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ABSTRACT

In this paper, we established a relationship between the microstructure and the tensile properties of nano- and hybrid composites with a thermoplastic, semi-
crystalline poly(lactic acid) (PLA) matrix, reinforced with carbon fibers and carbon nanotubes, using the fiber bundle cell model. The microstructure of the ma-
trix and the volume ratio of the mobile amorphous, rigid amorphous and crystalline fractions were determined by differential scanning calorimetry and the elastic
modulus of these fractions was measured by atomic force microscopy. These data served as input parameters for the fiber bundle cell model, in which each structural
unit corresponded to a single bundle of fibers. For the parameters for which no experimental method was available, we determined structure-independent constants.
With these model parameters, we fitted a fiber bundle cell model curve to the averaged tensile curves of each material. By analyzing the fitted model, we concluded
that the mobile and the rigid amorphous fraction of the matrix has a key role in the properties of the initial, load-carrying section of the tensile curve. The crystalline
fraction and the carbon nanotubes elongated the failure section. By examining the damage maps, we found that overlapping interphases in the vicinity of carbon
fibers and carbon nanotubes improved the load transfer between the carbon fiber and the matrix, thus allowing better utilization of the reinforcing effect of the

carbon fibers.

1. Introduction

Polylactic acid (PLA) is one of today’s most popular biopolymers. It
has the great advantage that it can be produced from feedstocks ob-
tained by fermentation of renewable sources such as corn, cellulose, and
also other feedstocks containing polysaccharide. Because of today’s
environmental consciousness, it can be used on a broader scale in the
future, but modifying its strength and chemical properties to meet the
requirements of applications is essential. This modification is possible,
for example, by producing polymer composites with a PLA matrix [1-3].

Over the last two decades, nanoscale reinforcing materials have
become available in addition to the former microscale reinforcing ma-
terials. One of the most researched nanoparticles are carbon nanotubes
(CNTs) [4,5]. When used as reinforcing material in a thermoplastic
polymer matrix, it can not only improve the thermal and electrical
conductivity of the polymer composite but it also increases the strength
of the composite [6,7]. However, the dispersion of CNTs in matrix

materials is difficult to achieve with mass production technologies
(extrusion, injection molding), and aggregates of adhered nanotubes
often remain in the matrix. The latter reduces the contact area between
the nanotubes and the matrix material, thus reducing their beneficial
effects. A solution to this could be reinforcing the matrix with several
types of reinforcing materials, thus creating a hybrid composite [8-10].
By adding carbon fibers (CF) to the composite besides the CNTs, the
shear stress during the compounding process is then increased by the
presence of CF, which helps to disperse the CNTs and so they can exert
their reinforcing effect [12,13].

The type and amount of reinforcing materials used and their inter-
action with each other and the polymer molecules all affect the micro-
structure of the composite. Former research found that in the case of
crystal nucleating reinforcements, a two-layer interphase is formed
around them, which has a semi-crystalline inner layer and a rigid
amorphous outer layer, and the rest of the matrix is mobile amorphous.
If the amount and properties of these phases are taken into account, the
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calculation of the mechanical properties of the composite can be much
more accurate [14-16].

While the weight fraction of the mobile amorphous (MA), the rigid
amorphous (RA), and the crystalline (CR) fractions (F) can be easily
measured by differential scanning calorimetry, the measurement of their
mechanical properties requires atomic force microscopy (AFM) [17-19].
If the ratio and the mechanical properties of each structural unit, i.e. the
CNT, the CF, the MAF, the RAF and the CRF in the composite are known,
the mechanical properties of the composite can be calculated.

The correlation between the morphological characteristics, the
intrinsic properties of each structural unit and the mechanical properties
of the composite, can be easily established with the statistical fiber
bundle cell (FBC) model. The FBC model is based on the serial and
parallel coupling of elementary fiber bundle cells, corresponding to the
structural units of the composite. The stochastic mechanical properties
of the fiber bundle cells make the model suitable for describing the
response to external mechanical stress and the failure of each structural
unit and also of the whole composite, which is also a stochastic process
[20-23].

