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A B S T R A C T

Polylactic acid composites reinforced with carbon nanotubes (CNTs) and carbon fibers (CFs) were investigated to 
assess their morphological and mechanical properties. Nanocomposites (0–1 wt% CNT) and hybrid composites 
(30 wt% CF with 0–1 wt% CNT) were analyzed using small-angle neutron scattering, X-ray diffraction, differ
ential scanning calorimetry, and mechanical testing. The CNT-only composites showed CNT aggregation, while 
hybrid composites exhibited improved CNT dispersion and extended structures due to CF-assisted distribution. 
Both reinforcements increased the rigid amorphous phase and reduced crystallinity, suggesting refined crystal
line structures. X-ray diffraction revealed enhanced lateral crystallite growth, particularly in CF-containing 
systems, indicating the crystal nucleating behavior of the reinforcing materials. Mechanical testing demon
strated significant improvements in tensile strength, elongation at break, and toughness in hybrid composites, 
with optimal performance at 0.25–1 wt% CNT. These results highlight a synergistic effect between CNTs and CFs, 
enhancing both dispersion and composite performance.

1. Introduction

Polylactic acid (PLA) has emerged as one of the most widely adopted 
bioplastics in recent years due to its renewable origin, biodegradability, 
and favorable processability. Derived from agricultural feedstocks such 
as corn starch or sugarcane, PLA offers a promising alternative to 
petroleum-based plastics in the context of growing environmental con
cerns and increasing emphasis on sustainable material development 
[1–3]. Its biobased origin allows for the release of biogenic carbon di
oxide upon combustion, contributing to a more carbon-neutral lifecycle 
when compared to conventional fossil-derived polymers [3].

Despite these advantages, PLA exhibits certain limitations that 
restrict its applicability in high-performance or technical applications. 
Most notably, its inherent brittleness and relatively low impact resis
tance present challenges for use as a structural material. To address 
these issues, various reinforcement strategies have been explored, 
including the incorporation of natural fibers such as flax or jute. These 
natural reinforcements not only align with PLA’s biodegradability and 
sustainability profile but also offer improvements in mechanical 
strength [4,5]. However, the extent of such enhancements is limited, 

and natural fibers tend to increase PLA’s sensitivity to moisture, which 
can compromise dimensional stability and long-term performance [6,7].

To overcome the limitations associated with natural reinforcements, 
synthetic fibers such as carbon fibers have been investigated as alter
natives. While the incorporation of carbon fibers compromises the 
biodegradability of the composite, it significantly enhances the me
chanical performance, enabling PLA-based materials to be used in more 
demanding engineering applications [8–11]. Importantly, the biogenic 
origin of PLA means that even when combined with non-biodegradable 
reinforcements, the composite retains a lower environmental footprint 
than fully petroleum-based materials, particularly in terms of green
house gas emissions over its lifecycle [12,13].

In parallel with fiber reinforcement, the addition of nano
particles—especially carbon nanotubes (CNTs)—has gained attention as 
a means of improving the toughness and functional properties of PLA. 
CNTs are known for their exceptional mechanical, electrical, and ther
mal properties, and when effectively dispersed within a polymer matrix, 
they can facilitate stress transfer, homogenize stress distribution, and 
increase tensile strength and modulus [14–18]. Moreover, the inclusion 
of CNTs can impart multifunctional properties, such as electrical and 
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thermal conductivity, broadening the range of potential applications for 
PLA-based materials [19–22].

Nevertheless, the benefits of nanoparticle reinforcement are highly 
dependent on factors such as dispersion quality, interfacial interactions, 
and their effect on the crystallization process. CNTs exhibit strong 
interparticle interactions, leading to aggregation and making effective 
dispersion difficult. The aggregates can act as stress concentrators, 
thereby degrading the mechanical performance and potentially 
increasing brittleness. [23,24]. Moreover, reinforcement-induced 
changes in PLA crystallization kinetics can alter the crystalline 
morphology, thereby affecting the mechanical performance of the 
composite. [25]. Reinforcements that serve as nucleating agents can 
promote the formation of crystalline regions around the fibers or par
ticles, facilitating a more gradual stress transfer across the fiber–matrix 
interface. This crystalline interphase may contribute to improved 
toughness and higher failure loads [26–28]. In contrast, if the additives 
hinder polymer chain mobility and suppress crystallization, a rigid 
amorphous phase may form around the inclusions, resulting in weaker 
interfacial adhesion and diminished mechanical properties compared to 
a crystalline interphase.

