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diated microstructure evolution
and densification mechanism of F2314
fluoropolymer binder during warm isostatic
pressing

Baogang Yang, ab Kai Yang,b Zhijian Yang, b Kezhn Lv,b Haiying Yang,c

Jiang Li *a and Shaoyun Guoa

Polymer-bonded explosives (PBX) incorporate a fluoropolymer binder (F2314) as a critical component. The

densification behavior of F2314 influences the microstructure and macroscopic properties of PBX, thereby

determining the service performance of PBX components. A series of samples was prepared by isostatic

pressing at temperatures between 65 and 140 °C to elucidate the influence of the compaction

temperature on the densification mechanism of F2314. The results indicated that F2314 underwent

successive phase transitions during heating, which included glass transition, cold crystallization, and

partial melting. The crystallinity of F2314 initially increased, then decreased, accompanied by

a progressive decline in the content of rigid segments. Increasing the compaction temperature

significantly enhanced densification of the F2314 specimens, increasing the relative density from 88.6%

to 99.5%, with stabilization above 95 °C. A distinct transition from brittle to ductile fracture behavior was

observed between 95 and 110 °C, whereas the glass transition temperature and apparent activation

energy remained relatively stable. The densification mechanism transitioned from mechanical

interlocking at the particle scale at lower temperatures to the formation of an interpenetrating network

structure at elevated temperatures. This transition was driven by enhanced molecular chain mobility,

flow, and interdiffusion. In terms of process safety and mechanical performance, 125 °C was identified as

the optimal compaction temperature for F2314. These findings establish a fundamental correlation

among temperature, microstructure, and properties to provide a scientific basis for the optimized

isostatic pressing of F2314-based PBX.
Introduction

Polymer-bonded explosives (PBX) are a class of high-energy
composite materials that integrate crystalline explosive parti-
cles with a polymeric binder and various additives. PBX serves
as a critical energy source and a structural component in
modern weapon systems, with its performance and reliability
being paramount.1–4 The microscale behavior of the polymeric
binder plays a crucial role in determining the macroscopic
reliability of PBX, as it governs the integration of discrete
explosive crystals into a mechanically coherent and stable
structure. The thermoplastic random uoropolymer (F2314),
synthesized from vinylidene uoride (VDF) and chloro-
triuoroethylene (CTFE) at a 1 : 4 molar ratio, is widely used as
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a polymeric binder due to its favorable combination of thermal
stability, chemical resistance, and mechanical exibility.5–11

Consequently, the binder is decisive in determining the
mechanical integrity, safety, and ultimate performance of PBX
components under operational conditions.12,13

Warm-isostatic pressing (WIP) is a pivotal manufacturing
technique for PBX and offers signicant advantages, including
the production of components with minimal internal defects
and enhanced safety. In accordance with Pascal's law, WIP
employs a uid medium to apply uniform pressure from all
directions to the explosive particles contained within a exible
mold. Additionally, this enables efficient near-net-shape
formation of complex geometries while effectively mitigating
density gradient issues commonly encountered in conventional
uniaxial pressing.14–18 In conventional molding processes,
uniaxial stresses typically induce the orientation of micro-
structures within the bonded phase. In contrast, WIP facilitates
the uniform rearrangement of polymer molecular chains via
isotropic heat-force coupling, thereby promoting the develop-
ment of isotropic microstructures. Consequently, WIP has
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of isostatic pressing for F2314.
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become an indispensable high-end manufacturing technology
for PBX processing. During WIP, beyond the physical rear-
rangement and fragmentation of explosive crystals, the F2314
binder undergoes intense microstructural evolution as the
continuous phase. Moreover, the macroscopic mechanical
properties, dimensional stability, and long-term storage reli-
ability of the nal PBX component are fundamentally governed
by conformational adjustments, entanglement/
disentanglement, and phase transitions of the molecular
chains, which are part of the microstructural evolution.

However, research on PBX has historically focused on the
synthesis, control of crystal morphology, surface modication,
and compaction behavior of explosive crystals. In contrast,
studies on polymer binders, particularly high-performance
F2314, are relatively rare in terms of number and depth. Crit-
ical aspects such as the evolution of the binder's condensed-
state structure and its intrinsic response under coupled
thermal-mechanical conditions during WIP remain poorly
understood. Although prior work has examined binder-crystal
interfacial interactions, material modication, aging, and
crystallization behavior,19–26 these efforts have not provided
comprehensive insights into the microstructural evolution and
densication mechanisms of F2314 under processing-relevant
conditions. The absence of a comprehensive mechanistic
understanding hinders the rational design of binder-dominated
consolidation processes and constitutes a signicant barrier to
the reliable, high-performance manufacturing of PBX
components.

As a typical thermoplastic, F2314 exhibits highly
temperature-sensitive molecular chain dynamics. The temper-
ature sensitivity results in markedly different macroscopic
properties in the PBX components formed at different WIP
temperatures. Although previous rheological models have
attempted to describe the ow behavior of polymer binders
under processing conditions, they oen fail to entirely capture
the nonlinear viscoelastic response and structural evolution of
F2314 under actual WIP conditions. The lack of a precise
understanding of the binder's rheological behavior under WIP
conditions hinders the establishment of quantitative correla-
tions between processing temperature and the microstructure/
properties of PBX. Therefore, macroscopic cracks, localized
pores, and insufficient mechanical strength are common in
formed explosive components, compromising their mechanical
integrity and service reliability.

