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b.- Anisotropic Material

G>0 Gt

; — F, (Tension)

Z “— F¢ (Compression)

G<0 Ge

Figure 6 Stresses induced by bending in (a) isotropic and (b) anisotropic fibers.

accommodate the change in orientation of the poly-
meric chains in the kinked region. The width of the
kinks w in this case was between 300 nm and 400
nm, although this is not always the case, as it
depends on the amount of bending imposed. The
angle at which the crystallites are sheared in this
kink band region is of the order of 20-30° which is
complimentary with the kink-band angle of 69°
reported in this work. This corroborates the observa-
tion carried out before by Leal et al. in the case of
M-5 fibers.** Secondly, voids are formed within the
kink band by lateral splitting between the polymeric
chains, as a result of the kinking process. And
thirdly, voids are found within the fiber, where the
kink boundaries are sharp, while no voiding
between microfibrils is observed near to the fiber
surface and the kink boundaries are more diffuse in
this region. This is an indication of the structural dif-
ferences between the skin and the core in PBO
fibers,” with the skin displaying less microvoids,
which has an influence on the process of kink band
formation and propagation.

This sequence of events, resulting in the formation
of a knuckle across the fiber cross-section, was iden-
tical for both treated and untreated fibers. Kink

TABLE II
Compressive Strength of PBO Fiber Obtained from
Different Studies

Compressive Testing

strength (GPa) Ref. method

0.190 GPa 5 DILA + tip indenter®
0.221 GPa 15 Recoil method®
0.300 GPa 26 Raman spectroscopy”
0.561 GPa 27 Bending beam method®
0.600° GPa 28 Twisting tester (KES-G7)®
1.24* GPa This work Bending test®

@ Single filament.

P Bundle of fibers.

¢ At 0.44% strain.

4 Estimated value for 1.7% strain and using E. = 73
GPa’

bands started to form at the compressive inner sur-
face and propagated through the entire cross-section
until a knuckle was formed. The angle between the
kink band and the fiber axis was measured for all
fibers and the average values are listed in Table I.
They compare reasonably well with previous results
(68°1? and 69°%) where the PBO fiber was synthe-
sized in the laboratory. Our SEM observations sup-
port the idea that a kink band is initiated on the
fiber surface and then propagates along a well-
defined plane.”!!

As indicated above, the curvature of the fiber sub-
jected to bending is homogeneous prior to the forma-
tion of a knuckle and it is possible to measure the ra-
dius of curvature, p, from the SEM micrographs as
the radius of the circumference which circumscribes
the bent fiber [Fig. 6(a)]. The corresponding compres-
sive strain at the fiber surface can be obtained from p
following the Navier hypothesis for an elastic beam
deformed in bending. It is assumed that the beam sec-
tions perpendicular to the beam axis remain straight
after deformation, and thus the elastic strain varies
linearly across the beam depth. If the material is iso-
tropic (equal elastic modulus in tension and compres-
sion), the neutral axis is located at the center of the
beam and the maximum strains in tension (g;) and
compression (g.) are equal and given by:

-R
and g = e (1)

& = —

where R is the fiber radius. However, PBO is highly
anisotropic, the tensile elastic modulus E; = 230 GPa
being much higher than the compressive one E. =

TABLE III
Tensile Properties of Z, ZO4, and ZN4 Samples
Tensile strength (GPa) Strain (%) E (GPa)
Z 48 + 09 22 +03 230 * 40
704 45+ 0.6 20 =02 233 = 24
ZN4 43 +£09 1.8 = 0.3 249 + 32

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Tapping mode AFM phase contrast images of Z, ZO4 and ZN

issue, which is available at wileyonlinelibrary.com.]

