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ABSTRACT
In this study, we investigated carbon nanotube reinforced nanocomposites and hybrid composites containing both carbon mi-
crofibers and carbon nanotubes of poly(lactic acid) (PLA) and the effect of the fillers on the molecular weight of the PLA matrix. 
Dynamic mechanical analysis and rheometric measurements revealed that incorporating either carbon nanotubes or carbon 
microfibers into pure PLA reduces the linear viscoelastic (LVE) range. This reduction arises from early disruption of interfacial 
bonds between the matrix and the reinforcements, as well as the breakdown of contacts among aggregated nanotubes under 
small strains, both of which trigger nonlinearity. In contrast, adding carbon nanotubes to carbon microfiber-reinforced PLA 
to form a hybrid composite shifted the LVE limit to higher strain values. This improvement is attributed to the nanotubes ef-
fectively bridging the matrix–fiber interfaces, enhancing interfacial stress transfer and delaying the onset of microstructural 
rearrangements responsible for nonlinear behavior. Size Exclusion Chromatography (SEC) showed that the molecular weight of 
the matrix decreased significantly in the composites containing only carbon microfibers, while the presence of the carbon nano-
tubes prevented the molecular chains from weight reduction. This supported the hypothesis that the molecular chains and the 
well-dispersed carbon nanotubes form an entangled network, which is a much more stable system that can protect from chain 
breakage during processing.
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medium, provided the original work is properly cited and is not used for commercial purposes.
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1   |   Introduction

In recent years, composites reinforced with nanoscale fillers—
particularly carbon nanotubes (CNTs)—and hybrid composites 
combining both nano- and microscale fillers have attracted con-
siderable attention. Carbon microfibers and CNTs are widely 
used not only for their outstanding mechanical properties but 
also for their excellent thermal and electrical conductivity. 
In hybrid systems, microfibers typically serve as the primary 
load-bearing components, while nanoparticles facilitate stress 
transfer between the polymer matrix and the reinforcement. 
However, the mechanisms governing this stress transfer remain 
only partially understood, limiting the ability to optimize com-
posite performance [1–6].

Simultaneously, there is a growing demand for sustainable 
materials in structural and functional applications. Recent re-
views highlight the shift toward eco-friendly biocomposites—
made from natural fibers such as flax, hemp, jute, cork, or silk 
combined with biodegradable matrices—as a key step toward 
achieving the UN Sustainable Development Goals. These 
materials offer benefits such as compostability, recyclability, 
and a lower environmental impact, while still delivering com-
petitive mechanical strength and thermal stability. Despite 
challenges in fiber–matrix compatibility and processing con-
sistency, their appeal lies in the balance between performance 
and sustainability [7–10]. Among bioplastics, poly(lactic acid) 
(PLA) is especially attractive due to its compostability, bio-
compatibility, and processability. However, understanding the 
viscoelastic behavior of PLA-based composites is essential—
particularly within the linear viscoelastic (LVE) range, where 
stress and strain remain proportional, and commonly applied 
mechanical models are valid [11–14]. This range is bounded 
by the onset of irreversible structural transformations, such 
as chain orientation, crystalline realignment, or interfacial 
debonding, which can be especially pronounced in PLA due 
to its susceptibility to molecular weight reduction under shear 
[15–19].

In composite materials, the LVE range is typically defined as 
the strain (or stress) amplitude over which the storage modu-
lus and loss modulus remain constant. Exceeding this window 
leads to microstructural changes such as fiber–matrix debond-
ing, filler network breakdown, or polymer chain slippage, which 
result in non-linear viscoelastic responses. As composite stiff-
ness increases—through the addition of rigid fillers or higher 
volume fractions—the LVE range tends to narrow. This occurs 
because stiff inclusions restrict chain mobility, generate local 
stress concentrations, and elevate interfacial stresses that pro-
mote debonding; the critical strain at which the storage modulus 
starts to decrease shifts to lower values. These constraints pres-
ent design trade-offs: while stiffness enhances strength, it lim-
its usable deformation ranges. Extending the LVE range in stiff 
systems often requires strategies such as surface-modified fill-
ers, soft secondary phases, or hierarchical filler architectures to 
better distribute stress and maintain interface integrity [20–22].

