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A B S T R A C T   

Phenolic resins equipped with flame retardant and exceptional ablative properties show considerable potential 
for thermal protection applications. However, phenolic resins typically exhibit poor mechanical properties, as 
they are brittle, easily pulverized, and difficult to deform. In this study, shape memory phenol–formaldehyde 
resins (SMPRs) were synthesized through chemical cross-linking reactions and prepared shape memory phe-
nol–formaldehyde foams (SMPFs) using physical foaming techniques. SMPFs exhibited good shape memory 
properties and deformation capabilities. Compared with other shape memory polymer foams, the SMPFs pre-
sented superior thermal stability, and a superior residual carbon rate. Shape memory polymer foam composites 
(SMPFCs) reinforced with SiO2 or Al2O3 nanoparticles demonstrated improved thermal stability, and were 
capable of completing a self-expanding and self-folding process. SMPFs and SMPFCs have the potential to be 
applied in flexible fireproof materials owing to their excellent deformation properties and high-temperature 
resistance.   

1. Introduction 

A type of smart material, shape memory polymers (SMPs) are 
capable of perceiving changes to their external environment and con-
ducting shape transitions actively [1–4]. Shape memory polymer foam, 
a new class of smart polymer material that has a porous structure based 
on SMPs and integrates the merits of ordinary foams and SMPs, presents 
the character of lightweight, high compression rate, and good shape 
memory effect [5–10]. In addition, shape memory polymer foams 
exhibit a higher shape recovery rate and a shorter response time than 
SMPs [11]. Therefore, shape memory polymer foams demonstrate po-
tential for application in various fields [12–15]. In 2004, Composite 
Optics Inc. (COI) and Jet Propulsion Laboratory (JPL) introduced a foam 
truss structure. The Cornerstone Research Group (CRG) also suggested 
the use of shape memory polymer foam as a honeycomb material in self- 
deforming trans-dimensional unmanned aerial vehicle (UAV) wings to 
maintain wing shape during deformation. Santo et al. [16] envisaged the 
potential application of shape memory polymer foam in solar sails, 
proposing that enhancing the stiffness of the shape memory polymer 
foam with carbon nanotubes, compressing, packaging, and subsequently 
launching it into space, where it could be propelled through the shape 

recovery of the shape memory polymer foam actuated by solar energy. 
Santo et al. [17] performed bending, compression, and torsion experi-
ments on shape-memory epoxy foams in space, confirming that shape 
memory epoxy foam retained its shape memory characteristics in the 
harsh space environment, which provided a crucial theoretical founda-
tion for the application of shape memory polymer foams in the aero-
space sector. Leng et al. [18] utilized shape memory polymer foam in a 
flexible solar-array system (SMPF-FSAS) and accomplished the first 
spaceflight demonstration of an SMPF-FSAS in orbit, justifying the 
utility of SMPF in oversized space deployable structures. 

The small number of varieties and poor thermal stability of the 
currently reported shape memory polymer foams limit their application 
scope. With the development of industrial technology, there is an 
increasing need for high-performance foam materials, prompting an 
increasing number of researchers to enhance and modify phenolic foam 
to mitigate its limitations [19–21]. In recent decades, several strategies 
for toughening phenolic-formaldehyde foams have been explored, and 
these strategies can be divided into two broad categories: physical 
blending and chemical modification [22–27]. Yu et al. [28] assessed the 
impact of particles on foam properties and microstructure by producing 
two phenolic foams modified with both expandable and expanded 
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graphite. They discovered that both expandable and expanded graphite 
increased the compressive modulus of the foams considerably. Sui et al. 
[29] modified the phenolic resin with a polyethylene glycol phosphate 
toughening agent and fabricated lightweight phenolic foams of different 
compositions. They found that foam composites had a more uniform 
microscopic pore structure than phenolic foams, as revealed via scan-
ning electron microscopy. The introduction of phosphorus elements also 
enhanced the fire-resistant properties of phenolic foams. Luo et al. [30] 
prepared phenolic composite foams by embedding graphene oxide 
(GO)/SiO2 hybrids of varying sizes into phenolic resins. Deng et al. [31] 
investigated deformable phenolic resins by integrating flexible chain 
segments of polyurethane prepolymers into phenolic structures. How-
ever, the polyurethane prepolymer substantially reduced the thermal 
stability of the phenolic resin, which limited the application scope. 
Hence, the development of shape memory phenolic foam with good 
deformability as well as high thermal stability is urgently required. 

In this study, a shape memory phenol–formaldehyde resin (SMPR) 
with aliphatic chain work as soft segment and aromatic structure work 
as hard segments was synthesized, and the corresponding shape memory 
phenol–formaldehyde foam (SMPF) was prepared via physical foaming. 

