
mdpi.com/journal/polymers

Special Issue Reprint

Eco-Friendly Coatings  
and Adhesive Technology

Edited by 
Guangpu Zhang, Zhengmao Ding and Yanan Zhang



Eco-Friendly Coatings and
Adhesive Technology





Eco-Friendly Coatings and
Adhesive Technology

Guest Editors

Guangpu Zhang
Zhengmao Ding
Yanan Zhang

Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester



Guest Editors

Guangpu Zhang

School of Chemistry and

Chemical Engineering

Nanjing University of Science

and Technology

Nanjing

China

Zhengmao Ding

Pen-Tung Sah Institute of

Micro-Nano Science

and Technology

Xiamen University

Xiamen

China

Yanan Zhang

College of Materials Science

and Engineering

Nanjing Tech University

Nanjing

China

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Polymers (ISSN 2073-4360),

freely accessible at: www.mdpi.com/journal/polymers/special issues/183ZX651E1.

For citation purposes, cite each article independently as indicated on the article page online and

using the guide below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-2758-9 (Hbk)

ISBN 978-3-7258-2757-2 (PDF)

https://doi.org/10.3390/books978-3-7258-2757-2

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

www.mdpi.com/journal/polymers/special_issues/183ZX651E1
https://doi.org/10.3390/books978-3-7258-2757-2


Contents

Wenhao Liu, Zhe Sun, Hao Ren, Xiaomu Wen, Wei Wang and Tianfu Zhang et al.
Research Progress of Self-Healing Polymer for Ultraviolet-Curing Three-Dimensional Printing
Reprinted from: Polymers 2023, 15, 4646, https://doi.org/10.3390/polym15244646 . . . . . . . . 1

Ana M. S. Couto, Catarina S. P. Borges, Shahin Jalali, Beatriz D. Simões, Eduardo A. S.
Marques and Ricardo J. C. Carbas et al.
Exploring Bio-Based Polyurethane Adhesives for Eco-Friendly Structural Applications: An
Experimental and Numerical Study
Reprinted from: Polymers 2024, 16, 2546, https://doi.org/10.3390/polym16172546 . . . . . . . . 20

Wu Yang, Zhengmao Ding, Cong Zhu, Tianqi Li, Wenhao Liu and Yunjun Luo
A Study of Hydroxyl-Terminated Block Copolyether-Based Binder Curing Kinetics
Reprinted from: Polymers 2024, 16, 2246, https://doi.org/10.3390/polym16162246 . . . . . . . . 35

Qili Sun, Xiaomu Wen, Guangzhong Yin, Zijian Jia and Xiaomei Yang
Thermodynamic Coupling Forming Performance of Short Fiber-Reinforced PEEK by Additive
Manufacturing
Reprinted from: Polymers 2024, 16, 1789, https://doi.org/10.3390/polym16131789 . . . . . . . . 50

Chao Sang and Yunjun Luo
Effect of Metastable Intermolecular Composites on the Thermal Decomposition of Glycidyl
Azide Polymer Energetic Thermoplastic Elastomer
Reprinted from: Polymers 2024, 16, 2107, https://doi.org/10.3390/polym16152107 . . . . . . . . 65

Jingwen Li, Yiliang Sun, Boming Zhang and Guocheng Qi
Mechanical, Dielectric and Flame-Retardant Properties of GF/PP Modified with Different
Flame Retardants
Reprinted from: Polymers 2024, 16, 1681, https://doi.org/10.3390/polym16121681 . . . . . . . . 76

Shixiong Sun, Haoyu Liu, Yang Wang, Wenhao Du, Benbo Zhao and Yunjun Luo
A Novel Method of Improving the Mechanical Properties of Propellant Using Energetic
Thermoplastic Elastomers with Bonding Groups
Reprinted from: Polymers 2024, 16, 792, https://doi.org/10.3390/polym16060792 . . . . . . . . . 93

Junming Yuan, Yan Liu, Jinying Wang, Yuan Qu, Hu Sun and Yue Qin et al.
Non-Isothermal Simulation and Safety Analysis of Twin-Screw Extrusion Process for
Synthetizing Glycidyl Azide Polymer-Based Energetic Thermoplastic Elastomer
Reprinted from: Polymers 2023, 15, 3662, https://doi.org/10.3390/polym15183662 . . . . . . . . 105

Jing Zhang, Zhen Wang, Shixiong Sun and Yunjun Luo
Preparation and Properties of a Novel High-Toughness Solid Propellant Adhesive System Based
on Glycidyl Azide Polymer–Energetic Thermoplastic Elastomer/Nitrocellulose/Butyl Nitrate
Ethyl Nitramine
Reprinted from: Polymers 2023, 15, 3656, https://doi.org/10.3390/polym15183656 . . . . . . . . 124

Yuxian Ma, Minghui Zhang, Wenhao Du, Shixiong Sun, Benbo Zhao and Yuan Cheng
Preparation and Properties of Hydrophobic Polyurethane Based on Silane Modification
Reprinted from: Polymers 2023, 15, 1759, https://doi.org/10.3390/polym15071759 . . . . . . . . 135

Siyuan Wu, Xiaomeng Li, Zhen Ge and Yunjun Luo
Study on GAP Adhesive-Based Polymer Films, Energetic Polymer Composites and Application
Reprinted from: Polymers 2023, 15, 1538, https://doi.org/10.3390/polym15061538 . . . . . . . . 150

v





Citation: Liu, W.; Sun, Z.; Ren, H.;

Wen, X.; Wang, W.; Zhang, T.;

Xiao, L.; Zhang, G. Research

Progress of Self‑Healing Polymer

for Ultraviolet‑Curing

Three‑Dimensional Printing.

Polymers 2023, 15, 4646. https://

doi.org/10.3390/polym15244646

Academic Editor: Annalisa

Chiappone

Received: 24 September 2023

Revised: 27 November 2023

Accepted: 4 December 2023

Published: 8 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Research Progress of Self‑Healing Polymer for
Ultraviolet‑Curing Three‑Dimensional Printing
Wenhao Liu 1, Zhe Sun 1, Hao Ren 1, Xiaomu Wen 2, Wei Wang 3, Tianfu Zhang 3, Lei Xiao 1

and Guangpu Zhang 1,*

1 National Special Superfine Powder Engineering Research Center of China,
School of Chemistry and Chemical Engineering, Nanjing University of Science and Technology,
Nanjing 210094, China; 13586987884@163.com (W.L.); sunzhe97529@163.com (Z.S.);
rhmoon1112@163.com (H.R.); 15005161138@163.com (L.X.)

2 Science and Technology on Transient Impact Laboratory, No. 208 Research Institute of
China Ordnance Industries, Beijing 102202, China; wenxm2908@163.com

3 Science and Technology on Aerospace Chemical Power Laboratory,
Hubei Institute of Aerospace Chemotechnology, 58 Qinghe Road, Xiangyang 441003, China;
wang7469061@163.com (W.W.); charlestfzhang@sina.com (T.Z.)

* Correspondence: gpzhang@njust.edu.cn

Abstract: Ultraviolet (UV)‑curing technology as a photopolymerization technology has received
widespread attention due to its advantages of high efficiency, wide adaptability, and environmental
friendliness. Ultraviolet‑based 3D printing technology has been widely used in the printing of ther‑
mosetting materials, but the permanent covalent cross‑linked networks of thermosetting materials
which are used in this method make it hard to recover the damage caused by the printing process
through reprocessing, which reduces the service life of thematerial. Therefore, introducing dynamic
bonds into UV‑curable polymer materials might be a brilliant choice which can enable the material
to conduct self‑healing, and thus meet the needs of practical applications. The present review first
introduces photosensitive resins utilizing dynamic bonds, followed by a summary of various types
of dynamic bonds approaches. We also analyze the advantages/disadvantages of diverse UV‑curable
self‑healing polymers with different polymeric structures, and outline future development trends in
this field.

Keywords: self‑healing; UV‑curing; 3D printing; polymer

1. Introduction
3D printing technology has been widely used since the 1980s in many fields, such as

automobile manufacturing [1], the aerospace industry [2] and biomedicine [3]. The high
RTM (resolution/time for manufacturing ratio) of 3D printing technologies which use ul‑
traviolet light as a curing source makes it popular for practical applications [4]. Molecules
containing light absorption units, namely chromophores (such as C=C, C=O), are in an ex‑
cited state after being irradiated by a certain wavelength of ultraviolet light. The excited‑
statemolecules undergo a crosslinking reaction and change from the original liquid state to
the solid state. The principle of UV‑curing 3D printing technology is to use ultraviolet light
to selectively cure the photosensitive resin under the control of digital signals. The liquid
resin is attached to the previous curing layer and then cured. The process is repeated until
a complete printed product is formed [5]. UV‑curing molding technologies include stere‑
olithography (SLA) [6], digital light processing (DLP) [7], liquid crystal display (LCD) [8],
and so on. A working principle diagram of several photocurable 3D printing technologies
is shown in Figure 1, and their advantages and disadvantages are compared in Table 1.
The stable cross‑linking networks make prepared products difficult to recycle and repro‑
cess when they generate microcracks and defects. At the same time, volumetric shrinkage
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is unavoidably generated as the polymerization reaction proceeds, and the van der Waals
forces between the monomers are converted into covalent bonds, resulting in a shorter dis‑
tance between the monomers [9,10]. Based on these factors stated above, the accuracy and
mechanical properties of the prepared products are reduced. Therefore, some researchers
have introduced dynamic bonds into polymer chains to realize the self‑healing function
of the materials. The dynamic “breaking‑recovering” reversible process of bonds helps
to release intramolecular shrinkage stress produced during the polymerization process,
thereby reducing the volume shrinkage [11,12].

Self‑healing materials can repair their defects and restore their original performances
under certain external stimuli (light or heat). Up until now, a variety of self‑healingmateri‑
als have been successfully prepared and used, such as concrete [13,14], metallic [15,16], and
polymer materials [17,18]. Self‑healing polymers are widely used in biomedicine [19,20],
protective coatings [21,22], and other fields [23]. Based on the different self‑healing mech‑
anisms, such polymers are divided into extrinsic [24] and intrinsic types [25]. Extrinsic
self‑healing polymers are prepared by filling the raw material resin with micro‑/nano‑
structures such as micro‑capsules [26] andmicro‑fibers [27] containing healing agents. For
instance, Shinde [28] and Sanders [29] et al. prepared a UV‑curable resin containing self‑
healing micro‑capsules, achieving good 3D printability and a satisfactory self‑healing ef‑
fect. However, the number of repairs was limited because the healing agent was exhausted
when the crack increased [30,31]. In contrast, the healingprocess in intrinsically self‑healing
polymers is based on the fracture and recombination of dynamic bonds in the polymer
chains. Dynamic exchange reactions are activated by external stimuli and can theoreti‑
cally be exchanged infinite times. Therefore, intrinsic self‑healing polymers have attracted
a great deal of attention. Dynamic bonds are divided into dynamic non‑covalent bonds (in‑
cluding ionic bonds [32], hydrogen bonds [33], coordination bonds [34], etc.) and dynamic
covalent bonds (including Diels–Alder bonds [35,36], ester exchange bonds [37], disulfide
bonds [38], imine bonds [39], etc.). Comparedwith dynamic non‑covalent bonds, dynamic
covalent bonds usually have higher bond energy [40] and endowmaterials with better me‑
chanical properties. Thus, to realize self‑healing, a high temperature or energy is neces‑
sary [41], which causes some restrictions on the application of dynamic covalent bonds.

In summary, it is highly desirable to develop photosensitive 3D printing resins with
a self‑healing ability. At present, UV‑curable dynamic‑bond polymers have been inten‑
sively investigated, and studies aim to introduce a self‑healing function into UV‑curing
3D printing products. Many dynamic bonds, including disulfide bonds, ester exchange
bonds, Diels–Alder bonds, hydrogen bonds, ionic bonds, and metal coordination bonds,
have been used to construct UV‑curable 3D printing materials. This paper mainly intro‑
duces the common dynamic bonds in UV‑curing 3D printing polymers and evaluates the
performance advantages and applications of different materials.

2
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Figure 1. (a) Schematic diagram of stereolithography (SLA) [42]. (b) Schematic diagram of liquid 
crystal display (LCD). Reprinted with permission from reference [43], 2021, ELSEVIER. (c) 
Schematic diagram of two-photon 3D printing (TPP) [42]. (d) Schematic diagram of digital light 
processing (DLP). Reprinted with permission from reference [42], 2012, ELSEVIER. (e) Schematic 
diagram of continuous liquid interface production (CLIP). Reprinted with permission from 
reference [44], 2015, SCIENCE. 

Table 1. Comparison of various popular UV-curing 3D printing technologies [45,46]. 

Name Operation Principle UV-Curing  
Mechanism Advantage Disadvantage Application 

SLA 
Laser beam single-

point printing 
Free radical and 

hybrid curing 
Mature technology, form 

large size device  
Slow curing speed 

Dentistry, mold, 
automobile 

DLP Projection printing Free radical curing 
Fast curing rate, high 

precision 
Form small size device  

Medical care, jewelry, 
education 

CLIP 
Projective continuous 

printing 
Free radical and 

thermocuring 
Extremely fast curing speed 

Expensive resin and 
equipment 

Sports, cars 

MJP 1 Multi-nozzle printing 
Free radical and 

hybrid curing 
High precision, colorfulness Expensive equipment 

Consumer goods, medical 
care jewelry 

TPP 
Dual Laser Beam 

Printing 
Free radical curing Extremely high precision 

Expensive equipment, 
complex process 

Microelectronics, art, 
scientific research 

LCD 
Liquid crystal 

imaging printing 
Free radical curing Fast curing speed, low cost Short service life 

Jewelry, mold 
manufacturing 

1 MJP [47] technique is also called PolyJet. 
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Figure 1. (a) Schematic diagram of stereolithography (SLA) [42]. (b) Schematic diagram of liquid
crystal display (LCD). Reprintedwith permission from reference [43], 2021, ELSEVIER. (c) Schematic
diagram of two‑photon 3D printing (TPP) [42]. (d) Schematic diagram of digital light processing
(DLP). Reprinted with permission from reference [42], 2012, ELSEVIER. (e) Schematic diagram of
continuous liquid interface production (CLIP). Reprinted with permission from reference [44], 2015,
SCIENCE.

Table 1. Comparison of various popular UV‑curing 3D printing technologies [45,46].

Name Operation Principle UV‑Curing
Mechanism Advantage Disadvantage Application

SLA Laser beam
single‑point printing

Free radical and
hybrid curing

Mature
technology, form
large size device

Slow curing speed Dentistry, mold,
automobile

DLP Projection printing Free radical curing Fast curing rate,
high precision Form small size device Medical care,

jewelry, education

CLIP Projective continuous
printing

Free radical and
thermocuring

Extremely fast
curing speed

Expensive resin and
equipment Sports, cars

MJP 1 Multi‑nozzle printing Free radical and
hybrid curing

High precision,
colorfulness Expensive equipment

Consumer goods,
medical care

jewelry

TPP Dual Laser Beam
Printing Free radical curing Extremely high

precision
Expensive equipment,

complex process

Microelectronics,
art, scientific
research

LCD Liquid crystal imaging
printing Free radical curing Fast curing speed,

low cost Short service life Jewelry, mold
manufacturing

1 MJP [47] technique is also called PolyJet.

2. Dynamic Covalent Self‑Healing Polymers for UV‑Curing 3D Printing
Due to the different types and properties of dynamic bonds, polymers with differ‑

ent properties can be constructed. Under certain external stimuli, these polymers achieve
restoration by rearranging their dynamic covalent bonds. In general, dynamic covalent
bonds exhibit high bond energy and stability, which endow the polymer with a higher
mechanical strength and modulus.
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2.1. Dynamic Disulfide‑Bond
The relatively low bond energy of the disulfide bond (about 250 kJ·mol−1) [48] makes

it easily activated at room temperature [49] or by a certain intensity of UV‑light irradia‑
tion [38]. Under the action of free radicals or anionic intermediates, disulfide bonds are
activated and then recombined to achieve self‑healing. The disulfide bond exchange reac‑
tion is shown in Figure 2.
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Li et al. [51] reported aUV‑curablepolyurethane acrylate resin (PUSA)basedondisulfide‑
bond self‑healing for DLP 3Dprinting. The authors first reacted bis(2‑hydroxyethyl) disulfide
andpolyethylene glycolwith isophorone diisocyanate to prepare an isocyanate‑terminated
prepolymer (PUSA). Then, the isocyanate groupwas terminatedwith 2‑hydroxyethyl acry‑
late. The prepared PUSA showed a mechanical self‑healing performance under UV irradia‑
tion. The tensile strength and elongation at break were 3.39± 0.09 MPa and 400.38± 14.26%,
respectively. After healing at 80 ◦C for 12 h, the spline could withstand large tensile defor‑
mation, and the healing efficiency reached 60% of the initial value. Even after healing for
the third time, the tensile strength of the samples reached 2.05 ± 0.34 MPa.

The formula for self‑healing efficiency is as follows:

η =
σhealed

σoriginal
(1)

In the formula: η(ηstress/ηstrain)—tensile strength (stress/strain) repair efficiency;
σhealed—tensile strength after repair; σoriginal—original tensile strength. A series of control
experiments confirmed the decisive effect of the disulfide bond on the self‑healing. The pre‑
pared UV‑sensitive resin exhibits moderate viscosity, good fluidity, and a fast UV‑curing
rate. The double‑bond conversion rate after 60 s of UV irradiation is about 80%. More‑
over, it shows good compatibility with commercial DLP 3D printers and can be used to
print various 3D products. The printed products have high definition, smooth surfaces,
and preserved mechanical and self‑healing functions. Owing to its excellent performance,
such a polymer has great application potential in the fields of UV‑curable coatings, adhe‑
sives, and inks.

Thiolene photopolymerization is a much more efficient way to crosslink elastomers
than the copolymerization of double bonds with acrylate monomers [52]. So Yu et al. [53]
reported a UV‑printable self‑healing elastomer based on sulfhydryl and disulfide bonds.
Under UV‑light irradiation, the polymerization of sulfhydryl and alkene [54,55] activated
rapidly. The metathesis reaction of disulfide bonds in the system endows the elastomers
with a self‑healing function. It is worth noting that the number of sulfhydryl groups affects
the UV‑curing rate, while the number of disulfide bonds affects the healing performance.
This research on the interaction between the UV‑curing speed and healing efficiency paved
the way for a subsequent similar system [56], in which a balance between two parame‑
ters was achieved. In addition, the ratio of the cross‑linking groups to the self‑healing
groups can be regulated via the oxidation reaction of the thiol group, which, in principle,
facilitates the preparation of polymers with the desired mechanical performance and self‑
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healing function. Thiolated (mercaptopropyl) methylsiloxane‑dimethylsiloxane (MMDS)
was oxidized by Iodobenzene diacetate (IBDA) [57] to form oligomers containing both
thiol and disulfide functional groups (Figure 3a). Then, the oligomers were reacted with
vinyl‑terminated polydimethylsiloxanes (V‑PDMS)with a double bond to form a solid elas‑
tomer. V‑PDMS has a relatively low viscosity (below 200 cSt), which is suitable for the
stereolithography process. The printed elastomers have a high resolution (up to 13.5 µm)
and excellent self‑healing performance. After healing at 60 ◦C for 2 h, the apparent cracks
reconnected and the tensile strength was restored (Figure 3b). High healing performance
is still achieved even aftermore than 10 cycles of self‑healing tests (Figure 3c); however, the
Young’s modulus of the experimental elastomer is relatively low (17.4 kPa). The research
on the theoretical model of self‑healing guides the understanding of self‑healing polymers
and the use of dynamic bonds [58–60].
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the original and self‑healed experimental elastomers for various healing times. (c) Healing strength
ratios of the experimental elastomers for 10‑cycle healing tests (each 2 h at 60 ◦C) (d–h). Themanufac‑
tured samples. (i) Self‑healing of a shoe pad sample (scale bars: 4 mm). Reprinted with permission
from reference [53], 2019, Springer Nature.

5



Polymers 2023, 15, 4646

Zhang et al. [38] prepared a chemically cross‑linked ionic gel (ionogel) system with the
synergistic effect of dynamic disulfide bonds, hydrogen bonds, and ion‑dipole interaction.
The synergistic effect of various forces is beneficial to enhancing the material’s performance.
Polyurethane acrylate with disulfide bonds was synthesized and then compounded with the
diluent monomer 4‑Acryloylmorpholine, the ionic liquid, and a photoinitiator to obtain a
UV‑sensitive resin. The UV‑cured elastomer shows good transparency and can be modi‑
fied by adding different color additives. By adjusting the mass ratio of the raw materi‑
als, the tensile strength of the ionogels can reach 7.42 MPa, and the elongation at break
is 977%. The mechanical performances of the ionogels remained after continuous cyclic
tensile/compression tests. The micro‑pressure sensors were prepared by DLP3D printing
technology. The sensors have excellent elasticity and durability, and good response sensi‑
tivity and self‑healing functions. The healing efficiency after UV irradiation for 10 min is
greater than 99%. The results confirm that the ionogel has great application prospects in
wearable ionotronics and intelligent soft robotics.

Gomez et al. [61] presented a UV‑curable, self‑healing elastomer system that can achieve
ultra‑high elongation (1000%). The elastomer realized the modular manufacturing of soft
robots by DLP printing technology. The acrylic elastomers have chain and reticular struc‑
tures that can be adjusted by adding small amounts of dithiol and dynamic thioether
crosslinkers. Through a thermally induced reverse Michael reaction, the free thiol and
acrylate portions rapidly combine to form new thioether bonds for effective polymer dif‑
fusion and self‑healing. The polymer has a complete self‑healing ability in multiple dam‑
age/repair cycles via dynamic disulfide‑bond exchange. These elastomers are compatible
with self‑healing stretchable electronic devices. It was used for 3D printing and integrated
to form highly complex, large‑scale functional soft robots. The presence of dynamic bonds
can eliminate the need for adhesives or complex connectors during the connection of the
sub‑components. This is of practical significance for simplifying the component process.

2.2. Transesterified
Ester bonds are widely found in a variety of commercial thermosetting polymers, such

as epoxy resins, unsaturated polyester resins [62], alkyd resins [63], etc. As shown in Figure 4,
the hydroxyl and ester groups contained in the polymers can undergo a rapid dynamic
transesterification reaction [64] at high temperatures, which does not change the topology
of the polymer, and provides it with good self‑healing performance.
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Grauzeliene et al. [37] used 2‑Hydroxy‑2‑Phenoxypropyl acrylate and bio‑based acry‑
late epoxidized soybean oil to formanew type of vitrimer that can beDLPprinted. The rich
hydroxyl and ester groups in the system provide the necessary conditions for the transes‑
terification reaction. The printed product has a two‑way shape memory, 47% self‑healing
performance, 31% re‑processability, and 100% alcohol degradation recovery performance.
This product was used as artificial muscles and actuators; however, its high healing tem‑
perature (200 ◦C) and re‑processing temperature (180 ◦C) limit its applications. The same
authors designed and synthesized a vitrimer based on glycerol and vanillin for environ‑
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mental protection strategies [65]. Owing to the high rigidity and thermal stability of the
main chain of vanillin, the vitrimer exhibits excellent performance. Acrylated epoxidized
soybean oil was first used in UV‑curable resins for the synthesis of vitrimer. The use of
environmentally friendly soybean oil as a raw material is in line with today’s green devel‑
opment concepts.

2.3. Imine Bond
The dynamic exchange reaction of imine bonds is also used in the field of self‑

healing [66,67]. The thermally initiated imine exchange reaction ismild and occurs rapidly
without considerable side reactions. The imine bonds can recombine at room tempera‑
ture [68].

Liguori et al. [69] prepared a vanillin‑based UV‑curable resin with self‑healing abil‑
ity that can be used as a DLP printing material and can be mechanically and chemically
recovered by heat treatment. The Schiff base reaction between the aldehyde functional
group of vanillin and the amino group of ethylenediamine generates an imine functional
group. The hydroxyl functional group of vanillin reacts with acrylic anhydride to obtain
a UV‑reactive double bond (Figure 5a). As a result, the cured thermosetting material ex‑
hibits a high fracture strength (17.3 ± 3.9 MPa), extensibility, self‑healing, and thermal
re‑processability due to the presence of a cross‑linking structure and imine bonds. In ad‑
dition, it can be chemically recovered via transamination in ethylenediamine (Figure 5b),
and the obtained oligomeric product with amine end groups can be used to produce novel
thermosetting films. Tensile tests showed that the elastic moduli of mechanically and
chemically recycled thermosetting plastics are similar, whereas the elastic moduli of self‑
healing samples are slightly higher and the elongation and fracture stress are slightly lower.
This resin was demonstrated to be suitable for producing 3D objects via DLP printing
(Figure 5c,d), although the printing accuracy is not as good as that obtained using non‑
biological resins [70].
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To explore the effect of different Jeffamines on the properties of curedproducts, Cortes‑
Guzman et al. [39] adjusted the type and chain length of the polyamines, and five ther‑
mosetting polymers with different mechanical performances were obtained. The Young’s
moduli of these range between 2.05 and 332 MPa. They were applied to various applica‑
tions based on their different performances. Since triamine provided a higher cross‑linking
density network than the diamine, the former was found to show a higher ultimate ten‑
sile strength (UTS) and Young’s modulus; however, the degree of freedom of the polymer
chains decreased and the elasticity was inferior to that of the diamine system. Because
of the simple synthesis process and commercial availability of Jeffamines, this series of
resins provides a promising alternative to commonly used printing formulations. Further‑
more, such bio‑based polymers are expected to replace those made from nonrenewable
resources [71].

2.4. Diels–Alder Bond
The reversible Diels–Alder addition reaction occurs between electron‑deficient diolefins

and electron‑rich conjugated dienes at low temperatures and the reverse reaction is activated
at high temperatures [72]. It is widely used in the field of self‑healing polymers. A represen‑
tative example is the reaction between furan and maleimide [73,74]. Structures containing
a Diels–Alder bond network exhibit higher intermolecular force and bettermechanical per‑
formances than non‑covalent bonds [75,76]. Until now, the reversible Diels–Alder reaction
has been scarcely applied in the field of 3D printing, because it requires a high temperature
to initiate healing.

Durand‑Silva et al. [35] studied the effect of thermally reversible Diels–Alder cross‑
linking agents on the shape stability and self‑healing performances of UV‑printable resins.
Aiming to optimize the ratio of raw materials to provide a self‑healing function (>99%)
without affecting the shape stability of the printed products, the authors prepared a UV‑
sensitive self‑healing resin using acrylic furan−maleimide (fm) cross‑linking agent and
2‑Hydroxyethyl acrylate (2‑HEA) as a reactive diluent (Figure 6a).
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The results showed that the extent of the effect on the 3D printing shape increased
with the concentration of the dynamic covalent cross‑linking agent (Figure 6b). The healing
efficiency did not show a linear relationship with the concentration of the covalent cross‑
linking agent, and no self‑healing phenomenonwas observed even at a high concentration,
in contrast to general beliefs. Similar to other self‑healing printing polymers, reliable self‑
healing polymers based on furan−maleimide Diels–Alder (fmDA) adducts must strike a
balance between shape stability, thermal stability, and dynamics.

3. Dynamic Non‑Covalent Self‑Healing Polymers for UV‑Curing 3D Printing
The activation of dynamic bonds usually requires conditions such as a high temper‑

ature or energy input [77], which involves additional energy use. The bond energy of dy‑
namic non‑covalent bonds is often lower than that of covalent bonds. The polymers formed
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through dynamic non‑covalent bonds are less susceptible to the external environment and,
therefore, require lower‑intensity stimulation to heal the damage [78].

3.1. Hydrogen Bond
Hydrogen bonding is a common physical interaction that is much weaker than cova‑

lent bonds. When hydrogen atoms are adjacent to highly electron‑rich atoms such as N,
O, or F, reversible cross‑linking networks are established via electrostatic interactions in
polymer chains. Increasing the temperature can weaken the hydrogen bonding force, which
is conducive to the movement of polymer chain segments. When the temperature decreases,
the hydrogen bond will be regenerated again [79]. The hydrogen bond is suitable for con‑
structing intrinsically self‑healing materials and, thus, merits considerable research attention.

Wuet al. [80,81] selected a series ofUV‑curablemethacrylic acid and acrylicmonomers
as inks to apply inUV 3Dprinting. A vinylated palmoilmonomer (POFA‑EA)was selected
as the raw material for the printing of thermoplastic polymers. The ink was obtained by
blending N‑vinyl‑2‑pyrrolidone (NVP) and acrylic acid (AA) (Figure 7a), and various bio‑
based thermoplastics were successfully printed using LCD technology. The ink exhibits a
high double‑bond conversion rate of 73–85% within 8 s, which meets the polymerization
requirements for LCD printing. The amide structure in the vinylated palm oil monomer
forms hydrogen bonds with polar monomers, including NVP and AA, enable the trans‑
parent printed products to exhibit high stretchability (Figure 7c) and self‑healing abilities
(Figure 7b), as well as easy processing and recycling abilities. The authors also explored
the printability of a series of UV‑curable monomers such as N‑hydroxyethyl acrylamide
(HEAA), AA, NVP, etc. The formation of strong hydrogen bonds between the –NH and
C=O groups of polymer chains allows the polymers to meet the LCD requirements. Even
mixingwith othermonomers does not affect the printability ofN‑hydroxyethyl acrylamide.
This study guided the selection of the appropriate printing monomers. The viscous elas‑
tomer prepared in this paper can adhere to human skin, enabling repeated stripping–
adhesion after 10 cycles without leaving any residue or causing skin irritation. These ex‑
cellent features were exploited to prepare biosensors andwearable devices, demonstrating
the great potential of this elastomer as a biomedical material.

Using natural tannic acid, choline chloride, and hydroxyethyl methacrylate as raw ma‑
terials, Zhu et al. [33] developed novel ternary polymerizable deep eutectic solvents (PDESs)
using the one‑potmethod. Density functional theory analysis indicated that hydrogen bonds
and van derWaals interactions were themain driving forces for the formation of PDESs. The
prepared PDESs showed high bio‑based content (40.13–52.96%) and excellent mechanical
performances (tensile stress, 5.45–13.71 MPa; toughness, 13.40–23.29 MJ·m−3). The degree
of healing reached 85.2–88.5% after heating at 80 ◦C for 24 h, and the performances after
healingwere still superior tomost reported PDESmaterials [82–84]. Because tannic acid ex‑
hibits natural UV‑light absorption [85] and anti‑bacterial properties, these new PDESs can
be directly used for LCDprintingwithout additional inhibitors [86]. The penetration depth
of the PDES sample was low (0.192 mm), and the different structures that were printed
all showed high resolutions. The penetration depth and critical exposure energy [87] of
UV‑sensitive resin were investigated, which paved the way for the further improvement
of printing accuracy. Overall, the developed tannic acid‑based PDESs can serve as ideal
materials for high‑resolution 3D printing, and are equipped with both green and multi‑
functional properties.
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Li et al. [88] synthesized a deep eutectic solvent‑basedUV‑curable resinwith both hydro‑
gen bonds and ionic interaction bymixing choline chloride (ChCl), acrylamide (AAm), and 4‑
Acryloylmorpholine (AcMo) (Figure 8a). The resin has an ultra‑low viscosity (<0.1 Pa·s) and
ultra‑high curing rate, which is compatible with commercial LCD printers. The printed
glassy components have high precision (50 microns) and optical transparency. The syn‑
ergistic hydrogen bonds between hydroxyl, amino, and carbonyl groups in the polymer
chains provide self‑healing properties (75.9%). This polymer shows an extremely high stiff‑
ness and humidity‑related conductivity, rendering it suitable for manufacturing humidity‑
responsive devices. In addition, two‑dimensional structural assemblieswith different sizes
and their solubility in recycling and re‑modeling were demonstrated in Figure 8b–d. The
presence of choline chloride contributes to the solubility of the printed products, enabling
sacrificial mold manufacturing. It is convenient for the manufacturing of precise, multi‑
functional structures on demand.
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Zhu et al. [89] reported a dynamic polymer with highly customizable mechanical per‑
formance. Owing to the ionic and hydrogen bonds inside the polymer, the DLP‑printed
samples have good self‑healing and recycling abilities. In addition, the printed products
were easily tuned from soft elastomers to rigid plastics by adjusting the ratio of urethane
monoacrylate/acrylic acid monomers. The on‑demand preparation of complex structures,
various assembly categories, and healable functional devices was realized by using this
polymer. To a certain extent, this approach solves the environmental problems caused by
traditional DLP thermosetting products. Soft and rigid models that were printed showed
a good recovery effect in shape and strength after healing at 90 ◦C for 12 h. The printed
products were recovered via thermocompression to obtain uniform samples. The tensile
strength recovery rate, fracture strain recovery rate, and Young’s modulus recovery rate
were determined to be 92%, 85%, and 109%, respectively. After recycling them multiple
times, a 70% restoration of the mechanical performances was still observed.

Wu et al. [90] synthesized a solid conductive ionic gel (SCIg) with a rapid curing rate
and self‑healing function. A precursor solution composed of acrylic acid and choline chlo‑
ride was mixed with a gelatin cross‑linking agent containing many amino acid residues in
themolecular chain. The acrylic acid and choline chloride formed a polymer networkwith
inherent conductivity and the remaining amino acids generated a second rigid network,
which allowed for the preparation of a new type of SCIg with excellent comprehensive
performance. The rich hydrogen bonding sites in the system enhance the non‑covalent
interaction and afford excellent mechanical performances. Moreover, the addition of glyc‑
erol enhances the physical cross‑linking networks and improves the healing ability (>95%).
Based on the conductivity of the polymer, a stretchable resistive sensor, a compressible
capacitive sensor, and an electronic skin were constructed by DLP, demonstrating the ap‑
plication of SCIg in flexible wearable devices. This SCIg achieves a balance between ionic
conductivity andmechanical performance. Problems such as solvent leakage and the evap‑
oration of gel elastomers containing liquid can be avoided by using SCIg. In addition, its
rapid curing rate and high printing accuracy make it highly promising for application in
the fields of electronic skin, physiological signal detection, and human–machine interfaces.

Invernizzi [91] and Suriano [92] et al. developed an SMP that was obtained via the
crosslinking reaction of diol‑terminated polycaprolactone (PCL) with 2‑isocyanate ethyl
methacrylate and methacrylate monomers. The PCL segment provides a shape memory
function, and the quadruple hydrogen bond established by ureidopyrimidinone provided
self‑healing performance. Experiments proved that the DLP‑printed ‘L’‑type specimen
shows similar tensile strength to the cast specimen The ureidopyrimidinone moiety does
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not harm the mechanical performances. The healed samples are still suitable for applica‑
tions such as soft actuators.

