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ABSTRACT
The biodegradable polymer poly(lactic acid) (PLA) is brittle. PLA‐based composites reinforced by indium selenide (InSe)

particles or flakes are prepared; each is found to have outstanding plasticity. InSe nanosheets are prepared by sonication of solid

InSe in N‐methyl pyrrolidone, followed by washing/dispersion in ethanol, and subsequent drying. These InSe nanosheets, or in

separate studies InSe particles, are mixed with PLA to make composite materials. The PLA composite materials are 3D‐printed
into “dogbone” samples that are tensile‐loaded. The optimum dogbone specimen is 1.5 times stronger and 5.5 times tougher

than neat PLA specimens prepared in the same way. To the best of our knowledge, this concurrent improvement in tensile

strength and toughness has not been achieved before in PLA with any filler type. Finite element analysis, together with

experimental analysis of (i) fracture surfaces, (ii) the PLA crystal structure, and (iii) the internal structure by micro‐CT
scanning, suggests that the exceptional mechanical performance is due to the intrinsic properties of InSe and, particularly, the

emergence of crack shielding and crack deflection at the interfaces of PLA and InSe flakes. These findings indicate that PLA–
InSe composites may offer opportunities to broaden the applications of PLA composites, including as load‐bearing materials.

1 | Introduction

Poly(lactic acid) (PLA) is a biodegradable polymer that has
great potential for use in packaging, medical instruments,
automotive, and other applications [1–3]. However, there is a
crucial deficiency of PLA that impedes its application as a

structural material, that is, the intrinsic brittle response (i.e.,
catastrophic failure) when subjected to mechanical loading [4].
See Supporting Information S1: Figure S1, which shows its
brittleness when bent or stretched. It is reported that the duc-
tility and toughness of PLA could be improved by blending with
a plasticizer or fibrils, such as poly (ethylene octene) (POE) [5],
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or poly (butylene adipate‐co‐terephthalate) (PBAT) [6], or
polytetrafluoroethylene (PTFE) [7]. The reported increases in
ductility of those PLA composites came at the “expense” of
lowered strength. For instance, He et al. [5] recently reported
that incorporating POE into PLA yielded an improvement of
226% for the elongation at break; yet, the strength of the com-
posite was reportedly decreased by more than 30% as compared
with the neat PLA.

Achieving improvements in both strength and toughness has
been a long‐standing challenge in the mechanics of composites
[8]. The appearance of two‐dimensional (2D) [9–14] and one‐
dimensional (1D) [15–19] nanomaterials has provided new
options to explore this challenge. For instance, Seligra et al. [16]
reported that PLA with carbon nanotubes (CNTs) modified by
benzoyl chloride showed higher strength and toughness than
neat PLA (1.1× strength and 1.3× toughness). Wang et al. [18]
reportedly used surface modification and worm‐like helical
CNTs as fillers in an attempt to improve interfacial interaction
and thus the toughness of PLA composites while maintaining
their strength. Graphene nanoplates have been used to
reinforce PLA, and the reported strength and toughness were
improved by 1.4× and 1.9×, respectively [20]. However, the
inherently low plasticity of graphene [21] or inferior interface
compatibility between the PLA matrix and the fillers used to
date, we suggest, limits further improvement of strength and
toughness of PLA‐based composites.

Indium selenide (InSe), an inorganic 2D van der Waals mate-
rial, has widespread applications in optoelectronics, photo-
detectors, and field‐effect transistors [22–24]. Compared with
CNTs, graphene, and other common fillers, InSe has super-
plastic deformability and Young's modulus in the range of
30–50 GPa, two orders of magnitude lower in stiffness [25–28].
This exceptional mechanical property of InSe primarily stems
from its intralayer pliability and significant interlayer deform-
able sliding. This observation inspires the consideration of InSe
as a filler for PLA, potentially offering a solution to mitigate
PLA's brittleness. However, the mechanical properties of InSe‐
reinforced PLA and/or other polymer‐based composites with
InSe have not been reported, to the best of our knowledge.