73 GPa.>?* As a result, the neutral axis is shifted
from the center of the fibers towards the tensile zone
[Fig. 6(b)], and eq. (1) should be modified to com-
pute the maximum compressive strain at the fiber
surface according to

—2R
e = % )

where a can be determined from the mismatch in
the elastic moduli by imposing the condition that
the net force on the beam section due to the contri-
bution of tensile and compressive stresses should be
zero. Mathematically, this is established by the fol-
lowing integral equation

a 2R
/ thAt = / GCdAC (3)
0 a

where o; and o, are, respectively, the tensile and
compressive stresses on the fiber cross-section and,
A; and A, the tensile and compressive cross-sec-
tional areas [Fig. 5(b)].

The critical compressive strain, €., for knuckle for-
mation was calculated according to eq. (2) from the
critical curvature radius right before the formation
of the knuckle. The average value corresponding to
the as-received fibers is presented in Table I. The
compressive strength of the as-received fibers Z can
be estimated as the product of the critical compres-
sive strain (1.7 = 0.1%) times the fiber compressive
elastic modulus E, (Table II), leading to 1.24 GPa.
This value is one order of magnitude higher than
those reported elsewhere and listed in Table II, and
the differences arise from the criteria used to define
the compressive strength. In the different tests
reported in the literature,>'*?*>° the compressive
strength is related to the nucleation of kink bands,

Journal of Applied Polymer Science DOI 10.1002/app
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ZN4

0
1.00

pm um

4.29% [Color figure can be viewed in the online

while the compressive strength in our case was dic-
tated by the development of irreversible damage by
the intersection of two kink bands to form a knuckle.
As discussed elsewhere,® this is a typical contro-
versy motivated by the fact that most studies use
optical microscopy to detect the onset of kink-band
formation and this is assumed to represent the com-
pressive failure strain, while in most cases kinks are
completely form prior to compression failure.

Table I also includes the critical compressive
strains measured in the plasma-treated samples.
While the oxygen treatment led to a slight increase
(10%) in the critical compressive strain, the nitrogen-
plasma treatment induced a dramatic improvement
of the order of 40%. In addition, the plasma treat-
ments had negligible effects on other bulk properties
of the fibers, such as the tensile strength of the fiber
(Table III). To the best of our knowledge, this is the
first time that such an improvement is demonstrated
in the compressive strength of PBO fibers without
compromising the tensile strength.

0.339 0.358

Zth. Z Z EtOH 204 ZN4

Figure 8 O/C and N/C atomic ratios corresponding to Z
theoretical (Zth) and PBO fiber washed with Ethanol (Z
EtOH)®! together with those determined by XPS: Z, ZO4,
and ZN4 samples.
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Figure 9 Ols, N1s, and Cls spectra of Z, ZO4, and ZN4 fibers.

Morphological and chemical changes induced by
the plasma treatments

The effects of the different plasma treatments on the
surface morphology can be observed in the AFM
images of Figure 7. Both in the case of ZO4 and
ZN4, the axial nanofibrillar structure of untreated
PBO was substituted by irregular domains (rounded
and globular nanostructures) which coexisted with
several areas arranged more or less parallel to the
fiber axis.®*° The loss of certain degree of anisot-
ropy on the surface fiber upon plasma treatment
might be an indication of morphological changes
leading to a higher resistance against chain sliding,
which contributes to delay the kink band formation.
However, this reduction in the degree of anisotropy
occurred both for ZO4 and ZN4 fibers and therefore
cannot solely explain the radical improvement
observed for the nitrogen plasma as opposed to the
oxygen plasma. On the contrary, XPS results pro-
vided evidence of substantial differences between
704 and ZN4.

The atomic ratios, as determined by XPS, are
shown in Figure 8. It was found that the O/C and
N/C ratios of ZN4 were higher than those of the Z
and ZO4 fibers. In the case of the oxygen plasma
treatment, the O/C ratio diminished approximately
by 25% with respect to the unmodified fiber (Fig. 8).
However, it should be noticed that the atomic ratio
of the as-received fiber was much higher than the
theoretical one calculated from the molecular struc-
ture of PBO monomer unit (Fig. 1), labeled as Zth in

Figure 8. The high O/C ratio in Z is very likely a
result of surface contamination by processing sub-
stances (i.e., solvents wastes) because it has been
demonstrated that the O/C ratio of the PBO surface
cleaned with polar solvents was very similar than
that calculated for Zth (Fig. 8).%'?

