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Abstract

The decomposition network of AP is essential for the combustion performance and safety of solid
propellants, while the detailed reaction pathway during thermolysis is far from clear due to the ultrafast and
complex reactions involved. Herein, we present direct atomic simulations of AP thermal decomposition and
propose a detailed decomposition network to fill the missing piece in the kinetics models, by using a neural
network model derived from ab initio calculations. The proton transfer is the dominant channel (NH4 + ClO4 ->
NH3 + HClO4), which is also observed in previous mass spectra experiments. In addition, gas products from
decomposition play a critical role in promoting the decomposition of solid AP. For example, the H abstraction
reaction by OH is found to be a critical pathway for AP decomposition. These simulations provide atomic
insights into the complex reaction dynamics of AP and can be extended to investigate the reaction mechanism of
novel energetic materials.
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1. Introduction

The solid propellant is used in a wide range of rocket applications, including defense missiles and booster

rockets for space applications. Ammonium perchlorate (AP), as one of the most important oxidizers, has been

widely applied to many advanced solid propellant formulations, such as AP/HTPB, AP/HTPB/Al/HMX [1] and

AP/GAP/Al/Cl-20 [2]. Thermal decomposition is a fundamental process for any energetic material (EM) exposed

to external stimuli. It relates to the ignition of explosives, the subsequent detonation performance, and their

sensitivity from mechanical stimuli to direct heating [3]. Therefore, a comprehensive understanding of thermal

decomposition is essential for the combustion performance and safety of AP-based propellants.

AP decomposition has been investigated in abundance by extensive experimental works, including

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and mass spectrometry (MS). AP

decomposition is a complex process that includes an endothermic phase transition and exothermic reactions, and

these processes are strongly affected by the environmental conditions and sample properties [4,5]. Using a mass

spectrometer, NH3, HCl, Cl2, O2, and small amounts of nitrogen oxides were identified by Heath and Majer [6] in

the products. A later work [7] supports the same findings using time-of-flight velocity spectra (TOFVS), which are

able to accurately capture the intermediates before they undergo secondary reactions in a mass spectrometer. They

further identified HClO4, ClO3, ClO2, ClO, Cl, and NH2 as the intermediates during AP decomposition. Despite

previous efforts to understand the kinetics and products of AP decomposition, the reaction mechanism during

thermolysis is missing due to the ultrafast and complex reactions involved, which can hardly be captured in

experiments [8]. Nevertheless, most previous works have focused on gas-phase reactions, while solid- and

liquid-phase processes remain obscure. Therefore, most AP simulations rely on simple models to describe thermal

decomposition with limited empirical data for validation [9,10]. A detailed decomposition mechanism remains as

the missing piece in AP combustion models. Recently, additives such as fuel metals [11,12], energetic materials

[13,14], and catalysts [15] have been added to propellants to improve their combustion characteristics. Although

the simple models could describe the kinetics of AP monopropellants, they can hardly handle the chemical

coupling between AP and additives. Overall, a detailed decomposition mechanism is required for the combustion

simulation of AP-based propellants.

In the past two decades, the reactive molecular dynamics (MD) method has been a popular tool to investigate

complex physical and chemical behaviors at the atomic scale. It has been applied to reveal the decomposition

mechanism of energetic materials, such as RDX and CL-20 [16,17]. Unfortunately, no proper potential model for

AP decomposition exists to date. Herein, the development of a reactive potential is urgent for understanding AP

decomposition. In this communication, a reactive potential of AP is developed based on ab initio calculations for

the first time. Direct atomic simulations of AP thermal decomposition are carried out to extract the kinetic

evolution of AP decomposition. A reaction network is proposed to fill the missing piece in the AP model.



3

2. Computational methods

The potential energy surface (PES) is represented by a deep neural network using the Deep Potential (DP)

scheme [18]. In Fig. 1, the training dataset consists of trajectories from ab initio MD simulations. Then, a neural

network potential (NNP) model is developed that interprets the atomic coordination (R) into interatomic forces (F)

and energies (E), which enable MD simulations at a large spatial and time scale with an ab initio level of accuracy.