In nanocomposites, non-linearity is often attributed to the dis-
ruption of loosely bound 3D CNT networks or the breaking of 
weak interactions between CNTs and polymer chains. In hybrid 
systems, the interaction mechanisms become more complex. 

An additional factor is shear-induced molecular weight degra-
dation, which can significantly influence the LVE threshold by 
altering the chain length and entanglement density of the ma-
trix [23–25]. Interestingly, previous studies have shown that the 
formation of an interphase—where polymer chain motion is 
restricted by proximity to filler surfaces—may delay interface 
failure and even protect chains from degradation under strain, 
thereby shifting the onset of non-linear behavior [3, 26].

While previous research has addressed filler-induced changes 
in rheological performance, little is known about how hybrid 
reinforcement architectures affect the onset of non-linear visco-
elasticity and processing-related molecular weight degradation. 
Therefore, the aim of our research is to explore how the combi-
nation of carbon microfibers and carbon nanotubes influences 
the linear viscoelastic behavior and molecular stability of poly(-
lactic acid) (PLA)-based composites.

2   |   Materials and Methods

The compositions of the materials investigated are shown in 
Table 1.

The polymer matrix Ingeo 4043D (NatureWorks LLC, USA) PLA 
has a tensile strength of 53 MPa, a tensile modulus of 3.6 GPa, an 
elongation at break of 6%, a density of 1.24 g/cm3 and a melt flow 
index (MFI) (2.16 kg/210°C) of 6 g/10 min based on the material 
data sheet. The D-lactide content of the PLA was 4.8% [27].

Nanocyl NC7000 (Nanocyl SA, Belgium) multi-walled carbon 
nanotubes produced by catalytic chemical vapor deposition with 
an average diameter of 9.5 nm, an average length of 1.5 μm, car-
bon content of 90 wt%, less than 1 wt% of transition metal oxide 
content, and specific surface area between 250 and 300 m2/g 
were used.

PANEX PX35 (Zoltek Zrt., Hungary) chopped carbon micro-
fibers with a tensile strength of 3,800 MPa, a tensile modulus 
of 242 GPa, an elongation at break of 1.5%, a density of 1.81 g/
cm3, a fiber diameter of approximately 7.2 μm, and a carbon con-
tent of 95% were used as micron-size reinforcement. The initial 
fiber length was 6 mm, and the fibers had silane sizing for polar 
matrices.

Before compounding, the PLA was dried in a Faithful WGLL-
125 BE (Huanghua Faithful Instrument Co. LTD, China) dry-
ing oven for 4 h at 80°C according to the recommendation of the 
manufacturer. First, the reinforcing materials were mixed with 
the PLA pellets in a plastic box; then the materials were com-
pounded with a Labtech Engineering Co. Ltd. LTE 26–44 twin-
screw extruder (Labtech Engineering Co. Ltd., Thailand) with a 
screw speed of 25.1/min and zone temperatures of 180°C, 190°C, 
190°C, 190°C, 190°C, 200°C, 200°C, 200°C, 200°C, and 200°C 
and die temperature of 190°C. Pellets were prepared from the 
filaments with a Labtech LZ-120/VS (Labtech Engineering Co. 
Ltd., Thailand) pelletizer. Before injection molding, the granules 
were dried again at 80°C for 4 h.

1A type dumbbell tensile specimens (EN ISO 527-2:2019) were 
produced by an Arburg Allrounder Advance 270S 400–170 

 10991581, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pat.70308 by B

udapest U
niversity of T

echnology and E
conom

ics, W
iley O

nline L
ibrary on [04/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 9

(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.

