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Shape memory polymers (SMPs) are stimuli-responsive smart materials with great potential for engineering
applications. Fiber reinforced SMP composites (SMPCs) are widely used to enhance mechanical properties while
retaining shape memory performance. However, although multilayer fiber fabrics reinforced SMPC laminates
offer higher mechanical strength, their deformation during shape memory process is often constrained by
interfacial restrictions between adjacent plies. In this study, a polytetrafluoroethylene (PTFE) interlayer strategy
was developed to decouple adjacent SMPC plies, and PTFE interlayered, carbon fiber reinforced shape memory
phthalonitrile laminate composites (SMPN-LC) were fabricated. Mechanical tests indicates that, at an inter-
laminar bonding area of 20%, SMPN-LC exhibits a tensile strength of 307 MPa and a flexural strength of
426 MPa. At the same bonding area, as the length-width ratio decreases from 6:1 to 2:1, the flexural strain of
SMPN-LC increases from 1.8% to 2.9%, which is attributed to an increased length of the PTFE induced inter-
laminar decoupling region. SMPN-LC exhibits layer-wise shape memory behavior and can be deformed into a
temporary anchor-hook structure capable of hanging a 500 g weight. By incorporating shape memory phtha-
lonitrile aerogel (SMPNA) into SMPN-LC to obtain SMPN-LAC, the thermal conductivity decreases to 104 mW/
m-K and provided good thermal insulation performance. In the compressed temporary shape, the SMPNA in-
terlayers within SMPN-LAC recovers gradually to form layer-by-layer thermal barrier, maintaining the opposite-
side temperature at around 300 °C after 600 s of butane flame exposure. This interlayer strategy endows SMPN-
LAC with good thermal insulation with shape memory performance, broadening the application potential of
SMPCs.

properties and broaden their functional applications [13-17]. Among
various reinforcement materials, carbon fiber (CF) is widely employed
in advanced SMPCs due to its high specific strength, high specific

1. Introduction

Shape memory polymers (SMPs) are a class of smart materials that

can recover from a temporary shape to their original shape in response
to external stimuli such as heat, light, and electric fields [1-5].
Benefiting from the low density, large reversible strain, and facile pro-
cessing, SMPs have attracted considerable interest across soft robotics,
biomedical engineering, aerospace, and other emerging fields [6-12].
However, pristine SMPs generally suffer from low mechanical strength
and limited recovery force, which restricts their applications.
Incorporating reinforcing phases into SMPs to fabricate SMP com-
posites (SMPCs) is an effective strategy to enhance their mechanical
properties. The reinforcements such as short fibers, continuous fibers/
fabrics, and particulate fillers allow SMPCs to retain shape memory
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modulus, and excellent thermal resistance [18-20]. CF reinforced
SMPCs can provide high mechanical strength at low mass, making them
attractive for lightweight actuation systems. Zeng et al. [21] developed a
CF reinforced SMPC laminate based on shape memory cyanate, which
exhibits excellent environmental stability and bearing capacity,
enabling its application as a space-deployable locking and release de-
vice. Li et al. [22] reinforced a bismaleimide-based SMPC with CF,
enhancing its strength and stiffness and enabling a retractable claw
capable of grasping loads 29.8 times its own weight. These studies
suggests that the great potential of SMPCs for advanced applications.
In CF reinforced composites, unidirectional CF and twill-woven CF
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fabrics are widely used reinforcements [23-26]. Owing to the interlaced
warp and weft architecture, twill fabrics generally offer more balanced
in-plane properties, and multilayer fabric layups are commonly adopted
in engineering to achieve more uniform performance. In the composites
based on conventional resins, multilayer fabric laminates greatly
improve the mechanical performance. However, in SMPC, multilayer
fabric laminates often restrict its deformation during the shape memory
process due to interfacial constraints between adjacent plies. In addi-
tion, CF reinforced composites typically exhibit a single shape memory
mode, which limits their use in other functional applications.

