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a b s t r a c t
Achieving high strength, deformability and toughness in polymers is important for practical industrial
applications. This has remained challenging because of the mutually opposing effects of improvements to
each of these properties. Here, a self-assembling nacre-like polymer composite is designed to achieve extremely tough with increasing strength. This special design signiﬁcantly improved polymer’s mechanical
properties, including an ultra-high fracture strain of 1180%, a tensile strength of 55.4 MPa and a toughness
of 506.9 MJ/m3 , which far exceed the highest values previously reported for polymer composites. This excellent combination of properties can be attributed to a novel toughening mechanism, achieved by the
synergy of the domain-limiting effect of metallic glass fragments with the strain-gradient-induced orientation and crystallisation within the polymer during stretching. Our approach opens a promising avenue
for designing robust polymer materials in armour and aerospace engineering for a range of innovative
applications.
© 2022 Published by Elsevier Ltd on behalf of The editorial oﬃce of Journal of Materials Science &
Technology.

1. Introduction
Soft materials are becoming increasingly important in many
ﬁelds, especially in the development of several new and high-tech
industries, such as the manufacture of aircraft tires, optical lenses
and surgical implants, fuelling a long-term demand for the production of polymers that combine high strength and toughness with
other speciﬁc physical properties [1,2]. Extensive efforts have been
made to strengthen and toughen polymers over the past few years,
and many signiﬁcant advances have been made [3–5]. Normally,
the traditional modiﬁcation method can be divided into two types,
mainly including molecular chains composition/structure design
and foreign implants introduction. For the former, although the
strength of the material is increased, the improvement in toughness is limited, which may be due to the suppressive dissipation
effect of the rheological behaviour as the sliding and decoupling
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of the chains are replaced by strong covalent bonds [6–12]. For
the latter, theoretically, the mechanical properties of a composite material will lie in a range limited by their components, thus
the addition of implants also decreases the composite’s toughness owing to their low deformability, which has been noted with
particle-reinforced polymers [13–17] and ﬁbre-reinforced materials
[18–24].
The design of laminated structure, introducing a metal layer
on the polymer surface, has been investigated as a possible strategy to affect the mechanical properties of polymer [25–29]. Xiang
et al. had reported a strain localization phenomenon in the deformation process of a reinforced polymer with metal ﬁlm [27], and
studied the inﬂuence of a copper ﬁlm thickness on the fracture
limit of metallic part of a ﬁlm composite [25]. However, such research has mainly focused on the conductivity of metal ﬁlms and
neglected to thoroughly investigate the overall mechanical properties of metal/polymer ﬁlm composites. In 2009, Gupta et al. used
pure Al ﬁlm and polyethylene terephthalate (PET) to prepare thinﬁlm composite materials by vacuum thermal deposition, which
achieved toughening from 25% to 81% while reducing strength
from 108.88 MPa to 99.25 MPa [30].

https://doi.org/10.1016/j.jmst.2022.05.063
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In this work, a self-assembling biomimetic material with an initial laminated structure is designed. Unlike the traditional designs,
the polymer ﬁlm composites studied herein demonstrate toughness limits beyond those predicted by continuum mechanics, in
addition to the generally understood strengthening effect of compositing. This approach constructs a complex deformation ﬁeld to
make the rheological process nonaﬃne during deformation, which
creates a more oriented state with higher fracture resistance, with
the strain induced crystallisation further improving the polymer’s
strength and toughness. Meanwhile, the strengthening and toughening effect of this composite is combined with a self-assembling
nacre-like behaviour. Systematic experimental characterisation and
ﬁnite element method (FEM) analysis reveal the mechanism of this
new toughening phenomenon. These composites can be stretched
almost 12 times their initial length and exhibit both high tensile
strength and high toughness of 52 MPa and 506.9 MJ/m3 , respectively, via this new toughening mechanism.