Given these complexities, the combined effects of different rein
forcing agents—especially at the nano- and microscale—require further 
investigation to optimize composite formulations. In particular, the 
interaction between carbon nanotubes and carbon fibers within a PLA 
matrix presents an intriguing opportunity for a synergistic reinforcing 
effect, potentially yielding materials with superior strength, toughness, 
and multifunctionality. The present research aims to systematically 
explore the individual and combined effects of carbon nanotubes and 
carbon fibers on the microstructure and mechanical properties of PLA 
composites. By examining the influence of these reinforcements on 
crystallization behavior, phase morphology, and mechanical perfor
mance, this study seeks to deepen the understanding of structur
e–property relationships in PLA-based composites. Ultimately, the 
insights gained will support the rational design and optimization of 
high-performance materials with a reduced environmental footprint.

2. Materials and methods

2.1. Sample preparation

To examine the influence of carbon nanotubes (CNTs) on the 
morphology and mechanical properties of PLA composites, two series of 
materials were prepared: a nanocomposite series with varying CNT 
content (0, 0.25, 0.5, 0.75 and 1 wt%), and a hybrid composite series 
containing 30 wt% carbon fiber (CF), with CNT contents matched to 
those in the nanocomposite series (0, 0.25, 0.5, 0.75, and 1 wt%).

The matrix material was Ingeo 4043D PLA (NatureWorks LLC, USA), 
a semi-crystalline bioplastic with a tensile strength of 53 MPa, a tensile 
modulus of 3.6 GPa, elongation at break of 6%, a density of 1.24 g/cm³ , 
and a melt flow index (MFI) of 6 g/10 min (2.16 kg/210 ◦C). Its 4.8% D- 
lactide content enables crystallization under appropriate processing 
conditions.

The nanoreinforcement used was Nanocyl NC7000 multi-walled 
carbon nanotubes (CNT, Nanocyl SA, Belgium), synthesized via cata
lytic chemical vapor deposition. These CNTs had an average diameter of 
9.5 nm, an average length of 1.5 μm, a specific surface area of 
250–300 m²/g, and a carbon purity of 90 wt%, with less than 1 wt% 
transition metal oxides.

As microfiber reinforcement, PANEX PX35 chopped carbon fibers 
(Zoltek Zrt., Hungary) were used, featuring a tensile strength of 
3800 MPa, a tensile modulus of 242 GPa, elongation at break of 1.5%, 
and a density of 1.81 g/cm³ . The fibers, approximately 7.2 μm in 
diameter and initially 6 mm long, were supplied with a silane-based 
sizing designed for use with polar polymer matrices, making them 
suitable for PLA as well.

The manufacturing methodology, including compounding and 

injection molding procedures, follows the process described in our 
previous work [14]. Prior to compounding, PLA granules were dried at 
80 ◦C for 4 h in a Faithful WGLL− 125 BE drying oven (Huanghua 
Faithful Instrument Co., Ltd., China). The reinforcing materials (carbon 
fibers and/or carbon nanotubes) were mechanically premixed with the 
dried PLA, followed by melt compounding using a Labtech LTE 26–44 
twin-screw extruder (Labtech Engineering Co., Ltd., Thailand) at a screw 
speed of 25 rpm. The barrel temperature profile ranged from 180 ◦C to 
200 ◦C, with a die temperature of 190 ◦C. The extrudate was pelletized 
into ~4 mm granules using a Labtech LZ− 120/VS granulator and sub
sequently redried under the same conditions before molding.