Tetrahydrofuran (THF, Fisher Chemical T3974) was used to 
prepare samples for Scanning Electron Microscopy (SEM) anal-
ysis, which contained about 0.025% butylated hydroxytoluene as 
a preservative, had a molecular weight of 72.11 g/mol, and a den-
sity of 0.88 g/cm3. 1–2 mg/mL solutions were prepared in THF, 
and the samples were let to dissolve on a shaker (IKA MS3 dig-
ital) until complete dissolution. Then, 1 mL of this solution was 
filtered using a 0.45 μm poly(tetrafluor ethylene) syringe filter 
(diameter 13 mm, WVR 514–0069). Syringe filters were washed 
by pushing through 1 + 1 mL pure THF. Then, they were left 
under the hood to dry, then dried further until constant weight 
under vacuum at room temperature. The filters then were cut 
open and used for SEM analysis.

Size exclusion chromatography (SEC) measurements were 
performed using a system consisting of an Agilent 1260 in-
finity isocratic pump, a Wyatt Eclipse DUALTEC separation 
system, an Agilent 1260 infinity variable wavelength detector 
(UV), a Wyatt OPTILAB T-rEX interferometric refractometer 
(dRI), a Wyatt DAWN HELOS-II multi-angle static light scat-
tering detector (MALS) with a built-in dynamic light scatter-
ing (DLS) module, a Wyatt ViscoStar-II viscometer, an Agilent 
1260 infinity standard autosampler, and 6 StyragelVR col-
umns (HR6, HR5, HR4, HR3, HR1, and H0.5). The columns 
were thermostated at 35°C and THF, continuously distilled 
from CaH2, was used as the mobile phase at a flow rate of 
1 mL/min. The results were analyzed using the ASTRA 7 soft-
ware (Wyatt Technology). Absolute molecular weights were 
obtained using a dn/dc of 0.042 mL/g for PLA. Samples were 
first dissolved in THF from the distillation; then 1 mL was fil-
tered into the SEC vials using a 0.45 μm PTFE syringe filter. In 
every case, 100 μL was injected. A polystyrene standard with 
Mn = 30 kg/mol, Ɖ 1.05, (Pressure Chemical, Pittsburgh, PA) 
was used for quality control only.

A DMA Q800 dynamic mechanical analyzer (DMA, TA 
Instruments, USA) was used in a 3-point clamped bending ar-
rangement with a support distance of 35 mm. 10 × 4 × 60 mm 
samples were machined out from the injection molded speci-
mens. The limit of LVE was determined by stretch-sweep type 
measurements, where the loss factor was tested as a function 
of amplitude. Ten points per decade on a logarithmic scale of 
amplitude, from 0.1 μm to 1,000 μm, were measured. In all 
cases, the test was carried out at room temperature (25°C), 
below the glass transition temperature (Tg) of the materials, 
with a heat holding time of 5 min and a sinusoidal excitation 
frequency of 1 Hz. The LVE limit was defined at the amplitude 
where the value of the loss factor deviated by 10% from the 
plateau value [14]. Triplicate measurements per material were 
performed.

Amplitude sweep tests were performed with a constant 6.28 rad/s 
angular frequency on a TA Instruments Discovery Hybrid HR20 
rheometer. The samples were molded onto the 25 mm diameter 
parallel plate at 180°C for the measurements. The range of the 
oscillation strain sweep was between 0.005 and 500%, and the 
gap size was 250 μm.T
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To examine the fracture surfaces, the injection molded dumb-
bell specimens were tensile tested using a Zwick Z20 tensile test-
ing machine at a test speed of 2 mm/min.

The electron microscopy images of the solution filters and the 
fracture surface of the tensile tested specimens were taken with 
a JEOL JSM 6380LA scanning electron microscope, after sput-
tering with gold.