The shape memory polymer foam composites (SMPFCs) were fabricated 
by incorporating inorganic nanoparticles to further enhance the thermal 
stability and mechanical properties of the foam. The mechanical prop-
erties, deformability, thermal stability and shape memory properties of 
the SMPRs, SMPFs and SMPFCs were investigated thoroughly. It was 
shown that the foam can be deformed into a temporary shape by force 
after being heated above the glass transition temperature (Tg). After 
cooling below Tg and removing the applied force, the obtained tempo-
rary shape could be frozen. Notably, the foam can recover to its original 
shape upon reheating the temperature above Tg, as shown in Fig. 1(c). 
SMPFC with excellent mechanical properties is expected to be used as a 
load support structure in building construction. The outstanding 
expansion capabilities offer the possibility of SMPFC acting as a blocking 
agent. With its superior deformability and thermal stability properties, 
SMPF has potential applications in aerospace flexible devices and flex-
ible fireproof materials. 

Fig. 1. (a) Schematic of the synthesis process of SMPR; (b) schematic diagram of the preparation process of SMPF; (c) schematic diagram of shape memory 
mechanism of SMPF. 
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2. Experimental section 

2.1. Materials 

Methyl phenolic solution (90 %) with a molecular weight of 200 was 
supplied by Hebei Zetian Chemical Co., China. Hexamethylene diiso-
cyanate (HDI), p-toluenesulfonic acid, Twain 85, n-Pentane, and acetone 
were purchased from Aladdin Reagent (Shanghai) Co, China. 

2.2. Synthesis of shape memory phenol–formaldehyde 

Firstly, 50 g of methyl phenolic solution was added to a 250-mL 
beaker and treated under vacuum for 20 min at 60 ◦C to remove the 
ethanol from the solution and obtain methyl phenolic resin. Following 
that, 20 g of methylated phenolic resin was dissolved in 20 g of acetone 
and transferred to a beaker. Subsequently, according to the mass ratio 
(Table 1), HDI and p-toluenesulfonic acid were added to the beaker for a 
5 h reaction at 60 ◦C. Then, the temperature was raised to 100 ◦C and 
maintained for 10 h to obtain brownish-red transparent SMPR. The 
SMPRs obtained with different ratios were denoted SMPR-1, SMPR-2, 
SMPR-3, and SMPR-4. The chemical equations involved are shown in 
Fig. 1(a). 

2.3. Preparation of shape memory phenolic-formaldehyde foam 

Firstly, methyl phenolic resin and HDI were added into a beaker via 
constant stirring according to the mass ratios listed in Table 2. Then, 2 g 
of p-toluenesulfonic acid and 2 g of n-Pentane were added into the 
beaker via rapid stirring to ensure thorough mixing. The mixture was 
poured into the mould and cured at 100 ◦C for 8 h. Afterwards, the 
SMPFs were obtained by cooling to room temperature and demoulding. 
[32] The SMPFs obtained with different ratios were denoted SMPF-1, 
SMPF-2, SMPF-3, and SMPF-4. The formulation process of the foam is 
illustrated in Fig. 1(b). 

2.4. Preparation of shape memory phenolic-formaldehyde composite 
foam 

Firstly, according to the mass ratio (Table 3), methyl phenolic resin 
and the fumed silica powder were put into the beaker, stirred continu-
ously and then mixed via ultrasonic shaking. Physical foaming was then 
carried out according to the method in Section 2.3 to obtain the fumed 
silica-reinforced shape memory phenolic-formaldehyde foams. The 
foams obtained with different ratios were denoted SMPF/SiO2-1, SMPF/ 
SiO2-2, SMPF/SiO2-3 and SMPF/SiO2-4 respectively. Shape memory 
phenolic-formaldehyde composite foams reinforced with alumina 
powder were prepared similarly. The foams obtained with different ra-
tios denoted SMPF/Al2O3-1, SMPF/Al2O3-2, SMPF/Al2O3-3 and SMPF/ 
Al2O3-4 respectively (see Table 4). 

2.5. Characterization 

Fourier-transform infrared spectroscopy (FTIR, Nicolet iS10, Nicolet 
Instrument Crop) was used to determine the chemical bonding of SMPRs 
in a wavelength range of approximately 4000–500 cm− 1 at a resolution 
of 4 cm− 1. 