The deep neural network contains a filter (embedding) network with three layers (25, 50, and 100 nodes/layer) and

a fitting net with three layers (240 nodes/layer). Similar to a classical neural network, the DP scheme trains the

model by computing the gradient of the loss function using the back-propagation algorithm. The NNP is trained

for 4.0×106 iterations with an exponentially decaying learning rate from 1.0×10-3 to 5.0×10-8. The unit cell of the

orthorhombic AP crystal is used to prepare the training sets. A set of reactive MD simulations are performed for 1

ps to obtain trajectories under an NVT ensemble at temperatures of 300, 1000, 2000, 3000, and 4000 K. Since the

reactive potential for AP decomposition does not exist, ab initio MD simulations are directly calculated using

CP2K [19]. Core electrons are treated using Goedecker−Teter−Hutter (GTH) pseudopotentials and the Perdew

Burke Ernzerhof (PBE) generalized gradient approximation method. A double-zeta Gaussian basis set plus

polarization (DZVP-MOLOPT) is considered. Other detailed settings are included in previous works on NNP

development [20,21]. To evaluate the model accuracy, the potential energies and forces (Fig. S1), lattice constant

(Table S1), equation of state (Fig. S2), and reaction enthalpies (Table S2) are calculated with the NNP. Predictions

for all properties show good agreement with ab initio calculations.

Fig. 1 Illustration of the training process.

To obtain the detailed decomposition mechanism of AP, MD simulations are performed on a 4x4x4 supercell

using our NNP model. The system was initially equilibrated at 300 K with an isothermal−isochoric (NVT)

ensemble for 10 ps to equilibrate the structure. Then, the system was linearly heated toward 3000 K at a rate of 30

K/ps. The equations of motion are integrated by the velocity Verlet method with a time step of 0.l fs. A

Nose–Hoover thermostat is applied with a dump parameter of 20 fs implemented on the LAMMPS package [22].

ReacNetGenerator [23] is used to extract species and reactions from the MD trajectories.

3. Results and discussion

MD simulation is performed using the NNP model to investigate the thermodynamic properties of AP when

heating from 300 to 3000 K. This setup is selected to simulate the thermal heating stimuli of TGA/DSC

experiments. The time evolution of the mass fraction of AP and heat flow rate are provided in Fig. 2. At ~60 ps,
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there is an endothermic peak in the heat flow corresponding to the phase transition of AP. It is immediately

accompanied by an exothermic peak (~70 ps) due to thermal decomposition. At ~80 ps, the mass fraction of AP

approaches 0. Further heating of the system leads to another exothermic peak at ~85 ps. The above results agree

with the trends in previous TGA/DSC experiments [4,5]. The endothermic peak is usually assumed to be a

morphological transition from an orthorhombic to a cubic phase. In Fig. S3, we examined the morphology and

atomic trajectories of AP at 50 and 60 ps. It is found that the AP molecules at the endothermic peak (t=60 ps)

behave as an amorphous phase rather than a cubic phase, where both NH4 and ClO4 groups overcome the

constraints of their lattices and turn into random thermal motions.

Fig. 2 Mass fraction of AP (left axis) and simulated heat flow (right axis) at a heating rate of 30 K/ps.

Figure 3 exhibits the time evolution of intermediates and products in the AP decomposition process. In total,

36,330 kinds of species are observed in the simulation, and the major species are plotted in Fig. 3a according to

their maximum concentrations. Specific focus is given to minor intermediates in the range of 40-80 ps (Fig. 3b). At

~50 ps, the observation of NH3, HClO4, and ClO3 indicates H transfer from NH4 to ClO4, forming HClO4 and NH3,

which is consistent with the well-established proton transfer mechanism in AP decomposition [24]. The final

products, including H2O, O2, NO, Cl2, HCl, and N2, are formed at approximately 70 ps, and these species reach

equilibrium after 90 ps. The production of final products accounts for the exothermal peak at approximately 70 ps.