3   |   Results and Discussion

3.1   |   Dynamic Mechanical Analysis

The purpose of the dynamic mechanical analysis in this study 
was to investigate how the presence of carbon nanotubes, car-
bon microfibers, and their combination influences the limit of 
linear viscoelastic behavior in PLA-based composites. Special 
attention was given to whether the addition of nanotubes could 
help maintain or even extend the LVE range, which typically 
becomes narrower when reinforcing additives are introduced. 
The LVE range was determined by plotting the loss factor as 
a function of increasing amplitude using strain sweep mea-
surements at constant frequency (Figure 1a). The point where 
the function deviates by more than 10% from the constant 
(plateau) value indicates a deviation from LVE behavior. The 
highest amplitude was observed in the case of pure PLA. The 
amplitude goes through a minimum with increasing carbon 
nanotube (CNT) content. This is typically explained in the lit-
erature by the aggregation of the CNT particles that irrevers-
ibly break up even under relatively small deformation [15, 16]. 
In a strain-sweep type measurement, the CNT particles slip 
on each other even at small deformations, causing irreversible 
structural changes that cause a deviation from the LVE behav-
ior. However, the plateau modulus remains unchanged with 
increasing CNT content.

In the case of the composite with 30 wt% carbon microfiber 
(CF), the amplitude at the LVE limit drops precipitously and 
then increases with the addition of CNT. The plateau modu-
lus increases almost six-fold relative to pure PLA but remains 
relatively unchanged with increasing CNT content. However, 
compared with PLA containing only CF, the addition of CNT 

shifted the limit of LVE behavior towards higher amplitudes. 
This can be explained by that generally, in the case of compos-
ites containing micron-sized reinforcing materials, high filler 
content can cause the reinforcing materials to contact each 
other, and this contact is broken even at small deformations, 
pushing the LVE limit of the material lower compared with the 
pure matrix material. However, the lowering of the LVE limit 
compared with the pure matrix material has been shown in 
many studies, even at very low filler contents, when the contact 
between the reinforcing materials is not yet significant. This 
can be explained by the fact that the reinforcing materials start 
to orient towards the load or the fiber-matrix bond breaks. In 
composites, since the modulus, and hence the deformability, of 
the fiber and the matrix differ significantly, this latter mech-
anism is dominant. However, compared with PLA containing 
only CF, the addition of CNT shifted the limit of LVE behavior 
towards higher amplitudes. One reason is that in the case of 
the PLA matrix, the CNTs are uniformly distributed so that the 
interaction between nanoparticles described for nanocompos-
ites is less significant. In the hybrid composites, according to 
previous studies, the rigid amorphous interphase is also formed 
in the vicinity of the carbon fibres and the uniformly distrib-
uted carbon nanotubes, and the interphases of the different 
reinforcing materials overlap [3, 26]. Therefore, the modulus 
increases gradually from the matrix towards the fibre, so that 
the rupture between the different modulus parts under load oc-
curs at higher loads [28]. Another explanation could be that the 
uniformly distributed nanotubes increase the shear in the melt 
so much that the molecular weight starts to decrease, thereby 
slightly increasing the LVE limit. However, the role of molec-
ular weight on the LVE range is presumably smaller than the 
effect of the microstructure.

4   |   Rheology

Rotational rheometry was applied to complement the DMA re-
sults and to provide insights into the viscoelastic behavior of the 
composites under melt-state conditions, which are more repre-
sentative of polymer processing. The results showed that the ad-
dition of CNT to the pure PLA significantly decreases the limit 
of the LVE range (Figure 2). The addition of the CF to the PLA 
reduces more significantly the limit of the LVE behavior, which 

FIGURE 1    |    (a) linear viscoelastic range of the PLA matrix nano- and hybrid composites (b) plateau storage modulus as a function of nanotube 
content.
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can be explained by the fact that the interface between the fibers 
and the matrix breaks up at a relatively low strain. However, in 
the hybrid composites, the addition of the CNT does not cause 
a significant reduction in the LVE range. Moreover, by adding 
0.25 wt% CNT to the CF-reinforced composite, the LVE range 
increases compared with the composite containing only CF. 
This can be explained by the fact that the CNTs in aggregated 
form contact with each other over a large surface area, and this 
loose contact breaks up easily at low strain. In hybrid compos-
ites, the molecular chains of the matrix are bonded to the CFs 
and entangled around the CNTs; this results in overlapping in-
terphases around the reinforcing materials. This causes a more 
gradual stress transfer between the matrix and the reinforcing 

materials induced by the strain excitation so that the interfaces 
separate irreversibly at higher deformation.