This study focuses on the microstructure of nano- and hybrid com-
posites, with particular emphasis on the structural and mechanical
behavior of the interphase around the reinforcing material. Using the
results of differential scanning calorimetry (DSC) and atomic force mi-
croscopy (AFM), we aimed to construct a fiber bundle cell model, which
establishes a link between the microstructure of the material, the
intrinsic properties of the microstructural units and the tensile test
results.
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2. Materials and methods

2.1. Materials

PLA+30CF

We used PLA matrix and nanocomposites containing carbon nano-
tubes in four different weight ratios to investigate the effect of carbon
nanotubes on the morphology and mechanical properties. We also pre-
pared composites containing only carbon fibers, and carbon fibers and
four different amounts of carbon nanotubes to study the combined effect
of nanotubes and microfibers. The composition of the materials is shown
in Table 1.

The matrix material used for nano- and hybrid composites was Ingeo
4043D (NatureWorks LLC, USA) polylactic acid. It has a tensile strength
of 53 MPa, a tensile modulus of 3.6 MPa, and an elongation at break of
6%. Its density was 1.24 g/cms’ and its melt flow index (MFI) (2.16 kg/
210 °C) was 6 g/10 min. It had a D-lactide content of 4.8%, which makes
it capable of crystallizing.

The Nanocyl NC7000 (Nanocyl SA, Belgium) multi-walled carbon
nanotubes were produced by catalytic chemical vapor deposition. They
had an average diameter of 9.5 nm, an average length of 1.5 pm, a
carbon content of 90 wt%, and less than 1 wt% of transition metal ox-
ides. Their specific surface area varied between 250 and 300 m?/g.

The PANEX PX35 (Zoltek Zrt., Hungary) chopped carbon fibers had a
tensile strength of 3800 MPa, a tensile modulus of 242 GPa and an
elongation at break of 1.5%. They had a density of 1.81 g/cm?, a fiber
diameter of approximately 7.2 pm, and a carbon content of 95%. The
initial fiber length was 6 mm, and the fibers had silane sizing.
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2.2. Production of the samples

Before compounding, the PLA was dried in a Faithful WGLL-125 BE
(Huanghua Faithful Instrument Co., LTD, China) drying oven for 4 h at
80 °C. First, the reinforcing materials were mechanically mixed with the
PLA granules, then the materials were compounded with a Labtech
Engineering Co., Ltd. LTE 26-44 twin-screw extruder (Labtech Engi-
neering Co., Ltd., Thailand) with a screw speed of 25 1/min and zone
temperatures of 180, 190, 190, 190, 190, 200, 200, 200, 200 and 200 °C
and die temperature of 190 °C. Granules with an approximate length of

0
0
PLA

CNT [weight%]
CF [weight%]

Materials:

Composition of the materials.

Table 1
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4 mm were prepared from the filaments produced during compounding
with a Labtech LZ-120/VS (Labtech Engineering Co., Ltd., Thailand)
granulator. Before injection molding, the granules were dried again at
80 °C for 4 h.

According to EN ISO 527-2:2019, 1A type dumbbell tensile speci-
mens were produced by an Arburg Allrounder Advance 270S 400-170
(Arburg GmbH, Germany) injection molding machine, with a melt
temperature of 200 °C, a mold temperature of 25 °C and an injection
pressure of 1200 bar. During the injection molding of the specimens, the
high cooling rate left the matrix in an amorphous state (APLA), therefore
the PLA had to be crystallized by annealing for the preparation of semi-
crystalline polylactic-acid matrix (PCPLA) composites. The samples
were annealed at 100 °C for 1 h in a Faithful WGLL-125 BE oven [24]
between two press plates to minimize shrinkage.

2.3. Structural and mechanical characterization of the samples

To determine the phase structure of the PCPLA matrix material, we
measured the mobile amorphous (MAF), the rigid amorphous (RAF) and
the crystalline fraction (CRF) by modulated differential scanning calo-
rimetry (MDSC) using a TA Instruments Q2000 (TA Instruments, USA)
differential scanning calorimeter. The temperature range of the test was
0-200 °C, and the heating rate was 5 °C/min. The amplitude of modu-
lation was 1 °C, with a period of 60 s. The test was performed in a ni-
trogen atmosphere with a flow rate of 50 ml/min. The weight of the
samples was 10-15 mg. The weight ratio of the mobile amorphous
fraction can be calculated by equation (1) [25]:

