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ABSTRACT

Multi-walled carbon nanotubes (MWNT) and tungsten disulphide nanotubes
(WS,-INT) have been widely used to improve the strength and toughness of
composite materials. The mechanisms of such improvements are extensively
studied, but it is not often clear what prompts a specific reinforcement mech-
anism to work. In this work we prepared two similar systems reinforced with
different nanofillers (MWNT and WS,-INT). Using in situ optical microscopy
and post-fracture electron microscopy, we established that using different
nanofillers results in a different type of fracture and a different reinforcement
mechanism. When compared to non-reinforced composites both systems
showed significant improvements in both strength and fracture toughness.
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Introduction The ways these improvements occur also vary.

Various reinforcing mechanisms, both intrinsic and

Nanoscale fillers, such as carbon nanotubes or tung-
sten disulphide nanotubes, have been extensively
used to affect the mechanical properties of composite
materials [1-4]. Being exceptionally strong and stiff
themselves [5-7], traditionally, they are incorporated
in polymer [8-11] or ceramic matrices [12, 13] to
improve the matrix’ stiffness, strength, fracture
toughness or combination of these properties. The
effect is varied, spanning from several [14] to hun-
dreds of percentage [15, 16] increases, and heavily
depends on the filler geometry [17], matrix properties
[9, 18] and the incorporation method [19, 20].
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extrinsic, are reported in the literature: nanotube
pull-out [21], crack bridging [22], grain bridging [23],
layer delamination, crack deflection/bifurcation
[24-29] and interphase reinforcement [19] are just a
few of them. Most either dissipate the fracture
energy, or inhibit crack propagation, thereby delay-
ing the catastrophic failure of the structure.

Not all mechanisms simultaneously occur in a
given composite. They are strongly dependent on the
nanofiller used and the way it is incorporated in the
structure. Parameters, such as dispersion quality,
degree of ordering of the nanofillers and their
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concentration, as well as the shape of the fillers [17],
their orientation [29] and their chemical composition
(which affects both the mechanical properties of the
fillers and their adhesion to the composite matrix
[30, 31]), play a crucial role in the reinforcement
mechanism that is activated [23, 32].

In this work we propose to study the mechanical
properties and fracture behaviour of layered cera-
mic—polymer composites reinforced with either
multi-walled carbon nanotubes (MWNT) or tungsten
disulphide nanotubes (WS,-INT). The composites are
prepared by “evaporation-driven self-assembly of
polymers” (EDSAP) [19, 33]. This process allows
creating a thin (2, 3 pm) uniform nanocomposite
coating on a flat substrate. The coating consists of a
polymer (in this case, polyvinyl butyral, PVB) and
nanoscale filler, namely either MWNT or WS,-INT. A
schematic illustration of the EDSAP process is shown
in Fig. 1. A fuller description of the EDSAP method
and its physical origins can be found in the Supple-
mentary material for this work or in our previous
studies [19, 33]. The coated substrates are then hot-
pressed together to make two-layer structures
(Fig. 2a). The strength (¢.) and the apparent work of
fracture (Wp of these composites are tested in a three-
point bending configuration. In situ optical micro-
scopy observation and post-fracture electron micro-
scopy observations are then used to identify the
reinforcing mechanism operating in each case.

@ EDSAP process
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Materials and methods
Composite preparation
PVB-MWNT films

The organic films were prepared by an EDSAP
approach developed in our previous work [19, 33].
The substrates were either alumina or microscope
cover glass. In a typical procedure CVD-grown
MWNTs (50 mg, 0.5 mg/ml, typical dimensions:
length: 3-10 pm, diameter: 8-10 nm) were put into
100 ml of Tetrahydrofuran (THF) and sonicated for
20 min. Then, 1 ml of Tryton-X surfactant (1 wt%)
and 0.5 gr of PVB (0.5 wt%) were added to the dis-
persion, which was sonicated for an additional 2 h
[34]. The resulting dispersion remains stable for
several weeks in ambient conditions. 0.25-mm-thick
Al,O5 plates (99.6% pure, as-fired, unpolished, pur-
chased from Valley Design Corp., Shirley, MA) were
cut using a diamond saw into 30 mm x 3.5 mm
substrate slides. Microscope cover glass (1 mm thick)
was used as is. The slides and cover glasses were
sonicated in DI water, ethanol and acetone and then
put in a vertical position into a specially designed
EDSAP tank. PVB-MWNT dispersion was filtered
through cotton wool to remove large aggregates, and
then added to the tank until the substrates were
completely covered by the liquid. The tanks were left
in ambient conditions for 20 h until all the solvent
evaporated (Fig. 1). The substrates were then care-
fully rinsed with water and dried in air. The average
thickness of the coating was measured to be
2.5 £+ 0.5 um, and the volume fraction of MWNT in