Tensile specimens (Type 1 A) were prepared in accordance with EN 
ISO 527–2:2019 using an Arburg Allrounder Advance 270S 400–170 
injection molding machine (Arburg GmbH, Germany). Processing pa
rameters included a melt temperature of 200 ◦C, mold temperature of 
25 ◦C, and an injection pressure of 1200 bar. Since PLA crystallizes 
relatively slowly under typical processing conditions, the cooling rate 
inherent to injection molding was sufficient to prevent crystallization, 
resulting in an amorphous PLA matrix (APLA) [29]. To obtain 
semi-crystalline composites (PCPLA), the molded specimens were 
annealed at 100 ◦C for 1 h in a Faithful WGLL− 125 BE oven, placed 
between press plates to minimize dimensional shrinkage [14].

For small-angle neutron scattering (SANS) and X-ray diffraction 
(XRD) analyses, rectangular specimens with dimensions of 20 mm 
× 20 mm and a thickness of 2 mm were machined from the gripping ends 
of injection-molded tensile bars using a Roland MDX− 540 4-axis milling 
machine.

2.2. Characterization methods

SANS measurements were conducted on the Yellow Submarine in
strument at the Budapest Neutron Centre [30,31]. The experiments were 
performed at room temperature with a mean neutron wavelength of 
4.2 Å and sample-to-detector distances of 115 and 535 cm. Each mea
surement was carried out with an average counting time per sample of 
3 h. The pair-distribution functions were fitted to the scattering data 
using the SasView 6 software.

Differential scanning calorimetry was carried out on a TA In
struments Q2000 differential scanning calorimeter (TA Instruments, 
Delaware, USA) under a nitrogen atmosphere (flow rate: 50 mL/min), 
using modulated DSC (MDSC) mode. The temperature range was 0–250 
◦C, with heating and cooling rates of 5 ◦C/min. The modulation ampli
tude was 1 ◦C with a period of 60 s. Sample masses ranged from 10 to 
15 mg. For each material, three measurements were conducted and the 
results averaged. Crystallinity ϕc was calculated using the following 
relation: 

ϕC =
ΔHm

ΔHm,100(1 − ϕR)

where ΔHm is the measured melting enthalpy, ΔHm,100 is the melting 
enthalpy of 100% crystalline polyamide 6, and ϕR is the weight fraction 
of the reinforcing material [14]. The mobile amorphous phase (MAP) 
was determined from: 

ϕMAP =
ΔCp

ΔCp,0 

where ΔCp is the specific heat increment at the glass transition for the 
semi-crystalline polymer, and ΔCp,0= 0.48 J/g⋅K is the specific heat 
increment for the fully amorphous PLA [14]. The volume fraction of the 
rigid amorphous phase (RAP), ϕRAP, was calculated as: 

ϕRAP = 1 − ϕMAP − ϕC 

where ϕMAP is the volume fraction of the mobile amorphous phase and 
ϕc is the crystalline volume fraction.

R. Petrény et al.                                                                                                                                                                                                                                 Materials Today Communications 52 (2026) 115054 

2 



XRD analysis was performed using a PANalytical X’Pert Pro MPD 
diffractometer (Malvern Panalytical, Netherlands) equipped with a Cu 
Kα radiation source and an X’Celerator detector. The amorphous base
line of the diffractograms was corrected using the asymmetric least 
squares method. The average crystallite size Dhklwas calculated using the 
Scherrer equation: 

Dhkl (nm) =
K⋅λ

β⋅cosθ
,

where K= 0.89 is the shape factor, λ is the X-ray wavelength, β is the full 
width at half maximum (FWHM) of the peak, and θ is the Bragg angle 
[32].

Tensile tests were conducted using a Zwick Z20 universal testing 
machine (ZwickRoell GmbH & Co. KG, Germany). Prior to testing, 
specimens were conditioned at 25% relative humidity in a desiccator for 
4 weeks. Testing was performed at a crosshead speed of 2 mm/min in 
accordance with EN ISO 527 standard procedures. For each material, 
five specimens were tested, and the stress–strain curves were averaged 
point-by-point to obtain representative results. The tensile work was 
calculated by the numerical integration of the tensile curve.