Durand‑Silva et al. [93] synthesized methacrylate monomers with aliphatic or aro‑
matic urea motifs, which can exert a good dilution effect on oligomers. The presence of
different types of hydrogen bonds improved the toughness and self‑healing ability of the
products. The cross‑linking density increased with the increase in the urea group con‑
tent. By controlling the content of hydrogen bonds, the mechanical strength was increased
by 119% and the toughness was increased by 205%. They studied the effect of pendant
aliphatic and aromatic ureas on the mechanical performances of polymer networks. As
described in previous reports [94], they found that the presence of pendant hydrogen‑
bonded urea enhanced the mechanical tensile strength and toughness without reducing
the elongation.

In the hydrogel system that is rich in hydrogen bonds, the mechanical strength and
self‑healing ability of the polymer can be further enhanced by introducing ion interactions,
and the resulting conductivity can broaden the application scope of the polymer.

Huang et al. [32] developed a thermoplastic polymer composite with self‑healing
(>60%), efficient recyclability, and a customizable mechanical performance for DLP. The
polymer contains soft and hard regions. The introduction of zinc methacrylate provides
the composite with a second dynamic bonding (ionic bonding). The soft mono‑functional
urethane chains and ionic bonds suppresses the brittleness by acting as energy absorption
units between the hard 4‑Acryloylmorpholine segments. The complementarity of hard and
soft chain segments considerably improves the mechanical strength of the component and
the self‑healing performance, thus facilitating the combination of the components with dif‑
ferent mechanical properties. This is important for the re‑assembly or recycling of robotic
components after failure. Stemming from the superior combination of self‑healing poly‑
mers, it outperforms most reported self‑healing polymers, with a tensile strength and elas‑
tic modulus of up to 49 and 810 MPa, respectively. This study introduces self‑healing and
printing functions into a polymer without affecting its recyclability and strength, equilib‑
rium self‑healing ability, or mechanical performance.

Wu et al. [95] proposed an inter‑penetrating network hydrogel based on poly(acrylic
acid–N‑vinyl‑2‑pyrrolidone) and carboxymethyl cellulose. They were physically cross‑
linked through Zn2+ coordination and hydrogen bonding. The printed hydrogel exhibits
the same dynamic dual‑physical interactions as ‘sacrificial bonds’ [96], resulting in a high
tensile toughness (3.38 MJ·m−3) and good self‑healing ability (ηstress, 81%; ηstrain, 91%).
The hydrogel was subjected to 40%‑strain tensile cycles 100 times, and resistance respon‑
siveness was still observed. The hydrogel can also be customized for flexible sensor print‑
ing. Owing to the designability and high resolution of its 3D printing (the profile is still
smooth and complete at a minimum scale of 100 µm), the hydrogel has broad application
prospects and avoids the limitations of the hydrogel‑extrusion‑based printing technology.
In terms of resolution and printing speed, this hydrogel is expected to prepare wearable,
flexible sensors.

3.2. Crystallization
Crystallization [97,98] is a process in which atoms or molecules are arranged accord‑

ing to certain rules to form crystals. Generally, polymers do not form regular single crys‑
tals owing to their long chain structure and chain entanglement behavior. However, poly‑
merswith ordered structures can form crystal embryos, fromwhich crystals can eventually
grow as the ordered structure cools from the amorphous state. Above the melting temper‑
ature (Tm) of the crystal, the crystalline polymer flows. When the polymer is damaged, a
segment can flow to the damaged place. Upon the temperature decreasing, the crystal is
re‑formed. Therefore, crystalline polymers can also be self‑healing.

Zhang et al. [99] incorporated a semi‑crystalline linear PCL (relatively low melting
temperature of 60 ◦C) with good miscibility on a system of SMP methacrylate (Figure 9a).
After heating the prepared spline above 60 ◦C, the PCL crystal domain melts and the PCL
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linear chain is diffused through the boundary between two separated samples. When
cooled to room temperature, the PCL linear chains formed crystalline domains. Some crys‑
tal domains cross the boundary between individual strips and combine them to achieve
a repair effect (Figure 9b,c), which constitutes a solution to the irreparable thermosetting
polymers. The prepared dual‑network SMP exhibits a UV‑curable self‑healing ability (self‑
healing shape memory polymers, SH‑SMP) and good compatibility with DLP 3D printing.
This polymer is suitable for manufacturing complex printing structures with high reso‑
lution (up to 30 µm) (Figure 9d,e). The advantages of the system were demonstrated by
printing some samples, including an SH‑SMP holder and a cardiovascular stent. The po‑
tential application prospects of this system in the fields of soft robots, flexible electronics,
and biomedical equipment were proven.
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Figure 9. (a) Chemical structures of the components in SH‑SMP solution. (b) Chemical structural
evolution of the SH‑SMP solution during UV‑based 3D printing at high temperature (h.t.) and cool‑
ing down to room temperature (r.t.). (c) Illustrations of the self‑healing mechanism. (d) 3D‑printed
gripper. (I) As‑printed gripper. (II) Cut gripper. (III) Healed gripper. (e) 3D‑printed stent. (I) As‑
printed. (II) Broken. (III) Healed (scale bars: 4 mm). Reprinted with permission from reference [99].
2019, American Chemical Society.

Wenet al. [100]mixedPCLwith aUV‑curablemonomer toprint a semi‑interpenetrating
polymer network elastomer with shape memory, self‑healing function, and high tensile
strength (20 MPa). The appearance of the sample after cutting and repairing was the same
as the original, and the shape recovery speed decreased only slightly.

Abdullah et al. [101] proposed a temperature‑responsive hydrogel. The hydrogel con‑
sists of hydrophilic poly (acrylic acid) chains containing different molar fractions of the hy‑
drophobic segment C16A. The physical cross‑linking of co‑polymer chains can be achieved
via hydrophobic association between the crystalline domains of hydrophobic segments.
The melting and crystallization temperatures of the hydrogels are 38–40 ◦C and 25–29 ◦C,
respectively. It allows for inducing a shape‑memory function at temperatures close to
the human body by optimizing the C16A content. By adjusting the molar fraction of the
hydrophobic segment, the printed hydrogel can be made to exhibit a Young’s modulus
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of 23–215 MPa and toughness up to 7 MJ·m−3, enabling a transition from brittleness to
toughness. The developed 4D‑printable hydrogel has great potential in various biomedi‑
cal applications.

3.3. Host‑Guest Interaction
Host–guest interactions [102] aremainly caused byhydrophobic interactions and com‑

plementary shape and size characteristics between the host and guest molecules. The dy‑
namic interaction between the host and guest molecules can endow the polymer with a
self‑healing function.

Wang et al. [34] prepared a three‑arm chain segment based on an effective host–guest in‑
clusion interactionbetween ethyl‑acrylate‑modifiedβ‑cyclodextrin (β‑CD‑AOI2) andacryloyl‑
tetraethylene‑glycol‑modified adamantane (A‑TEG‑Ad). A host–guest supramolecular hydro‑
gel (HGGelMA) was obtained by the reaction of double bonds at the end of the arms.
The biocompatible natural matrix gelatin methacryloyl (GelMA) formed a covalent cross‑
linking network. The resulting hydrogel has non‑covalent bonds embedded in the cova‑
lent connection network. Weak non‑covalent bonds can be quickly re‑established through
host–guest recognition after cleavage, while strong covalent bonds maintain the network.
The hydrogel has excellent biodegradability and low immune rejection of natural hydro‑
gels as well as a high strength, anti‑fatigue performance, and rapid healing rate. The shear‑
thinning behavior and suitable viscosity of theHGGelMAprecursormeet the requirements
for 3D printing. The hydrogel is a promising printing biomaterial with potential biomedi‑
cal applications, circumventing some of the issues of traditional hydrogels.

The reversibility and repair processes of reversible covalent bonds require external
energy stimulation, such as heating, light, and catalysts. For example, the temperature
required for the self‑healing of transesterification bonds and Diels–Alder bonds is usually
higher than 100 ◦C, and the stimulation does not promote efficient healing in common envi‑
ronments. Although reversible non‑covalent bonds can often achieve satisfactory healing
effects under mild conditions, the mechanical performances are usually not as good as
those formed by dynamic covalent interactions. Moreover, hydrogen bonds are usually re‑
paired at room temperature, but their mechanical strength is limited. Both types of bonds
have advantages and disadvantages.

4. Challenges and Prospects
Dynamic interactions endow UV‑curable 3D‑printed polymers with a self‑healing

function and recyclability, prolong the service life of products, and alleviate environmental
pollution and resource shortages. The research field of dynamic UV‑curable polymer 3D
printing is gradually developing, and the accompanying difficulties and challenges must
be solved urgently. Future research should address the following issues:
(1) Photocurable 3D printing technology requires photosensitive resin with a low vis‑

cosity, but the molecular weight of low‑viscosity resin is small, which will make the
cross‑linking density of the cured material high, causing the material to become hard
and brittle. If the molecular weight of the resin is large, a large amount of monomer
dilution is required, which will cause the resin to lose its original performance. The
contradiction between resin viscosity and performance needs to be solved urgently;

(2) Balancing the mechanical performance and self‑healing function of UV‑curable self‑
healing polymers is the main goal. To achieve high mechanical performance, dy‑
namic bonds with high bond energy are required, which decreases the self‑healing
efficiency of the polymer. At present, dual dynamic network structures [103–105] and
multi‑phase design [106,107] have been introduced into polymers and have achieved
certain results, but new methods still need to be explored;

(3) UV‑curable, self‑healing polymers for 3D printing require external stimuli to activate
damage healing; however, the stimulation intensity required for healing cannot be
easily provided in practical applications. Developing polymers that can self‑heal at
room temperature or lower is more valuable for practical applications;
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(4) Currently, the preparation of self‑healing photosensitive resins is generally compli‑
cated and requires cumbersome steps. Therefore, simplification of the synthesis pro‑
cess, improvement of the yield, and the reduction of waste are necessary;

(5) Photocuring printing equipment is usually expensive and mainly used for printing
small devices. Using dynamic interaction, it is undoubtedly convenient to construct
large‑size devices through module assembly.

5. Conclusions
The demand for practical applications has prompted the rapid development of UV‑

curing 3D printing technology. However, it is necessary to simultaneously introduce self‑
healing and other functions into the printing polymers to develop functional photosensi‑
tive resins. This paper describes photosensitive resins with dynamic bonding for 3D print‑
ing that have been studied in recent years and categorizes the types of dynamic bonding.
The design, preparation, and application prospects of polymers are reviewed. The advan‑
tages and disadvantages of the printed products are summarized. It is hoped that this
review will be of some help for the subsequent development of UV‑curing, self‑healing
polymers with excellent properties.
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Abstract: In response to heightened environmental awareness, various industries, including the
civil and automotive sector, are contemplating a shift towards the utilization of more sustainable
materials. For adhesive bonding, this necessitates the exploration of materials derived from renewable
sources, commonly denoted as bio-adhesives. This study focuses on a bio-adhesive L-joint, which
is a commonly employed configuration in the automotive sector for creating bonded structural
components with significant bending stiffness. In this investigation, the behavior of joints composed
of pine wood and bio-based adhesives was studied. Two distinct configurations were studied,
differing solely in the fiber orientation of the wood. The research combined experimental testing
and finite element modeling to analyze the strength of the joints and determine their failure mode
when subjected to tensile loading conditions. The findings indicate that the configuration of the
joint plays a crucial role in its overall performance, with one of the solutions demonstrating higher
strength. Additionally, a good degree of agreement was observed between the experimental and
numerical analyses for one of the configurations, while the consideration of the maximum principal
stress failure predictor (MPSFP) proved to accurately predict the location for crack propagation in
both configurations.

Keywords: automotive industry; adhesive bonding; L-joint; finite element analysis; pine wood; biomaterials

1. Introduction

In recent times, there has been a concerted effort to reduce the impact of fossil-based prod-
ucts, leading to the development and adoption of bio-based materials [1–3]. This movement
aims to create a more sustainable future by emphasizing the use of tree- and plant-derived
products. Specifically, in the construction of eco-friendly load-bearing structures, these materi-
als show great promise, allowing for the creation of composites with natural fibers like flax,
jute, and palm. Wood, a timeless resource, has played a significant role throughout history
due to its renewable nature [4,5]. Wood, with its multifaceted qualities, stands out as an
enticing material choice. Its versatility allows it to take on various shapes, while its impres-
sive durability ensures resilience against wear and environmental factors. The mechanical
robustness of wood, combined with its relatively low weight, makes it an appealing option
for load-bearing structures. Moreover, its global abundance and economic viability further
enhance its allure. What truly sets wood apart is its adaptability. It responds to changing
environmental conditions, including temperature fluctuations, varying loading rates, and
moisture influences. This adaptability has led to the creation of intricate artifacts with refined
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geometries a testament to wood’s timeless appeal [6,7]. Wood, as a natural composite material,
shares similarities with other composites. However, it does exhibit sensitivity when holes and
notches are introduced. Interestingly, traditional joining methods like riveting and bolting are
ill suited for wood due to its unique composition [8].

In structural applications, wooden adhesive joints play a pivotal role across diverse
industries. In civil engineering, adhesive bonding provides uniform stress distribution
without the need for local heating or substrate modifications [2,9]. These joints find use in
bridges, buildings, and other infrastructure, enhancing structural integrity and enabling
innovative designs. Similarly, in the automotive industry, wood-based adhesive joints
offer lightweight and flexible connections, reducing the reliance on mechanical fasteners.
Applications include vehicle interiors, panels, and non-structural components. Overall,
wooden adhesive joints contribute to sustainable and efficient designs, making them
valuable for the future. Bio-based adhesives offer several advantages over traditional
petroleum-based counterparts, particularly in terms of sustainability and environmental
impact reduction. Derived from renewable resources, these adhesives contribute to a lower
carbon footprint by emitting fewer greenhouse gases during production. Additionally, they
exhibit lower toxicity to both humans and the environment. In wooden applications, bio-
based polyurethane adhesives can be modified for enhanced water resistance and bonding
strength [5,10]. These innovative materials pave the way for high-performance alternatives,
matching or surpassing synthetic wood adhesives while promoting eco-conscious practices.
Adhesively bonded joints offer several advantages over traditional mechanical fasteners
(such as bolts, rivets, and welds). First, they distribute stress more uniformly, minimizing
stress concentrations. Second, adhesive bonding enhances shock and impact resistance,
making joints more robust. Third, adhesives allow effective joining of dissimilar materials,
including metals, plastics, wood, ceramics, and more. Fourth, adhesive bonds reduce
weight by eliminating the need for additional hardware. Finally, these joints create seamless
connections without visible cuts or holes, providing a cleaner overall appearance [11].

In the context of eco-friendly adhesive bonding for wooden structures in industrial
applications, various joint configurations are commonly employed. Bio-based adhesives,
derived from renewable resources, offer environmental advantages. Among the joint designs,
Single-Lap Joints (SLJ) involve overlapping two wooden pieces with adhesive, while Double-
Lap Joints (DLJ) provide better load distribution and increased strength. Stepped-Lap Joints
distribute stress evenly due to their stepped profile, and Scarf Joints, with tapered overlaps,
reduce stress concentration. Additionally, T-joints, where three wooden members intersect,
play a crucial role in structural connections. However, the focus lies on L-joints, which are
formed when two members meet at a right angle. L-joints are prevalent in wooden frames,
furniture, and cabinetry, and their adhesive performance significantly impacts overall struc-
tural integrity. The choice of adhesive should consider material properties, load conditions,
and environmental factors [12–14].

When addressing the numerical simulation of wooden joints, particularly within the
context of structural applications, several critical computational aspects come into play.
Wood, as a heterogeneous and highly anisotropic material, exhibits ductile behavior under
compression but tends toward brittle behavior when subjected to tension or shear forces. To
tackle this inherent complexity, researchers have developed advanced 3D constitutive mod-
els based on continuum damage mechanics. These models allow for precise representation
of wood behavior and have been successfully integrated into finite element frameworks.
The validation process, involving embedment and joint tests across different wood species
(such as spruce, beech, and azobé), confirms the accuracy of these models by identifying
failure modes that align with experimental observations [15–17].

Numerical simulations have become indispensable tools in product design and devel-
opment across various industries, offering substantial cost savings and efficiency
improvements [18,19] However, it is worth noting that engineering practices leverag-
ing numerical simulations are not yet widely adopted throughout the entire forest wood
chain. Currently, three main approaches characterize the mathematical description of wood
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material: (1) employing homogeneous volume elements that simplify wood properties and
structure [6,20–22]; (2) simulating the wood cell wall and structure at a micro-level [23];
and (3) utilizing multiscale modeling techniques [24–26]. While numerical methods have
found extensive application in civil engineering, particularly in studying deformations
under static loads, material failure, and crack propagation using finite element meth-
ods (FEM) [27–29], the material failure of wood remains an area that has not been thor-
oughly explored using numerical simulations [30,31]. In the specific case of adhesive
joints, cohesive zone elements strike a reasonable balance between calculation time and
prediction accuracy.

Numerical models require prior knowledge of material properties. In the context of
adhesive joints with biomaterials, the material properties of the substrates and adhesives must
be carefully evaluated. Therefore, an experimental investigation must be conducted to charac-
terize these materials. Once the properties are successfully obtained, the numerical model can
simulate the overall behavior of the joint. Additional experimental studies within the overall
joint must be performed, for validation of the model. Moura and Dourado [17], conducted
a study that presented various practical applications with pine wood. These applications
encompassed the repair of beams under tensile loading, repair of beams under bending
loading, reinforcement of wood structures, steel–wood–steel connections, and wood–wood
joints. The researchers utilized typical wood connections and structural details to emphasize
the importance of incorporating non-linear fracture mechanics concepts, particularly cohesive
zone modeling, in this field. The study achieved a comprehensive qualitative and quantitative
representation of the mechanical behavior and failure modes observed in these applications.
Hence, its work establishes the proposed procedures as fundamental tools for the efficient de-
sign of wood structures. In a separate study, Corte-Real et al., in 2022 [32], investigated single
lap joints (SLJs) using different types of wooden substrates. These substrates included natural
wood, wood/cork composites, and densified pine wood bonded with a novel polyurethane-
based bio-adhesive. It was concluded that the densification process was successful, although
it presented an additional challenge due to the resulting surface. Furthermore, increasing the
overlap had a positive impact on the energy absorption of the joint, and the addition of cork
resulted in a more consistent failure mode and higher strain to failure.

This study focuses on pine wood, a material that is both economically viable and abun-
dantly available. Despite prior research on pine wood, there has been limited exploration
of its suitability in L-joint configurations, which are commonly employed in structural
applications within the civil and automotive industries. To address this gap, extensive
research is essential to comprehend the behavior of adhesively bonded wooden L-joints.

The objective of this research work is to provide design tools for constructing more
complex structures using wood. Novel wood-based materials, such as densified wood, hold
promise for eventually replacing metals and composites while enhancing sustainability. In
this study, the potential of pine wood in L-joint configurations subjected to tension loading
conditions was investigated. To achieve this goal, two different joint configurations con-
ducted, an experimental study involving. Additionally, a numerical analysis complemented
these experimental efforts.

The findings from this research contribute valuable insights for designing load-bearing
structures using pine wood, paving the way for eco-friendly alternatives in various industries.

2. Materials and Methods

In this section, a careful description of the materials used, including their properties
and geometry and dimensions of the joint are provided. Additionally, the testing conditions
of all experiments are revealed to ensure transparency and reproducibility of the results.
Finally, this section presents the conclusive findings obtained from the experiments.
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2.1. Materials
2.1.1. Substrate

In this study, pine wood served as the primary substrate, sourced from the southern
regions of Portugal. The selection was based on its cost-effectiveness, widespread availability,
and suitable mechanical properties. Notably, the mechanical behavior of wood is intricate and
highly dependent on various factors, including species, growth conditions, grain slope and
size, defects, knots, shakes, and age. For bio-substrate applications, beams exhibiting maxi-
mum symmetry and straight grains were chosen, while the use of knotted timber was avoided.
The mechanical and cohesive properties of pine wood were experimentally determined by
Moura et al. [21] and are presented in Tables 1–3.

Table 1. Nominal elastic properties of Pinus pinaster. (Young’s modulus (E), Poisson’s ratio (ν), and
shear modulus (G)) [17].

EL [GPa] ER [GPa] ET [GPa] υTL υRL υRT GRL [GPa] GTL [GPa] GRT [GPa]

12.0 1.91 1.01 0.51 0.47 0.31 1.12 1.04 0.29

Table 2. Nominal strength properties of Pinus pinaster [17].

σuL [MPa] σuR [MPa] σuT [MPa] σuRL [MPa] σuTL [MPa] σuRT [MPa]

97.5 7.90 4.20 16.0 16.0 4.50

Table 3. Cohesive parameters of Pinus pinaster in the RL fracture system [17].

GIc [N/mm] GIIc [N/mm] σ1,I [MPa] σ1,II [MPa]

0.264 0.94 5.34 9.27

The strength and fracture characteristics of wood significantly depend on the direction
of loading. Neglecting this consideration could lead to severe wood failure. Wood cells
align with the grain direction, resulting in maximum strength when the load is applied
along this axis. To describe wood’s mechanical and physical properties, a cylindrical
coordinate system—comprising longitudinal (L), radial (R), and tangential (T) directions—
is commonly employed due to the circular grain orientation (see Figure 1).

The moisture content of the wood fell within the typical range of 8% to 25% by weight,
suitable for various wood types and applications. It remained dry, with a moisture content
not exceeding 19%, which aligns with the limit for sawn lumber design. This moisture
level significantly impacts the wood’s properties, including dimensional stability, strength,
durability, and resistance to biological factors.

For a better understanding of the different planes considered in this study, Figure 1
presents the main orthotropic directions and planes in wood.

2.1.2. Bio-Adhesive

A bio-based moisture-curing polyurethane, composed of 70% natural materials, was
employed to bond the substrates. As a moisture-curing adhesive, it reacts with the moisture
present in the substrate or the surrounding air during the curing process. To achieve a
flawless bond without voids or defects, the adhesive must directly contact the substrates in a
zero-thickness condition, allowing it to interact with the hydroxyl (OH) groups in the wood.
This interaction exploits both mechanical interlocking and chemical bonding with the
wooden substrates. These chemical bonds form between the OH groups in the wood and
key components of the adhesive, synergistically enhancing the overall adhesive strength.
Notably, the moisture content of the wood significantly influences the curing process of
this bio-adhesive. Maintaining a consistent moisture level is crucial for determining the
adhesive’s curing time. Therefore, all substrates used in this study adhered to a specified
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moisture content range of 12–20%, meticulously ensured by the wood supplier. This precise
control of moisture content ensures uniformity in the adhesive’s curing process, ultimately
enhancing its performance and reliability. The adhesive cures at 100 ◦C for a duration of 8
h. It is essential to mention that this bio-adhesive is currently in the prototype stage and has
not been commercially released; however, it shows potential as a sustainable alternative
to synthetic adhesives. It is produced in an irreversible reaction, without humidity, in a
reactor under a nitrogen atmosphere and heating is performed with a thermal oil coil. It
uses an aliphatic isocyanate as a basis, which contains 70% plant matter, and thus is more
easily biodegradable. Manufacturing the bio-adhesive is estimated to consume 15 to 20%
less energy than those derived from petroleum. The adhesive was developed by Professor
João Bordado from Instituto Superior Técnico and was specifically formulated to display
excellent compatibility and adhesion to wood substrates.
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The experimental characterization of the adhesive properties was conducted by
Jalali et al. [33]. In terms of mechanical characterization, testing using a modified thick ad-
herend shear test (TAST) specimen revealed a minimum shear strength value of
12.4 MPa. The author mentions tests utilizing modified double-cantilever beam (DCB) and
end-notched flexure (ENF) specimens provided GIc and GIIc values of 0.16 N/mm. In butt
joints, the tensile strength was measured to be 16.5 MPa.

2.2. Joint Manufacturing

The joint assembly comprises an L-shaped upper substrate and a flat bottom substrate.
When manufacturing joints using orthotropic wood, one critical parameter is the orientation
of the wood rings. Depending on the substrate, various orientations were deliberately
considered. For the bottom substrate, the preferred ring alignment is depicted in Figure 2.
However, achieving flawless symmetry around a centrally aligned vertical axis was not
consistently feasible. As for the upper substrate, two distinct configurations were studied:
a nominally vertical orientation (a) and an inclined one (b). Although the term ‘vertical’
simplifies the description, it is important to note that the actual orientation may not be
perfectly vertical. By observing both orientations in Figure 2, it can be understand the
differences in upper substrate alignment.
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Figure 2. Illustration of the cross-section dimensions of the joints: (a) vertical orientation of the upper
substrate and (b) inclined orientation of the upper substrate.

The manufacturing process involved preparing the substrates, which had previously
been conditioned at 23 ◦C and 50% rH. To ensure a similar topography of the substrates,
all specimens were cut in the same equipment and from wood extracted from the same
batch. This was followed simply by air blasting to remove all dust from the surface. This
process produced surfaces that were consistent in their surface roughness. A thin layer of
adhesive was evenly spread across the overlap region on both substrates. The substrates
were then carefully aligned and firmly pressed together. To ensure a robust bond, pressure
was exerted on the overlap area using a plate and clamps. The assembled substrates were
subsequently positioned in an oven to ensure the curing of the adhesive. Finally, the joints
were removed, and any surplus adhesive along the edges was cleaned as needed. Figure 3
illustrates the final assembly and provides an overview of the joint dimensions. After the
assembly, all samples were again conditioned at 23 ◦C and 50% rH.
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Figure 3. Dimensions of the L-joints, in mm, and the direction of the displacement, δ.

2.3. Testing Conditions

The L-joints manufactured for this work were tested via the application of a tensile
load on the upper substrate and were conducted by the quasi-static test machine. The
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tensile tests were performed using a universal testing machine INSTRON 3367® (Illinois Tool
Works, Hopkinton, MA, USA) with a load cell capacity of 30 kN, and both the load, P, and
displacement, δ, were recorded by the machine at a constant rate of 1 mm/min. Figures 3
and 4 show the dimensions of the specimens and the setup utilized to conduct the testing
procedures. Furthermore, the width of upper and bottom substrate was 15 and 25 mm,
respectively. The clamped length was controlled during the tests, ensuring that it was always
set to be 15 mm. It should be noted that at least five specimens were tested for each condition.
The tests were conducted in laboratory conditions of temperature and humidity.
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Figure 4. Experimental setup for testing the L-joints.

2.4. Numerical Details

A finite element model was developed to simulate the L-joints in the attempt to predict
the real behavior of the structure. The Abaqus 2022® software was used to carry out the
analysis. Numerical models for the two previously mentioned configurations (Figure 2)
were made considering the mechanical properties previously reported for the pine wood
and the bio-adhesive.

To model the adhesive layer, cohesive elements were utilized, and their behav-
ior was defined by a triangular traction-separation law. The properties of this law, in-
cluding strength and fracture properties of the novel bio-adhesive, were determined by
Jalali et al. [33]. For the wood substrates, a homogenous orthotropic layer was employed
with the corresponding elastic properties presented in Tables 1–3. Additionally, a layer
of cohesive elements was positioned at a 0.15 mm distance of the interface of both upper
and bottom substrates to allow for possible delamination of the wood. This distance was
selected according to experimental observation, which has shown that this type of failure
occurs one or two fibers away from the surface. This usually corresponds to a distance
between 0.1 and 0.2 mm from the surface. The triangular cohesive law governing the
elements in the wood was defined based on the strength and fracture properties of natural
pine wood, as determined through experimental analysis by Moura and Dourado [17]. A
visual representation of the model can be seen in Figure 5.
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Figure 5. Boundary conditions and cohesive elements used in the numerical model of the L-joint.

In this study, we implemented boundary conditions and mesh configurations metic-
ulously to ensure precise finite element simulations. First, we fixed the horizontal and
vertical directions of the two upper edges of the bottom substrate. Simultaneously, the up-
per edge of the upper substrate experienced vertical upward displacement while remaining
horizontally constrained. To achieve reliable results, we employed a high mesh den-
sity, comprising 11,740 four-node bilinear plane strain quadrilateral elements (CPE4) and
700 four-node two-dimensional cohesive elements (COH2D4), as depicted in Figure 6. Ad-
ditionally, we discretized the substrate thickness using over 20 elements to capture bending
phenomena accurately. Notably, a mesh refinement strategy was applied to account for
localized stress effects in the adhesive region. These considerations collectively enhance
the accuracy and reliability of our FEM simulations.
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3. Experimental and Numerical Analysis
3.1. Strength Analysis

A strength analysis was conducted considering both configurations. The peel
strength—displacement curves were derived from experimental procedures, directly ex-
tracted from the testing machine. The load retrieved was divided by the upper substrate
width in order to determine the strength of each tested specimen. It is important to highlight
that, to eliminate the influence of machine component measurements, the displacement
values for the experimental curves were adjusted using a correction factor of 0.6. This value
was experimentally determined and represents an adjustment of the compliance of the
testing machine and the used test setup. Figures 7 and 8 present the results for the vertical
and inclined configurations, respectively.
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In the case of pine wood with a vertical fiber orientation of the upper substrate
(Figure 7), the average peel strength of the joint was 16.2 ± 2.1 N/mm, with a corresponding
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displacement of 0.49 ± 0.12 mm. On the other hand, for the alternative geometry (Figure 8),
the joint sustained an average peel strength of 12.2 ± 1.5 N/mm, resulting in a displacement
of 0.38 ± 0.03 mm. The energy absorbed by the joints was determined by the area under
the peel strength—displacement curves. The energy absorbed up to the point of failure for
the vertical configuration was approximately 2.6 higher than the absorbed energy by the
inclined configuration.

A comparison between these two cases reveals notable differences. Specifically, the
first case exhibited approximately 25% higher peel strength than the second case, along
with a superior displacement-to-failure capacity of around 22%. Furthermore, the observed
behavior in the two cases significantly differs. In the vertical configuration (Figure 7), there
is a noticeable shift in the material’s behavior, marked by a distinct change in the slope of the
curve. Initially, the material demonstrates elastic behavior, but it subsequently transitions
to a plastic behavior, allowing for more displacement before failure occurs. On the other
hand, in the inclined configuration (Figure 8), cracks in the wood are present, which were
not observed in the vertical configuration. During the testing, the propagation of cracks
could be heard, although they would not be visible. This indicated the presence and
propagation of microcracks during testing, which would influence the fracture behavior of
this particular configuration. These microcracks suggest the initiation of localized damage
in the inclined configuration, contributing to its unique behavior. In conclusion, the two
configurations not only vary in peel strength and displacement capacity but also exhibit
distinct behaviors during testing.

Moreover, it is crucial to emphasize that the vertical configuration demonstrates
superior characteristics including higher energy absorption, greater peel strength, and
increased displacement capability prior to failure. The presence of vertical fiber orientations
in the overlap region results in the loading being applied along the strongest direction,
thereby enhancing the stiffness and peel strength of the joint. The vertical alignment of the
fibers maximizes their load-bearing capacity, leading to improved overall performance of
the joint.

The numerical computations conducted for both configurations are presented in form
of resulting peel strength—displacement curves. These results were directly extracted and
compared to the experimental data. Figure 7 illustrates the comparison between numerical and
experimental results for the vertical configuration, while Figure 8 presents the corresponding
comparison for the inclined configuration.

In the case of the vertical configuration, the numerical analysis simulated the peel
strength of 17.4 N/mm with a displacement of 0.28 mm. In contrast, the experimen-
tal peel strength was reported as 16.2 ± 2.1 N/mm, accompanied by a displacement of
0.49 ± 0.12 mm. This indicates that the numerical model presents a reasonable agreement
for the failure load. However, there is some deviation in displacement between the numeri-
cal and experimental results. Specifically, up to approximately 0.2 mm, the numerical and
experimental results align well. Beyond this point, a noticeable divergence emerges in the
behavior of the two sets of results. One possible explanation for this disparity is that the
experimental data suggests signs of plastic behavior, allowing for greater displacement be-
fore failure. Unfortunately, the numerical simulation did not account for this phenomenon
due to the lack of information to simulate such behavior. Despite the limitation of con-
sidering only the elastic behavior of wood, the numerical results still offer reasonably
accurate predictions.

In the inclined configuration, the numerical analysis determined peel strength of
17.3 N/mm with a displacement of 0.29 mm. In contrast, experimental testing yielded a
peel strength of 12.2 ± 1.5 N/mm, accompanied by a displacement of 0.38 ± 0.03 mm. As
mentioned, in this configuration, the presence of microcracks in the experimental testing
was noted, contributing to the observed discrepancy, since they are not considered in
the finite element analysis (FEA). Consequently, the FEA tends to predict higher failure
loads compared to the experimental results, proving to have a worse performance for this
configuration in terms of the failure load. However, a smaller discrepancy in the final
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displacement between numerical and experimental data was observed when compared to
the previous configuration.

Comparing both numerical results shows strikingly similar patterns in terms of the
failure load, displacement, and the peel strength—displacement curve shape. However,
real-world behavior diverges. The experimental data are scattered, and the authors believe
that the source of these dispersion is mainly caused by the wood itself and thus a key
limitation associated with using these materials. Even when sourced from the same
specimen, the different locations along the wood can have drastically varied behavior. In
a design-based approach, one must find ways to avoid having to precisely characterize
these geometrical and material uncertainties and try to employ a more general approach.
In the vertical setup, the numerical and experimental results closely match on the failure
load, though not on the displacement. The numerical model does not consider plasticity,
unlike the experiments, which show more displacement tolerance. In the inclined case,
discrepancies arise due to microcracks unaccounted for in the numerical analysis. Despite
these differences, the numerical model remains a valuable tool for predicting joint strength,
particularly within the elastic range.

3.2. Failure Mode

Following the testing phase, a detailed analysis was conducted to identify the type of
failure modes observed for both cases. Two types of behavior were registered. In both cases,
a visibly non-reflective surface in the overlap region strongly suggests the occurrence of
delamination. In the case of the vertical configuration, the delamination process involved
a greater number of fibers being pulled, accompanied by a fracture occurring within the
wood at a very oblique angle (Figure 9a). Conversely, for the inclined configuration, the
plane of failure exhibited a more vertical orientation and was sudden, resulting in a flatter
failure surface (Figure 9b). All of the tested specimens failed as presented in Figure 9.
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Figure 9. Failure mode observation for (a) vertical configuration and (b) inclined configuration.

In the numerical analysis, delamination was predicted as the predominant failure
mode, and it was imperative to understand this phenomenon. The monitoring of damage
progression utilized the state variable SDEG (Figure 10), which corresponds to stiffness
degradation of the cohesive element, with zero indicating the absence of damage, and a
linear increase in SDEG signifying damage progression until reaching one, resulting in the
failure of the cohesive element.