Here, we report the reinforcement of PLA using InSe micro‐
particles (named as InSe) and 2D InSe nanosheets (named as
exfoliated InSe, E‐InSe). The composites were formed into
mechanical testing specimens by using 3D printing. To obtain
E‐InSe, we exfoliated the commercial InSe particles using a
liquid‐phase sonication method, and the β‐phase crystal struc-
ture of 2D InSe remained unchanged. The E‐InSe has a lateral
size of about 200 nm and a thickness of about 3.8 nm. The InSe‐
based fillers endow PLA with 1.5× the strength and 5.5× the
toughness in the optimum case, which considerably surpasses
the reported factors of increase for PLA with CNTs and/or
graphene as fillers. The strengthening and toughening are at-
tributed to the high ductility of the InSe‐based samples and the
effect of the interface on crack shielding and crack deflection,
based on our analysis of mechanical loading data, and finite
element simulations. This work demonstrates that InSe fillers
improve the mechanical properties, especially toughness, of
PLA composites, which may broaden their commercial appli-
cations in many fields.

2 | Experiment

2.1 | Materials

The commercial PLA filament with a diameter of 1.75mm was
purchased from Aurora Technology Co. Ltd., China. InSe powder
with a purity of 99.999% was supplied by Alfa Metal Materials Co.
Ltd., China. The N‐methyl‐2‐pyrrolidone (NMP) solvent (Reagent
Grade, 99%) was purchased from Sinopharm Chemical Regent Co.
Ltd., China. Dichloromethane, ethanol, and isopropanol (IPA) were
all Reagent Grade (99%) and were provided by Beijing Dongfang
Shibo Fine Chemical Co. Ltd., China.

2.2 | Preparation of Reinforcements and PLA‐
Based Composites

The nano‐size InSe reinforcements were achieved by liquid‐phase
exfoliation (LPE) of InSe particles. First, pristine InSe particles were
added to NMP (6.25mg/mL). Then, the suspension was ultra-
sonicated at a power of 180W and in a flowing water bath
(20°C–40°C) to avoid a dramatic increase of temperature. After
sonication for 12 h, the dispersion was transferred to a centrifuge
tube and centrifuged at 2000 r/min for 45min. The collected
supernatant was filtered in an attempt to remove NMP and the
obtained InSe was transferred into ethanol as a solvent (or disper-
sant). Finally, this dispersion was evaporated and the E‐InSe flakes
were then obtained. Note that the optimum conditions mentioned
above for exfoliation of InSe were determined by exploring the
following parameters: the exfoliation solvent, the ultrasonic inten-
sity, and the duration of sonication. As shown in Supporting
Information S1: Figure S2, the obtained samples had a certain
morphology and size at an ultrasonic power of 180W and sonica-
tion time of 12 h at a concentration of 6.25mg/mL in an NMP
solvent. Graphene oxide (G‐O) was used as a control sample for
reinforcement, and the graphite oxide that was then exfoliated to
G‐O was synthesized using the modified Hummers' method.

The PLA composite samples that were mechanically loaded to
determine their mechanical response were prepared using the
3D printing method as shown in Figure 1A. First, the PLA
filament was dissolved in dichloromethane by stirring and
heating to 50°C. Different fillers (InSe, E‐InSe, and G‐O) were
separately dispersed in ethanol by ultrasonication in a water
bath; this filler dispersion was then mixed with the PLA/di-
chloromethane solution. This mixture would evaporate and
transform into a composite viscous “mud” after heating under
stirring. Then, the mud was poured into a glass culture dish
until it evaporated completely, ultimately forming a composite
film with a thickness of approximately 1 mm.

An extrusion‐based 3D printing method was used to fabricate
the composites. Like the direct ink writing process at low
temperatures, the raw materials loaded into a high‐temperature
syringe are heated to their melting point and then extruded at
the predetermined pressure. The underlying theory of this 3D
printing technology is akin to fused deposition modeling (FDM)
3D printing. Fabrication of nanocomposite specimens is more
convenient, as it eliminates the need for a filament. The bio‐3D
printer (3D‐BioplotterTM Envision TEC GmbH, Germany),
equipped with two printing syringes (a low‐temperature one
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and a high‐temperature one) and a movement resolution of
~1 µm, has been extensively utilized to fabricate a wide array of
materials, ranging from soft hydrogels to hard ceramics and
polymers. Here, we adeptly utilize this printer to fabricate the
PLA/InSe nanocomposites.