The reduction of the O/C ratio in the ZO4 fiber
was probably due to the cleaning effect that took

TABLE IV
XPS Assignations for C1s and N1s Core Levels

Chemical bonds BE (eV)

Cl1s core level C—C, C—H, Cg 284.6%
C—N, C—0O 286.3%8

C=N 287.0%¢

CONH- 287.8%
HO—C=0 289.03840

N1s core level N-6 (pyridinic) 398.3*
C=N 398.52640
C—N 398.54243
C=N 399.13642

Ph—CN, Ph—NH— 399.241

N-5 (pyrrolic and/or pyridonic) 400.1*!

—NCOO—, —_NCON—, N—O 400.5%

HN—C=0 400.7%

N-Q (quaternary species) 401.5"

Ols core level HN—C=0 531.6%
—0—C=0 532.2%1

Cc=0 532.32!

Cc—0—C 532.6%!

C—OH 532.9%1

C—0—C=0 533.62!

HO—C=0 534.3%0

Journal of Applied Polymer Science DOI 10.1002/app
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place during the oxygen plasma treatment. Firstly,
the oxygen plasma usually results in a removal proc-
esses induced by physical etching whose rate
increases with the reactive species density®’ and con-
sequently, the degree of dissociation. On the other
hand, Chen et al. proved that, for oxygen plasma
treated PBO fibers, the O/C ratio increased as the
plasma power increases until a certain value, after
which the O/C ratio started to diminish.** They con-
cluded that the oxygen plasma introduces polar
groups onto the PBO surface, which are decomposed
at higher powers due to etching reactions.’” In this
sense, the AFM images of Figure 7 demonstrate that,
for ZO4, the oxygen plasma induces a cleaning effect
removing contaminant substances related to process-
ing wastes, while the anisotropg inherent to the
starting material is still observed.’

In the case of ZN4, the O/C ratio increased
slightly (~ 5%) with respect to the untreated mate-
rial whereas N/C increased more than twice, as
could be expected after the nitrogen plasma treat-
ment (Fig. 8). In general, more energy is necessary to
generate reactive species with the nitrogen plasma
than with the oxygen plasma'®** because the disso-
ciation and ionization energies of the nitrogen spe-
cies are higher than those of the oxygen species. In
addition, the emitted UV radiation from the nitrogen
plasma treatment is imgortant and sufficient to
break polymeric bonds.** In this way, the bond
breaking can lead to the formation of new functional
groups without incorporation of new species. It is
difficult to predict in polymers containing heteroa-
toms (O and N) whether the incorporation of func-
tional groups is due either to the incorporation of
species generated in the plasma treatments and/or
bonds breaking in the polymer structure. That is to
say, the radicals formed during the plasma treat-
ment could be stabilized reacting with species pres-
ent in the discharge chamber (previously volatil-
ized), participating in crosslinking reactions between
polymeric segments and/or stabilizing with atmos-
pheric species during the post-treatment. Such post-
plasma reactions are usually attributed to the exis-
tence of long-live radicals’ sites onto the surface.
This could justify that under identical plasma pro-
cess parameters, the atomic ratios are higher for
ZN4 than that ZO4 (Fig. 8).