5   |   Size Exclusion Chromatography

Size exclusion chromatography was applied to examine the 
molecular weight distribution of the PLA matrix after pro-
cessing. The goal was to identify degradation effects induced 
by melt processing and to separate these from the property 
changes caused by the presence of carbon microfibers and 
carbon nanotubes. By doing so, we aimed to clarify the spe-
cific role of each type of reinforcement, independent of shear-
induced molecular degradation. SEC chromatograms of the 
PLA separated from the PLA + CNT samples by simple filtra-
tion can be seen in Figure 3 and data are collected in Table 2. 
There is no difference between the chromatograms of the pure 
PLA and the PLA separated from the nanocomposites; thus, 
the addition of CNT did not change the molecular weight of the 
PLA (Figure 3a). This can be explained by two factors. On the 
one hand, the CNTs are partially in an aggregated form in the 
nanocomposites; thus, they cannot increase the shear during 
the processing. On the other hand, the dispersed, individual 
nanoparticles are well embedded in the matrix and can move 
with the molecules.

By adding CFs to the PLA, the average molecular weight de-
creases significantly compared with the pure PLA (Figure 3b 
and Table 2). This can be explained by the greatly increased 
shear in the melt during the extrusion and injection mold-
ing, which results in the breaking of the molecular chains. 
However, by adding 0.5 wt% CNT to the microfiber reinforced 

FIGURE 2    |    Linear viscoelastic range measured by rheometer of the 
PLA matrix nano- and hybrid composites.

FIGURE 3    |    (a) Size-exclusion chromatograms of the pure PLA and the nanocomposites, (b) of the pure PLA, the only carbon fiber reinforced, 
and the hybrid composites.
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composite, the average molecular weight remained unchanged 
compared with the pure PLA's. The explanation for this can 
be that the molecular chains are entangled around the CNTs, 
and this can protect the molecules from breaking. In a hybrid 
composite, in which the CNTs are well-dispersed, not only 
are the molecules and the nanotubes entangled around each 

other, but also the nanotubes themselves entangle around 
each other, creating a much more stable network.

6   |   Scanning Electron Microscopy

We prepared SEM micrographs of the material residues on the 
SEC filters to further investigate the matrix reinforcement rela-
tionships. (Figure 4a). shows that the CNTs form an intertwined 
network, which indicates that, despite the filter pores being 
0.45 μm in size, the nanoparticles can be filtered out of the com-
posite solution. (Figure 4b–d) shows significant matrix residue 
on CNTs and CFs after filtration, indicating strong interactions 
between the nanoparticles and the matrix, and localized fiber–
matrix bonding through the nanotube coils. This confirms the 
presence of a rigid amorphous interphase with restricted mobil-
ity around the fillers and that the molecular chains coil up on the 
nanotubes, which may play a role in the fact that in the presence 
of nanotubes, the molecular chains do not degrade during pro-
cessing. (Figure 4c,d) show that in the hybrid composites, these 
interphases around the micro-and nanofibers overlap each other, 
which may result in an enhanced stress transfer from the matrix 
to the fibers. However, the absence of polymer attachment on the 
fibers in regions where there are no CNTs and the reduced lin-
ear viscoelastic limit suggest that the fiber–matrix interaction is 
much weaker in the carbon fiber-only composite.

To confirm the better dispersion of nanoparticles in the hy-
brid composites, SEM images were also taken of the fracture 

TABLE 2    |    SEC data of the samples.

Sample name
Mw (kg/

mol)
Mn (kg/

mol) Đ (−)

PLA 125.1 78.6 1.59

PLA + 0.25CNT 122.9 81.0 1.52

PLA + 0.5CNT 126.3 80.3 1.57

PLA + 0.75CNT 129.7 87.7 1.48

PLA + 1CNT 126.4 75.7 1.67

PLA + 30CF 82.0 57.6 1.42

PLA + 30CF + 0.25CNT 103.2 65.6 1.57

PLA + 30CF + 0.5CNT 113.8 64.6 1.76

PLA + 30CF + 0.75CNT 121.9 84.3 1.45

PLA + 30CF + 1CNT 118.6 78.9 1.50

Note: Mn-number average molecular mass, Mw-weight average molecular mass, 
Đ-dispersity index.