As shown in Figure 1A, the composite film was cut into small
fragments and loaded into the high‐temperature printing
syringe of the printer. Throughout the printing process, four
crucial factors—printing temperature, printing platform tem-
perature, dosing pressure, and printing speed—need meticulous
adjustment to produce high‐quality samples devoid of voids and
accumulations. Supporting Information S1: Table S1 compre-
hensively details the 3D printing conditions for each composite.
We believe that other researchers can replicate our processes
and results using a similar 3D printer or an FDM printer.

We then printed dogbone tensile specimens with a gauge length
of 12 mm, a width of 2.0 m, and a thickness of 0.25 mm, of each
of pure PLA, PLA/InSe composites with four different weight
percentages of InSe particles, PLA/E‐InSe composites with two
weight percentages of InSe flakes, and PLA/G‐O composites
with three weight percentages of G‐O. The width and thickness
of each printed sample were measured by SEM before the
tensile testing. The composites are named as PLA/RT‐N, in

which RT denotes the filler and N is the weight percentage of
the filler. Thus, PLA/InSe‐0.27% denotes composites consisting
of 0.27 wt% InSe and 99.73 wt% PLA. Photos of all the printed
dogbone specimens are shown in Figure 1B.

3 | Results and Discussion

3.1 | Morphology and Crystal Structure of the
Fillers

We optimized the LPE process, and the obtained E‐InSe samples
are shown in Figure 2A and Supporting Information S1: Figure S2
(the detailed preparation can be found in the Supporting Informa-
tion). The pristine InSe particles with sizes of tens of microns show
irregular steps on their surfaces, indicating the lamellar structure
that enables the possibility of exfoliation. The inset in Supporting
Information S1: Figure 2A highlights an E‐InSe with an in‐plane
size of ~400 nm. Our statistical analysis shows that the lateral sizes
of E‐InSe are mainly in the range of 160–220 nm (see Figure 2B).
The thickness was measured to be ~3.8 nm based on atomic force
microscopy (AFM), as per the image in Figure 2C, indicating that
the E‐InSe sheet contains four layers (with a monolayer thickness of
0.9 nm [29]). The high‐resolution transmission electron microscopy
(TEM) image in Figure 2D shows a lattice spacing of 0.34 nm that

FIGURE 1 | Preparation of the PLA composites as tensile‐test specimens. (A) Schematic for preparing exfoliated InSe (E‐InSe) and, ultimately,

3D‐printed composites as dogbone specimens. HT denotes high temperature. (B) Photos of the printed specimens.
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could correspond to the (101) plane of InSe or of In2Se3, but the
selected electron diffraction (SAED) pattern in Figure 2E shows that
the material studied here is pure InSe [25]. X‐ray diffraction (XRD)
was performed for InSe and E‐InSe (Figure 2F), and the observed
peaks match β‐InSe (JCPDS34‐1431). β‐InSe belongs to the hexag-
onal lattice system and the P63/mmc space group. It has active
vibrational modes that appear in the Raman spectrum, as shown in
Figure 2G, in agreement with the reported analyses [29, 30]. The
acquired X‐ray photoelectron spectroscopy (XPS) spectra of InSe
and E‐InSe show the characteristic peaks of β‐InSe corresponding to
Se 3d and In 3d core levels (see Figure 2H and Supporting Infor-
mation S1: Figure S4A). The related morphological and composi-
tional characterizations for G‐O (also used as a filler for a
comparison study) are shown in Supporting Information S1:
Figure S4.

3.2 | Mechanical Behavior of PLA Composites

We conducted uniaxial tensile tests on the composites and obtained
stress–strain curves, as shown in Figure 3A and Supporting Infor-
mation S1: Figure S5. Each thick curve in Figure 3A is the

calculated average from three curves (three separate tests) of one
composite. The pristine PLA showed an almost linear elastic
response and then brittle fracture at a strain of 5.1%–5.7%, and
adding G‐O nanosheets to the PLA matrix yielded a similar stress–
strain response. PLA composites with only 0.27wt% InSe filler
(either InSe particles or flakes) showed outstanding plasticity with
softening and plastic flow following the elastic deformation, as well
as higher strength, stiffness, and failure strain, than the neat PLA
and PLA/G‐O composites.