Ac,

MAF (%) =

¢ 100 (%) @
C,,o

where Ac, is the measured heat capacity jump at the glass transition
temperature (Tg) and Acyo = 0, 48§ is the heat capacity jump at Ty of the
100% amorphous PLA. The latter was measured on a fully amorphous

PLA sample. The weight ratio of the crystalline fraction (CRF) can be
calculated according to equation (2) [25]:

AI'Im
CRF(%) = MIOO (%) (2)

where AH,, is the measured crystal melting enthalpy, AHy = 93§ is the
crystal melting enthalpy of the 100% crystalline PLA [26], and ¢y, is
the weight ratio of the reinforcement. The ratio of the rigid amorphous
fraction can be calculated according to equation (3)

RAF(%) =100% — MAF(%) — CRF (%) 3)

The modulus of the mobile amorphous, rigid amorphous, and the
crystalline phases in the matrix was determined by atomic force mi-
croscopy (force and displacement were measured) with a Nanosurf
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FlexAFM 5 (Nanosurf AG, Switzerland) atomic force microscope with a
BudgetSensors Tap 190 Al-G tip (Innovative Solutions Bulgaria Ltd.,
Bulgaria). To make the structural units measurable, the surfaces of the
samples were etched in a 5 mol/l NaOH solution for 1 h at 25 °C [27].
First, images were made of a spherulite in the pure PCPLA matrix, of a
carbon fiber and its vicinity in a composite with an APLA matrix rein-
forced with only carbon fiber, and of a pure APLA matrix. Then force-
—indentation measurements were made with an indentation depth of 2
um and an indentation time of 33 ms. The moduli were calculated with
the ANA software (Nanosurf AG, Switzerland) with the use of the
Derjaguin-Muller-Toporov model [28]. The modulus of the CRF was
measured along a straight line passing through a spherulite; for RAF it
was near a carbon fiber in an amorphous PLA matrix, and for MAF it was
determined on a randomly chosen part on the unreinforced, amorphous
matrix. 20 points were measured and averaged in each case, with a
straight line fitted for all three phases. In Fig. 1, the red lines indicate the
lines along which the measurement points were located.

The measured moduli of the different phases in the matrix are shown
in Table 2. The large standard deviation of the results is presumably
caused by the uncertainty of the measurement location, because the
AFM tip is very small (~1 nm) and due to its small surface area in
contact with the sample, the mechanical properties vary greatly
depending on the location, especially for the interphases.

The post-crystallized PLA (PCPLA) matrix composites were tested
with a Zwick Z20 (ZwickRoell GmbH & Co. KG, Germany) tensile tester,
and the stress—strain curves were recorded. Before the tests, the samples
were conditioned in a desiccator at 50% RH for 4 weeks. Five samples of
each material were measured with a tensile speed of 2 mm/min and the
resulting stress-specific strain curves of the same materials were aver-
aged at each point.

2.4. Modeling the relationship between structural and mechanical
properties

If the tensile stress is recorded up to ultimate failure during a tensile
test of a homogeneous material (consisting of a single bundle of fibers),
and the tensile curves obtained from repeated tests are averaged point
by point, the resulting tensile curve can be divided into two parts: the
first is the load-carrying or deformation section, the second is the failure

Table 2
Moduli of the different phases in the matrix.

Modulus of the
mobile amorphous

Modulus of the
crystalline phase

Modulus of the rigid
amorphous phase

(GPa) (GPa) phase (GPa)
Average 3.140 2.557 1.603
Standard 1.864 1.680 0.452

deviation

20um

om

10um

20pm

Fig. 1. Atomic force microscopy images of the nano- and the hybrid composites, and the location of the force-displacement measurements. a) crystalline phase in a
spherulite, b) rigid amorphous phase around a carbon fiber in the amorphous PLA matrix, composite reinforced with only CF, ¢) mobile amorphous phase in the pure

amorphous PLA.
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section (Fig. 2 a).