The production of HCl, Cl2, N2, and NO is observed in mass spectrometry experiments [7,25].
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Fig. 3 (a) Major and (b) minor gas-phase species during AP decomposition predicted by the NNP model.

Figure 4 shows a reaction network of AP decomposition, where the elementary reactions are extracted from

atomic trajectories. As suggested by Bernigaud et al. [26], the overall decomposition kinetics can be divided into

four groups: the primary decomposition of AP, hydrogen chemistry, nitrogen chemistry and chlorine chemistry.

All the elementary reactions of AP decomposition are included in Table S3 (see supplementary materials). The

reaction network is compared with previous AP mechanisms [26,27], and pathways revealed by the MD

trajectories are represented with dashed lines to fill the missing piece (Fig. 4). In the first group of primary

decompositions, the decomposition reaction is mostly initialized by a proton (H) transfer reaction from the NH4

cation to the ClO4 anion. This causes the formation of an important compound, e.g., HClO4. In addition, direct

decomposition of NH4 and ClO4 is also observed to produce H and O radicals. The frequencies of the above

reactions are extracted from MD trajectories as 192, 43, and 17. It is demonstrated that the proton transfer reaction

is the primary reaction for AP decomposition at the first stage. This reaction, i.e., NH4 + ClO4 -> NH3 + HClO4, is

treated as the primary decomposition pathway in many AP combustion models [9,10]. However, this is the first

study to observe the hydrogen abstraction reaction as an important pathway. A similar hydrogen abstraction

reaction is commonly seen in other reactive materials, such as hydrocarbons and RDX [28], but it is not reported in

AP decomposition.
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Fig. 4 Primary reaction pathways in AP decomposition. The arrow width represents the observed number of reactions (n), where
width = ln (n+1). The overall kinetics include four groups, e.g., primary decomposition of AP, hydrogen chemistry, nitrogen
chemistry and chlorine chemistry. The dashed lines represent the pathways revealed by the MD simulations for the first time.

The HClO4 molecules are very reactive and quickly decompose, where the O-Cl bond length gradually

increases and finally forms OH and ClO3. As a result, the amount of HClO4 remains at a low value in Fig. 6b.

Particular attention should be paid for the pathway via hydrogen abstraction by OH to convert NH4 into NH3. This

pathway is comparable to NH4 + ClO4 -> HClO4 + NH3 but is not considered in previous mechanisms [26,27]. A

recent MS experiment [29] also supports our findings, where the gas products play a role in promoting/retarding

the decomposition of solid AP. In the detailed reaction network for AP decomposition, we also discovered several

other bimolecular reactions that have not been experimentally reported, for example, NH4 + NH2 -> 2 NH3 and

ClO4 + NH3 -> HClO4 + NH2. These bimolecular reactions between gas species and AP could affect the AP

decomposition process and should not be ignored in the development of the detailed mechanism.

After primary decomposition, nitrogen chemistry, hydrogen chemistry, and chlorine chemistry reactions

proceed simultaneously. Nitrogen and hydrogen chemistry has been well established in previous works [26,27].

However, studies on chlorine chemistry are inadequate. A new intermediate, e.g., HClO3, is reported. It is an

important product of ClO3 through ClO3 + NH4 -> HClO3 + NH3. This pathway is preferable to the ClO3
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decomposition pathway (ClO3 -> O2 + ClO). In addition, several new pathways related to HClO3 have also been

reported, such as HClO3 -> ClO2 + OH and OH + HClO3 -> ClO3 + H2O.

4. Conclusions

A detailed reaction network for AP decomposition is proposed from atomic simulations using a neural

network potential, which fills the missing piece for AP combustion. As the temperature rises, AP molecules

experience an endothermic peak for phase transition and an exothermic peak for thermal decomposition. Proton

transfer and OH abstraction are found to be the most favorable routes of decomposition. This work illustrates the

power of atomic simulation to provide insights into the detailed mechanism of decomposition from the ab initio

level of theory and opens new opportunities to build reaction kinetics models for complex reactive systems.