Therefore, this study aimed to address this challenge and
systematically investigated the “temperature-structure-prop-
erty” relationships in the F2314 binder during isostatic
pressing. The F2314 specimens were prepared using WIP over
a 65–140 °C temperature range. The F2314 specimens were
prepared using WIP within the temperature range of 65–140 °C,
covering the binder's critical transition from the highly elastic
state to the viscous-ow state during actual processing. An array
of techniques was used to characterize the dynamic evolution of
the condensed-state structure, molecular chain mobility,
mechanical properties, and viscoelasticity. The ndings of this
study are expected to clarify the PBX densication mechanism
during WIP and provide crucial theoretical guidance for the
© 2026 The Author(s). Published by the Royal Society of Chemistry
high-quality manufacturing of isostatically pressed PBX
components.

Experimental
Materials

The F2314 random copolymer (VDF : CTFE molar ratio = 1 : 4)
was procured from a commercial supplier. The as-received
white solid powder exhibited Mn and Mv values of 2.9 × 105

and 5.2 × 105 g mol−1, respectively. The particle size distribu-
tion ranged from 7 to 75 mm with a D50 of 34.0 ± 15.6 mm (as
shown in Fig. S1). The powder was used as received without
further purication. Throughout the sample preparation and
WIP processes, all operations were carried out in a controlled
dry atmosphere with precise temperature regulation to mini-
mize moisture absorption and thermal-oxidative degradation.

Compaction equipment

An isostatic press (Institute of Chemical Materials, CAEP) with
a maximum operating pressure of 300 MPa and a maximum
operating temperature of 300 °C was used for isostatic pressing.
The rates of pressure application and release were adjustable
within the range of 1–20 MPa min−1.

Specimen preparation

The F2314 specimens were fabricated using isostatic pressing
(Fig. 1). The detailed procedure is as follows: rst, the raw F2314
powder was placed into a exible mold and vibrated to achieve
a densely packed initial state. The mold was subsequently
transferred to an oven and heated to the target temperature (65,
80, 95, 110, 125, or 140 °C). The mold was vacuum-sealed upon
reaching the target temperature. The sealed assembly was
placed into an isostatic press, with the pressure-transmitting
medium maintained at the same temperature as the sample.
A pressure of 100MPa was applied, and themixture was held for
60 min. The pressure rise and release rates were 8 MPa min−1

and 4 MPa min−1, respectively. A moderate increase in rate
helps alleviate the stress concentration and thus inhibits
microcrack formation in the powder compact. In contrast,
a slower release rate allows gradual stress relaxation, reducing
RSC Adv., 2026, 16, 8388–8400 | 8389
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the risk of damage during unloading. Aer pressing, the sample
was cooled to room temperature within the equipment, then
demolded. Finally, mechanical machining was used to obtain
samples with specic dimensions for various characterizations.
At least three independent specimens were prepared for each
compaction temperature condition.
Characterization methods

Thermal characterization. The mobility of the molecular
chains in the F2314 powder at different temperatures was
characterized in situ using a VTMR-20-010V-I NMR analyzer
(Suzhou Niumag Analytical Instrument Co., Ltd). The transverse
relaxation time (T2) was measured via the magic sandwich echo-
free induction decay (MSE-FID) pulse sequence with the
following parameters: relaxation delay of 4000 ms, 32 scans,
and a sampling frequency of 333.33 kHz.

The thermal transitions of both the raw powder and the
pressed samples were analyzed using a Mettler DSC30 (Mettler-
Toledo International Inc., Germany). The samples (∼10 mg)
were sealed in aluminum crucibles. Under a nitrogen atmo-
sphere (20 mL min−1), the thermal program involved cooling
from room temperature to 0 °C at 10 °C min−1, followed by
heating to 150 °C at the same rate.

Structural characterization. In situ high-temperature XRD
patterns of the F2314 powder and ex situ patterns of the pressed
samples were acquired using a Bruker D8 Discover diffractom-
eter (Bruker AXS GmbH, Germany) with Cu Ka radiation. For in
situ tests, the temperature was varied from room temperature to
140 °C at a heating rate of 10 °Cmin−1, with diffraction patterns
collected at specic temperatures. The diffraction angle (2q)
range was 10–60° with a step size of 0.01°. The internal defect
structure of the isostatically pressed samples was examined
using a CD-300BX/mCT system (Chongqing ZhenCe Technology
Co., Ltd). Samples with dimensions of F20 mm × 6 mm were
scanned at 150 kV, 200 mA, and a voxel resolution of 17 mm.

The morphological features of the fracture surfaces of the
pressed samples (aer cryo-fracturing in liquid nitrogen) were
observed using an SEM 5000 microscope (Guoyi Quantum
Technology Co., Ltd) at an accelerating voltage of 10 kV. Prior to
observation, the surfaces were sputter-coated with a thin gold
layer for 60 s.
Fig. 2 For F2314 at various temperatures: (a) MSE-FID decays and (b) th

8390 | RSC Adv., 2026, 16, 8388–8400
Mechanical and physical characterization. The density of the
pressed samples (F20 mm × 6 mm) was determined by the
water displacement method using an ISAAS-02 H electronic
balance (Sartorius, Germany) with a precision of 0.1 mg.
Industrial distilled water (pH 6.0–7.5, conductivity #0.1
mS cm−1) was used as the medium. Each reported value repre-
sents the average of at least three measurements.

