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ABSTRACT: To comprehensively explore the impact of binder content on the mechanical properties of the Polymer
bonded explosive (PBX) substitute material (Polymer-bonded Analogue Explosive (PAE)—it is renowned for its
outstanding high-temperature resistance, exceptional mechanical properties, excellent chemical stability, and superior
electrical insulation), a series of experiments are meticulously carried out. The dynamic and static mechanical proper-
ties, along with the microstructure of PAE, are precisely measured through the Split Hopkinson Pressure Bar (SHPB)
test, static compression tests, and Scanning Electron Microscopy (SEM). The dynamic performance test outcomes
clearly indicate that both the binder content (2%, 4%, 6%) and temperature (25○C, 45○C, 70○C) exert a substantial
influence on the dynamic mechanical properties of PAE. Specifically, as the binder content increases, the elastic modulus
increases, demonstrating higher stiffness, and the longer failure duration represents a prolonged fracture process rather
than an improved deformation strain to failure. This means the strength-related stiffness rises with binder content,
but the overall ductility does not increase. Notably, PAE with 2% the Ethylene-Vinyl Acetate Copolymer (EVA)—it
bonds well with a variety of materials, such as metal, wood, and plastic—exhibits distinct plastic deformation behavior,
while PAE samples with 4% and 6% EVA display evident brittle fracture characteristics. Additionally, the mechanical
properties of PAE are highly sensitive to temperature variations. Among the tested temperatures, PAE showcases the
most favorable performance at 45○C. The static performance test results reveal that an increment in binder content
effectively helps to reduce the temperature sensitivity of temperature (−40○C, 25○C, 50○C, 70○C) on PAE and enhance
its static mechanical properties. The maximum compressive strength gradually diminishes as the temperature rises.
However, it should be noted that an excessively high binder content will undermine the mechanical properties of PAE.
With the increase in binder content, the compressive modulus demonstrates relatively stable changes under both low-
temperature and high-temperature conditions. The SEM analysis results demonstrate that, aside from the initial defects
inherent in the material preparation process, the components of PAE are firmly combined. Throughout the tests, no
new pores or microcracks emerge, which strongly indicates that the mechanical properties of PAE remain stable.
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1 Introduction
Impact engineering investigates the response of materials subjected to extreme loading conditions

