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Abstract. We report on unique enhancement of fracture resistance of poly(methyl methacrylate) (PMMA) using short and
low bending modulus poly(p-phenylene-2,6-benzobisoxazole) (PBO) fibers. While no significant effect of the PBO fibers
on stiffness and strength was observed, the strain at break and fracture energy were enhanced substantially. The in situ observations of damage development during the tensile tests showed that the additional extrinsic toughening mechanisms consists of homogenous distribution of micro-cracking and delocalization of the deformation sites to the whole volume of the
sample with micro-cracks bridged by the entangled PBO fiber mesh. Employing unique toughening mechanisms of PBO
fiber network in hybrid PMMA/CF/PBO composites containing both carbon (CF) and PBO fibers lead to simultaneous enhancement of stiffness, strength and toughness suitable for wide range of engineering applications.
Keywords: polymer composites, reinforcements, mechanical properties

1. Introduction

result, mechanical properties of SFRT may become
severely compromised.
To obviate the fiber length degradation during melt
mixing and processing, various natural [8] or synthetic organic low bending modulus fibers such as
Kevlar [9, 10], poly(ethylene terephthalate) (PET) [11]
or polyimide [12, 13] were used in various polymer
matrices to improve their mechanical properties.
While the length of organic fibers is preserved during melt compounding, their matrix/fiber interfacial
adhesion and alignment are severally compromised.
This makes brittle short fibers the major reinforcement type in composite technology.
The poly(p-phenylene-2,6-benzobisoxazole) (PBO)
is a highly crystalline aromatic heterocyclic polymer
used to produce high performance fibers [14–16] exhibiting extraordinary high tensile modulus and
strength among other organic fibers [17, 18]. Despite

Short fiber reinforced thermoplastics (SFRT) represent lightweight engineering materials for injection
molded or compression molded components with
complex shapes desired for large volume applications like automotive. Mechanical properties of SFRT
are controlled by fiber mechanical properties, volume fraction, their aspect ratio, orientation and adhesion to the matrix [1–6]. Most frequently, stiff and
brittle glass (GF) or carbon (CF) fibers are used as
reinforcement for a wide range of thermoplastic polymers. Forces generated by the viscous melt thermoplastic matrix, fiber-fiber interactions and fiber-machine contact during melt blending or processing
result in fiber length degradation. The degraded fiber
length reduces the extent of possible stress transfer
into the fibers and increases the number of fiber ends
acting as defects for stress concentration [1, 7]. As a
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crack, however, after reaching critical size of the deformation zone, a significant drop in force is observed
[38, 39]. These materials find their usage in automotive applications as various large parts [42].
Here, we report on unique contribution of low bending stiffness-high tensile modulus PBO fibers to the
fracture resistance of PMMA and its SFRT in uniaxial tension. Mechanical properties of PMMA/PBO
composite characterized by fiber network created
during melt compounding are compared with composites reinforced with conventional brittle fibers
types used in composite technology (glass, carbon).
To account for the structural parameters expressing
fiber orientation and interfacial adhesion for investigated systems, we introduce an effective fiber length
(LEff) as the single structural variable capturing the
composition dependence regardless of the type of
fibers studied. Simultaneous measurement of the
stress-strain curve and observation of damage development in the view field of the confocal laser scanning microscope (CLSM) allowed to identify the additional extrinsic toughening mechanisms introduced
by the PBO fibers and their relative contribution to the
enhancement of the overall fracture energy. In addition, we used PBO toughening mechanisms in hybrid PMMA/CF/PBO composite containing 10 vol%
of both fiber types (carbon and PBO) to enhance stiffness, strength and fracture energy of this composite.