Dumbbell-shaped specimens (25 mm × 65 mm) were
machined from the pressed samples and tested at room
temperature using an Instron 5969 universal testing machine
(Instron Corporation, USA). The tests were conducted with
a gauge length of 15 mm and a crosshead speed of 5 mmmin−1.
A minimum of three specimens were tested for each condition.

The viscoelastic properties of the pressed samples (30 mm ×

10 mm × 1.5 mm) were characterized using a DMA 242C
analyzer (NETZSCH, Germany) in three-point bending mode.
The tests were performed at frequencies of 1, 2, 5, and 10 Hz
with a constant amplitude of 60 mm and a static preload of
0.2 N. The temperature was rst decreased from room
temperature to 0 °C and then increased to 150 °C at a rate of 1 °
C min−1.

All quantitative data were obtained from at least three
independent experiments and are presented as mean ± stan-
dard deviation. Statistical signicance of differences between
groups was determined using one-way analysis of variance
(ANOVA), with the signicance level set at p < 0.05. Post hoc
tests were performed for multiple comparisons where
applicable.
Results and discussion
Molecular chain motion behavior

LF-NMR, which is a powerful tool for probing the mobility of
polymer chains, measures the transverse relaxation time (T2) of
protons.27–30 A longer value indicated enhanced segmental
mobility within the polymer. The magnetization decay curves
and the corresponding relaxation times for F2314 at various
temperatures are presented in Fig. 2.

As shown in Fig. 2(b), the T2 value gradually increased by
15.4% from 201 to 232 ms when the temperature rose from 65 to
95 °C, suggesting progressively activated chain segment motion
e corresponding T2 values.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic depiction of the semicrystalline polymer structure.
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in the amorphous regions. The T2 value signicantly increased
to 343 ms at 110 °C, a 47.8% increase compared with its value at
95 °C. This increase signies substantially enhanced molecular
chain mobility. Furthermore, the T2 value increased sharply to
672 ms and 1091 ms at 125 °C and 140 °C, respectively. This
dramatic increase underscored the high-temperature sensitivity
of the F2314 chain dynamics above 110 °C.

As schematically depicted in Fig. 3, the F2314 structure
comprises crystalline, amorphous, and interfacial regions, as it
is a semicrystalline polymer.31 The “rigid” component in the LF-
NMR analysis included the crystalline phase and segments in
the amorphous region that were restricted at the measurement
temperature.

The phase composition was quantitatively analyzed by tting
the magnetization decay data using a three-component model
based on eqn (1) and (2),24 which accounted for the signal
contributions from rigid chains, the mobile amorphous phase,
and the interface phase.
Fig. 4 Nonlinear fitting of the MSE-FID decay of F2314 at various tempe

© 2026 The Author(s). Published by the Royal Society of Chemistry
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c1 ¼
A1

A1 þ A2 þ A3

(2)

here, A(t) represents the magnetization intensity at time t. A1, A2,
and A3 represent the initial signal intensities of the rigid,
amorphous, and interfacial components, respectively. T1, T2,
and T3 are the relaxation times corresponding to the rigid,
amorphous, and interfacial components, respectively. The
signaling components of the hard, so, and intermediate pha-
ses of polymer F2314 at different temperatures were obtained by
tting the decay spectra of the magnetization vector from the
low-eld nuclear magnetic resonance test via eqn (1), as shown
in Fig. 4.

The magnetization vector decay spectrum showed a good t
with eqn (1) within the 65–140 °C test temperature range, with
the tting correlation coefficient exceeding 0.99. As summa-
rized in Fig. 5 and calculated using eqn (2), the proportion of
rigid segments (c1) exhibited a marked nonlinear decrease with
increasing temperature, with their proportion decreasing from
30.17% at 65 °C to 22.99% at 95 °C, followed by a sharp decline
to 8.32% at 110 °C. Notably, the rigid segments were completely
absent at 125 and 140 °C, indicating the complete trans-
formation of the molecular chains into a mobile, random coil
conformation. Consequently, this trend provides direct
evidence of the intrinsic link between microscopic chain
mobility and thermal energy.
ratures.

RSC Adv., 2026, 16, 8388–8400 | 8391
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Fig. 5 The temperature variation law of the rigid segments of F2314.
Amorphous halos at 125 and 140 °C, confirming the complete melting.
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Crystallization performance evolution

DSC analysis. The thermal behavior of F2314 was rst
investigated using DSC. As presented in the DSC heating curve
of the raw F2314 powder in Fig. 6(a), the two primary thermal
events were as follows: the glass transition temperature (Tg) of
the amorphous phase was 40.3 °C (onset at 36.2 °C and endset
at 60.7 °C), and the melting endotherm (Tm) had a peak at
121.1 °C (onset at 103.0 °C and endset at 137.5 °C).