We analyzed the strength, stiffness, ductility, and toughness of
all the composites with their different mass fractions and fillers
(see Figure 3B,C and Supporting Information S1: Table S2). The
strength and stiffness of the PLA matrix increased with the
addition of the InSe particle filler. However, when the filler
loading reached 9.1 wt%, the excessive InSe particles induced
significant stress concentration, resulting in decreased
mechanical properties. In comparison with PLA/InSe‐0.27%,
PLA/E‐InSe‐0.27% composites showed a higher strength:
45.8 ± 1.9 versus 41.7 ± 3.7MPa (the detailed strengthening
mechanism is discussed later). Compared to pure PLA (average
strength of 32.2MPa and stiffness of 749.4 MPa), the optimum
PLA‐based composites with 0.27 wt% InSe showed a 42.3%

FIGURE 2 | Characterization of exfoliated InSe nanosheets (E‐InSe). (A) Comparison in SEM morphology of pristine InSe particles (InSe) and

E‐InSe. (B) Plot of lateral size versus number observed, for E‐InSe. (C) AFM analysis of an E‐InSe flake, with the height profile of the nanosheet

shown. (D) High‐resolution TEM image and (E) SAED pattern of E‐InSe. The plots for (F) XRD, (G) Raman spectra, and (H) XPS show the

characteristic diffraction peaks (XRD) and spectra (Raman and XPS) of β‐InSe.
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increase in strength, whereas the optimal PLA‐based compo-
sites with 0.99 wt% E‐InSe shows a 48.5% increase in stiffness.
Embedding either InSe or E‐InSe into the PLA matrix also
yielded higher ductility and toughness, that is, on average 2.4×
and 2.2× the ductility, and 4.4× and 4.1× the toughness for
InSe‐ and E‐InSe‐reinforced PLA, respectively, when compared
with that of PLA (Figure 3C). The increased strength and
toughness might result from the interfacial interaction between
InSe and PLA as well as the inherent ultra‐large plasticity of
InSe [28] (see the detailed explanation later).

The normalized strength and toughness of PLA/InSe and PLA/
E‐InSe composites (normalized by the strength and toughness

of PLA in every case to exclude the effects of raw materials and
testing conditions) are compared with those of CNT‐ and G‐O‐
reinforced composites (The detailed data for the reported results
and this work in Figure 3D are listed in Supporting Information
S1: Table S3 [9, 11, 15–18, 20, 31–33].). The reported PLA/CNT
and PLA/G‐O composites show either improved strength or
toughness. For instance, PLA composites filled with the surface‐
modified helical CNT showed 3.6× the toughness of the neat
PLA, but without strength enhancement [18]. The control
samples of PLA/G‐O specimens prepared in this work showed
1.1× the strength and 1.1×– 1.4× the toughness of neat PLA,
whereas the optimal InSe‐based fillers yielded 1.5× the strength
and 5.5× the toughness. The PLA/E‐InSe composites showed

FIGURE 3 | Mechanical properties of the PLA composites. (A) Tensile stress–strain curves of four representative kinds of composites. Each thick

curve in the figure is the average of three curves for different specimens of one composite type. (B) The histograms highlight that both InSe and

E‐InSe can increase the strength and stiffness of composites simultaneously, where PLA/E‐InSe shows a higher average strength. (C) The plots show
that the composites with only 0.27 wt% pristine InSe particles have the optimum ductility and toughness, slightly higher than that containing E‐InSe.
(D) Compared with the related reported mechanics for PLA composites with other filler types, both PLA/InSe and PLA/E‐InSe composites have

higher strength and toughness. The solid stars show data of PLA/InSe and the hollow stars show data for PLA/E‐InSe composites. The three

hexagons show the testing data of PLA/GO samples prepared in this work, whereas the triangles show the data from the literature. The flexibility of

neat PLA, PLA/InSe, and PLA/E‐InSe composites is shown by (E) bending the specimens and from a simulation (F).
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the highest average strength of 45.8MPa, whereas the PLA/InSe
composites showed the highest average toughness of 4.1MJ/m3

among all the control samples. The combination of excellent
mechanical and optical characteristics in PLA/InSe composites
expands their potential applications in specialized packaging
fields requiring UV insensitivity (Figure S6) and load‐bearing
capability.