In this work, a polytetrafluoroethylene (PTFE) interlayer strategy
was developed to decouple adjacent SMPC plies. CF reinforced shape
memory phthalonitrile composites (SMPNC) were fabricated, and PTFE
interlayers were introduced to obtain the laminate composite SMPN-LC.
The influence of interlaminar bonding area on the mechanical properties
of SMPN-LC was investigated. As the interlaminar bonding length de-
creases, the regions of PTFE-induced decoupling increases, leading to
higher flexural strain. With interlaminar decoupling, SMPN-LC exhibits
layer-wise shape memory behavior, thereby enhancing deformation
adaptability of SMPC. Furthermore, shape memory phthalonitrile aer-
ogel (SMPNA) was incorporated into SMPN-LC to preparate SMPN-LAC,
reducing the thermal conductivity of the composite and enabling good
thermal insulation performance. The shape memory behavior of SMPNA
enables SMPN-LAC to recover gradually from a compressed temporary
shape and form layer-by-layer thermal barrier under butane flame
exposure, thereby exhibiting good thermal protection performance. This
study provides new insights into functional applications of advanced
SMPCs.

2. Material and methods
2.1. Materials

The phthalonitrile monomer, end-capping reagent, and SMPNA were
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obtained in our laboratory following the procedures reported in our
previous studies [27,28]. N, N-dimethylformamide (DMF) and bis
[4-(3-aminophenoxy)phenyl] sulfone (m-BAPS) were purchased from
Aladdin Co. T300-type twill carbon fibric was from Toray Industries.
PTFE-coated fiberglass fabric (Teflon fabric) was purchased from
Zhendang Composite Materials Co.

2.2. Preparation of the composites

Preparation of SMPNC prepregs. The monomer containing aromatic
ether ketone chains, the biphenyl based end-capping reagent, and the
curing agent (m-BAPS) were melted and mixed at 200 °C for 5 min, after
which the SMPN prepolymer was cooled to room temperature for sub-
sequent use. The prepolymer was dissolved in DMF to prepare a 50 wt%
solution and used to impregnate the CF fabric, the specific preparation
procedure is shown in Fig. 1a. After stepwise heating at 100 °C for 1 h,
150 °C for 30 min, and 200 °C for 15 min, the impregnated fabric was
converted into SMPNC prepreg with a resin solid content of approxi-
mately 50%.

Preparation of SMPNC. The SMPNC prepregs were stacked and
clamped in a flat mold and then placed in an oven for curing according
to the following schedule: 220 °C for 2 h, 260 °C for 4 h, 280 °C for 4 h,
300 °C for 4 h, 325 °C for 4 h, and 350 °C for 4 h. Composites with
different CF stacking sequences were prepared by changing the fabrics
orientation, including +45° layups (+45), 0°/90° layups (0/90), and
interlayer-alternating +45° and 0°/90° layups (IA).

Preparation of SMPN-LC. The PTFE fabric was laser-cut to form a
central cutout and inserted between adjacent SMPNC prepreg plies. The
cutout region was filled with SMPN prepolymer. The laminate was then
clamped and cured in an oven to obtain SMPN-LC. Conventional SMPCs
are typically fabricated as thin sheets to achieve large deformations by
reducing bending stiffness and interlaminar constraints. The introduc-
tion of PTFE enables interlaminar decoupling, effectively reducing
constraints between adjacent plies and thereby enhancing the overall
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curing
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layering

curing

SMPN-LC

Fig. 1. Schematic of the preparation process for the interlayered composites: (a) preparation of SMPN prepolymer solution, (b) fabrication of interlayered com-

posites. (c¢) Schematic illustration of the SMPN-LC interlaminar structure.
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deformation capability of the structure. Thick SMPN-LC components can
be fabricated by alternately stacking SMPNC prepreg plies and PTFE
layers, with the thickness increasing as the number of layers increases.
Preparation of SMPN-LAC. The thickness of the SMPNA was
controlled to approximately 3 mm, and it was processed to the same
sizes as the SMPNC prepreg. SMPN prepolymer and 2 wt% carbon
nanotubes (CNTs) were blended together in a high-speed crusher. The
mixture was then heated to melt completely, yielding a prepolymer/
CNT blend. The molten blend was subsequently melt-rolled several
times into thin sheets, which were molded to match the dimensions of
the cutout region of PTFE. SMPNA, with a thermal conductivity of
around 40 mW/m-K at 25 °C, was used as the core layer and was
sandwiched between two prepreg/PTFE plies to form a sandwich
structure. The stacked composite was then placed in a flat mold and
cured according to the prescribed schedule to obtain the SMPN-LAC.