PVB plain — 2 ym

Figure 1 EDSAP process. a Schematic representation of EDSAP process. The insets correspond to plain PVB (top), PVB-WS, (middle)
and PVB-MWNT (bottom) composites. b The resulting films with their respective thicknesses.
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Figure 2 Layered composites. a Schematic representation of a
two-layered composite. The insets correspond to plain PVB (left),
PVB-WS, (middle) and PVB-MWNT (right) composites.
b Schematic representations of the measurement process of glass
(top) and Al,O3 (bottom) composites.

the PVB film was measured to be 7 £ 2%, according
to our previous work [33].

PVB-WS, films

The same general procedure was used for WS,-INT
films. 500 mg of WS,-INT (5 mg/ml, typical dimen-
sions: length: 2-7 pm, diameter: 30-150 nm) powder
were put into 100 ml of ethanol and sonicated for
20 min. Then, 1 ml of Tryton-X surfactant (1 wt%)
and 1 gr of PVB (1 wt%) were added to the disper-
sion, which was sonicated for an additional 2 h [34].
Resulting dispersion was stable in ambient condi-
tions for several days, and then its colour changed
from dark brown to light brown due to WS, nan-
otubes oxidation. All further experiments were done
prior to that point. 30 mm x 3.5 mm x 0.25 mm
Al,O5 substrates and microscope cover glasses were
sonicated in DI water, ethanol and acetone and then
put in a vertical position into a specially designed
EDSAP tank. PVB-WS, dispersion was then added to
the tank until the substrates were completely covered
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by the liquid. The tanks were left in ambient condi-
tions for 30 h until all the solvent evaporated (Fig. 1).
The substrates were then carefully rinsed with water
and dried in air. The average thickness of the coating
was measured to be 2.3 + 0.9 um, and the volume
fraction of MWNT in the PVB film was measured to
be 11 & 2%, according to our previous work [33].

Plain PVB films (control)

Non-reinforced PVB films were prepared for control
purposes to measure the influence of nanofillers. For
that, 1 ml of Tryton-X surfactant and 1 gr of PVB
were added to 100 ml of THF, which was sonicated
for 2h. 30 mm x 3.5 mm x 0.25 mm Al,Os; sub-
strates and microscope cover glasses were sonicated
in DI water, ethanol and acetone and then put in a
vertical position into a specially designed EDSAP
tank. PVB solution was then added to the tank until
the substrates were completely covered by the liquid.
The tanks were left in ambient conditions for 20 h
until all the solvent evaporated (Fig. 1). The sub-
strates were then carefully rinsed with water and
dried in air. The average thickness of the coating was
measured to be 2.0 £ 0.7 um, according to our pre-
vious work [33].

Multi-layer composite preparation

Multi-layered structures were prepared from the
coated specimens [24]. Two- and four-layered struc-
tures were prepared from Al,Oj substrates, and only
two-layered structures were made from the thicker
microscope glass substrates. All the multi-layered
structures were prepared using the same procedure.
Two (or four)-coated substrates were tightly held
together and then put into a hot-press under 15 kg at
150 °C for 20 min. The thickness change after the hot
pressing was negligible compared to the total thick-
ness of the multi-layers. About 60-70% of the struc-
tures prepared in this manner were not visibly
fractured and were used as is in mechanical mea-
surements. The temperature was lowered gradually
and slowly in order to relieve the specimens from
residual stress. The microscope glass slides were cut
using a diamond saw to final dimensions of
50 mm x 2.5 mm x 2 mm. The glass multi-layers
were notched first using the same diamond saw and
then a razor blade in a home-made apparatus, to the
total depth of 0.3-0.5 mm, representing 15-25% of the
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whole structure’s height, to achieve stable crack
growth. The alumina multi-layers remained unnot-
ched due to their dimensions and notching instru-
mentation restrictions. The resulting two-layered
composites are schematically shown in Fig. 2.