2.3. Finite element simulation method of MZC/PET composites
To simulate the large deformation of the specimen, the nonlinear geometry effects and hyperelastic-plasticity of the polymer
are required. The MZC ﬁlm was modelled by shell elements and
the connection between the metal ﬁlm and polymer matrix was
considered to be perfectly bonded. The thicknesses of the polymer
substrate and metal ﬁlm were considered equal in the experiment,
with ‘dog bone’ shaped ends built into the model to make the
deformation uniform within the region of the gauge length. The
shape and size of the ﬁlm fragments and the space between them
were examined in SEM images of the sample, showing that their
distribution was random. For the bonding between the metal fragments and the polymer, a Lagrangian mesh was adopted instead of
a Eulerian mesh because of the latter’s disadvantage in simulating
deformation continuity between solid and liquid-like parts. Thus,
the displacement boundary conditions acting on the two end surfaces of the model were designed to make the calculation stable. In
the simulation, the gauge length of the model was 1 mm and the
total length was 2.4 mm. The mechanical properties of the polymer
were derived from the experimental data, with the metal ﬁlm simulated as a brittle surface with a Young’s modulus 1.73 GPa, which
was calculated from the stress–strain characteristics of the PET and
MZC/PET. The displacement of the two end faces was controlled
in opposite directions along the tensile axis, making the average
strain rate in the investigated region the same as in the tensile experiment.

2. Experimental
2.1. MgZnCa/PET composite ﬁlms preparation
A commercially available PET ﬁlm of dimensions 7 cm × 7 cm
with a thickness of 200 μm was used as the substrate for MgZnCa
ﬁlm deposition. A commercially available Angstrom deposition system was used to produce amorphous MgZnCa thin ﬁlms of various
thicknesses on PET substrates by DC magnetron sputtering in Ar
(purity > 99.99%). The PET substrates had been cleaned by acetone,
alcohol and distilled water for 15 min separately. They were also
cleaned by Ar ion sputtering to remove any surface contaminants.
The deposition system included a vacuum chamber equipped with
a rotatable sample stage and four circular planar magnetrons 6
and 3 in diameter. A turbo molecular pump with a rotary pump
was used to evacuate the chamber. Substrates were located on
the rotating stage, approximately 13 cm from the target substrate.
The sample stage rotation was maintained at 15 rpm to provide a
uniform ﬁlm. The sputtering process was performed in Ar with a
working pressure of 0.5 Pa and an external substrate bias of −50 V;
the deposition rate was 11 nm min−1 , and the substrate temperature was maintained at room temperature.

3. Results and discussion
3.1. Material design
In polymer, the entropic elasticity and dissipation associated
with the uncoupling of the junctions (crosslinks or entanglement
points in the network) are the two dominating mechanisms of
deformation [31]. However, the microstructure of the molecular
chain network does not correspond directly to the strain during nonaﬃne deformation. Numerous studies have shown that
the introduction of stress can orient molecular chains, which increases the strength because the energy required to break covalent
bonds is much larger than that of van der Waals and hydrogen
bonds [32,33]. This phenomenon implies the possibility of a new
strengthening and toughening mechanism, whereby strength and
toughness will both be improved if the microstructure of the polymer is reconstructed in a more oriented way at the same strain.
Relevant investigations have proven that stress is a driving force
for the junction ﬂow, but in most cases the deformation of the
material is homogeneous, resulting in an aﬃne deformation of
the molecular chain network [32,34]. Therefore, a new toughening mechanism can be envisioned in which the nonaﬃne ﬂow of
junctions or entanglement points is achieved by constructing complex strain ﬁelds in PET substrate to obtain a more oriented microstructure to resist stronger loads and achieve higher strength
and toughness.
Nacre-like biomaterials with unrivalled mechanical robustness
have been investigated in recent decades [35–37]. Their unexpected toughness is attributed to their complex multi-layer hierarchical structure, where the relative sliding between the brittle aragonite platelets dissipates energy while the monolayers act
as strong fracture deﬂectors and terminators [38–40]. The complex structure of nacre inspires the construction of the required
strain ﬁeld, while its toughening mechanism also works in conjunction with the ‘orientation’ mechanism to improve the overall
performance of the material [39,40]. The design of nacre-like biomaterials typically requires precise dimensional control of the microstructure because of the complicated deformation mechanism,

