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A B S T R A C T

Polypropylene (PP) is widely used in consumer and engineering applications but is highly flammable and prone 
to melt-dripping. Here, we investigate how the polymerisation degree and water solubility of ammonium pol
yphosphate (APP) control the fire behaviour of PP/APP composites, combining UL-94, limiting oxygen index 
(LOI) and cone calorimetry with TG-FTIR, tensile testing and multi-scale morphology/chemistry characterisation 
(SEM/EDS, Raman and XPS) and ReaxFF reactive molecular dynamics (ReaxFF-MD) simulations. Two APP 
grades are examined: a highly polymerised, poorly soluble APP (WR-APP) and a low-polymerised, water-soluble 
APP (WP-APP). The fire tests show that WR-APP attains higher LOI values and UL-94V-0 ratings at lower 
loadings, forms denser P/N-rich char layers and reduces smoke production, whereas WP-APP leaves porous 
residues and requires higher loadings to reach comparable performance. SEM of unburned composites indicates 
APP-related accumulations and pull-out cavities, which become more evident at higher loadings and are 
consistent with the loss of ductility/strength in tensile tests. ReaxFF-MD simulations further show that WR-APP 
extends the induction period of PP pyrolysis, delays hydrocarbon release and promotes phosphate-mediated 
char-network formation, consistent with a delayed and localised decomposition process. TG-FTIR provides 
experimental support by tracking the evolution of key volatile species, strengthening the micro–macro linkage 
between simulated product trends and measured fire behaviour. Relating these atomistic results to the macro
scopic fire behaviour underscores the roles of APP polymerisation degree and solubility in the condensed-phase 
flame-retardant action of PP and provides guidance for optimising halogen-free flame retardants for polyolefin 
systems.

1. Introduction

Polypropylene (PP) is widely used in automotive interiors, electrical 
housings and building components owing to its low cost, ease of pro
cessing and balanced mechanical properties [1–3]. However, its 
inherent flammability and melt-dripping during combustion lead to 
rapid heat release and secondary ignition of adjacent materials, which 
limits its use in applications with strict fire-safety requirements [4–7]. 
These hazards are of particular concern in transport and building sec
tors, where regulations such as UNECE R118 for automotive interiors 
and EN 45545 for railway materials specify minimum fire performance 
levels [8–11]. Consequently, there is a clear need for flame-retardant 

approaches that improve the fire behaviour of PP while retaining its 
processing and cost advantages.

Among halogen-free flame-retardant systems, ammonium poly
phosphate (APP) is widely used because it promotes char formation in 
the condensed phase and can act as a radical scavenger in the gas phase 
[12–16]. As the typical acid source in intumescent flame retardants 
(IFRs), APP has been incorporated into many thermoplastic matrices, 
often together with pentaerythritol (PER), melamine or inorganic fillers 
to improve flame-retardant efficiency and processing [17–21]. Most of 
these studies focus on formulation design through synergists, surface 
modification or microencapsulation of APP. In contrast, the influence of 
the intrinsic parameters of APP itself—such as polymerisation degree 
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and water solubility—on the flame-retardant behaviour of PP has been 
much less systematically explored. Existing reports mainly provide iso
lated examples, for instance improved water resistance and smoke 
suppression via surface-engineered APP [22], or denser char structures 
induced by carbonaceous or inorganic co-additives [23,24], but do not 
establish how APP structure controls the underlying condensed-phase 
mechanisms.

The roles of intrinsic APP features—particularly polymerisation de
gree and water solubility, together with the effective loading—in con
trolling PP anti-dripping, char formation and smoke/toxicity reduction 
are still not well quantified. Highly polymerised APP can facilitate the 
formation of continuous polyphosphate networks but tends to disperse 
poorly in PP matrices [2,3,25], while lower-polymerisation, more water- 
soluble APP is prone to migration and loss of performance during service 
[26,27]. How these structural characteristics combine to determine the 
condensed-phase flame-retardant mechanisms of APP in PP, and how 
they can be translated into quantitative design rules, remains insuffi
ciently established.

Beyond uncertainties in APP structure–property relationships, a 
further challenge is linking molecular-level degradation processes to 
macroscopic fire-performance metrics. Conventional UL-94 and LOI 
tests provide rapid classification of flame retardancy but do not resolve 
the relative roles of gas-phase and condensed-phase mechanisms, while 

cone calorimetry yields global parameters such as peak and total heat 
release without directly capturing radical evolution or char build-up 
[28–30]. Advanced spectroscopic and thermal analysis techniques, 
including TG-FTIR, Raman spectroscopy, XPS and synchrotron-based 
methods, have improved our ability to identify degradation products 
and char microstructures in flame-retardant systems [31–33], yet these 
measurements typically offer single-scale views and are not routinely 
integrated into a cross-scale mechanistic framework. In fire field 
modelling that includes solid pyrolysis, reliable kinetic parameters are 
required for the underlying materials, particularly when flame re
tardants are present [34,35]. Reactive force-field molecular dynamics 
(ReaxFF-MD) can simulate concurrent bond breaking/formation and 
radical reactions during polymer degradation, providing atomistic 
insight into pyrolysis and char nucleation processes [36,37]. Several 
recent studies on HDPE/APP, EPS and EVA-based composites have 
shown that ReaxFF simulations can reproduce trends in pyrolysis ki
netics and char formation that are consistent with experimental in
dicators such as LOI, UL-94 ratings and cone calorimetry metrics
[38–40]. In this sense, ReaxFF-MD is well suited to provide comparative 
atomistic insight that helps rationalise trends in macroscopic fire 
behaviour [41,42]. However, systematic schemes that integrate ReaxFF- 
MD outputs with standard fire-performance tests to construct experi
mentally testable micro–macro linkages for APP-filled PP systems are 