The initial section of such a tensile curve can be approximated with a
characteristic tensile function, and the failure section can be taken into
account with a reliability function since failure is a stochastic process.
The model curve describing the full curve can be obtained as the product
of the two functions (Fig. 2 b) [23]. In a composite material, the micro-
and nanoscale reinforcing fibers, and even the molecule chains of the
polymer matrix, can be considered fibrous structures. The fibers of these
structures that have the same characteristics are called fiber bundle
cells. Considering a single fiber bundle cell with viscoelastic behavior,
the load carrier section of its tensile curve can be modeled as the
response of the Standard-solid model to a velocity jump excitation (4)
[20]:

o(e)=a(l—e™) +ce C)]

where o(¢) is the characteristic tensile function, ¢ is the specific elon-
gation, a is a stress, c is a modulus-type constant and b is an elongation
constant. The failure section of the curve can be described with a re-
sponsibility function (R(e¢)), which is a complementary Gaussian-
distribution function in a general case (5) [20]:

/ 1 (=M
R(e,M,D,D*)=1—-Q(e,M,D)=1— / ce o dt 5
( ,D?) Q(e, M, D) N (5)

—

where the parameter M is the mean of the distribution, and the
parameter D is its standard deviation. The variance of the distribution is
D?. The condition for applying a normal distribution is that M — 3D > 0,
to avoid the elongation being negative. Therefore, the function
describing the total measured tensile curve (6yeqsured(€), €quation (6))
can be obtained as the product of the functions describing the load-
carrying (equation (4)) and the failure section of the curve (equation

(5)) [20]:
Gmfasurfd(s) ~ o-madel(g) = 6(8) ° R(67 M7 D) (6)

Composites are structures built up of several different fibrous parts,
so to describe their full tensile curve, a weighted parallel coupling of
several elementary fiber bundle cells is required. Then the measured
tensile curve of a composite material can be modeled as follows (7) [20]:

n
O'meu.\-uml(é‘) ~ O-mudel(e) = Zpiai(e)Ri<€1 M;,D;) =
=1

Y (=m;)”

:Zpi(di(l —e’b")+ci€) 1- /Di\l/zizr.ei 7 dt ()

-0

where p; is the weight (Z?zlpi = 1), oi(e) is the characteristic tensile
function and R;(¢) is the reliability funcion of the i-th fiber bundle cell,
and n is the number of fiber bundle cells coupled in parallel. The
goodness of fit of the model curve to the measured curve can be shown
with the relative mean squared error (RMSE, equation (8)) [20]:

RMSE = \/ﬁ jN:1 (ameaxured (8]‘) — Omodel (gj))z
- max Opeasured (8]')

I<j<N

®

-
Characteristic tensile rd

o
=

section p—

"
ﬁ P 2 function \A‘/ Model
= . 5~ -
w©l oFailure " Vg « function
og section o8 5 g \A/o
B < Load-carrier | == ? = Ve .
c H v
2 2

\
“Reliability function :

Specific elongation (-)

Specific elongation (-)

Fig. 2. a) separating the tensile curve into a load-carrier and a failure section,
b) generating of the model function from a characteristic tensile function and a
reliability function.

Composites Science and Technology 242 (2023) 110154

where N is the number of the measured data points. Equation (9) gives a
quotient, which is the stress response of k fiber bundle cells compared to
the force response of a model of n fiber bundle cells. This equation gives
a stress quotient map as a function of specific elongation using stress
lines k = 1, ...,n. This map shows the role of each cell in load absorption
[20].

k
;Piﬂi(f)Ri(E)
Pk,mode[ (8) = 1;7

;pim(:‘?)Ri(E)

)]

where Py moqei(€) is the tensile stress component as a function of specific
elongation, Pp meqer(€¢) = 1 for every ¢, and 1 < k < n is the number of a
given fiber bundle cell. The resultant curves create a kind of failure map
where the ranges between the curves characterize the participation of
the components and the failure processes represented by them.

3. Results and discussion
3.1. Microstructure of the nano- and hybrid composites

Based on the DSC tests, 3 phases can be differentiated in the matrix of
the PCPLA matrix composites: crystalline, rigid amorphous, and mobile
amorphous. Fig. 3 a shows that the proportion of the crystalline fraction
is smaller, while the rigid amorphous fraction is larger in the nano-
composites than in the pure PLA. Beyond this, no clear trends can be
observed because the random volume distribution of nanotubes and
their aggregates means that the proportion of phases formed in the
matrix is also random. In the only carbon fiber-reinforced PCPLA
composite, the crystalline fraction decreased, while the volume fraction
of the rigid amorphous phase increased significantly compared to pure
PCPLA (Fig. 3 b). It can be assumed that they act as crystal nucleating
agents, and the average crystallite size is then significantly reduced. The
carbon nanotubes caused a slight decrease in the crystalline fraction but
a significant increase in the proportion of the rigid amorphous phase,
indicating that the average crystallite size decreased. This suggests that
the nanotubes acted as crystal nucleating agents and that the better
dispersion of the nanotubes caused simultaneous crystallization in many
more sites of the matrix material, resulting in a smaller crystallite size
[29].