Figure 9 shows the Ols, N1s, and Cls profiles
obtained for each sample. With the plasma treat-
ments, the shape of the Cls profiles is rather differ-
ent than for the unmodified sample Z. The first con-
tribution, placed at 284.6 eV and which is taken as a
reference, is attributed to the C=C (Csp?, aromatic
c:alrbon).21 The second one at 286.1 eV, according to
the molecular structure of PBO (Fig. 1), should be
less intense; i.e., the monomer unit is formed by 12
C=C aromatic bonds, 1 C—C bond, 4 C—O bonds, 2

Journal of Applied Polymer Science DOI 10.1002/app
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C=N, and 2 C—N. Therefore, as the proportion of
C—C bonds (aromatic or not) is the highest, it is
expected that the contribution centered at 284.6 eV
should be the highest. Lange et al. obtained a carbon
profile peak for an aramid fiber with finish, very
similar than that obtained in this work for Z.>> They
attributed the behavior observed for the contribution
placed at 286.1 eV to the finish C—O bonds.* As the
O/C ratio of the PBO fiber diminishes considerably
using a polar solvent (named as Z EtOH in Fig. 8),*'
the contaminant substances detected on Z surface
may be responsible for the high O/C ratio obtained
(Fig. 8). With the plasma treatments, the second con-
tribution centered about 286.1 eV diminishes and the
shape of Cls widens towards higher BE side (i.e.,
above 288.2 eV, Fig. 9). Moreover, the Ols and Nls
profiles are broad and appear to be asymmetric on
the higher BE side. Additionally, Ols and N1s dis-
place 0.3 eV towards higher BE for ZN4 and 0.7 eV
towards smaller BE for ZO4. Therefore, the signal
observed at 288.2 eV for Cls profiles corresponding
to ZO4 and ZN4 may be associated to oxidized car-
bon like C=N,* HN—C=0" and/or HO—C=0,"
according to the literature related to organic poly-
mers and functionalized carbon materials (summar-
ized in Table IV).

Another significant variation respect to the Z sam-
ple is observed at the N1s peak. This peak displays
a shoulder on the higher binding energy side and a
widening of the Nls spectra as a result of the
plasma treatments. The contribution of higher bind-
ing energy can be attributed to: (i) C=N or
O—N®**%; (ii) N-5 polycondensation systems*'; and/
or (iii) —NCOO—, —NCON—, —N—O,** and/or
—HN—C=0,* taking into account the appearance
of the oxidized component for the Cls core level.
Moreover, as the N1ls spectrum of ZN4 is more
shifted towards higher binding energies than ZO4,
the presence of quaternary species (N-Q) formed
due to hydrogen bonds between the N-5 species and
the hydrogen atoms of neighbor chains cannot be
discarded.*** The results thus would indicate more
crosslinking between polymeric chains in the case of
the nitrogen plasma treated fibers, which would
lead to higher resistance against chain sliding and
contribute to delay in the kink band formation.

DISCUSSION

The detailed observations of the longitudinal cross-
section of the kinked fibers by FIB and SEM allow as
to draw some interesting conclusions about the pro-
cess of kink band initiation and propagation, which
is the mechanism responsible for the compressive
failure of PBO fibers. Figure 10(a) shows a schematic
illustration of the process of kink band initiation.
Kink bands are initiated at the compression surface
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(a) Kink-band initiation  (b) Kink-band propagation

Diffuse boundaries in the skin

Sharp
boundaries in
the core

=~
.

Diffuse boundaries in the skin

Figure 10 Schematic illustration showing the (a) initiation
and (b) propagation of a kink-band. Kink-bands generate
at the compressive surface and propagate across the entire
cross section. Kink-bands generate at the compressive sur-
face and propagate across the entire cross-section. The
appearance of the kink bands is different at the skin and
at the core. Kink boundaries are diffused at the skin, while
they are sharp within the core, where interchain voids de-
velop due to the weak interaction between polymeric
chains.