their unique mechanical properties, their use in SFRT
is rather rare. Low bending stiffness, poor environmental stability and interfacial adhesion are among
the primary reasons for this state of the art.
In addition to structurally desired stiffness, fracture
toughness is often decisive for the selection of SFRT
in many applications. The fracture resistance of a fiber
reinforced composite has contributions from intrinsic mechanisms operating at the molecular scale
ahead of the crack tip and extrinsic mechanisms related to the architecture of the reinforcement which
operate behind the crack tip and help to sustain the
materials load bearing capability after crack initiation [19, 20].
Initiation and propagation of a crack is a function of
temperature, stress, sample geometry, matrix molecular weight, or strain rate [21–24]. In the case of heterogeneous SFRT, fibers play an important role in
crack initiation and generating the extrinsic deformation mechanisms stabilizing micro-crack growth
and enhancing the extent of energy dissipated during
fracture. Moreover, they can change the failure mode
from the brittle/catastrophic to the quasi stable one.
These mechanisms include the matrix-fiber debonding, crack bifurcation, deflection, fiber fracture, fiber
pull-out, crack bridging or delamination [25–33].
Friedrich [34] proposed theoretical model expressing
the critical strain energy release rate (GIC) for unidirectional short fiber reinforced composites. This model
accounts contribution from fiber breaking, de-bonding and pulling-out the fibers and the matrix fracture.
In order to account for fiber orientation and to eliminate the singularity of the GIC for vF = 0, this model
was modified by Jancar et al. [35]. Both models assume that only fibers oriented in the direction of the
loading can be pulled-out and contribute to toughening significantly.
This is a reasonable assumption in the case of rigid
brittle fibers. However, the low bending stiffness ductile fibers can contribute to energy dissipation even
when their orientation deviates from the loading direction significantly. In addition, initiation of multiple micro-cracks further from the main crack plane
expands the deformation zone enhancing the extent
of mechanical energy upon failure significantly. It was
shown that long-fiber (LFT) or entangled non-woven
glass fiber mat (GMT) in thermoplastic matrix can
expand damage zone considerably [36–41]. Deformation zone can be expanded via entangled/adjacent
fibers as far as tens of millimeters from propagating

2. Experimental
2.1. Materials
Poly-methyl methacrylate (PMMA) PLEXIGLAS®
6N (Evonik, Germany) was used as matrix (Mn =
4.6·104 g/mol, Mw/Mn =1.8). Short PBO fibers
ZYLON® AS (Toyobo, Japan), glass fibers CHOPVANTAGE HP® 3540 (PPG Industries Fiber Glass
EMEA, Netherlands) and carbon fibers SIGRAFIL®
C30 S003 PUT (SGL Group, Germany) were used as
the reinforcement. Fibers were used as received without any additional surface treatment and were vacuum
Table 1. Mechanical properties of the PMMA matrix and the
reinforcing fibers.
E
[GPa]
PMMA
GF

L0
[mm]

D
[μm]

L0/D
[–]

σ
[MPa]

ε
[%]

1.8

49.7

3.5

–

–

–

73.0

3600.0

4.8

3.8

10

380

CF

240.0

4000.0

1.7

3.0

7

430

PBO

180.0

5800.0

3.5

3.5

12

290

E is the tensile modulus, σ is the tensile strength, ε is the ultimate
tensile strain, L0 is the initial fiber length and D is the diameter.
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LS10 (Zeiss, Germany) was used for structural analysis of fracture surfaces, cracks on the sample surfaces
and to determine the average fiber orientation and
qualitatively assess the matrix-fiber adhesion. Structure of the entangled PBO network was obtained by
Soxhlet extraction of the PMMA matrix in acetone
and then observed by SEM. Conductive Au-Pt layer
was sputtered onto fracture surfaces using the POLARON SC 7640 sputter coater (Quorum Technologies Ltd., UK) to increase conductivity.

dried at 100 °C for 2 hours prior to mixing into the
matrix. Mechanical properties of the polymer matrix
and the fibers are listed in the Table 1.

2.2. Sample preparation
Composites were prepared by melt compounding
employing the 55 cm batch Mixer W 50 EHT (Brabender OHG, Germany) electrically heated with
2 roller blades. The PMMA was plasticized for 2 minutes at 230 °C at 40 rpm. Then, the desired amount
of fibers was gradually added into the liquid matrix
and mixed for 2 minutes. Fiber volume fraction is
10, 20, 30 and 40 vol% for all fiber types investigated (marked as 0.1–0.4). The neat PMMA used as a
reference material underwent the same preparation
protocol. Compounds were compression molded into
150 mm×150 mm sheets ~0.7 mm thick by the hotpress LPB 300 (Fontijne Grotnes B.V., Netherlands).
Compounds were preheated for 10 minutes at 190 °C
and then compression molded with the clamping force
of 300 kN, held for 2 minutes followed by cooling
to the laboratory temperature at the cooling rate of
40 K·min–1. Test specimens were cut out from the
compression molded sheets by water-jet.