Bending tests

Critical strength at fracture (o) and apparent work of
fracture (Wp of the multi-layered structures were
measured in three-point bending configuration with
a custom-made stiff testing machine (developed at
TUHH, Institute of Advanced Ceramics) [35-37]. The
machine used an automated computer control of
stable crack growth and was equipped with a quartz
dynamic load cell type 9212 (Kistler) (high sensitivity
of 11.3 pC/N) and a position sensor 1-WI/2MM-T
(HBM). The loading spans for Al,O3; and glass spec-
imens were 20 and 40 mm, respectively, and the
crosshead speed was 0.2 pm/s (see Fig.2b for a
schematic description of the experiment).

The mechanical testing device allowed a precise
control of the displacement. Fast partial unloading of
the sample was possible, to enable finer control of the
crack growth. Since the material is not homogenous
and, as will be shown, the crack path deflects strongly
at interfaces, the application of classical fracture
mechanical analysis was problematic. Therefore, only
the apparent work of fracture (Wy) was calculated as a
measure of fracture toughness:

Wi = StOhp g, — g (1)

where S; p is the total area under the load—deflection
curve, b is the specimen width, h is the specimen
height and 4, is the notch depth [24, 38]. These defi-
nitions can also be found in Fig. 2b, together with the
specimens’dimensions. The term “apparent” is used
to emphasize that the transverse cross section
(b x (h — ap)) is used to normalize the energy, rather
than the true crack area, which includes the delami-
nation area [33]. The real work of fracture is probably
slightly larger than the measured values, because
unstable fracture of single layers creates kinetic
energy, which is not captured in the load—deflection
curves. At least five specimens of each type were
tested.

The critical strength (6.) of the multi-layered
structures was calculated from the three-point
bending experiments, as follows:
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where L is the support span in the three-point
bending test, b is the specimen width, & is the speci-
men height, 4y is the notch depth, and F.x is the
highest measured load [24, 39, 40].

In situ optical microscope observations

For in situ optical observations of the fracture pro-
cess, a CCD-Camera JAI CB-140 GE with a Nikon
(20 x 0.35 WD = 20.5 mm) micro-objective, com-
bined with TV-Zoom Optics 70XL 0.3 x — 2.2 x
(Opto, Germany) was used.

Post-fracture SEM observations

High-resolution scanning electron microscope (HR-
SEM) images were obtained using SUPRA-55 VP
Zeiss and ULTRA-55 Zeiss instruments using an In-
Lens detector. Images were collected at an accelera-
tion voltage of 3 kV and working distance of 4, 5 mm.
Prior to SEM imaging, the samples were sputtered
with gold-palladium alloy using an Edwards 5150
sputter coater instrument to prevent sample
charging.

Results and discussion

First we describe the typical fracture process of a
WS,-reinforced glass composite (PVB-WS,). The
load—deflection (LD) plot of the process (black line)
and optical microscope images taken during the
fracture process are shown in Fig. 3. The letters on
the LD plot correspond to the respective microscope
images. The grey dashed line on the LD plot is typical
of a plain (non-reinforced) specimen.

After the initial loading and the first load drop
(referred to as “pop-in” [24]), that signifies the failure
of the bottom, notched layer, a thin crack is clearly
seen on the bottom layer of the composite (white
arrow in Fig. 3b). That crack continues to widen
(Fig. 3¢) until a second pop-in occurs (Fig. 3d). Sur-
prisingly, the structure is not completely failed even
after both glass layers are cracked—this behaviour is
typical of WS,-reinforced composites. The two cracks
visibly continue to widen (Fig. 3d—f) as the polymer
interlayer deforms and eventually fails (Fig. 3g). Note



J Mater Sci (2018) 53:5879-5890

b ~=== Plain PVB
C —— PVB-WS,

0 ! 1 1 ! ! 1 1 1
0 20 40 60 80 100 120 140 160 180

Displacement, pm

Figure 3 Fracture of PVB-WS, composites. a Typical LD plot of
a PVB-WS, (black) and plain PVB (grey) specimens. The letters
on the LD plot correspond to the respective microscope images. b—
h In situ optical micrographs taken during the fracture of the same
specimen: initial crack appears after the first “pop-in” (b),

the cavities that appear in the polymer interlayer
after the third pop-in (accentuated by white arrows in
Fig. 3f). Figure 3h is a zoom-in of a fracture polymer
interlayer, showing multiple deformations that occur
during the fracture process.