Fig. 1. Integrated research framework: (a) schematic of model implementation of MD system, (b) experimental fire performance evaluation, (c) fire retardancy 
mechanism characterisation through ReaxFF-MD.
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still scarce.
To address these gaps, we combine ReaxFF-MD simulations with 

targeted fire-performance experiments to clarify the thermal degrada
tion mechanisms and fire behaviour of PP/APP composites. As sche
matically summarised in Fig. 1, the workflow involves three stages: (a) 
atomistic modelling of PP and APP followed by high-temperature 
ReaxFF-MD simulations to analyse key degradation pathways, char 
precursors and associated kinetic parameters; (b) systematic fire testing 
by cone calorimetry (HRR, THR, MLR, TSP, SEA and residue analysis), 
LOI and UL-94 vertical burning, complemented by evolved-gas analysis 
(TG-FTIR), unburned-composite dispersion characterisation (SEM), 
mechanical property evaluation, and residue morphology/composition 
characterisation (with 50 wt% residues provided in the Supporting In
formation); and (c) integration of the experimental and MD results into a 
consistent mechanistic picture that links acid-catalysed charring in the 
condensed phase with radical scavenging in the gas phase. Taken 
together, the study illustrates how molecular-scale ReaxFF-MD simula
tions can be coupled with standard fire tests to rationalise the struc
ture–property relationships of APP in PP, and provides guidance for 
optimising halogen-free flame-retardant polyolefins.

2. Experimental

2.1. Materials and sample preparation

PP powder (150 mesh) was supplied by Guangdong Hengfa Plastics 
Co., Ltd. Two grades of ammonium polyphosphate (APP) with distinct 
polymerisation degrees and water solubilities were provided by Hong 
Kong Advanced Scientific Technology Limited. According to the supplier 
specifications, the low-polymerisation APP (denoted as WP-APP) has a 
degree of polymerisation < 20 and high solubility (>900 g/L at 25 ◦C), 
while high-polymerisation APP (denoted as WR-APP) possesses a poly
merisation degree of 30–50 and low solubility (<4 g/L at 25 ◦C). PP/APP 
composites were fabricated by melt blending PP with APP at loadings of 
20, 25, 30, and 50 wt% using a torque rheometer. The blends were 
subsequently hot-pressed to obtain sheets, from which test specimens 
were cut. The formulations are summarised in Table 1.

2.2. Characterisation methods

The flame retardancy of the composites was evaluated by the UL-94 
vertical burning test (IEC 60695–11-10) and limiting oxygen index (LOI) 
measurement (ASTM D2863), using specimens of 130 × 13 × 3 mm3 and 
100 × 6.5 × 3 mm3, respectively. Fire behaviour was further assessed by 
cone calorimetry (ISO 5660-1) at an external heat flux of 35 kW/m2, 
providing heat release (HRR, THR), mass loss (MLR), smoke metrics 
(TSP, SEA) and oxygen-consumption parameters. To evaluate APP 
dispersion and interfacial features in the unburned composites, cryo- 
fractured surfaces were examined by SEM (JEOL JSM-7100F), and 
multi-field image analysis was used to semi-quantify particle distribu
tion and agglomeration. Thermal decomposition and evolved volatiles 
were analysed by TG-FTIR: ~10.0 mg of sample was heated from 25 to 
800 ◦C at 10 ◦C/min under N2 (60 mL/min). Cone-calorimetry residues 

were characterised by SEM (JEOL JSM-7100F), XPS (PHI 5000 Ver
saProbe; C1s = 284.8 eV) and Raman spectroscopy (LabRAM HR Evo
lution, 532 nm). Representative formulations (WP-30, WR-20 and WR- 
30) were selected for direct comparison with the ReaxFF-MD simula
tions; residue data for the 50 wt% formulations are provided in the 
Supporting Information as a high-loading reference. Tensile tests were 
conducted on an Instron 5566 universal testing machine (±500 N), 
following ASTM D882-12 at a crosshead speed of 5 mm/min (n = 3), and 
results are reported as mean ± standard deviation.

3. Mathematical models

3.1. Experimental formulae

To facilitate a quantitative comparison of combustion behaviour and 
smoke generation among the PP/APP formulations, two derived pa
rameters were calculated from the cone calorimeter data: the average 
rate of heat emission (ARHE) and the smoke production rate (SPR).

The ARHE over a time interval [t1, t2] was defined as Eq. (1): 

ARHE =
1
Δt

∫ t2

t1
Q(t)dt (1) 

where Q(t) is the instantaneous heat release rate and Δt = t2 − t1 is the 
duration of the interval.

The SPR describes the rate of smoke generation and was obtained 
from the slope of the total smoke production (TSP)–time curve as Eq. 
(2): 

SPR =
ΔTSP

Δt
(2) 

where ΔTSP is the change in total smoke production, and Δt is the time 
interval over which the change in TSP is observed. To ensure the ac
curacy of SPR, the TSP data is often smoothed to eliminate noise from 
experimental fluctuations.

3.2. ReaxFF model equations

ReaxFF is a reactive bond-order force field that allows bond breaking 
and formation during MD simulations. Detailed formulations are avail
able in the original ReaxFF literature and are not repeated here.[41,42].

3.3. Model implementation

All simulations were equilibrated at 300 K for 50 ps to relax the 
initial configurations. The systems were then linearly heated from 300 K 
to the target pyrolysis temperatures (2500, 3000, and 3500 K) within 50 
ps. After reaching the desired temperature, isothermal heating condi
tions were applied for additional 400 ps, resulting in a total simulation 
time of 500 ps for each case. Temperature control was achieved using a 
Nosé–Hoover thermostat with a damping constant of 50 fs, and the 
integration time step was fixed at 0.1 fs.