3. Results and discussion
3.1. Structure of composites

2.3. Mechanical testing
Tensile properties were determined using the Z010
tensile tester (Zwick–Roell, Germany) at laboratory
temperature and the cross-head speed of 1 mm/min.
The standard ISO 527 5A test specimens with gauge
length of 25 mm were used. Minimum 5 specimens
were used for each composition and their average
properties are reported here. Fracture energy (fracture
work) is determined as energy under the stress-strain
curve. The LabTest 4.0055-H micro tensile tester
(Labor Tech, Czech Republic) was used in the combination with LEXT OLS 3000 Confocal Laser Scanning Microscope (Olympus, Japan) to investigate
fracture process of PMMA/PBO composite in course
of deformation at room temperature and cross-head
speed 1 mm/min.

SEM micrographs revealed poor interfacial adhesion
to the PMMA in all systems investigated systems and
the brittle nature of the matrix fracture (Figure 1a, 1b,
1c, 1d). As result of weak interfacial adhesion, pulled
out fibers can been seen for investigated composites
because sufficient amount of stress cannot be transferred into the fibers and matrix-fiber interface breaks
first. While length of glass (GF) and carbon (CF) fibers
was reduced significantly (hundreds of micrometers,
as measured after TGA of composites by CLSM), poly
(p-phenylene-2,6-benzobisoxazole) (PBO) fibers exhibited no length degradation upon sample preparation. Similar length preservation was observed previously for PBO fibers during melt compounding
with elastomer matrix [43]. On the other hand, PBO
fibers were spatially organized in an entangled fiber
network (Figure 1e) and the partial mechanical degradation of the PBO fibers occurred by the means of
forming kink bands (Figure 1f). The kink bands are
result of the extensive compression and out-off-axis
loads inserted on the fibers during compounding destroying the superstructure of PBO fibers and decreasing local stiffness of fiber [44–46]. The average
PBO fiber length between kink bands is ~30 µm, diameter of king band is ~15 µm with length 5–15 µm.
Entangled PBO fiber network can be thus simplified
as stiff fiber parts interconnected by softer and compliant kink bands.

2.4. Determination of fiber content and
structure of composite
The TGA Q500 (TA Instruments, USA) was utilized
to determine exact fiber volume fraction (vF) by heating the materials up to 500 °C under the N2 atmosphere at the heating rate of 50 °C/min. Confocal laser
scanning microscope LEXT OLS 3000 (Olympus,
Japan) and scanning electron microscope Zeiss EVO

3.2. Mechanical properties
As expected, the addition of GF and CF resulted in
an increase of the tensile elastic modulus (Figure 2a)
and non-monotonous composition dependence of ultimate strength of PMMA composites (Figure 2b).
The growing deviation of the composition dependence of the elastic modulus relative to that of the neat
matrix from linearity is caused by fiber misalignment,
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Figure 1. Micrograph of (a) PMMA and (b, c, d) its composites fracture surfaces after tensile test. Fiber type used as a reinforcement is marked in micrographs. (e) Structure of intermingled PBO fiber network in PMMA/PBO composite
(scale bar 1 mm) and (f) kink bands after melt processing (scale bar 15 μm).

Figure 2. The composition dependence of the (a) relative tensile modulus, (b) relative strength, (c) relative strain and (d) relative fracture energy of composites in uniaxial tension. Parameters σ0 and ε0 represents values without PBO fiber
toughening mechanisms (discussed in Section 3.2.3). Absolute value of mechanical properties for neat PMMA are
listed in plots.
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ment is reduced [55, 56]. Here, the tensile modulus
is determined at small deformations (0.05–0.25%) and
it is strictly driven by the structural variables such as
fiber orientation and interfacial strength. The semiempirical Halpin-Tsai model (H-T model, Equation (1)) [57] was derived for composites containing
discontinuous reinforcement and accounting with the
reinforcement’s geometry, orientation and stiffness
(Equation (2), (3)). The shape parameter (ξ) in this
model (Equation (3)) takes a geometry of reinforcement and its relative orientation to the external loading into consideration. For systems with varying
fiber length and random fiber orientation, we introduce effective fiber length (LEff) and/or effective aspect ratio (LEff/D) calculated from the experimentally measured tensile modulus. The LEff is calculated
as the best fit of the H-T model with experimentally
measured tensile modulus via Equation (4):