To address the discrepancies observed between the numerical model and experimental
observations, and considering a global approach to the problem, a thorough analysis was
conducted, leading to the consideration of the maximum principal stress criteria, specifically
the maximum principal stress failure predictor (MPSFP). According to MPSFP, a fracture
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occurs when the local strength is exceeded by the maximum principal stress in a multiaxial
stress system. Using this approach, it was possible to check, for a given displacement, the
plane in which the maximum principal stress reached a value greater than the material’s
strength. As shown in Figure 11, although in general the specimen is below the strength
of the RL plane of 16 MPa, the red arrow indicates that locally, in this plane, this value
is exceeded, with 17 MPa and the orientation represented by the same arrow. Since a
crack propagates in the direction perpendicular to the plane with the maximum principal
stress, this numerical simulation allows us to obtain the correct orientation of the crack
propagation when compared to the experimental results. Comparing the images in Figure 9
with the results in Figure 11, a good agreement can be observed.
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contrast, the inclined configuration exhibited a more vertically oriented failure, leading to 
a flatter failure surface. 

Regarding numerical versus experimental results, the numerical analysis presented 
a reasonable agreement with experimental data in terms of the failure load for the vertical 
configuration. However, deviations in displacement were observed, primarily due to the 
unaccounted plastic behavior in the numerical simulations. Regarding the inclined con-
figuration, during the testing of the inclined configuration, the propagation of cracks 
could be heard, although they were not visible. Thus, the authors consider that the prop-
agation of microcracks during testing was an influencing parameter in the fracture behav-
ior of this particular configuration, contributing to the different behavior observed in the 
numerical model. 
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Figure 11. Maximum principal stress distribution in the FEA: (a) vertical configuration and
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4. Conclusions

This study focused on investigating L-joints for the automotive industry by incorporat-
ing biomaterials, specifically pine wooden substrates with a novel polyurethane-based bio-
adhesive. Two different configurations using pine wood were analyzed through strength
analysis and failure mode. This study involved experimental and numerical analyses,
which were compared to each other.

In comparing the two configurations, significant distinctions emerged. The first con-
figuration demonstrated a notable 25% increase in strength and a 22% improvement in
displacement-to-failure capacity compared to the second. These differences were accom-
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panied by varying material behaviors during testing. In the vertical setup, the material
initially exhibited elastic behavior but shifted to plastic behavior, allowing for more dis-
placement before failure. Conversely, the inclined configuration indicated the presence of
microcracks, which suggests a localized damage not observed in the vertical setup. These
findings highlight differences not only in strength and displacement capacity but also in
observed behaviors. The vertical configuration displayed superior characteristics, including
higher energy absorption, increased strength, and enhanced displacement capability before
failure. This superiority stemmed from vertical fiber orientations in the overlap region,
facilitating loading along the material’s strongest direction. The analysis of failure modes
identified delamination as the predominant issue in both cases, with visible non-reflective
surfaces indicating this phenomenon. In the vertical configuration, delamination involved
more fibers being pulled, resulting in an oblique fracture within the wood. In contrast,
the inclined configuration exhibited a more vertically oriented failure, leading to a flatter
failure surface.

Regarding numerical versus experimental results, the numerical analysis presented a
reasonable agreement with experimental data in terms of the failure load for the vertical
configuration. However, deviations in displacement were observed, primarily due to
the unaccounted plastic behavior in the numerical simulations. Regarding the inclined
configuration, during the testing of the inclined configuration, the propagation of cracks
could be heard, although they were not visible. Thus, the authors consider that the
propagation of microcracks during testing was an influencing parameter in the fracture
behavior of this particular configuration, contributing to the different behavior observed in
the numerical model.

To address these discrepancies, this study introduced the maximum principal stress
criteria, specifically the maximum principal stress failure predictor (MPSFP). MPSFP stip-
ulates that fracture occurs when the maximum principal stress surpasses local strength
in a multiaxial stress system. The verification revealed that, at a specific displacement,
the maximum principal stress exceeded local strength for the RL plane, explaining the
observed crack propagation. Although there was an attempt to use a simple model, which
is able to reproduce the behavior of the wood without the need for highly complex charac-
terization procedures, in future works, the present study should be expanded to create a
more accurate model for the bonded wood. Furthermore, it will be of great interest to use
these same models to study and predict the behavior of these structures considering the
effects of aging and dynamic loads. In fact, one of the main problems facing these wooden
structures is that their long-term behavior is not yet fully understood or modeled.

In summary, this study underscores differences in behavior between configurations,
acknowledging the reliability of numerical modeling while recognizing limitations related
to plasticity and microcracks. It also emphasizes the significance of considering failure
modes and criteria for accurate simulations.
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Abstract: In order to determine the curing reaction model and corresponding parameters of hydroxyl-
terminated block copolyether (HTPE) and provide a theoretical reference for its practical application,
the non-isothermal differential scanning calorimetry (DSC) method was used to analyze the curing
processes of three curing systems with HTPE and N-100 (an aliphatic polyisocyanate curing agent),
isophorone diisocyanate (IPDI), and a mixture of N-100 and IPDI as curing agents. The results show
that the curing activation energy of N-100 and HTPE was about 69.37 kJ/mol, slightly lower than
the curing activation energy of IPDI and HTPE (75.60 kJ/mol), and the curing activation energy of
the mixed curing agent and HTPE was 69.79 kJ/mol. The curing process of HTPE conformed to the
autocatalytic reaction model. The non-catalytic reaction order (n) of N-100 and HTPE was about 1.2,
and the autocatalytic order (m) was about 0.3, both lower than those of IPDI and HTPE. The reaction
kinetics parameters of the N-100 and IPDI mixed curing agent with HTPE were close to those of
N-100 and HTPE. The verification results indicate a high degree of overlap between the experimental
data and the calculated data.

Keywords: HTPE; curing kinetics; non-isothermal DSC; isoconversional methods; autocatalytic
reaction model

1. Introduction

Hydroxyl-terminated block copolyether (HTPE), as a block copolymer ether composed
of polyethylene glycol (PEG) and polytetrafluoroethylene (PTMG), is considered to be a
new type of binder that is expected to replace hydroxyl-terminated polybutadiene (HTPB)
in the field of composite solid propellants [1] due to its excellent performance, particu-
larly its outstanding low vulnerability characteristics [2]. At present, a large number of
works on the mechanics [3,4], thermal decomposition [5,6], combustion [7–9], and safety
performance [10,11] of HTPE-based propellants have been published, and numerous stud-
ies have shown that HTPE has good application prospects in the field of composite solid
propellants.

However, there are few reports on the curing kinetics of HTPE. The curing reaction
between HTPE and the curing agent is directly related to the process parameters, such as
the pot life and curing time of the propellant, and is an important step in the preparation
process of composite solid propellants [12]. Therefore, studying the curing kinetics of HTPE
helps to better understand its curing reaction process and is very helpful for the specific
application of HTPE [13].

Many tests can be used to analyze the curing kinetics, such as low-field nuclear mag-
netic resonance testing [14], rheological testing [15,16], infrared testing [17,18], differential
scanning calorimetry (DSC) testing [19–21], etc. Among them, the DSC method has the
characteristics of high sensitivity, simple operation, and a short testing cycle and has been
widely used. DSC testing can detect and record the heat changes during the curing reaction
process. By mathematically processing and analyzing the recorded data, researchers can
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obtain the reaction model and kinetic parameters of the curing reaction [22]. It should
be noted that there are two commonly used methods for the study of curing kinetics
parameters using DSC, namely the isothermal method and the non-isothermal method.
These two methods each have their own characteristics and scope. Among them, the
isothermal method tests the curing reaction of a sample at multiple fixed temperatures
(usually at least four different temperatures), records the change in heat release during the
curing reaction process with the reaction time until the end of the reaction, and analyzes
it. This method can test the curing reaction of the sample at ambient temperature during
its actual application, which is more in line with the actual application situation of the
sample. However, its disadvantage is that when the curing reaction of the sample is slow
and the heat released during the reaction is low, it can lead to a long testing cycle and the
inaccurate detection of the instrument in the later stage of the curing reaction due to the
low heat generated by the reaction, resulting in serious data errors. This is unacceptable for
the analysis of curing reaction kinetics. Therefore, the isothermal DSC method is commonly
used to study reactions with high heat release and fast reaction rates, such as photopoly-
merization reactions. However, the curing reaction of HTPE, studied in this work, does not
meet the requirements. On the other hand, the non-isothermal DSC method records the
variation in the heat release of the sample during the curing reaction with the temperature
at different heating rates (usually at least four different heating rates) within a certain
temperature range, until the curing reaction is complete, and analyzes it. Compared to the
isothermal DSC method, the non-isothermal DSC method has a shorter testing period and
more accurate data, making it more commonly used in reaction kinetics analysis. This is
also the method applied in this study. It is worth noting that whether using the isothermal
DSC method or the non-isothermal DSC method, it should be ensured that only the curing
reaction of the sample produces thermal effects during the testing process, and there are
no other processes (such as volatilization, thermal decomposition, etc.), because the use
of the DSC method to study the curing reaction kinetics is based on the reaction heat data
recorded by DSC. Otherwise, it will result in inaccuracies or the impossibility of analyzing
the curing kinetics. Therefore, it is necessary to choose an appropriate temperature or
heating rate.

Moreover, the principle of the HTPE curing reaction is that the hydroxyl groups at the
ends of the molecular chains of the HTPE prepolymer react with the isocyanate groups in the
curing agent to form amino ester groups. During the reaction, the molecular chains expand
to form a three-dimensional crosslinked network, transforming the reactants from a liquid
to a solid state. Therefore, the curing reaction of HTPE requires the participation of curing
agents with isocyanate groups and a minimum functionality of 2; otherwise, the expansion
of the molecular chains cannot be achieved. There are many types of curing agents that
meet these requirements, of which N-100 (an aliphatic polyisocyanate curing agent) is a
commonly used curing agent for the curing reaction of HTPE due to its functionality being
greater than 3, making it easy to form chemical crosslinking points [23–25]. On the other
hand, isophorone diisocyanate (IPDI) is a commonly used curing agent for polyurethane
curing reactions [26,27], and it has also been applied in the HTPE system [28]. Therefore,
in this study, to determine the reaction model and corresponding kinetic parameters of
the HTPE curing reaction, and to provide certain references for the practical application
of HTPE, the non-isothermal DSC method was used to analyze the curing kinetics of
HTPE with N-100, IPDI, and mixtures of N-100 and IPDI. Finally, it was found that the
curing reaction process of HTPE with N-100 and IPDI was consistent with the autocatalytic
reaction model, and the corresponding kinetic parameters were obtained by calculation
and fitting.

2. Materials and Methods
2.1. Materials

Hydroxyl-terminated block copolyether (HTPE) and N-100 (an aliphatic polyiso-
cyanate curing agent) were supplied by the Liming Research Institute of Chemical Industry,
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Luoyang, China. Isophorone diisocyanate (IPDI) was obtained from Aladdin. Dioctyl
sebacate (DOS) was analytically pure and obtained from the Tianjin Guangfu Fine Chemi-
cal Research Institute. Triphenyl bismuth (TPB) (purity of 99%) and dibutyltin dilaurate
(DBTDL) were obtained from the Shanghai Institute of Organic Chemistry (Shanghai Mu-
nicipality, China) and were formulated into a 0.5 wt.% solution with DOS as the solvent and
mixed in a mass ratio of TPB/DBTDL of 3:1 before being used as the curing catalyst [29].

2.2. Non-Isothermal Differential Scanning Calorimetry Tests

Non-isothermal differential scanning calorimetric (DSC) analysis was carried out in the
DSC 3 (METTLER TOLEDO). Approximately 5~8 mg of the reaction mixture, comprising
HTPE and the curing agent at a stoichiometric ratio of 1, was placed in an aluminum
crucible. Before placing the mixture into the crucible, it needed to be thoroughly stirred to
ensure that the curing agent, catalyst, and binder were mixed evenly. Then, the mixture
was subjected to a heating schedule up to 473 K from 298 K at various heating rates (1, 2,
3, and 4 K/min) under an atmosphere of nitrogen, purged at a rate of 40 mL/min. The
curing agents used were N-100, IPDI, and a mixed curing agent composed of N-100 and
IPDI. According to previous experiments, when the mass ratio of N-100 to IPDI was 4:1,
the prepared adhesive had good performance. Therefore, in the curing kinetics study in
this work, the mass ratio of N-100 to IPDI contained in the mixed curing agent used was
4:1. The curing system was named N-100/HTPE, IPDI/HTPE, or NI/HTPE according to
the curing agent used.

3. Results
3.1. Curing Activation Energy

The heat flow curves of N-100/HTPE, IPDI/HTPE, and NI/HTPE are shown in
Figure 1, and the corresponding conversion rate (α) versus temperature curves are also
displayed. It is worth noting that different testing methods correspond to different cal-
culation methods for the conversion rates. For non-isothermal DSC methods, calculating
the conversion rates requires the integration of the heat flow curves at different heating
rates to obtain the total heat release of the curing reaction at each heating rate. Then, the
accumulated heat release at a certain time during the reaction process can be compared
with the total heat release of the entire reaction to obtain the conversion rate α at that time.
At the beginning of the reaction, α is 0, while, at the end of the reaction, α is 1. This is
because, when analyzing the reaction kinetics using the DSC method, it is believed that
only the reactants will produce thermal effects when they undergo a reaction—that is, the
beginning and end of the exothermic reaction are used as indicators of the start and end of
the reaction, and the exothermic process represents the reaction process.

From Figure 1, it can be seen that the heat flow curves of the three curing systems
all have only one exothermic peak. As the heating rate increases, the peak temperature
(Tmax) also increases, and the shape of the exothermic peak remains almost unchanged but
becomes higher and sharper. This is a common phenomenon in non-isothermal DSC testing
analysis. The reason is that, in the non-isothermal DSC testing process, the test sample is
heated by the instrument, and the heating rate is controlled by the program. However, in
reality, the temperature distribution inside the sample is uneven. The faster the heating
rate, the more uneven the temperature distribution inside the sample and the greater the
temperature difference between the inside and outside, which leads to an increase in the
peak temperature. At the same time, an increase in the heating rate will also cause the
sample to reach a higher temperature faster, resulting in an increase in the peak temperature
with an increase in the heating rate. Moreover, an increase in the heating rate will lead to
an increase in the thermal effect per unit of time, resulting in greater temperature changes
and an increase in the peak height. Meanwhile, the conversion rates of the three curing
systems exhibit a typical S-shaped curve as a function of the temperature, and the slope of
the curve increases with the increase in the heating rate.
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Figure 1. (a) The heat flow curves of N-100/HTPE, (b) the α versus temperature curves of N-
100/HTPE, (c) the heat flow curves of IPDI/HTPE, (d) the α versus temperature curves of IPDI/HTPE,
(e) the heat flow curves of NI/HTPE, and (f) the α versus temperature curves of NI/HTPE. The colors
of the curves in each graph represent the heating rates, with black, red, blue, and green representing
heating rates of 1 K/min, 2 K/min, 3 K/min, and 4K/min, respectively.
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Equations (1) and (2) represent the Kissinger model [30] and the Ozawa model [31],
respectively. It can be seen from them that the curing activation energy (Ea) can be calculated
based on the Tmax of the heat flow curves at different heating rates. The Tmax and activation
energies of the three curing systems at different heating rates are listed in Table 1. Figure 2
shows the fitting results of the three curing systems with the Kissinger and Ozawa models.

dln
(
β/T2

max
)

d(1/Tmax)
= −Ea

R
(1)

dlnβ

d(1/Tmax)
= −1.052

Ea

R
(2)

where β is the heating rate, in K/min; R is the gas constant, with a value of 8.314 J/(mol·K).

Table 1. Tmax and Ea of the three curing systems.

Curing System
Peak Temperature Tmax (K) Ea (kJ/mol)

1 K/min 2 K/min 3 K/min 4 K/min Kissinger Ozawa

N-100/HTPE 376.753 388.952 395.251 400.745 66.53 69.37
IPDI/HTPE 381.872 392.055 399.711 403.886 73.01 75.60
NI/HTPE 378.736 390.987 396.699 403.084 66.94 69.79
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the Ozawa method. The dots in the figure represent the experimental data, the lines represent the
fitting results, and the colors of the lines represent the different curing systems, where red represents
N-100/HTPE, green represents IPDI/HTPE, and brown represents NI/HTPE.

Table 1 shows that the order of the peak temperatures for the three curing systems
at various heating rates is N-100/HTPE < NI/HTPE < IPDI/HTPE, and the order of the
activation energies is also the same. This indicates that, compared to IPDI, N-100 is more
likely to react with HTPE, but the difference in reaction activity between the two curing
agents is very minimal. From Figure 1, it can also be seen that, like N-100/HTPE and
IPDI/HTPE, NI/HTPE only has one exothermic peak, and it cannot be divided into two or
more through fitting. Therefore, it is reasonable to believe that both the reaction between
N-100 and HTPE and the reaction between IPDI and HTPE occur simultaneously during the
curing of the NI/HTPE system. It should be noted that the activation energies calculated
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using the Kissinger method and Ozara method are fixed values, which are not accurate
enough and only serve as a reference, since the activation energy of the curing reaction is
constantly changing with the progress of the reaction in reality.

The isoconversional method is a commonly used method for the calculation of the
change in activation energy during the reaction process. Among them, isoconversional
methods such as the Kissinger–Akahira–Sunose (KAS) method [32] and Flynn–Wall–Ozawa
(FWO) method [33], as extensions of the Kissinger method and Ozawa method, respectively,
are also commonly used to study the changes in activation energy during the reaction
process. According to the conversion rate–temperature curves of the three curing systems
at different heating rates, as displayed in Figure 1, the activation energy during the reaction
process can be calculated using the isoconversional method. Figures 3–5 show the calcula-
tion results of the activation energies of N-100/HTPE, IPDI/HTPE, and NI/HTPE using
the KAS method and FWO method, respectively.
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From Figures 3–5, it can be seen that the changes in the activation energies calculated
by the KAS and FWO methods have the same trends, and although the activation energies
calculated by the KAS and FWO methods are different, the difference is very small. Sim-
ilarly, the activation energies calculated by the Kissinger and Ozawa methods in Table 1
are also minimal. This is understandable as the KAS and FWO methods are extensions of
the Kissinger and Ozawa methods, respectively. Furthermore, it can be observed that the
activation energy changes of the IPDI/HTPE system are similar to those in reference [34],
indicating that there is a significant diffusion control process in the later stage of the curing
reaction. Through comparison, it can be found that the NI/HTPE system also exhibits
similar phenomena, which should be attributed to the role of IPDI in the curing agent. On
the other hand, as the reaction progresses, the concentrations of the reactants decrease,
resulting in a decrease in the effective collision frequency between the reactants. This is
also one of the reasons that the activation energy increases as the reaction progresses.
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3.2. Curing Kinetics Model and Parameters

Figure 6 shows the curves of dα/dt versus α for the N-100/HTPE, IPDI/HTPE, and
NI/HTPE systems, all of which exhibit the characteristics of autocatalytic reactions [35,36].
In addition, some references also show that the reaction of a hydroxy-terminated polymer
with isocyanate is autocatalytic [13,37–39]. Based on this, it is reasonable to assume that the
reactions of these three systems are all autocatalytic reactions.

Equation (3) shows the autocatalytic reaction model [32], where m is the order of
the autocatalytic reaction, n is the order of the non-catalytic reaction, and A is the pre-
exponential factor. Equation (3) can be easily transformed to obtain Equation (4), and
replacing α with (1 − α) in Equation (4) gives Equation (5), while adding or subtracting
Equation (4) from Equation (5) gives Equations (6) and (7) [40]. From Equations (6) and (7),
it can be seen that by linearly fitting the scatter plot of Value I to ln((1 − α)/α), the slope
obtained is n − m. By linearly fitting the scatter plot of Value II to ln(α − α2), the slope
obtained is n + m, and the intercept is 2lnA. Further calculation can obtain the values of m,
n, and A.

dα
dt

= Aexp
(
− Ea

RT

)
αm(1 − α)n (3)

ln
(

dα
dt

)
= ln A − Ea

RT
+mlnα+nln(1 − α) (4)
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ln
(

d(1 − α)

dt

)
= ln A − Ea

RT′+mln(1 − α)+nlnα (5)

Value I = ln
(

dα
dt

)
+

Ea

RT
− ln

[
d(1 − α)

dt

]
− Ea

RT′ = (n − m)ln
(

1 − α

α

)
(6)

Value II = ln
(

dα
dt

)
+

Ea

RT
+ ln

[
d(1 − α)

dt

]
+

Ea

RT′ = (n + m)ln
(
α− α2

)
+2ln A (7)

Assuming that the curing reactions of N-100/HTPE, IPDI/HTPE, and NI/HTPE follow
the autocatalytic reaction model, according to Equations (6) and (7), it can be seen that Value
I and Value II, obtained by the mathematical processing of the experimental data of the three
curing systems, should have good linear relationships with ln((1 − α)/α) and ln(α − α2),
respectively. This is a method that can be used to verify whether the curing reaction
conforms to the autocatalytic reaction model. Based on this, the experimental data of the
three curing systems were mathematically processed according to Equations (6) and (7)
and plotted and linearly fitted. The results are shown in Figures 7–9.
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Figure 6. (a) The reaction rate dα/dt versus α curves of N-100/HTPE, (b) the reaction rate dα/dt
versus α curves of IPDI/HTPE, and (c) the reaction rate dα/dt versus α curves of NI/HTPE. The
colors of the curves in each graph represent the heating rates, with black, red, blue, and green
representing heating rates of 1 K/min, 2 K/min, 3 K/min, and 4/min, respectively.
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Figure 7. (a) The typical plots of Value I calculated using DSC data for N-100/HTPE and (b) the
typical plots of Value II calculated using DSC data for N-100/HTPE.
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From Figures 7–9, it can be seen that Value I and Value II of the three curing systems
all have a relatively strong linear correlation with the corresponding ln((1 − α)/α) and
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ln(α − α2), indicating that the curing reactions of the three curing systems are all in line
with the autocatalytic reaction model. Meanwhile, based on the linear fitting results, the
corresponding kinetic parameters (m, n, and A) can be calculated and are listed in Table 2.
On the other hand, after confirming that the reaction conforms to the autocatalytic reaction
model, the experimental data were fed into Equation (3) and fitted using the Auto2Fit
software (Professional Version 5.5) to obtain the corresponding kinetic parameters, which
are also listed in Table 2.

Table 2. The curing kinetic parameters of the three curing systems obtained through calculation
and fitting.

Designation N-100/HTPE IPDI/HTPE NI/HTPE

m

Kissinger calculated 0.314 0.421 0.347
fitting 0.274 0.456 0.311

Ozawa
calculated 0.282 0.391 0.315

fitting 0.242 0.428 0.279

KAS
calculated 0.325 0.506 0.358

fitting 0.284 0.535 0.322

FWO
calculated 0.293 0.472 0.326

fitting 0.252 0.504 0.290

n

Kissinger calculated 1.200 1.407 1.220
fitting 1.156 1.409 1.176

Ozawa
calculated 1.214 1.419 1.234

fitting 1.170 1.422 1.190

KAS
calculated 1.195 1.373 1.215

fitting 1.151 1.371 1.172

FWO
calculated 1.209 1.386 1.229

fitting 1.165 1.386 1.185

lnA

Kissinger calculated 14.64 16.76 14.82
fitting 14.57 16.79 14.75

Ozawa
calculated 15.49 17.54 15.67

fitting 15.42 17.57 15.61

KAS
calculated 14.35 14.58 14.51

fitting 14.29 14.60 14.44

FWO
calculated 15.20 15.44 15.37

fitting 15.14 15.46 15.30

From Table 2, it is evident that the kinetic parameters calculated using Equations
(6) and (7) closely match the kinetic parameters obtained through the Auto2Fit software,
suggesting the accuracy of the obtained kinetic parameters. Through comparison, it can
be found that the autocatalytic order m of the three curing systems is smaller than the
non-catalytic reaction order n, indicating that although the reactions of the three systems
conform to the autocatalytic reaction model, the autocatalytic effect does not play a domi-
nant role in the reaction process, which is also similar to related research [15,16,37,38,41].
This may partly explain why the activation energy increases as the conversion rate during
the reaction process rises. Furthermore, it can be observed that the kinetic parameters of N-
100/HTPE are lower than those of IPDI/HTPE, while the kinetic parameters of NI/HTPE
are slightly higher than those of N-100/HTPE. Given that the curing agent used in the
NI/HTPE system is a mixture of N-100 and IPDI, most of which is N-100, this phenomenon
is understandable. In addition, it can be noted that the total reaction orders (m + n) of the
three curing systems are all greater than 1 and less than 2, which is also normal because the
total reaction orders of almost all polyurethane curing reactions are within this range of 1
to 2, indicating that the calculated reaction order parameters are reasonable.
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3.3. Model Validation

Finally, by inputting the kinetic parameters from Table 2 into Equation (3), the curve
of the dα/dt versus temperature for each curing system can be obtained. By comparing
it with the experimental data, the accuracy of the reaction model and kinetic parameters
can be verified. The results are shown in Figures 10–12, from which it can be seen that the
calculated results and the fitted results agree well with the experimental curve, proving the
validity of the reaction kinetics model and related parameters.
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lower than that of the reaction between IPDI and HTPE (75.60 kJ/mol), and the curing
activation energy of the mixed curing agent and HTPE is 69.79 kJ/mol. However, when
N-100 and IPDI are mixed as curing agents, both curing agents should react with HTPE
at the same time, without a clear sequence. In addition, it has been proven through both
calculation and fitting that the curing reactions of the N-100/HTPE, IPDI/HTPE, and
NI/HTPE systems all conform to the autocatalytic reaction model. The non-catalytic
reaction order n of N-100/HTPE is about 1.2, and the autocatalytic order m is about 0.3,
both of which are lower than those of IPDI/HTPE, while the non-catalytic reaction order
and autocatalytic order of NI/HTPE are between those of N-100/HTPE and IPDI/HTPE.
Model validation shows that the obtained model and corresponding parameters have
high accuracy. The research results of the curing kinetics obtained in this work contribute
to a better understanding of the curing process of HTPE and provide guidance for its
practical application.
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Abstract: In this work, the PEEK/short carbon fiber (CF) composites were prepared, a new thermo-
dynamic coupling (preheating and impact compaction) process of the FDM method is proposed, and
the warp deformation mechanism was obtained by finite element simulation analysis. Results show
that a new method could improve the forming quality of an FDM sample. The porosity of FDM
samples of the PEEK/CF composite gradually decreased from 10.15% to 6.83% with the increase in
impact temperature and frequency. However, the interlayer bonding performance was reduced from
16.9 MPa to 8.50 MPa, which was attributed to the influence of the printing layer height change from
the printhead to the forming layer. To explain the above phenomenon, a thermodynamic coupling
model was established and a relevant mechanism was analyzed to better understand the interlayer
mechanical and porosity properties of PEEK/CF composites. The study reported here provides a
reference for improving the forming quality of fabricated PEEK/CF composites by FDM.

Keywords: FDM; PEEK/CF composite; warp deformation; thermodynamic coupling; forming quality

1. Introduction

Polyether ether ketone (PEEK) is a semicrystalline thermoplastic polymer that is
composed of repeating units containing one ketone bond and two ether bonds in its main
chain structure [1]. Given its excellent comprehensive properties, such as wear resistance [2],
fatigue resistance, and good biocompatibility [3], it has myriad applications in automotive
and aerospace, medical equipment, and other industries [4]. Forming and manufacturing
methods for fiber-reinforced PEEK-based composite materials are also attracting attention.
PEEK has a glass transition temperature of 143 ◦C and a melting point of as high as
343 ◦C. Hence, the commonly used forming methods for this material are injection molding
and compression molding. However, prototypes with complex structures still cannot be
obtained through either approach. This situation has become a crucial problem that restricts
the wide application of PEEK-based composites.

Therefore, many scholars have carried out research on FDM composite materials.
Wang [5] systematically studied the influence of short carbon fibers (CFs) and orthogonal
building orientation on the flexural properties of printed PEEK composites. They found that
the addition of CF enhances the uniform nucleation of PEEK during 3D printing, decreases
layer-to-layer bonding strength, and greatly changes the fracture mode. Li [6] reported the
effects of the mechanical properties of PEEK printed through FDM and its composites on
biocompatibility. Their experimental results confirmed that printed CFR-PEEK specimens
have significantly improved mechanical properties compared with printed pure PEEK.
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Laboratory experiments clearly showed that no toxic substances are introduced during the
FDM manufacturing of pure PEEK and CFR-PEEK. Arif [7] studied the multifunctional
performance of PEEK composites reinforced with carbon nanotubes (CNTs) and graphene
nanoplatelets (GNPs). They reported that the Young’s and storage moduli of these materials
increased by 20% and 66% under 3 wt.% CNT loading, respectively, and by 23% and
72% under 5 wt.% GNP loading, respectively. Moreover, they demonstrated that the
crystallization temperature and crystallinity degree of FFF-PEEK increase with the addition
of carbon nanostructures [8]. Tian [9] proposed three methods to improve the interface
performance. Firstly, to improve the wettability of the resin and the fiber, the solution
impregnation technology was used to pretreat the carbon fiber, and a PA slurry layer was
introduced onto the surface of the carbon fiber to improve the fiber surface and resin
interface bonding performance [10]. Secondly, physical cleaning and chemical modification
of the carbon fiber surface by plasma treatment can effectively improve the bonding
properties of two materials with a large polarity difference [11]. The interlayer performance
of the 3D-printed sample after plasma treatment is improved by 70%. The effect of laser
power and printing speed on the extrusion of continuous carbon fiber-reinforced PEEK
composites is as follows: with the increase in laser power, the temperature of the junction
point increases rapidly, the temperature of the binding point reaches about 420 ◦C, and the
thermal accumulation of the surface layer decreases with the increase in the printing speed;
120 mm/min is the fastest printing speed at the highest thermal accumulation temperature,
the interlaminar property of PEEK/CF can reach 56 MPa [12]. Thirdly, the interlaminar
bonding property of PEEK/CF can obviously be improved with the decrease in scanning
distance and interlaminar thickness. When the fiber content reaches about 35 wt.%, the
interlaminar shear strength can reach about 35 MPa [11].

However, most of the studies focused on the printing and forming mechanical prop-
erties of 3D-printed composites utilizing filaments [13], and few reported on the warp
deformation and formed quality of PEEK-based composites fabricated through 3D printing.
In the process of FDM printing, the temperature difference is large because the thermo-
plastic material changes from a molten state to a solid state, which easily causes stress
concentration in the composite material system, leading to micro-cracks, interface delami-
nation, warping deformation, and other defects of the composite sample. These seriously
affect the quality and mechanical properties of the FDM composites [14,15]. At present,
there are few literature reports on the influence of residual stress on the warping deforma-
tion mechanism of formed samples. In addition, in the forming process of FDM stacking
layer by layer, each layer will be subjected to multiple high-temperature thermal cycles,
resulting in a comprehensive superimposed heat effect, resulting in a temperature gradient
in the space of the heated plane, resulting in the deformation of the formed parts due to
uneven temperature, and further leading to problems such as difficult interlayer fusion
and large differences in the mechanical properties of the composite materials. Therefore,
it is urgent to study the new forming process of preheating-impact-printing in the FDM
forming process to improve the physical fusion characteristics between the new forming
layer and the old layer and to improve the forming quality of the sample.

Based on the above analysis, the warpage deformation of PEEK/CF composites were
predicted by finite element analysis, and the warpage deformation factors were analyzed
during the forming process. Then, a new forming process integrating preheating, impact,
and printing was proposed, and the influence of this process on the mechanics and forming
quality of the forming samples was studied, which provides an important reference for
improving the performance of FDM printing samples.

2. Experimental Materials and Test Methods
2.1. Experimental Materials

PEEK has a glass transition temperature of 143 ◦C and a melting point of as high as
343 ◦C. PEEK (450 G) was supplied by VICTREX Company (Lancashire, UK). Chopped CF
(WD-100 AW) with an average fiber length of 100 µm was purchased from Nanjing Weida
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Composite Material Co., Ltd. (Nanjing, China) Prior to use, the PEEK and CF were dried
for at least 3 h at 150 ◦C.

PEEK and PEEK/CF composite filaments were supplied by Shanxi Jugao AM Co., Ltd.
(Taiyuan, China) The CF contents of the PEEK/CF composites were approximately 10 wt.%.
The diameters of the filaments for 3D printing were controlled to 1.75 ± 0.05 mm.

2.2. Test Equipment and Test Conditions

(1) Shear strength test

Instrument: WDW-1 universal material testing machine, Beijing University of Chemi-
cal Technology Testing and Analysis Center.

Test conditions: Interlayer shear strength analysis was performed in reference to the
standard ISO 14130:1998 (fiber-reinforced plastic composite material short beam method to
determine the interlayer shear strength). The sample size was 20 mm × 10 mm × 3 mm,
and the loading speed was 5 mm/min. The span was 10 mm, the upper support radius
was 5 mm, and the lower support radius was 2 mm. The formula used to calculate the
interlaminar shear strength τM (MPa) is:

τM =
3F
4bh

where F is the maximum load (N), b is the sample width (mm), and h is the sample
thickness (mm).

(2) Porosity test (mercury intrusion method)

Instrument: POREMASTER GT60 mercury prosimeter. Test data were obtained by the
Beijing Center for Physical and Chemical Analysis.

Test conditions: room temperature, pressure range of 0.20–30,000 psi, and mercury
injection time of 70 min.

2.3. Fabrication of 3D-Printed Specimens

Five samples of each geometry were created by using PEEK/CF material to investigate
the relationships among printing factors, mechanical properties, and porosity. The printing
process is shown in Figure 1. The specifications of the geometric models of shear stress,
GB/T1450.1-2005. The test sample models conforming to the relevant test standards were
designed in Solidwork software 2020, and the geometric models were exported as files in
stereolithography format for importation by the FDM software (Simplify 3D 3.0). The main
FDM process parameters used to print the PEEK/CF composite samples are provided in
Table 1.
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Table 1. Printing process parameters.

Parameter Value

Print head diameter/mm 0.4
Print head temperature/◦C 400
Base plate temperature/◦C 100

Print speed/(mm/min) 500
Print width/mm 0.5

Layer thickness/mm 0.3

2.4. Design of Multifunction Printhead

The multifunctional printhead is designed as a “fly swatter” structure and surrounds
the printhead, as shown in Figure 2. The multifunction printhead includes the body
printhead, impact compaction device, electric motor, and electromagnetic pulse controller.
The device adopts an electric heating rod with a parallel structure and the corresponding
temperature sensor, and the temperature of the electric heating rod is controlled by a
micro-temperature controller to ensure the preheating effect of the impact device and
uniform and stable preheating. The impact compaction device is used for the impact
force size adjustment; an external digital dynamometer is also used for testing in the
range of 0–5 N; the dynamometer is connected to the detection computer; the computer is
utilized to operate the digital dynamometer through the software interface; and the test
data are observed.
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3. Analysis and Discussion of Experimental Results
3.1. Finite Element Simulation Analysis of Forming Warpage Deformation
3.1.1. Hypothesis of Finite Element Model Analysis of FDM Process

The FDM process is a process in which PEEK wire is fused and extruded by a noz-
zle. During the printing process, the nozzle moves on the surface of the workpiece, the
temperature gradient between the wire and the environment is large, and the heat source
is concentrated. As a result, the temperature field is unsteady, and heat conduction and
convection are the main heat transfer methods.