2.3. Characterization

Scanning electron microscope (SEM) was used to observe the micro
morphology performed on TESCAN AMBER. Dynamic mechanical
analysis (DMA) was performed to investigate the dynamic mechanical
properties of obtained resins using the DMA Q800 (TA Co., America)
recorded in multi-frequency strain mode at a constant frequency of 1 Hz
with a heating rate of 5 °C min~! from 25 °C to 400 °C. Mechanical
properties were evaluated using an Instron 5500R electronic universal
testing machine. The tensile tests were performed on specimens with
dimensions of 250 mm x 25 mm x 1.5 mm at a crosshead speed of
2 mm/min. The flexural tests were carried out in a three-point bending
configuration using specimens of 10 mm x 12 mm x 1.5 mm, with a
support span of 64 mm and a crosshead speed of 2 mm/min.

3. Result and discussion
3.1. The interface characterization of SMPN-LC

Fig. 1b presents the preparation procedure for the interlayered
composites, and Fig. 1c shows the schematic illustration of the interlayer
structure of SMPN-LC. The SMPN prepolymer that filled the cutout re-
gions of the PTFE plies cured upon heating, thereby bonding adjacent
SMPNC plies into an integrated laminate. The centrally bonded region
ensures SMPN-LC structural integrity and provides strength support,
whereas the PTFE covered regions form decoupling zones with reduced
interlaminar constraints due to the low surface energy of PTFE, enabling
large bending deformation via interfacial slip.

The bending deformation behavior of the composite was simulated
using a simplified model in three-point bending test, with simulation
details presented in Supporting Information Fig. 2a shows the simulated
cloud diagram for the conventional SMPC reinforced with two CF fibric
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layers. Due to the constraints at the interlayer, as the deflection in-
creases, a higher stress concentration develops in the loading area. With
the interlayer of PTFE, Fig. 2b shows that its decoupling effect enables
the SMPC layers to bend independently, dispersing concentrated stress
between the layers and effectively reducing the bending stress that result
from the thickness. Fig. 2c presents the extracted reaction force-
displacement curves at the loading nose. At a displacement of 2 mm,
the reaction force of the SMPC is 54.5 N, while that of the PTFE inter-
layered SMPC is 25.7 N, corresponding to a reduction of 52.8%. These
simulation results demonstrate that the decoupling of the PTFE inter-
layer can effectively disperse the concentrated stress in the SMPC
interlayer, thereby facilitating the deformation of the composite.

A shape memory deformation experiment was conducted to visually
demonstrate the decoupling effect of the PTFE interlayer. Fig. S1 pre-
sents photographs of the temporary shapes of a conventional SMPNC
laminate and a PTFE interlayered SMPN-LC. Due to interlayer con-
straints, the deformation of the SMPNC laminate is relatively difficult
and limited, and internal wrinkling even occurs under in-plane bending
compression. In contrast, SMPN-LC exhibits greater deformability and
maintains a smooth in-plane surface due to the decoupling of the PTFE
interlayer, which disperses stress concentrations during the deformation
process.

Fig. 3a shows that the decoupling zone can deform under external
force at room temperature. Fig. 3b shows a side view of the interlaminar
bonding region in SMPN-LC, where the boundary between the PTFE and
SMPNC plies is clearly visible. After peeling off the SMPN-LC, the
macroscopic morphology of the interfacial bonding region is shown in
Fig. 3c. A distinct boundary is observed between the bonded region and
the PTFE isolated region. The PTFE interlayer decouples adjacent
SMPNC plies, while the SMPN-LC maintains its integrity due to the
curing of the filled SMPN. The micromorphology of the bonding regions
on both delaminated surfaces was characterized by SEM. Fig. 3d shows
exposed carbon fibers on the SMPNC ply surface after peeling, and
Fig. 3e reveals grooves left in the resin on the opposite surface caused by
fiber pull out. Fig. 3f presents a cross-sectional SEM image of the
bonding region, showing that the interfacial resin tightly wraps the fi-
bers, thereby supporting structural integrity and mechanical strength
via effective impregnation.