The melting behavior of the specimens compacted at
different temperatures varied signicantly, as depicted in
Fig. 6(b). The specimens pressed at 65, 80, and 95 °C exhibited
broad and weak melting endotherms similar to those of the raw
material, indicating that the material had no signicant
melting-recrystallization during pressing below its Tm. In
contrast, the sample compacted at 110 °C had no discernible
melting peak. This phenomenon can be interpreted within the
framework of pressure-inuenced crystallization kinetics. At
110 °C under 100 MPa isostatic pressure, chain mobility is
enhanced for densication but may still be restricted for the
development of well-ordered, stable crystals. The applied pres-
sure could promote the formation of metastable or imperfect
crystalline domains. During the subsequent DSC heating scan
at ambient pressure, these pressure-formed domains may
reorganize or undergo melt-recrystallization at temperatures
overlapping with other thermal events, leading to a broad,
Fig. 6 DSC curves of F2314 (a) heated and (b) compacted at various tem

8392 | RSC Adv., 2026, 16, 8388–8400
undetectable melting endotherm. Interestingly, the sample
pressed at 125 °C presented a distinct melting peak at 114.0 °C.
This temperature was likely near the optimal crystallization
temperature, which provided sufficient chain mobility to
develop a relatively well-ordered crystalline phase. The melting
peak vanished again for the sample pressed at 140 °C, which
could be attributed to the excessive thermal energy hindering
crystal nucleation and growth, resulting in low crystallinity
upon cooling.

XRD analysis. The evolution of the crystal structure was
directly probed using in situ high-temperature X-ray diffraction
(XRD). The XRD patterns of the raw F2314 powder acquired at
elevated temperatures are shown in Fig. 7(a). The three distinct
diffraction peaks at 16.2°, 16.5°, and 17.2° at room temperature
corresponded to the (101), (102), and (103) crystal planes of
polychlorotriuoroethylene (PCTFE), respectively.24,25,32 These
peaks essentially remained unchanged at 65 and 80 °C. Upon
heating to 95 and 110 °C, the (101) and (102) crystal planes
persisted, but the (103) crystal plane disappeared, indicating
the melting or phase transformation of the less perfect micro-
crystals associated with this plane. All the crystalline diffraction
peaks transformed into broad amorphous halos at 125 and
140 °C, conrming the complete melting.of the crystalline
phase and aligning with the DSC results.

As shown in the XRD patterns of the compacted samples in
Fig. 7(b), the diffraction peak positions were consistent with
those of the raw material, but their intensities generally
decreased with increasing compaction temperature, suggesting
reduced overall crystallinity. The samples pressed at 110, 125,
and 140 °C had similar diffraction intensities, which high-
lighted that the intensity of the DSC melting endotherm could
more effectively characterize the degree of crystallinity, but XRD
had limitations in discerning it.33–35

Crystallinity analysis. The crystallinity (cc) was quantied
using DSC and XRD for a comprehensive comparison. From the
DSC, cc was calculated using eqn (3).33

cc ¼
DHm

DH0
m

(3)

where OHm and OH0
m (43.5 J g−1) represent the melting

enthalpy of the sample and 100% crystalline PCTFE,
peratures.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XRD patterns of F2314 (a) heated and (b) compacted at various temperatures.
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respectively.36 The melting peak integration for the rawmaterial
is illustrated in Fig. 8(a).

From XRD, cc was determined using eqn (4).

cc ¼
Ic

Ic þ Ia
(4)

where Ic and Ia represent the integrated areas of the crystalline
and amorphous regions, respectively. A representative peak t
for the raw material is shown in Fig. 8(b).

The in situ XRD-calculated crystallinity of the F2314 powder
increased from 6.49% at room temperature to 7.81% at 80 °C,
then decreased to 5.98% at 110 °C, and nally decreased to zero
Fig. 8 Crystallization behavior of F2314 heated and compacted at vario
peak fitting results, and (c) crystallinity at various temperatures were deter
temperatures, as determined via XRD and DSC analysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
at 125 and 140 °C (Fig. 8(c)). This non-monotonic trend indi-
cated competition between thermally induced crystallization at
lower temperatures and crystal melting/destruction at higher
temperatures.

As summarized in the comparative analysis of the crystal-
linity of the compacted samples in Fig. 8(d), DSC and XRD
consistently revealed a trend of initial increase followed by
a decrease with increasing compaction temperature. The
samples pressed at 80–95 °C had the highest crystallinity values,
which decreased at higher temperatures. This trend under-
scored the profound inuence of the thermal history during
pressing. At lower temperatures (65–95 °C), the combined effect
us temperatures. For the F2314 raw material, (a) DSC analysis, (b) XRD
mined using in situ XRD. (d) Crystallinity of F2314 compacted at various

RSC Adv., 2026, 16, 8388–8400 | 8393
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of enhanced chain mobility and applied pressure promoted
segmental rearrangement and crystallization. In contrast, the
increased thermal motion at temperatures above 95 °C di-
srupted the formation of stable crystal nuclei, resulting in lower
nal crystallinity.
Microstructure and evolution of forming density

Analysis of internal defects via X-ray industrial CT. The
internal quality and defect distribution of the pressed speci-
mens were visualized using X-ray industrial CT, which is a non-
destructive method. As shown in the CT images of the F2314
specimens compacted at different temperatures in Fig. 9,
densication improved dramatically with increasing
temperature.