According to the abovementioned forming process characteristics, the numerical
simulation model is established under the following assumptions:

(1) The material continuity assumption is that the material is treated with continuous
heat transfer throughout the forming process.

(2) The model adopts a 3D finite element model for transient thermal analysis because
the temperature field is unsteady.

(3) According to the printing process of a specific path, the “birth and death unit”
method can be used for simulation, which activates regional units and loads heat sources
one by one, according to the scanning speed of the device.
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(4) The process of FDM has a problem of latent heat-of-phase transition in material
forming, which is treated by the equivalent thermal melting method.

(5) The initial temperature of the unit is the temperature of the nozzle extrusion, and
the convection heat transfer is conducted with the air after extrusion.

3.1.2. Heat Source Model Analysis

According to the molding process of the 3D printer, the silk is heated by the nozzle
from a solid state to a molten state. The nozzle is printed according to a specific path. Thus,
the nozzle can be regarded as a moving heat source.

At present, heat source models can mainly be divided into the double-ellipsoid heat
source model and the Gaussian heat source model. For the preparation process of molten
deposition, the heat of the nozzle in the accumulation molding process is relatively con-
centrated, but no penetration effect occurs. The same position will also have differences
with the change in time, and a large temperature gradient change will occur in the spatial
position. This characteristic corresponds to the Gaussian heat source model. Thus, the
Gaussian heat source model is used to simulate the nozzle heat source.

The heat source model of the Gaussian function distribution is shown in Figure 3 below:
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Figure 3. Heat flux distribution of the Gaussian heat source [16].

The heat flux density distribution on the heating spot adopts the Gaussian mathemati-
cal model, and its heat flux density distribution function is as follows [17]:

q(r) =
3ηP
πR2 × exp(−3r2

R2 ) (1)

where R is the effective heating radius of the heat source, r is the distance from any point on
the heating surface to the center of the arc heating half, η is the effective power coefficient
that truly acts on the molded parts after environmental effects such as convection and heat
exchange, and P is the rated power of the heat source.

According to the discussion above, the heat of the nozzle is relatively concentrated, the
heat source of the printing process is the moving Gaussian surface heat source, and its mov-
ing trajectory is the printing path. Figure 4 shows the trajectory of heat source movement.
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3.1.3. Simulation Analysis of Warpage Deformation of Printed Samples

(1) Finite element model
1© Model of pure PEEK composite

The model uses the printing unit microsegment as the analysis object, and the structure
is shown in Figure 5. The model length is 0.5 mm × 0.2 mm × 0.1 mm, and it contains
87,567 nodes and 81,400 units.
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2© Model of fiber-reinforced PEEK composite
PEEK/short carbon fiber (CF) is a composite material reinforced with 10% chopped

carbon fiber with a mixed volume fraction. The staple fiber is a strong anisotropic material,
and the staple fiber is randomly mixed in the PEEK material. The model selects to print 5
mm microsegments as the analysis object. First, the discrete random algorithm is applied
to discretize the short fibers into the model. Then, each short fiber is given random spatial
direction in the model. Finally, the model is integrated for analysis. The model is shown in
Figure 6.

Polymers 2024, 16, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 4. Trajectory of heat source movement. 

3.1.3. Simulation Analysis of Warpage Deformation of Printed Samples 
(1) Finite element model ① Model of pure PEEK composite 
The model uses the printing unit microsegment as the analysis object, and the struc-

ture is shown in Figure 5. The model length is 0.5 mm × 0.2 mm × 0.1 mm, and it contains 
87,567 nodes and 81,400 units. 

 
Figure 5. Model of pure PEEK composite. ② Model of fiber-reinforced PEEK composite 

PEEK/short carbon fiber (CF) is a composite material reinforced with 10% chopped 
carbon fiber with a mixed volume fraction. The staple fiber is a strong anisotropic mate-
rial, and the staple fiber is randomly mixed in the PEEK material. The model selects to 
print 5 mm microsegments as the analysis object. First, the discrete random algorithm is 
applied to discretize the short fibers into the model. Then, each short fiber is given random 
spatial direction in the model. Finally, the model is integrated for analysis. The model is 
shown in Figure 6. 

 
Figure 6. Model of PEEK/CF composite. 

(2) Simulation of printing layer sample 

Figure 6. Model of PEEK/CF composite.

(2) Simulation of printing layer sample
The five-layer sample is used as the analysis object to simulate the forming process of

the multilayer sample; the heat source model is brought into the printing process simulation;
the printing multilayer simulation method is like the single layer; the “life and death” unit
technology is also used to simulate the printing process; and the unit “life and death”
simulation path is consistent with the printing path. The heat flux density and temperature
distribution cloud of the printed sample at a certain time are shown in Figure 7.

Figure 6 shows that the temperature of the sample during the printing process is
the maximum near the printing terminus, and it diffuses radially to the periphery, which
indicates a temperature gradient situation. During the printing process, the sample will
absorb part of the heat due to the convection heat dissipation on the upper surface. As a
result, the overall temperature of the sample tends toward the thickness direction of the
ladder shape, and a trend of decreasing layer by layer is observed.
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Figure 7. Temperature field cloud at the end of printing.

To obtain the relationship between the internal stress and temperature of the printed
sample, we simulate the stress cloud and the displacement cloud in the thickness direction
of the sample, as shown in Figures 8 and 9, respectively. Figure 8 shows that the stress
of the sample near the printing end lane is minimal; it decreases to the perimeter of the
printing termination, and the overall stress field is an inverse wave layer. As shown in
Figure 9, the stress of the sample is affected by the temperature field. The temperature of
the upper surface of the sample drops sharply, the stress gradually increases, and the upper
part of the sample shrinks with the increase in time. Meanwhile, the middle and bottom
surface of the sample have heat conduction due to the printing process, the temperature
drops slowly, and the internal stress changes slowly with the temperature. In general, the
warpage around the upper part of the molded part changes the most, and the deformation
of the sample is concave.

The stress field value of the PEEK/CF composite is obtained by extracting the nodal
displacement of the bottom surface in Figure 10, to obtain the intuitive warpage deformation
characteristics of the sample. The figure shows that the fiber-reinforced PEEK material is
scattered with the discreteness of the spatial position of the chopped fiber due to its mixing
characteristics. The overall microsegment stress is uneven, and the interface stress between
the fiber and PEEK material is greater and shows stress concentration. The two stress field
distributions caused by material and temperature have different characteristics of bottom
warpage, and the fiber-reinforced PEEK material with a large internal stress has a large
amount of warpage deformation.
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Figure 11 shows the actual printing situation, and the warpage deformation trend of
the simulated printing results is consistent with the actual situation.
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3.2. Integrated Forming Process of Preheating, Printing, and Impact Compaction

Previous studies have shown that the heat treatment temperature is higher than the
glass transition temperature of PEEK thermoplastic material, PEEK shows high elastic
characteristics, and the molecular chain segment has strong movement ability, which can
effectively release the residual stress originally “sealing” in the matrix [18]. Therefore,
the heat treatment process can reduce the maximum residual stress value of the fused
deposition-forming sample, and the forming process of the PEEK/CF composite material
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needs to be heat treated. Therefore, we designed a multifunctional printhead to realize the
forming process of preheating, printing, and impact compacting and expect to achieve the
integrated forming of preheating, printing, and impact for improving the forming quality
of the sample.

3.2.1. Interlaminar Mechanical Properties of PEEK/CF Composites

(1) Influence of preheating temperature on the mechanical properties of interlayers
In this section, the temperatures of the design hammer are 330, 340, 350, 360, and

370 ◦C, the impact frequency is 6 Hz, and the impact strength is 0.3 N. The influence of
different preheating temperatures on the interlayer shear strength is studied, and the results
are shown in Figure 12.
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Figure 12 shows that the interlayer shear strength of the blank sample is 16.9 MPa; the
interlaminar shear strength of the impact sample is the same, with a value of approximately
8.5 MPa; and the interlaminar strength of the PEEK/CF composite sample prepared through
FDM after impact is reduced. This result may be due to two reasons. One is that the thermal
radiation temperature of the impact hammer is low. The impact effect is a short thermal
contact, and the heat flow is transmitted to the resin surface for a short time, which causes
the “physical cross-linking point” between the hanging molecular chains in the layers of
PEEK thermoplastic materials to become smaller; hence, the physical cross-linking effect
between the layers is weakened, which, in turn, leads to a decrease in the bonding strength
between the layers. The other reason is that the layer height of the printed sample increases
after the impact action. The height of the extruded resin layer is significantly reduced due
to the impact effect, but the spacing from the printhead to the printing layer increases, and
the preprinted layer height of the next layer is larger when the impact strength is higher.
As observed from the printing background, the interlayer shear strength is smaller when
the layer height is larger. The sample after the impact does not achieve the desired results
because of these two reasons.

This study establishes a model for the influence of the height change from the print-
head to the forming layer on the interlayer performance, as shown in Figure 13, to un-
derstand the reasons for the degradation of the interlayer performance of samples after
impact. For the design printing process parameters, the printing layer height is h. After
the impact, the layer height thickness is reduced ∆h. When the next layer is printed, the
originally designed layer height h now becomes h1(h + ∆h). The printing layer height
increases. Thus, the interlayer shear strength decreases.
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A comparative experiment is designed in this section to study the influence of printing
layer height on the interlayer performance of additive manufacturing of PEEK/CF compos-
ites for verifying the effect of the change in printing layer height on interlayer performance.
Different layer heights of 0.1, 0.2, and 0.3 mm of FDM are designed, and the results are
shown in Figure 14.
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The figure shows that the interlayer shear strength of PEEK/CF composite prepared
through additive manufacturing gradually decreases with the increase in printing layer
height. The interlayer shear strength of PEEK/CF composite prepared by FDM is 19.37 MPa
when the layer height is 0.1 mm; however, its interlayer shear strength is greatly reduced to
11.20 MPa when the layer height is increased to 0.3 mm. The reason is that the printhead
has a compacting function for the molded part, and the lower printing layer height can
improve the interlayer performance. Therefore, the printing layer height is conducive to
improving the interlayer performance of the formed sample. At the same time, ensuring
the impact effect and appropriately designing the layer height compensation mechanism
are particularly important for improving the interlayer performance.

(2) Influence of impact strength and frequency on interlayer mechanical properties
The real-time impact on the printing layer improves the quality of the formed sample.

Preliminary studies have shown that the impact head will drive the printer to vibrate when
the impact strength is higher than 1 N, and this condition is not conducive to printing.
Therefore, the impact strength of this section is designed to be lower than 1 N (0, 0.3,
0.6, and 0.9 N), the preheating temperature and impact frequency are 350 ◦C and 6 Hz,
respectively, and the influence of different impact strengths on the interlayer shear strength
is studied, as shown in Figure 15, which shows that the interlayer shear strength of the
blank sample is 16.9 MPa, and the interlayer shear strength of the sample after impact is
lower than that of the blank sample. Compared with samples without any impact action,
the impact strength also has a weakening effect on PEEK/CF composite samples prepared
through FDM.
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Different impact frequencies (0, 2, 4, and 6 Hz) and preheating temperatures and
impact strengths of 350 ◦C and 0.3 N, respectively, are designed in this section to study
the influence of different impact frequencies on the interlaminar shear strength, as shown
in Figure 16, for exploring the influence of the impact frequency on the interlaminar
performance. The figure shows that the interlayer shear strength of the blank sample is
16.9 MPa, and the interlayer shear strength of the sample after impact is lower than that of
the blank sample.
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For the cause analysis, compared with the sample without any impact effect, the
impact frequency also has the effect of weakening the interlayer of the PEEK/CF composite
samples prepared through FDM. The reason is still the increase in the height between layers
and the low preheating contact temperature, which result in weak interlayer performance.

3.2.2. Porosity Analysis of Formed Samples under Thermodynamic Coupling

The porosity of formed samples under different preheating temperatures and impact
frequencies, as shown in Figures 17 and 18, is studied in this section for investigating the
porosity of FDM samples of PEEK/CF composites under thermodynamic coupling.

The influence of the preheating temperature on the porosity of PEEK/CF composites
is studied when the design impact strength is 0.3 N and the impact frequency is 6 Hz. The
influence of different preheating temperatures on the porosity of the formed samples is
obtained. The results are shown in Figure 18. The figure shows that the porosity of the
FDM samples of the PEEK/CF composite gradually decreases from 10.15% to 6.83% with
the increase in preheating temperature. This result is due to the fact that the molecular
segment movement of PEEK resin is more violent when the temperature is higher, and
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the gaps between the layers and the porosity of the material are lower when it is easier to
compact under the action of an impact hammer. Therefore, preheating treatment during the
printing process can reduce the porosity of the formed sample of the PEEK/CF composite.
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The influence of different impact frequencies on porosity is studied with a preheat-
ing temperature of 350 ◦C and an impact strength of 0.3 N. The test results are shown
in Figure 18. The figure shows that the porosity of the fused sedimentary samples of
PEEK/CF composites (from 10.15% to 6.67%) gradually decreases with the increase in
impact frequency. This result is due to the fact that the preheating temperature is constant,
the PEEK/CF composite is easier to compact, and the porosity of its interlayer gaps and
materials is lower when the impact hammer acts on the freshly printed sample more often.
Therefore, the high impact frequency can reduce the porosity of the formed samples of
PEEK/CF composites.

3.3. Mechanism of Thermodynamic Coupling

In the process of additive manufacturing of parts, the remelting process of the print
nozzle is the consolidation process of rapid melting and solidification of resin, which
contains complex phenomena affected by multiple physical factors, such as heat trans-
fer, mass transfer, diffusion, and phase change. A thermodynamic coupling model of
PEEK/CF by FDM is established and its thermodynamic coupling mechanism is analyzed
to better understand the interlayer mechanical properties of PEEK/CF composites under
thermodynamic coupling. The thermodynamic coupling mechanism is shown in Figure 19.
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FDM wire is a fiber-reinforced PEEK thermoplastic resin matrix composite material. In
the forming process, the resin is melted, and after passing through the print head, it is fused,
expanded, and then bonded onto the print layer. The macro-morphology shows a steamed
bun shape, and the bond between layers is insufficient, resulting in higher interlayer
porosity and a larger interlayer pore size. The high porosity ratio and large pore structure
ultimately affect the interlayer mechanical properties. Therefore, in order to reduce the
porosity and pore structure of the FDM forming process, a compact device similar to a
“fly swatter” was designed, and a new forming process integrating preheating, printing,
and compaction was proposed. The process is divided into three steps: the first is the
preheating process, before printing the new forming layer, the forming layer to be covered,
and preheating treatment (the temperature of the forming layer covered is generally about
100 ◦C printing chamber temperature, and the melting extrusion temperature of printing
PEEK is about 340 ◦C), which can improve the melting bonding degree of the new printing
layer and the old layer. The printing process is normally printed and overlaid on the “old
layer”. During the impact process, after the “old and new layers” to be printed are fused,
the impact of the physical action on the new and old layers can better promote interlayer
adhesion and reduce the porosity and pore size.

After preheating and impact, the FDM samples of PEEK/CF composites undergo three
changes. First, the porosity of the composite material is reduced. Second, the overlap of
interlayer bonding increases. Third, the thickness of the sample printing layer is reduced.

The system integration of a 3D printer based on a preheating and stamping device
is completed, and a 3D printing experiment of carbon fiber-reinforced PEEK composite
is conducted. The sample printing before and after preheating and shock is obtained as
follows: Figure 20 shows that the sample without impact has a rough surface, and the
surface has obvious ravines “plowed” by the printhead. After preheating and impact, the
surface of the sample is relatively neat, which shows that the surface quality of the formed
sample can be effectively improved by the preheating and impact process.
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4. Conclusions

In this paper, PEEK/CF composites with 10% fiber content were prepared by FDM,
and the following conclusions were obtained through comparative analysis and experimen-
tal testing:

(1) Finite element analysis shows that uneven heating and cooling and volume shrink-
age caused by material phase change in the process of printing result in internal stress in
the forming process of the printed sample, which leads to residual stress and deformation
of the sample after forming. The fiber affects the stress field distribution of PEEK/CF com-
posites and is affected by the material characteristics and temperature, and the warpage
deformation is greater when the interface stress between the fiber and PEEK is greater.

(2) The printing verification of typical samples was conducted, which could effec-
tively improve the printing performance and forming quality. The results show that the
3D-printed sample of carbon fiber-reinforced PEEK composite material printed without
pressure has a rough surface. The surface of the sample has obvious ravines “plowed” by
the printhead, and its surface is relatively neat after preheating and impact. The porosity
study shows that the preheating and impact effects can reduce the porosity of the formed
sample from 10.15% to 6.83%. The new process of preheating shock coupling to improve
the forming quality of FDM is proposed, which provides a new method for improving the
porosity and mechanical properties of FDM forming samples in the future.

(3) The interlayer properties of formed samples of PEEK/CF composite under thermal
coupling were investigated. The results show that the interlayer properties of PEEK/CF
composites decrease from 16.9 MPa to 8.9 MPa after thermal coupling because the height of
the printing layer is increased after thermal coupling, which reduces the interlayer performance.
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Abstract: Glycidyl azide polymer energetic thermoplastic elastomer (GAP-ETPE) has become a
research hotspot due to its excellent comprehensive performance. In this paper, metastable inter-
molecular energetic nanocomposites (MICs) were prepared by a simple and safe method, and the
catalytic performance for decomposition of GAP-ETPE was studied. An X-ray diffraction (XRD)
analysis showed that the MICs exhibited specific crystal formation, which proved that the MICs
were successfully prepared. Morphology, surface area, and pore structure analysis showed that the
Al/copper ferrite and Al/Fe2O3 MICs had a large specific surface area mesoporous structure. The
Al/CuO MICs did not have a mesoporous structure or a large surface area. The structure of MICs led
to their different performance for the GAP-ETPE decomposition catalysis. The increase in specific
surface area is a benefit of the catalytic performance. Due to the easier formation of complexes, MICs
containing Cu have better catalytic performance for GAP-ETPE decomposition than those containing
Fe. The conclusions of this study can provide a basis for the adjustment of the catalytic performance
of MICs in GAP-ETPE propellants.

Keywords: metastable intermolecular composite; thermal decomposition; GAP-ETPE

1. Introduction

Energetic thermoplastic elastomers (ETPEs) are used as solid propellant binders to
impart advantages such as high energy, blunt sensitivity, low characteristic signal, and
recyclability of propellants [1]. Energetic thermoplastic elastomers refer to thermoplastic
elastomers containing energetic groups such as nitrate group (-ONO2), nitro group (-NO2),
nitroamine group (-NNO2), azide group (-N3), and difluoroamine group (-NF2) [2]. Among
them, azide energetic thermoplastic elastomers have attracted extensive attention due to
their high heat release, no need for oxygen consumption during decomposition, and good
compatibility with nitroamine explosives, among which polyazide glycidyl ether (GAP)-
based ETPE is the representative. GAP-based ETPE (GAP-ETPE) has a soft-hard segment
structure, in which the soft segment is partially or wholly composed of GAP, which gives
ETPE high energy and thus increases the combustion rate of GAP-ETPE propellant, and the
hard segment is composed of urethane segments, which gives ETPE high tensile strength
(tensile strength is about 4.8 MPa, elongation at break is about 580% [3]), so GAP-ETPE
propellants have become a research hotspot in thermoplastic elastomer propellants [4]. As
the propellant binder, the thermal decomposition performance of GAP-ETPE will seriously
affect the combustion performance of the propellant and then affect the thrust of the
propellant to the rocket, so it is essential to catalyze its thermal decomposition. Research
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shows that the decomposition and combustion of GAP-ETPE can be catalyzed by transition
metal oxides. And the catalysis to the binder (GAP-ETPE) can significantly improve the
combustion performance of the propellant. Li found that CuO and Cr2Cu2O5 can drastically
reduce the decomposition temperature of the azide group [5].

Metastable intermolecular composites (MICs) have short fuel-oxidizer diffusion dis-
tance; hence, they have a shorter ignition time, a higher burning speed, and a faster reaction
speed than traditional thermites [6–8]. MICs are composed of oxidizer particles (such as
Fe2O3, CuO, Bi2O3, etc.) and nano-sized metal fuel (mostly Al) [9–12], which are also
termed nano-thermites, nanocomposite energetic materials, super thermites, metastable
intermixed composites, etc. MICs are widely used in airbag ignition materials, propellants,
aerospace equipment, pyrotechnics, pressure-mediated molecular transfer, and biomedical-
related applications, both in civilian and military applications [13–15]. In addition to the
excellent reactivity, MICs can also play the role of combustion catalyst when applied in
solid propellants. The transition metal oxides such as CuO, Fe2O3 and Bi2O3 in the above-
mentioned MICs can give MICs catalytic properties to solid propellant combustion [16–19].
At present, there are no studies on the effect of the transition metal oxides in MICs on the
decomposition of GAP-ETPE.

In this work, Al/copper ferrites (include CuFe2O4, CuO and Fe2O3) MICs were
prepared by a facile sol-gel reaction under mild conditions (low temperature calcination).
We studied the morphology and structure changes of copper ferrites and Al/copper ferrites
MICs, and the influence of these changes on their catalytic performance for GAP-ETPEE
decomposition.

2. Experiment
2.1. Chemicals

Hexamethylene di-isocyanate (HMDI) from Bayer. Co. (Leverkusen, Germany). was
used without any treatment. A glycidyl azide polymer (GAP; OH equivalent: 26.71 mg
KOH/g) from Liming Research Institute of Chemical Industry (Luoyang, China) was used
after vacuum drying for 2 h at 90 ◦C. A polymerization catalyst (dibutyltin dilaurate,
DBTDL) from Beijing Chemical Plant (Beijing, China) was dissolved into dibutyl phthalate
after using. Also, 1,4-butanediol (BDO) from Beijing Chemical Plant was vacuum dried for
4 h at 85 ◦C. One of the bonding agents, N-(2-cyanoethyl) diethanolamine (CBA), was made
in our laboratory [20]. Acrylonitrile (Beijing Tong Guang Fine Chemicals Company, Beijing,
China) was purified by vacuum distillation. Copper nitrate trihydrate (Cu(NO3)2·3H2O),
diethanolamine, iron nitrate nonahydrate (Fe(NO3)3·9H2O), 1,2-propylene oxide, absolute
ethanol, n-hexane, ethyl acetate, N,N-Dimethylformamide, which are all analytical grade,
were purchased from Beijing Tong Guang Fine Chemicals Company (Beijing, China) and
used without further purification.

2.2. Preparation of Samples

The whole preparation route of the MICs/GAP-ETPE samples is illustrated in Figure 1.

(1) Preparation of GAP-ETPE

The preparation of the glycidyl azide polymer energetic thermoplastic elastomer (GAP-
ETPE) was achieved by the method reported in the literature [3]. The chain extenders were
CBA (whose -CN group gives GAP-ETPE the molecular bonding function) and BDO. The
number-average molecular weight (Mn) of GAP-ETPE was about 29,800 g·mol−1, and the
ratio of hard segment and soft segment was 3:7.

(2) Preparation of MICs

The Al/copper ferrite MICs was prepared via the method in the reference [21]. The
scale of n(Cu) and n(Fe) was 1:4, and n(Al)/(n(Fe) + n(Cu)) was 3, which were proven
to be the best ratio in our previous research. The products were labeled as CFA. As a
comparison, Al/Fe2O3 and Al/CuO MICs were prepared by the same method. The same
amount of Cu(NO3)2·3H2O (or Fe(NO3)3·9H2O) were replaced by Fe(NO3)3·9H2O (or
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Cu(NO3)2·3H2O). The products were labeled as FA and CA. Furthermore, without the
position of Al, copper ferrite, Fe2O3, and CuO were prepared by the same method, which
were labeled as CF, F, and C. The label and preparation information of the products are
shown in Table 1.
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Table 1. The label and preparation information of the products.

Label Product
Raw Material (mol)

Fe(NO3)3·9H2O Cu(NO3)2·3H2O Al

F Fe2O3 0.060 0 0
C CuO 0 0.060 0

CF copper ferrite 0.012 0.048 0
FA Al/Fe2O3 MICs 0.060 0 0.180
CA Al/CuO MICs 0 0.060 0.180
CFA Al/copper ferrite MICs 0.012 0.048 0.180

(3) Preparation of MICs/GAP-ETPE

First, the GAP-ETPE was dissolved in tetrahydrofuran. Afterwards, the MICs powder
was added to the solution at the percentage of 1% and sonicated for 30 min. The solvent was
then evaporated in a vacuum oven at 60 ◦C for 6 h. Finally, the mixture was mixed using
an open mill. The products prepared with F, C, CF, FA, CA, and CFA were, respectively,
denoted as GF, GC, GCF, GFA, GCA, and GCFA. In particular, the sample without a catalyst
was named G0.

2.3. Measurements and Characterizations

A S4800 cold field scanning electron microscope (SEM) (Japan’s Hitachi Corporation,
Tokyo, Japan) was used to observe the morphology of the MICs at an accelerating voltage
of 15.0 kV. An ASAP 2020 volumetric analyzer (Micromeritics Instrument Corporation,
Norcross, GA, USA) was employed to investigate the surface area and pore structure of the
MICs (degassed at 120 ◦C for at least 6 h). An X’Pert Pro MPD (PANalytical, Netherlands)
diffractometer with monochromatic Cu Ka radiation (λ = 1.5406 Å) at 40 kV and 40 mA was
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used to carry out the X-ray diffraction (XRD) measurements of the MICs with a scanning
speed of 0.01◦ s−1 and a step size of 0.01 from 10◦ to 90◦ (2θ). A METTLER TOLEDO
TGA/DSC 1-Thermogravimetric Analyzer (Zurich, Switzerland) was used to measure
the thermal performance of GAP-ETPE under the conditions of an ultrapure nitrogen
atmosphere, an uncovered alumina ceramic crucible, a heating rate of 10 ◦C min−1, and a
heating range of 30 ◦C to 600 ◦C.

3. Results and Discussion
3.1. Characters of MICs
3.1.1. Crystal Forms

Phase investigations of the crystallized products were performed by XRD and the
powder diffraction patterns were presented in Figure 2. As shown in Figure 2a, the
diffraction pattern of C, F, and CF can be indexed to CuO (standard PDF card NO. 48-1548),
γ-Fe2O3 crystal (standard PDF card NO. 25-1402) and CuFe2O4 (standard PDF card NO.
25-0283) [22]. Crystal defects in copper ferrite crystals are more than those in the pure iron
oxide and copper oxide crystals. Crystal defects are beneficial to its catalytic function [23].

It can also be found from Figure 2 that both CA, FA, and CFA have the same set of
additional diffraction peaks, indicating that the existence of Al (standard PDF card NO.
04-0787) in the products and demonstrate the sol-gel process could hold the structure of
Al nanocrystalline particles. The diffraction peaks intensity of Al in CA are higher than
those in FA and CFA, which indicates more Al is exposed on the outside of the oxide
structure, which can also be proven in the following SEM images. The relative content
of CuO, γ-Fe2O3, or CuFe2O4 reduces with the existence of Al, so their diffraction peak
gradually weakens. The existence of n-Al does not change the crystal form of CuO, γ-Fe2O3,
or CuFe2O4. This proves that the MICs were successfully prepared.

3.1.2. Morphological Characterization

The surface morphologies of the MICs were observed by SEM, as shown in Figure 3.
It can be seen from the figures that F and CF have a rough surface, while the surface
morphologies of C are relatively smooth. The sample surface became rougher as the Al
was added. The particles with a diameter of about 90 nm, that is, n-Al particles, can be
clearly observed in the structure of the CA. But the same particles were not observed in the
FA and CA, which indicates that the n-Al particles exist inside the structure of Fe2O3 and
CuFe2O4. And this composite form that exposes oxides to the outermost layer is conducive
to increasing the contact probability between the catalyst and the catalyzed substance and
improving the catalytic activity when used as a catalyst for other reactions.

3.1.3. Specific Surface Area and Pore Volume

As shown in Figure 4, the nitrogen adsorption-desorption isotherms of both Fe2O3,
copper ferrites, Al/copper ferrite MICs, and Al/Fe2O3 MICs belong to type IV, which
means abundant mesopores in the structure of the samples. But the CuO and Al/CuO
MICs show little mesopores. The measured specific surface areas (SBET) of samples are
presented in Table 2. It can be seen from the table that the specific surface area of Al/copper
ferrite MICs and Al/Fe2O3 MICs are similar and show similar specific surface area changes
with the presence of n-Al. The specific surface area of the MICs rise sharply after the
addition of n-Al. It is because, as part of the gel skeleton, the n-Al increased the porosity of
the MICs.
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Table 2. Nitrogen adsorption-desorption isotherms parameters of MICs.

Samples SBET/m2 g−1 V tot/cm3 g−1 Dave/nm

C 2.88 0.02 29.63
CA 6.39 0.03 15.92
F 87.92 0.39 17.07

FA 178.21 0.32 6.26
CF 80.43 0.26 11.77

CFA 170.55 0.31 6.39
Note: SBET is the specific surface area calculated by the BET method, Vtot is the total pore volume, and Dave is the
average pore diameter.

Generally, materials which have large specific surface areas have an excellent catalytic
performance. That is, they benefit from the large number of catalytic active sites. With the
same n-Al content, the pore volume and specific surface area of the Al/copper ferrite MICs
are comparable to those of the Al/Fe2O3 MICs.

3.2. Thermal Decomposition of GAP-ETPE

GAP-ETPE is a promising solid propellant binder and its thermal decomposition
performance can significantly affect the combustion performance of propellants. The
transition metal oxide contained in MICs can be used to catalyze the thermal decomposition
of GAP-ETPE. With the help of the TG and DSC technique, we discussed the effects of
MICs for the thermal decomposition of GAP-ETPE.

Figure 5a,b shows the TG and DTG curves of the MICs/GAP-ETPE, and Table 3 lists
the relevant parameters. Figure 5c shows the thermal effects during the MICs/GAP-ETPE
thermal decomposition, which are tested by DSC. In order to facilitate comparison, the
data of pure GAP-ETPE are also presented in the above figures and tables. All of the
samples exhibit three weight losses, corresponding to the three decomposition stages of
GAP-ETPE [24]. The first weight loss stage is at 200~90 ◦C, and the weight loss mass
fraction was about 30%, which was basically consistent with the mass fraction of the azide
group (29.7%) in the GAP-based ETPE. At the same time, the first stage decomposition
peak temperature (TP1) in DTG corresponds to the exothermic peak temperature (TP) in
the DSC curves. Therefore, the first weight loss stage corresponds to the side-chain azide.
The second weightless stage appears at 280~380 ◦C, which corresponds to the urethane
segment formed by HMDI, CBA and BDO. The third thermal decomposition stage shows at
380~490 ◦C, which corresponds to the decomposition of the polyether backbone, is related
to the literature report on the thermal decomposition of GAP-based ETPEs [20].
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Table 3. TG and DSC parameters of MICs/GAP-ETPE.

Samples TP1 (◦C) TP (◦C)

G0 268.9 270.4
GC 223.2 227.5

GCA 235.5 239.9
GF 255.1 256.6

GFA 252.2 254.4
GCF 243.5 246.4

GCFA 250.1 252.9

The thermal decomposition process of GAP-ETPE is shown in Figure 6. The first
step of the thermal decomposition of azide groups is the breaking of the RN-N2 bond to
generate nitrene, followed by the rearrangement of nitrogen to generate imine, and the
release of N2 imine to generate NH3 through a H transfer and free radical transfer, or the
breaking of the C-C bond to generate HCN, etc. The formation of NH3 is an exothermic
reaction, and the formation of HCN is an endothermic reaction.
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It can be seen from Figure 5 that the thermogravimetric curves of the different samples
are similar. The thermal decomposition mechanism of the GAP-ETPE has not been changed
by the addition of MICs, but each decomposition steps temperature was changed. The
azide maximum decomposition rate temperature (TP1) of pure GA-ETPE is 268.9 ◦C. The
TP1 declines obviously after the addition of MICs, indicating that the MICs significantly
affect azide decomposition.

As shown in Figure 5, the TP1 of GC and GCA are lower, and those of GF and GFA are
higher. The reason is that the activation center of CuO can form an activation complex with
the azide group, which reduces the activation energy of the decomposition and promotes
the cleavage of RN-N2 bonds to form nitrogen bins, and N2 is also released, which advances
the peak temperature of the decomposition of the azide group. The ability of Fe2O3 to form
an activation complex is lower than that of CuO. Due to the presence of the Cu element,
the catalytic capacity of CF and CFA for the decomposition of azides is stronger than that
of F and FA.

The TP1 of GFA is lower than that of GF, which is because the more catalytic active
sites provided by the huge specific surface area of FA. However, GC and GCA show the
opposite pattern. The reasons are obviously as follows: The presence of n-Al did not change
the specific surface area of the Al/CuO MICs so that there are no more catalytic active sites
in Al/CuO MICs. Furthermore, the self-heating thermal decomposition process of the GAP-
ETPE will be slowed down by the “dilution” and heat-conduction effects of aluminum [25].
Because of the dilution to the Cu element, the catalytic ability of CFA is lower than CF. But
thanks to a large increase in specific surface area (80.43 to 170.55 m2 g−1, see Table 2), the
TP1 of GCFA is only 6.6 ◦C higher than that of GCF. In conclusion, the catalytic ability of
the catalyst can be improved by controlling the morphology. Besides, there seems to be no
obvious synergistic catalytic effect of Cu-Fe oxides for the decomposition of GAP-ETPE.