Atomistic models of PP/APP composites were constructed with sys
tematically varied compositions and APP chain lengths. Two APP 
loadings (20 and 30 wt%) and two polymerisation degrees (n = 15 and n 
= 30) were considered, with a total of 12 distinct PP/APP molecular 
geometries. Detailed modelling parameters are provided in Table 2. 
Each simulation cell contained 20–30 isotactic PP chains with 20 repeat 
units each and 2–5 APP chains depending on the target composition. The 
initial configurations were generated at low packing density and then 
compacted to a target density of ~ 0.90 g/cm3 to mimic experimental 
PP/APP blends, and a three-dimensional periodic boundary condition 
was applied. Atomic packing was generated using Packmol [43] and 
subsequently relaxed by energy minimisation. Taking the example of n 
= 30 with 30% APP loading, Fig. 2 illustrates the modelling process. The 
simulation system consists of 3 long APP chains and 24 PP chains, 

Table 1 
Formulation of PP/APP composites.

Sample ID Flame retardant type APP content (wt%)

PP Neat PP 0
WP-20 WP-APP (soluble) 20
WP-25 WP-APP (soluble) 25
WP-30 WP-APP (soluble) 30
WP-50 WP-APP (soluble) 50
WR-20 WR-APP (insoluble) 20
WR-25 WR-APP (insoluble) 25
WR-30 WR-APP (insoluble) 30
WR-50 WR-APP (insoluble) 50
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totalling 5184 atoms. At the initial simulation time (0 ps), the system 
dimensions were 80 Å × 80 Å × 80 Å, and the density was 0.0934 g/cm3. 
After 25 ps, the system dimensions reduced to 57 Å × 57 Å × 56 Å, with 
the density increasing to 0.2644 g/cm3. By 50 ps, the system dimensions 
further decreased to 38 Å × 37 Å × 37 Å, and the density reached 
0.9246 g/cm3. The simulation was conducted with a time step of 0.25 fs, 
with a total of 200,000 steps, corresponding to the 50 ps compaction 
stage.. The ReaxFF force field for CHONP elements was adopted, which 
has been widely validated for polymer combustion and phosphorus- 
based flame retardants[38,44–46]. The use of elevated temperatures is 
a common acceleration strategy in ReaxFF-MD, enabling observation of 
thermal degradation within computationally feasible sub-nanosecond 
timescales [47]. The simulation data were post-processed using Chem
TraYzer 2[48]. Note that ReaxFF-MD employs elevated temperatures 
and a finite periodic simulation cell to access reactive events within 
feasible time scales. Therefore, the simulation outputs are interpreted in 
terms of relative pathways and comparative trends rather than absolute 
kinetics at real fire temperatures; the growth/retention of heavy clusters 
(e.g., C40 + fraction) is used as a molecular-scale proxy for condensed- 
phase stabilisation and char-precursor formation, rather than a direct 
prediction of macroscopic char morphology or phase separation.

4. Results and discussion

4.1. Vertical burning test (UL-94)

The UL-94 vertical burning test was used to assess the anti-dripping 
behaviour and self-extinguishing ability of the PP/APP composites. UL- 
94 explicitly accounts for melt dripping and secondary ignition via the 
cotton-ignition criterion, providing a dripping-tolerant complement to 
LOI.As summarised in Table 3, neat PP shows long afterflame times (T1 
≈ 35 s) with heavy flaming dripping and receives no UL-94 rating. For 
WR-APP, increasing loading leads to a clear improvement. At 20 and 25 
wt%, T1/T2 are reduced to 9 ± 5/14 ± 3 s and 6 ± 2/9 ± 2 s, but flaming 
drips still ignite the cotton (V-2). At 30 wt%, T1/T2 decrease to 2.5 ± 1/3 
± 2 s, dripping is very limited and cotton ignition is largely suppressed 
(V-1). At 50 wt%, the samples self-extinguish rapidly (0.5 ± 0.5/1 ± 0.5 
s) without dripping or cotton ignition, achieving V-0. For WP-APP, At 20 
and 25 wt%loadings, T1 (74 ± 3 s and 89 ± 6 s) is even longer than for 
neat PP, and heavy flaming dripping ignites the cotton (no rating). An 
improvement appears at 30 wt% (24 ± 12/15 ± 5 s, V-2), and 50 wt% is 
required to reach V-0 (2.6 ± 1/3 ± 2 s) with no or only slight dripping 

Table 2 
Modelling Details for PP/APP Composites.

Model 
No.

APP 
Polymerisation 
Degree (n)

APP 
Loading 
(wt%)

Temperature 
(K)

Density 
(g/cm3)

Number 
of Atoms

1 15 19.98 2500 0.8926 5648
2 30.40 0.9329 5196
3 19.98 3000 0.8926 5648
4 30.40 0.9329 5196
5 19.98 3500 0.8926 5648
6 30.40 0.9329 5196
7 30 20.65 2500 0.9124 5458
8 30.40 0.9246 5184
9 20.65 3000 0.9124 5458
10 30.40 0.9246 5184
11 20.65 3500 0.9124 5458
12 30.40 0.9246 5184

Fig. 2. Modelling Details for PP/APP Composite with 30n, 30% APP Loading.

Table 3 
UL-94 vertical burning test results of pristine PP and PP/APP composites.

Sample T1 (s) T2 
(s)

Dripping Cotton 
ignition

UL-94 
rating

PP 34.5 ±
22

– ​ Heavy Yes No rating

WR- 
20%

9 ± 5 14 ±
3

​ Light Yes V-2

WR- 
25%

6 ± 2 9 ± 2 ​ Light Yes V-2

WR- 
30%

2.5 ± 1 3 ± 2 ​ Very light No/Partial V-1

WR- 
50%

0.5 ±
0.5

1 ±
0.5

​ No No V-0

WP- 
20%

74 ± 3 – ​ Heavy Yes No rating

WP- 
25%

89 ± 6 – ​ Heavy Yes No rating

WP- 
30%

24 ± 12 15 ±
5

​ Light Yes V-2

WP- 
50%

2.6 ± 1 3 ± 2 ​ No / Very 
light

No V-0
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and no cotton ignition. Thus, WR-APP reaches self-extinguishing, non- 
dripping behaviour at lower loading than WP-APP, and WR-30 out
performs WP-30 at the same 30 wt% loading.