Interlaminar bonded strength plays a critical role in the structural
stability of composites. The interlaminar bonding behavior of CF rein-
forced SMPNC was evaluated by peel tests. Fig. S2a shows the peel curve
of a two-layer SMPNC specimen (200 mm x 20 mm) with a fully bonded
interface. The peel force of the SMPNC remains around 11 N, corre-
sponding to a peel strength of approximately 0.5 N/mm, indicating good
interlaminar adhesion of the composite. Based on the specimen di-
mensions, the bonded area in the cutout region filled with SMPN pre-
polymer was designed to be 60%, 40%, and 20% of the specimen area,
corresponding to 24 cm?, 16 cm?, and 8 cm?, respectively. The peel test

Conventional SMPC
——PTFE interlayered SMPC
0.5 1.0 1.5 2.0
Displacement/mm

Fig. 2. Three-point bending simulated cloud diagrams of (a) conventional SMPC and (b) PTFE interlayered SMPC. (c) Reaction force-displacement curves at the

loading nose from the simulated test.
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Fig. 3. (a) Digital image of SMPN-LC during bending at room temperature. (b) Side view of the interlaminar bonding region in SMPN-LC. (c) Macroscopic
morphology of the interfacial bonding region after peeling. SEM images of (d-e) the bonding regions on both sides and (f) the cross-sectional of the interlayer. Peel
curves of SMPN-LC (g) with different bonded area fractions and (h) with different length-width ratio.

results for these specimens are shown in Fig. 3g. As the bonded area
decreases, the average peel force declines due to the reduced load-
bearing interfacial width. Fig. S2b shows that while the peel strength
remains constant around 0.55 N/mm, the peel force decreases with
smaller bonded widths, as peeling is controlled by steady-state crack
propagation, dependent on interfacial fracture toughness per unit width.
Therefore, the interlayer bonded size has little impact on peel strength
but affects peel force. Further investigation was conducted to evaluate
the effect of length-width ratio on interfacial bonding performance.
With the bonded area maintained at 40%, the length-width ratio of the
cutout region in the PTFE interlayer was adjusted to 6:1, 3:1, and 2:1.
Fig. 3h shows that increasing bonded width raises peel force, while
reducing the bonded length limits the crack propagation, resulting in
lower delamination displacement during peeling.

3.2. The mechanical test of SMPN-LC

To evaluate the mechanical properties of SMPN-LC, the SMPNC
laminates without PTFE interlayers were tested as a reference. Three
types of CF stacking SMPNC were prepared: 0/90° (0/90), +45° (+45),
and an interlayer alternating arrangement of 0/90° and +45° (IA), with
each SMPNC consisting of four CF plies. And the tensile and flexural
performance of these SMPNCs is shown in Fig. S3a and Fig. S3b,
respectively. The SMPNC of 0/90 exhibits the highest stiffness and
strength, with an elastic modulus of 83 GPa and a tensile strength of
440 MPa, but the fracture strain is only 0.51%. The SMPNC of +45
shows a higher fracture strain of 1.53%, while its tensile strength and
stiffness are considerably reduced, with an elastic modulus of 27.8 GPa

and a fracture stress of 140 MPa. The SMPNC of IA displays intermediate
tensile properties, with an elastic modulus of 67.3 GPa, a fracture stress
of 395 MPa. Overall, the tensile performance of IA falls between those of
the 0/90° and +45° configurations, which can be attributed to the
synergistic contribution of piles with different orientations that pro-
motes stress redistribution and coordinated deformation. A similar trend
is observed in the bending results, where the bending strength and
flexural modulus of IA SMPNC are intermediate between those of 0/90
and + 45. Therefore, the interlayer alternating stacking arrangements,
which provides relatively balanced mechanical properties, was adopted
for fabricating SMPN-LC in the subsequent mechanical study.

Fig. 4a presents the tensile curves of SMPN-LC with different inter-
laminar bonded areas, and Fig. S4a summarizes the corresponding
elastic modulus and tensile strength. As the interlaminar bonded area
percentage decreases, the tensile strength drops from 379 MPa at 60% to
307 MPa at 20%. This decrease is attributed to the reduction in effective
interlaminar bonding, which weakens load transfer across the interface
and limits stress transmission between adjacent plies, thereby lowering
the tensile strength of SMPN-LC. However, even when the interlaminar
bonded area is reduced to 20%, the tensile strength remains as high as
307 MPa, indicating robust tensile performance of SMPN-LC. The flex-
ural performance of SMPN-LC is shown in Fig. 4b, and the corresponding
modulus and strength are presented in Fig. S4b. As the interlaminar
bonded area fraction decreases from 60% to 20%, the flexural strength
drops from 571 MPa to 426 MPa, accompanied by a reduction in flexural
modulus from 34.6 GPa to 24.5 GPa, indicating weakened interlaminar
stress transfer under bending. However, the fracture strain increases
with decreasing interlaminar bonding area. This behavior is attributed
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to the PTFE induced interlaminar decoupling of between adjacent
SMPNC plies, which increases the extent of unbonded interfaces and
activates interfacial slip during bending, thereby promoting stress
redistribution and enhancing deformability.