4. Conclusions

Novel MICs successfully prepared by simple and mild methods were employed for
the thermal decomposition of GAP-ETPE. The prepared Al/copper ferrite and Al/Fe2O3
metastable intermolecular energetic nanocomposites had a mesoporous structure with a
large specific surface area, and the specific surface area greatly increased with the addition of
n-Al. The Al/CuO MICs did not have a mesoporous structure and the specific surface area
is very small. The structure of MICs led to their different performance for the GAP-ETPE
decomposition catalysis. The increase in the specific surface area can improve the catalytic
performance of the GAP-ETPE decomposition. Due to the easier complex formation, Cu-
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containing MICs have a better catalytic performance for GAP-ETPE decomposition than
Fe-containing MICs. The MICs can reduce the decomposition temperature of the GAP-
ETPE azide group by up to 45.7 ◦C. The conclusion of this study can help promote the
application of GAP-ETPE as the binder in solid propellant.
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Abstract: With the rapid development of electronic information technology, higher requirements have
been put forward for the dielectric properties and load-bearing capacity of materials. In continuous
glass fiber-reinforced thermoplastic composites, polypropylene matrix is a non-polar polymer with
a very low dielectric constant and dielectric loss, but polypropylene is extremely flammable which
greatly limits its application. Aiming at the better application of flame retardant-modified continuous
glass fiber-reinforced polypropylene composites (FR/GF/PP) in the field of electronic communication,
the effects of four different kinds of flame retardants (Decabromodiphenyl ethane (DBDPE), halogen-
free one-component flame retardant (MONO), halogen-free compound flame retardant (MULTI), and
intumescent flame retardant (IFR)) on the properties of FR/GF/PP were compared, including the
mechanical properties, dielectric properties and flame-retardant properties. The results showed that
among the FR/GF/PP, IFR has the highest performance in mechanical properties, MULTI has better
performance in LOI, DBDPE and IFR have better performance in flame retardant rating, and DBDPE
and IFR have lower dielectric properties. Finally, gray relational analysis is applied to propose an
approach for selecting the optimal combination (flame retardant type and flame-retardant content)
of comprehensive performance. In the application exemplified in this paper, the performance of
IFR-3-modified GF/PP is optimized.

Keywords: flame retardant-modified glass fiber-reinforced polypropylene; mechanical properties;
dielectric properties; flame-retardant properties; gray relational analysis

1. Introduction

With the rapid development of electronic information technology, the technical strength
and accuracy of antenna systems [1,2] are becoming higher, the frequency of electromag-
netic wave transmission and reception is becoming higher, and the signal transmission is
becoming faster [3–5]. This imposes higher requirements on the wave-transparent prop-
erties of materials. For wave-transparent materials, the larger the dielectric constant or
the thicker the material, the greater the reflection of electromagnetic waves, and the signal
transmission efficiency will be reduced [6–8]. The larger the dielectric loss tangent tan
δ is, the more energy is lost, as the electromagnetic wave energy is converted to heat in
the process of transmitting through the material [9,10]. Therefore, it is required that the
thickness of the wave-transmitting material is as small as possible, the dielectric constant is
as low as possible, and the loss angle tangent is as low as close to zero in order to minimize
reflection and maximize transmission. This places high demands on the dielectric and
mechanical properties of the materials [11].

Thermoplastic composites, as a major branch of composites, have significant advan-
tages such as rapid prototyping, being repairable, having secondary molding, and being
recyclable and environmentally friendly, in addition to the advantages of light weight and
high strength [12–14]. Continuous glass fiber (GF) reinforced thermoplastic composites
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with excellent performance and a low price are widely used in aerospace, building materi-
als, vehicles and other fields. The polypropylene (PP) matrix is a non-polar polymer with a
very low dielectric constant and dielectric loss, and its dielectric properties remain stable
under variable temperature and frequency, while polypropylene has low water absorption
(water absorption increases the dielectric properties) [15–18]. Polypropylene’s excellent
wave-transparent properties make it ideally suited in wave-transparent materials. How-
ever, PP has poor flame retardancy, which greatly limits its application [19–21]. Continuous
fiber reinforced polypropylene composites (GF/PP) with high mechanical properties, good
flame-retardant properties, low dielectric constant and low dielectric loss are beneficial to
its application in wave-transparent materials. At present, the research on the properties
of FR/GF/PP mostly stays in the study of flame-retardant properties and mechanical
properties [22–25], and there is less research on dielectric properties. In order to utilize
the FR/GF/PP for better applications in the field of electronic communication, such as
in radomes, cabinet casings, plastic vibrators, reflector plates, filters, etc., more studies
are needed to be carried out on the dielectric properties of the FR/GF/PP. In previous
studies [26], it was found that a large amount of flame-retardant addition would lead to an
increase in the dielectric constant and dielectric loss of GF/PP, but there are many types of
flame retardants and the effects of different types of flame retardants on the performance of
FR/GF/PP may be different, so the question of how to choose the flame retardants needs
to be solved urgently.

In this paper, four types of flame retardants which are relatively common in engineer-
ing applications were selected. The effects of the types and contents of these four flame
retardants on the mechanical, dielectric and flame-retardant properties of FR/GF/PP were
compared. Finally, the gray relational analysis [27–29] was applied to transform the multi-
objective, multi-response problem into a single gray relational comparison problem in order
to obtain the flame retardant type and the content that would make the comprehensive
performance of FR/GF/PP optimal. It provides a reference for the practical application of
FR/GF/PP.

2. Materials and Methods
2.1. Materials

Polypropylene (PP, BX3920) with a melt flow index of 100 g/10 min (2.16 kg at 230 ◦C)
was supplied by SK Group (Seoul, Republic of Korea). High-melt-index polypropylene
(HPP, MF650X) with a melt flow index of 1200 g/10 min (2.16 kg at 230 ◦C) was sup-
plied by LyondellBasell Corporation (Jubail, Saudi Arabia). Maleic anhydride-grafted
polypropylene (MAPP, Orevac® CA100) was supplied by Arkema (Paris, France). Four
commercially available flame retardants (Decabromodiphenyl ethane (DBDPE), halogen-
free one-component flame retardant (MONO), halogen-free compound flame retardant
(MULTI), and intumescent flame retardant (IFR)), which are commonly used in polypropy-
lene, were supplied by Yantai Xinxiu Corporation (Yantai, China). Direct roving of glass
fiber (GF, 4305S) was supplied by the Chongqing Polycomp International Corporation
(Chongqing, China).

2.2. Preparation of FR/PP

PP, PP-MF650X, MAPP, and FR were poured into the mixer according to the ratios
in Table 1, and mixed well. The homogeneous mixture was poured into the twin-screw
extruder for pelletizing, in order to mix the flame retardant homogeneously, and the
pelletizing was repeated 3 times.
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Table 1. Designation and composition of FR/PP.

Samples PP
(phr)

MAPP
(phr)

HPP
(phr)

FR
(phr)

FR Content
(wt%)

0 100 5 10 0 0
X-1 100 5 10 10 8.00
X-2 100 5 10 20 14.81
X-3 100 5 10 30 20.69

Where X is flame retardant (DBDPE, MONO, MULTI, IFR) and flame-retardant content = flame retardant/
(PP + MAPP + HPP + flame retardant).

2.3. Preparation of FR/GF/PP Laminates

A schematic diagram of the preparation process of FR/GF/PP composite laminates is
shown in Figure 1. FR/GF/PP prepregs were prepared using a continuous fiber-reinforced
thermoplastic composite prepreg production line homemade in the laboratory. FR/PP
pellets were melted at the extruder head position and infiltrated with continuous glass
fibers, rolled, cooled, and shaped to prepare the FR/GF/PP prepregs. FR/GF/PP prepregs
were cut according to the size of the mold; after cutting, the prepreg sheets were placed
into the mold to be heated and melted (200 ◦C, 20 min), then quickly transferred into the
molding machine at room temperature for rapid pressurization (25 ◦C, 7 MPa) and taken
out after holding pressure for 10 min. Finally, they were cut into the required sizes for each
test using waterjet cutting equipment. In order to reduce the effect of fiber orientation on
performance, the FR/GF/PP laminates were unidirectional. The fiber content was 10%
volume content.
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Figure 1. Schematic diagram of preparation process.

2.4. Characterization
2.4.1. Mechanical Properties

Mechanical property tests were performed on Changchun Kexin WDW-100 Universal
Mechanical Testing Machine. According to the ASTM D638 standard [30], the tensile
property was tested at the loading speed of 1 mm/min, with a specimen shape of Type
I. According to the ASTM D7264 standard [31], a three-point bending performance test
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was carried out on each specimen at the loading speed of 2 mm/min, with a specimen
span-to-thickness ratio of 32.

2.4.2. Dielectric Properties

The dielectric constant and dielectric loss of each specimen at X-band (8.2–12.4 GHz)
electromagnetic waves were measured using the rectangular waveguide method on a
Model AV3672C Vector Grid Analyzer (China Electronics Technology Group Corporation,
Qingdao, China). The rectangular waveguide dielectric constant measurement method
utilized the TE mode of electromagnetic waves transmitted from the waveguide to the
material to be measured, and the amplitude and phase information of the reflected and
transmitted signals were used to invert the dielectric constant of the material to be measured.
The specimen size was 10.16 mm × 22.86 mm × 3.0 mm.

2.4.3. Limiting Oxygen Index (LOI)

The Limiting Oxygen Index of each specimen was measured using an Oxygen Indexer
(Nanjing Jiangning Analytical Instrument Co., Ltd., Nanjing, China), according to the
ASTM D2863 standard [32] test method. The LOI measured the minimum concentration of
oxygen required for the flaming combustion of the material in a mixed oxygen-nitrogen gas
stream. The LOI specimen size was 6.5 mm × 120 mm × 3.0 mm. The number of parallel
specimens was about 15, and the experimental results were statistical results according to
ASTM D2863.

2.4.4. Vertical Burning Test

Flame retardant rating was tested using a vertical combustion testing machine (YK-
Y0142, YAOKE, Nanjing, China) according to the UL94 flame retardant rating (FRR) test
method. The flame retardancy rating was used to evaluate the ability of a material to
extinguish after ignition. The FRR specimen size was 13 mm × 120 mm × 3.0 mm. The
number of parallel specimens was 10, and the experimental results were statistical results
according to UL94.

2.4.5. Scanning Electron Microscope (SEM)

The microscopic morphology of each specimen was observed using a Focused Ion
Beam-Scanning Electron Microscope (Helios G4 CX, ThermoFisher Scientific, Brno, Czech
Republic). The observation position was the fracture part of the specimen after the bending
test. The samples were sprayed gold and tested at an accelerating voltage of 15 kV. The
magnification was 2000 times.

3. Results and Discussion
3.1. Mechanical Properties of GF/PP Modified with Different Flame Retardants
3.1.1. Tensile Properties of PP Modified with Different Flame Retardants

Among all the specimens, the polypropylene specimen without the flame-retardant
addition is used as the blank control group. The tensile strength of the control group is
23.04 MPa and the tensile modulus is 1.60 GPa.

It is obvious from the test results in Figure 2 that the tensile strength and elongation at
the break of FR/PP show a decreasing trend with the increase in flame-retardant content,
while the tensile modulus increases gradually, whether it is DBDPE, MONO, MULTI or
IFR flame retardant. There are differences in the effect of the type of flame retardant on the
tensile properties of polypropylene.

When the amount of flame retardant added is lower (8%), the reduction in tensile
strength of the four flame retardant-modified PP is not obvious. However, when the
flame retardant additive amount is increased to 20.69%, the tensile strengths of MONO
and MULTI-modified PP are 19.44 MPa and 19.69 MPa, which are significantly decreased
compared to the control group without the flame retardant, which are decreased by 15.63%
and 14.54%, respectively. The tensile strengths of DBDPE-modified PP are also decreased
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with the increase in the content of flame retardant; at flame-retardant additions of 8.00%,
14.81%, and 20.69%, the tensile strengths are 22.69 MPa, 21.48 MPa, and 20.60 MPa, respec-
tively, which are decreased by 1.52%, 6.77%, and 10.59%, respectively, compared to the
control specimens with no flame retardant added. IFR-modified PP shows stable tensile
strength, and the flame-retardant content has no negative effect on the tensile strength of
IFR-modified PP. Among the specimens with IFR as the added flame retardant, the tensile
strengths are 22.56 MPa, 22.69 MPa, and 22.61 MPa at the flame-retardant additions of
8.00%, 14.81%, and 20.69%, respectively, and the tensile strengths of the IFR-modified PP
show stable performance.
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Figure 2. (a) Stress–strain curves, (b) tensile modulus and tensile strength of PP modified with dif-
ferent flame retardants. 
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Figure 2. (a) Stress–strain curves, (b) tensile modulus and tensile strength of PP modified with
different flame retardants.

The tensile modulus of the four flame retardant-modified PP increases with the in-
crease in flame-retardant content. The tensile modulus of the polypropylene specimens
with DBDPE, MONO, MULTI and IFR flame retardants reaches the maximum value of
1.94 GPa, 1.98 GPa, 2.22 GPa, and 2.18 GPa, respectively, when the flame-retardant con-
tent is 20.69%. Among them, the MULTI- and IFR-modified PP have the best effect in
improving tensile modulus, which is higher than that of the control group by 38.75% and
36.25%, respectively.

The addition of flame retardants hinders the movement of the chain segments of PP,
increases the stiffness, and increases the tensile modulus, but also introduces defects into
the matrix, resulting in a decrease in tensile strength due to increased defects. Considering
the results of combined tensile strength and tensile modulus, the tensile properties of
IFR-modified PP have significant advantages. IFR has better compatibility with PP.

3.1.2. Bending Properties of GF/PP Composites Modified with Different Flame Retardants

The three-point bending properties of GF/PP composites modified with different
flame retardants are presented in Figure 3. The bending strength of the blank control
composite is 268.56 MPa and the bending modulus is 11.99 GPa.

The bending strength and bending modulus of each flame retardant-modified GF/PP
show a decreasing trend with the increase in flame-retardant addition. Taking IFR/GF/PP
as an example, when the flame retardant additive amount is 8.00%, the bending strength
and bending modulus of IFR-modified PP are 269.4 MPa and 11.62 GPa, respectively, and
the performance is almost unchanged compared with that of the blank control group, and
even the average bending strength is slightly increased. When the flame retardant additive
amount is increased to 20.69%, the bending strength and bending modulus decrease
dramatically to 233.14 MPa and 9.54 GPa, respectively, which are 13.19% and 20.43% lower
than the blank control group, respectively.
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Figure 3. (a) Bending stress–strain curves, (b) bending modulus and bending strength of PP modi-
fied with different flame retardants. 
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Figure 3. (a) Bending stress–strain curves, (b) bending modulus and bending strength of PP modified
with different flame retardants.

Comparing the four flame retardants, the bending strength and bending modulus
of the MULTI-modified GF/PP drop the most obviously, and the bending strength and
bending modulus drop to 194.2 MPa and 7.5 GPa when the flame-retardant addition is
increased to 20.69%, which is 27.69% and 37.45% lower than that of the blank control group,
respectively. In Section 3.1.1, concerning the MONO and MULTI-modified PP, the tensile
properties of the two are similar, but when they modify GF/PP there is a gap and the
bending properties of the MULTI-modified GF/PP are significantly lower, which indicates
that the MULTI-modified PP has poor composite properties with glass fibers and does not
form an effective load transfer interface.

From Figure 4a–d, it can be seen that DBDPE-, MONO- and IFR-modified PP have a
better compounding ability with fibers, and there is still a large amount of resin remaining
on the surface of the fibers after they are detached, while MULTI-modified PP has very poor
combining ability with fibers; the fiber surface is smooth and almost no MULTI-modified
PP remains. From Figure 4d–f, it can be seen that with the increase in the flame-retardant
content of the fiber, the surface residue of the resin decreases, and the IFR-modified PP and
fiber composite ability decreases.
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In Section 3.1.1, the tensile modulus of FR/PP is enhanced with the increase in flame-
retardant content, but the phenomenon where the bending modulus increases with the
flame retardant does not occur in FR/GF/PP. This is due to the fact that the reinforcing
phase in fiber-reinforced composites plays a major role in bearing [33], and the modulus of
the matrix and the modulus of the reinforcing body are orders of magnitude different, so
the increase in the modulus of the matrix does not play a large role in the overall bending
modulus change in the fiber-reinforced composites. While the addition of flame retardant
affects the interfacial properties between the matrix and the fiber, the interfacial phase has
a particularly important role in the composite material, which is an extremely important
microstructure of the composite material, and its structure and properties directly affect the
performance of the composite material [34,35]. With the increase in flame-retardant content,
the viscosity of matrix melt increases, resulting in a poorer effect of matrix infiltration
of fibers, which leads to the interface not being effective in transferring loads and the
mechanical properties being reduced. The information presented in Figure 3 shows that
the effect of IFR flame retardants on the bending properties of FR/GF/PP is minimized at
the same additive level.

3.2. Flame-Retardant Properties of GF/PP Composites Modified with Different Flame Retardants
3.2.1. LOI of GF/PP Composites Modified with Different Flame Retardants

The LOI data of different flame retardant-modified GF/PP composites are presented
in Figure 5, from which it is relatively intuitive to observe that the LOI of flame retardant-
modified GF/PP shows an increasing trend with the increase in the flame-retardant content,
and the type of flame retardant has a great influence on the LOI of FR/GF/PP.
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Figure 5. LOI of GF/PP composites modified with different flame retardants.

For the specimens with the addition of DBDPE and MONO flame retardants, the
variation in the LOIs is not significant, the enhancement of flame retardant performance is
limited, and the flame retardant effect is not ideal. The LOIs of the composite specimens
with MULTI and IFR flame retardants increase significantly with the increase in flame-
retardant addition. In the samples with MULTI flame retardant, the LOIs of the samples
are 21.2, 26.5 and 29.2 at the content of 8.00%, 14.81% and 20.69% of flame retardant,
respectively, which are 13.97%, 42.47% and 56.99% higher than that of the samples in the
blank control group. In the samples with the IFR flame retardant, the LOIs of the samples
are 20.0, 25.7 and 29.0 at the contents of 8.00%, 14.81% and 20.69% of flame retardant,
respectively, which are 7.52%, 38.17% and 55.91% higher than those of the samples of the
blank control group, respectively. MULTI and IFR are multi-component flame retardants
and have higher LOI. Multi-component flame retardants can inhibit material combustion
in more ways than a single component, which may result in a better LOI.
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3.2.2. Flame Retardant Rating of GF/PP Composites Modified with Different
Flame Retardants

The combustion process of the vertical combustion rating test of composite specimens
with different flame retardants is presented in Figure 6.
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Figure 6. Test photos of vertical burning performance and FRR of GF/PP composites modified with
different flame retardants.

At 8% flame-retardant content, all four types of flame retardant specimens appear to
have flame extension and continuous combustion after 10 s of ignition time. The composite
specimens with the MONO flame retardant have the fastest burning speed; the flame
extended to the top of the specimen after 20 s of withdrawing from the ignition source,
while the flame burned to the middle of the specimen for the other three types of specimens.

At 14.81% flame-retardant content, after 10 s of ignition time, the flame of the DBDPE-
added specimen had a short extension, then the flame gradually weakened, and the
combustion stopped at 20 s; it can be seen in the photo that a large amount of smoke
is generated after the combustion has stopped. For the MULTI-added specimen, after
the ignition time, the flame continued to expand, the combustion process continued, and
after 20 s, the combustion flame was at the middle of the specimen. For the MONO-
added specimen, after the fire source withdrew from the specimen, the flame expanded
rapidly; during the observation time, the flame did not appear to weaken, and after 20 s the
specimen combustion flame reached the specimen clamping position. For the IFR-added
specimen, after 10 s of ignition time, the specimen ignited, but the flame was small and
the flame expansion was very slow. After 20 s, although the flame was not completely
extinguished, it seemed to be very weak.

At 14.81% flame-retardant content, specimens with DBDPE and IFR additions show
a brief 1–3 s of burning after the ignition time, followed by immediate self-extinguishing.
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The specimens with the MULTI and MONO additions continue to burn after the ignition
time, with a significant expansion of the flame, and are still not extinguished after 20 s.

Among the four kinds of flame retardants, only the DBDPE-1 and DBDPE-2 specimens
are accompanied with the phenomenon of resin molten droplets igniting the bottom
skimming cotton during combustion. Finally, the FRRs are obtained for DBDPE-2-, DBDPE-
3- and IFR-3-modified GF/PP specimens, and their FRRs are V2, V0 and V0, respectively.

3.3. Dielectric Properties of GF/PP Modified with Different Flame Retardants

The relation between the dielectric constant and the angle θ of the continuous fiber-
reinforced composite [36] is shown in Equation (4). This rule does not change with the
variation in flame-retardant content.

ε′11 = ε′f υ f + ε′mυm (1)

ε′22 =
ε′2m + ε′m

√
υ f

(
ε′f 2 − ε′m

)

ε′m
(

1 + υ f −√υ f

)
+ ε′f 2

(√
υ f − υ f

) (2)

where
ε′f 2 = ε′m +

π

4

(
ε′f − ε′m

)
(3)

[
ε′ij
]θ

= ε′11cos2θ + ε′22sin2θ (4)

where ε′11 and ε′22 are the dielectric constants at angles of 0 and 90, respectively. ε′f and ε′m
are the dielectric constants of the fiber and matrix, respectively. υ f and υm are the volume

contents of the fiber and matrix, respectively, and
[
ε′ij
]θ

is the dielectric constant when the
angle is θ.

It can be concluded from Equation (4) that the dielectric properties of unidirectional
continuous fiber composite panels decrease with the increase in the angle θ (Figure 7)
between the fibers and the direction of the electric field, which is at its maximum at θ = 0◦

(parallel) and minimum at θ = 90◦ (vertical). So in this paper, the dielectric properties are
tested for both θ = 0◦ and θ = 90◦ directions. The dielectric properties in each direction are
shown in Figures 8 and 9.
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Figure 8. Dielectric properties versus frequency of FR/GF/PP samples, (a) dielectric constant at θ = 
90°, (b) dielectric constant at θ = 0°, (c) dielectric loss tangent at θ = 90°, and (d) dielectric loss tangent 
at θ = 0°. 

Figure 7. Schematic diagram of fiber direction and electric field direction, (a) θ position, (b) θ = 0◦,
(c) θ = 90◦.
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Figure 8. Dielectric properties versus frequency of FR/GF/PP samples, (a) dielectric constant at
θ = 90◦, (b) dielectric constant at θ = 0◦, (c) dielectric loss tangent at θ = 90◦, and (d) dielectric loss
tangent at θ = 0◦.
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Figure 9. Average dielectric properties of FR/GF/PP samples in X-band, (a) dielectric constant at θ = 
90°, (b) dielectric constant at θ = 0°, (c) dielectric loss tangent at θ = 90°, and (d) dielectric loss tangent 
at θ = 0°. 

The dielectric constant and dielectric loss tangent of FR/GF/PP increase with the in-
crease in flame-retardant content when the flame retardant type is the same. It can be hy-
pothesized from this result that probably the dielectric properties of the flame retardant 
are higher than those of the PP matrix. As the flame-retardant content increases, the inter-
facial polarization between the resin and fibers is also enhanced, resulting in an increase 
in the total dielectric constant and dielectric loss tangent of the composite. The addition of 
large amounts of flame retardants has a very significant effect on the dielectric properties, 
especially the dielectric loss values, so it is necessary to reduce the flame-retardant content 
to maintain the low dielectric properties of polypropylene. 

At the same flame-retardant content, the dielectric properties of different kinds of 
flame retardants have different extents of increase. When the flame-retardant content is 
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flame retardants (DBDPE, MONO, MULTI, IFR) increase to 3.31, 3.87, 3.68 and 3.23, re-
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IFR) increase to 0.01723, 0.02219, 0.01686 and 0.01621, respectively, which are 101.29%, 
159.23%, 96.96% and 89.37% more than those of the blank group, and the vertical dielectric 
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116.75% and 81.59% more than those of the blank group, respectively. 

Among the four different types of FR/GF/PP, DBDPE- and IFR-modified GF/PP have 
lower dielectric constants and dielectric loss tangents at the same flame-retardant content. 
This can be attributed to the fact that these two flame retardants may have lower polar-
izabilities themselves, and lower interfacial polarizations because of better interfaces (Fig-
ure 4). 

Figure 9. Average dielectric properties of FR/GF/PP samples in X-band, (a) dielectric constant at
θ = 90◦, (b) dielectric constant at θ = 0◦, (c) dielectric loss tangent at θ = 90◦, and (d) dielectric loss
tangent at θ = 0◦.
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The dielectric constant and dielectric loss tangent of FR/GF/PP increase with the
increase in flame-retardant content when the flame retardant type is the same. It can be
hypothesized from this result that probably the dielectric properties of the flame retardant
are higher than those of the PP matrix. As the flame-retardant content increases, the
interfacial polarization between the resin and fibers is also enhanced, resulting in an increase
in the total dielectric constant and dielectric loss tangent of the composite. The addition of
large amounts of flame retardants has a very significant effect on the dielectric properties,
especially the dielectric loss values, so it is necessary to reduce the flame-retardant content
to maintain the low dielectric properties of polypropylene.

At the same flame-retardant content, the dielectric properties of different kinds of
flame retardants have different extents of increase. When the flame-retardant content is
increased to 20.69%, the parallel dielectric constants of GF/PP modified with four kinds
of flame retardants (DBDPE, MONO, MULTI, IFR) increase to 3.31, 3.87, 3.68 and 3.23,
respectively, which are 20.87%, 41.32%, 34.53% and 17.88% more than those of the blank
group, and the vertical dielectric constants increase to 2.81, 3.06, 2.96 and 2.90, which are
11.88%, 21.92%, 17.70% and 15.23% more than those of the blank group, respectively.

When the flame-retardant content is increased to 20.69%, the parallel dielectric loss
tangents of GF/PP modified with four kinds of flame retardants (DBDPE, MONO, MULTI,
IFR) increase to 0.01723, 0.02219, 0.01686 and 0.01621, respectively, which are 101.29%,
159.23%, 96.96% and 89.37% more than those of the blank group, and the vertical dielectric
loss tangents increase to 0.01083, 0.0141, 0.01307 and 0.01095, which are 79.60%, 133.83%,
116.75% and 81.59% more than those of the blank group, respectively.

Among the four different types of FR/GF/PP, DBDPE- and IFR-modified GF/PP
have lower dielectric constants and dielectric loss tangents at the same flame-retardant
content. This can be attributed to the fact that these two flame retardants may have lower
polarizabilities themselves, and lower interfacial polarizations because of better interfaces
(Figure 4).

The dielectric constant and dielectric loss tangent of each specimen show a decreasing
trend with the increase in frequency, and this trend does not change with the addition of
flame retardant type, which is due to the time needed for the polarization of the dielectric
and because the polarization time of various polarization methods is different. With the fre-
quency increase, the electric field change period becomes shorter, the internal polarization
of the material gradually lags behind the electric field change, and part of the polarization
will not work, so the dielectric properties are reduced.

3.4. Comprehensive Performance Evaluation

The above analysis can be used to briefly analyze the effects of flame retardant type and
flame-retardant content on bending properties, flame-retardant properties and dielectric
properties, respectively; for example, the increase in flame-retardant content is helpful
for the improvement of flame retardant performance, but a large addition will reduce the
mechanical properties and increase the dielectric properties. There is no one flame retardant
that can obtain the optimal performance in all the properties; for example, IFR has the
highest performance in mechanical properties, MULTI has a better performance in LOI,
DBDPE and IFR have better performances in FRR, and DBDPE and IFR have lower and
similar dielectric properties. Therefore, certain statistical rules are needed to select the most
suitable flame retardant type and flame-retardant content value for the application in this
paper from many combinations.

In order to obtain the optimal overall performance, gray relational analysis is applied
to deal with the data of each specimen. Gray relational analysis can transform the multi-
objective multi-response problem into a single gray relational comparison problem. The
comprehensive performance of each specimen is compared by the final gray relational
comparison.

The experiment data of each test are summarized in Table 2. In order to facilitate data
processing, the flame retardant level V0 is assigned to 3, V1 is assigned to 2, V2 is assigned
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to 1, and no grade is assigned to 0. The dielectric constant and dielectric loss tangent are
the average of the X-band test values in both directions.

Table 2. Experiment data of each sample.

Samples Bending Strength
(MPa)

Bending Modulus
(GPa)

LOI
(%) FRR Dielectric

Constant
Dielectric Loss

Tangent

0 268.56 11.99 18.6 0 2.6258 0.0073
DBDPE-1 236.00 10.39 19.2 0 2.7980 0.0100
DBDPE-2 228.09 10.03 19.9 1 2.9262 0.0118
DBDPE-3 217.84 9.53 20.6 3 3.0609 0.0140
MONO-1 249.98 10.00 18.8 0 2.9475 0.0106
MONO-2 233.88 9.96 19 0 3.1938 0.0139
MONO-3 225.56 9.12 19.5 0 3.4670 0.0181
MULTI-1 214.79 8.63 21.2 0 2.7896 0.0100
MULTI-2 201.35 8.61 26.5 0 3.0401 0.0117
MULTI-3 194.19 7.50 29.2 0 3.3210 0.0150

IFR-1 269.40 11.62 20 0 2.7740 0.0097
IFR-2 259.37 11.13 25.7 0 2.9272 0.0113
IFR-3 233.14 9.54 29 3 3.0620 0.0136

In order to eliminate the effect of magnitude, the data obtained from the experiments
are homogenized. Among the objectives, bending strength, bending modulus, LOI and FRR
are the larger-the-better objectives, which are homogenized using Equation (5); the dielectric
constant and dielectric loss are the smaller-the-better objectives, which are processed using
Equation (6). The values of each objective after homogenization are summarized in Table 3.

xi(k) =
yi(k)−min yi(k)

max yi(k)−min yi(k)
(5)

x′i(k) =
max yi(k)− yi(k)

max yi(k)−min yi(k)
(6)

Table 3. Homogenization date of each sample.

Samples Bending Strength Bending Modulus LOI FRR Dielectric Constant Dielectric Loss Tangent

0 0.99 1 0 0 1 1
DBDPE-1 0.56 0.64 0.06 0 0.80 0.75
DBDPE-2 0.45 0.56 0.12 0.33 0.64 0.59
DBDPE-3 0.31 0.45 0.19 1 0.48 0.38
MONO-1 0.74 0.56 0.02 0 0.62 0.70
MONO-2 0.53 0.55 0.04 0 0.32 0.39
MONO-3 0.42 0.36 0.08 0 0 0
MULTI-1 0.27 0.25 0.25 0 0.81 0.75
MULTI-2 0.10 0.25 0.75 0 0.51 0.59
MULTI-3 0 0 1 0 0.17 0.29

IFR-1 1 0.92 0.13 0 0.82 0.78
IFR-2 0.87 0.81 0.67 0 0.64 0.63
IFR-3 0.52 0.45 0.98 1 0.48 0.42

The homogenized data are processed using Equation (7) to obtain the gray correlation
coefficient of each specimen in each performance. The gray correlation coefficient can
reflect the degree of correlation between the actual value and the expected value, and the
larger the gray correlation coefficient is, the closer it is to the optimization goal.

ξi(k) =
∆min + ζ × ∆max

|x0(k)− xi(k)|+ ζ × ∆max
(7)
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where
∆min = min

i
min

k
|x0(k)− xi(k)| (8)

∆max = max
i

max
k
|x0(k)− xi(k)| (9)

x0(k) is the reference data column and refers to the maximum value of each perfor-
mance index after homogenization: here x0(k) = 1. ζ is the resolution coefficient, ζ ∈ [0, 1],
and in this paper takes 0.5. ξi(k) is called the correlation coefficient of xi to x0 with respect
to the k indicator. The gray correlation coefficient of each performance is summarized in
Table 4.

Table 4. Gray correlation coefficient of each sample.

Samples Bending Strength Bending Modulus LOI FRR Dielectric Constant Dielectric Loss
Tangent

0 0.98 1.00 0.33 0.33 1.00 1.00
DBDPE-1 0.53 0.58 0.35 0.33 0.71 0.67
DBDPE-2 0.48 0.53 0.36 0.43 0.58 0.55
DBDPE-3 0.42 0.48 0.38 1.00 0.49 0.45
MONO-1 0.66 0.53 0.34 0.33 0.57 0.62
MONO-2 0.51 0.53 0.34 0.33 0.43 0.45
MONO-3 0.46 0.44 0.35 0.33 0.33 0.33
MULTI-1 0.41 0.40 0.40 0.33 0.72 0.67
MULTI-2 0.36 0.40 0.66 0.33 0.50 0.55
MULTI-3 0.33 0.33 1.00 0.33 0.38 0.41

IFR-1 1.00 0.86 0.37 0.33 0.74 0.69
IFR-2 0.79 0.72 0.60 0.33 0.58 0.58
IFR-3 0.51 0.48 0.96 1.00 0.49 0.46

The gray correlation for each specimen is the sum of the multiples of each perfor-
mance weight and the corresponding gray correlation coefficient, which is calculated using
Equation (10). Ri is the gray correlation of the ith specimen.

Ri =
n

∑
k=1

ω(k)ξi(k) (10)

The evaluation of the weights for each objective is quite subjective, and different
workers will have different weights assigned for different applications. The weights of
each performance in this paper are obtained using the analytic hierarchy process (AHP)
according to the set application. In the application scenario of this paper, the flame retardant
performance is required to be the highest, which is required to reach V0 grade, followed by
dielectric properties, which are required to be as low as possible. The bending properties
(bending strength greater than 200 MPa, bending modulus greater than 9 GPa) can be
achieved in most of the specimens; therefore, flame-retardant properties are considered the
most important, followed by dielectric properties, and finally, mechanical properties.

AHP calculates weight vectors through building hierarchical models and constructing
judgment matrices [37–39]. The hierarchical model designed is presented in Table 5.

Table 5. Hierarchical model.

A B C

Comprehensive performance (A1)

Flame-retardant properties (B1) LOI (C1)
FRR (C2)

Dielectric properties (B2) Dielectric constant (C3)
Dielectric loss tangent (C4)

Mechanical properties (B3) Bending strength (C5)
Bending modulus (C6)
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The judgment matrix of the analytic hierarchy process is presented in Table 6.

Table 6. Judgment matrix.

A1 B1 B2 B3

B1 1 3 5
B2 1/3 1 3
B3 1/5 1/3 1

By using the judgment matrix, the weights of each performance are calculated accord-
ing to Equation (11).

ωi =
bi

n
∑

k=1
bk

(11)

where

bi =

(
n

∏
j=1

aij

) 1
n

(12)

n is the number of indicator factors in each layer; aij is the relative importance of
indicator i compared to factor j. The values of aij are within the judgment matrix (Table 6),
with 1 indicating that factors i and j are equally important, 3 indicating that i is slightly
more important than factor j, and 5 indicating that i is significantly more important than
factor j.

Each performance of Layer C is considered equally important relative to Layer B. The
final weights of each layer are presented in Table 7.

Table 7. Weights of each layer.

B B~A C C~B C~A

Flame-retardant properties (B1) 0.6370
LOI (C1) 0.5 0.3185
FRR (C2) 0.5 0.3185

Dielectric properties (B2) 0.2583
Dielectric constant (C3) 0.5 0.1291

Dielectric loss tangent (C4) 0.5 0.1291

Mechanical properties (B3) 0.1047
Bending strength (C5) 0.5 0.0524
Bending modulus (C6) 0.5 0.0524

The weights from Table 8 and the gray correlation coefficients from Table 4 are brought
into Equation (10) to calculate the gray correlation for each specimen.