A typical fracture process of the MWNT-reinforced
glass composite (PVB-MWNT) is quite different from
the one just described. An LD plot of such process
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followed by crack widening (c) and a second “pop-in” leading
to the second crack (d). Both cracks continue to open (e, f) until
the polymer interlayer fails (g, h). Refer to text for a more
thorough description of the fracture process.

(black line) and the optical microscope images taken
during the fracture process are shown in Fig. 4. The
letters on the LD plot correspond to the respective
microscope images. The grey dashed line on the LD
plot represents a typical LD plot of a plain (non-re-
inforced) specimen.

After the first pop-in a crack is visible and begins to
widen, just like in the case above (Fig.4b, ¢).
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Figure 4 Fracture of PVB-MWNT composites. a Typical LD plot
of a PVB-MWNT (black) and plain PVB (grey) specimens. b—
g In situ optical micrographs taken during the fracture of the same
specimen: initial crack appears and widens after the first “pop-in”

However, the second pop-in does not appear as soon.
Instead, a crack bifurcates, and delamination region
begins to develop (Fig. 4d). In the zoom-in image
(Fig. 4e) the development of polymer ligaments and
shear hackles (pointed to by white arrows)—defor-
mations common in soft matrix composites [41]—can
be clearly seen. This behaviour continues, and the
shear hackles are subjected to tensile forces (Fig. 4f),
which often contributes to higher energies required
for crack bifurcation. Eventually they fail under ten-
sion (for example, as shown by white arrows in
Fig. 4g). After the second pop-in occurs, the com-
posite fails altogether.

@ Springer

J Mater Sci (2018) 53:5879-5890

(b, ¢). A crack bifurcates into the polymer interlayer, and it begins
to fail (d, e). Shear hackles are developed (f) and fail (g) under
tensile forces. Refer to text for a more thorough description of the
fracture process.

The AlL,O; composites show a generally similar
behaviour. The LD plots and corresponding optical
microscopy images for the Al,O; composites can be
found in the Supplementary material. Figure 5 sum-
marizes the difference between the failure processes
of the different composites. The process presented as
“Case 1” is typical of the PVB-WS, specimens: (1) the
structure is put under load; (2) a crack in the notched
layer appears; (3) the crack widens; (4) a crack
appears in the second layer and the interlayer is
deformed; (5) the interlayer is further deformed; and
(6) the structure fails. The process presented as “Case
2” is typical to the PVB-MWNT specimens: (1) the
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Figure 5 Three cases of specimen fracture. Schematic representation of three different cases observed during fracture of two-layered plain

PVB, PVB-WS, and PVB-MWNT composites.

structure is put under load; (2) a crack appears in the
second layer; (3) the crack widens; (4) the interlayer is
deformed; (5) the interlayer is further deformed; and
(6) the structure fails. The process presented as “Case
3” is likely in all three types of specimens (plain PVB,
PVB-WS, and PVB-MWNT) and is more common in
Al Oj3 structures than in glass structures, and in plain
structure than in reinforced ones. During “Case 3”
fracture: (1) the structure is put under load; (2) no
visible changes occur over a longer period of time
compared to the other two cases; (3) cracks in both
layers appear, and almost immediately; and (4) the
structure fails. Steps (3) and (4) often occur simulta-
neously and are impossible to capture on camera
separately. It can be argued that “Case 3” fracture is
just an extreme variant of “Case 1”7 fracture, in which
the polymer interlayer is unable to prevent the crack
from propagating into the second ceramic layer. The
fact that it is more common in plain, non-reinforced
structures corresponds well with the structures’
mechanical properties.

An additional important point of distinction
between the “Case 1”7 and “Case 2” fractures is the
delamination crack length, schematically demon-
strated in Fig. 5, “Case 2” column. The delamination
crack length in “Case 2” fracture is typically

significantly longer than that in “Case 1” and “Case 3”
fractures, 3-5 mm as opposed to 0—2 mm of the latter.
This may account for some additional energy dissi-
pated during the fracture process and, as a result,
higher work of fracture.

The mechanical properties of glass and Al,O3
composites, including critical strength (o), work of
fracture (Wp) and average displacement before frac-
ture, and the type of fracture typical to the structure,
are summarized in Tables 1 and 2, respectively. The
mechanical results correspond well to the in situ
observations: the PVB-WS, specimens show the
highest strength, whereas the PVB-MWNT speci-
mens—the highest work of fracture and displace-
ment. It is easy to notice that the higher strength
values correspond to the “Case 1” fractures (Fig. 5),
likely due to better stress transfer between the layers;
the higher work of fracture values correspond to the
“Case 2” fracture, likely due to energy dissipated
during the delamination process. High error values
in both tables may be attributed to general brittleness
of the system or on the effect of residual stresses
accumulated during specimen preparation.