4.2. Limited oxygen Index(LOI)

The LOI test was used to further characterise the flammability of the 
PP/APP composites. For neat PP and all PP/WP-APP formulations, sta
ble burning in the LOI apparatus could not be maintained under ASTM 
D2863 conditions: the specimens melted and dripped out of the flame 
zone, so no reliable LOI values could be determined. This behaviour is 
consistent with the severe melt-dripping observed in the UL-94 tests. In 
contrast, PP/WR-APP composites exhibit measurable and progressively 
increasing LOI values with increasing WR-APP loading. As shown in 
Fig. 3, the LOI increases from 14.2% for WR-20 to 16.5% for WR-25 and 
18.3% for WR-30, and reaches about 40.0% for WR-50, at which point 
the specimens show stable self-extinguishing without dripping. The 
monotonic increase in LOI with WR-APP content indicates that WR-APP 
improves the resistance of PP to ignition and sustained flaming in 
oxygen-enriched atmospheres. Taken together with the UL-94 results, 
the LOI data suggest that, under the present test conditions, WR-APP is 
more effective than WP-APP in reducing flammability and suppressing 
melt-dripping, particularly at high loadings where self-extinguishing, 
non-dripping behaviour is obtained. In the following sections, these 
contrasting behaviours are discussed in relation to differences in char 
structure and to the polymerisation degree and water solubility of the 
two APP grades.

4.3. Cone calorimeter analysis

Cone calorimetry was used to quantify the heat release, mass loss and 
smoke production behaviour of the PP/APP composites. As shown in 
Fig. 4a, neat PP exhibits a single sharp HRR peak at around 200 s (pHRR 
≈ 650 kW/m2) followed by a rapid decay, indicating a short but intense 
burning period. After APP is added, the HRR peaks of all composites are 
lower than that of neat PP and the curves become broader. With 
increasing WR-APP or WP-APP loading, the HRR peak values show an 
overall decreasing trend, with WR-30, WR-50 and WP-50 giving the 
lowest peaks, which indicates that APP addition suppresses the instan
taneous heat release during the main burning stage. Fig. 4b shows that 
neat PP has the highest final THR, whereas all PP/APP composites 
exhibit lower THR curves that level off to a plateau, demonstrating a 
reduction in total heat release; for each APP type, higher loadings lead to 
lower final THR.Fig. 4c presents the bar charts of the maximum mass 
loss rate (Max-MLR) and average mass loss rate (Avg-MLR). Neat PP has 

the highest Max-MLR. After APP incorporation, both Max-MLR and Avg- 
MLR decrease for all composites, and the formulations with higher WR- 
APP or WP-APP loadings exhibit relatively lower mass loss rates, indi
cating that the overall thermal degradation process is slowed. Fig. 4d
summarises the smoke-related parameters (SEA and TSP) together with 
oxygen-consumption-related metrics. Neat PP shows relatively high SEA 
and TSP, whereas most APP-containing formulations display clear re
ductions. The oxygen-consumption-related parameter varies with 
formulation and reaches its minimum for WR-50, which is consistent 
with the reduced combustion intensity observed for the WR series. The 
fire hazard indices ARHE and SPR in Fig. 4e are consistent with these 
observations. Neat PP has the highest ARHE and SPR values, while both 
indices decrease upon APP addition. Among all formulations, WR-30 
and WR-50 show the lowest SPR values. Under the present test condi
tions, the cone calorimeter results therefore show that APP incorpora
tion reduces the peak and total heat release of PP, slows mass loss and 
decreases smoke generation. At medium and high loadings, the high- 
polymerisation WR-APP produces more pronounced reductions in 
HRR, MLR and smoke-related parameters than WP-APP, in line with the 
trends observed in the UL-94 and LOI tests, and providing experimental 
support for the mechanistic analysis based on ReaxFF-MD in the 
following sections.

4.4. Tensile properties and modulus of PP/APP composites

Fig. 5 compares the tensile properties of the formulations (mean ±
SD, n = 3); numerical values are summarised in Table S1 (Supporting 
Information). Compared with neat PP, incorporating APP leads to an 
overall increase in stiffness accompanied by reduced ductility: Young’s 
modulus increases, whereas the tensile strain at maximum load (ε_max) 
decreases and the tensile stress at maximum load (σ_max) shows an 
overall downward trend. This behaviour is consistent with a typical 
particulate-filler effect: the rigid APP phase increases elastic constraint, 
while reduced deformability and stress transfer make tensile perfor
mance more sensitive to dispersion- and interface-related defects. At the 
same loading level, mechanical retention differs between the WP and 
WR systems. Overall, in the 20–30 wt% range, the WP series exhibits 
relatively higher ε_max and σ_max, whereas the WR series shows an 
earlier decrease in ductility and strength. The higher scatter for some 
WR formulations suggests a greater sensitivity of the macroscopic 
response to specimen-to-specimen heterogeneity. When the APP content 
increases to 50 wt%, both systems show further reductions in ε_max and 
σ_max, consistent with more pronounced embrittlement. This is 
consistent with increased particle–particle contact and local packing at 
high loadings, which intensifies the constraint imposed by interfacial 
discontinuities on load-bearing and deformation. Meanwhile, the 
modulus remains at a relatively high level, reflecting the sustained 
contribution of the rigid phase to composite stiffness. Tensile behaviour 
in particulate-filled systems is typically governed by dispersion unifor
mity, agglomerate size and interfacial debonding/pull-out. To support 
the above interpretation, Section 4.5 examines unburned-composite 
cross-sections by SEM and provides image-based agglomerate statistics 
for comparing APP distribution and agglomeration.