The influence of the length-width ratio variation on the mechanical
properties of SMPN-LC was further investigated. With the interlaminar
bonded area maintained at 40%, Fig. 4c shows that the tensile properties
of SMPN-LC remain almost constant across different length-width ratios.
This is because the tensile properties are predominantly governed by the
axial load-bearing capability of the CF within the SMPNC plies, and an
identical interfacial bonded area provides comparable interlaminar load
transfer, resulting in consistent tensile performance. Fig. 4d presents the
flexural performance, and the corresponding modulus and strength are
presented in Fig. S4d. The flexural modulus is insensitive to the length-
width ratio and remains at approximately 30 GPa. The flexural strength
decreases as the interlaminar bonded length is reduced, dropping from
493 MPa at 6:1 to 329 MPa at 2:1. This reduction is mainly associated
with the shortened and widened bonding area, which constrains inter-
laminar load transfer and promotes local stress concentration, thereby
leading to earlier failure in bending. However, a shorter bonded length
increases the length of PTFE decoupling regions, providing a longer
interfacial sliding path and improving deformation accommodation.
Accordingly, the fracture strain increases from 1.8% at the length-width
ratio of 6:1 to 2.9% at the ratio of 2:1. These results demonstrate that
tailoring the interlaminar bonding geometry provides an effective route
to tune the strength-ductility balance of SMPN-LC.

The dynamic mechanical behavior of SMPNC was characterized by
DMA. Fig. 5a shows the DMA curves of SMPNC with different fabrics
stacking arrangements. All specimens exhibit a similar glass transition
temperature (Ty) of approximately 320 °C. This is because Ty is primarily
determined by polymer segment mobility in the resin matrix and is
insensitive to fabric arrangement. The storage modulus at room tem-
perature is 32.0 GPa for the 0/90 SMPNC, 19.8 GPa for the +45 SMPNC,
and 25.4 GPa for the IA SMPNC, which is related to the fiber orientation
and loading direction. After the glass transition, the storage modulus
decreases rapidly but remains relatively high, which is beneficial for
maintaining load-bearing capacity at high temperature. After PTFE
decoupling, Fig. 5b shows that the variations in the interlaminar bonded
area have little influence on the dynamic mechanical behavior of SMPN-
LC, because the small oscillatory strain amplitude in DMA enables the
bonded regions to carry the applied load and maintain strain continuity.

3.3. The shape memory behavior of SMPN-LC

The pronounced modulus contrast of SMPN-LC across the glass
transition provides the mechanical basis for its shape memory behavior.
As shown in Fig. S5a, a specimen weighing 4 g was deformed into a
temporary bridge structure and can readily support a 200 g load, cor-
responding to 50 times its own weight, demonstrating reliable load-
bearing capacity in the temporary shape. Upon thermal stimulation,
the structure undergoes shape recovery, and the recovery process is
illustrated in Fig. S5b. With the decoupling of PTFE, SMPN-LC exhibits
stable shape fixation and recovery during repeated shape memory cy-
cles. Fig. S6 demonstrates the stable temporary and recovered shapes
observed in the 10th cycle. It is primarily attributed to the low surface
energy of the PTFE layer, which weakens its interfacial bonding with the
SMPN layer and provides an ultralow friction coefficient. These features
facilitate interlayer slip and relieve stress concentrations during defor-
mation, thereby mitigating mechanical damage and ensuring reliable
deformation performance over repeated shape memory cycles.

Owing to the interlaminar isolation of PTFE, adjacent SMPNC plies in
SMPN-LC are partially decoupled and can deform independently,
allowing it to undergo layer-wise deformation. As shown in Fig. 5c, the
specimen can be deformed into an anchor-hook structure capable of
hanging a 500 g weight. This layer-wise deformation capability mark-
edly expands the attainable shape diversity of shape memory
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composites.