Moving forward, a more detailed understanding of the decomposition mechanism of other propellant components,

such as HTPB, energetic materials and metal catalysis, is needed in future works.

Acknowledgments

This work is supported by the State Key Laboratory of Explosion Science and Technology (Grant

ZDKT21-01) and the National Natural Science Foundation of China (Grant 52106130). The authors also

acknowledge the support from the Foundation of Science and Technology on Combustion and Explosion

Laboratory. Q. C. also acknowledges the support by the Beijing Institute of Technology Research Fund Program

for Young Scholars.

References

[1] X. Song, X. Gao, Y. Kou, Z. Yu, Y. Wang, C. An, F. Li, Thermolysis and sensitivities of solid propellants using

characterized nano oxidizers involving energy performance evaluation, FirePhysChem. 2 (2022) 323–333.

[2] Y. Wang, Z. Wang, Y. Zhao, X. Chen, W. Xie, F. Zhao, L. Xiao, Q. Fu, Effects of CL-20 Particle Size on Combustion

Performances of GAP/ AP/Al High-Energy Propellants, Chinese Journal of Explosives ＆Propellants. 44 (2022) 336–341.

[3] K.K. Kuo, Fundamentals of solid-propellant combustion, American Institute of Aeronautics and Astronautics, 1984.

[4] S. Vyazovkin, C.A. Wight, Kinetics of Thermal Decomposition of Cubic Ammonium Perchlorate, Chem. Mater. 11 (1999)

3386–3393.

[5] A. Lang, S. Vyazovkin, Effect of pressure and sample type on decomposition of ammonium perchlorate, Combustion and

Flame. 145 (2006) 779–790.

[6] G. Heath, J. Majer, Mass spectrometric study of the thermal decomposition of ammonium perchlorate, Transactions of the

Faraday Society. 60 (1964) 1783–1791.



8

[7] O. Korobeinichev, Dynamic flame probe mass spectrometry and condensed-system decomposition, Combustion, Explosion

and Shock Waves. 23 (1987) 565–576.

[8] C. Dennis, B. Bojko, On the combustion of heterogeneous AP/HTPB composite propellants: A review, Fuel. 254 (2019)

115646.

[9] P.A. Ramakrishna, P.J. Paul, H.S. Mukunda, Sandwich propellant combustion: Modeling and experimental comparison,

Proceedings of the Combustion Institute. 29 (2002) 2963–2973.

[10] C. Vijay, P.A. Ramakrishna, Estimation of burning characteristics of AP/HTPB composite solid propellant using a sandwich

model, Combustion and Flame. 217 (2020) 321–330.

[11] H. Wang, R.J. Jacob, J.B. DeLisio, M.R. Zachariah, Assembly and encapsulation of aluminum NP’s within AP/NC matrix

and their reactive properties, Combustion and Flame. 180 (2017) 175–183.

[12] J. Wang, L. Zhang, Y. Mao, F. Gong, An effective way to enhance energy output and combustion characteristics of

Al/PTFE, Combustion and Flame. 214 (2020) 419–425.

[13] R.K. Kalal, S.K. Jangid, H. Shekhar, P.S. Alegaonkar, A. Kumar, Thermo-physical Properties and Combustion Wave

Aspects of RDX Contain Low Aluminium Composite Propellant, Combustion and Flame. 218 (2020) 12–17.

[14] M.D. Ruesch, M.S. Powell, A. Satija, J.P. Ruesch, V.S. Vuppuluri, R.P. Lucht, S.F. Son, Burning rate and flame structure of

cocrystals of CL-20 and a polycrystalline composite crystal of HMX/AP, Combustion and Flame. 219 (2020) 129–135.

[15] M. Kohga, R. Togashi, H. Tsutiya, Y. Ota, Catalytic effect of ferric oxide on burning characteristics of propellants using

ammonium perchlorate with varied particle properties, Combustion and Flame. 246 (2022) 112459.