A dynamic thermodynamic analyser (DMA, NETZSCH Q800, TA, US) 
was used to determine the dynamic mechanical properties of these 
samples. The samples were 40 × 3 × 1 mm in size. The experiments were 

carried out at 3 ◦C.min− 1 in a range of 25–150 ◦C. 
Thermogravimetric analyses of SMPRs, SMPFs, and SMPFCs were 

performed using a thermogravimetric analyser (TGA/DSC1, Mettler- 
Toledo, Switzerland). The experiments were carried out at 3 ◦C.min− 1 

between temperature and 1000 ◦C under a flowing-nitrogen atmo-
sphere. The thermal stability of the material under air was tested at 3 ◦C. 
min− 1 under a flowing air environment between room temperature and 
800 ◦C. 

The compression properties of the SMPFs were studied at room 
temperature and high temperature using a CMT6104 universal testing 
machine. The compression samples were cylindrical, and each had a 
diameter and height of 10 mm. 

The microstructures of the SMPFs and SMPFCs were studied by a 
scanning electron microscope (SEM). To obtain a test sample, the foam 
was cut with a smooth blade to obtain a clean fracture section. 

Shape memory performance is one of the most important properties 
of SMPFs and is strongly related to the temperature range over which 
SMPFs are used in engineering. The shape memory behaviour of the 
SMPFs was characterized by the shape recovery rate, shape fixity rate, 
and thermomechanical cycle tests [33]. The shape memory cycle of 
SMPFs is shown in Fig. 1(c). The shape fixity rate (Rf) and shape re-
covery rate (Rr) of the SMPFs were measured using the following 
equation: 

Rf =
h0 − h2

h0 − h1
(1) 

where h0 is the initial height of the SMPFs, h1 is height of the SMPFs 
after cooling and unloading, and h2 is the height of the SMPFs after an 
interval. 

The shape recovery rate of the SMPFs is calculated by the following 
equation. 

Table 1 
SMPRs with different formulations.  

Samples SMPR-1 SMPR-2 SMPR-3 SMPR-4 

Methylated phenolic resin (g) 20 20 20 20 
HDI (g) 2 3 4 5  

Table 2 
SMPFs with different formulations.  

Samples SMPF-1 SMPF-2 SMPF-3 SMPF-4 

Methylated phenolic resin (g) 20 20 20 20 
HDI (g) 2 3 4 5 
p-toluenesulfonic acid (g) 2 2 2 2 
n-Pentane (g) 2 2 2 2  

Table 3 
SMPF/SiO2s with different formulations.  

Samples SMPF/ 
SiO2-1 

SMPF/ 
SiO2-2 

SMPF/ 
SiO2-3 

SMPF/ 
SiO2-4 

Methylated phenolic 
resin (g) 

20 20 20 20 

HDI (g) 5 5 5 5 
p-toluenesulfonic acid 

(g) 
2 2 2 2 

n-Pentane (g) 2 2 2 2 
Fumed silica powder (g) 1 1.5 2 2.5  

Table 4 
SMPF/Al2O3s with different formulations.  

Samples SMPF/ 
Al2O3-1 

SMPF/ 
Al2O3-2 

SMPF/ 
Al2O3-3 

SMPF/ 
Al2O3-4 

Methylated phenolic 
resin (g) 

20 20 20 20 

HDI (g) 5 5 5 5 
p-toluenesulfonic acid 

(g) 
2 2 2 2 

n-Pentane (g) 2 2 2 2 
Alumina powder (g) 1 1.5 2 2.5  
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Rr =
h
h0

(2) 

where h is the initial height of the SMPFs and the h0 is the height of 
the SMPFs after heating recovery. 

3. 3.Result and discussion 

3.1. Chemical structure of shape memory phenolic resins 

In this study, the characteristic chemical groups of the materials were 
confirmed by FTIR to establish the extent of the reaction. In the FTIR 
curve for SMPRs (Fig. 2(a)), the infrared absorption peak for the 
phenolic hydroxyl group was observed at approximately 3419 cm− 1. 
The characteristic peak for the aldehyde group appeared at 2915 cm− 1, 
and the weak absorption peak at 1380 cm− 1 is the bending vibration 
peak of isocyanate in the infrared spectra of SMPR-1, SMPR-2, SMPR-3, 
and SMPR-4, originating from the mixed absorption peak of the carba-
mate group (–HNCOO–) and the hydrogen-bonded carbonyl group. 
However, this bending vibration peak did not appear in the IR spectrum 
of phenolic resin (PR). Moreover, the stretching vibration peak for the 
isocyanate group (N––C––O) near 2275–2250 cm− 1 was absent in the 
spectra of the SMPRs. The characteristic peak of the carbonyl group in 
carbamate emerged at 1615 cm− 1. When compared with SMPRs, the 
absorption peak at 1380 cm− 1 was not observed in the spectrum of PR, 
because PR lacks the isocyanate group found in the soft segment. The 
FTIR spectra of the four SMPFs is shown in Fig. 2(b). Compared with 
SMPRs, the characteristic peaks of phenolic hydroxyl group (Ar–OH) 
were slightly displaced by the small molecules contained in the foam, 
however, the positions of all characteristic peaks remained the same 
essentially. Fig. 2(c) and Fig. 2(d) depict the FTIR spectra of SMPFC. In 