3. Results and discussion

3.1. Dispersion of the nanoparticles

In heterogeneous materials, neutron scattering occurs at the in
terfaces between distinct homogeneous phases. In polymer nano
composites, these interfaces are between the dispersed nanoparticles 
and the surrounding matrix [33,34]. Consequently, neutron scattering 
arises at the nanoparticle–matrix interfaces or in the nanoparticle ag
gregates where matrix infiltration is incomplete. In contrast, interfaces 
between adjacent nanotubes do not contribute to scattering and are thus 
not represented in the measured scattering results. Although in the 
hybrid composites, the carbon fibres and the carbon nanotubes differ in 
geometry, they are composed of similar carbon-based structures. As a 
result, they exhibit nearly identical scattering length densities. In 
contrast, the matrix—composed of macromolecules rich in hydrogen 
and oxygen—has a significantly lower scattering length density. 
Therefore, the contrast at both the carbon fibre–matrix and nano
tube–matrix interfaces is of similar magnitude, making it challenging to 
distinguish between their individual contributions to the total scattering 
intensity.

To isolate the scattering contribution of the nanoparticles, the scat
tering data of the neat matrix was subtracted from the total scattering of 
the nanocomposites. Similarly, for hybrid composites, the scattering 
data of the matrix with carbon fibres alone was subtracted from the 
hybrid composite data, allowing the visualization of the scattering 
contribution due exclusively to the nanotubes. This subtraction is only 
an approximation, because the total coherent small-angle intensity 

contains both self-terms and cross (interference) terms; subtracting the 
PLA + CF reference removes the CF and matrix self-terms but leaves the 
CNT self-term, any CF–CNT cross-terms, and any CNT-induced changes 
to CF or matrix structure. Only when those cross-terms and structural 
changes are small compared to the CNT self-term, can the residual be 
interpreted as a CNT-only signal. In the present study this is a reasonable 
working approximation because CFs and CNTs are both carbon based 
(similar neutron scattering length density), so the dominant contrast is 
between the carbon, and the hydrogen and oxygen containing PLA 
matrix, making carbon–matrix interfaces the principal scatterers and 
reducing expected CF–CNT cross-term magnitude [35]. If the dispersion 
of nanoparticles is improved in hybrid composites (Fig. 1b) compared to 
nanocomposites (Fig. 1a), a more pronounced increase in scattering 
intensity should be expected with increasing nanotube content. How
ever, such an enhancement is not clearly observed. One possible 
explanation may be the presence of nanotube–carbon fibre interfaces, 
which, like nanotube–nanotube contacts, do not significantly contribute 
to neutron scattering. These interfaces are not accounted for in the 
current analytical approach and may obscure the interpretation of 
dispersion levels based solely on scattering intensity.

To gain deeper insight into the dispersion of nanoparticles within the 
hybrid composites, the scattering data were further analyzed by fitting 
the pair distance distribution function, P(r). [36]. As anticipated, 
increasing the CNT content in the composite results in an increase of the 
pair distance distribution function, P(r), consistent with the greater 
number of scattering centers contributing to the scattering signal 
(Fig. 2a). In composites containing only CNTs, however, the position of 
the P(r) peak remains unchanged with increasing CNT content. This 
indicates that the average inter-nanotube distance is not significantly 
affected by the CNT concentration. Such behavior suggests that the 
CNTs are dominantly present in aggregated forms, where increasing 
concentration does not facilitate their improved dispersion at the 
nanoscale. However, the P(r) profiles of CNT-only composites exhibit an 
increasingly prominent shoulder with higher CNT loading. This reflects 
the presence of more elongated scattering objects, implying that 
although the CNTs remain aggregated, their effective interaction surface 
with the polymer matrix increases [37,38]. This is likely due to the 
formation of more extended CNT bundles, which engage with the sur
rounding matrix over broader areas.

The introduction of CFs in the hybrid composites significantly alters 
the P(r) behavior (Fig. 2b). A noticeable shift of the P(r) peak toward 
higher interparticle distances is observed compared to CNT-only sys
tems. This shift indicates that the average spacing between CNTs in
creases in the presence of CFs, suggesting an improvement in CNT 
dispersion. Additionally, the P(r) curves for CF-CNT hybrid composites 
exhibit more elongated and asymmetric shapes than those of the CNT- 
only composites. This is indicative of more extended nanotube struc
tures and further supports the conclusion that the CNTs are better 
dispersed within the matrix. At the highest CNT content examined (1 wt 
% in the hybrid composite), the P(r) peak becomes narrower and bell- 

Fig. 1. Small-angle neutron scattering diagrams, a) composites without carbon fibers, b) composites containing 30 wt% carbon fibers.
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shaped again, which suggests a decline in dispersion efficiency at this 
concentration.