bundling and mechanical length degradation all increasing with vF [4, 5, 47, 48]. The low reinforcing efficiency of the PBO fibers is caused by their weak
interfacial adhesion to PMMA as previously reported
problematic issue for these fibers [49–52], extensive
fiber bending compromising their unidirectional alignment in tensile direction and local plastic deformation
expressed by the presence of the kink bands (Figure 1f) decreasing PBO effective fiber length significantly.
Tensile strain (Figure 2c) linearly decreases for investigated brittle fibers with increasing fiber volume fraction as result of fiber embrittlement as number of
fiber ends and transversely oriented fibers increases
[1]. In comparison with these systems, PMMA/PBO
ultimate strain is enhanced significantly (by 130% for
PMMA/PBO 0.2) without any catastrophic drop in
stress during testing. As a result, the total fracture energy of composite was enhanced significantly (Figure 2d). To our knowledge, we are not aware of similar results for micro PBO and/or similar fiber types
in a polymer matrix. In addition, plastics reinforced
with the short PBO fibers are very rare in literature,
mainly due to the weak interfacial adhesion, and we
have found only limited number of publications dealing with engineering properties of polymer/PBO short
fiber composites [43, 49, 53]. Thus, this work can
provide experimental data justifying future research
on the short PBO fibers toughened thermoplastic
composites.
Toughening of brittle thermoplastic matrix by increase of ultimate strain by entangled fiber network
was reported by Sun et al. [54]. Their thermoplastic
poly(lactic acid) (PLA) filled with polyurethane fiber
network shows massive increase in ultimate strain
but significant decrease in the strength and modulus
when compared to neat PLA. However, toughening
mechanisms were not fully elucidated and ascribed
to matrix/fiber interfacial failure and stress transfer
via multiple entangled fibers. Similar mechanism for
enhancing the fracture toughness was also proposed
earlier for LFTs and GMTs as being effective in extending the damage zone considerably via mechanisms such as: crack blunting, short and long range
matrix-fiber interfacial failure (debonding), fiber pullout and fibrillation of fiber strands [36–41].

EC 1 + phvF
EM = 1 - hvF

(1)

EF
EM - 1
h= E
F
EM - p

(2)

LEff
p=2 D

(3)

LEff = D

vF EC R EM - EF W + EF R EC - EM W
2 "EM R EM - EC + vF R EF - EM WW%

(4)

In Equations (1)–(4), EC, EM and EF are the tensile
elastic moduli of the composite, the neat matrix and
fibers, respectively, η and ξ are the Halpin-Tsai parameters, LEff is effective fiber length projected into
the direction of acting force, D is fiber diameter and
vF is fiber volume fraction.
The parameter LEff represents the projection of the
critical fiber length in the direction of the acting
force (unidirectional tension) and the strength of the
interfacial adhesion (Figure 3a). Parameter LEff decreases as fibers become more misaligned at higher
fiber volume fraction or interfacial adhesion becomes weaker (not accounted here since strength of
interfacial adhesion between matrix and fiber is kept
constant). For the entangled PBO fiber mesh, value
of LEff decreases down to couple of micrometers
(16.9–3.3 µm, for vF =0.1–0.3, respectively). Taking
into consideration the average length of PBO fiber
between kink bands ~30 µm, such a short effective

3.2.1. Effective fiber length
As fiber orientation deviates from the direction of the
applied load, the contribution of fiber to the reinforce757
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Figure 3. (a) Schematic representation of the effective fiber length (LEff) versus average fiber length. (b) The dependence of
the relative tensile strength on the effective aspect ratio. σ0 (empty symbols) represents values without fiber toughening mechanisms (discussed in Section 3.2.3).