4.5. Morphology: Unburned composites and combustion residues

4.5.1. Unburned composite morphology and APP dispersion
At the 2 μm scale, two typical APP-related morphological features 

are observed in the unburned PP/APP composites (Fig. 6): (i) pro
trusions or local accumulations of particles/agglomerates on the frac
ture surface, and (ii) cavities/pits left by particle pull-out. These features 
reflect the spatial distribution of the filler in the matrix and local 
interfacial debonding/pull-out behaviour. As only limited fields of view 
are shown, the following comparison is qualitative. For the WR series, 
WR-20 is dominated by finely dispersed particles without obvious large- 
scale continuous accumulations; only a few small cavities/pits are Fig. 3. LOI Performance of WR-APP Composites.
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locally observed, indicating occasional particle pull-out while the 
overall distribution remains relatively dispersed. At 30 wt% (WR-30), 
the particle density increases and pull-out pits/notches become more 
apparent, together with locally larger particles or agglomerates. For WR- 
50, larger cavities/collapsed regions and interfacial damage are 
observed, accompanied by local particle clustering, suggesting increased 
morphological non-uniformity at high filler loading. For the WP series, 
WP-20 appears relatively dispersed in some fields of view, but larger 
near-spherical agglomerates are also observed, indicating that local 
coarse agglomeration can occur even at low loading. The contrast be
tween different fields of view is more pronounced for WP-30: some re
gions contain fewer particles and a relatively smooth matrix surface, 
whereas others show larger irregular agglomerates with cracks, consis
tent with non-uniform distribution and local enrichment. For WP-50, 

one field of view exhibits numerous round cavities/pits, while another 
shows increased particle accumulation with a broader particle-size dis
tribution, indicating more pronounced local stacking at high loading. As 
the APP loading increases from 20 to 50 wt%, both series show a higher 
particle population and a greater tendency for local enrichment and 
interfacial defects. This morphological heterogeneity is consistent with 
the decreases in ε_max and σ_max and the increased scatter observed in 
tensile testing (Section 4.4), suggesting that agglomeration and inter
facial discontinuities are more likely to act as failure initiation sites at 
high loadings. The implications of these features for residue/char for
mation are discussed in the following sections.

4.5.2. Residue morphology and structure
Fig. 7a shows the macroscopic residues of selected PP/APP 

Fig. 4. Cone calorimeter results of PP/APP composites: (a) Heat release rate (HRR), (b) Total heat release (THR), (c) Mass loss rate (MLR), (d) Smoke and toxic gas 
parameters (SEA, TSP, O2C), and (e) Average rate of heat emission (ARHE) with SPR.

Fig. 5. Tensile properties of PP/APP composites versus APP loading (mean ± SD, n = 3): (a) tensile strain at maximum load, ε_max; (b) tensile stress at maximum 
load, σ_max; (c) Young’s modulus, E.
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composites after cone calorimetry (neat PP, WR-20, WR-30, WP-20 and 
WP-30). Neat PP is almost completely consumed and does not form a 
clear intumescent char layer. In contrast, all APP-containing samples 
retain an expanded, dark surface layer. For WR-20, the char does not 
fully cover the specimen and exposed regions are still visible, whereas 
WR-30 shows more uniform dark coverage with fewer gaps. Both WP-20 
and WP-30 form macroscopic char layers that cover most of the surface; 
the char of WP-30 appears relatively more uniform and continuous, 
while WP-20 shows some variation in texture. To relate the structural 
features of APP (polymerisation degree and loading) to condensed-phase 
behaviour and to compare with the ReaxFF-MD simulations, three 
representative formulations—WR-20, WR-30 and WP-30—were 
selected for detailed microstructural analysis. Given the mechanical/ 
dispersion constraints at 50 wt%, we focus on 20–30 wt% formulations 
aligned with ReaxFF-MD; 50 wt% macroscopic residues are provided in 
Fig. S1. Fig. 7b presents SEM images of these three residues at 5,000 ×
and 20,000 × magnifications. At lower magnification, the char of WR-20 
shows particle agglomeration with visible cracks, indicating that the 
layer is not fully continuous at this loading. WR-30 exhibits a more 
strongly expanded, honeycomb-like morphology with finer features, 
suggesting a more developed intumescent structure, although local 
voids are still present. The surface of WP-30 is relatively compact, with 
fewer large cavities, but shrinkage cracks and pores can be observed. At 
higher magnification, WR-20 consists of discrete particles and island- 
like domains separated by fissures; WR-30 shows a network of closely 
packed, foam-like structural units; and WP-30 presents a relatively fused 
carbon matrix containing embedded pores and cracks. These morpho
logical differences suggest that the two APP types may promote char 
expansion and densification in different ways. The elemental composi
tion and distribution of the residues were examined by EDS (Fig. 7c). 
The spectra confirm the presence of C, O, P and N in all three chars, 
consistent with APP-derived retention in the condensed phase. 
Elemental mapping indicates that P- and N-containing signals are 
distributed across the char surface with local enrichment in specific 
regions (representative maps are shown in Fig. 7c(ii)–(iii)). Overall, WR- 
30 shows an expanded cellular char and stronger P/N signals than WP- 
30, while WP-30 exhibits a denser surface with shrinkage cracks at the 

same loading.
To evaluate the structural ordering of the condensed-phase char, 

Raman spectroscopy was carried out on WR-20, WR-30 and WP-30, with 
ten randomly selected spots measured for each sample (Fig. 8a). All 
spectra show the two characteristic bands of carbonaceous char: the D 
band (≈1350 cm− 1), associated with structural defects and disordered 
carbon, and the G band (≈1580 cm− 1), arising from graphitic sp2 car
bon. The I_D/I_G ratio was used as a comparative indicator of defect 
density/structural disorder in the char. For WR-20, the D and G bands 
are relatively broad and the average I_D/I_G is 1.23 ± 0.02, consistent 
with a largely disordered char. WR-30 exhibits a somewhat sharper G 
band, a weaker D band and a lower I_D/I_G of 0.87 ± 0.01, indicating a 
higher structural ordering. WP-30 has the highest I_D/I_G value (1.34 ±
0.02), which is consistent with the more fragmented char morphology 
observed by SEM.