such as blast, high-velocity impact, penetration, and shock. It is widely applied in national defense and
protective engineering, where the transient nature, high strain rate, and high energy density of impact
loads impose stringent requirements on material stability and reliability [1]. Polymer-bonded explosives
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(PBXs), formulated by incorporating binders and other additives to enhance processability and performance,
exhibit excellent thermal resistance, manufacturability, detonation characteristics, and overall stability.
These advantages enable PBXs to play a crucial role in impact-related charge structures and support their
extensive use in both military and civilian applications [2–5]. Although considerable research has been
conducted worldwide on the quasi-static and dynamic mechanical behavior of PBX simulants, the influence
of ambient temperature and binder content on their impact-mechanical response remains insufficiently
explored. In addition, recent studies on polymer matrix systems show that the rheological and viscoelastic
characteristics of polymer–based composites significantly affect their mechanical response and processing
behavior. Hsissou et al. [6] report that the rheological behavior of epoxy polymers plays a decisive role
in their structural performance, while Bekhta et al. [7] demonstrate that variations in polymer viscosity
and composite formulation directly influence deformation and strength characteristics. These findings
provide theoretical support for further understanding the mechanical behavior of PBX–like polymer–
bonded systems. Holmes et al. [8] employed laser ignition to investigate the reaction evolution following
central ignition of propellant columns under varying prestress conditions. They found that the reaction
response is influenced by applied prestress, with the sealing effect of prestress on the ignition gas serving as
one of the primary factors governing the early evolution of convective combustion reactions. Zhang et al. [9]
employed an impact testing machine, a drop-weight impact tester, and a sealed container to evaluate the
mechanical properties and combustion characteristics of nitroammonium propellants with varying RDX
contents at ambient temperature (20○C) and low temperature (−40○C). Dienes et al. [10] develop a novel
microcrack damage model by incorporating viscoelastic theory within the framework of Dienes’ statistical
fracture mechanics model. The results in [11] reveal that the compressive strength of the aluminized explosive
exhibits a negative correlation with temperature. Through quasi-static and SHPB compression experiments,
Heider et al. [12] propose a method for determining the viscoelastic relaxation function of PBX KS32 based
on its mechanical behavior, thereby establishing a constitutive relationship describing the material’s dynamic
mechanical properties. Wiegand’s single-axis experiments [13] indicate that the compressive strength of
Comp B and TNT increases with rising temperature, while their Young’s modulus and tensile strength
decrease with increasing temperature. Xiao et al. [14] investigated the damage mechanism and fracture modes
of PBX explosives under low-velocity impact loading. Their findings indicate that under confining pressure
impact, the primary failure modes of specimens are debonding and cleavage; whereas under non-confining
pressure impact loading, the predominant failure mode is intergranular fracture. Chen et al. [15] investigate
the dynamic mechanical properties of PBX analog materials and employ a micromechanical approach to
analyze their crack nucleation mechanism, revealing that microcrack nucleation and growth constitute the
primary form of damage evolution in this material. Ravindran et al. [16] investigate the multiscale damage
evolution of PBX analog materials under dynamic loading and find that damage occurs even at relatively
small strains. Drodge et al. [17] test the mechanical properties of PBX at a strain rate of 2000 s−1 and within
a temperature range of 173–333 K. The results show that the yield stress increases monotonically as the
temperature decreases, with no obvious plateau. Additionally, it is demonstrated that the coating ability of the
explosive column is enhanced and some defects are rectified. Duan et al. [18] employed high-speed infrared
cameras to capture temperature changes in NEPE (Nitrate Ester Plasticized Polyether) propellant during
the Hopkinson bar test, demonstrating that propellant ignition is triggered by a shear friction mechanism.
Zhao et al. [19] utilize SEM scanning electron microscopy to study the micro-damage morphology of aged
HTPB propellant under uniaxial and quasi-biaxial tension at low temperatures. The findings reveal that as
the temperature decreases and the strain rate increases, the damage gradually transforms from “dewetting”
to AP particle fracture, and the degree of damage escalates.
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PBX explosive is a metastable explosive and one of the weakest links in the weapon charge structure,
the internal charge may be exploded due to being subjected to some complex stress states such as vibration,
impact, shear, and friction during transportation and use [20]. Given the inherent danger associated
with PBX explosives, ensuring data accuracy and personnel safety is of utmost importance. In this study,
poly(ether-ether-ketone) (PEEK), a material sharing similar physical and chemical properties with PBX
explosives, is chosen as the principal component. Aluminum powder and an EVA binder are then incorpo-
rated to create a substitute for PBX explosives, namely PAE. For PAE samples with varying binder contents,
the Hopkinson pressure bar test and quasi-static mechanical compression test are employed. These tests are
designed to measure crucial parameters such as dynamic ultimate strength, maximum compressive strength,
and compressive modulus. The research delves into two key aspects. First, it examines the influence of
different binder contents and high-temperature environments (45○C and 70○C) on the dynamic mechanical
properties of PAE at a consistent strain rate. Second, it explores the effects of temperature (−40○C, 25○C,
50○C, 70○C) and binder content on the static mechanical properties of PAE. Moreover, scanning electron
microscopy (SEM) is utilized to analyze the microstructural changes of PAE under different ambient
temperatures. This approach enables a comprehensive understanding of how PAE behaves across diverse
conditions, providing valuable insights for further research and potential applications.

2 Materials and Methods

2.1 Materials
The component ratios of each group of PAE are presented in Table 1. The particle size of the PEEK and

aluminium powder is 15 and 53 μm, the VA content in Eva is 28%. To ensure uniform specifications and
appearances, all samples are fabricated using the same batch of raw materials. First, the powder is thoroughly
dried. Subsequently, multiple PAE specimens with two different geometries are pressed. Given the diameter
limitation of the equipment, and to maintain data accuracy, the diameter and height of PAE specimens for
the dynamic mechanical property test are set to Φ10 mm × 10 mm. For convenient data acquisition, the PAE
specimens for the static mechanical property test are set to Φ20 mm × 10 mm.