3.2. Mechanical properties of the nano- and hybrid composites

The tensile strength, the tensile modulus and the elongation at break
of the only carbon nanotube reinforced composites did not change
significantly compared to the pure PLA (Table 3). However, in the car-
bon fiber reinforced composites, the addition of the carbon nanotubes
increased the tensile strength and modulus significantly, and a slight
increase is observable also in the strain at break values. This indicates
that the carbon nanotubes improved load transfer between the matrix
and the carbon fibers. To further investigate this, we fitted a fiber bundle
cell model to the measured tensile curves.

3.3. Mechanical properties of the structural units in the matrix

Based on the DSC tests, and the weight fraction of the reinforcing
materials, the p; weight for each bundle was the volume fraction of the
structural units relative to the total composite volume. For this, the
weight fractions from the DSC test for CRF, RAF and MAF and the weight
fraction of the added reinforcing materials were converted to volume
ratios using the densities of the different phases. The parameter c; in
equation (7) is the initial tangent tensile modulus; for CNT and CF, it was
calculated from their elastic modulus (E). It is important to note that the
orientation of CNT and CF in each bundle is not considered parallel to
the direction of loading. Hence, their elastic modulus values need to be
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Fig. 3. The ratio of mobile amorphous, rigid amorphous, and crystalline phases a) in the pure PCPLA, and in the PCPLA matrix nanocomposites b) in the carbon
fiber-reinforced PCPLA, and in the hybrid composites with a PCPLA matrix.

Table 3

Mechanical properties of the nano-and hybrid composites.

Tensile strength (MPa)

Elongation at break (%)

Modulus (MPa)

PLA 64.4 + 0.6 3.2% + 0.3% 3217.4 + 45.7
PLA+0.25CNT 64.0 + 0.8 3.3% + 0.5% 3211.8 + 79.0
PLA+0.5CNT 64.4 + 0.6 3.7% + 0.3% 3259.8 + 12.5
PLA+0.75CNT 65.4 + 0.7 3.1% + 0.5% 3314.2 + 49.6
PLA+1CNT 65.0 + 0.5 2.9% + 0.2% 3266.4 + 70.8
PLA+30CF 62.3 + 1.9 1.4% + 0.1% 7235.8 + 220.4
PLA+30CF +0.25CNT 100.0 + 5.9 1.4% + 0.1% 7521.8 + 308.8
PLA+30CF +0.5CNT 107.4 + 2.1 1.6% + 0.1% 7277.3 + 445.1
PLA+30CF +0.75CNT 102.0 + 3.2 1.4% + 0.1% 7606.8 + 565.4
PLA+30CF +1CNT 98.6 + 2.7 1.4% + 0.1% 7622.1 + 471.7

corrected (E.,,) with an efficiency factor f.

E,on=foE (10) 3.4. Structure-mechanical properties relationships in the composites

If the fibers are randomly oriented in three dimensions, the value of f
is 0.2 [30]. Based on the tensile modulus from the CNT and CF data-
sheets, the corrected tensile modulus (E.,,) was calculated, which pro-
vided the parameter c; for these phases (Table 4). For the bundles
representing MAF, RAF, and CRF, which constitute the matrix material,
atomic force microscopy gave the value of parameter c. For the mobile
amorphous, the rigid amorphous, and the crystalline phase, the average
of the modulus values measured at each point, expressed in MPa (E)),
provided the parameter c; for a given bundle in the model. For the model
described by equation (7), parameters a; and b; were determined. Our
goal was to fit the model as accurately as possible to the point-averaged
tensile curves that we obtained by evaluating the tensile tests. These
parameters were determined to be constant, independently of the rein-
forcing material content. As the initial modulus of the cumulative model
curve had to be non-negative, the values of the parameters had to be
chosen to satisfy equation (11). All the parameters for each model can be
found in Tables S1 and S2 in the supplementary file.