2.2. Characterization methods
The uniaxial tensile tests used rectangle-shaped samples of
60 mm × 5 mm, cut from the amorphous PET and MZC/PET ﬁlms.
The tensile tests were performed on three specimens per sample,
with a gauge length of 20 mm and a tensile rate of 15 mm min−1
using a mechanical testing system (Tinius Olsen) at room temperature.
The morphological structures of the samples were analyzed by
ﬁeld-emission SEM (FEI Quanta 450) and AFM (Bruker Dimension
Icon) in tapping mode. These samples were Au-sputtered before
scanning. The morphological structure was analyzed in the view
ﬁelds of 10 μm × 10 μm. The orientation and crystallisation of
the original and stretched PET and MZC/PET ﬁlms were investigated by an X-ray diffractometer (Bruker) with Cu Kα radiation
(λ = 0.154 nm). The 2θ scan data were collected at 0.02° intervals over ranges of 5°–60°. FTIR (Shimadzu) was used to detect the
absorption spectra in the frequency region 40 0–40 0 0 cm−1 . The
microstructures of the thin ﬁlms were examined by transmission
electron microscopy (TEM; JEOL 210 0) at 20 0 kV. TEM samples
were prepared with focused ion beam equipment. The thin ﬁlms
were examined by EDS to determine their precise atomic compositions.
237

Y. Bu, X. Wang, X. Bu et al.

Journal of Materials Science & Technology 136 (2023) 236–244

Fig. 1. Schematic illustration of the design of polymer composites.

which leads to high fabrication cost [36,40]. By contrast, the new
approach here simply utilizes the hierarchical structure itself, while
the toughening effect of the nacre only plays an auxiliary role.
Thus, there are no strict requirements for the dimensions of the
microstructure, which can be formed via self-assembly to reduce
costs.
The design of the composite is shown in Fig. 1: a strong, thin,
brittle coated Mg60 Zn35 Ca5 (MZC) metal ﬁlm lying on a thick
polyethylene terephthalate (PET) substrate. When the MZC/PET
composite is loaded, the low toughness of the MZC metallic ﬁlm
makes it breaks into fragments of a size determined by the interfacial topography ﬁrstly. As the deformation continues, the tightly
adhered MZC fragments severely limit the deformation of the top
surface of the polymer, while the bottom surface remains free because of its suﬃcient thickness, making the deformation here uniform. The marked difference in deformation behaviour between
the limited top surface and unlimited bottom one generates a huge
strain gradient with corresponding stresses, which accelerate and
drive the junctions to ﬂow to the low-free-energy oriented state,
as shown in Fig. 1. Thus, the nacre-like structure, the nonaﬃne deformation and the orientation of the chains are achieved via selfassembly without any external operation, improving the material’s
strength and toughness.

cial PET with a thickness of 200 μm. Single and double-sided coatings were prepared on the 0.3 μm and 1 μm substrates, while only
single-sided coatings were prepared for the 1.5 μm MZC. Before
the ﬁlm formation, the PET surface was cleaned and modiﬁed by
Ar plasma to improve its surface activity and surface energy, and
make it more binding with the MZC ﬁlm. We tested the surface
energy of the PET material before and after modiﬁcation. From
the comparison of the contact angle of water droplets at the interface, shown in Fig. S2, it can be clearly seen that the contact
angle of the PET surface decreases signiﬁcantly after plasma activation, indicating that its surface energy increases, and the adsorption tendency of the PET interface to the MZC ﬁlm also increases, so it has good adhesion to the MZC thin ﬁlm, which can
be seen from the high-resolution TEM image, shown in Fig. S1(b).
The perfect matching of the MZC/PET interface shown in transmission electron microscopy implies that there was good adhesion
between the two layers, which will also limit the degradation of
properties caused by any fabrication defects. In addition, the fast
Fourier transform graph (inset of Fig. S1(c)) also shows an amorphous ring corresponding to the MZC structure, which presents
the same elastic–brittle mechanical properties as normal metallic glass. To characterise the chemical composition and physical
bonding states of the PET, stretched PET and MZC/PET composites (polymer side and metal side), Fourier transform infrared spectroscopy (FTIR) was carried out, as shown in Fig. S3. The FTIR results show six major absorption bands, which are attributed as
follows: (1) 1710 cm−1 is the stretching of –C=O present in ester groups; (2) 1409 cm−1 is the characteristic band of disubstituted benzene rings; (3) 1243 cm−1 and (4) 1092 cm−1 are the
asymmetric stretching of –C–C–O and O–C–C, respectively; and (5)
1012 cm−1 and (6) 720 cm−1 arise from the benzene ring and the
C–H vibrations of aromatic structures, respectively [41]. The peak
widths and positions of the absorption bands of stretched PET and
stretched MZC/PET coincide with those of the unstretched ﬁlms.
This indicates that the major chemical groups of the PET-based
samples were uniform and that the molecular structure was not
changed signiﬁcantly by the MZC deposition. Furthermore, the elemental composition of the MZC/PET composite ﬁlm was deter-