Table 8. Gray correlation values for each specimen.

Samples 0 DBDPE-1 DBDPE-2 DBDPE-3 MONO-1 MONO-2 MONO-3

Gray correlation 0.57 0.45 0.45 0.61 0.43 0.38 0.35

Samples MULTI-1 MULTI-2 MULTI-3 IFR-1 IFR-2 IFR-3

Gray correlation 0.45 0.49 0.56 0.5 0.53 0.8

As shown in Table 8, IFR-3 has the highest gray correlation value, and the excellent
flame retardant performance of the IFR flame retardant has greatly improved its gray
correlation value. IFR has a better compounding ability with GF/PP and has higher
mechanical properties and lower dielectric properties. The second is DBDPE-3, which is
better in flame retardancy; the GF/PP with DBDPE flame retardant has the lowest dielectric
properties, but its mechanical properties are poor, resulting in the overall evaluation of
the second to IFR. Due to the addition of flame retardants, in the other combinations
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the mechanical properties deteriorate, the dielectric properties increase and the flame
retardant performance is mediocre, resulting in gray correlation values even lower than
the blank group of specimens. Therefore, in the application scenario set in this paper,
the IFR flame retardant with 20.69% flame-retardant content is selected. Gray relational
analysis is generally used for process parameter optimization, but in this paper it is applied
for formulation selection. It provides ideas for multi-objective multi-response material
formulation selection.

4. Conclusions

When the flame retardant types are the same, as the most important role of adding
flame retardants, the flame-retardant properties of FR/GF/PP increase with the increase
in flame-retardant content. However, with the increase in flame-retardant content, the
mechanical properties of FR/GF/PP will be reduced and the dielectric properties will
be elevated.

In addition to the flame-retardant content, the flame retardant type also has a signif-
icant effect on the properties of flame retardant-modified GF/PP. The effect of the flame
retardant type on various properties is inconsistent. This is determined by their respective
elemental composition and structure. Among the four flame retardant-modified GF/PP,
IFR has the highest performance in mechanical properties, MULTI has a better performance
in LOI, DBDPE and IFR have better performances in FRR, and DBDPE and IFR have lower
and similar dielectric properties. Thus, it is necessary to find the most suitable flame retar-
dant type and flame-retardant content value for the application scenario through certain
statistical rules.

In this paper, gray relational analysis is used for formulation selection. The analytic
hierarchy process is used to assign the weights of each performance target in combination
with the set application occasions, and finally, the flame retardant type and flame-retardant
content that optimize the comprehensive performance of FR/GF/PP, namely IFR-3, are ob-
tained.
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Abstract: The relatively poor mechanical properties of extruded modified double base (EMDB)
propellants limit their range of applications. To overcome these drawbacks, a novel method was
proposed to introduce glycidyl azide polymer-based energetic thermoplastic elastomers (GAP-ETPE)
with bonding groups into the propellant adhesive. The influence of the molecular structure of three
kinds of elastomers on the mechanical properties of the resultant propellant was analyzed. It was
found that the mechanical properties of the propellant with 3% CBA-ETPE (a type of GAP-ETPE that
features chain extensions using N-(2-Cyanoethyl) diethanolamine and 1,4-butanediol) were improved
at both 50 ◦C and −40 ◦C compared to a control propellant without GAP-ETPE. The elongation and
impact strength of the propellant at −40 ◦C were 7.49% and 6.58 MPa, respectively, while the impact
strength and maximum tensile strength of the propellant at 50 ◦C reached 21.1 MPa and 1.19 MPa,
respectively. In addition, all three types of GAP-ETPE improved the safety of EMDB propellants. The
friction sensitivity of the propellant with 3% CBA-ETPE was found to be 0%, and its characteristic
drop height H50 was found to be 39.0 cm; 126% higher than the traditional EMDB propellant. These
results provide guidance for studies aiming to optimize the performance of EMDB propellants.

Keywords: EMDB propellant; GAP-ETPE; interface properties; mechanical performance

1. Introduction

Extruded modified double-base (EMDB) propellants with aluminum (Al) and hexogen
(RDX) particles are one of the commonly used solid propellants for tactical rockets due their
numerous advantages, including low cost, high production efficiency, mature process, and
consistency between batches [1]. However, these propellants usually have poor mechanical
properties, especially with regard to their toughness at low temperatures. In addition, the
elongation of the propellants is only about 3% and their impact strength is only about 3 MPa
at −40 ◦C when the solid particle content of the propellant is as high as 55% [2,3]. These
are primarily due to the structure of the adhesive of EMDB propellants. Nitrocellulose
(NC) is a rigid polymer used as the adhesive skeleton of these propellants; this gives
the material its low toughness due to the nitrocellulose/nitroglycerin (NC/NG) adhesive
system [4,5]. However, the interface character between the double base adhesive and RDX
is poor, resulting in low adhesion. This weak interface is another weakness in the EMDB
propellant that further reduces its mechanical properties [1]. Furthermore, NG is very
sensitive, making the preparation and use of the EMDB propellant more dangerous. These
drawbacks limit the use of EMDB propellants in a variety of applications.

Two methods can be used to improve the mechanical properties of EMDB propellants.
First, the use of NG can be substituted with other nitrate esters such as diethylenegly-
col dinitrate (DEGDN), triethylenglycol dinitrate (TEGDN), trimethylolethane trinitrate
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(TMETN), Butyl Nitroxyethyl Nitramine (Bu-NENA) [4,6,7]. Indeed, some nitrate esters
with lower sensitivity can plasticize NC better than NG. This would not only improve the
mechanical properties of the propellant but also reduce its sensitivity. This is a common
strategy in the regulation of the mechanical properties of propellants. However, those
nitrate esters tend to reduce the high-temperature strength of EMDB propellants. A sec-
ond method of improving the interface performance between NC/NG adhesive and RDX
is the surface modification [8–10] of RDX with techniques such as spheroidization and
surface coating. Although this process generally improves the mechanical properties of
the target propellants, it is relatively complex. We previously introduced Bu-NENA, an
insensitive nitrate ester with improved flexibility, into an EMDB propellant named R3 [11].
The elongation of the R3 propellant at −40 ◦C increased by a factor of 2 from 3.54% to
7.09%. In addition, the friction sensitivity of R3 dropped from 46% to 0%, while its H50
increased by 87.2% from 17.2 cm to 32.2 cm. In summary, the low-temperature mechanical
properties and sensitivity of the EMDB propellant were improved significantly. Further
improvements in mechanical properties could be achieved if the interface performance
between the adhesive and RDX could be optimized.

Glycidyl azide polymer-based energetic thermoplastic elastomer (GAP-ETPE) is a
linear polymer; propellants based on this polymer are known as green solid propellants
due to the so-called 3R characteristics (recycle, recover, reuse) [12,13]. In our previous study,
a series of GAP-ETPE with binding groups were synthesized [14]. Some of these materials
were used as propellant adhesives when exploring the use of green or high-strength
propellants [15]. An analysis of the phase structure revealed that NC molecules could
diffuse into GAP-ETPE molecules due to the plasticization of Bu-NENA. Consequently,
this suggests that GAP-ETPE with bonding groups could be dispersed into NC/Bu-NENA
adhesives at the molecular level, improving its interface compatibility; this would result in
improved mechanical properties in EMDB propellants with high-solid contents.

This study proposes a novel method of toughening the EMDB propellant based on the
advantages of GAP-ETPE with bonding groups. The influence of GAP-ETPE on the tensile
and impact properties of the EMDB propellant was studied in the context of its molecular
structure. It was found that the mechanical properties of the E3C propellant (with 3%
CBA-ETPE) could be improved at 50 ◦C and −40 ◦C simultaneously. These results may
provide insights into the improved performance of the EMDB propellant and the structural
design of adhesives for a high-performance solid propellant.

Table 1 provides a list of abbreviations used in this manuscript.

Table 1. Abbreviations used in this work.

Abbreviation Meaning

EMDB Extruded modified double base
GAP Glycidyl azide polymer
ETPE Energetic thermoplastic elastomers

GAP-ETPE Energetic thermoplastic elastomers based on glycidyl azide polymer
BDO 1,4-butanediol
DBM Diethyl Bis(hydroxymethyl)malonate
CBA N-(2-Cyanoethyl) diethanolamine

BDO-ETPE GAP-ETPE with BDO as chain extender
DBM-ETPE GAP-ETPE with chain extended by BDO and DBM (mass ratio 3:1)
CBA-ETPE GAP-ETPE with chain extended by BDO and CBA (mass ratio 1:1)

R3 EMDB propellant without GAP-ETPE as a control
ExB Propellant based on BDO-ETPE, where x refers to BDO-ETPE content
ExD Propellant based on DBM-ETPE, where x refers to BDO-ETPE content
ExC Propellant based on CBA-ETPE, where x refers to BDO-ETPE content

Ad-R3 The adhesive of R3 propellant
Ad-E3B The adhesive of E3B propellant
Ad-E3D The adhesive of E3D propellant
Ad-E3C The adhesive of E3C propellant
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2. Materials and Methods
2.1. Experimental Materials

Three kinds of GAP-ETPE with 30% hard-segment content were synthesized in the
laboratory. Here, BDO-ETPE refers to an elastomer with BDO as a chain extender, while
CBA-ETPE refers to an elastomer with its chain extended by BDO and CBA in a mass ratio
of 1:1. DBM-ETPE refers to an elastomer with its chain extended by BDO and DBM in
a mass ratio of 3:1. Molecular structure diagrams of these three types of elastomers are
presented in Figure 1. The synthesis routes of these three types of GAP-ETPE are presented
in Figure S1. The basic physical properties of these elastomers are shown in Table 2.
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Figure 1. The molecular structure diagram of three kinds of GAP-ETPE: (a) BDO-ETPE; (b) DBM-
ETPE; (c) CBA-ETPE.

Table 2. The physical properties of the three kinds of GAP-ETPE with 30% hard-segment content
used in this study.

Property BDO-ETPE CBA-ETPE DBM-ETPE

Average molecular weight: Mn/g mol−1 30,300 29,000 30,100
Density: ρ/g cm−3 1.22 1.22 1.22

Glass transition temperature: Tg/◦C −39.4 −38.2 −39.0

The NC used in this study had an N content of 12.0% and an average molecular weight
of about 80,000; it was obtained from the Shanxi Xingan Chemical Plant, Taiyuan City,
China. Bu-NENA is a light-yellow oily liquid with a melting point of −28.0 ◦C, a density
of 1.21 g/cm3, and a heat of formation of 249 kJ/mol; it was obtained from the Liming
Chemical Institute, Luoyang City, China. A 72-µm hexogen (RDX) was obtained from
Gansu Silver Light Chemical Industry Group Co., Ltd., Baiyin City, China. A 3-µm spher-
ical Al was obtained from Changyuan Mingyu Aluminium Industry Co., Ltd., Xinxiang
City, China.

2.2. Sample Preparation

EMDB propellants with GAP-ETPE incorporated into their adhesive were prepared
using a traditional solvent-free method. An EMDB propellant without GAP-ETPE (R3) was
also prepared as a control. The detailed chemical composition of the prepared propellants
is shown in Table 3. It should be noted that the R3 propellant was the previously optimized
formula on which the series of three EMDB propellants with GAP-ETPE (ExB, ExD, and
ExC) were prepared. The NC/Bu-NENA adhesive decreased with increasing GAP-ETPE
content. The mass ratio of NC/Bu-NENA was held constant at 43/57, based on the results
of previous experiments [11].
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Table 3. Composition of EMDB propellants with different GAP-ETPE content.

Sample NC/% Bu-NENA/% GAP-ETPE/% Al/% RDX/% Others/%

R3 23.6 17.8 -- 6 49 3.6
E1B 23.0 17.4 1 6 49 3.6
E2B 22.4 17.0 2 6 49 3.6
E3B 21.9 16.5 3 6 49 3.6
E4B 21.3 16.1 4 6 49 3.6
E5B 20.8 15.6 5 6 49 3.6
E1C 23.0 17.4 1 6 49 3.6
E2C 22.4 17.0 2 6 49 3.6
E3C 21.9 16.5 3 6 49 3.6
E4C 21.3 16.1 4 6 49 3.6
E5C 20.8 15.6 5 6 49 3.6
E1D 23.0 17.4 1 6 49 3.6
E2D 22.4 17.0 2 6 49 3.6
E3D 21.9 16.5 3 6 49 3.6
E4D 21.3 16.1 4 6 49 3.6
E5D 20.8 15.6 5 6 49 3.6

2.3. Experimental Instruments and Test Conditions
2.3.1. Interface Property Test

The interface characteristics of the adhesives were measured with an OCA contact
angle analyzer (Dataphysics Co., Stuttgart, Germany). The testing solvents included N,N-
dimethylformamide (DMF), ethylene glycol, and diiodomethane.

2.3.2. Tensile Property Test

The EMDB propellants were cut into dumbbell-shaped test specimens. The tensile
properties of the propellants were measured using the AGS-J Electronic Universal Testing
Machine (Shimadzu Corporation, Kyoto, Japan) according to the China Military Standard
GJB 770B-2005 413.1 [16]. The test conditions were as follows: temperature −40 ◦C, 20 ◦C,
and 50 ◦C at a tensile rate of 10 mm/min. The testing machine was equipped with a
high–low-temperature test box through which the ambient temperature could be regulated.

2.3.3. Impact Property Test

The impact resistance of the propellant samples was measured using a TCJ liquid
crystal pendulum impact-testing machine from Jilin Taihe Testing Machine Co., Ltd.
(Changchun, China). The test temperatures were −40 ◦C, 20 ◦C, and 50 ◦C; the pen-
dulum energy was 4 J; the size of the sample was 4 mm × 6 mm × 60 mm, and the support
span was 40 mm.

2.3.4. Sensitivity Measurements

The friction sensitivity of the propellants was measured according to China Mil-
itary Standard GJB 770B-2005 601.2 [16] using a pendulum friction apparatus (Beijing
nachen Technology Co., Ltd., Beijing, China). The conditions were as follows: a pendulum
weight of 1.5 kg; a swaying angle of 66◦; a pressure of 2.45 MPa; and a sample mass of
20 ± 1 mg. The impact sensitivity was measured according to China Military Standard
GJB 770B-2005 602.1 [16] using a drop-hammer apparatus (Beijing nachen Technology Co.,
Ltd., Beijing, China) using an up-and-down method. The conditions were as follows: a
sample mass of 30 mg and a hammer weight of 2 kg.

3. Results
3.1. Interface Characteristics of the NC/NENA/ETPE Adhesive

Solid propellant is a composite material comprising adhesive as the continuous phase
and solid filler as the dispersed phase. Its mechanical properties are related not only to the
mechanical properties of the adhesive itself but also to the interaction between the adhesive
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and solid filler [17,18]. The characteristics of the interface between the adhesive and solid
filler are an important factor that affects the mechanical properties of the propellant. The
surface energy of the adhesive is most commonly obtained using the contact angle method
based on Young’s equation [19–21]. In this study, the adhesion work between the adhesive
and RDX was calculated using this method.

The adhesive systems were prepared as thin films. Diiodomethane, N,N-dimethylformamide,
and ethylene glycol were used as reference liquids to test the contact angles of the four
adhesive films at room temperature. The results of these tests are presented in Table 4. The
interfacial tension and adhesion work between the Bu-NENA/NC/GAP-ETPE adhesive
system and RDX were calculated [19–21] as shown in Table 5. A detailed explanation of the
calculation process is presented in the supplementary file. Ad-R3 refers to the adhesive
used in the R3 propellant.

Table 4. Contact angles of reference liquids for different adhesive systems.

Sample Diiodomethane/◦ N,N-Dimethylformamide/◦ Ethylene Glycol/◦

Ad-R3 50 58 62
Ad-E3B 62 61 68
Ad-E3D 50 55 55
Ad-E3C 57 55 55

Table 5. The interfacial tension and adhesion work between adhesive or GAP-ETPE and RDX.

Sample Interfacial Tension/(mJ·m−2) Adhesion Work/(mJ·m−2)

Ad-R3 10.6 69.67
Ad-E3B 7.86 66.79
Ad-E3D 7.85 72.59
Ad-E3C 5.14 74.08

Table 5 shows that the magnitude of the adhesion work between the adhesive and RDX
is, in ascending order, as follows: Ad-E3B, Ad-E3D, then Ad-E3C. This was consistent with
the order of adhesion work observed between the three types of GAP-ETPE and RDX (BDO-
ETPE/RDX: 62 mJ·m−2; DBM- ETPE/RDX: 73 mJ·m−2; CBA-ETPE/RDX: 76 mJ·m−2).
Table 5 also shows that the adhesion work between the Ad-E3B adhesive system and RDX
is lower than that between the Ad-R3 adhesive system and RDX. However, after introducing
GAP-ETPE with bonding groups, the adhesion work between the resultant adhesive system
(Ad-E3C and Ad-E3D) and RDX is higher than that between Ad-R3 and RDX. These results
indicate that the bonding groups can improve the interface performance between the
adhesive of a modified double-base propellant and RDX. This improvement may be due
to two reasons. First, these elastomers may have formed a homogeneous structure with
the double-base adhesive system under the plasticizing effect of Bu-NENA [11]. The
elastomers can then be dispersed at the molecular level, allowing them to form effective
contact surfaces with RDX. Alternatively, elastomers with bonding groups may have
formed strong intermolecular forces with RDX [14]. Specifically, induced force could be
produced between the ester groups in DBM and the nitro groups in RDX. Similarly, there
could also be an induced force between the cyanide group in CBA and the nitro groups
in RDX. It is worth noting that the induced force is stronger in the latter bond due to the
stronger polarity of the cyanide group [22] and the increased availability of interaction sites
in the CBA-ETPE molecule. Consequently, CBA-ETPE with cyanide as the bonding group
was found to be the strongest adhesive system for RDX.

3.2. Tensile Properties of Propellants with Different ETPE Contents

The tensile strength and elongation at maximum strength of the propellant are shown
in Figures 2 and 3, respectively. Detailed data on the tensile properties of each propellant
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can be found in Tables S1–S3. The x in “ExB” refers to the GAP-ETPE content in the
EMDB propellant.
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Figure 3. Elongation at maximum strength of EMDB propellant with GAP-ETPE: (a) 50 ◦C; (b) 20 ◦C;
(c) −40 ◦C.

Figures 3 and 4 show that the tensile strength of the ExB and ExD propellants at 50 ◦C
decreased with increasing ETPE content, while ExC propellants exhibited an initial increase
followed by a decreasing trend. The elongation at maximum strength gradually increased
in all three propellants as the GAP-ETPE content increased.
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Specifically, as the BDO-ETPE content increased, the tensile strength of the ExB pro-
pellant at 50 ◦C decreased while its elongation increased. This is because BDO-ETPE is
a typical thermoplastic elastomer with a lower modulus and a greater toughness com-
pared to the adhesive of double-base propellants [23]. The original plasticizing system
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changes as BDO-ETPE is partially substituted for Bu-NENA/NC in the binder system.
Mutual diffusion occurs between NC and ETPE molecules under the plasticizing effect of
Bu-NENA [24]. Consequently, a new homogeneous structure is formed comprising three
components. Some hydrogen bonds and van der Waals forces between NC molecules are
also disrupted by ETPE molecules. With increasing BDO-ETPE content, the reduction in
hydrogen bonding within the original binder system is enhanced, leading to promoted
molecular mobility [25,26]. Finally, the amount of NC also decreases. Consequently, the
modulus of the adhesive declines, supported by the behavior of the tensile modulus shown
in Tables S1–S3. In summary, the enrichment of GAP-ETPE in the propellant results in
decreased tensile strength and increased elongation.

The trends observed In the ExD series of propellants with Increasing ETPE content
were similar to those of the ExB series propellants. However, the tensile strength of ExD
propellants was higher while their elongation was lower due to the COOEt group in the
DBM molecule, which can induce interactions with the nitro group in RDX (as shown
in Figure 4), enhancing the adhesion work between DBM-ETPE and RDX. As indicated
in Table 3, the adhesion work between the binder and RDX in the E3D propellant is
72.59 mJ·m−2 compared to only 66.79 mJ·m−2 in the E3B propellant. This is clear evidence
of the greater tensile strength of the ExD propellant compared to the ExB propellant.

As the CBA-ETPE content increases, the tensile strength of the ExC propellant initially
increases before decreasing, while the elongation gradually increases. This behavior is due
to the CN group in the CBA molecule, which can induce interactions with RDX (as shown
in Figure 4). When CN groups were introduced into the binder system, the interactive
forces at the binder–RDX interface were enhanced, leading to an increase in the tensile
strength of the propellant [25,26]. However, the interfacial area between the adhesive and
RDX and the content of the bonding groups in the elastomer was held constant throughout
this process; consequently, the improvement in the mechanical properties of the propellant
due to CBA-ETPE was non-linear. In addition, as the content of the elastomer increased, the
tensile modulus of the binder system decreased (Tables S1–S3), resulting In the reduction
of the mechanical properties of the propellant after the CBA-ETPE content exceeded 3% [1].
Since the adhesion work between CBA-ETPE and RDX is greater than that of DBM-ETPE
and BDO-ETPE with RDX, the corresponding adhesion work between the Ad-ExC binder
and RDX must also be greater than that of the latter two materials with RDX. Therefore,
the ExC propellant has the highest tensile strength and lowest elongation compared to ExB
and ExD propellants. It is important to consider εb/εm, known as the dewetting ratio [1];
a smaller dewetting ratio indicates better interface adhesion, as shown in Tables S1–S3.
The ExC propellant has the smallest dewetting ratio, providing further evidence that this
category of propellants exhibits the most desirable bonding effect with RDX for CBA-ETPE.

Figures 3 and 4 show that as the temperature decreases, the structural differences of
ETPE have less impact on the mechanical properties of the propellant. This is because the
detachment of the binder and solid filler occurs prior to the internal fracture of the binder
when the propellant is under external load [1,25]. These bonding groups, thus, increase
the adhesive work between the binder and RDX, causing the propellant to preferentially
undergo an internal tearing of the binder rather than detachment when subjected to
external load. The binder system has a larger chain segment movement space at a relatively
high temperature, making it prone to slipping between segments, resulting in larger
deformations and easier interface detachment with RDX [26,27]. The bonding groups could
enhance the interaction between the binder and RDX, preventing detachment in these
scenarios. Consequently, these bonding groups have a significant impact on the mechanical
properties of the propellant. However, the chain segment movement of the binder is
restricted at low temperatures due to the significant intermolecular friction [26,27], making
it more susceptible to chain fracture under external load. The weak interface between
adhesive and RDX is not the key factor influencing the fracture of the propellant. In other
words, the low-temperature tensile performance of the propellant was mainly affected by
the content of ETPE rather than the type of ETPE.
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3.3. Impact Mechanical Properties

Figure 5 shows the impact strength of EMDB propellants with GAP-ETPE. Detailed
data on the impact strength of the propellants can be found in Table S4. Figure 5 also
shows that the impact strength of the three types of EMDB propellants gradually increased
as the GAP-ETPE increased across all test temperatures. This may be primarily due to
the influence of the characteristics of the molecular structure of the GAP-ETPE on the
adhesive of the propellant. In the context of molecular structures, GAP-ETPE consists of
two parts: a hard and soft segment. The soft segments mainly come from the polyether
segments in GAP, which account for 70% of the total segments in the material. The hard
segment is mainly composed of amino acid esters obtained by the reaction of isocyanates
with chain extenders, accounting for 30% of the total material. The polyether segments
are relatively flexible and exhibit good compatibility with NC. When introduced into the
EMDB propellant, this material forms a blended system with NC under the plasticizing
effect of Bu-NENA [11,28]. In this way, some hydrogen bonding and van der Waals forces
between NC molecules are replaced by the van der Waals forces between ETPE and NC
molecules, decreasing the resistance of adhesive molecules to movement. At the same time,
the relative flexibility of the soft segments in GAP-ETPE increases the ability of the adhesive
molecule to change conformations, consequently enhancing the molecular mobility of the
adhesive. The improved mobility of the adhesive molecules and the long chains of ETPE
make them prone to sliding rather than tearing when subjected to impact loads. Therefore,
the impact resistance of these materials was improved.

Polymers 2024, 16, x FOR PEER REVIEW 8 of 12 
 

 

Figures 3 and 4 show that as the temperature decreases, the structural differences of 
ETPE have less impact on the mechanical properties of the propellant. This is because the 
detachment of the binder and solid filler occurs prior to the internal fracture of the binder 
when the propellant is under external load [1,25]. These bonding groups, thus, increase 
the adhesive work between the binder and RDX, causing the propellant to preferentially 
undergo an internal tearing of the binder rather than detachment when subjected to ex-
ternal load. The binder system has a larger chain segment movement space at a relatively 
high temperature, making it prone to slipping between segments, resulting in larger de-
formations and easier interface detachment with RDX [26,27]. The bonding groups could 
enhance the interaction between the binder and RDX, preventing detachment in these sce-
narios. Consequently, these bonding groups have a significant impact on the mechanical 
properties of the propellant. However, the chain segment movement of the binder is re-
stricted at low temperatures due to the significant intermolecular friction [26,27], making 
it more susceptible to chain fracture under external load. The weak interface between ad-
hesive and RDX is not the key factor influencing the fracture of the propellant. In other 
words, the low-temperature tensile performance of the propellant was mainly affected by 
the content of ETPE rather than the type of ETPE. 

3.3. Impact Mechanical Properties 
Figure 5 shows the impact strength of EMDB propellants with GAP-ETPE. Detailed 

data on the impact strength of the propellants can be found in Table S4. Figure 5 also 
shows that the impact strength of the three types of EMDB propellants gradually in-
creased as the GAP-ETPE increased across all test temperatures. This may be primarily 
due to the influence of the characteristics of the molecular structure of the GAP-ETPE on 
the adhesive of the propellant. In the context of molecular structures, GAP-ETPE consists 
of two parts: a hard and soft segment. The soft segments mainly come from the polyether 
segments in GAP, which account for 70% of the total segments in the material. The hard 
segment is mainly composed of amino acid esters obtained by the reaction of isocyanates 
with chain extenders, accounting for 30% of the total material. The polyether segments are 
relatively flexible and exhibit good compatibility with NC. When introduced into the 
EMDB propellant, this material forms a blended system with NC under the plasticizing 
effect of Bu-NENA [11,28]. In this way, some hydrogen bonding and van der Waals forces 
between NC molecules are replaced by the van der Waals forces between ETPE and NC 
molecules, decreasing the resistance of adhesive molecules to movement. At the same 
time, the relative flexibility of the soft segments in GAP-ETPE increases the ability of the 
adhesive molecule to change conformations, consequently enhancing the molecular mo-
bility of the adhesive. The improved mobility of the adhesive molecules and the long 
chains of ETPE make them prone to sliding rather than tearing when subjected to impact 
loads. Therefore, the impact resistance of these materials was improved. 

   
(a) (b) (c) 

Figure 5. Impact strength of the EMDB propellant with GAP-ETPE: (a) 50 °C; (b) 20 °C; (c) −40 °C. 
No data refers to samples that were not broken into two pieces. 
Figure 5. Impact strength of the EMDB propellant with GAP-ETPE: (a) 50 ◦C; (b) 20 ◦C; (c) −40 ◦C.
No data refers to samples that were not broken into two pieces.

Figure 5 also shows that the ability of the three elastomers to improve the impact
strength of the propellant decreases as temperatures decrease. At high temperatures, the
movement space of the binder chain segments is larger and the interaction forces between
the segments are weaker. The adhesive molecules have stronger mobility at 50 ◦C compared
to −40 ◦C. The structural damage suffered during the deformation of the propellant under
stress is often caused by the dewetting of the adhesive and RDX. This has been shown
using scanning electron microscope (SEM) images of the cross-section of the R3 propellant,
which can be found in Figure S2. Notably, the bonding groups of GAP-ETPE can delay the
onset of dewetting, increasing the tendency of the propellant adhesive system to undergo
structural damage. Consequently, CBA-ETPE, which has the strongest bond with RDX,
could maximize the increase in the impact strength of the propellants. Although it is
difficult to prove the existence of a delay in the dewetting described above to the direct
use of SEM photos, the smaller dewetting ratio observed during the tensile fracture of
the ExC propellant at 50 ◦C indirectly confirms this. As temperatures fall, the reduced
intermolecular free volume and internal energy of the material at low temperatures restrict
the molecular mobility of adhesive molecules. The increased resistance to molecular motion
makes the binder undergo internal tearing more readily. This can be directly proven by the
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SEM image of the cross-section of the R3 propellant, as shown in Figure S3. Indeed, it is
clear that the interactive forces induced by the bonding groups between the binder and RDX
cannot delay the breaking of the adhesive. Consequently, it is difficult for bonding groups
to generate the extra increase in the impact strength of the propellant at low temperatures.

3.4. Mechanical Sensitivity

Figure 6 shows the characteristic height (H50) of the EMDB propellant with GAP-ETPE.
Detailed data on the sensitivity of the propellants can be found in Table S5. Figure 6 shows
that the H50 of the EMDB propellant increases as the GAP-ETPE content increases. This
suggests that GAP-ETPE has a positive effect on the insensitive properties of the EMDB
propellant. It may be attributed to the insensitive nature and the structural characteristic of
the ETPE molecule. Based on the results from the literature and the well-known hotspot
theory [29–31], we suggest that the propellants undergo plastic deformation when subjected
to mechanical stimuli, potentially forming hotspots that can lead to explosions. During
the plastic deformation process, defects and voids may form within the binder system,
and the closure of these voids, in a manner similar to adiabatic compression, can generate
compression hotspots, potentially leading to initiation. In addition, the RDX may experience
friction, shear, and compression between particles during the deformation process, leading
to the formation of hotspots that can cause initiation. For EMDB propellants with high
solid content, the rigid binder and the large amount of RDX can make the propellant
more sensitive. The modulus of the binder system may be decreased due to GAP-ETPE,
enhancing the toughness of the propellant (as evidenced by tensile test results). While this
can promote the continuous plastic deformation of the binder, reducing the generation
of internal defects, the reduction of its modulus means that the binder system between
particles is more likely to deform and absorb external energy, reducing the rigid friction
and compression between particles, allowing it to act as a buffer for the solid fillers. In
other words, GAP-ETPE could partially replace RDX in its role in absorbing the energy
from external stimuli, reducing the stimulation received by RDX. Together, these factors
can reduce the mechanical sensitivity of the propellant.
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Figure 6 also shows that the different elastomers had little effect on the H50 of the
propellant. It indicates that the bonding groups in the ETPE molecule do not influence the
sensitivity of the EMDB propellant. This is consistent with the aforementioned mechani-
cal properties.

It should be noted that the R3 propellant was obtained by replacing NG in the tra-
ditional composition of the EMDB propellant with Bu-NENA, which is not sensitive to
frictional stimuli. Consequently, the friction sensitivities of the three series of propellants
under the influence of GAP-ETPE were all 0%. Compared to traditional EMDB propellants,
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the friction sensitivity of EMDB propellants with GAP-ETPE was reduced from 46% to 0%,
while their H50 increased by 138% from 17.2 cm to a maximum of 41.0 cm. The friction
sensitivity remained at 0% while the impact sensitivity of the propellant was further re-
duced when comparing the EMDB propellants to the R3 propellant. Generally, the use of
GAP-ETPE results in low-sensitivity EMDB propellants.

4. Conclusions

In this study, a novel method of improving the interface performance between ad-
hesives and the RDX through the incorporation of GAP-ETPE with bonding groups was
proposed. The effects of molecular structure and content of ETPE on the performance of
the EMDB propellants were studied. The main results and conclusions are as follows:

(1) Under the induced force between the bonding groups and the nitro groups of RDX, the
interfacial compatibility between the adhesive system of the propellant and the RDX
was improved, and its adhesion work increased. The cyanide group, which possesses
a stronger degree of polarity, can generate stronger induced forces between the ETPE
and the RDX compared to the ester groups. Consequently, the adhesive of the ExC
propellant exhibited greater adhesion work with RDX compared to other propellants.

(2) All three types of ETPE improved the low-temperature elongation and impact re-
sistance of the EMDB propellant, but BDO-ETPE and DBM-ETPE also reduced the
high-temperature tensile strength of the propellant. Due to its ability to induce
stronger forces, CBA-ETPE improved the mechanical properties of the propellant at
low and high temperatures simultaneously. The optimal mechanical properties of
the propellant were achieved at a 3% CBA-ETPE content (i.e., E3C). The elongation
and impact strength of the propellant at −40 ◦C reached 7.49% and 6.58 MPa, respec-
tively, while its tensile strength and impact strength at 50 ◦C reached 1.19 MPa and
21.1 MPa, respectively.

(3) All three types of ETPE improved the safety of the EMDB propellant. As the ETPE
content increased, the sensitivity of the EMDB propellant gradually decreased. The
optimal formulation for the E3C propellant had a characteristic fall height of 39.0 cm,
which is 126% higher than that of the traditional EMDB propellant. In addition, the
friction sensitivity of the material was reduced to 0%.

In summary, structural modification of the propellant adhesive using GAP-ETPE with
bonding groups could improve the interface performance between the binder and RDX
while also enhancing the mechanical properties of the propellant, including its tensile
and impact strength. In other words, the novel method proposed in this work represents
a simple and effective means of improving the mechanical properties of EMDB propel-
lants, which could provide guidance for studies aiming to optimize the performance of
EMDB propellants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym16060792/s1, Figure S1: The synthesis process diagram of
three kinds GAP-ETPE: (a) BDO-ETPE; (b) DBM-ETPE; (c) CBA-ETPE; Table S1: The tensile properties
of EMDB propellants at 50 ◦C with GAP-ETPE; Table S2: The tensile properties of EMDB propellants
at 20 ◦C with GAP-ETPE; Table S3: The tensile properties of EMDB propellants at −40 ◦C with
GAP-ETPE; Table S4: The impact strength of EMDB propellants with GAP-ETPE; Table S5: The
mechanical sensitivity of EMDB propellants with GAP-ETPE; Figure S2: SEM image of cross section
R3 propellant at 50 ◦C; Figure S3: SEM image of cross section R3 propellant at −40 ◦C.
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Abstract: In order to study the temperature variation and flow characteristics in the twin-screw
reactive extrusion process of synthetizing glycidyl azide polymer-based energetic thermoplastic
elastomer (GAP-ETPE), a non-isothermal simulation and a safety analysis were carried out. Firstly,
based on the synthesis principle of GAP-ETPE, a mechanical sensitivity test, viscosity test and
differential scanning calorimetry (DSC) of GAP-ETPE were carried out. Secondly, a three-dimensional
physical model of the intermeshing co-rotating conveying element was established by Gambit. A
three-dimensional non-isothermal numerical simulation of the conveying and kneading elements
was carried out using FLUENT 19.0 software. The temperature, pressure and shear stress field of
conveying and kneading elements with different staggered angles were analyzed and compared.
The results show that the maximum temperature of the kneading element is always slightly higher
than that of the conveying element at the same rotational speed, but the average temperature in
the flow channel is always slightly higher than that of the kneading element. The inlet and outlet
pressure difference of the kneading elements with a 90◦ offset angle is the smallest and the safety
is the highest. The shear stress in the flow channel of the conveying element is higher than that of
the kneading element as a whole, but the shear stress near the outlet of the 90◦ kneading element is
higher than that in the flow channel of the conveying element. Among the kneading elements, the
90◦ kneading element has the strongest dispersing and mixing ability, followed by the 60◦ and 45◦

kneading elements. According to the thermal and physical parameters of the material, the ignition
response time is approximately 6 s, which provides a theoretical guide for the safety design of the
GAP-ETPE twin-screw extruder.