FIGURE 4    |    Scanning electron microscope micrographs (a, b) of the PLA + 05CNT, (c, d) of the PLA + 30CF + 05CNT composites on the SEC filter.
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surface of the injection molded and then tensile tested speci-
mens. In the unfilled PLA reference (Figure  5a–d), fracture 
surfaces exhibited characteristic smooth, planar facets indica-
tive of brittle failure and limited energy dissipation. Upon in-
corporation of 0.5 wt % CNT, low-magnification SEM images 
(Figure 5e,f) revealed island-like CNT bundle inclusions, sug-
gesting the presence of micron-scale aggregates, which acted 
as the starting point of the failure. High-magnification micro-
graphs (Figure 5g,h) showed that these aggregates consist of 
poorly dispersed CNTs, which are only partially impregnated 
by the matrix material, which may also be the reason for the 
decreasing linear viscoelastic range. In the hybrid PLA com-
posite containing 30 wt % carbon fiber and 0.5 wt % CNT, SEM 
observations demonstrated preferential localization of CNTs 
at the fiber–matrix interface. Numerous nanoscale fibrils were 
observed to emanate from fiber surfaces into the PLA matrix, 
indicating effective CNT wetting during melt compounding. 
This interfacial enrichment reinforces the interphase region, 
and thus, a fraction of the applied stress is transferred into 
the carbon fibers via the carbon nanotubes. Because the re-
inforcing materials have a very high modulus, they deform 
less under the shear stress, thus protecting the polymer chains 
intertwined with them from the full amplitude of the shear 
strain.

7   |   Conclusions

This research of PLA-based systems—ranging from carbon 
nanotube (CNT) nanocomposites to carbon microfiber (CF) 

and CNT hybrid composites—has revealed clear trends in vis-
coelastic and molecular behavior. Both dynamic mechanical 
analysis and rheometric testing confirmed that the incorpo-
ration of either CNTs or CFs into neat PLA reduces the linear 
viscoelastic (LVE) window, as interfacial bonds and filler–
filler contacts begin to fail under very small strains, triggering 
an early transition to non-linear response. The hybrid archi-
tecture—where CNTs are introduced into a CF-reinforced 
matrix—reverses this trend. Here, overlapping interphase 
regions around each filler create a more gradual, strain-
dependent stress transfer pathway. As a result, the composite 
retains its LVE behavior to substantially higher strains before 
irreversible interfacial debonding occurs. Size-exclusion chro-
matography of PLA extracted from each composite showed 
a related molecular phenomenon: CF-only systems suffer 
marked molecular weight loss due to shear-induced chain 
scission, whereas the CNT/CF hybrids exhibit minimal deg-
radation. This supports the hypothesis that CNTs establish 
an entangled network with PLA chains that stabilizes the 
polymer against processing stresses and inhibits chain break-
age. Together, these findings suggest that in bio-based hybrid 
composites the nanoscale fillers not only reinforce mechani-
cal performance but also protect molecular integrity—thereby 
extending the lifecycle of the bioplastics. In the future, tailor-
ing CNT surface chemistry could further optimize interphase 
thickness and stress transfer, potentially broadening the LVE 
regime even in high-stiffness formulations. Moreover, system-
atic variation of filler aspect ratio and volume fraction would 
clarify the interplay between interfacial area and chain en-
tanglement density. Applying this hybrid approach to other 

FIGURE 5    |    Scanning electron microscope micrographs of the fracture surface of (a–d): pure, unfilled PLA, (e–h): PLA containing 0.5 wt% CNT, 
(i–l): PLA containing 30 wt % CF and 0.5% CNT.
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bioplastics could generalize the strategy across biodegradable 
matrices.
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