the FTIR curve of SMPF/Al2O3, the composite exhibits the characteristic 
peak of alumina at 465 cm− 1 in addition to all chemically characteristic 
peaks of SMPF. A similar phenomenon was found in the spectra for 
SMPF/SiO2, where the characteristic peak of the silicon oxide group was 
found at 470 cm− 1. 

3.2. Thermal properties of shape memory phenolic foams and shape 
memory phenolic foam composites 

TGA curves of SMPF obtained under air and nitrogen conditions were 
used to evaluate the thermal stability performance of the material and to 
determine the maximum service temperature ensure safe working con-
ditions. As shown in Fig. 3(a), the decomposition endpoint temperature 
for SMPFs in air was approximately 650 ◦C. When the temperature 
increased to 1000 ◦C, the remaining weight fractions for SMPF-1, SMPF- 
2, SMPF-3, and SMPF-4 were 6.86 %, 6.53 %, 6.32 %, and 6.03 %, 
respectively. An incremental decrease in the residual mass fraction of 
the foam was observed with an increase in the proportion of soft chain 
segments. 

Fig. 3(b) shows the derivative thermogravimetric (DTG) curve, 
which is calculated from the first-order differentiation of the TGA curve, 
and provides a more direct representation of the thermal weight loss 
rate. Combining information from Fig. 3 (a) and Fig. 3 (b) demonstrate 
that the thermal decomposition of SMPF under air can be divided into 
four stages. In the first stage, the principal mass loss originated from free 
water in the SMPF and the volatilisation of the solvent, and occurred 
between 70 and 120 ◦C. The weight loss at this stage was less than 2 %. 
In the second stage, the aldehyde group in the phenolic molecule and the 
methylene group in the side chain decomposed within between 120 and 
300 ◦C, resulting in a 15–20 % weight loss. In the third stage, spanning 
300–410 ◦C, the carbamate group broke down into isocyanates and 

Fig. 2. FTIR spectra in the wavenumber range of 4000–500 cm− 1 of (a) SMPRs, (b) SMPFs, (c) SMPF/Al2O3, and (d) SMPF/SiO2.  
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Fig. 3. (a) TGA curve of SMPFs under air; (b) DTG curve of SMPFs under air; (c) TGA curve of SMPFs under nitrogen; (d) DTG curve of SMPFs under nitrogen.  

Fig. 4. (a) TGA curve of SMPF/SiO2s; (b) DTG curve of SMPF/SiO2s; (c) TGA curve of SMPF/Al2O3s; (d) DTG curve of SMPF/Al2O3s.  
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polyols, and further decomposed into amines, alkenes, and CO2, with 
concurrent fragmentation of several methylene groups. In the final 
stage, the SMPR backbone and phenolic hydroxyl groups underwent 
thermal decomposition at 410–800 ◦C, dehydrating and cyclising into 
carbon. TGA tests revealed that the quantity of HDI utilised during the 
reaction process impacted the thermogravimetric properties of SMPFs. 
The final residual mass ratio of SMPF at 800 ◦C diminished with 
increasing HDI usage because the HDI component was completely py-
rolyzed at 800 ◦C, leaving the phenolic pyrolysis in the form of carbon. 

To ascertain the service temperature of the foam under nitrogen, 
TGA tests were conducted. The TGA and DTG curves showed different 
results compared to those obtained in air (Fig. 3(c) and (d)). As the 
temperature increased to 1000 ◦C, the residual mass fraction of SMPF 
declined, however, it remained higher than when tested under air at all 
times. The ultimate weight fractions for SMPF-1, SMPF-2, SMPF-3, 
SMPF-4 were 27.86 %, 25.53 %, 24.32 %, and 23.03 %, respectively. 
The thermal decomposition of SMPF under air can be divided into three 
stages. The first stage saw the most rapid SMPF mass loss at 200 ◦C due 
to the volatilisation of small molecules such as blowing agents and 
surfactants, resulting in an 8–15 % reduction in SMPF weight. The 
second stage, occurring within a temperature range of 250–380 ◦C, had 
the fastest rate of SMPF mass loss at 350 ◦C. This was due to the breakage 
of the ether bridge bond (Ar–CH2–O–CH2–Ar) in the phenolic 
structure into the more stable methylene-bridge bond (Ar–CH2–Ar), 
leading to a 40 % weight reduction in SMPF, the highest of the three 
stages. In the final stage, the rate of SMPF mass loss gradually decreased 
and eventually stopped. A comparison of the TGA curves of SMPF under 
air and nitrogen revealed that SMPF possessed a higher service tem-
perature under nitrogen. 