Bent specimens show the flexibility of PLA/InSe and PLA/E‐InSe
composites; see Figure 3E. Brittle fracture in the PLA and PLA/
G‐O composites occurred readily when one end of the tensile
specimen was bent to attach the other end (Supporting Infor-
mation S1: Figure S7). In contrast, both the PLA/InSe and PLA/
E‐InSe composites never failed at the same bending strain,
showing exceptional deformability. The bending simulation was
performed using the commercial ABAQUS/standard v.6.12 soft-
ware. The PLA/InSe and PLA/E‐InSe composites were con-
sidered as isotropic homogeneous materials and their effective
material properties were extracted from the stress–strain curves
in Figure 3A. When the tensile specimens are bent, the outer
surface is in tensile stress and the inner surface is under com-
pressive stress. The increasing stress with continuous bending
leads to the brittle fracture of the neat PLA, whereas the PLA/
InSe and PLA/E‐InSe composites show macroscopic plasticity.

3.3 | Strengthening Mechanism and Toughening
Mechanism

It is reported that either the transition of crystalline PLA to an
amorphous phase [34] or nanocrystalline PLA formation/growth
[35] can lead to its brittle–ductile transition. We investigated the
crystal structures of the tensile specimens with wide‐angle X‐ray
scattering (WAXS). As shown in Figure 4A, all the raw PLA
materials before 3D printing are crystalline but transformed into
amorphous after melting and extrusion from the 3D printing
nozzle. InSe and E‐InSe fillers did not vary the crystallization of
PLA (Figure 4B,C). PLA/InSe‐0.27% and PLA/E‐InSe‐0.27%
composites in the segment subjected to the large plastic defor-
mation were still amorphous after the tension, that is, thus in
agreement with the reported absence of strain‐induced crystal-
lization [36]. Therefore, the mechanical enhancement of PLA
from InSe or E‐InSe is not due to changes in the structure of the
PLA matrix. The fillers InSe or E‐InSe, and the interfaces
between them and PLA, are thus perhaps the key factors.

The postmortem fracture surfaces of three kinds of specimens
were observed by SEM (Figure 4D,E). For the neat PLA, the
main crack quickly penetrates the whole sample after the crack
nucleates, resulting in a smooth fracture surface. However, the

FIGURE 4 | Analysis of strengthening and toughening mechanisms. WAXS characterization for (A) neat PLA, (B) PLA/InSe‐0.27%, and (C)

PLA/E‐InSe‐0.27%. The inset indicates the 2D mapping of the diffraction patterns. (D) Fracture analysis of the tested tensile composites by

investigating the morphology of the fractured surfaces using SEM (D, E).
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observed InSe‐induced interface debonding and the formation
of voids might have led to the ductile failure fracture surface in
both PLA/InSe and PLA/E‐InSe composites. It has been re-
ported that interface debonding and voids arising from crack
defection and bifurcation can cause enhanced toughness in
composites [37–39].

Microcomputed tomography (CT) Scanning images were used to
observe the dispersion of InSe particles and E‐InSe flakes in the 3D‐
printed PLA composites (Figure 5A). Within the same size range,
the E‐InSe flakes show a higher number density than the InSe
particles, implying the formation of more interfaces with the PLA
matrix (Supporting Information S1: Figure S9). Based on the “2D
section” morphology of CT scanning, we set up the PLA/InSe and
PLA/E‐InSe composite models for finite element analysis (FEA)
(Figure 5B). The size of each model is 0.2mm×0.2mm, and the
length of the pre‐crack is 0.05mm. The profile of InSe was obtained
by digitizing the 2D CT images and the E‐InSe with the same mass
fraction was randomly arranged in the matrix. To simulate the
damage and fracture of the PLAmatrix, the build‐in ductile damage
model in ABAQUS/standard v.6.12 was adopted and the properties

of the material were incorporated by fitting the tensile testing data
in Figure 3A, which includes the intrinsic mechanical properties of
the fillers. The InSe was assumed to be a linear material with
Young's modulus of 28GPa according to the reported nano‐
indentation testing [25]. The mechanical response of the interface
between PLA and InSe was treated using the interfacial cohesive
zone model, which estimates the interfacial damage and failure
through a traction–separation relationship. The detailed material
parameters are listed in Supporting Information S1: Table S4.