3.2. Preparation and materials characterization
To achieve the approach presented in Fig. 1, the polymeric substrate must have perfect ﬂuidity so that it will be oriented under
the load at room temperature. According to previous studies, PET
shows a high degree of orientation under tension [32], so it was
selected to be the substrate of the composite. Furthermore, the
coating ﬁlm must be suﬃciently brittle to form the desired fragments and strong enough to limit the deformation of the polymer without peeling, making metallic glass a suitable choice. With
these considerations, a series of laminated composites with an
MZC metallic ﬁlm coated on a PET substrate were designed. MZC
ﬁlms with different thicknesses (0.3, 1 and 1.5 μm) were deposited
using magnetron sputtering (as shown in Fig. S1(a)) onto commer238
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Fig. 2. (a) Stress-strain curves of PET and MZC/PET composites. (b) Dependence of toughness on elongation at break of different materials: hydrogel-based composites [8,42],
polyethylene (PE) based polymers [6,10–12, 43], particle-reinforced polymer composites [13–17], ﬁbre-reinforced composites [18–23] and laminated composites [30,39,44],
quenching-partitioning-tempering (QPT) steel [49].

mined by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) of samples subjected to 300% tensile strain, as shown in Fig. S4. The distribution of various elements and fragments at the boundary is observed clearly in the
mapping diagram. Table S1 summarises the element composition
corresponding to the coating layer fragments (Spectrum 2) and the
tertiary cracks (Spectrum 1) scanned in Fig. S4(a). Here, spectrum 1
is the polymer composed of C and O and Spectrum 2 is composed
of Mg, Zn and Ca, which is the as-deposited Mg60 Zn35 Ca5 amorphous ﬁlm with the same nominal composition as the sputtering
target.

composite material. Moreover, the comparison between the single
and double-sided coatings shows a conventional trade-off between
the material’s strength and toughness, where a larger proportion
of metallic ﬁlm brings higher strength but lower toughness. The
strength and toughness of the double-sided MZC1 /PET composites
are lower than those of the single-sided coated ﬁlm with 1.5 μm
thickness, indicating that this new strengthening and toughening
mechanism is more effective for single-sided coatings.
The toughness of the samples is summarised in Table S2.
Fig. 2(b) shows a comparison of the mechanical robustness,
in terms of elongation at break and toughness, among various
types of polymer composites, including hydrogel-based composites [8,42], polyethylene (PE) based polymers [6,10–12,43], particlereinforced polymer composites [13–17], ﬁbre-reinforced composites [18–23] and laminated composites [30,39,44]. As predicted
by mechanical theory, laminated composites show a relatively
low toughness and elongation because of the limitations of their
weaker component. Similarly, ﬁbre- and particle-reinforced composites exhibit higher strength because of their stronger inclusions, but their elongation is limited by the stress concentrations.
Particle-reinforced composites show better mechanical properties,
which are attributed to the more complex interactions between
the inclusions and matrix, partially dissipating energy. Although
polyethylene-based and hydrogel-based composites (such as poly
(ethylene glycol)-based material [12] and dipole–dipole and hydrogen bonding-reinforced hydrogels [8]) exhibit considerable fracture strain, the molecular chain network characteristics and constituents confer a low strength, resulting in their low toughness.
In contrast, the MZCx /PET composite exhibits a high toughness of
506.9 MJ/m3 (MZC1 /PET) and also a large fracture strain than those
of the modiﬁed polymers, which implies a greater energy absorption capability. Additional features of the mechanical properties in
the stress–strain curves are summarised in Table S2.