To probe the chemical environments in the residues, high-resolution 
XPS analysis was conducted (Fig. 8b). Raman and XPS results for the 50 
wt% formulations are provided in Fig. S2 (Supporting Information).The 
C 1 s spectra of all three samples can be deconvoluted into components 
at about 284.8 eV (C–C), ~286.0 eV (C–N/C–O/C–P) and ~ 287.8 eV 
(C=N/C=O), indicating the coexistence of graphitic carbon and 
heteroatom-containing carbon species in the char. The N 1 s spectra for 
each sample contain two main peaks, assigned to C–N (≈398.3 eV) and 
C=N (≈400.0 eV), in agreement with Marton et al.[49]. N-related sig
nals are stronger for WR-20 and WR-30 than for WP-30, suggesting 
differences in nitrogen retention.The P 2p spectra exhibit a doublet 
assigned to P–C 2p3/2 and 2p1/2 at binding energies of about 133.5 and 
134.5 eV, respectively, consistent with P–C environments reported by 
Sun et al.[50]. The presence of this doublet in all three samples indicates 
that part of the phosphorus remains chemically bound in the char matrix 
rather than being completely volatilised during burning. Overall, the 
Raman and XPS results indicate that WR-30 forms a more ordered car
bon structure with stronger N/P signals, whereas the residues of WR-20 
and WP-30 are less graphitised and more defective, consistent with the 
SEM/EDS observations. Because polymerisation degree, surface state 
and particle characteristics are coupled with the apparent water solu
bility of the two commercial APP grades, the discussion above is 

Fig. 6. SEM micrographs of unburned PP/APP composites showing APP dispersion (WR vs WP at 20, 30 and 50 wt%; scale bar: 2 μm).
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Fig. 7. Morphology of residual carbon layer: a image of combustion residue, b SEM morphology (low magnification above, high magnification below), c EDS 
Mapping (i) total spectrum comparison; (ii) Layered EDS Mapping (iii) Elemental distribution map of C, N, O, P elements in the carbon seam of WR-30 sample 
(corresponding to C Kα1,2, N Kα1,2, O Kα1, P Kα1).

C. Liu et al.                                                                                                                                                                                                                                      Composites Part A 204 (2026) 109610 

8 



intended to explain the relative differences between WP-APP and WR- 
APP under identical processing conditions, rather than to decouple 
water solubility as an independent variable.

4.6. TG–FTIR analysis of evolved gases

Fig. 9 compiles the TG–FTIR 3D spectra of WP-30 and WR-30 
together with the temperature-resolved FTIR spectra, illustrating the 
evolution of pyrolysis volatiles with temperature. Under identical test 
conditions, both systems show comparable characteristic bands: a 

pronounced CO22 absorption at ≈2350 cm− 1, aliphatic C–H stretching in 
the 3000–2800 cm− 1 region (hydrocarbon fragments), bands in the 
≈1600–1450 cm− 1 region associated with unsaturated C=H-related 
species, and an NH3-related region near ≈1000 cm− 1. These bands 
intensify within the main pyrolysis temperature window and exhibit 
consistent peak positions in the extracted spectra, indicating broadly 
similar volatile “fingerprints” for the two formulations. The main dif
ferences lie in the temperature distribution and relative intensity of 
these bands. As indicated by the relative absorbance profiles, WR-30 
shows a more concentrated CO2 signal during the main pyrolysis 

Fig. 8. Composition characterisation of residual carbon: a Raman spectra; b XPS spectra.
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stage, whereas the hydrocarbon-related bands in WP-30 (C–H and C=H 
regions) extend over a wider temperature range and persist for longer. 
These observations are qualitatively consistent with the fire- 
performance trends and support the subsequent ReaxFF-MD discussion 
by providing an experimental reference for differences in hydrocarbon 
evolution and the associated condensed-phase development.

4.7. ReaxFF-MD simulation results

Note that the ReaxFF-MD simulations were performed at accelerated 
temperatures (2500–3500 K) to access degradation events within sub- 
nanosecond timescales; therefore, the results are interpreted compara
tively to reveal relative trends and pathways rather than to predict ki
netics at real pyrolysis temperatures.

4.7.1. Gas-phase hydrocarbons
Fig. 10(a) shows the temporal evolution of the main hydrocarbon 

products. Under the accelerated ReaxFF-MD conditions, C2H4 and CH4 
are the dominant volatile hydrocarbons, whereas C3H6 remains a minor 
product. Increasing temperature from 2500 to 3500 K shifts hydrocar
bon formation to earlier times and increases the overall product levels, 
indicating faster degradation at higher temperature. At 2500–3000 K, 
the presence of APP generally reduces and/or delays hydrocarbon for
mation relative to the corresponding PP-rich systems, and the effect is 
more evident at higher APP loading and higher polymerisation degree, 
particularly for CH4. At 3500 K, the differences between formulations 
become much less distinct, consistent with rapid high-temperature 

fragmentation and secondary reactions. These comparative trends are 
consistent with the reduced heat/smoke release observed in cone calo
rimetry and with the delayed evolution of key volatiles observed in TG- 
FTIR.