of the bent fiber. No conclusion can be drawn from
the observations on the exact initiation mechanism,
which could be either due to a buckling or a shear
instability, although the latter theory has more sup-
port in crystalline materials which fail by kinking in
compression.*® Once formed, the kink rapidly propa-
gates across the entire cross-section of the fiber
forming two distinct kink boundaries, as illustrated
in Figure 10(b). Our FIB observations show differen-
ces in the nature of the kink boundaries between the
fiber skin and the core. They are sharp at the core,
and this is associated with lateral splitting between
ordered polymeric chains leading to the formation
of voids aligned with the chains. These voids are
formed due to the weak interaction between the
polymeric chains and are confined by the kink boun-
daries. However, the kink boundaries are diffused at
the skin and no voids are formed, which is consist-
ent with the higher density of the skin as compared
with the fiber core.”® The facts that kink bands initi-
ate at the surface and that the kink boundaries are
diffused at the skin with no voiding between poly-
meric chains indicate that the fiber surface plays a
major role in the process of kink band formation
and propagation. Therefore, any surface treatment
that promotes crosslinking between polymeric
chains, such as plasma treatments, has the potential
to modify the compressive strength of the fibers.

The SEM studies also allow to draw some interest-
ing conclusions about the sequence of events that
leads to the development of permanent damage dur-
ing bending. Such sequence of events is schemati-
cally illustrated in Figure 11. Upon bending, parallel
and regularly spaced individual kink bands are
nucleated along the fiber starting at the compression
surface of the fiber, at each side of the bent fiber seg-
ment [Fig. 11(a)]. These kink bands disappear on
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unbending [Fig. 11(b)] and do not modify the fiber
tensile strength. Therefore the appearance of individ-
ual kink bands cannot be taken as a criterion to
determine the compressive strength of the fibers.
Further bending increases the number of kink bands
until two opposing kink bands intersect at approxi-
mately the center of the bent fiber segment [Fig.
11(c)]. The intersection of these two kink bands pro-
duces a “V” shape defect that we refer to as a
knuckle. The intersection of kink bands causes fur-
ther void formation, bulging, and irregular bending
of the polymeric chains and constitute an irreversi-
ble type of damage that do not disappear upon
unloading. Moreover, the strain is localized at the
knuckle upon further bending and unbending. We
have corroborated that knuckled fibers display a
reduction in tensile strength of at least 30%, which
could be even higher if the knuckled fiber is sub-
jected to fatigue load. Thus, the compressive strain
necessary to create a knuckle is a more appropriate
criterion than the strain for kink band initiation to
define the compressive strength of PBO fibers.
Regarding the effect of surface plasma treatments,
the results show a radical improvement in the criti-
cal compressive strain needed to form a knuckle in
fibers treated with nitrogen plasma, while this is not
the case in fibers treated with oxygen plasma consid-
ering the dispersion of the experimental data (Table
I). The mechanisms of kink band formation and
propagation were the same in all cases as well as the
measured kink band angles. On the contrary, previ-

ous studies by Leal et al.*’ showed that an increase
(@) Bending
Vg
% ’
Y
N
(b) Unbending
ANEAN Va4
N VAV
AN 7 7
NN /! /7
AN 77
ANAN 77

Ireversible
Damage

Figure 11 Schematic illustrations showing (a) the forma-
tion of kink bands during bending; (b) elimination of kink
bands upon bending showing the reversibility of the pro-
cess; and (c) development of further kink bands with fur-
ther bending until two intersecting kink-bands form a
knuckle. The process of knuckle formation is not reversible
upon unbending, and leads to permanent damage.
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in intermolecular bonding in M5 fibers also changes
the kink-band angle but in that case the treatment
affected the entire volume of the fiber. The fact that
the kink band angle is not modified in our case
seems to indicate that the plasma treatment only
affects the outermost surface of the fiber. In this
respect, it is expected that any surface modification
that enhances the lateral interaction between poly-
meric chains should be beneficial in delaying the for-
mation and propagation of kink bands and this can
be achieved in different ways. For instance, McGarry
and Moalli showed that coating of the surface fiber
with a ceramic material improved the compressive
strength due to the resistance provided by the coat-
ing to the kink band development."" However this
was accompanied by considerable loss in the tensile
strength of the fibers. In the case of plasma treat-
ments, only the uppermost layers of the material
were altered and hence the tensile strength is not
affected by the treatment.