In addition to its shape memory performance, the interlayer isolation
of PTFE in SMPN-LC enables the decoupled regions to undergo elastic
bending in the absence of interlaminar constraints. Fig. 5d shows that
the decoupled regions of SMPN-LC can elastically bend to angles
exceeding 90° at room temperature and rapidly recover within 0.13 s.
Even after being deformed into a bent temporary shape, SMPN-LC still
retains excellent elastic recoverability. As shown in Fig. Se, when the
bent temporary shape is flattened and then released, the structure
quickly recovers to its temporary shape through elastic recovery within
about 0.12 s. With the decoupling of PTFE, SMPN-LC maintains its shape
memory performance while also exhibiting rapid elastic recovery
property, thereby enhancing deformation adaptability and expanding
structural design freedom.

3.4. The interface characterization of SMPN-LAC

Based on the PTFE interlayered design, incorporating functional in-
terlayers into the SMPN-LC can further expand the application potential
of the composite. Here, a thermally insulating SMPNA was introduced as
an interlayer in SMPN-LC to fabricate SMPN-LAC, and the fabrication
procedure is described in the experimental section. Fig. 6a presents a
schematic of the interlayer structure of SMPN-LAC, and Fig. 6b shows
photographs of the composites with different numbers of SMPNA layers.
The internal morphology after peeling the surface SMPNC ply is shown
in Fig. 6¢, where residual SMPNA remains firmly adhered to the bonded
regions. The interfacial bonding mechanism between SMPNC and
SMPNA is illustrated in Fig. 6d. The PTFE cutout region was filled with
SMPN prepolymer. During curing, the molten prepolymer infiltrates the
microporous aerogel surface, forming mechanical interlocking at the
SMPNA surface, thereby enhancing interlayer bonding stability. After
curing, SMPNA and SMPNC exhibit good interfacial compatibility as
they are derived from the same resin matrix. Fig. 6e shows the SEM
micrograph of the bonding region in SMPN-LAC. From top to bottom,
the interfacial layers consist of the SMPNA, SMPN/CNT bonding part,
and SMPNC. The bonded thickness between SMPNA and SMPNC is
approximately 130 pm, and the bonding between SMPN and SMPNA
appears seamless, indicating good interfacial bonding quality.

The SMPN matrix endows both SMPNC ply and SMPNA layer with
shape memory property, and the shape memory behavior of the SMPN-
LAC is further demonstrated. The properties of SMPNA have been re-
ported in our previous work [28], and Fig. S7 presents the shape re-
covery process of SMPNA. After being interlayered in SMPN-LC, the
bending-recovery shape memory performance of SMPN-LAC is shown
in Fig. 6f. The specimen is deformed into a bent temporary shape at
350 °C and fixed at room temperature. Upon reheating, it gradually
recovers to its original shape. Actually, the PTFE interlayer plays a
critical role during bending. By acting as a decoupling interlayer, PTFE
alleviates the constraints imposed on SMPNA by adjacent SMPNC plies,
thereby promoting interfacial sliding and enabling large bending
deformation.

3.5. Thermal insulation performance of SMPN-LAC

The porous structure endows materials with excellent thermal
insulation performance, and the thermal conductivity of SMPN-LAC
with different numbers of SMPNA layers was measured using a Hot
Disk thermal conductivity analyzer. Samples containing one, two, and
three SMPNA layers were denoted as LAC-1, LAC-2, and LAC-3,
respectively. And the test results are presented in Fig. 7a. The thermal
conductivity of SMPN-LC in the thickness direction is 338.6 mW/m-K.
After incorporating SMPNA layers, the conductivity decreased to
132.7 mW/m-K for LAC-1, 108.3 mW/m-K for LAC-2, and 104 mW/m-K
for LAC-3, corresponding to a maximum reduction of 69% compared
with SMPN-LC.

The thermal insulation performance for SMPN-LAC was evaluated by
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Fig. 6. (a) Schematic illustration of the SMPN-LAC interlaminar structure. (b) Digital image of SMPN-LAC with different numbers of SMPNA layer. (c) Macroscopic

morphology of the interfacial bonding region after peeling. (d) Interfacial bonding illustration of SMPN-LAC. (e¢) SEM images of the bonded interfaces. (f) Bending-
recovery shape memory process of SMPN-LAC.
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Fig. 7. (a) Thermal conductivity of SMPN-LAC. (b) Time-dependent temperature curves of SMPN-LAC on the heating stage of 300 °C. (c) Thermal protection process

of SMPN-LAC in a compressed temporary shape under butane flame.