4.7.2. Condensed-phase residue
In the simulations, the formation of heavy condensed-phase species 

was tracked using the C40+ carbon fraction, which is taken as an 
approximate indicator of char precursors (Fig. 10b). Overall, the C40 +
fraction remains low (≈1.4–2.9%) across all cases, with only a moderate 
temperature dependence within 2500–3500 K. For n = 15, the 20 wt% 
APP systems yield C40 + fractions of 2.38–2.94% across the three 
temperatures, whereas the 30 wt% APP systems give 1.57–1.73%. A 
similar trend is observed for n = 30, where the 20 wt% APP systems give 
2.23–2.83% and the 30 wt% APP systems give 1.41–1.69%. It should be 
noted that C40 + tracks carbon-rich clusters only and does not account 
for phosphorus-/oxygen-containing condensed-phase fragments; there
fore, this metric is used here for comparative assessment of heavy- 
fragment formation in the MD simulations rather than as a direct pre
dictor of experimental char yield. The experimental residue structure 
and heteroatom retention are discussed based on SEM/Raman/XPS in 
Section 4.5.2.

To elucidate the synergistic effects of APP content, polymerisation 
degree, and pyrolysis temperature on the thermal degradation of PP/ 
APP composites, the mass loss and rate curves under different conditions 
were compared (Fig. 11(a–d)), the microscopic morphological evolution 
was analyzed by combining molecular dynamics snapshots (Fig. 12). 

Fig. 9. TG–FTIR analysis of evolved volatiles from WP-30 and WR-30: 3D FTIR maps and temperature-resolved spectra.
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Products were classified into C#≤ 5 (small gaseous molecules), C# ≤ 20 
(intermediate fragments), and C#≥40 (large clusters in the condensed 
phase). Four representative systems were analyzed: 0.3APP–15n–2500 
K, 0.3APP–30n–2500 K, 0.2APP–30n–2500 K, and 0.3APP–30n–3000 K.

4.7.3. Effect of polymerisation degree
The influence of APP polymerisation degree can be seen by 

comparing the 0.3APP–15n–2500 K and 0.3APP–30n–2500 K systems 
(Fig. 11a,b). For small molecules (C#≤ 5), increasing n from 15 to 30 
shifts the onset of release from 99.75 ps to 108.50 ps, and the ts0 values 
of the C20 and C40 fractions are also delayed by about 3–4 ps. In the main 

decomposition stage, the 30n system shows slightly higher but narrower 
peaks (for example, the peak rate of the C20 fraction is 0.4099 ps− 1 vs 
0.3948 ps− 1). Within the present simulation window, a higher APP 
polymerisation degree therefore leads to a limited but clearly observable 
delay in degradation.

4.7.4. Effect of APP content
At fixed polymerisation degree (30n) and temperature (2500 K), the 

effect of APP loading can be identified by comparing the 0.3APP and 
0.2APP systems (Fig. 11b,c). When the APP content is reduced from 0.3 
to 0.2, the onset of C# ≤ 5 release shifts earlier from 108.50 ps to 95.50 

Fig. 10. Gas-phase hydrocarbon evolution and condensed-phase char formation:(a) evolution of major small hydrocarbons (C2H4, CH4, C3H6); (b) residual carbon 
(C40+) yield at different APP contents, polymerisation degrees, and temperatures; (c) legend corresponding to panel (a).
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Fig. 11. Comparative pyrolysis behaviours of PP/APP composites under different conditions.
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ps, and the final fraction of small molecules decreases from 74.97% to 
70.28%. The ts0 values of the C20 and C40 fractions are advanced to 
110.25 ps and 100.75 ps, respectively. These features indicate that 
lowering the APP content weakens the delaying effect on pyrolysis.

4.7.5. Effect of temperature
Under the 0.3APP, 30n condition, the temperature effect can be 

assessed from Fig. 11b and Fig. 11d. Increasing the temperature from 
2500 K to 3000 K markedly shortens the induction period: the onset of 
C# ≤ 5 release moves from 108.50 ps to 85.50 ps, and the final fraction 
of small molecules increases to 79.99%. The ts0 values of the C20 and C40 
fractions are brought forward to 102.25 ps and 96.50 ps, and the cor
responding peak rates also increase, for example from 0.4614 ps− 1 to 
0.5111 ps− 1 for C40. These changes show that higher temperature ac
celerates bond scission and fragment formation, and at the same time 
reduces the ability of the condensed phase to delay volatile release.

Taken together, at a given temperature, higher APP polymerisation 
degree and content are associated with a longer induction period and a 
more concentrated decomposition process, whereas increasing temper
ature shows the opposite trend. This “delay–acceleration” balance is 
qualitatively consistent with the cone calorimetry results, where for
mulations with suitable APP structure and loading exhibit lower heat 
release and more developed char layers.

4.7.6. Morphology of APP-Rich polyphosphate clusters
Fig. 12 shows representative MD snapshots of APP-rich regions for 

different APP loadings, polymerisation degrees and temperatures. At 
2500 K, the system with higher polymerisation degree (30n) and higher 
APP content (0.3) forms larger and more connected polyphosphate 
clusters, whereas lower APP content (0.2) or lower polymerisation de
gree (15n) mainly yields smaller, more separated aggregates. At 3000 K, 
the clusters in the 0.3APP–30n system become more irregular and 
porous than at 2500 K. These qualitative trends are consistent with the 
kinetic differences discussed in Section 4.5.3–4.5.5.