Due to the different modes of composite fracture in
different cases, the SEM examination of the fractured
specimens also was performed differently.
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Table 1 Fracture type and mechanical properties of two-layered glass composites

Fracture Strength (MPa) We (kJ/m?) Displacement (pm)
Plain PVB Case 1, Case 2 and Case 3 246 34 0.035 + 0.014 81 + 24
PVB-WS, Mostly Case 1, some Case 3 423 + 8.9 0.069 £ 0.018 119 £+ 28
PVB-MWNT Case 2 37.8 £9.3 0.096 £ 0.069 157 £ 59
Table 2 Fracture type and mechanical properties of two-layered Al,O3; composites
Fracture Strength (MPa) W (kJ/m?) Displacement (pum)
Plain PVB Mostly Case 3, some Case 1 and Case 2 155 £ 26 0.15 = 0.05 154 £+ 27
PVB-WS, Mostly Case 1, some Case 3 357 £+ 68 0.27 &+ 0.07 162 £ 22
PVB-MWNT Mostly Case 2, some Case 3 303 £ 105 0.32 & 0.06 219 £ 15

Specifically, after “Case 1” or “Case 3” fracture, the
cross section of the fractured specimens was investi-
gated. After “Case 2” fracture, the cross-sectional
examination was usually impossible due to the
interlayer deformation. Instead, a top-down investi-
gation of the delaminated layer was performed. Fig-
ure 5 shows the SEM observation perspective (cross
section, top-down) that provides the most data in
each fracture case.

Figure 6 shows a cross-sectional view of the WS,-
reinforced glass specimen after a “Case 1” fracture.
The cross section of the fracture surface reveals a
large amount of nanotube pull-out, which contributes
to the structures’ high fracture resistance (Table 1).
Some of the cavities left by nanotube pull-out are
shown with yellow arrows. Figure 6b, d is zoom-in
images of Fig. 6a, c, respectively. In addition, the
fracture surface is significantly deformed and in
some cases, local delamination of the polymer inter-
layer from the ceramic layer can be seen (Fig. 6¢, d).'
It can also be observed that as delamination occurs,
the WS, nanotubes do not inhibit the delamination
crack propagation, and even may exhibit some
degree of alignment along it (Fig. 6d). Such align-
ment was not observed in as-prepared specimens
[33].

Figure 7 is a top-down view of a delaminated
section of a PVB-MWNT glass specimen after a “Case
2” fracture. Top-down view SEM observations of
fractured specimens show that the organic layer is
significantly deformed and torn. The broken “shear

! The polymer interlayer in this case is thicker than typical.
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hackles” (shown with white arrows in Fig. 4g) are
visible on SEM images, and are pointed to by white
arrows as well (Fig. 7a). As a series of zoom-in ima-
ges (Fig. 7a—d) reveals, the torn shear hackles show
extensive nanotube pull-out (Fig. 7c—e) and in some
cases even nanotube bridging (Fig. 7f) of the cracked
polymer layer. This hints to a mechanism similar to
the interphasial deformation [19]. The cross-sectional
observations, as opposed to the “top-down ones”, of
the “Case 2” fractured specimens do not reveal sig-
nificant nanotube pull-out during the fracture of the
polymer interlayer. SEM images of fractured plain
PVB composites are shown in the Supplementary
materials.

To clarify this we summarize the difference
between “Case 1” and “Case 2” fractures at the nan-
otube level, based on SEM observations. In “Case 1”
fracture, typical of PVB-WS, specimens, the nan-
otubes are pulled out primarily during crack propa-
gation through the polymer interlayer. In “Case 2”
fracture, typical of PVB-MWNT specimens, the nan-
otubes are pulled out primarily during the crack
propagation along the polymer interlayer, that is, the
process of crack bifurcation and subsequent delami-
nation, during formation and failure of structures
known as “shear hackles” [41] (shown with white
arrows in Figs. 4g, 7a). This fundamental difference
has an effect on the mechanical properties of the two
structures.