placing the samples on a heated stage at temperature of 300 °C, and
Fig. 7b presents the corresponding time-dependent surface temperature
curves. The upper surface temperature of LAC-1 stabilized at

approximately 165 °C after 60 s. As the number of SMPNA layers
increased, the temperature of LAC-2 reached about 128 °C at around
120 s, and LAC-3 stabilized at about 106 °C after 240 s. Although the
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increased thickness of SMPN-LAC contributes to lowering the heat
transfer rate, the alternating stacking of SMPNC and SMPNA further
induces repeated interfacial heat flux interruption and redistribution.
These interfacial disruptions promote a more dispersed heat transfer
pathway, thereby reducing the heating rate. SMPN is a SMP with a high
glass transition temperature, excellent thermal stability, and ablation
resistance, making it particularly suitable for thermally triggered ap-
plications in high temperature environments [27]. With SMPNA incor-
porate in to SMPN-LC, the enhanced thermal insulation of SMPN-LAC
slows down heat transfer, thereby delaying shape recovery and limiting
its applicability in scenarios requiring rapid actuation. However, this
characteristic becomes advantageous in applications that require
controllable or gradual actuation, such as thermal protection systems
and deployable buffering structures. Owing to the combination of low
thermal conductivity and thermally responsive shape memory behavior,
SMPN-LAC shows great potential for use in smart thermal protection
systems.

The thermal protection performance of SMPN-LAC was evaluated by
butane flame (~1100 °C). Fig. S8a shows the photograph and infrared
thermograph of SMPN-LAC after 300 s of flame exposure, and Fig. S8b
presents the corresponding temperature evolution of each SMPNA layer.
After 300 s, the temperature of the first SMPNA layer reached approx-
imately 400 °C, while it decreased to about 200 °C at the second SMPNA
layer and around 100 °C at the third layer. This attenuation is attributed
to interfacial heat spreading between layers and the thermal insulation
of SMPNA, indicating the strong potential of SMPN-LAC for thermal
protection applications. In addition to the thermal insulation perfor-
mance, the porous SMPNA also enables SMPN-LAC to possess
compression-recovery shape memory property. Fig. S9a presents the
thickness of SMPN-LAC before and after deformation, and Fig. S9b
shows the shape recovery process. After shape fixation, the thickness of
SMPN-LAC decreased from 3.44 mm (original) to 2.16 mm (temporary),
corresponding to a compressive strain of 37% and a shape fixity ratio of
99%. With thermal stimulation, the compressed SMPN-LAC gradually
recovered, stabilized at 3.16 mm, which presents a shape recovery ratio
of approximately 78%.

Based on its compressive shape memory performance, SMPN-LAC
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provide graded thermal protection under high temperature. Fig. 7c
shows a SMPN-LAC containing three SMPNA layers, deformed into a
compressed temporary shape and exposed to a butane flame, with cor-
responding infrared thermographs inset. As heating proceeded, the
SMPNA layers underwent sequential shape recovery, as shown in the
Supporting Video 1. Within 30 s, the surface temperature of the first
SMPNA layer reached 600 °C, triggering its shape recovery, while the
porous SMPNA insulation maintained the second and third SMPNA
layers below 300 °C, allowing them to retain their compressed shapes.
After 240 s, the first SMPNA layer reached nearly 800 °C and oxidized.
Meanwhile, the surface temperature of the second SMPNA layer increase
to about 500 °C, triggering its shape recovery. With continued flame
exposure, heat transfer remained slow owing to the ablation resistance
of the SMPNC ply and the thermal insulation provided by SMPNA. After
600 s of butane flame exposure, the third SMPNA layer completes shape
recovery, while the opposite-side temperature remained around 300 °C,
demonstrating effective thermal protection of SMPN-LAC.

By combining the bending-recovery and compression-recovery shape
memory properties, SMPN-LAC can simultaneously present shape
memory behavior in two dimensions. Fig. 8a shows the shape recovery
process of the temporary shape of SMPN-LAC after compression and
bending deformation under a butane flame, and specific shape recovery
details and thermal information are provided in Supporting Video 2 and
3. With the thermal stimulation of butane flame, SMPN-LAC gradually
recovered from its bent and compressed temporary shape to its original
shape. During the continuous heating process, the back temperature of
SMPN-LAC remained below 400 °C, and heat diffusion to the sur-
roundings was suppressed.