3.3. Mechanical properties of MZC/PET composite
The mechanical properties of PET and MZC/PET composites
were investigated by uniaxial tensile testing at the quasi-static
condition with a strain rate of 1.25 × 10−3 s−1 . Fig. 2(a) shows the
stress–strain curves of the PET and MZCx /PET (x: 0.3 μm, 1 μm,
1.5 μm) and double-side coated MZC/PET (D-MZCx /PET, x: 0.3 μm,
1 μm) composites. The single-side coated MZC1 /PET exhibited surprisingly highest tensile strains of 1180%, which is higher than that
of MZC0.3 /PET (845%) and MZC1 /PET (1030%), respectively (the digital photo of the stretched MZC1 /PET was shown in Fig. S5(b)). This
superior deformation capacity is almost twice that of PET (525%)
and far exceeds that of MZC metallic glass ﬁlm (less than 2%),
even though those materials are the principal components. In the
general theory of composite mechanics, a mismatch between the
mechanical properties of the components leads to a deformation
concentration, which ﬁrst destroys the weaker component, leaving the stronger component to bear the full load acting on the
composite alone, so that the effective properties of the composite lie between them of the components. By contrast, this rule
is clearly broken for the MZC/PET composites, with the induced
brittle MZC ﬁlm toughening the PET substrate far beyond either
of their original ultimate elongations. Fig. 2(a) displays that this
toughening effect tends to increase when the thickness of the MZC
ﬁlm is small, with the ultimate toughness value reached at a critical thickness, combined with an expected increase in strength. And
a thicker MZC ﬁlm the stronger fragments and limitation effects,
which will cause a greater strain gradient in the thickness direction, and so the orientation of the molecular chains. Thus within a
certain range, the increase in the thickness of the MZC ﬁlm will
present a positive effect on the strengthen and toughen of the

3.4. Nacre-like mechanical behavior
The stretching process of the MZC/PET composite at different
elongations was captured by a high-deﬁnition camera, as shown in
Fig. 3(a). From a macro-perspective, the ‘break state’ of the MZC
ﬁlm appears as a line crossing the sample perpendicular to the
loading direction combined with initial necking, which is the stress
localisation during the loading process. As the deformation continued, the breaking region evolved along the loading direction,
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Fig. 3. (a) Photographs of the stretching process of the MZC/PET composite with different elongations. (b–d) SEM images of the fracture evolution in MZC/PET composite at
different elongations. (e) Images of natural nacre (above) and the microstructure of nacre (below). Reproduced with permission [38], 2007, Elsevier. Ltd. The direction of the
orange arrow in the upper right corner of the ﬁgure corresponds to the direction of stretching.

which is contrary to the deformation and instability rule that the
localisation of the deformation relaxes with the growing stress.
To further examine the crack development process, SEM was performed on stretched samples with different strains. Fig. 3(b) illustrates the fragmentation process of the MZC coating on the PET
substrate during the test. A crack ﬁrst appeared in the MZC ﬁlm
at an angle of 45° to the stretching direction at 1% strain, which
corresponds to the direction of the maximum shear stress in brittle metallic glass ﬁlm under uniform tension. The uniform cracks
then rapidly developed approximately perpendicular to the stretching direction at 2% strain between the oblique cracks, with vertical
cracking of the fragments subsequently initiated. These cracks developed along the tensile direction because of the lateral contraction of the sample resulting from the Poisson effect [45]. At approximately 4% strain, tertiary cracks appeared parallel to the pri-

mary cracks, breaking the metal pieces into smaller fragments. The
fragments ranged from 1.5 μm to 3 μm in width and 15 μm to
40 μm in length, as determined by the surface topography of the
PET, which was characterised by SEM and atomic force microscopy
(AFM) as shown in Fig. S6(a) and (b), respectively.
After the primary cracks appeared at 45° to the stretching direction, the following formed cracks were almost perpendicular to
the load direction within a tolerance of 20°. This resulted in the
slanted fragments shown in the schematic diagram in Fig. 1 and
the morphology at 50% strain shown in Fig. 3(c). During continuing tension, these fragments turned towards the direction perpendicular to the load. When the strain increased to 80%, the fragments exhibited a wavy shape and turned towards the horizontal direction. When the strain increased to 300%, the fragments
became almost completely perpendicular to the load direction,
240
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Fig. 4. FEM model of the MZC/PET composite. (a) Schematic diagram of the model; (b) stress–strain curves of the calculated PET and MZC/PET models and their distributions;
(c) curves of the axial strain and stress varying with the thickness, with the chosen path and ﬂow schematic of the molecular chains in the thickness direction displayed in
the inset; (d) curves of the isolines of the axial displacements on the paths adjusted to and away from the fragments, with the ﬂow schematic of the molecular chains in
the plane listed inset; (e, f) stress localization in the PET and MZC/PET sample before breaking.