[16] Q. Chu, X. Chang, K. Ma, X. Fu, D. Chen, Revealing the thermal decomposition mechanism of RDX crystals by a neural

network potential, Phys. Chem. Chem. Phys. 24 (2022) 25885–25894.

[17] L. Cao, J. Zeng, B. Wang, T. Zhu, J.Z.H. Zhang, Ab initio neural network MD simulation of thermal decomposition of a

high energy material CL-20/TNT, Phys. Chem. Chem. Phys. 24 (2022) 11801–11811.

[18] L. Zhang, J. Han, H. Wang, W. Saidi, R. Car, W. E, End-to-end Symmetry Preserving Inter-atomic Potential Energy Model

for Finite and Extended Systems, in: Advances in Neural Information Processing Systems, Curran Associates, Inc., 2018.

[19] G. Lippert, J. Hutter, M. Parrinello, The Gaussian and augmented-plane-wave density functional method for ab initio

molecular dynamics simulations, Theoretical Chemistry Accounts. 103 (1999) 124–140.

[20] Q. Chu, C. Wang, D. Chen, Toward full ab initio modeling of soot formation in a nanoreactor, Carbon. 199 (2022) 87–95.

[21] Q. Chu, K.H. Luo, D. Chen, Exploring complex reaction networks using neural network-based molecular dynamics

simulation, The Journal of Physical Chemistry Letters. 13 (2022) 4052–4057.

[22] A.P. Thompson, H.M. Aktulga, R. Berger, D.S. Bolintineanu, W.M. Brown, P.S. Crozier, P.J. in ’t Veld, A. Kohlmeyer,

S.G. Moore, T.D. Nguyen, R. Shan, M.J. Stevens, J. Tranchida, C. Trott, S.J. Plimpton, LAMMPS - a flexible simulation



9

tool for particle-based materials modeling at the atomic, meso, and continuum scales, Computer Physics Communications.

271 (2022) 108171.

[23] J. Zeng, L. Cao, C.-H. Chin, H. Ren, J.Z.H. Zhang, T. Zhu, ReacNetGenerator: an automatic reaction network generator for

reactive molecular dynamics simulations, Phys. Chem. Chem. Phys. 22 (2020) 683–691.

[24] V.V. Boldyrev, Thermal decomposition of ammonium perchlorate, Thermochimica Acta. 443 (2006) 1–36.

[25] O. Korobeinichev, A. Chernov, I. Emel’Yanov, N. Ermolin, T. Trofimycheva, Investigation of the kinetics and the chemical

reaction mechanism in the flame of a mixed compound, based on ammonium perchlorate and polybutadiene rubber,

Combustion, Explosion and Shock Waves. 26 (1990) 292–300.

[26] P. Bernigaud, D. Davidenko, L. Catoire, A Revised Model of Ammonium Perchlorate Combustion with Detailed Kinetics,

in: Proceedings of the 9th European Conference for Aerospace Sciences. Lille, France, 27 June - 1 July, 2022, Lille, 2022.

[27] M. Tanaka, M. Beckstead, A three-phase combustion model of ammonium perchlorate, in: 32nd Joint Propulsion

Conference and Exhibit, American Institute of Aeronautics and Astronautics, Lake Buena Vista,FL,U.S.A., 1996.

[28] Z. Zhang, L. Ye, X. Wang, X. Wu, W. Gao, J. Li, M. Bi, Unraveling the reaction mechanism on pyrolysis of

1,3,5-trinitro-1,3,5-triazinane (RDX), Combustion and Flame. 242 (2022) 112220.

[29] E.D. Tolmachoff, J.T. Essel, Evidence and modeling of heterogeneous reactions of low temperature ammonium perchlorate

decomposition, Combustion and Flame. 200 (2019) 316–324.


	1.Introduction
	2.Computational methods
	3.Results and discussion
	4.Conclusions
	Acknowledgments
	References