the fiber length resulting in the fracture surface characterized by fiber pull-out (Figure 1b, 1c, 1d). This
failure process dissipates mechanical energy due to
fiber-matrix friction and partial deformation of the
fibers causing a fair enhancement of the crack resistance. The contribution of this mechanism to overall
fracture toughness is negligible for PMMA/GF and
PMMA/CF composites due to fiber misalignment and
short fiber length. But this mechanisms prevails in
PMMA/Kevlar composites from previous work with
sufficiently long and low bending modulus fibers
[35]. In addition to the interphase properties, fiber orientation and fiber length play also significant role in
the crack deflection, formation of secondary cracks
[28–30, 36–38, 40, 41] and the ability to dissipate the
mechanical energy farther from the major crack plane
via interface failure (debonding). Short length of GF
and CF ensures extreme energy localization near the
main crack plane. Only very small number of secondary micro-cracks were found by CLSM in the vicinity of the main crack plane and their number was reduced with increasing the fiber volume fraction. In
comparison with the investigated brittle fiber composites and neat matrix, PMMA/PBO composites showed
formation of significant number of micro-cracks in
the entire deformed specimen (Figure 4) and the fracture energy of composites was enhanced significantly.

fiber length makes stress transfer highly ineffective,
as fiber length is evidently below the critical fiber
length as evidenced from the negligible enhancement
of tensile modulus (Figure 2a).
With the fiber length degradation and the orientation
of fibers becoming more random, the vF dependences
of the relative strength become non-monotonous for
the PBO fiber systems or decreasing for systems reinforced with brittle fibers (Figure 2b). However, by
plotting the relative strength as a function of the effective aspect ratio (LEff/D), a linear master curve is
obtained (Figure 3b), further supporting the unique
role of the parameter LEff. While strength of the
PMMA/PBO composite without the stabilizing PBO
fiber toughening mechanisms (σ0) (more detailed
discussed in Section 3.2.3) fits this trend quite well,
ultimate strength of PMMA/PBO composites deviates from the master curve significantly. This is ascribed to the parameter LEff for PBO fibers calculated from Halpin-Tsai model accounting only for the
stress transfer reinforcing mechanism. For the PMMA/
PBO composites, ultimate strain and strength are enhanced via multiple toughening mechanisms developed during deformation (discussed further in text).
3.2.2. Fractography of PMMA/PBO composites
As expected, the major crack propagated in PMMA,
PMMA/CF and PMMA/GF composites, through the
cross-section of the sample with a very small crack
tip process zone, suggesting extreme strain localization. The crack path is controlled by the ratio between
the strength and toughness of the PMMA-fiber interphase compared to those for the matrix and the fiber.
For the weak interphase, the crack propagates along

3.2.3. In-situ observation of PMMA/PBO
deformation
The tensile tests performed in the view field of the
CLSM revealed the peculiarities of the fracture
processes in the PMMA/PBO characterized by entangled and kink banded PBO fiber network structure.
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Figure 4. (a) Surface crack morphology in proximity of major crack plane for PMMA/PBO 0.2 sample with marked detail
(b) into the PBO bridged micro-crack, scale bar 160 and 15 µm, respectively.

avoiding brittle catastrophic failure. The simultaneous CLSM observation and tensile loading allowed to identify the individual failure steps and to
relate them to the strain level at which they occur
(Figure 5).

During the tensile deformation, the entire volume
of specimen gauge length participated in the deformation process with the surface morphology characterized by stable micro-cracks growth while preserving the load bearing capability of the composite,

Figure 5. (a) Stress-strain curve for PMMA/PBO 0.1 sample and its differentiation with (b) marked observed area of sample
by CLSM during the test. Cracks generation and propagation during tensile test at surface of PMMA/PBO 0.1 sample observed by laser scanning microscopy, magnification 5×, scale bar 320 μm.
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Figure 6. (a) The deformation curves for the PMMA/PBO with varying fiber volume fraction and (b) differentiation of the
deformation curves.