To further understand the mechanism of the tensile behaviour
of MZC/PET composites, an FEM model was built to reveal the details of the deformation, as shown in Fig. 4(a). Before the stress
reaches the maximum point, the model predicts the deformation
very well (Fig. 4(b)). The shock and instability in the simulation
cause the calculated stress reduction to be a little smoother than
the experimental data after the stress overshoot, combined with
a slight oscillation caused by the algorithm, which does not affect
the validity of the model.
The distributions of the stress in the PET and MZC/PET before breakage are shown in Fig. 4(c) and (d), respectively. Under

with some overlap caused by the turning. This fracture process repeated cyclically throughout the deformation process and eventually formed the ﬁnal sample shape under large strains (Fig. 3(d)).
During the deformation, the metal fragments combined with the
covered polymers to form stiff regions, while the exposed polymers connecting these stiff regions acted as soft regions. This selfassembled combination of stiff and soft regions constitutes the
laminated structure of the nacre, as shown in Fig. 3(e) [38]. Although the size and proportions of the fragments are not equivalent to those of real nacre and nacre-like materials, the deformation mechanism is the same, which will be discussed below.
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tension, PET clearly exhibits a necking region with a signiﬁcant
stress concentration that leads to rupture. In contrast, MZC/PET
with the nacre-like metal fragments does not exhibit the expected
large necking region but instead splits into many small shear bands
(red areas) with different orientations, as shown in Figs. 1 and
4(d). The shear bands initiate in the gaps between the metal fragments and extend at 45° to the tensile direction, and their growth
is stopped by the metal fragments before crossing through the
whole material, which leads to a more localized deformation of the
MZC/PET composite in a small region with several fragments. But
the overall deformation is more uniformly distributed over the entire specimen compared to the case in PET, which contributes to
the toughening of the material. This is similar to another mechanism of reinforcing and toughening of nacre, where cracks are
blocked by the organic layers separating the aragonite platelets,
allowing the material to continue deforming without failure [46].
In short, two main strengthening and toughening mechanisms derived from nacre structure are integrated in MZC/PET composites,
namely cracks blocking with metal fragments and the relative sliding of stiff and soft regions.

the strain reached 150%, the intensity of the patterns of both PET
and MZC/PET became stronger, while the one of MZC/PET composites was much stronger than that of PET, which indicates the
higher orientation of the molecular chains inside the polymer. This
high oriented state of the polymer in the composite makes the
chains distribute more parallel with each other, reducing the energy barrier for crystallizing, thus results in a high crystallinity.
At the same strain, the more oriented state of the polymer has
a stronger bearing capability due to the higher fracture energy of
the covalent bonds compared to the van der Waals forces, which
allows a continuous deformation at the break strain of the polymer without coating, achieving the toughening effect. These corroborating observations should make an important contribution to
understanding the novel mechanisms that contribute to polymer
toughening.
There are three diffraction rings in the equatorial direction:
speciﬁcally, the (010), (1_10) and (100) crystal planes [48]. As the
deformation increased, the diffraction rings in the equatorial direction became sharper and stronger, indicating that the degree
of crystallinity had increased. The equatorial radial integrations of
the 2D-WAXD patterns of PET and MZC/PET composites are shown
in Fig. 5(k) and (l), respectively. The characteristic peaks of the
stretched PET and MZC/PET composite ﬁlms under different tensile
strains (30%, 70%, 100%, 150%, 230%) are observed at 2θ = 17.2°,
22.6° and 26.8°, which are assigned to the (010), (1_10) and (100)
planes, respectively. This further conﬁrms that the PET began to
crystallise after experiencing the tensile process. As the strain increased from 30% to 230%, the intensity of all of the peaks increased. More importantly, the diffraction peak intensities of the
stretched MZC/PET composites exceeded those of the PET. This indicates that the MZC amorphous coating promoted the orientation
of the polymer molecules, and thus their crystallisation during the
stretching process. This increased crystallinity thereby improved
the tensile strength and toughness of the composite material.
The deformation gradient of the composite during tension was
simulated through FEM presented in Fig. 4(e) and (f) for two
typical cases. A path under the fragments is extracted along the
thickness direction (shown in the inset of Fig. 4(e)), with the axial stress and strain along it shown in Fig. 4(e). The gradient of
both the stress and strain is huge that the value of stress and
strain decreases by more than 80% from the backside to the covered side. In metallic or other homogeneous materials, such large
stress and strain ﬂuctuations can lead to signiﬁcant stress concentration and earlier fracture. However, the ﬂow mechanism in
polymers makes the situation more complex. In the tensile of the
PET, the deformation was uniform, in which aﬃne deformation
of the molecular chain network dominant. The molecular chains
oriented in aﬃne deformation, and the strength of the material
were the consequence of the combined energy required to break
the covalent bonds and overcome the van der Waals forces. In
the MZC/PET composite, the large deformation gradient induced
by the metal fragments leads to nonaﬃne deformation within the
PET matrix, with the entanglement points ﬂowing or diffusing to
cause an additional displacement along the gradient direction besides the aﬃne contribution. In the thickness direction, the entanglement points of the network ﬂowed from the small-strain region to the large one, maximising the entropy decrease and homogenising the free volume, as shown in Figs. 1 and 4(e). Besides
the ﬂow in the thickness direction, the strain distribution on the
covered surface was also inhomogeneous. After the composite material is stretched, the metal ﬁlm deposited forms nacre-like fragments, and the strength and size of the fragments (the size of
the fragments caused by the surface morphology of the interface
between the ﬁlm and the polymer material) have a certain conﬁnement effect on the polymer. The strength of the fragments determines the magnitude of the strain gradient, and the size and