The dispersion of the CNTs has a significant impact on the 
morphology of the matrix material. In post-crystallized PLA matrix 
composites, three distinct phases can be identified: a crystalline phase, a 
rigid amorphous phase, and a mobile amorphous phase. Analysis of 
phase composition reveals that the incorporation of CNTs generally 
leads to a slight reduction in the crystalline fraction, while increasing the 
proportion of the rigid amorphous phase compared to neat PLA. One 
possible explanation for this behavior is that CNTs may act as hetero
geneous nucleation sites during crystallization, promoting the formation 
of a greater number of smaller crystallites. As a result, the surface-to- 
volume ratio of the crystallites increases, leading to an expanded rigid 
amorphous interphase surrounding or included in each crystallite. The 
relationship between CNT content and the relative proportions of each 
phase is not straightforward, that suggests that local heterogeneities, 
such as the spatial distribution and size variation of CNT aggregates, 
significantly influence the crystallization behavior and the resulting 
phase composition.

3.2. Phase structure of the composites

In the composites containing only nanotubes, increasing the nano
tube content slightly increased the crystalline fraction, but did not 
significantly change the ratio of rigid amorphous to mobile amorphous 
phases (Fig. 3a). In composites containing only carbon fibres, a reduc
tion in crystallinity is also observed, accompanied by an increase in the 
rigid amorphous phase (Fig. 3b). This suggests that carbon fibres may 
promote the formation of smaller crystalline domains, thereby 
increasing the rigid interfacial region. In hybrid composites containing 
both carbon fibres and CNTs, a slight further decrease in the crystalline 
fraction is detected, while the rigid amorphous phase increases sub
stantially (Fig. 3b). This behavior is consistent with the hypothesis in 

which CNTs serve as nucleation sites in the matrix. Introducing many 
heterogeneous nucleation sites increases nuclei density but also reduces 
the space and chain mobility available for crystal growth and creates a 
rigid amorphous interphase. Under realistic annealing conditions, this 
leads to many small, impinged and less perfect crystallites and a net 
reduction of the measured degree of crystallinity. Nucleation is 
enhanced but growth and lamellar perfection are suppressed, so the total 
crystalline fraction decreases [39]. However, this trend appears to 
plateau or even reverse at higher CNT loadings (above 0.75 wt%). At 
higher concentrations, the increased likelihood of CNT aggregation may 
reduce effective nucleation density and promote phase overlap, leading 
to less uniform phase structure.

To investigate the effect of nanoparticles on the crystallization pro
cess, DSC measurements were also performed on the non-post- 
crystallized samples. It can be observed from the DSC curves that the 
glass transition temperature does not change with increasing nanotube 
content (Fig. 4). This suggests that nanotubes do not reduce significantly 

Fig. 2. Pair distance distribution functions calculated from scattering data, a) composites without carbon fibers, b) composites containing 30 wt% carbon fibers.

Fig. 3. The ratio of phases forming the matrix of composites, a) composites without carbon fibers, b) composites containing 30 wt% carbon fibers.

Fig. 4. DSC heating curves of the composites without carbon fibers.

R. Petrény et al.                                                                                                                                                                                                                                 Materials Today Communications 52 (2026) 115054 

4 



the mobility of the molecular chains, not even during cold crystalliza
tion. The cold crystallization peak broadens and shifts toward higher 
temperatures as the CNT concentration increases. This broadening 
behavior can be attributed to the heterogeneous dispersion of CNTs 
within the PLA matrix. At low concentrations, CNTs may act as effective 
heterogeneous nucleating agents, promoting early and relatively uni
form crystallization. However, as CNT content increases, dispersion 
becomes uneven, leading to the remaining of aggregates and regions 
with varying CNT space filling. This results in spatially non-uniform 
nucleation behavior: regions with well-dispersed CNTs may crystallize 
at lower temperatures, while areas with aggregates or insufficient CNTs 
may exhibit delayed crystallization, thereby contributing to a broadened 
cold crystallization peak.