composite stiffness (Figure 5, 6). The structural
changes revealed by CLSM agreed fairly well with
the shape of the strain dependence of dσ/dε (Figure 5). After reaching a critical strain, ε0, slight increase in the slope of modulus curve (dσ/dε) is observed and it is attributed to fiber bridging
mechanism as fibers are being stretched. Constant
portion of the dσ/dε vs. ε curve between the ε0 and
the onset of rapid stiffness drop during composite
failure is attributed to the fiber bridging mechanism
as the prevailing deformation process.
This is further supported by the effect of the PBO
fiber volume fraction on the shape of the dσ/dε vs. ε
curves (Figure 6). The constant portion of the dσ/dε
vs. ε curve is the largest for the vF = 0.2, for which
the largest extent of fiber bridging (the widest
opened cracks bridged by PBO fibers) was observed
(Figure 4) and also the largest ultimate strain (ε ~ 8%)
was measured (Figure 6). This unique toughening
mechanism is a result of the PBO fiber network delaying the catastrophic failure and contributing to the
composite ability to maintain a portion of its load
bearing capability at significant structural damage
(Figure 5). After reaching the composite failure, only
pull-out of the PBO fibers occurred. However, the
contribution of this mechanism to the load bearing
capacity was negligible.

These experiments revealed initiation of microcracks, by the homogenously dispersed defects (such
as kink bands, fiber ends, loops and/or matrix/fiber
interface) at small deformation around 0.75% randomly throughout the specimen. Up to the strain of
2.80%, these cracks grew in a stable manner while additional micro-cracks were generated in their vicinity, forming bands perpendicular to the loading direction and bridged by the PBO fiber mesh. This is
evidenced by slight curvature on the stress-strain
curve. This initiation strain is marked as ε0 and the associated stress as σ0 representing the conditions for
brittle failure of the PMMA/PBO composites without the additional fiber toughening mechanisms (see
Figure 5). From the SEM observation (Figure 1d),
matrix-fiber interfacial failure is evident and, thus,
this mechanisms also occurred at this deformation
(most probably from the very small strains). Sufficiently long and entangled fibers are crucial for expanding propagating cracks trough the cracking interface. However, after reaching critical size of the
damage zone, a significant drop in stress was observed for brittle glass fibers [38, 39] which was not
observed in the case of our PMMA/PBO composites
(Figure 5, 6). This is most probably caused by an additional deformation mechanism consisting of
micro-cracking generating large a number of additional fracture surfaces. Further deformation caused
the micro-cracks to open and coalesce into larger
ones until the complete failure of the specimen at the
strain of approximately ~6%.
Assuming the slope of the σ–ε curve reflects the
structural changes in the composite caused by increasing deformation, we differentiated the σ–ε
curve and obtained strain dependence of the apparent

3.2.4. Fracture energy
Our experimental results exhibit direct relationship
between the relative fracture energy and the relative
strain with the slope of approximately 0.5 (Figure 7a)
and, thus, suggest that the fiber toughening is caused
mainly by extending the composite’s ultimate strain
to failure.
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Figure 7. (a) The relative fracture energy as function of relative failure strain. (b) The relative fracture energy as function of
the fiber volume fraction for PMMA/PBO and PMMA/Kevlar fibers from ref. [35].

also contributes to the strain delocalization because
single PBO fiber can involve multiple entangling
and adjacent fibers relatively far away from the main
crack plane [40, 41, 54]. Here, the soft compliant kink
bands would be deformed more than the un-deformed
remaining portion of the fiber.
Defects such as mechanically deformed kink bands
with low stiffness (plus fiber ends, transversely oriented or looped fibers and matrix/fiber interface can
contribute similarly) are ideal for stress concentration
and crack initiation as fiber network is stretched. The
initiation of micro-crack on the kink band observed
in the view field of CLSM during tensile test (Figure 8b, 8c) further supports this hypothesis. We point
out the unique role of this micro-cracking on the soft
kink bands during fiber network stretching as a mechanism creating considerably large amount of additional fracture surface. In plastics [59] and fiber reinforced composites [58, 60–62] toughened by rubber
particles, various micro-cracking on the soft rubber
particles occurs during the loading in the vicinity of
propagating crack as mechanism improving the fracture resistance. In the case of PMMA/PBO composites, micro-cracking much farther from the main crack
plane is supported also by the loading of the entangled fiber network (stress transfer within fiber network) and the compliance of soft kink bands. Each
micro-crack generated on these defects grows further
into ordinary crack and the situation is repeated over
the whole volume of sample. When compared to rubber toughened plastics employing similar toughening
mechanisms via micro-cracking and crack bridging,
no significant decrease in the tensile modulus upon
addition of PBO fibers into matrix was observed as