The sample pressed at 65 °C had a loose, porous structure
with numerous, uniformly distributed ne pores, indicating
poor cohesion between the original powder particles (Fig. 9(a)).
The internal void content decreased at 80 °C, and the porous
state transitioned from being widespread to localized (Fig. 9(b)).
A critical change occurred at 95 °C, where the sample achieved
near-full densication, with only a few isolated pores remaining
near the edges (Fig. 9(c)). As shown in Fig. 9(d–f), the specimens
were almost completely dense when the compaction tempera-
ture reached 110–140 °C, with no observable pores either at the
center or the edges. The isotropic nature of the internal quality
of these high-temperature specimens underscored the funda-
mental advantage of isostatic pressing, with the uniform
transfer of pressure in all directions enabling three-
dimensional homogeneous compaction.37,38
Fig. 9 CT images of the F2314 specimens compacted at temperatures

8394 | RSC Adv., 2026, 16, 8388–8400
Analysis of the fracture morphology using SEM. As presented
in Fig. 10, the fracture surfaces of the cryogenically fractured
specimens were examined using SEM to gain insights into the
interfacial bonding at the microscopic level. The morphology
evolution correlated strongly with the CT observations.

At 65 °C, the boundaries between the original F2314 particles
were clearly discernible, with the fracture surface exhibiting
a highly porous structure and numerous interconnected pores,
consistent with the observed low density (Fig. 10(a)). The
morphological characteristics showed limited improvement
when the temperature was increased to 80 °C, and a porous
network similar to that at 65 °C was retained (Fig. 10(b)).
Notably, enhanced interfacial bonding emerged at 95 °C, where
the previously continuous large-area pores were largely elimi-
nated, accompanied by a marked increase in the material
density and blurred interparticle boundaries (Fig. 10(c)). The
fracture surface developed a stepped morphology at 110 °C,
with only a few residual pores, indicating further progress in
particle fusion (Fig. 10(d)). The sample pressed at 125 °C
showed completely fused particle interfaces, yielding a relatively
smooth surface with river-like patterns (Fig. 10(e)). Interest-
ingly, the fracture surface became even denser and smoother at
140 °C, yet exhibited numerous radial bands, characteristic of
brittle fracture behavior (Fig. 10(f)).

Density and relative density of specimens. The quantitative
evolution of densication was characterized using density
measurements, and the results are summarized in Fig. 11. The
absolute density increased from 1.824 g cm−3 at 65 °C to
2.040 g cm−3 at 95 °C, followed by stabilization at about
of (a) 65, (b) 80, (c) 95, (d) 110, (e) 125, and (f) 140 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM images of the brittle fracture cross-sections of F2314 compacted at compaction temperatures of (a) 65, (b) 80, (c) 95, (d) 110, (e) 125,
and (f) 140 °C.

Fig. 11 Effects of the compaction temperature on (a) the forming density and (b) the relative density and appearance of F2314.
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2.045 g cm−3 for temperatures between 110 and 140 °C
(Fig. 11(a)).

As shown in Fig. 11(b), the relative density was calculated
using the theoretical density of 2.0576 g cm−3 for F2314.22 The
relative density rose rapidly from 88.6% to 99.1% as the
compaction temperature increased from 65 to 95 °C. The rela-
tive density exceeded 99% above 95 °C, with the rate of increase
slowing considerably and reaching a maximum of 99.5% at
140 °C. As shown in the inset in Fig. 11(b), the macroscopic
appearance of the samples transitioned from white and opaque
at low temperatures to transparent at high temperatures. This
visual change was a direct manifestation of reduced light-
scattering centers (pores and interfaces), further corroborating
the enhanced densication.

In summary, CT, SEM, and density measurements yielded
highly consistent results, collectively reecting the densica-
tion process of F2314 under isostatic pressing. The particles
underwent primarily elastic deformation at lower temperatures
© 2026 The Author(s). Published by the Royal Society of Chemistry
(#80 °C), resulting in weak interfacial bonding and a porous
structure. As the temperature increased ($95 °C), the mobility
of the polymer chains increased, facilitating plastic deforma-
tion and pore lling, thereby signicantly increasing the density
and blurring particle boundaries. The sample density
approached the theoretical limit when the temperature xceeded
the critical value (∼110 °C), and a well-fused, continuous matrix
dominated the microstructure, with further increases in
temperature yielding lower returns to densication.39,40

Tensile mechanical properties. The processing temperature
was correlated with the macroscopic mechanical behavior by
critically evaluating the tensile properties of isostatically
pressed F2314 samples. As shown in the stress–strain curves
and the derived mechanical parameters in Fig. 12, the
compaction temperature had a profound inuence on the
deformation and failure mechanisms.

As shown in Fig. 12(a) and (b), the tensile response trans-
itioned dramatically with increasing compaction temperature.
RSC Adv., 2026, 16, 8388–8400 | 8395
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Fig. 12 Tensile mechanical properties of the F2314 specimens compacted at various compaction temperatures. (a) Stress–strain curves, (b) local
magnification diagrams, (c) tensile strength and fracture strength, (d) tensile strain and fracture strain, (e) elastic modulus, and (f) fracture energy.
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The specimens pressed at 65, 80, and 95 °C exhibited linear
elastic behavior, followed by catastrophic fracture at low strains,
a characteristic of brittle materials. In stark contrast, the spec-
imens pressed at 110, 125, and 140 °C exhibited typical ductile
behavior, which was characterized by a yield point, subsequent
strain soening, and pronounced strain hardening before
fracture.