The thermal stability properties under nitrogen of SMPFCs are shown 
in Fig. 4. An increase in inorganic nano-fillers led to a gradual 
improvement in the thermal stability performance of SMPFCs. As illus-
trated in Fig. 4(a), the initial disintegration temperature of SMPFCs 
increased with increasing in SiO2 content, and was significantly higher 
than that of SMPFs. The residual carbon rate of each SMPF/SiO2 sample 
was higher than that of SMPF. The SMPF/SiO2-4 sample had the highest 

residual carbon rate, which gradually increased with the increasing SiO2 
mass fraction in the composite foams. A similar trend was observed in 
SMPF/Al2O3. The incorporation of Al2O3 particles improved the mass 
fraction of foam remaining at 1000 ◦C. This phenomenon is attributed to 
the good thermal stability of the inorganic nanoparticles, when the 
temperature was increased to 1000 ◦C, the polymer matrix in the 
SMPFCs was pyrolyzed, however the inorganic nanoparticles were not 
pyrolyzed, thus improving the residual carbon rate and thermal stability 
of the SMPFCs. However, the effect on the residual mass fraction of 
SMPF decreased with increasing content. This is attributable to the 
compatibility of inorganic particles in organic polymers. 

3.3. Dynamic mechanical properties of shape memory phenolic resin and 
shape memory phenolic resin composites 

In this study, DMA tests were utilized to observe the fluctuation in 
the energy storage modulus and the loss factor (Tan Delta) as a function 
of temperature. The storage modulus signifies the capability of materials 
to deform. Materials exhibiting a low storage modulus are susceptible to 
deformation. Tan Delta reflects the internal energy dissipation within 
the polymer. Polymers with a narrow Tan Delta peak can rapidly 
respond to changes in the external environment [34]. The Tg of SMPRs 
and SMPFCs were determined by DMA tests, and the shape transition 
temperature of each SMPF and SMPFC was subsequently identified. As 
illustrated in Fig. 5(a), the Tg of SMPR-1, SMPR-2, SMPR-3, and SMPR-4 
were 92 ◦C, 86 ◦C, 80 ◦C, and 78 ◦C, respectively. When the temperature 
was above the Tg, there was an increased molecular chain segment ac-
tivity, facilitating molecular motion. The data presented in Fig. 5(b) 
revealed that the storage modulus of SMPR decreased in conjunction 
with an increase in HDI content, while the Tg also decreased. Moreover, 
the loss modulus of SMPR-4 was lower than that of the other samples at 
any given temperature, suggesting that samples with a high HDI dosage 
had a comparably low crosslink density and spatial molecular network. 

Following the incorporation of inorganic particles, the dynamic 
mechanical properties of the composites were measured and are shown 
in Fig. 5(c–f). The Tg of SMPR/SiO2 was 89.5 ◦C, which is notably higher 

Fig. 5. (a) and (b) DMA curve of SMPRs; (c) and (d) DMA curve of SMPF/SiO2s; (e) and (f) DMA curve of SMPF/Al2O3s.  
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than that of SMPR-4 (78 ◦C). At lower temperatures, the energy storage 
modulus of SMPR/SiO2 was approximately 4.1 GPa, surpassing the 1.6 
GPa storage modulus of SMPR-4, which contains an equivalent pro-
portion of flexible chain segments. Consequently, the resistance to 
deformation of SMPR/SiO2 improved with the addition of SiO2. As 
demonstrated in Fig. 5(e), the Tg of SMPR/Al2O3 was 87.21 ◦C, which 
also exceeded that of SMPR-4 (78 ◦C). At lower temperatures, the energy 
storage modulus of SMPR/Al2O3 was approximately 4.5 GPa. The 
emergence of Tan Delta peaks in the composites signified that reversible 
states were still present in the molecular network. Additionally, the 
integration of inorganic particles partially restricted the movement of 
chain segments, leading to a minor increase in the Tg of the SMPR. 