4.7.7. Gas-phase product and radical distributions
Fig. 13 summarises the effects of temperature, APP content and 

polymerisation degree on the distributions of major small molecules and 
some heteroatom-containing species. At fixed APP content (0.3) and 
polymerisation degree (30n), temperature has the strongest influence 
(top panel). The mole fraction of C2H4 increases from about 13% at 
2500 K to about 23% at 3000 K. CH4 also increases with temperature. 
The fractions of some oxygen-containing products (e.g. HO and H2O) are 
slightly higher at 2500 K than at 3000 and 3500 K. Overall, increasing 
temperature shifts the product spectrum toward lighter hydrocarbons 
and increases the relative abundance of the dominant gaseous species. 
At 2500 K and polymerisation degree 15n (middle panel), increasing the 
APP content from 0.2 to 0.3 leads to small but systematic decreases 

Fig. 12. Snapshots of polyphosphate chunks at 0/150/300/450 ps: (a) 0.3APP–15n–2500K, (b) 0.3APP–30n–2500K, (c) 0.2APP–30n–2500 K, and (d) 
0.3APP–30n–3000 K.
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Fig. 13. (a) Effects of temperature, APP content, and polymerisation degree on the distribution of dominant molecules and radicals; (b) representative molecular 
structures of the identified species.
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(typically by 1–2 percentage points) in the mole fractions of C2H4, CH4, 
C3H6 and several minor products. Within the present model, this sug
gests that at this temperature a higher APP loading can reduce the 
overall generation of volatile hydrocarbons to some extent. The effect of 
polymerisation degree is comparatively small (bottom panel). At 3000 K 
with APP = 0.3, the product distributions of the 15n and 30n systems are 
very similar: the mole fractions of major species such as C2H4 and CH4 
differ by about 1 percentage point or less. This indicates that, for a given 
temperature and APP content, variations in APP chain length have a 
weaker influence on the final gas-phase composition than temperature 
and formulation.

4.8. ReaxFF-MD charaterisation of Phosphate-drive flame retardancy 
mechanism

ReaxFF-MD was used to extract representative elementary steps from 
the trajectories (Fig. 14), which are shown as plausible pathways 
consistent with the simulations and experiments, rather than a complete 
kinetic mechanism. In the early stage of pyrolysis, nitrogen-containing 
APP fragments undergo deamination. For example, C12H27N can 
convert to C12H244 with the release of NH3 (upper part of Fig. 14). The 
formation of NH3 is consistent with the intumescent behaviour of the 
APP systems and provides a source of inert gas during heating. At the 
same time, a variety of phosphorus–oxygen species are generated. The 
simulations frequently show PO2-type fragments and related HO2P 
groups, which participate in several classes of reactions. On the one 
hand, PO2-containing radicals can react with OH-containing species to 
form small polyphosphate units such as HOsP2 (middle of Fig. 14), which 
may act as “building blocks” for condensed-phase polyphosphate 
structures. On the other hand, HO2P groups can abstract hydrogen 
atoms from hydrocarbon radicals (e.g. C2Hs⋅), yielding saturated mole
cules such as C2H6 and regenerating POx species. Such reactions 
consume combustible radicals and provide a possible route for gas-phase 
radical quenching. On longer time scales, phosphate fragments interact 
with larger PP-derived chains. The MD trajectories show that long-chain 

hydrocarbon fragments (e.g. C46H93) can combine with phosphorus- 
containing intermediates to form P-containing oligomers such as 
C60H122O2P. Smaller olefins (e.g. C3H6, C9H18) can also add to these 
phosphorus-containing clusters (bottom of Fig. 14). These processes 
provide a possible pathway by which unsaturated PP fragments are 
incorporated into P-rich networks and converted into potential char 
precursors. Taken together, APP contributes via gas-phase moderation 
(NH3 release and POx/HO2P-mediated radical reactions) and condensed- 
phase stabilisation (P–O–C oligomer growth), consistent with the higher 
P/N retention, more developed char and reduced hydrocarbon release 
observed experimentally for WR-APP.

5. Conclusion

In this study, UL-94, LOI, cone calorimetry, TG-FTIR, tensile testing, 
SEM/EDS, Raman, XPS and ReaxFF-MD were combined to examine how 
APP polymerisation degree and water solubility affect the fire behaviour 
of PP/APP composites. The main conclusions are: (i) Under the present 
processing and test conditions, high-polymerisation, low-solubility WR- 
APP outperforms low-polymerisation, water-soluble WP-APP. WR-APP 
improves self-extinguishing/anti-dripping at lower loadings (UL-94: V-1 
at 30 wt% and V-0 at 50 wt%) and reduces heat/smoke hazards in cone 
calorimetry (lower pHRR/THR, mass-loss and smoke-related parame
ters). By contrast, WP-APP remains prone to melt dripping at low
–medium loadings, and stable LOI values cannot be obtained under 
ASTM D2863. (ii) The performance differences are accompanied by 
distinct dispersion- and residue-related features. SEM of unburned 
composites shows APP accumulations and pull-out cavities that intensify 
with loading, consistent with the pronounced reductions in ε_max and 
σ_max. Residue analyses (SEM/EDS, Raman, XPS) indicate stronger P/N 
retention and higher carbon structural ordering for WR-APP (notably 
WR-30), whereas WP-APP residues show more cracks/porosity and 
weaker P/N signals at comparable loadings; 50 wt% residue data are 
provided in the Supporting Information. (iii) ReaxFF-MD reproduces 
comparative trends in volatile evolution and heavy-fragment growth: 

Fig. 14. Schematic representation of the synergistic flame-retardant mechanism in PP/APP composites revealed by ReaxFF-MD.
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within 2500–3000 K, increasing APP chain length and loading delays the 
formation/release of light hydrocarbons and increases the C40 + frac
tion. Trajectory-derived steps (deamination/NH3 release, PO_x/HO2P 
reactions, and P–O–C oligomer growth) provide plausible pathways for 
gas-phase radical consumption and condensed-phase phosphate-rich 
structure development, supported by TG-FTIR observations of evolved 
volatiles.

Finally, ReaxFF-MD employs elevated temperatures and finite sys
tem sizes to access reactions on feasible time scales; thus, the simulation 
outputs are used to interpret relative mechanisms and trends rather than 
to directly predict real-temperature kinetics. In addition, this work fo
cuses on within-APP comparisons under identical processing conditions; 
non-phosphorus flame-retardant controls were not included, and the 
conclusions should not be interpreted as a cross-chemistry performance 
ranking among different halogen-free approaches. The conclusions are 
limited to the two commercial APP grades investigated in this study.
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