The brittle-to-ductile transition is quantitatively detailed in
Fig. 12(c) and (d). The tensile strength (taken as the fracture
strength and yield strength for brittle and ductile specimens,
respectively) increased from 2.41 MPa at 65 °C to 22.35 MPa at
140 °C, which was an increase of more than 9 times. More
notably, the fracture strain (3b) experienced an extraordinary
increase of more than 450 cycles, increasing from 0.37% at 65 °
C to 167.10% at 140 °C. Consequently, this improved ductility
was a direct result of enhanced interfacial bonding and
a continuous, cohesive material structure formed at higher
compaction temperatures. The observed brittle-to-ductile tran-
sition between 95 and 110 °C is a direct macroscopic conse-
quence of the concurrent microstructural changes detailed in
previous section. Within this critical temperature interval, the
sharp decrease in rigid segment content (Fig. 5), the near-
elimination of internal pores (Fig. 9), and the blurring/fusion
of interparticle boundaries (Fig. 10) synergistically trans-
formed the material from a weak, porous assembly of particles
into a strong, cohesive continuum. This transformation
fundamentally altered the failure mode from easy crack prop-
agation along weak interfaces to extensive plastic deformation
within a robust, interpenetrating network. In addition, the
elongation at break is signicantly correlated with the crystal-
linity. From 110 to 140 °C, the crystallinity of the isostatically
pressed samples decreases monotonically with increasing
temperature, weakening the rigidly ordered internal structure
and signicantly increasing elongation at break.

As presented in Fig. 12(e), the elastic modulus (E) is
a measure of the material stiffness. E increased from 0.61 to
8396 | RSC Adv., 2026, 16, 8388–8400
about 1.23 GPa as the temperature rose from 65 to 95 °C, fol-
lowed by stabilization within a narrow range of 1.21–1.24 GPa
for temperatures$110 °C. This stabilization coincided with the
achievement of a near-theoretical density (relative density
>99%, as shown in Fig. 11), indicating that the intrinsic stiffness
of the fully densied polymer matrix, rather than porosity,
primarily governed the modulus.

The fracture energy density (w), a key toughness indicator,
was calculated by integrating the area under the stress–strain
curves (eqn (5)).41,42 As shown in Fig. 12(f), w increased by
several orders of magnitude, from 0.52× 104 J m−3 at 65 °C to
2772.85 × 104 J m−3 at 140 °C. This dramatic increase under-
scores the superior ability of high-temperature pressed speci-
mens to absorb energy and resist crack propagation.

w ¼
ð3b
0

sð3Þd3 (5)

The evolution of the mechanical properties was intrinsically
linked to the microstructural changes detailed in previous
section. The brittle failure at low temperatures (#95 °C) stem-
med from weak interfacial bonding and poor particle fusion,
leading to easy propagation along particle boundaries. The
ductile behavior observed at temperatures $ 110 °C was
attributed to sufficient molecular chain interdiffusion across
the particle interfaces, which formed a robust three-
dimensional interpenetrating network. This network allowed
for extensive plastic deformation through chain orientation and
stretching before ultimate failure. The sample pressed at 125 °C
showed an optimal combination of high strength and excep-
tional ductility, suggesting that this temperature facilitated the
ideal balance between chain mobility (for interfacial healing)
and microstructural development (for strength). In PBX appli-
cations, the binder's tough, ductile behavior was crucial for
enhancing the crack resistance and overall structural integrity
of the explosive components under mechanical or thermal
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Tg and tan dpeak for the F2314 specimens under different
compaction temperatures at various test frequencies

f (Hz)

Tg (°C) Tan dpeak

110 °C 125 °C 140 °C 110 °C 125 °C 140 °C

1 53.0 52.6 53.3 0.551 0.619 0.646
2 55.5 55.3 55.8 0.564 0.631 0.664
5 57.5 58.7 59.3 0.574 0.649 0.686
10 60.8 61.6 61.8 0.585 0.666 0.702
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stress. A further increase in the temperature to 140 °C
marginally improved ductility but did not signicantly enhance
strength and could introduce potential thermal risks, reinforc-
ing 125 °C as the optimal processing condition.43,44

Viscoelasticity
Dynamic thermo-mechanical properties. To investigate the

effect of compaction temperature on the molecular relaxation
behavior of F2314, DMA was conducted on samples fabricated
at 110–140 °C.

These samples exhibited macroscopic ductile fracture and
high densication, indicative of a well-consolidated internal
structure with minimal defects—features that enhance their
representativeness for characterizing the material's bulk visco-
elastic response. In contrast, the samples compacted at 65–95 °
C exhibited incomplete densication, with a tendency for
internal pore formation and interfacial defects. The dynamic
mechanical behavior of these materials is signicantly affected
by structural heterogeneity, limiting accurate reection of the
intrinsic viscoelastic properties of the polymer matrix.

The spectra of the temperature-dependent storage modulus
(E0), loss modulus (E00), and loss factor (tand) at various
frequencies (1, 2, 5, and 10 Hz) are presented in Fig. 13.