3.4. Mechanical properties of shape memory phenolic foam and shape 
memory phenolic foam composites 

Unlike typical foams, SMPF exhibits variable mechanical properties 
at different temperatures. Compression testing of SMPFs at room tem-
perature can provide insights into the dimensional stability and 
compression resistance of the foam. SMPFs exhibit brittleness and 
possess good dimensional stability at this temperature. When com-
pressed at room temperature, an SMPF can only undergo slight defor-
mation before sustaining damage due to an increased load. The 
maximum compressive strain of materials represents the most strain 
value a brittle material can withstand before it fails under compression. 
For SMPFs, the maximum compressive strain is related to the toughness 
of the material. As demonstrated in Fig. 6(a), SMPFs can only be com-
pressed to less than 5 % compressive strain at room temperature. The 
maximum compressive strain of SMPF-1 was the smallest at 1.2 %; the 
maximum compressive strain of SMPF-2 was marginally higher than 
that of SMPF-1, at 2.5 %; the maximum compressive strain of SMPF-3 
was 3.1 %; and the maximum compressive strain of SMPF-4 was 4.6 
%, indicating that SMPF-4 had the highest toughness. This characteristic 
is related to the ratio of flexible chain segments in SMPF. As SMPF-4 
contained the highest proportion of flexible chain segments, it exhibi-
ted the highest toughness and the largest maximum compressive strain. 
In this group of foams, the compressive strength of the material ranges 
from a minimum of 72 KPa for SMPF-1 to a maximum of 98 KPa for 

SMPF-2, with minor differences between individual samples. The 
introduction of an appropriate amount of flexible chain segments can 
enhance the closed porosity of the phenolic foam, thus improving the 
load-bearing capacity of the foam. However, the introduction of an 
excessive amount of long flexible chains can lead to a decrease in the 
cross-link density of the phenolic resin, resulting in a reduction in the 
compression strength of the foam. 

To explore the compression behaviour of SMPFs at temperatures 
exceeding the Tg, the foam was tested in compression at 120 ◦C. The 
experimental methodology involved increasing the temperature to 
120 ◦C and sustaining it for 15 min to ensure the SMPFs were completely 
softened. Subsequently, the SMPFs were compressed to a deformation of 
30 % at a rate of 0.8 mm/min. The compressive stress–strain curves of 
the SMPFs at 120 ◦C are displayed in Fig. 6(b). Here, SMPF-1, SMPF-2, 
SMPF-3, and SMPF-4 exhibited a stress of 33.5, 29.5, 28.8, and 22 KPa, 
respectively, at a 30 % strain. This phenomenon relates to the Tg of the 
SMPFs, which decreases as the proportion of HDI involved in the reac-
tion increases. Thus, with the temperature increase to 120 ◦C, SMPF-1 
was the most rigid, while SMPF-4 was the softest. Furthermore, the 
curves suggest that the compression of SMPFs at 120 ◦C did not signif-
icantly change from the elastic phase to the yield phase. As the strain 
transitioned from 0 to 30 %, the compression of the SMPFs occurred over 
two stages. Under the application of unidirectional compression, the 
deformation was linearly elastic when the strain of the SMPF was less 
than 11 %. At this stage, the load was primarily supported by the bubble 
pores in the SMPF, and the stress and strain maintained a roughly pro-
portional relationship. As the load continued to increase, the strain 
increased, marking the commencement of the second stage where the 
strain shifted from 10 to 30 %. During this stage, the bubble pores of the 
foam progressively diminished, increasing the density and triggering 
substantial changes in the elastic modulus of the foam. 

As illustrated in Fig. 6(c), the maximum compressive stress of SMPFC 
increased from SMPF/SiO2-1 to SMPF/SiO2-4, and the maximum 
compressive strain progressively decreased as the mass fraction of the 
doped SiO2 increased. The maximum compressive stress of the four 
samples did not vary significantly before the onset of damage, and all 
displayed a considerable increase compared to SMPFs. This increase was 
attributed to the integration of inorganic particles, which reduced the 