Table 1: PAE composition and content

Name PEEK/% Aluminum powder/% EVA/%
PAE1 68 30 2
PAE2 66 30 4
PAE3 64 30 6

2.2 Method
As illustrated in Fig. 1a, the Split Hopkinson Pressure Bar (SHPB) device is employed to conduct the

dynamic mechanical property test of the PAE. In this test, the bullet speed is controlled by adjusting the air
pressure. The wave pulses are recorded by the strain gauges mounted on the input and output bars, and the
stress–strain curve under dynamic impact is obtained through computerized data processing. Fig. 1b shows
the universal testing machine used for the static mechanical property test of the PAE. During this test, the
data and parameters are transmitted to the system via sensors, enabling the acquisition of the stress–strain
curve under static compression. As presented in Fig. 1c, the SEM scanning electron microscope is used to
analyze the microstructure of the PAE.
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Figure 1: Experimental equipment (a) the split Hopkinson pressure bar device, (b) the testing machine utilized for the
static mechanical, (c) the SEM device

3 Result and Discussion

3.1 Effect of Binder Ratio and Temperature on Dynamic Mechanical Properties
To comprehensively investigate the influence of the binder ratio on the dynamic mechanical properties

of PAE, a series of Split Hopkinson Pressure Bar (SHPB) tests are conducted on three PAE specimens
with different binder ratios at a constant bullet speed, corresponding to a fixed strain rate. The resulting
stress–strain curves at the same strain rate are presented in Fig. 2. In the initial stage, stress and strain
for all three PAE ratios exhibit a positive correlation, reflecting the linear elastic response of the binder
within PAE and indicating relatively stable mechanical behavior. As the binder content increases, molecular-
chain mobility becomes increasingly constrained, resulting in a higher elastic modulus, with PAE3 (highest
binder content) showing the largest stiffness. As strain continues to rise, all three PAE types enter the yield
stage. From a molecular perspective, yielding originates from chain-segment mobility and local molecular
rearrangement under dynamic loading. With higher binder content, molecular chains are more restricted,
gradually diminishing the yield behavior. Once stress reaches a threshold, slip and dislocation processes
facilitate plastic deformation. Among the three, PAE1 exhibits the most pronounced yield stage, showing clear
plastic deformation, whereas PAE2 and PAE3 display weakened yielding and manifest brittle characteristics.
The incorporation of EVA binder modifies the microstructural behavior of PAE: higher binder content
introduces more intermolecular interactions and physical entanglements, constraining chain mobility. This
microstructural evolution accounts for the increased stiffness, weakened yielding, and prolonged failure
duration observed in high-binder specimens. Consequently, mechanical performance changes are directly
linked to chain-segment mobility and viscoelastic relaxation mechanisms. Fig. 3 illustrates the ultimate
strength of PAE at two strain rates. At the same strain rate, ultimate strength first decreases and then
increases with rising binder content. For example, at 400 s−1, compared with PAE1, PAE2 exhibits a ~28%
decrease (Δ1 = −7.436 MPa), while PAE3 increases by ~38% relative to PAE2 (Δ2 = 7.156 MPa). At 500
s−1, PAE2 decreases by ~28% (Δ1 = −9.766 MPa) relative to PAE1, while PAE3 rises by ~33% compared to
PAE2 (Δ2 = 8.222 MPa). Evidently, ultimate strength and its variation are strongly strain-rate dependent.
At the same strain rate, PAE1 shows the highest ultimate strength, excellent toughness, energy absorption
capacity, and superior impact resistance, whereas PAE2 exhibits the lowest strength and poorer mechanical
properties. The properties of PAE3 rebound, approaching those of PAE1, with negligible amplitude difference.
Mechanical properties depend on both binder content and matrix–binder interfacial bonding [21]. Higher
binder content restricts chain mobility, reduces energy dissipation, and increases brittleness. However, the
viscoelastic EVA binder can transmit larger stress, and higher content enhances this effect, compensating for
material deficiencies and raising PAE3’s ultimate strength [22]. Despite PAE2 having more binder than PAE1,
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its viscoelasticity is insufficient under impact to absorb stress, resulting in lower ultimate strength. In Fig. 2a,
at 400 s−1, the strains corresponding to ultimate strength for PAE1, PAE2, and PAE3 are ~0.032, 0.025, and
0.029, respectively, while strains at complete failure are ~0.036, 0.028, and 0.031, with failure durations Δ1 =
0.002, Δ2 = 0.003, and Δ3 = 0.004. At 500 s−1 (In Fig. 2b), ultimate-strength strains are ~0.028, 0.027, 0.032,
and complete-failure strains are ~0.032, 0.032, 0.044, with durations Δ1 = 0.004, Δ2 = 0.005, and Δ3 = 0.012.
Across all ratios, stress–strain trends and ultimate-strength variations are consistent: they first decrease and
then increase with binder content. However, the increase in failure duration with higher binder content is
attributed to time-dependent viscoelastic relaxation of EVA, molecular chains undergo delayed stretching
and recovery during crack propagation, extending the fracture process. As a result, PAE can transmit more
stress at the same strain rate and release more energy after unloading, whereas PAE1 fails earliest due to
minimal binder content and limited energy absorption.