XPS results provide evidence of substantial varia-
tions induced by the oxygen and nitrogen plasma
treatments that can explain the different behaviors
of ZO4 and ZN4 fibers. The BE shifts detected for
the maximum of Ols and N1ls profiles with the
plasma treatments (towards smaller BE for ZO4 and
at higher BE for ZN4, see Fig. 7) imply that some of
the electron density on the heteroatoms (N and O)
has been drawn in the case of ZN4. However, as the
maximum of Ols and N1s is placed 1 eV towards
smaller BE for ZO4, the electron-donor capacity of
the heteroatoms is higher for ZO4 than ZN4. In
addition, the contribution placed at 286.1 eV for ZO4
has diminished considerably respect to Z; i.e., it is
not practically detected on Cls spectrum (Fig. 8). On
the other hand, the Cls spectrum is widened up to
288 eV which means that oxidized functional groups
such as amides, esters and/or carboxylic acids de-
velop with the oxygen plasma treatment. The pres-
ence of these groups justifies the shoulder observed
on Nls profile for ZO4 which could be associated
with NCOO and NCON groups in which the carbon
is very oxidized. Finally, N-5 and N-Q species can-
not discarded (Fig. 9), although the contribution of
N-Q species is not as important as in the case of
ZN4 (Fig. 9, see N1s profiles of ZO4 and ZN4). In
agreement with previous reports,'”? these observa-
tions indicated that post-treated ZO4 surfaces absorb
water molecules when exposed to air. Therefore,
surface swelling can be developed as result of
hydrogen bonds between ZO4 heteroatoms (O and
N) of the functional groups (amides, carboxylic
acids, alcohol and/or amines groups) and the water
molecules present in the air.

On the contrary, the ZN4 surface does not
undergo swelling during the post-treatment."
According to the next binding energy ranges cen-
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tered at 398.0-398.4 and 400.0—400.7 eV for Nls, it is
well established that the nitrogen is in an environ-
ment of sp® and sp” carbons, respectively.*® The N1s
spectrum of ZN4 is displaced towards higher bind-
ing energies with respect to Z and ZO4 (Fig. 9), and
this is indicative that the chemical structures devel-
oped are more rigid because the bonds in sp” config-
uration have lost one degree of freedom (the bonds
cannot rotate). In addition, this assumption is sup-
ported by the possible formation of quaternary spe-
cies (N-Q), as evidenced in the N1s spectrum of
ZN4 (Fig. 9), which are the result of hydrogen bonds
formed between nitrogen of N-5 species and neigh-
boring hydrogen atoms. The presence of polycon-
densed systems onto ZN4 surface bonded by hydro-
gen bonds evidences crosslinking between polymeric
chains. This would result on a higher resistance
against chain sliding for the ZN4 structure, justifying
the improvement of the critical compressive strain
for knuckle formation.>***

CONCLUSIONS

The mechanical behavior in compression of PBO
fibers was studied by means of in situ bending tests
carried out inside a scanning electron microscope.
The critical strain for the nucleation of a knuckle
(made up by the intersection of two kinks bands
with opposite orientation) was carefully determined
from the fiber curvature, taking into account the
fiber anisotropy. It has been demonstrated that
knuckles, contrary to isolated kink bands, constitute
an irreversible type of damage that has a marked
influence of the residual tensile strength of the fiber.

Tests were carried out in as-received fibers as well
as on fibers subjected to surface plasma treatments
in either nitrogen or oxygen atmosphere. While the
micromechanisms of kink-band nucleation and for-
mation were the same in all cases, the nitrogen
plasma treated fibers presented a marked improve-
ment (= 40%) in the critical compressive strain for
knuckle formation while the tensile strength of the
fibers was maintained. Careful analysis of the mor-
phology and chemistry of the fiber surface after the
plasma treatments suggested that the improvement
may be caused by the crosslinking between poly-
meric chains at the fiber surface.

The use of the FIB system at CEIT in San Sebastian, Spain is
gratefully acknowledged. The results presented are protected
by patent application P201001483 (19 November 2010).
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