Fig. 6. The compressive stress and strain of (a) SMPFs, (c) SMPF/SiO2s, and (e) SMPF/Al2O3s in room temperature; the compressive stress–strain curve of (b) SMPFs, 
(d) SMPF/SiO2s, and (f) SMPF/Al2O3s at 120 ◦C. 
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pore size of the SMPFs while the uniformity of the pores increased. 
Classical nucleation theory proposes that inorganic nanoparticles can 
function as nucleating agents, affecting the foaming process of polymers. 
The presence of insoluble solid particles in the system decreases the 
amount of free energy required for heterogeneous nucleation compared 
to that required for homogeneous nucleation, making it easier for the 
latter to occur. Consequently, an appropriate number of inorganic 
nanoparticles can stimulate bubble nucleation, leading to more homo-
geneous pores in the foam. Foam composites with a more evenly 
distributed pore structure can withstand higher compressive stresses. 
Therefore, all SMPFCs exhibit elevated maximum compressive stresses 
relative to SMPF. The strengthening effect of SMPF/SiO2-4 was the most 
evident, with the compression strength at the time of damage being 148 
KPa, approximately 50 % higher than that before strengthening. As 
demonstrated in Fig. 6(e), when the proportion of Al2O3 increased, the 
maximum compressive strain of the composite foam gradually 
decreased, while the maximum compressive stress increased incremen-
tally. The largest maximum compressive strain was observed in SMPF/ 
Al2O3-1, measuring 3.76 %. Compared to SMPFs, the compressive 
strength of the SMPFCs was increased. The largest compressive strength 
within this group of composite foams was noted in SMPF/Al2O3-4, 
which reached 135 KPa, augmenting the compressive strength of SMPF 
by 35 %. 

In assessing the compression performance of the SMPFCs at tem-
peratures surpassing Tg, compression tests were conducted on the 

SMPFC at 120 ◦C. The foam samples were shaped as small cylinders, 
each with a diameter and height of 10 mm. As shown in Fig. 6(d), the 
compression curve of composite foams was split into two stages. The 
initial stage was the elastic compression stage, wherein the stress bore a 
proportional relationship to the strain. The following stage was the 
yielding stage, which was characterized by a decrease in the rate of 
stress increase with increasing strain. As the SiO2 mass fraction within 
the foam increased, the requisite stress progressively increased. The 
stress of SMPR/SiO2-4, containing the highest SiO2 mass fraction, 
compressed to 30 % strain, equalled 47 KPa. This value is significantly 
higher than that of SMPF-4 at 120 ◦C, suggesting that the reinforcing 
effect of SiO2 on SMPF remained operative even when the foam 
inhabited a highly elastic state. As SMPFC was compressed at elevated 
temperatures, the soft polymer matrix could be compressed and trans-
formed. Conversely, the inorganic nanoparticles did not undergo 
deformation or concurrent movement easily, thereby obstructing the 
deformation of the SMPFCs. Consequently, when the strain reached 30 
%, the required stress for SMPFCs surpassed that for the SMPFs. This 
circumstance was also observable in SMPF/Al2O3. At 120 ◦C, the elastic 
modulus of the composite foam was substantially inferior compared to 
its state at room temperature. The composite foam demonstrated 
enhanced deformation capability at this stage, and could be readily 
compressed to 30 % strain without compromising the structural integ-
rity of the foam. However, the inorganic nanoparticles were difficult to 
be distributed in the polymer matrix uniformly when the addition 

Fig. 7. (a) Morphology of SMPF at different positions; (b) elemental mapping and (c) EDS survey spectrum of SMPF/SiO2.  
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amount is small, the enhancement effect on the foam in the soft state was 
only achieved when the addition of SiO2 or Al2O3 was higher than 8 wt 
%. 

3.5. Microstructural characterization of shape memory phenolic foam 
and shape memory phenolic foam composites 

The microstructure of the SMPF was studied via scanning electron 
microscopy, as shown in Fig. 7(a). There were small perforations located 
on the localized bubble pores at the bottom of the foam. The size of the 
bubble pores in this area is larger than other parts. The bubble pores in 
the middle of the foam were smaller and exhibited a more consistent 
distribution than those at the bottom, which was attributed to the 
compression of the foam by the surrounding bubble pores during the 
foaming process. The bubble pores at the top of the foam were the most 
evenly distributed throughout the foam. Observations indicated that the 
bubble diameter of the foam produced under such foaming conditions 
was approximately 350–450 μm at the bottom, 150–250 μm in the 
middle, and 200–400 μm at the top. 

The energy dispersive spectrometer (EDS) was utilized to observe the 
element distribution in composite foams, confirming the homogeneous 
dispersion of inorganic nanoparticles in the foams. As demonstrated in 
Fig. 7(b) and (c), the silicon element was uniformly distributed on the 
walls of the bubble pores of the SMPF/SiO2, and the incorporation of 
silica nanoparticles did not disrupt the bubble structure of the foam. 