To further investigate the reinforcement mecha-
nisms in more complex structures we prepared four-
layered Al,O3 specimens of all three varieties—with
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Figure 6 Post-fracture SEM
observations of PVB-WS,
specimens. a A typical cross
section of a PVB-WS,
specimen, showing WS,
nanotubes pull-out. b Zoom-in

<

SEM observation (cross-section)

of a. ¢ Local delamination of
the polymer interlayer in a
PVB-WS,; specimen. d Zoom-
in of ¢. Yellow arrows point to
cavities left after a nanotube
pull-out.

plain PVB, PVB-WS, and PVB-MWNT interlayers.
The mechanical measurements for all specimen types
are summarized in Table 3. At least five specimens of
each type were tested.

Table 3 shows that multi-layered structures are less
varied in terms of their mechanical properties than
those presented above. The work of fracture of all
three types is higher than corresponding values of
two-layered structures, in agreement with previous
studies [19, 24]. The strength values are higher as
well, in some cases reaching and even exceeding the
Al,O5 bulk strength values [24, 33, 42]. This indicates
a very efficient stress transfer between the ceramic
layers [29, 43].

The failure process of all the four-layered struc-
tures was also more varied and complex than that of
the two-layered ones. Instead of two major pop-ups
(failures of two ceramic layers), that can be either
close to each other (“Case 1” and “Case 3”) or far from
each other (“Case 2”) in terms of measurement time
and distance, with four-layered composites there are
now four pop-ins. Each two pop-ins may occur
together or separately, which makes the analysis of
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the fracture process difficult and unclear. The only
observation that can be made in this case is that
MWNT-reinforced specimens favour the “Case 2”
fracture process. This is further supported by the fact
that fractured PVB-MWNT specimens have a longer
average delaminated crack length (Fig. 5) compared
to any other specimens.

It is important to note the limitations of this study
concerning used materials, namely the nanorein-
forcements. MWNT and WS,-INT differ not only in
their aspect ratios, but in many other parameters as
well. A few important ones are their chemical com-
position, interactions with the PVB matrix and the
solvents and surfactants used during the EDSA pro-
cess, the shape of their ends (circular/broken), which
can affect the abovementioned interactions, their
resistance to the mechanical damage during the
sonication process. The effect of some of those factors
can be understood and taken into account; the effect
of others can be minimized. For example, the soni-
cation used in this study to disperse the nanorein-
forcements was mild (a sonication bath instead of a
sonication probe was used) and kept as short as
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Figure 7 Post-fracture SEM
observations of PVB-MWNT
specimens. a A top-down
image of a large area of
delaminated polymer. White
arrows point to “shear

hackles”, as seen on Fig. 4g.
b—d Consecutive zoom-in
images of a, showing MWNT
pull-out. e An additional SEM
image of MWNT pull-out.

f An image of a crack in the
polymer layer showing
MWNT bridging.

SEM observation
(top-down)

J Mater Sci (2018) 53:5879-5890

PVB-CNT

Table 3 Mechanical

properties of four-layered Strength (MPa) Wy (kl/m?) Displacement (pm)

Al205 composites Plain PVB 336 + 18 0.23 + 0.02 136 + 4
PVB-WS, 413 £+ 52 0.43 £ 0.05 137 £ 15
PVB-MWNT 367 £+ 24 0.46 £ 0.03 164 £ 11

possible. Factors like chemical interactions between
the nanotube and the matrix potentially have greater
effect on the behaviour of the composite films, such
as their yield strength and adhesion to the substrate,
and are intrinsic to the system. A deeper under-
standing of those effects falls out of the scope of
current study and may stem from the analytical and
computational studies of the system [17, 44, 45].

Conclusions

We investigated the effects of two different nan-
otubes, tungsten disulphide and multiwall carbon, on
the fracture process and mechanical properties of
layered ceramic-polymer composites. We have
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demonstrated that even though the improvements of
the composites’ strength and work of fracture
achieved by the addition of both nanofillers are
numerically close to each other, they stem from dif-
ferent fracture mechanisms.

The WS,-INTs are pulled out of the polymer dur-
ing fracture, thereby strengthening and toughening
the polymer interlayer. MWNTs, however, both
promote crack bifurcation by reinforcing the inter-
layer [19] and make resulting layer delamination
more costly in terms of energy. They are pulled out
from the shear hackles created during the delamina-
tion process. The difference between two nanofillers
was less pronounced in four-layered structures due
to higher variability of the fracture process.
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