Figure 2: Stress-strain curves of PAE at the same strain rate: (a) 400 s−1; (b) 500 s−1

Figure 3: Ultimate strength of the PAE
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In this study, PAE2 is selected as the research subject to investigate the influence of high-temperature
environments on the dynamic mechanical properties of PAE. The test uses 25○C room temperature as the
baseline and establishes two elevated temperature conditions: 45○C and 70○C. PAE specimens are heated in a
high-temperature chamber and subsequently tested via the Split Hopkinson Pressure Bar (SHPB) technique.
To isolate the effect of temperature, all tests are conducted at a constant bullet speed corresponding to a
strain rate of 400 s−1. The resulting stress–strain curve is presented in Fig. 4. As shown in Fig. 4, the dynamic
elastic modulus of PAE initially increases and then decreases with rising temperature. Specifically, PAE
exhibits the highest elastic modulus at 45○C, indicating maximum resistance to deformation, whereas at
70○C, the modulus reaches its minimum, reflecting reduced rigidity and deformation resistance. Table 2
summarizes the variations in ultimate strength: compared with 25○C, PAE at 45○C shows an increase
of approximately 43% (Δ1 = 5.024 MPa), whereas at 70○C, ultimate strength decreases by ~16% relative
to 45○C (Δ2 = −2.358 MPa). The failure strain durations at different temperatures are approximately Δ1 =
0.002, Δ2 = 0.001, and Δ3 = 0.003, respectively, with strain during failure initially decreasing and then
increasing. These results indicate that PAE exhibits noticeable temperature sensitivity, with optimal impact
resistance and mechanical performance at 45○C, where it withstands higher stress. It should be noted that
the temperature-dependent mechanical response of PAE is closely linked to the glass transition temperature
(Tg) of the polymer–binder system. Differential scanning calorimetry (DSC) measurements from previous
material characterization show that Tg slightly increases with binder content, with values of ~42○C for PAE1,
45○C for PAE2, and 47○C for PAE3. This trend explains why PAE exhibits the highest modulus and strength
at 45○C, where the material is near but below its Tg, allowing enhanced stiffness while maintaining sufficient
structural integrity [23].

Figure 4: Stress-strain curves of PAE2 at 400 s−1 under different temperatures

Table 2: Change in the ultimate strength at different temperatures

Strain rate Ultimate strength and strain Temperature
25○C 45○C 70○C

400 s−1 σm/MPa 12.194 17.398 15.040
εm 0.030 0.032 0.027
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3.2 Effect of Binder Ratio and Temperature on Static Mechanical Properties
To simulate the ambient temperatures experienced by real explosive columns during storage, trans-

portation, and use, static mechanical property tests are conducted on three types of PAE at four ambient
temperatures: −40○C, 25○C (room temperature), 50○C, and 70○C. As the applied pressure increases, PAE
samples fracture under excessive load, so only the compressive modulus and maximum compressive strength
are obtained. Fig. 5 presents the stress–strain curves, and Fig. 6 illustrates the variations in maximum
compressive strength of the three PAE types across these temperatures. When examined individually, the
maximum compressive strength of each PAE is sensitive to temperature, with significant differences across
temperature intervals. The variation is nonlinear: PAE1 exhibits a decreasing trend with rising temperature,
with decline rates of ~5.1%, 2.8%, and 26.1%, and the largest rate occurs from 50○C to 70○C (~0.47 MPa/○C).
PAE2 initially decreases and then increases, with changes of ~−33.9%,−3.5%, and 19.7%, reaching the highest
rate from 50○C to 70○C (~0.22 MPa/○C). PAE3 follows a similar trend as PAE2, with changes of ~−6.3%,
−21.2%, and 15.4%, but the greatest rate occurs from 25○C to 50○C (~0.14 MPa/○C). Overall, these results
reveal distinct temperature responses among PAE variants. At −40○C and 70○C, the maximum strengths
differ by 13.248, 8.184, and 2.66 MPa for PAE1, PAE2, and PAE3, respectively. Although the maximum
strength at 70○C is lower than at −40○C, increasing binder content narrows the strength gap between PAE2
and PAE3, mitigating temperature sensitivity and highlighting the relationship between binder content
and temperature-dependent mechanical behavior. Notably, PAE3 consistently exhibits lower maximum
compressive strength than PAE1 and PAE2 across all temperatures, indicating that excessive binder content
diminishes the material’s compressive performance.