For performing the calculation, the bottom surface was fixed in
the y‐direction and the top surface was uniformly loaded with a
fixed displacement. Other surfaces are traction‐free. The force
applied on the composites was recorded as the displacement
increases, as shown in Figure 5C, which indicates that the neat
PLA fractures catastrophically and yet, the PLA/InSe compo-
sites still have load‐bearing capability to withstand increasing
force after the first loading drops. We were not able to obtain
the complete force–displacement curve for the PLA/E‐InSe due
to the computational convergence problem, but it still shows a
larger maximum force than PLA.

FIGURE 5 | Finite element analysis to study reinforcement mechanisms. (A) CT scanning images show the spatial distributions of the InSe

particles and E‐InSe flakes. The gray images denote the 2D sectional morphology and the others show 3D morphology. (B) Simplified 2D model for

simulation. The profile of InSe is depicted according to the CT images in (A). (C) Comparison of force–displacement curves for neat PLA, PLA/InSe,

and PLA/E‐InSe composites. (D) Mises stress distributions and crack propagation trajectory in these three composites; σ is the maximum Mises stress

at the crack tip.
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The corresponding crack nucleation and propagation are shown in
Figure 5D. The crack in PLA directly grows along the pre‐crack
direction with the permanent crack driving force (i.e., the same
crack tip stress). However, with InSe particles distributed in the
PLA matrix, the stress field around the crack tip is continuously
redistributed as the crack propagates owing to interfaces between
the PLA matrix and the particles [37]. As a result, the crack driving
force is attenuated and the composite recovers the load‐bearing
capacity due to crack shielding and blunting, resulting in the second
rising force in Figure 5C. Crack deflection was also observed and
the interface would de‐bond as the load increased, which dissipates
extensive energy to toughen the material. Further, we investigated
the effect of interfacial properties on the mechanical response of
PLA/InSe composites. As a case study, two interfacial materials
with differing fracture energies (strong interface/weak interface=
10) were simulated, while maintaining the same interfacial strength.
Supporting Information S1: Figure S10 demonstrates that PLA/InSe
composites with a strong interface show high resistance to inter-
facial debonding, resulting in improved toughness and higher sec-
ondary maximum bearing stress. In comparison with the PLA/InSe
composites, the stress in PLA/E‐InSe can be distributed throughout
a larger region as of the many more particle–PLA interfaces,
yielding more effective load transfer between E‐InSe and PLA that
delays local deformation and failure [40, 41], yielding higher
strength than that for the InSe fillers. The reduced crack shielding
during crack propagation for PLA/E‐InSe may explain its lower
toughness than the PLA composite with InSe particles as fillers.
Overall, the PLA/InSe and PLA/E‐InSe composites show higher
strength and toughness due to the intrinsic properties of InSe and
E‐InSe along with interfacial debonding/crack deflection effects
(Figure 5D).

4 | Conclusions

InSe particles and flakes were used as fillers and PLA as the matrix,
and the resulting composites had significantly increased strength
and toughness. The composites were 3D‐printed to fabricate dog-
bone specimens for tensile testing. The tensile and bending ex-
periments indicate that PLA composites with InSe or E‐InSe
(nanosheets) undergo plastic deformation rather than brittle frac-
ture in contrast to the neat PLA, PLA/G‐O, and the reported PLA/
CNT and PLA/G‐O composites. Strength increase of 1.5× and 5.5×
in toughness compared with the neat PLA was achieved. The PLA/
InSe composite with 0.27wt% fillers has higher toughness but lower
strength than PLA/E‐InSe. Surface fracture morphology and finite
element simulations illustrate that the strengthening and toughen-
ing are due to the intrinsic deformability of InSe materials, as well
as certain events that occur during fracture, including interface
debonding, the formation of voids, and crack deflection and
shielding. We suggest that these PLA/InSe composites can greatly
broaden the use of PLA in load‐bearing applications.
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