In PLA composites containing carbon fibers, the incorporation of 
CNTs led to a shift of the cold crystallization peak toward lower values 
(Fig. 5). This observation suggests that both carbon fibers and CNTs act 
as effective nucleating agents, facilitating earlier onset of crystallization. 
Furthermore, the cold crystallization peak became sharper and narrower 
with increasing CNT content. This behavior is indicative of a more 
uniform and homogeneous dispersion of CNTs within the polymer ma
trix, which promotes simultaneous crystallization over a shorter time 
and temperature range due to the spatial uniformity of nucleation sites.

Additionally, the melting endotherm exhibited the emergence of a 
distinct shoulder at approximately 145 ◦C. This typically corresponds to 
a population of less perfect, smaller, or more disordered PLA crystallites. 
Its appearance further supports the role of uniformly dispersed CNTs in 
enhancing crystal nucleation, leading to the formation of crystalline 
domains with a broader size distribution.

3.3. Crystal structure of the composites

XRD studies can reveal the size, shape, and spatial arrangement of 
crystalline particles more thoroughly, thus allowing a better under
standing of their effect on mechanical properties. With increasing CNT 
content, all diffraction peaks exhibit slightly higher intensity, which is 
characteristic of enhanced crystallinity within the polymer matrix. 
Furthermore, a slight narrowing of these peaks is observed, suggesting 
the growth of larger crystallite domains. These observations support the 
hypothesis that CNTs act as effective nucleating agents, facilitating the 
crystallization of PLA and contributing to improved crystal perfection. 
The carbon nanotube reinforced samples show an increase in peak in
tensity relative to neat PLA, indicating a nucleating effect of CNTs 
(Fig. 6a). This is apparent in the significant intensification of the (200)/ 
(110) diffraction peak (α₂). Besides this, other peaks such as (010) and 
(210) also increase, but to a lesser extent. The preferential intensifica
tion of the (200)/(110) planes suggests that CNTs may induce enhanced 
polymer chain packing, potentially via epitaxial or oriented nucleation 
mechanisms at the CNT surface. This effect implies an alignment of 
polymer chains parallel to the CNT axis, which corresponds to the (200)/ 
(110) lattice orientation [40–42]. In samples containing both carbon 
fibers and CNTs, this behavior is modest, but systematic, the 

(200)/(110) peak exhibits intensification with CNT loading, while the 
other peaks shows only modest changes (Fig. 6b). The reason for this 
may be that in the composite containing only CFs, the CFs themselves 
already increase the intensity of the (200)/(110) peak, which the 
addition of carbon nanotubes can only enhance to a lesser extent.

Crystallite size normal to a given (hkl) plane reflects the dimension of 
the crystallite perpendicular to that direction—larger values indicate 
elongation perpendicular to the plane, while smaller values suggest 
thinner or constrained growth. The α₁ + α₁′ plane is oriented normal to 
the b-axis, representing lateral crystal growth (Fig. 7a) [40–42]. At 
30 wt% CF, crystallite sizes reach up to ~50 nm, compared to 
~25–35 nm without CF, suggesting enhanced lateral growth. This may 
result from improved chain packing or fiber-induced orientation during 
crystallization. The α₂ plane is also indicative of lateral dimensions. 
These planes exhibit consistently large sizes (40–65 nm) regardless of CF 
content (Fig. 7b) [40–42]. This points to a lamellar crystalline structure 
with minimal disruption from reinforcing materials. The α₃ + α₃′ plane 
set also reflects lateral dimensions and exhibits trends similar to α₁ + α₁′, 
with moderate size increases upon CF incorporation, which reinforces 
the hypothesis of CF-induced lateral ordering (Fig. 7c). The α4 plane set 
represents diagonal dimensions across the a and b axes [40–42], crys
tallite sizes here decrease from ~60 nm (0 wt% CF) to ~35–55 nm 
(30 wt% CF) (Fig. 7d). This suggests spatial restriction or altered 
nucleation mechanisms induced by CFs, limiting growth along this 
mixed-direction plane. The crystal nucleating effect of the reinforcing 
materials enhances the polymer chains to align along the CF and CNT 
surface, this promotes planar crystal growth parallel to the fiber, fa
voring lateral dimensions, as the presence of reinforcement restricts 
space in specific directions.