Supplementary data related to this article can be found online at htt
ps://doi.org/10.1016/j.coco.2026.102823

Fig. 8b further elucidates the thermal protection mechanism of
SMPN-LAC. Through programming, SMPN-LAC is deformed into a
temporary shape in which the pores of the interlayer SMPNA are com-
pressed. The temporary shape remains stable below 300 °C (the defor-
mation temperature). When SMPN-LAC is exposed to high temperature
heat flux, the CF in the SMPNC plies promote in-plane heat spreading
and redistribution, and the porous SMPNA provides thermal insulation

Fig. 8. (a) The shape recovery process of the bent and compressed temporary shape of SMPN-LAC. (b) Illustration of the thermal protection mechanism of SMPN-

LAC. (c) Schematic of SMPN-LAC serve as the thermal shield for spacecraft.
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across the thickness. Once the temperature exceeds 300 °C, the SMPNC
ply and SMPNA layer are thermally triggered and recover toward orig-
inal shape. The reopening of the pore structure in SMPNA reduces the
effective thermal conductivity and lengthens the heat transfer path,
hindering heat transfer in both the thickness and in-plane directions.
When the incoming heat reaches the inner SMPNC plies, interfacial
thermal resistance together with in-plane heat spreading within SMPNC
markedly reduces the heat delivered to the next SMPNA layer, resulting
in a lower temperature at that layer. In this way, high temperature heat
flux triggers shape recovery in SMPNA, which increases the heat transfer
path length, and the heat redistribution at the SMPNA/SMPNC in-
terfaces reinforces the interfacial thermal barriers. Hence, through the
shape memory performance and layer-by-layer thermal barrier struc-
ture, multilevel deformation regulated thermal protection is realized in
SMPN-LAC.

Benefiting from its shape memory and thermal insulation properties,
SMPN-LAC possesses great potential for smart thermal protection.
Fig. 8c presents a schematic of SMPN-LAC serving as the thermal shield
for spacecraft. When the spacecraft experiences high-speed friction with
the atmosphere, the bending recovery of SMPN-LAC is triggered by
frictional heat, deploying the shield and enhancing the spacecraft's
aerodynamic deceleration. Meanwhile, the compression recovery of
SMPN-LAC improves the thermal insulation of the shield, protecting the
spacecraft from high temperatures. The shape memory behavior in two
dimensions makes SMPN-LAC a promising material for advanced ther-
mal protection systems.

4. Conclusion

In this work, a PTFE interlayer strategy was developed to decouple
adjacent SMPNC plies, thereby enhancing the bending deformability of
the SMPN-LC. Mechanical testing shows that the interlaminar bonded
area had a negligible influence on the tensile modulus of SMPN-LC. With
the interlayer-alternating layup of +45° and 0/90° CF, the tensile
modulus remained stable at around 60 GPa. The tensile strength
depended strongly on the interlaminar bonded area, decreasing from
379 MPa to 307 MPa as the bonded area was reduced from 60% to 20%.
Under bending, both flexural strength and flexural modulus decreased
with decreasing interlaminar bonded area. At a bonded area of 20%,
SMPN-LC retained a flexural strength of 426 MPa and a flexural modulus
of 24.5 GPa. Under the same bonded area, shorter bonded lengths
resulted in higher attainable bending strain. This behavior is mainly
attributed to the PTFE enabled interlaminar decoupling, which activates
interlaminar sliding and alleviates local stress concentrations during
bending. With PTFE interlayers acting as decoupling layers, SMPN-LC
exhibits layer-wise shape memory behavior, which enhances its defor-
mation adaptability and structural design freedom for shape memory
applications. With the further introduction of SMPNA, the thermal
conductivity of SMPN-LAC decreases to 104 mW/m-K, and demonstrate
good thermal insulation performance. Under thermal stimulation,
SMPN-LAC exhibits both bending and compressive shape memory
behavior. In the compressed temporary shape, the SMPNA in SMPN-LAC
recovers gradually to form layer-by-layer thermal barrier, with the
opposite-side temperature remaining at around 300 °C after 600 s of
butane flame exposure. The proposed interlayer strategy integrates
SMPNA layers between SMPNC plies, significantly enhancing the ther-
mal insulation performance of the composites and thereby broadening
the application potential of SMPCs in smart thermal protection systems.
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