3.6. Shape memory performance of shape memory phenolic foam and 
shape memory phenolic foam composites 

The shape memory cycling curve of SMPF was obtained through 
DMA compression thermal cycling of the foam, a process that enables 
the characterization and verification of the shape memory properties of 
SMPF. As Fig. 8(a) illustrates, SMPF exhibited excellent shape memory 
performance across three distinct shape memory cycles. The shape fix-
ation rates of SMPF for these cycles were 98.7 %, 98.4 %, and 98 %, 
whereas the shape reversion rates for the same cycles were 82.3 %, 76.4 
%, and 61.8 % respectively. During compression thermal cycling, the 
maximum compression strain of SMPF remained relatively consistent, 
though the recovery and fixation rates of SMPF gradually decreased as 
the number of cycles increased. The shape memory recovery and fixa-
tion rates, determined from the foam shape memory cycling experiments 
conducted in the laboratory, are shown in Fig. 8(b). Owing to the shape 
recovery process specific to the SMPF specimens, the shape recovery and 
fixation rates were computed for all four samples. As indicated in the 
figure, after the completion of five shape memory cycles, all SMPFs 
maintained a high shape fixation rate, despite the notable decline in the 
shape recovery rate. Of the four specimens, SMPF-1 exhibited the lowest 

shape fixation rate and the lowest shape recovery rate, which was only 
60 % after five cycles. This phenomenon was directly linked to the low 
crosslink density of SMPF-1. As the number of compression cycles 
increased, the shape fixation rate (along with shape recovery rate of all 
four samples) significantly decreased. This reduction was attributable to 
the crystallisation of the SMPs network structure. It is likely that 
following numerous additional shape memory compression cycles, the 
soft segments within the SMPFs would crystallised less easily. Conse-
quently, the recovery force of SMPFs for shape memory recovery would 
consistently decrease, eventually becoming insufficient to support a 
return to the initial height. These results were consistent with the me-
chanical thermal cycling outcomes of the foam, thereby again demon-
strating the excellent shape memory performance of SMPF. 

The shape memory cycle of the SMP can be summarised as a situation 
wherein the sample is subjected to a temporary shape by external 
loading when it is heated above Tg. Subsequently, the sample in this 
temporary shape becomes “frozen” by removing the external force after 
it cools below Tg. Upon reheating the sample above Tg, the temporary 
shape can be “unfrozen” and recovered to its initial shape. The shape 
memory cycle of the cylindrical foam is depicted in Fig. 9(a). To evaluate 
the shape memory properties of SMPF, a cylinder of SMPF with a 
diameter of 20 mm and a length of 30 mm was fabricated. The initial 
height of SMPF was 30 mm. It was heated above Tg and then compressed 
to a height of 15 mm. Following this, the shape was fixed by cooling. The 
shape recovery process was subsequently monitored on a heating table 
at 130 ◦C. It was observed that the foam almost failed to recover during 
the initial 20 s, owing to a substantial loss of heat in the open environ-
ment. However, post-20 s, the foam began to recover, the recovery rate 
accelerated, and ultimately, the shape reversion was completed within 
60 s (Fig. 9(b)). The shape recovery rate of the SMPF was found to be 
significantly influenced by the environment. As a consequence of its 
structural characteristics, multiple internal heat transfer modes existed 
within the foam material: thermal convection formed by the solid phase 
and gas, coupled heat transfer via the gas phase, and thermal radiation 
generated by the solid surface. At temperatures below 60 ◦C, the shape 
recovery rate of the foam was 0 %, ensuring complete fixation. As the 
ambient temperature neared the Tg of the SMPF, it became easier for the 
SMPF to return to its original shape. 

In addition to the cylindrical foam, SMPFC can also be prepared in 
various other shapes to complete the shape recovery process following 
multi-dimensional deformation. As illustrated in Fig. 9(c) and (d), the M- 
type SMPFC can spontaneously fold and expand when subjected to heat. 
Notably, the M-type SMPFC can still be compressed and deformed in the 
thickness direction during deformation. 

Fig. 8. (a) Shape memory cycle of SMPF; (b) the shape fixity rate and shape recovery rate of SMPFs.  
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4. Conclusions 

In this study, a series of SMPFs and SMPFCs with good shape memory 
properties, high thermal stability, and excellent mechanical properties 
were prepared. They were developed from SMPR and foamed via a 
physical method. Notably, the SMPFs exhibit good thermal stability 
under the test conditions, and similarly, the SMPFCs exhibit superior 
thermal stability similarly. The prepared foams possess a decent 
comprehensive property of thermal stability, mechanical properties, and 
deformability. SMPFs exhibit excellent shape memory performance, 
with the shape fixation rate maintained at approximately 98 % and the 
SMPF had completely expanded within 120 s via heat conduction. 
Excellent shape memory properties mean that the foam shows consid-
erable promise for engineering applications such as foam plugging 
agents. Considering the excellent deformability and good thermal sta-
bility properties of SMPF, it also presents potential applications in 
aerospace flexible devices and smart fireproof materials, such as smart 
firewalls, smart fire blankets. 
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