The maximum compressive strength is defined as the highest load a material can withstand under
unconfined conditions. Higher compressive strength reduces the likelihood of brittle fracture and enhances
toughness [24]. Considering all three PAE materials, it is evident that increasing binder content decreases the
maximum compressive strength across the four ambient temperatures (−40○C, 25○C, 50○C, and 70○C). PAE1
exhibits the highest compressive strength, demonstrating superior compressive resistance and toughness
compared to PAE2 and PAE3, thus reflecting relatively favorable static mechanical properties. Specifically,
relative to PAE1, the maximum compressive strengths of PAE2 and PAE3 decrease as follows: at −40○C,
approximately 13% and 55%; at 25○C, around 39.4% and 55.6%; at 50○C, about 38.6% and 63.3%; and
at 70○C, roughly 0.5% and 42.7%. The temperature sensitivity of PAE reflects the inherent temperature
sensitivity of the binder. At a given temperature, higher binder content amplifies this sensitivity, leading
to reductions in the maximum compressive strengths of PAE2 and PAE3, with PAE3 showing the largest
decrease. In conclusion, although increased binder content negatively affects the maximum compressive
strength, it effectively mitigates strength variations across different temperatures, thereby stabilizing the static
mechanical properties of PAE.
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Figure 5: Stress-strain curves of the PAE at different ambient temperatures: (a) −40○C; (b) 25○C; (c) 50○C; (d) 70○C

Figure 6: The change in the maximum compressive strength of PAE under four ambient temperatures
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Fig. 7 illustrates the variations in the compression modulus of the three PAE types under four ambient
temperatures. Prior to reaching the maximum compressive strength, all three PAE materials exhibit linear
elastic behavior. When analyzed individually, the compression modulus demonstrates temperature sensitiv-
ity and follows a non-linear trend with increasing temperature. For PAE1, the compression modulus peaks
at 25○C, indicating optimal rigidity. Both low and high temperatures reduce the compression modulus and
deteriorate rigidity. Specifically, compared to −40○C, the increase at 25○C is approximately 34.7%; compared
to 50○C, about 84.7%; and compared to 70○C, roughly 97.3%. Clearly, the decline rate at high temperatures
is more pronounced than at low temperatures, indicating that elevated temperatures have a stronger impact
on PAE1 rigidity. The compression modulus of PAE2 exhibits a similar trend, with a maximum at 25○C
and greater sensitivity to high temperatures than to low temperatures. The increase at 25○C compared with
−40○C is approximately 14.9%; compared with 50○C, about 51.9%; and compared with 70○C, also roughly
51.9%. Notably, the decline rates of PAE2 under these conditions are lower than those of PAE1, suggesting
relatively improved stability. For PAE3, variations in compression modulus at low and high temperatures are
less pronounced. Compared with 25○C, the modulus increases by approximately 34.8% at −40○C, while the
changes at 50○C and 70○C are about 27.4% and−0.8%, respectively. Overall, increasing binder content reduces
the variation amplitude of the compression modulus across the four ambient temperatures, enhancing
performance stability and diminishing temperature sensitivity. Nevertheless, the compression modulus of
PAE3 remains consistently lower than that of PAE2, demonstrating that excessive binder content adversely
affects the compressive stiffness of PAE.

Figure 7: The change in the compressive modulus of PAE under four ambient temperatures

At room temperature (25○C), the compression modulus of PAE decreases with increasing binder
content. PAE1 exhibits the highest compression modulus and optimal rigidity. Compared to PAE1, the
compression moduli of PAE2 and PAE3 decrease by approximately 18.6% and 79.8%, respectively, with the
reduction in PAE3 being the most pronounced, more than four times that of PAE2. Evidently, at 25○C,
an increase in binder content negatively affects the compression modulus, reducing rigidity and overall
mechanical performance. At −40○C, PAE2 demonstrates the highest compression modulus and best rigidity,
with a 0.6% increase compared to PAE1. The compression modulus of PAE3 is approximately 58.3% lower
than that of PAE1. Unlike the room-temperature scenario, increasing binder content leads to a higher
modulus in PAE2, while PAE3 still exhibits a reduction, though the gap relative to PAE1 narrows. At 50○C
and 70○C, PAE2 continues to show the highest compression modulus and superior mechanical properties,
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whereas the rigidity of PAE1 decreases significantly. Compared to PAE1, the compression moduli of PAE2
increase by approximately 156.6% and 1337.4%, and those of PAE3 increase by about 68.7% and 636.1%,
respectively. The enhancement effect of increased binder content on the compression modulus is more
pronounced at elevated temperatures. At these high temperatures, the modulus of PAE2 remains nearly
stable, changing negligibly by about 0.002 GPa, whereas the moduli of PAE1 and PAE3 at 70○C are lower
than at 50○C. This indicates that PAE2 maintains higher and more stable mechanical properties under both
low- and high-temperature conditions. Overall, under extreme temperatures, the effect of increased binder
content on the compression modulus parallels its impact on the maximum compressive strength. With higher
binder content, the detrimental influence of temperature on the compression modulus is mitigated, thereby
enhancing the static mechanical stability of PAE across varying ambient conditions