Xiu et al. [58] reported that the addition of 20 vol%
of CF into brittle PLA matrix resulted in 1.7 fold
increase in toughness of their binary composites by
fiber pull-out. This number is in good correlation with
our GF and CF composites at low fiber volume fractions (10–20 vol%) (Figure 2d). In a previous work
by Jancar et al. [35], the fiber deformation and pullout was ascribed to an enhancement of the critical
strain energy release rate of a brittle PMMA composite toughened by short low bending modulus Kevlar
and poly-vinyl alcohol fibers. Kevlar fibers had a similar length (3.8 mm) as used PBO fibers. The addition of 20 vol% of Kevlar fibers increased the fracture energy by factor of 1.5. In order to compare the
effectiveness of the crack delocalization and fiber
bridging (PBO) versus fiber pull-out mechanisms in
Kevlar reinforced composites [35], the relative fracture energy was plotted against the fiber volume fraction (Figure 7b). The results support the superior effectiveness of the homogenization of deformation by
entangled and kink banded fiber network (PBO) compared to fiber pull-out mechanism in toughening of
the PMMA composite.
A schematic representation of the complex toughening mechanism with the experimental observation in
the PMMA/PBO composites is illustrated in Figure 8.
Matrix/fiber interface debonds due to a very weak interfacial adhesion and the main crack plane can be deflected into this interface causing the damage zone to
expand (Figure 8e). The length of the PBO fibers remains in the order of millimeters after melt processing, thus contribution of this mechanism to the overall fracture energy is significant due to creating large
additional fracture surface. Entangled fiber network
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Figure 8. (a) Simplified depiction of propagating crack and toughening mechanisms observed in PMMA/PBO composites
(b) Initiation of micro-crack (arrow) on the kink band during stretching of composite with outline of PBO fiber
with kink band under the sample surface. (c) Same area at larger strain with visible crazing in the opening crack,
scale bar 15 µm. (d) SEM micrograph of craze fibrils in the proximity of crack tip, scale bar 1 µm. (e) Matrix/fiber
interfacial debonding, scale bar 2 µm and (f) crack bridging by PBO fiber.

common drawback of rubber toughening agents [58,
60, 61].
Both mechanisms (i) expanding of deformation zone
via fiber network and (ii) micro-cracking occurs simultaneously and they influence each other. Propagating cracks are bridged by PBO fibers and thus stabilizing their growth and load bearing capability of
composite (Figure 8f). After reaching critical strain
(ε0) this mechanism is dominant while cracks are

being opened and fibers are stretched. In addition,
crazing behind propagating crack tip was observed
via SEM (Figure 8d) and in-situ observation by
CLSM (Figure 8b, 8c) during composite loading as
first deformation mechanism that is in very proximity of crack tip.
Assuming that the various contributions to the total
fracture energy are independent, we prepared a hybrid PMMA/CF/PBO composite containing 10 vol%
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load bearing capability. These extrinsic toughening
mechanisms were more effective than the fiber pullout observed for the PMMA reinforced with aramid
fibers, reported previously. The PBO fibers were
also an effective toughness improving additive in the
hybrid PMMA/CF/PBO composites. The CF component provided stiffening and strength enhancement via stress transfer while the entangled PBO
fiber mesh provided the ultimate strain enhancement.
Using the short PBO fibers as a toughening additive
may yield SFRT with the desired balance of stiffness, strength and toughness. These lightweight
moldable composites can find a wide range of applications, especially in the automotive components
aiming both mechanical robustness and toughness.

Figure 9. A comparison of changes in (a) tensile modulus,
(b) strength, (c) ultimate strain and (d) fracture energy of the PMMA/CF, PMMA/PBO composite
containing 10 vol% of CF or PBO, respectively
and the hybrid PMMA/CF/PBO composite containing 10 vol% of both CF and PBO fibers relative to those for the neat PMMA.
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of each fiber type. The substantial increase of both
tensile modulus and strength over the values for the
neat PMMA has been ascribed solely to the stresstransfer contribution to the CF. The PBO fibers provided toughening mechanisms and as a result, the
fracture energy of the hybrid composite increased
substantially as compared to both neat PMMA and
the PMMA/CF composite (Figure 9). This increase in
fracture resistance is not offset by any decrease of
other thermo-mechanical properties as often encountered in the case of rubber toughening.
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