Eoy=a;eb;+c; >0 1)

Table 4
Example of the model parameters for the PCPLA+30CF+1CNT composite.

Fitted and kept
constant for each

material Measured Fitted for each

or (Cfiglcclgzierzg) material

Measured A calculated A
Bundle  pi() a(MPa) b() c(MPa) E,(MPa) M(s)() Dy&)()
MAF | 0.3314 6600 0.5 1600 4900 |0.003636 0.001818
RAF | 0.2860 -7000 0.1 2557 1857 |0.001818 0.002727
CRF 0.143 -5500 0.3 3140 1490 |0.016364 0.001818
CNT | 0.00757 |-270000 0.5 211000 560 |0.013636 0.004545
CF 0.232 0 0 35000 35000 ]0.012818 0.000909

We used four bundles for the samples not containing CNTs and five
for all other nano- and hybrid composites. These bundles represented
the mobile amorphous (MAF), rigid amorphous (RAF), crystalline (CRF),
CNT, and CF phases of the materials, corresponding to their structure.
The unreinforced PLA matrix material is composed of a CRF, a RAF, and
a MAF. We divided the latter into two bundles. The initial section and
the peak of the tensile curve were defined by a bundle of breaking fibers
(breaking MAF), which were used to describe the breakage of the mo-
lecular chains. The plateau-like section following the force peak was
followed by a O ¢ parameter bundle (sliding MAF), which represented
the sliding molecular chains. In the case of nanocomposites containing
CNTs, a bundle (CNT) characterizing the behavior of nanotubes was also
used in addition.

Since the initial slope of the curves is given (measured), their ex-
pected elongation at break values (M;) and the standard deviation (D;)
have been chosen to fit as closely as possible to the failure steps of the
measured curves. According to this, the earliest failure occurs in the
rigid amorphous phase, followed by the breaking molecular chains
forming the mobile amorphous phase and then the sliding fibers. Then
the CNTs break, and final failure occurs in the crystalline phase. The
curve fits (Fig. 4) for the unreinforced PLA matrix and the nano-
composites indicate that the load absorption and tensile strength of the
specimens were mainly determined by RAF and breaking MAF, and CNT
and CRF determined failure. The effect of the rigid amorphous phase
affects the initial phase of the curves, as the initial slope of the curve is
greater, especially for higher nanotube contents, after which the curve
breaks slightly and decreases in slope. It is because the stiffness of RAF
and MAF differs greatly, so the interphase between them slips. The
sliding MAF initially has a significant effect on both the load absorption
and the failure of the specimens and then becomes less involved as CNT
content increases. While in the case of unreinforced PLA, CRF mainly
affects only the progress of failure, the effect on the tensile strength of
the samples with CNT is also significant; this is particularly evident in
the case of the curve fitting of the PCPLA0.5CNT sample. Consequently,
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Fig. 4. Fitting of the fiber bundle cell model on the pure PCPLA and the PCPLA
matrix nanocomposites a) PCPLA, b) PCPLA+0.25CNT, ¢) PCPLA+0.5CNT, d)
PCPLA+0.75CNT e) PCPLA+1CNT.

in addition to destruction, the upslope and plateau phases of the curves
are also increasingly affected by CNTs.

On the failure maps (Fig. 5), the ranges between the curves charac-
terize the participation of the components and the failure processes
represented by them. For the pure PCPLA and CNT, the breaking and the
sliding mobile amorphous fraction govern the initial section of load
uptake, and the rigid amorphous fraction has a significant effect on it.

Composites Science and Technology 242 (2023) 110154

The crystalline fraction plays an important role in the damage section,
inhibiting crack propagation. The role of the rigid and mobile amor-
phous fractions in the nanocomposites are similar, but their effect is
more elongated. In the nanocomposites, the carbon nanotubes and the
crystalline fraction govern the damage, as both can slow crack
propagation.

When modeling the hybrid composites, we used the bundles already
described for nanocomposites, with some modifications (Fig. 6). Since
the failure of the fiber-reinforced materials occurred after a much lower
elongation than for the nanocomposites, no sliding molecular parts were
formed, and the sliding MAF bundle was therefore omitted. In addition,
the presence of the CF reinforcing material necessitates the use of
another bundle.