3.3 Microstructure of PAE at Different Ambient Temperatures
To investigate the influence of ambient temperature on the microstructure of PAE grains, scanning

electron microscopy (SEM) experiments were performed on PAE specimens with three distinct binder ratios
at four different ambient temperatures. For consistency, all SEM observations were conducted at identical
locations on the three PAE grains, producing a total of 12 microstructural images, as presented in Table 3.
Given that the simulated propellant grains are composite materials with a low aluminum powder content,
their surfaces were gold-coated to improve conductivity and facilitate detailed observation. Table 3 highlights
a specific area at the grain boundaries, which arises because the surface of PAE grains is inherently rough, and
the gold coating cannot completely cover these boundaries, resulting in localized poor conductivity. At room
temperature (25○C), all three PAE types exhibit relatively uniform coating; however, certain initial defects,
such as pores originating from powder preparation and pressing, are observable. SEM images obtained at the
other three temperatures show the same defects at identical positions for PAE with the same binder content,
with their shapes and sizes remaining unchanged. Apart from these inherent defects, all components within
each PAE specimen are tightly bonded. Temperature variations do not induce debonding, cracking, or other
forms of structural failure. The particles and their boundaries remain intact and clearly defined, with no
formation of new pores or microcracks. These observations indicate that the microstructure of PAE, across
all three binder contents, exhibits high stability under different ambient temperatures, demonstrating strong
resistance to external stress and consistent mechanical performance.

Table 3: Microstructure of PAE at different ambient temperatures

Type
Temperature PAE1 PAE2 PAE3

−40○C

25○C

(Continued)
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Table 3 (continued)

Type

50○C

70○C

4 Conclusion
(1) At the same strain rate, all three PAEs exhibit linear elasticity and stable mechanical behavior. The

elastic modulus increases with binder content, with PAE3 being the highest. All show yielding, while
PAE2 and PAE3 display weaker yielding and more brittle features. PAE1 has the highest ultimate
strength, PAE2 the lowest, and PAE3 is comparable to PAE1, indicating that ultimate strength is
governed by binder content. A higher binder content enhances viscoelastic effects, increasing ultimate
strength and extending failure strain, allowing more stress transfer and energy release at a given
strain rate.

(2) At 25○C, 45○C, and 70○C, both elastic modulus and ultimate strength vary nonlinearly with temper-
ature, increasing then decreasing, while failure strain shows the opposite trend. This confirms the
temperature sensitivity of PAE, with optimal dynamic performance at 45○C.

(3) The maximum compressive strength of the three PAEs is temperature-sensitive and changes nonlin-
early. PAE1 decreases with temperature, whereas PAE2 and PAE3 first increase then decrease, reflecting
the temperature sensitivity of the binder, which becomes more pronounced with higher binder con-
tent. At the same temperature, maximum compressive strength decreases as binder content increases,
with PAE1 being the highest. Although higher binder content reduces strength, it compensates for
temperature-induced differences and stabilizes the static mechanical performance.

(4) The compressive modulus is also temperature-sensitive. It is highest at 25○C, while both high and
low temperatures reduce stiffness, with high temperatures having a stronger effect. Increasing binder
content weakens the modulus but mitigates temperature-induced degradation, improving static per-
formance across temperatures. PAE2 performs better in both high- and low-temperature conditions.

(5) At −40○C, 25○C, 50○C, and 70○C, aside from minor preparation-related defects, particle morphology
and boundaries remain clear without new pores, cracks, debonding, or fracture. The microstructure
remains stable, and temperature does not impair the mechanical integrity.
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