This constraint can force crystals to grow outward (laterally) instead 
of vertically (along the chain axis in PLA), forming a shish-kebab 
structure around the CNTs (Fig. 8). This results in that when the com
posite is stressed and the load transfers from the lower modulus matrix 
to the high modulus fibers, the laterally oriented crystallites between 
them act as bridges, spreading the stress more effectively across the 
polymer-fiber boundary. This effect is further increased by the rigid 
amorphous interphase between (or within) the crystalline parts, and 
overlapping each other.

3.4. Mechanical properties

In the nano- and hybrid composites, the deformation and failure 
processes (elastic matrix response, matrix yielding, CNT crack-bridging 
and pull-out, and fibre-matrix load transfer) are intrinsically multi-stage 
and overlapping, which usually produce multiple slopes, shoulders and 
non-monotonic features. The point-by-point averaging of five individual 
tensile curves on a common strain grid (Fig. 9) smooths these specimen- 
specific abrupt load drops. This averaging yields a statistically repre
sentative, smoother curve that suppresses stochastic specimen and test 
specific events and therefore facilitates robust comparison of tensile 
properties and correlation with the microstructural features. In the PLA 
without CFs, the incremental addition of carbon nanotubes produced no 
significant change in the elastic modulus or ultimate tensile strength 
within the experimental scatter, although the PLA + 1CNT specimens 
exhibited an average tensile strength of 62 MPa compared to the 52 MPa 
for neat PLA (Fig. 9a). This difference is small relative to sample-to- 
sample variability, the clearest, reproducible effect of CNTs in the 
absence of carbon fiber was an increase in elongation at break. By 
contrast, when 30 wt% carbon fiber was present, CNT incorporation 
produced a significant improvement in load-bearing performance 
(Fig. 9b). The CNT-containing hybrid composites show higher tensile 
strength and larger elongation at break than the CF-only composite, the 
maximum average tensile strength of 85 MPa can be observed for 
PLA + 30CF + 1CNT, while the initial modulus decreased slightly. 
Microstructurally, these enhancements are consistent with more effec
tive CNT dispersion and improved matrix–reinforcement load transfer in Fig. 5. DSC heating curves of the composites containing 30 wt% carbon fibers.
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the hybrid system. The carbon fibers facilitate breakup of CNT aggre
gates during processing, promoting a more homogeneous nanoparticle 
distribution and a finer crystalline morphology, both of which facilitate 
stress transfer, hinder crack growth, and delay failure.

The energy absorption capacity of the composites, quantified as 
tensile work (Fig. 10), provides additional insight into their toughness 
behavior. Neat PLA exhibited a tensile work of 0.57 J. Incorporation of 
30 wt% CF increased this value to 1.9 J, primarily attributable to the 

Fig. 6. X-ray diffractograms of a) composites without carbon fibers, b) composites containing 30 wt% carbon fibers.

Fig. 7. Crystallite sizes perpendicular to the a) α + α1' planes, b) α2 planes c) α3 + α3' planes, d) α4 planes.

Fig. 8. Phase structure of the carbon fiber and carbon nanotube reinforced hybrid composites.
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enhanced modulus and tensile strength, despite the relatively limited 
elongation at break. The introduction of CNTs further increased the 
tensile work, predominantly through improvements in elongation at 
break, while only marginally affecting the modulus. In the PLA + 30 wt 
% CF system, the addition of CNTs led to a significant enhancement in 
tensile work, with a maximum value of 5.0 J obtained at 1 wt% CNT. For 
PLA reinforced only with CNTs, tensile work also exhibited an increasing 
trend with CNT content, reaching a maximum of 0.74 J at 1 wt% CNT. 
These findings indicate that while CNT incorporation alone contributes 
to improved toughness, the combined use of CF and CNTs produces a 
synergistic effect, resulting in a markedly greater enhancement in en
ergy absorption capacity.