Keywords: GAP-ETPE; mechanical sensitivity; conveying element; safety; non-isothermal; simulation

1. Introduction

Energetic thermoplastic elastomer (ETPE) has the advantages of excellent mechanical
properties, high energy, low sensitivity and repeatability, making it an important material
base for the development of high-performance explosives. Currently, ETPE has been
used in the polyolefin 13 blended explosive and has been applied to the high-energy
propellant, increasing its low-temperature impact strength by more than 120% [1]. The
application of a high solid content modified the double-base solid propellants and has
significantly improved their low-temperature mechanical properties, and ETPE also has
good application prospects in combustible cartridges. However, the current synthesis
of ETPE uses the intermittent reaction kettle method, which has problems, such as an
unstable product quality, poor interbatch repeatability, low production efficiency and low
production capacity, making it difficult to meet the urgent demand for ETPE for new
high-performance explosives. Therefore, research should be conducted on the reactive
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extrusion synthesis process of energetic thermoplastic elastomers to improve the quality of
ETPE, shorten its production cycle and rapidly promote the development and application of
high-performance explosives, which is also an urgent need for the development of weapons
and equipment. The development of solid propellant formulations using various energetic
and non-energetic binders with a little emphasis on ETPEs was reviewed by M. L. Chan
et al. [2]. The review paper explains the synthesis of a wide range of ETPEs, their propellant
and explosive formulations along with the thermal studies of the same. A. G. Stern and H.
G. Adolph patented the synthesis process of hydrolysable ETPEs based on BAMO, AMMO
and poly caprolactone-poly formal polymers [3]. The advantage of this type of ETPE is to
recover the ingredients of propellant, explosive or pyrotechnic compositions at the end of
their life cycle by hydrolyzing the binder instead of melting.

Glycidyl azide polymer-based energetic thermoplastic elastomer (GAP-ETPE) is a
kind of thermoplastic elastomer, which is synthesized by the end capping reaction of GAP
with diisocyanate followed by a chain extension with diol. As one of the most-studied
compounds in high-energy prepolymers, GAP not only significantly improves the burn
rate of propellants but GAP-ETPE-based propellants also have better creep resistance than
conventional thermoset propellants [4]. So, GAP-ETPE has attracted much attention from
domestic and foreign energy materials workers [5]. The intermittent co-rotating screw
extruder is one of the most commonly used types of polymer compounding equipment,
and the variation in the screw extruder process parameters plays a crucial role in the quality
of the GAP-ETPE products and the safety of the equipment. In addition, the design of an
advanced control system for the intermittent reaction process has enabled the successful
application of a non-self-compensating dynamic matrix control method to the reactor
experimental setup [6].

Reactive extrusion (REX) is a manufacturing technique that combines traditional melt
extrusion with chemical reactions, including polymerization, polymer functionalization
and depolymerization (chemical recycling) [7,8]. The transfer screw extruder (TSE) is a key
piece of equipment in polymer processing, mainly used as a conveyor, mixer or reactor
for particles, granules and viscous fluids [9]. The unique geometry of screw extruders
allows the handling of very viscous media; thus, they can be used as continuous reactors
to conduct polymerization reactions without using any solvents. This is called reactive
extrusion polymerization [10]. Sobhani, H. and Verma, S. K. et al. [11,12] combined the
virtual domain method with the finite element method to study the flow characteristics of
polymer melt in the conveying zone of an intermeshing rotating twin-screw extruder under
isothermal conditions. With the development of computational methods, more and more
researchers are using numerical simulation to study the non-isothermal flow mechanism
in TSEs [13–16]. Ishikawa T. et al. [17] conducted a three-dimensional non-isothermal
simulation study of the kneading zone of the co-rotating twin-screw extruder at different
speeds and compared the simulation results with the experimental observation to verify
the accuracy of the simulation. In addition, Khalifeh et al. [18] investigated the numerical
application of non-isothermal flows in a two-channel single-screw extruder using the
finite volume method. Therefore, in order to achieve the expected quality throughout
the manufacturing process of energetic materials, it is necessary not only to analyze the
raw materials and process parameters [19,20] but also to pay special attention to the
mechanical properties of these compounds during the extrusion process [21]. The current
polymer materials and processing industry heavily rely on single-screw and twin-screw
extrusion technology. In order to promote the upgrading of circular economy technology,
bridging experimental characterization technology and the predictive ability of modeling
and software tools are essential [22].

In order to investigate the effects of operating parameters and screw geometry on the
mixing performance during the reactive extrusion process in the TSE, many experimental
and numerical simulation studies have been carried out in recent years [23–25]. Ozkan, S.
et al. [26] developed a 7.5 mm twin-screw extruder to process high-energy formulations
containing nanoparticles. The twin-screw extrusion process has been shown to have several

106



Polymers 2023, 15, 3662

inherent advantages. Rozen [27] used the product distribution of acid-base neutralization
and ester hydrolysis to characterize the mixing process of a co-rotating twin-screw extruder.
Berzin, F. et al. [28] chose transesterification to optimize and scale up the twin-screw re-
active extrusion process. Ke, Z. et al. [29] used the finite element method to analyze the
distribution and variation in viscosity during the single-screw extrusion of propellants and
studied the threshold and distribution of sensitive parameters, such as pressure and tem-
perature. Zhu, L. and Cegla, M. et al. [30,31] analyzed the polymerization of E-caprolactone
in a co-rotating twin-screw extruder using three-dimensional numerical simulation. It is
concluded that viscous heat plays an important role in energy generation when the sys-
tem has high viscosity. Zhang et al. [32] prepared a polypropylene (PP)/wood-fiber (WF)
composite foam using the pressure quenching batch method and investigated the effects of
the screw configuration, screw speed and silica on the physical and mechanical properties
and foaming properties of PP/WF composites. Zong et al. [33] studied the flow pattern,
molecular weight distribution and temperature of poly (p-phenylenediamine terephthalate)
in three extruders with different elements. Zhang et al. [34] calculated the area draw ratio,
instantaneous efficiency and time average efficiency of the mixing disc by studying the
distributed mixing power and simulated the local residence time distribution of the TSE
using the particle tracking method. Rathod et al. [35] carried out a three-dimensional finite
element simulation of a carboxy methyl cellulose aqueous solution in the mixing zone of
a twin-screw mixer and studied the influence of the speed, flow rate and blade angle of
the mixer on the dispersive mixing of the twin-screw mixer in order to better understand
the relationship between the flow, mixing and reaction during polymer preparation. Sayin,
Hirata, Hetu and Sun et al. [36–39] carried out three-dimensional numerical simulations
in a TSE to investigate the effects of the screw speed, mixing block dislocation, inlet flow
rate and stress on the mixing and reaction processes in a TSE. Jong-Sung You et al. [40]
characterized the GAP/polyol ETPEs using DSC, dynamic mechanical analysis (DMA) and
rheological mechanics. The results show that with an increasing hard segment content both
GAP/PTMG ETPEs and GAP/PCL ETPEs exhibit microphase separation transitions.

In the process of mixing energetic materials, the temperature is a key factor affecting
the safety of the mixing. If the speed of the impeller is low, the viscosity of the material
will be relatively high, the mixing will be inadequate and the expected effect will not be
achieved. If the rotating speed of the TSE is high, the viscous heat and shear friction of
the material will be greater, the temperature in the channel will be higher, the possibility
of combustion and explosion accidents will be greater and the safety will be worse. At
the same time, excessive temperatures can volatilize materials and produce flammable
gases, which can lead to combustion and/or explosion accidents. In the mixing process,
the temperature of the material must be strictly controlled to avoid large temperature
fluctuations. Therefore, it is necessary to simulate the temperature field of the flow channel
and use the local maximum temperature in the flow channel to characterize the safety of
mixing. The main purpose of this paper is to assess the safety of the gauge pressure and
critical load pressure obtained from friction susceptibility tests by comparing them with
the squeezing pressure and shear stress to which the fluid is subjected in the simulation.

Based on the rheology of the polymer flow, the temperature field, pressure field and
shear stress field of the non-Newtonian melt of GAP-ETPE flowing in the twin-screw
reactor were analyzed in order to understand the effect of geometric and operational
parameters on the reactive extrusion process. In this paper, the GAP-ETPE synthesis
process, its performance characterization and a mechanical sensitivity test are carried out.
The thermal degradation characteristics of GAP-ETPE are analyzed and the mechanical
sensitivity results are obtained. Meanwhile, the three-dimensional physical model of the
intermeshing co-rotating conveying element is established using Gambit 2.4 software.
Under non-isothermal simulation conditions, the temperature field, pressure field and
shear stress field are simulated and analyzed by FLUENT 19.0 software, taking into account
factors such as friction, viscous heat generation and synthetic reaction heat. The material
flow and temperature changes of GAP-ETPE in the process of conveying and kneading
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element reactive extrusion are studied using the three-dimensional numerical simulation
method; the differences and relationships of the pressure, temperature and shear stress
are analyzed; the effects of the screw speed and kneading element pitch angle on the
reactive extrusion are discussed; and the ignition response time is calculated according to
the thermo-physical parameters of the materials and the convergence of the calculation
results. This study provides theoretical guidance for the safety design of the GAP-ETPE
twin-screw extruder.

2. Materials and Methods
2.1. Synthesis and Characterization of GAP-ETPE
2.1.1. Synthesis Reaction of GAP-ETPE

GAP-ETPE, Xi’an 204 Institute, Industrial Grade, Shaanxi, China. The synthesis
process is shown in Scheme 1. The isocyanate is stored in tank A and the dehydrated
polyols, chain extenders and other additives are fully mixed and stored in tank B. The
materials are accurately measured and mixed in proportion by the casting machine and
then fed into the feed port of the twin-screw reaction extruder. After the twin-screw reaction
extruder, the strip-shaped samples are extruded and cut into granules via water-cooled
drawing. After forming, the grain is post-cured at room temperature or a high temperature
(80 ◦C or less). The prepared specimen is shown in Figure 1.
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2.1.2. Performance Characterization and Sensitivity Testing of GAP-ETPE

HTC-1 DSC: Beijing Hengjiu Experimental Equipment Co., Ltd., Beijing, China. The
start temperature is set at 30 ◦C, the end temperature is set at 380 ◦C, the heating rate is
5 ◦C/min, the DTA resolution is 0.01 µV, and the sample size is 5–6 mg, with a measurement
accuracy of ±2%.

Viscosity test: R/S CPS rheometer, Shanghai Beide Digital Technology Co., Ltd.,
Shanghai, China. The explosive was loaded into a sealed bottle and dispersed in an
ultrasonic constant temperature oil bath at 120 ◦C for 2 h to form a suspension. The
rheological properties of the suspension were then tested using the constant rotation
measuring block in the R/S CPS rheometer. The temperature was 120 ◦C, the shear rate was
2 s−1, the number of test points was 60, and the test time was 60 s, rotational viscometer
accuracy of ±0.1% and repeatability of ±0.2%.

Mechanical sensitivity: The shock sensitivity is tested according to GJB772A-1997 [41]
with a dose of 30 mg, a drop height of 25 cm and a drop weight of 10 kg. The friction
sensitivity is tested in accordance with GJB772A-1997 with a dose of 20 mg, a gauge pressure
of 2.45 MPa and a swing angle of 66◦.

2.2. Establishment of Finite Element Model
2.2.1. Finite Element Model

The twin-screw extruder consists of conveying and kneading elements. Before using
FLUENT for simulation calculations, the geometry model of the conveying and kneading
elements must be created and meshed using Gambit 2.4 software. The modeling of the
conveying element is based on the geometry of intermeshing co-rotating twin screws, and
the flow channel model uses Boolean subtraction to remove the conveying element. The
physical and finite element models of the screw geometry are shown in Figure 2.
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Figure 2. Screw geometry and finite element model: (a) screw geometry; (b) flow channel geometry;
(c) finite element model of screw; (d) finite element model of flow channel.

In order to compare the temperature changes of the conveying and kneading elements,
the kneading elements with different pitch angles and the conveying elements were mod-
eled separately. The screw parameters are given in Table 1. The kneading element is the
main part of the mixing efficiency of the TSE and the main part of the temperature change
in reactive extrusion. The pitch angle of the kneading element has a great influence on
the temperature change. In this section, the typical stagger angles of 45◦, 60◦ and 90◦

of kneading elements are selected to study effect of changes in the stagger angle on the
extrusion temperature of the TSE reaction. Figure 3a,d are the kneading element and
channel model with a stagger angle of 45◦, i.e., S45; Figure 3b,e are the kneading element
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and channel model with stagger angle of 60◦, i.e., S60; Figure 3c,f are the kneading element
and channel model with stagger angle of 90◦, i.e., S90. The kneading element parameters
are given in Table 2.

Table 1. Twin-screw structure parameters.

Screw Diameter/mm Screw Clearance/mm Lead Range/mm Sleeve Length/mm Screw Length/mm

26 0.4 32 65 65
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Figure 3. Geometry model of kneading element: (a) S45 geometry model; (b) S60 geometry model;
(c) S90 geometry model; (d) geometric model of S45 flow channel (e) geometric model of S60 flow
channel; (f) geometric model of S90 flow channel.

Table 2. Structure parameters of kneading element.

Name Disc Thickness
(Number/mm) Stagger Angle/◦

Involute End
Circle

Diameter/mm

Minimum Tooth
Width/mm

Maximum Actual
Tooth Width/mm

S90 5/4 90 13 1.49 1.63
S60 5/4 60 13 1.49 1.63
S45 5/4 45 13 1.49 1.63

2.2.2. Mathematical Model

The extrusion movement of the fluid in the flow channel is very complex. Based on
the flow characteristics of the polymer in the mixing section of the conveying element and
the theory of fluid mechanics, the environment is assumed. The mathematical model of the
flow channel is assumed to satisfy the following conditions: (1) the fluid is a power-law
fluid; (2) the flow is laminar; (3) the fluid is an incompressible fluid; (4) the flow field
is non-isothermal; (5) the viscous heat release of the material in the mixing process is
considered; (6) the influence of inertia and gravity is neglected; (7) the non-slip condition is
satisfied on the surface of the screw and the inner surface of the barrel.

Based on the above assumptions, the flow chart of the numerical simulation is estab-
lished as shown in Figure 4 below. However, the assumptions are relatively idealized, so the
accuracy of the simulation results has a certain error compared to the experimental values.
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The continuity equation is expressed as follows:
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Where µ is the dynamic viscosity, Pa·s; λ is the second viscosity, Pa·s, usually −2/3;
p is the pressure on the fluid microelement, Pa; and τij is the stress tensor component, Pa.

Energy conservation refers to the rate of increase of the energy in the microelement
body, which is equal to the net heat flux entering the microelement body plus the work per-
formed on the microelement body by the mass force and the surface force. The expression
is as follows:

ρcp

(
∂T
∂x

+
∂T
∂y

+
∂T
∂z

)
= k

(
∂2T
∂x

+
∂2T
∂y

+
∂2T
∂z

)
+

1
2

η
.
γ (8)

Where p is the pressure, Pa; ρ is the density, g/cm3; k is the thermal conductivity,
W/(m·K); cp is the specific heat capacity, J/(kg·K); η is the viscosity, Pa·s; and

.
γ is the shear

rate, s−1.
In order to reduce the reaction time and speed up the reaction rate, the amount of

catalyst added in the twin-screw reaction process is higher than the conventional amount.
Since most of GAP-ETPE is in a viscous state throughout the twin-screw reaction process,
the viscosity of GAP-ETPE is taken as the mean value. Figure 5a shows the relationship
between the ln η∗ of GAP-ETPE and time, with a median of 6 selected for ln η∗, as shown
by the red dot in Figure 5a. Therefore, in this simulation, the material property value of
GAP-ETPE is selected as follows: cp = 2223 J/(kg·K), ρ = 1183 kg/m3, η = 400 Pa·s, as
shown by the red dot in Figure 5b.
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The viscosity of non-Newtonian fluids varies with the shear rate and shear stress, as
shown in Figure 5b, so the ratio of shear stress to shear rate at a certain point on the flow
curve is used to represent the viscosity at a certain value. This viscosity is called apparent
viscosity, which is determined by η symbolic representation. The typical power-law model
description commonly used for non-Newtonian fluids is shown in the following formula:

η = k
.
γ

n−1 (9)

where k is the consistency index, also known as the consistency coefficient. The value of
k is a measure of viscosity, but it is not equal to the viscosity value, and the higher the
viscosity, the higher the value of k: k = 144.43 Pa·s.

.
γ is the shear rate, s−1. The power-law

exponent n, an index of the flow behavior or the non-Newtonian nature of the material, is
a temperature-dependent parameter, and the greater the deviation of n from 1, the more
non-Newtonian the material: n = 0.132. So, the final power-law fluid constitutive equation
is η = 144.43

.
γ
−0.868.

2.2.3. Mesh Generation

Gambit 2.4 software was used to construct the three-dimensional model of the twin-
screw extruder, in order to reduce the workload of simulation calculations. The inside of
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the twin screw was hollowed out, and the conveying element and the flow channel adopt a
mixed mesh of tetrahedron and hexahedron. The interval size of the inner wall is 2, and the
interval size of the thread contact surface of the conveying element and the flow channel is
1. To capture the flow characteristics in the gap, two layers of boundary layer are set on the
outer wall of the channel, the gap is 0.4 mm and the growth factor is 1.2. The finite element
model of the flow channel consists of 199,806 elements and 47,433 nodes. The finite element
model of a screw consists of 276,775 elements and 65,706 nodes. The kneading elements
with different staggered angles use the same mesh generation method and mesh density.

2.2.4. Boundary Conditions

The rotation of the impeller causes the instability to grow in the fluid. The time
selection is transient, and the dynamic mesh is set for the region of the impeller. To account
for the heat generated by wall friction during rotation, a roughness constant of 0.5 and a
roughness height of 10 mm are set on the contact surface, and the initial temperature is set
to 100 ◦C. The Simple algorithm is selected in FLUENT.

2.2.5. Prepare UDF and Apply Reaction Heat

The thermal decomposition temperature of ETPE is set at 453 K. According to refer-
ence [42], in stiu FT-IR was used to monitor the changes in the peak absorption of -NCO
during the synthesis reaction of GAP-ETPE to calculate the kinetics of the reaction. On
the basis of the Arrhenius Law Equation (10) and Eyring Law (11), the thermodynamic
parameters of ETPE, such as the reaction activation energy (Ea), activation enthalpy (∆H)
and activation entropy(∆S), can be determined, and they are shown in Table 3. These
parameters were programed into UDF and imported into FLUENT to prepare for the
calculation of the ETPE ignition response time.

ln K = ln A− Ea

RT
(10)

ln
K
T

= −∆H
RT

+
∆S
R

+ ln
R

Nh
(11)

where K is the reaction rate constant at temperature T, min−1; Ea is reaction activation
energy, generally considered as a temperature-independent constant, J/mol or kJ/mol; T
is the absolute temperature, K; ∆H is the activation enthalpy, also known as the heat of
the reaction (when ∆H is negative, it is an exothermic reaction; when ∆H is positive, it
is an endothermic reaction), kJ/mol; ∆S is activation entropy, J/(mol·K); R is the molar
gas constant, 8.314 J/(mol·K); N is the Avogadro’s constant (N = 6.02 × 1023); and h is the
Planck’s constant (h = 6.62 × 10−34 J·s).

Table 3. Thermodynamic parameters of ETPE.

Ea(kJ/mol) A ∆H(kJ/mol) ∆S(J/mol−1·K−1)

108.996 1.7 × 1010 1044 −59.397

3. Results and Discussion
3.1. Analysis of Test Results
3.1.1. Thermal Behavior of GAP-ETPE

The DSC and TG-DTG curves of pure GAP-ETPE at the heating rate of 5 ◦C/min are
shown in Figure 6. As shown in Figure 6a, without any melting endothermic processes, the
thermal decomposition process of GAP-ETPE shows a single exothermic peak at around
249 ◦C. With a molar reaction activation enthalpy of 1044 KJ/mol, the main decomposition
process starts at around 180 ◦C and stops at around 280 ◦C. As shown in Figure 6b, the
GAP-ETPE sample undergoes a main exothermic reaction during the second stage, which
is confirmed by the DSC curves. The first decomposition stage starts at 40 ◦C and ends

113



Polymers 2023, 15, 3662

at 75 ◦C, with a mass loss of about 12%. The second decomposition stage starts at 220 ◦C
and ends at 275 ◦C with a mass loss of approximately 46.4%. The mass loss in the second
decomposition stage is closed to the total mass of the nitrogen content and can therefore
be attributed to the release of N2 from the azide group via the cleavage of the azide bond.
The third stage starts at about 290 ◦C and stops at 370 ◦C, which does not represent a
significant exothermic effect. And the third stage experiences a nearly 30% mass loss due
to the fracture of carbon backbones within the soft and hard segment molecular chains.
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Figure 6. Thermal behavior of GAP-ETPE: (a) DSC curve of GAP and GAP-ETPE; (b) TG-DTG curve
of GAP-ETPE.

3.1.2. Mechanical Sensitivity Analysis

The results of the impact and friction sensitivity tests for GAP-ETPE are shown in
Table 4. From Table 4, it can be seen that the impact sensitivity value of GAP-ETPE is 0%
and the friction sensitivity value is 15%. Based on the self-designed pendulum impact
force testing system [43], the pendulum impact force was tested under the conditions of a
66◦ pendulum angle and 2.45 MPa overpressure, and the graph of the pendulum impact
force versus time was obtained. From Figure 7, it can be seen that the peak value of the
pendulum impact force reaches 1540 N. Since the diameter of the sliding column is 0.01
m, the action area is 7.85 × 10−5 m2. Finally, the ratio of the pendulum impact force to
the effective area is 19.6 MPa, which is the shear stress of the GAP-ETPE sample, and the
corresponding explosion rate of the friction sensitivity is 15%.
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Table 4. Test results of impact sensitivity and friction sensitivity of GAP-ETPE propellant.

Sample Impact Sensitivity/% Friction Sensitivity/%

GAP-ETPE 0 15

3.2. Calculation Results and Safety Analysis
3.2.1. Discussion and Safety Analysis of Temperature

In order to understand the details of mixing and temperature variations in an in-
termeshing co-rotating twin screw, a number of monitoring planes have been selected.
Figure 8 shows a sketch of an example plane for an intermeshing co-rotating twin screw.
The coordinate origin is at the bottom of the screw and fifteen planes are selected as sample
planes, i.e., plane 1 (Z = 0 mm)–plane 15 (Z = 65 mm) from the Z axis, to monitor the
changes in temperature, pressure and shear stress at each plane.
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Figure 8. Monitoring plane sketch: (a) conveying element monitoring plane sketch; (b) kneading
element monitoring plane sketch.

In order to reflect the fluid temperature changes in the twin-screw sleeve intuitively,
the temperature distribution cloud diagram of the flow channel is processed by slicing,
and the profile of ETPE temperature changes is obtained, as shown in Figure 9. It is found
that the temperature rise points are mainly concentrated in the reactant mesh area, ETPE
was obtained at the distance of 16 mm from Z axis, and it was found that the temperature
rise point was concentrated on the contact surface between the screw and the flow channel
and decreased gradually from inside to outside. With the increase in screw speed, the
temperature in the flow channel is also changing under the conditions of viscous heat
and friction. At 40 rpm, the temperature rises from 373 K to 382 K; at 50 rpm it rises to
387 K, at 60 rpm it rises to 394 K and at 70 rpm it rises to 401 K, as shown in Figure 10a.
The twin-screw extruder is designed to be approximately 1710 mm and is evenly divided
into eight barrels and one screw head, resulting in a length of approximately 190 mm for
each segment. The simulated length of the conveying element is 65 mm in this paper, and
it covers the three main reaction areas in the middle of the twin-screw extruder, mainly
referring to the synthesis reaction area of conveying element barrels 4, 5 and 6. The
research group conducted four temperature monitoring experiments at different speeds
of 70, 60, 50 and 40 rpm, with two temperature monitoring points on each barrel. The
monitoring temperatures of the conveying element for speeds of 70, 60, 50 and 40 rpm are
approximately 132 ◦C (405 K), 124 ◦C (397 K), 119 ◦C (392 K) and 110 ◦C (383 K), respectively.
The simulated predicted temperatures of the conveying element for the corresponding four
rotational speeds are 128 ◦C (401 K), 121 ◦C (394 K), 114 ◦C (387 K) and 109 ◦C (382 K),
respectively. From the comparison and analysis of predicted temperature results and actual
monitoring temperature data, it can be seen that the temperature simulation results of the
conveying element are in good agreement with the actual temperature monitoring results
and have reliable accuracy.
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seen that the pressure gradually increases along the extrusion direction and there is a 

higher pressure value at the outlet, the fluid is squeezed by the screw in the flow channel, 

Figure 9. Temperature distribution at 40 rpm: (a) conveying element flow channel temperature
distribution; (b) cross-section of temperature distribution of conveying element flow channel 16 mm
from z axis; (c) profile of conveying element flow channel temperature distribution; (d) flow channel
temperature distribution of kneading element.
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curve in flow channel; (b) average temperature change curve in flow channel.

In addition, as kneading elements S45, S60 and S90 have different intersection angles,
the reactants in this mixing stage undergo strong shear, friction and compression effects,
resulting in a significant conversion of mechanical energy into thermal energy. At this point,
it is also easy to generate hot spots, as shown in the highest temperature in Figure 10a.
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At this stage, the highest temperature of the S90 kneading element, also known as the
hot spot, is 4~12 K higher than the highest temperature of the conveying element, with a
maximum temperature range of 386–413 K (113–140 ◦C). Compared with the initial thermal
decomposition temperature of GAP-ETPE at 453 K (180 ◦C), the twin-screw extrusion
process is still within the safe range at this time.

It can be seen that at low speed the temperature in the flow channel changes slowly.
As the speed increases, the temperature clearly changes. The heat generated by mechanical
friction between the conveying element and the flow channel is no longer the main source of
energy change, and with the increase in shear stress, the viscous dissipation heat generated
by GAP-ETPE gradually takes a dominant position. Figure 9 shows that the temperature
rise of the conveying element and the kneading element is mainly concentrated in the
meshing area, which is due to the shear and friction between the conveying element and
the kneading element and the flow channel during the rotation process, resulting in the
accumulation of energy and a higher temperature than other areas. Figure 10a shows that
at the same rotational speed the maximum temperature of the kneading element is always
slightly higher than that of the conveying element, and the order of the temperatures from
highest to lowest is 90◦ kneading element, 60◦ kneading element, 45◦ kneading element
and conveying element, but the average temperature in the flow channel is slightly higher
than that of the kneading conveying element, as shown in Figure 10b. This is due to the
fact that the shear, friction and extrusion are the main sources of heat in the engaging unit,
with higher local hot spots, whereas the conveying unit is mainly reactive and exothermic.
Therefore, the average temperature in the flow channel is slightly higher than that in the
transport element.

3.2.2. Discussion and Safety Analysis of Pressure

From the pressure cloud diagram of the conveying element in Figure 11, it can be seen
that the pressure gradually increases along the extrusion direction and there is a higher
pressure value at the outlet, the fluid is squeezed by the screw in the flow channel, and
the pressure gradually increases. The inlet pressure is the lowest and the outlet pressure is
the highest, reaching 25.19 bar, which is 8 times higher than that of the kneading element.
When the pressure difference is large, the material flows faster and stays in the flow channel
for a shorter time. Therefore, it can be concluded that the residence time of the material
in the flow channel of the kneading element is longer than that in the flow channel of the
conveying element, so that the material in the flow channel of the kneading element can be
mixed more completely.

Figure 12a shows that the higher the speed of the conveying element, the higher the
pressure in the flow channel and the greater the pressure difference between the inlet and
outlet. The pressure at the inlet of the conveying element is negative, and the further away
from the coordinate axis, the greater the pressure. Near the outlet, the pressure value
drops sharply, and the higher the speed, the greater the drop, but it is still in accordance
with the law that the higher the speed, the higher the pressure. Figure 12b–d shows that
as the rotational speed of the kneading element increases, the maximum pressure in the
flow channel is greater and the pressure difference between the inlet and outlet is greater.
However, the pressure of the different types of kneading elements is also different, with
S45 being the largest, S60 the second-largest and S90 the smallest. In S90, the material flow
speed is slow, the residence time is long and the mixing is more sufficient. It can be seen
from Figure 12d that the maximum fluid pressure of GAP-ETPE is 0.08 MPa during the
whole process of twin-screw transport and engagement, which is much lower than the
overpressure of 2.45 MPa of the friction sensitive device. This safety factor of GAP-ETPE in
the process of twin-screw extrusion is relatively high.
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3.2.3. Discussion and Safety Analysis of Shear Stress and Velocity

From the shear stress cloud diagram in Figure 13 of the conveying element and the
kneading element, the shear stress is greatest in the meshing area, there is a higher shear
stress near the top of the screw, and there is a lower shear stress area near the screw groove.
From the top of the screw to the root of the screw groove, the material is subjected to shear
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stresses from high to low. Figure 14 shows that the shear stress of the conveying element
is higher than that of the kneading element when the rotational speed is fixed, the shear
stress becomes larger and larger as the rotational speed increases, and the dispersing and
mixing ability is stronger. Among the kneading elements, the 90◦ kneading element has the
strongest dispersing and mixing ability, the 60◦ kneading element takes the second place
and the 45◦ kneading element is the worst. As the rotational speed increases, the shear
stress in the flow channel of the impeller increases and has a greater variation at the inlet
and outlet. It can be seen from Figure 14d that the maximum shear stress of GAP-ETPE
is about 0.005 MPa during the whole process of twin-screw transport and engagement,
which is much smaller than the impact force of 19.6 MPa of the friction pendulum under
the gauge pressure of 2.5 MPa. Therefore, GAP-ETPE has a high degree of safety in the
twin-screw extrusion process.

Polymers 2023, 15, x FOR PEER REVIEW 16 of 20 
 

 

 
(a) (b) 

Figure 13. Shear stress distribution at 40 rpm: (a) conveying element shear stress distribution; (b) 

kneading element shear stress distribution. 

  
(a) (b) 

  
c) (d) 

Figure 14. Effect of rotating speed on shear stress: (a) effect of different rotating speeds on conveying 

element shear stress; (b) effect of 40 rpm on shear stress of kneading element; (c) effect of 50 rpm on 

shear stress of kneading element; (d) effect of 70 rpm on shear stress of kneading element. 

Figure 15a shows that the speed of the conveying element is greatest in the meshing 

area, and then the speed of the fluid contact area with the screw edge is also greater, which 

is conducive to the complete mixing of the materials, and the fluid area of the kneading 

element also follows this rule. Figure 15b shows the velocity distribution of the mixing 

element itself, which increases from the center to either side. The greater the distance, the 

greater the velocity. 

Figure 13. Shear stress distribution at 40 rpm: (a) conveying element shear stress distribution;
(b) kneading element shear stress distribution.

Polymers 2023, 15, x FOR PEER REVIEW 16 of 20 

(a) (b)

Figure 13. Shear stress distribution at 40 rpm: (a) conveying element shear stress distribution; (b) 

kneading element shear stress distribution. 

(a) (b) 

(c) (d) 

Figure 14. Effect of rotating speed on shear stress: (a) effect of different rotating speeds on conveying 

element shear stress; (b) effect of 40 rpm on shear stress of kneading element; (c) effect of 50 rpm on 

shear stress of kneading element; (d) effect of 70 rpm on shear stress of kneading element. 

Figure 15a shows that the speed of the conveying element is greatest in the meshing 

area, and then the speed of the fluid contact area with the screw edge is also greater, which

is conducive to the complete mixing of the materials, and the fluid area of the kneading 

element also follows this rule. Figure 15b shows the velocity distribution of the mixing 

element itself, which increases from the center to either side. The greater the distance, the 

greater the velocity. 

Figure 14. Effect of rotating speed on shear stress: (a) effect of different rotating speeds on conveying
element shear stress; (b) effect of 40 rpm on shear stress of kneading element; (c) effect of 50 rpm on
shear stress of kneading element; (d) effect of 70 rpm on shear stress of kneading element.

119



Polymers 2023, 15, 3662

Figure 15a shows that the speed of the conveying element is greatest in the meshing
area, and then the speed of the fluid contact area with the screw edge is also greater, which
is conducive to the complete mixing of the materials, and the fluid area of the kneading
element also follows this rule. Figure 15b shows the velocity distribution of the mixing
element itself, which increases from the center to either side. The greater the distance, the
greater the velocity.
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3.2.4. Discussion and Safety Analysis of Response Time

The thermal decomposition temperature of GAP-ETPE is 453 K (180 ◦C). The ther-
mophysical parameters of GAP-ETPE in Table 3 are compiled and imported into UDF.
When the initial temperature is 453 K, the temperature is unchanged within 1 s, and the
temperature increases continuously from 1 s to 5.9 s without any obvious change, but the
temperature increases sharply at 5.91 s in Figure 16. It can be seen that ETPE is subject
to thermal decomposition. Therefore, to ensure the normal operation of the GAP-ETPE
twin-screw extruder, the temperature in the TSE should be lower than 453 K while consid-
ering the material mixing uniformity; when the temperature in the TSE reaches 453 K, the
mixing equipment should be cooled within 5.9 s to ensure the safety of the equipment. This
provides theoretical guidance for the safety design of the GAP-ETPE twin-screw extruder.
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4. Conclusions

In this paper, a three-dimensional numerical simulation method is used to study
the material flow and temperature change of GAP-ETPE during the reactive extrusion of
conveying and kneading elements. The following conclusions are drawn:

(1) The heating of the polymer GAP-ETPE comes from the heat conduction in the
flow channel, the shear friction between the screw and the flow channel and the heat
dissipation caused by the viscosity consumption of the polymer GAP-ETPE. At low speeds,
the heat conduction and shear friction in the flow channel are the main factors. As the
speed increases, the viscosity consumption and heat dissipation caused by GAP-ETPE
gradually become dominant.