Accordingly, the sample reinforced with carbon fibers only was
modeled with four bundles, and all other hybrid composites with five
bundles, where each bundle represents the mobile amorphous (MAF),
rigid amorphous (RAF), crystalline (CRF), CNT, and CF phases of the
material. Based on the fitted expected elongation at break M;(e), we
assume that in this case, too, the rigid amorphous phase is the first to
initiate failure by sliding, followed by the breaking of the molecular
chains of the mobile amorphous phase. It is followed by the breaking of
the carbon fibers, then the nanotubes, and finally, failure in the crys-
talline phase.

The damage maps of the carbon fiber-reinforced composites (Fig. 7)
show that the damage is mainly governed by the carbon fibers. However,
as carbon nanotube content is increased, the participation of the mobile
and rigid amorphous and the crystalline fraction, and also the carbon
nanotubes becomes more significant. It can be explained with the fact
that overlapping interphases in the vicinity of the carbon fibres and
carbon nanotubes provide a more efficient load transfer between the
matrix and the reinforcing material, thus allowing a better utilization of
the reinforcing effect of the carbon fibers.

The role of the structural units in the tensile properties can be better
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Fig. 5. Failure maps of the pure PCPLA and of the PCPLA matrix nanocomposites a) PCPLA, b) PCPLA+0.25CNT, c¢) PCPLA+0.5CNT, d) PCPLA+0.75CNT

e) PCPLA+1CNT.
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analyzed if their expected elongation at break values (M;(¢)) are plotted
as a function of CNT content (Fig. 8). The expected elongation at break
of the bundle corresponding to the sliding MAF increases with 0.25 wt%
CNT compared to the unreinforced PLA matrix material and then de-
creases with increasing CNT content. It is because, for low nanotube
content, only a small amount and small aggregates were present in a
given cross-section, and therefore the sliding of the MAF was easier as
nothing hindered it. The M;(¢) value of the bundle, associated with the
CRF also increased at 0.25 wt% CNT content and then started to
decrease significantly. It can be explained by the fact that in the case of
uniformly distributed CNTs, the distribution of CRF around the nano-
tubes is also uniform, thus contributing effectively to load carrying. The
expected elongation at break of the bundle representing CNT increases
up to 0.50 mass fraction of CNT content, above which it starts to
decrease, which also can be explained by the larger aggregate size.

In the fiber reinforced composites, the Mrar(¢) parameter of the
bundle belonging to the RAF remained almost independent of CNT
content, whereas the parameters of the other bundles showed significant
increment. The expected elongation at break of the CRF increased
monotonically with CNT content, presumably due to the dispersing ef-
fect of the carbon fiber. If the carbon nanotubes and the crystalline parts
(grown on the nanotubes), and the rigid amorphous interphase associ-
ated with them are dispersed uniformly, the breakage of the mobile
amorphous parts does not lead to a full cross-sectional damage, thus the
ultimate failure of the specimen occurs at higher specific elongation.

4. Conclusions

In this study, we established a relationship between the micro-
structure and the tensile properties of nano- and hybrid composites with
a thermoplastic, semi-crystalline PLA matrix, reinforced with carbon
fibers and carbon nanotubes, using the fiber bundle cell model. First, the
microstructure of the nano-and hybrid composites and the volume ratio
of each structural unit were determined by differential scanning calo-
rimetry. Then we measured the elastic modulus of each structural unit
by atomic force microscopy. These data served as input parameters for
the fiber bundle cell model, in which each structural unit corresponded
to a single fiber bundle. For the parameters for which no experimental
method was available, we determined the most accurate model fit
feasible, so that they were, as far as possible, structure-independent
constants for the bundle. With these model parameters, we fitted a
model curve to the averaged tensile curves of each material. By
analyzing the fitted model, we concluded that the mobile and the rigid
amorphous fraction of the matrix had a key role in the properties of the
initial, load-carrying section of the tensile curve, while the crystalline
fraction and the carbon nanotubes elongated the failure section. The
damage maps indicated that overlapping interphases in the vicinity of
reinforcing materials of different scales improved the load transfer be-
tween the carbon fiber and the matrix, thus allowing better utilization of
the reinforcing effect of the carbon fibers.
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