The E00 and tan d spectra showed a prominent relaxation peak
within the 30–90 °C temperature range for all the samples,
which was attributed to the glass-to-rubber transition of the
amorphous phase in F2314. The material was in a glassy state
below 30 °C, which was characterized by a high and relatively
constant E0 (z1.2 GPa), since the molecular chain segments
were “frozen” with severely restricted mobility. The material
underwent a glass transition above 30 °C. The chain segments
gradually “thawed,” leading to signicantly increased mobility
and a consequent rapid decrease in E0. The material entered the
rubbery plateau above about 90 °C, where E0 stabilized at
a much lower value as the chains became highly mobile.

The test frequency notably affected the dynamic mechanical
response. As shown in Fig. 13(a–f), an increase in the frequency
from 1 to 10 Hz systematically shied the E00 and tand peaks to
Fig. 13 Dynamic mechanical temperature spectra of F2314 at compact

© 2026 The Author(s). Published by the Royal Society of Chemistry
higher temperatures, accompanied by an increase in their peak
intensities. This frequency dependence was a hallmark of
viscoelastic behavior. At higher frequencies, the material
exhibited greater rigidity (higher E0), and the observed glass
transition was delayed to a higher temperature since the poly-
mer chain segments could not relax and responded promptly to
the applied oscillatory stress.45–48 Concurrently, the intensied
internal friction between molecules led to greater energy dissi-
pation, manifesting as increased E00 and tand peak values.

The Tg value, which was identied from the peak maximum
of tan d, and its corresponding tand peak values are summa-
rized in Table 1 for all conditions. Notably, at any given
frequency, the specimens pressed at different temperatures had
remarkably consistent Tg values (e.g., 53.0–53.3 °C at 1 Hz). This
indicated that the global segmental mobility governing the
glass transition was largely independent of the isostatic
compaction temperature when a fully densied, well-fused
structure was achieved above 110 °C.

Activation energy of the glass transition. The magnitude of the
apparent activation energy (DE) for the glass transition reected
the energy barrier that the polymer chains had to overcome to
initiate coordinated segmental motion. The kinetic behavior
followed the Arrhenius equation (eqn (6)).48

u ¼ u0 exp

�
� DE

RTg

�
(6)
ion temperatures of (a and d) 110, (b and e) 125, and (c and f) 140 °C.
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here, u, u0, DE, Tg, and R represent the angular frequency (in
rad s−1), the pre-exponential factor (in rad s−1), the activation
energy of the glass transition (in kJ mol−1), the glass transition
temperature (in K), and the gas constant (=8.314 J mol−1 K−1),
respectively.

The relationship between u in eqn (6) and the test frequency
(f (Hz)) is given by eqn (7).

u = 2pf (7)

Furthermore, taking the logarithm of eqn (6) yields eqn (8).

Ln u ¼ ln u0 � DE

RTg

(8)

As shown in Fig. 14, DE was determined from the slope of the
linear plot of ln (u) versus 1/Tg. The DE values calculated at 110,
125, and 140 °C were 275.3, 233.5, and 245.1 kJ mol−1, respec-
tively. All the tting correlation coefficients (R2) exceeded 0.99,
indicating excellent linearity of the data. The DE value was in
close agreement with the value of 244.3 kJ mol−1 reported by
Song et al.,49 thereby further conrming the reliability of the
experimental results.

The DE values fell within a relatively narrow range of 233.5–
275.3 kJ mol−1 and showed no systematic trend with compac-
tion temperature. This further conrmed the fundamental
dynamics of the glass transition. Thus, the bulk viscoelastic
properties of the well-consolidated F2314 were insensitive to the
isostatic compaction temperature within the high-temperature
regime (110–140 °C). The slight variations were likely within
experimental error and may have been inuenced by subtle
differences in the nal amorphous structure or residual thermal
history. The observed consistency in viscoelasticity under-
pinned the stability of the mechanical properties of the samples
molded above the critical temperature of 110 °C, as detailed in
previous section.

Isostatic pressing densication mechanism. The intrinsic
mechanism governing the temperature-dependent densica-
tion of F2314 during isostatic pressing was elucidated by
synthesizing comprehensive experimental evidence. A distinct
evolutionary pathway, which transitioned from incomplete
particle consolidation to the formation of a fully homogenous
Fig. 14 Lnu− 1/Tg curves of F2314 at compaction temperatures of (a)
110, (b) 125, and (c) 140 °C.

8398 | RSC Adv., 2026, 16, 8388–8400
structure, characterized this process (Fig. 15). The temperature
exceeded Tg at lower temperatures (65–95 °C), but the molecular
chain mobility was restricted, and the crystalline phase was
largely preserved. Consequently, densication relies predomi-
nantly on the elastic deformation and mechanical interlocking
of powder particles, with minimal interdiffusion of chains
across interfaces. This resulted in weak interfacial bonding,
signicant porosity, and brittle fracture behavior, as clearly
evidenced by the CT and SEM analyses.