3.5. Nonaﬃne ﬂow of the network
As illustrated in Fig. 1, during the stretching process, the molecular chains of the PET are oriented with the help of the MZC. This
molecular chain orientation is conﬁrmed preliminarily by the different fracture surface morphologies of the PET and MZC/PET, as
shown in Fig. S7. The fracture surfaces of the PET are perpendicular
to the load direction, which implies that there is tension-controlled
necking and breaking (Fig. S7(a)). A few of the samples with the
fracture surfaces show a combination of a series of fracture segments at 45° to the load direction, referring to a shear-controlled
fracture. Both these two fracture patterns are consistent with the
strength theory of material mechanics. In contrast, for the MZC/PET
composite, the fracture surface shows numerous large cracks along
the load direction (Fig. S7(b)), designated ‘sideways cracks’ by Lee
et al. [47]. According to the continuum theory of fracture mechanics, in a tension test, this is the most diﬃcult direction for cracks
to evolve in. The presence of this kind of cracks therefore indicates
that the fracture energy (or the fracture toughness) required to extend along the load direction is much lower than that perpendicular to it. In highly oriented PET, the van der Waals forces and hydrogen bonds between the molecular chains are much weaker than
the covalent bonds within them, resulting in the occurrence of
sideways cracks [47]. Therefore, the appearance of sideways cracks
indicates the highly oriented form of the molecular chains in the
MZC/PET composite.
To investigate the molecular chain orientation in the MZC/PET
composite, further characterizations were conducted via twodimensional wide-angle X-ray diffraction (2D-WAXD) techniques.
The 2D-WAXD patterns of PET and MZC/PET composites at different stretching stages are shown in Fig. 5(a–h). The amorphous
rings were observed in the unstretched PET and MZC/PET composites, indicating the molecular chains were randomly and disorderly
entanglement. When the strain increased to 30%, there were two
diffraction arcs in the axial direction, which were symmetrically
distributed along the central axis in both the PET and MZC/PET
composite 2D-WAXD patterns. When PET was stretched uniaxially, the long molecular chains in the polymer were stretched and
aligned along the stretching direction, where molecular orientation
and strain-induced crystallisation occurs. Fig. 5(i) and (j) show the
azimuthal scan curves of the (100) plane of PET and MZC/PET composites, respectively, which also demonstrate this orientation. With
the strain increased to 70%, the polymer molecule chains aligned
in the tensile direction and formed small ordered regions, and
some weak crystalline ring reﬂections could be observed. When
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Fig. 5. 2D-WAXD patterns of PET and MZC/PET composites: (a–h) 2D-WAXD diffraction patterns; (i, j) meridian integral diffraction intensities; (k, l) integral diffraction
intensity along the equatorial line.