This is explained by that the dispersion state of CNTs dictates 
whether they act as toughening bridges or stress concentrators, well- 
dispersed, elongated, matrix-embedded CNT networks bridge cracks, 
dissipate energy and improve load transfer, increasing toughness and 
tensile strength, whereas aggregated CNT bundles would nucleate pre
mature failure, lowering tensile strength with little toughness gain. In 
the hybrid composites, the CFs produce more dispersed CNT network, 
which explains the large toughness improvements observed. Recent 
literature shows inconsistent tensile-strength increment for PLA rein
forced with either CNTs or short carbon fibers alone. CNT-only systems 
often reach tensile strength approximately 60–70 MPa and show modest 
toughness improvements only when CNTs are surface-modified or 
architected, while short-CF PLA composites frequently increases 
modulus but not always the tensile strength. Hybrid composites with 
small CNT content (0.25–1 wt%) can help multifunctionality, but 
toughness increases are rarely observed without a specific dispersion- 
assistance mechanism [9,43]. The purely mechanically assisted disper
sion of the CNTs by CFs during compounding changes the effective 
interfacial area, and thus produces a highly effective interphase without 
the technologically more expensive and complex chemical grafting. The 
interphase structure formed as a consequence of this, controls local 

strain transfer by being organized into a shish–kebab crystalline struc
ture, it promotes gradual load transfer and raises toughness and stiffness 
significantly.

4. Conclusions

To investigate the effect of carbon nanotubes (CNTs) on the 
morphology and mechanical performance of PLA composites, two ma
terial series were produced: nanocomposites with 0–1 wt% CNT and 
hybrid composites with 30 wt% carbon fiber (CF) and the same CNT 
concentrations. Small-angle neutron scattering analysis revealed that 
CNT-only composites showed slight change in inter-nanotube distance, 
suggesting CNT aggregation. However, the appearance of a shoulder in 
the pair distance distribution P(r) curves showed the formation of larger, 
elongated CNT bundles, indicating increased interfacial interactions. 
The hybrid composites showed a shift in P(r) peak positions, indicating 
improved CNT dispersion due to the presence of carbon fibers. The 
asymmetric P(r) profiles in these systems suggest the formation of more 
extended CNT structures, although dispersion efficiency decreased at 
1 wt% CNT due to aggregation. The DSC analysis showed that CNTs and 
CFs influence PLA crystallization behavior. Both fillers increased the 
rigid amorphous fraction and reduced overall crystallinity, due to the 
formation of numerous small crystallites and constrained chain 
mobility. The hybrid systems exhibited the most pronounced rigid 
amorphous regions, indicating synergistic nucleation effects, though 
dispersion declined at higher CNT loadings. X-ray diffraction revealed 
that reinforcement primarily promoted lateral crystallite growth, indi
cating a shish-kebab structure around the CNTs. Mechanical tests 
showed, that CNTs improved both tensile strength and elongation at 
break, with optimal results observed in hybrid composites. 
PLA + 30CF + 1CNT achieved the highest tensile strength (85 MPa), 
improved stiffness, and enhanced load transfer due to better CNT 
dispersion and refined crystalline morphology. Energy absorption, 
measured as tensile work, peaked at 2.32 J for PLA + 30CF + 0.25CNT, 
illustrating the high toughness of hybrid systems. This study demon
strates that short carbon fibers can assist the mechanical dispersion of 
CNTs in PLA-based hybrid composites, enabling the formation of an 
effective interphase without the need for chemical modification. The 
resulting nanostructure facilitates efficient stress transfer and energy 
dissipation, leading to simultaneous improvements in toughness and 
stiffness — exceeding the mechanical performance typically achieved 
with natural fiber reinforcement. While the presence of synthetic fibers 
reduces the overall biodegradability, the use of a renewable-resource- 
based PLA matrix still offers significant sustainability benefits. These 
findings open new pathways for the development of high-performance 
biocomposites in structural applications where both mechanical reli
ability and partial environmental compatibility are required.

Fig. 9. Averaged tensile curves of the a) composites without carbon fibers, b) composites containing 30 wt% carbon fibers.

Fig. 10. Tensile work of the composites without carbon fibers and the com
posites containing 30 wt% carbon fibers.
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