The mechanism showed a critical shi as the compaction
temperature entered an intermediate range, culminating at
about 110 °C. The increased thermal energy signicantly
increased the mobility of chain segments, initiating the melting
of imperfect crystallites. This facilitated a transition from mere
mechanical interlocking to a combined mechanism in which
interfacial healing through chain interdiffusion played a domi-
nant role. The markedly improved density and the consequent
shi from brittle to ductile fracture underscored the impor-
tance of this transitional stage. The crystalline phase completely
melted upon entering the high-temperature regime (125–140 °
C), thereby providing the maximum mobility of the molecular
chains. Thereaer, extensive plastic ow and profound inter-
diffusion dominated densication, eradicating the original
particle boundaries and forming a dense, three-dimensional
interpenetrating network. Consequently, this yielded a near-
theoretical density and superior mechanical properties,
including high strength and exceptional toughness. It is
important to recognize that the thermomechanical history of
the material extends beyond the pressing stage. Thermo-
mechanical analysis (TMA) results indicate that within the
pressing temperature range studied in this work (above 95 °C),
the F2314 material does not exhibit signicant additional
thermal expansion behavior (as seen from Fig. S2). This
suggests that aer pressing at the optimal temperature of 125 °
C, no appreciable additional volumetric contraction due to CTE
occurs during the subsequent cooling stage. Therefore, the
selection of this temperature primarily ensures complete crystal
Fig. 15 Schematic depiction of isostatic pressing for the raw F2314
materials at various temperatures.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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melting and sufficient chain interdiffusion, thereby forming
a robust interpenetrating network to achieve high density and
excellent performance.

This mechanistic understanding provides a scientic basis
for process optimization. The optimal temperature for the
isostatic pressing of F2314 was 125 °C. This approach ensured
complete crystal melting and sufficient chain interdiffusion to
form a robust interpenetrating network, achieving the desired
high performance. This temperature also represents a balanced
choice considering the CTE-related behavior, helping to coor-
dinate the thermal contraction effects during cooling.
Conversely, a higher temperature of 140 °C could offer marginal
gains in ductility but provided no signicant advantage in
strength and increased the thermal risk prole, a critical
consideration for PBX processing. Therefore, 125 °C repre-
sented the optimal compromise, which achieved an ideal
balance between mechanical performance and operational
safety to enable the high-quality manufacturing of F2314-based
PBX components. Addtionally,it should be noted that the
densication process of F2314 during isostatic pressing is
fundamentally physical in nature, involving no formation or
cleavage of chemical bonds (as seen from Fig. S3). This study
elucidates the densication mechanism of F2314 and system-
atically compares its high-temperature compaction behavior
with that of short-chain polymers and non-polymeric mate-
rials—including metallic and ceramic powders. For polymeric
systems, low molecular weight facilitates void lling owing to
reduced melt viscosity and enhanced melt uidity; however, it
compromises structural integrity due to insufficient chain
entanglement. In contrast, high molecular weight polymers
exhibit superior densication, attributable to increased chain
mobility and a more robust, percolating entanglement
network.50 Non-polymeric materials, lacking both chain entan-
glement and polymer-chain diffusion, densify exclusively
through solid-state mechanisms—namely, particle rearrange-
ment, plastic deformation under load, and thermally activated
sintering diffusion.51

Conclusion

This study systematically elucidated the intrinsic correlation
between the isostatic compaction temperature and the
microstructure-property evolution of the F2314 binder for PBX
applications. The densication mechanism fundamentally
transitions from particle-level mechanical interlocking at low
temperatures (65–95 °C) to molecular-level chain interdiffusion
and interpenetrating network formation at elevated tempera-
tures (110–140 °C). The optimal compaction temperature of
125 °C achieved a critical balance, ensuring complete crystal
melting and sufficient chain mobility to form a cohesive
microstructure while maintaining process safety. Additionally,
this temperature yielded F2314 samples with a near-theoretical
density (>99.3%), an excellent tensile strength of 21.74 MPa,
and an outstanding fracture toughness of 134% strain. These
ndings establish a scientic foundation for the high-quality
manufacturing of F2314-based PBX components, which
demonstrates that precise temperature control during isostatic
© 2026 The Author(s). Published by the Royal Society of Chemistry
pressing is crucial for achieving optimal mechanical properties
and structural reliability in explosive formulations. Further-
more, the temperature-dependent relationship between the
microstructure and performance revealed in this study provides
a theoretical basis for the optimization of temperature param-
eters during isostatic pressing. By coordinating the optimal
temperature window of 125 °C with key process parameters,
including pressure, pressurization rate, and holding time, the
overall performance of PBX components can be further
enhanced. Notably, the signicant technical challenges of
conducting in situmeasurements during isostatic pressing have
led to uncertainties in precisely characterizing the evolution of
F2314 crystallinity at high temperatures. Future studies incor-
porating more advanced in situ characterization techniques are
expected to further enhance the understanding of the under-
lying microstructural transformation mechanisms. Notably,
a key limitation of this study arises from the technical chal-
lenges of performing in situ, real-time microstructural charac-
terization during the high-pressure, high-temperature isostatic
pressing process. This introduces some uncertainty in precisely
mapping the crystallinity evolution at elevated temperatures.
Future studies incorporating more advanced in situ character-
ization techniques (e.g., synchrotron X-ray imaging, high-
pressure DSC) are expected to provide deeper insights into the
real-time microstructural transformation mechanisms.
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