distribution of the fragments (geometric factors such as spacing)
determine the distribution of the strain gradient, which together
lead to the orientation behavior of the molecular chain. The strain
gradient within the polymer only occurs when there is a strain
difference between the two sides of the PET ﬁlm. Therefore, after coating both sides of PET, we consider the limiting case where
the strain gradient difference between the two sides is very small
when the front and back metal fragments are aligned in parallel,
as demonstrated in Fig. S8, so that the molecular chain orientation effect and the toughening effect become very weak. That’s the
reason why the mechanical performance of the double-sided composites is lower than those of the single-sided coated ﬁlms. The
displacement contours of the path passed through the covered surface at two different locations (crossing and away from the metal

fragments) are presented in Fig. 4(f). Due to the conﬁnement of
the metal fragments, the axial displacement near the metal was
almost uniform, while the transverse (direction perpendicular to
the stretching direction of the covered surface) deformation was
borne by the small regions conﬁned by the fragments, as shown
in the inset of Fig. 4(f). This heterogeneous transverse deformation
caused material to ﬂow away from the conﬁned region to match
the deformation compatible conditions, leading to a maximum deviation of 150%, which results in a magniﬁed nonuniform deformation, as shown in Fig. 4(f). The nonaﬃne deformations of the
coated PET in thickness and transverse direction made its orientation degree larger than that of the uncoated PET at the same strain,
which is also veriﬁed by the 2D-WAXD measurements described
above.
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Combining an amorphous alloy with PET resulted in a composite with an elongation at break of 1180% and a very high toughness of 506.9 MJ/m3 . This enhancement is attributed to a new
toughening mechanism. The deformation process of the MZC/PET
composite after uniaxial stretching is similar to that of nacre, and
the amorphous alloy coating is broken into regular fragments similar to the rigid region of nacre-like materials. The relative rotation and sliding of the fragments during deformation dissipate additional energy and prevent the evolution of shear bands. And the
rigid region formed by the fragments forces the molecular chains
in the conﬁned region to ﬂow to the non-conﬁned region in the
plane, forming a nonaﬃne ﬂow. Both of these cause the orientation of molecular chains and the crystallization of speciﬁc crystal
phases, resulting in strengthening and toughening. This is a novel
mechanism for toughening polymer material that the more homogeneous stress and strain ﬁeld without concentration, the stronger
and tougher the material is. The newly reported toughening mechanism surely could be applied on other composites with polymer
component. According to current study, the conditions of wide application of the toughening mechanism could be summarized as:
(i) The polymer has the ability to achieve the orientation under
suﬃcient thermodynamic conditions. (ii) The combination of metal
and polymer should also be strong enough to limit the strain of the
interface of the polymer. (iii) The metal ﬁlm material is preferably
brittle, the strength of the metal material itself is strong enough,
which determines the magnitude of the strain gradient. In addition, the choice of the thickness of the polymeric base material
and the geometric parameters of the fracture fragments are essential for the toughening effect of the composite. These superior toughness composites with new mechanism may play an increasingly central role in emerging applications, such as improving
the biomechanical compatibility of electronic devices and ﬁnding
promising applications in armour engineering and aerospace engineering. This will open a creative route to designing robust polymeric materials for a range of innovative future applications.
Acknowledgments
This work was ﬁnancially supported by the Shenzhen-Hong
Kong Science and Technology Innovation Cooperation Zone Shenzhen Park Project (No. HZQB-KCZYB-2020030), the RGC General Research Fund (No. AoE/M-402/20, CityU 11209918), the RGC
Theme-based Research Scheme (No. T13-402/17-N), and the Major Program of Changsha Science and Technology Project (No.
kh2003023).
Supplementary materials
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jmst.2022.05.063.
References
[1] J.W. Hong, Y. Kim, D.H. Wi, S. Lee, S.U. Lee, Y.W. Lee, S. Il Choi, S.W. Han,
Angew. Chem. Int. Ed. 55 (2016) 2753–2758.
[2] V. Chawla, M. Ruoho, M. Weber, A. Chaaya, A. Taylor, C. Charmette, P. Miele,
M. Bechelany, J. Michler, I. Utke, Nanomaterials 9 (2019) 88.
[3] P. Cordier, F. Tournilhac, C. Soulié-Ziakovic, L. Leibler, Nature 451 (2008)
977–980.

244