(2) At the same speed, the maximum temperature of the kneading element is always
slightly higher than that of the conveying element. The order of temperature is 90◦ kneading
element > 60◦ kneading element > 45◦ kneading unit > conveying unit, but the average
temperature in the flow channel is always slightly higher than the average temperature
of the kneading unit. The shear stress of the screw is higher than that of the kneader.
As the speed increases, the shear stress increases, resulting in a greater dispersing and
mixing ability.

(3) The higher the speed of the conveying and kneading elements, the greater the
maximum pressure in the flow channel and the greater the pressure difference between the
inlet and outlet. The pressure of the conveying element is higher than that of the kneading
element, but the pressure of the kneading element varies with different staggered angles.
S45 has the largest pressure change, S60 has the second-largest and S90 has the smallest
pressure change. Among them, the pressure difference between the inlet and outlet of
the S90 kneading element is the smallest, the residence time is longer and the mixing is
more thorough.

(4) The thermal decomposition temperature of GAP-ETPE is 453 K (180 ◦C). When
the initial temperature is 453 K, the temperature is basically unchanged within 1 s, and
the temperature rises continuously from 1 s to 5.9 s without any obvious change, but the
temperature rises sharply at 5.91 s. In addition, the internal temperature rises of GAP-ETPE
synthesized by a twin-screw extruder with a diameter of 26 mm are relatively small under
the process conditions of 40–70 rpm, which is much lower than the thermal decomposition
temperature of GAPE-ETPE at 180 ◦C. Therefore, the production process for synthesizing
GAP-ETPE through twin-screw reactive extrusion is generally safe.
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Nomenclature

p Pressure
τij Stress tensor component
t Time
ρ Density
k Thermal conductivity
Cp Specific heat capacity
η Viscosity
.
γ Shear rate
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K Reaction rate constant at temperature
Ea Reaction activation energy
∆H Decomposition reaction exothermic
R Molar gas constant
∆S Activation entropy
µ Dynamic viscosity
λ Second viscosity
fx Unit mass forces in X direction
fy Unit mass forces in Y direction
fz Unit mass forces in Z direction
ux Velocity component in X direction
uy Velocity component in Y direction
uz Velocity component in Z direction
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Abstract: Glycidyl azide polymer (GAP)–energetic thermoplastic elastomer (GAP-ETPE) propellants
have high development prospects as green solid propellants, but the preparation of GAP-ETPEs with
excellent performance is still a challenge. Improving the performance of the adhesive system in a
propellant by introducing a plasticizer is an effective approach to increasing the energy and toughness
of the propellant. Herein, a novel high-strength solid propellant adhesive system was proposed
with GAP-ETPEs as the adhesive skeleton, butyl nitrate ethyl nitramine (Bu-NENA) as the energetic
plasticizer, and nitrocellulose (NC) as the reinforcing agent. The effects of the structural factors on
its properties were studied. The results showed that the binder system would give the propellant
better mechanical and safety properties. The results can provide a reference for the structure design,
forming process, and parameter selection of high-performance GAP-based green solid propellants.

Keywords: GAP-ETPE/NC/Bu-NENA blend adhesive; Bu-NENA plasticizer; high toughness

1. Introduction

Double-base (DB) propellant, one of the earliest developed propellant varieties, is
a homogeneous propellant with nitrocellulose as the adhesive and nitroglycerin as the
plasticizer. It has been widely applied in solid rocket motors due to its various advantages,
such as smokeless products, adjustable energy, abundant sources of raw materials, and
mature technology [1]. However, DB propellants have the drawbacks of low-temperature
embrittlement, largely caused by semirigid nitrocellulose (NC) macromolecules, and limited
energy due to the limited concentration of oxidizer fragments [2,3]. Al and nitramines such
as hexogen (RDX) [4], octogen (HMX) [3,5,6], and hexanitrohexaazaisowurtzitane (HNIW or
CL-20) [2,5,7] are incorporated into propellant compositions to achieve higher performance.
In this way, a modified double-base (MDB) propellant with increased specific impulse (Isp)
was achieved [2], as expected. However, the presence of nitroglycerin (NG) and some
high-energy materials in MDB propellants makes these systems extremely sensitive [2,5,8,9].
What is more, the toughness of the propellants worsens.

Because of their high production efficiency and low cost, DB and MDB propellants are
important components of weapons and equipment. However, their poor safety performance
introduces higher risks to their production, transportation, and use. The resulting safety
accidents which occur from time to time are mainly caused by two factors: First, a large
amount of NG is used as the energetic plasticizer in this type of propellant. It is extremely
sensitive to mechanical stimuli and not conducive to the good safety performance of the
propellant [10,11]. Second, nitrocellulose (NC), which is used as the adhesive skeleton in
these propellants, has high molecular rigidity and strong intermolecular forces, resulting
in a high processing temperature for the propellant, complicating its safe formation. The
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toughness is also very poor, especially for high-energy propellants with solid particles.
Therefore, it is of vital importance to improve safety performance through the innovation
of formulation components.

Several meaningful explorations have been carried out to reduce the mechanical
sensitivity of DB and MDB propellants and improve the processing technology, including
solid-filler coating, the optimization of the adhesive structure, and the introduction of
additives [1]. Among them, optimizing the adhesive structure is one of the most effective
ways to achieve these aims and is performed through the regulation of plasticizers and
adhesives [12]. For plasticizers, butyl nitrate ethyl nitramine (Bu-NENA; the structure
is shown in Figure 1), nitriethylene glycol (TEGDN), 1, 2, 4-butanol trinitrate (BTTN),
trimethylethane trinitrate (TMETN), and other nitrate plasticizers mixed with NG or used
alone can achieve the expected goal [1,2]. From molecular structural analysis, it can be
determined that the same nitrate group that comprises Bu-NENA has an affinity with NC.
Compared with NG, Bu-NENA, which has fewer nitrate groups and more flexible butyl,
more easily enters the NC system to plasticize it. For sensitivity, as is known, the nitrate
groups in NG are too close, and the groups easily influence each other, resulting in NG’s
sensitive nature. Its characteristic drop height H50 is usually determined as less than 10 cm.
For Bu-NENA, there is only one nitrate in a single molecule. The nitroamine group is much
more stable than the nitrate group, and the molecule has a relatively long inert butyl group.
Consequently, the mechanical sensitivity is significantly lower than that of NG, and the H50
can reach more than 110 cm. Therefore, Bu-NENA has a stronger plasticizing ability than
NC and a lower mechanical sensitivity [13,14], which can improve the process performance
of the system significantly [15–17]. For adhesives, the structural characteristics of NC can
realize a narrow range of adjustable process performance. As a result, energetic polymer
adhesives with better mechanical properties are available.
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Energetic thermoplastic elastomer (ETPE) is a two-phase block copolymer consisting
of a soft segment and a hard segment, in which the soft segment provides softness and
elasticity and the hard segment provides rigidity. These excellent properties make ETPE
one of the best choices for an adhesive in propellants [18]. At present, the energetic poly-
mers that have been developed are mainly nitrate polymers: azido-substituted oxysterol
derivative polymers; azido cellulose and azide glycidyl ether polymers; and polymers
containing nitroamines, nitro groups, and other energetic groups [15–17]. Among them,
glycidyl azide polymer (GAP)–energetic thermoplastic elastomers (GAP-ETPEs) have good
mechanical properties, low mechanical sensitivity, and a relatively mature preparation
process. They are soluble and fusible, increasing their potential as green solid propellant
binders. Therefore, developing new solid propellants using GAP-ETPEs as an adhesive
remains a current research hotspot [17]. The structural formula of the GAP-ETPE molecule
is shown in Figure 2, where R1 represents the carbon chain of the diisocyanate and R2
represents the carbon chain of the diol.
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Based on the advantages of GAP-ETPEs and the urgent need for high-safety propel-
lants in current weapon systems, this paper proposed a novel high-strength solid propellant
adhesive system using GAP-ETPEs as the adhesive skeleton, Bu-NENA as the energetic
plasticizer, and NC as the reinforcing agent. In our previous study [19], it was found that a
GAP-ETPE/NC blend adhesive system experienced a sudden change in the performance
of the blend system caused by the change in the NC state when the NC content was 30%.
Therefore, in this paper, a GAP-ETPE/NC blend adhesive with 30% NC was selected as
the base binder to prepare a GAP-ETPE/NC/Bu-NENA blend adhesive system, and the
effects of the structural factors on its properties were studied. The results showed that
the binder system was expected to improve the mechanical and safety properties of the
propellant. These results can provide a reference for the structure design, forming process,
and parameter selection of high-performance GAP-based green solid propellants.

2. Materials and Methods
2.1. Experimental Materials

The GAP-ETPE with 30% hard segment content synthesized in our laboratory has an
average molecular weight of about 27,000. Its density was determined as 1.24 g/cm3, and
its enthalpy of formation was calculated as 4828 kJ/mol. The NC content was 12.0%; the av-
erage molecular weight was about 80,000 (Shanxi Xingan Chemical Plant (Taiyuan, China)).
Bu-NENA, a light yellow oily liquid, had a melting point of−28.0 ◦C, density of 1.21 g/cm3,
and heat of formation of 249 kJ/mol (Liming Chemical Institute, Luoyang, China).

2.2. Sample Preparation

The synthesis strategy for GAP-ETPEs is shown in Figure 3. A detailed synthesis
process can be found in Ref. [18]. Specifically, a stoichiometric amount of GAP was heated
and stirred at 90 ◦C, and then a certain amount of catalyst and HMDI were added. The
reaction mixture was stirred and mixed for 2 h at 90 ◦C. Then, BDO was added to the
NCO-terminated GAP prepolymer after the system cooled to 60 ◦C. The resulting product
was cast in a mold, kept for 3–5 min, and then cured at 100 ◦C for 12 h, after which the
GAP-based ETPE with chains extended by BDO was finally obtained.
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Figure 3. The synthesis process of GAP-ETPE with chains extended by BDO.

At 70 ◦C, the GAP-ETPE with a certain mass was calendered and plasticized for a
certain time on a two-roll mixer, and then the Bu-NENA and NC were mixed, and the
mixed Bu-NENA/NC was slowly added to GAP-ETPE in batches with repeated mixing,
and then the mixture was calendered for 30 min after the GAP-ETPE was completely added.

The tablets obtained by rolling were placed in the mold, and the mold was placed in
the middle position of the platen. At 70 ◦C, the mold was preheated for 30 min, and the
equipment was started to close the mold at a molding pressure of 3–5 MPa for 2 min. The
GAP-ETPE/NC/Bu-NENA samples were obtained by opening the mold. The sample with
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10% Bu-NENA content was named E-N-N-10, and then E-N-N-15, E-N-N-20, E-N-N-25,
and E-N-N-30 (Table 1), with the number indicating the Bu-NENA content. The sample
without Bu-NENA was named N30, indicating that the mass percentage of NC was 30 wt%.

Table 1. GAP-ETPE/NC/Bu-NENA blend binders with different Bu-NENA contents.

Samples GAP-ETPE/NC (7/3)/wt% Bu-NENA/wt%

N30 100 0
E-N-N-10 90 10
E-N-N-15 85 15
E-N-N-20 80 20
E-N-N-25 75 25
E-N-N-30 70 30

2.3. Experimental Instruments and Test Conditions
2.3.1. Mechanical Property Test

The mechanical properties were tested with an AGS-J electronic universal testing ma-
chine (Shimadzu, Kyoto, Japan). Dumbbell splines were prepared according to GB/T528-
1998 [20]. The test was performed at room temperature, and the tensile rate was 100 mm/min.

2.3.2. Differential Scanning Calorimetry (DSC)

A DSC1/500/578 differential scanning calorimeter (Mettler-Toledo, Zurich, Switzer-
land) was used over a temperature range of −100–100 ◦C at a heating rate of 10 ◦C/min.
The sample mass was 4–5 mg. The sample was heated from room temperature to 100 ◦C,
held for 10 min, then cooled to−100 ◦C, held for 10 min, and heated to 150 ◦C at a warming
rate of 10 K/min. An N2 atmosphere was provided at a flow rate of 40 mL/min.

2.3.3. Crosslinking Density Test

A magnetic resonance crosslinking density analyzer (Suzhou Niumai Electronic Tech-
nology Co., Ltd., Suzhou, China) was used to test the samples at different temperatures.
Each sample was tested 5 times, and the average value was used.

2.3.4. Scanning Electron Microscopy

An S4800 field-emission scanning electron microscope (Hitachi, Tokyo, Japan) was
used for scanning electron microscopy (SEM) imaging with a cold field emission electron
source, a resolution of 15 kV, and 500×magnification. The scale bar in the images is 100 µm.

2.3.5. Rheological Test

The rheological measurements were performed on a modular advanced rheometer
system (Haake, Vreden, Germany) equipped with a 20 mm parallel-plate geometry and a
gap width of approximately 1 mm in air. The temperature was controlled with a Haake
test chamber controller with an accuracy of ±1 ◦C. RheoWin Data Manager was used for
equipment control, data acquisition, and analysis.

3. Results
3.1. Mechanical Properties of GAP-ETPE/NC/Bu-NENA Blend Adhesives with Different
Bu-NENA Contents

The effect of Bu-NENA content on the mechanical properties of GAP-ETPE/NC/Bu-
NENA adhesive systems was studied to improve the mechanical properties of the adhesives
and expand the scope of mechanical property regulation of adhesive systems by providing
a reference for the formulation design of high-performance propellants.

As shown in Figure 4 and Table 2, the maximum tensile strength observed for a
GAP-ETPE/NC blend adhesive N30 was 8.7 MPa, which rapidly decreased with increased
Bu-NENA. This is mainly because Bu-NENA not only destroyed the physical crosslinking
network in the GAP-ETPE/NC system [21–23] but also increased the distance between
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the GAP-ETPE and the NC, reducing the strength of the intermolecular forces in the
GAP-ETPE/NC system.
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Table 2. Mechanical property parameters of GAP-ETPE/NC/Bu-NENA systems.

Samples σm/MPa εb/%

N30 8.7 96.8
E-N-N-10 5.5 91.7
E-N-N-15 4.7 82.3
E-N-N-20 4.2 98.2
E-N-N-25 3.5 152.1
E-N-N-30 3.1 164.1

In addition, the elongation at break of the GAP-ETPE/NC/Bu-NENA blends de-
creased and then increased with increased Bu-NENA, mainly due to the plasticizing effect
of Bu-NENA on NC and GAP-ETPE. For low Bu-NENA contents, the plasticization of
NC and GAP-ETPE by Bu-NENA was incomplete, which reduced the tensile strength and
elongation at break of the blend system. Moreover, a small amount of Bu-NENA could not
completely plasticize the NC, and the size of the NC particles dispersed in the GAP-ETPE
increased, resulting in stress concentration when the GAP-ETPE/NC/Bu-NENA blending
system was subjected to external forces. Thus, the blending adhesive system was easily
cracked and destroyed.

The experimental results show that in terms of mechanical properties, the room
temperature strength of the adhesive system was adjustable in the range of 3.1–8.7 MPa,
and the corresponding elongation was 96.8–164.1%. Generally, the tensile strength of the
NC/NG adhesive system at 20 ◦C was about 10 MPa, and the elongation was about 20%
(from DB propellant with NC/NG/C2 51.5/47.5/1 mass%). Compared with the NC/NG
adhesive system, the adhesive system proposed in this paper has a significant advantage in
elongation, which is the performance factor critical to such propellants.

3.2. Thermal Transition Behavior of GAP-ETPE/NC/Bu-NENA Blend Adhesives with Different
Bu-NENA Contents

DSC was used to investigate the thermal transition behavior of GAP-ETPE/NC/Bu-
NENA blend adhesives. Figure 5 and Table 3 show the differential curve and local mag-
nification of the DSC curves and the glass transition temperatures of GAP-ETPE/NC/
Bu-NENA blend adhesives with different Bu-NENA contents, respectively. There were two
transitions in the DSC curves of all the GAP-ETPE/NC/ Bu-NENA blend adhesives with
different Bu-NENA contents before 120 ◦C, which was the glass transition temperature of
the soft and hard segments in GAP-ETPE (Table 3). The Tg

L of the GAP-ETPE/NC blend
adhesives was −36.3 ◦C, and the Tg

L of the GAP-ETPE/NC/Bu-NENA blend adhesives
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decreased with increased Bu-NENA content. When the Bu-NENA content reached 30%,
the Tg

L of the blend adhesives was −47.5 ◦C.
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Table 3. Tg of GAP-ETPE/NC/Bu-NENA at N30 and different Bu-NENA contents.

Samples Tg
L/◦C Tg

H/◦C

N30 −36.3 89.4
E-N-N-10 −41.8 85.8
E-N-N-15 −44.5 85.1
E-N-N-20 −46.8 83.4
E-N-N-25 −47.0 80.3
E-N-N-30 −47.5 80.1

The Tg
H of the GAP-ETPE/NC/ Bu-NENA blends also decreased with increased

Bu-NENA content due to the reduced intermolecular forces between the GAP-ETPE and
NC from the addition of Bu-NENA [23]. This reduction made the molecular movement of
GAP-ETPE and NC easier, reducing the Tg of the blend adhesive system. With increased Bu-
NENA content, the plasticizing effect of Bu-NENA on GAP-ETPE and NC was enhanced,
and the intermolecular forces between the GAP-ETPE and NC were further reduced,
decreasing the glass transition temperature of the blend binder system.

Figure 5 shows a small peak (indicated by an arrow) appeared in the GAP-ETPE/NC/
Bu-NENA blend adhesive system above 120 ◦C. The peak became more prominent and
moved to a lower temperature with increased Bu-NENA content. The peak may arise from
the Tg of NC, between 170 ◦C and 180 ◦C [1]. In the blending system, Bu-NENA could
dissolve and plasticize NC [23], and GAP-ETPE also has a plasticizing effect on NC [24],
reducing the interaction forces between the NC molecules and between the NC and GAP-
ETPE molecules. As a result, the molecular chain segments move easily, decreasing the Tg
of NC.

Thus, Bu-NENA can not only plasticize NC but also effectively plasticize GAP-ETPE
molecules, reduce the intermolecular forces in the system, increase the free volume of
adhesive molecules, and enhance the motility of the adhesive system. This makes it a
good candidate as a binder for solid propellants that will improve the toughness of the
propellants.

3.3. Physical Crosslinking Density of GAP-ETPE/NC/Bu-NENA Blend Adhesives with Different
Bu-NENA Contents

The crosslinking density of a polymer is closely related to the properties of the poly-
mer system. The crosslinking density of the GAP-ETPE/NC/Bu-NENA system could
reflect the number of physical crosslinking points in the system. The physical crosslinking
points of this system include topological entanglement formed by mutual contact and
entanglement among GAP-ETPE molecules, NC molecules, and Bu-NENA molecules,
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condensation entanglement formed by the interaction between local molecular chains (such
as van der Waals forces and hydrogen bonding), and a small number of hard segment
aggregation micro-regions in GAP-ETPE [23]. These points and the molecular chain seg-
ments of the blend system constitute the physical crosslinking network structure inside the
blend adhesive.

Figure 6 shows the crosslinking density of the GAP-ETPE/NC/Bu-NENA blends
with different Bu-NENA contents. The physical crosslinking density of N30 (without
added Bu-NENA) was 3.44 × 10−4 mol/cm3. With increased Bu-NENA content, the
physical crosslinking density of the blend system continuously decreased. When the Bu-
NENA content was 30%, the physical crosslinking density of the blend system decreased
to 1.04 × 10−4 mol/cm3. The main reasons for this decrease were: (1) With the addition of
the micro-molecule plasticizer Bu-NENA, the intermolecular force and friction between
GAP-ETPE and NC were reduced, and the kinematic ability of the macromolecular chains
of the blend system improved [22,23]. The hydrogen bonding and van der Waals forces
formed between GAP-ETPE molecules, NC molecules, and GAP-ETPE-NC molecules in
the system were destroyed, and the micro-region structure formed by GAP-ETPE hard
segment agglomeration deteriorated, which reduced the number of condensed entangle-
ment points in the system [25]. (2) Bu-NENA solvated the topological entanglement points
formed between the GAP-ETPE molecules, NC molecules, and GAP-ETPE-NC molecules
in the blending system, reducing the number of physical crosslinking points. (3) Bu-NENA
increased the intermolecular distances of the blend system and hindered contact between
molecular chains and the formation of physical crosslinking points, reducing the crosslink-
ing density of the blend system [26]. In conclusion, the addition of Bu-NENA to the
GAP-ETPE/NC system effectively reduced the number of physical crosslinking points
and the role of the physical crosslinking network structure [27], affecting the viscosity,
mechanical strength, and other properties of the blend system.
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The GAP-ETPE/NC/Bu-NENA adhesive system is complex, and the physical crosslink-
ing points include topological entanglement points formed by mutual contact and inter-
twining of GAP-ETPE molecules, cohesive entanglement points formed by local molecular
chain interactions (such as van der Waals forces and hydrogen bonding), and hard segment
aggregation micro-regions with less content in GAP-ETPE. In order to represent the influ-
ence of Bu-NENA on the adhesive architecture, we use a schematic diagram and omit the
ubiquitous van der Waals forces and entanglements that are difficult to represent simply.
We mainly considered the influence of the hydrogen bonds and the hard segment aggre-
gation regions, and the results are shown in Figure 7. In the absence of Bu-NENA, there
were more hydrogen bonds between the hard segment aggregation regions of GAP-ETPE
and the NC molecules, and there were also some hydrogen bonds between the GAP-ETPE
and NC molecules. After the introduction of Bu-NENA, which can plasticize NC and
GAP-ETPE, destroy the original hydrogen bonds, and increase the free volume between
molecules, the motility of the GAP-ETPE and NC molecular chains improved. From the
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subsequent SEM imaging, when the content of Bu-NENA reaches a certain level, the NC
diffused into the GAP-ETPE, improving the compatibility between the two and removing
their phase interface.
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3.4. Brittle Surface Morphology of GAP-ETPE/NC/Bu-NENA Blend Adhesives with Different
Bu-NENA Contents

Figure 8 shows the SEM images of the brittle surfaces of GAP-ETPE/NC/Bu-NENA
blends with different Bu-NENA contents.
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Figure 8. SEM photos of cross-sections of ETPE/NC/Bu-NENA blends with different Bu-NENA
contents. (a) N30 does not contain Bu-NENA. (b) E-N-N-10, (c) E-N-N-15, (d) E-N-N-20, (e) E-N-N-25,
and (f) E-N-N-30 are ETPE/NC/Bu-NENA blends. The samples were immersed in liquid nitrogen
for 5 min and then broken manually, resulting in brittle fracture, before they were observed.

As shown in Figure 8a, the surface of N30 is rough and uneven, with many holes and
widely distributed particles. Moreover, the interface between the NC and the GAP-ETPE,
caused by their poor compatibility, is obvious. Compared with the GAP-ETPE/NC blend
adhesive, the number of holes on the surface of the GAP-ETPE/NC/Bu-NENA blend
adhesive is significantly reduced, and the particle accumulation on the surface is larger,
as shown in Figure 8b. This is mainly because the Bu-NENA was first mixed with the
NC, which increased the plasticity and ductility of the NC. With increasing Bu-NENA
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content, some NC particles gradually entered the surface of the blend adhesive, and some
particles protruded from the surface of the adhesive, resulting in visible fibrous NC, as
shown in Figure 8c. With the further increase in Bu-NENA content, the number of particles
on the surface of the GAP-ETPE/NC/Bu-NENA blend adhesive decreased, and the surface
became flat with almost no raised particles, but an obvious fibrous profile was observed,
as shown in Figure 8d. When the content of Bu-NENA increased further (Figure 8e,f), the
particles on the surface of the GAP-ETPE/NC/Bu-NENA blend adhesive almost completely
disappeared, and the surface became smooth and flat. The NC was completely plasticized
by the high Bu-NENA content and changed from the solid state to the sol state, which came
into more complete contact with the GAP-ETPE during the blending process. Moreover, Bu-
NENA increased the free volume of the molecules in the blending system and the kinematic
ability of the GAP-ETPE and NC molecular chains. The NC molecules were diffused into
the GAP-ETPE molecules, resulting in better compatibility between the GAP-ETPE and the
NC. The high concentration of Bu-NENA did not increase the tendency of the phases to
separate. Instead, it improved the molecular interactions between the GAP-ETPE and the
NC, enhancing their compatibility.

The Han curve (lgG′′–lgG′ curve) [28,29] of the GAP-ETPE/NC/Bu-NENA blend
adhesives was also studied to better understand the phase behavior. This curve is very
sensitive to the morphological changes of multi-component or multiphase polymers and
can be used to distinguish phase separations. Generally, the Han curves of homogeneous
polymers at different temperatures can be superimposed to obtain a main curve, and there
is no temperature dependence. For heterogeneous polymers (where phase separation exists
in the polymer), the Han curves at different temperatures cannot overlap onto a main curve,
which is temperature-dependent [28,29]. Studying the Han curve of a blended adhesive can
help understand its phase change. Figure 9 shows the Han curve of the GAP-ETPE/NC/Bu-
NENA-blended adhesive system at different temperatures. In Figure 9, the Han curves of
the blending adhesive N30 are separated from each other at different temperatures and
cannot be overlapped to form a single curve. There is an obvious temperature dependence,
indicating a phase separation of GAP-ETPE and NC in N30. After adding Bu-NENA, the
Han curves of the GAP-ETPE/NC/Bu-NENA system at different temperatures still do
not overlap into a single curve, but the Han curves overlap at high temperatures. Above
120 ◦C, the Han curves of E-N-N-10 and E-N-N-15 overlap, and the Han curves of E-N-N-20
overlap at 110 ◦C when the Bu-NENA content is greater than 20%. The Han curves of
Bu-NENA-blended adhesive systems almost overlapped at different temperatures. This is
evidence that Bu-NENA compatibilized GAP-ETPE and NC in blending systems.
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Combining the results of SEM imaging and Han curve analysis, Bu-NENA not only
effectively plasticized NC and ETPE but also improved the compatibility between NC
and GAP-ETPE. The phase separation in the adhesive was weakened, and the molecular
mobility was enhanced. Finally, the toughness of the adhesive was significantly enhanced.

4. Conclusions

Based on the advantages of GAP-ETPE and the urgent need for high-safety propellants
in current weapon systems, this paper proposed a novel high-strength solid propellant
adhesive system using GAP-ETPE as the adhesive skeleton, Bu-NENA as the energetic
plasticizer, and NC as the reinforcing agent. The crosslinking density, mechanical properties,
and DSC showed that with increased Bu-NENA content, the crosslinking density and
mechanical strength of GAP-ETPE/NC/Bu-NENA blends decreased monotonically, and
the elongation at break first decreased and then increased. The Tg of the blending system
decreased, and the Tg of NC was reduced to 120–140 ◦C. The results showed that this
binder system is expected to give the propellant better mechanical and safety properties.
These results provide a reference for the structure design, forming process, and parameter
selection of a high-performance GAP-based green solid propellant.
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to analysis and manuscript preparation. All authors helped perform the analysis with constructive
discussions and reviewed the manuscript. All authors have read and agreed to the published version
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Abstract: Waterborne coatings have obtained more and more attention from researchers with increas-
ing concerns in environmental protection, and have the advantages of being green, environmentally
friendly and safe. However, the introduction of hydrophilic groups leads to lower hydrophobicity and
it is difficult to meet the requirements of complex application environments. Herein, we proposed an
optimization approach of waterborne polyurethane (WPU) with vinyl tris(β-methoxyethoxy) silane
(A172), and it was found that the surface roughness, mechanical properties, thermal stability and
water resistance of WPU will be increased to a certain extent with the addition of A172. Moreover, the
hydrophobicity of the coating film is best when the silicon content is 10% of the acrylic monomer mass
and the water contact angle reaches 100◦, which could exceed two-thirds of the research results in the
last decade. Therefore, our study can provide some theoretical basis for the research of hydrophobic
polyurethane coatings.

Keywords: silane coupling agent; waterborne polyurethane; acrylate; hydrophobic modification

1. Introduction

In recent years, considering environmental protection issues, waterborne coatings
have been developed rapidly to reduce the emission of volatile organic compounds (VOCs).
Among them, thanks to other resins and its ease of modification, waterborne polyurethane
(WPU) could be conveniently modified by various methods to enhance its performance due
to its excellent compatibility with other resins, which makes WPU widely used. However,
the addition of hydrophilic chain extenders in the synthesis process resulted in the poor
water resistance of WPU, which is the main obstacle in its application [1,2].

The most common modification methods to improve the properties of WPU include
the introduction of acrylate monomers, silicones, organofluorine and nanomaterials [3–6].
Among them, the approach by introducing acrylates in WPU obtain the most attention,
which could combine the advantages of acrylates and WPU to optimize the performance
of coatings. However, due to the limitation of the flexible chain segment of acrylate, it
still fails to meet the expected requirements (such as the water resistance always being
unsatisfactory), so it is often combined with other modified methods to improve the com-
prehensive performance of the product [7]. Silicones are commonly used to improve this
situation because of their outstanding properties such as high water resistance and heat
resistance [8,9]. However, the strong hydrophobicity of silicone makes polyurethane difficult
to emulsify in water and the phase separation degree will gradually increase due to the
different solubility parameters of silicone and polyurethane, which may result in a decrease
of emulsion stability. In order to overcome this contradiction, a variety of methods have been
used to design the structure of silicone, such as the introducing of silane coupling agents,
polyhedral low-polysilioxane (POSS), polar groups and polyether modification [10–13].
Among them, polyether modification and the introduction of polar group modification are
both aimed at enhancing the water resistance of WPU by increasing the polarity of silicone,
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which often fail to achieve the expected effect, while modification with POSS always faces
with issue of expensive raw materials and a complicated preparation process, the result of
which is that it is difficult to use in most cases.

As a relatively common modification method, silane coupling agent contains both
organic groups and inorganic silicon atoms, the latter of which have a smaller specific
surface area and lower surface energy and can endow coatings with better hydropho-
bicity, high temperature resistance, etc. [14]. The main methods of modification with
silane coupling agents include end modification, side-chain modification and synergistic
modification [15]. For example, Gurunathan [16] and Gaddam et al. [17], respectively,
modified WPU by end modification with 3-aminopropyltrimethoxysilane (APTMS) and
3-aminopropyltriethoxysilane (APTES), which contain only one amino group. During
the reaction, the polyurethane prepolymer is directly sealed and the alkoxy group at the
other end are hydrolyzed and condensed to form a cross-linked structure and improve the
hydrophobicity of the material. However, considering that the use of end modification will
limit the addition of silane, which will improve the performance of WPU to a limited ex-
tent [18], the side-chain modification method has been gradually considered to modify the
WPU. Fu [19] and Lei et al. [20], respectively, modified WPU by side-chain modification with
3-mercaptopropyltrimethoxysilane and (3-(2-aminoethyl)aminopropyl)trimethoxysilane
(AEAPTMS). Compared to the end modification, this method has a higher cross-link density
and a larger relative molecular mass, which makes the WPU have better hydrophobicity
and lower water absorption. In addition, in order to improve the comprehensive perfor-
mance and versatility of the coatings, the synergistic modification has also been gradually
developed [21]. For example, Zhao [22] and Yan et al. [23], respectively, modified WPU by
synergistic modification with N-(2-aminoethyl)-3-aminopropyltriethoxysilane (AATS) and
3-glycidylethoxypropyltrimethoxysilane (GPTMS) together with APTMS. Zhang [24] used
3-(2-aminoethylamino)propyl dimethoxymethylsilane (KH-602) as a silane coupling agent
to modify WPU with cyclophosphamide (PNMPD) containing double hydroxyl groups in
synergistic side groups to obtain products with high fire resistance. From the above, we can
see that the silane coupling agent not only has a wide range of applications, but also has a
variety of pathways to improve the performance of WPU, which has a very far-reaching
development prospect.

Among them, the stability and chemical reactivity of ethylene-based silane compounds
make them suitable for use as silane coupling agents, and they are generally welcomed by
producers and users because of the easy availability of synthetic raw materials, their simpler
preparation methods and lower production costs. In the performance of modified polyurethane
coatings, on the one hand, the addition of silane provides a hydrophobic surface with low
surface energy. On the other hand, the hydrolysis of siloxane produces organosilanol, which
will not exist stably, and it will further condense to generate silicon–oxygen–silicon bonds
(Si-O-Si), leading to an increase in the chemical cross-linking point within the emulsion
and an increase in cross-link density, which has an enhanced effect on the dense surface
layer of the coating film and ultimately improves the thermal stability and mechanical
properties of the coating film and the water resistance of the polymer. For example, Jing
et al. [25] modified WPU with vinyltriethoxysilane (A151) by free radical polymerization
reaction. It was found that the water contact angle of WPU was increased to 97◦ with
the addition of A151, and the mechanical properties and solvent resistance of the coating
film were also improved to some extent. Li et al. [26] prepared acrylate emulsions with
self-crosslinking structures by introducing vinyltrimethoxysilane (A171) to address the
problem of the poor water resistance of acrylate emulsions. It was found that the addition
of A171 enhanced the water resistance and thermal stability of the resin to a certain extent.
However, this modification also has certain defects, such as the hydrolytic condensation
reaction of alkoxy groups being difficult to control [27], which makes it difficult for WPU to
form and stabilize storage.

Compared to the alkoxy (methoxy, ethoxy, etc.) in general coupling agents, the 2-
methoxyethoxy of vinyltris(β-methoxyethoxy)silane (A172) has a larger molecular weight.
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The larger alkoxy structure makes its hydrolysis slower and more stable, which can solve
the problem of the difficult-to-control hydrolysis condensation reaction of silane groups
to some extent. Moreover, as a more special organosilane coupling agent, it has better
solubility compared with other types of silane coupling agents because of its own molecular
structure containing an ether-type structure, which makes its surface coating modification
of hydrophilic inorganic fractions more adequate and efficient.

To the best knowledge of authors, no researchers have reported the use of A172 to
modify WPU. Therefore, a series of silane-modified waterborne polyurethane acrylates
(SWPUA) with hydrophobic groups in the chain segments, which were used in hydrophobic
wood coatings fields, were prepared by selecting vinyltris(β-methoxyethoxy) silane (A172)
as the modified monomer and combining it with acrylates for cross-linking modification of
WPU, and the effects of different additions of A172 on the polyurethane properties were
investigated. As expected, the polymerization emulsions could exhibit an excellent overall
performance and the best hydrophobicity when the silicon content was 10% of the acrylic
monomer mass, which could exceed two-thirds of the research results in the last decade.
Accordingly, we believe that our study can provide some theoretical basis for the research
of hydrophobicity of wood coatings.

2. Materials and Methods
2.1. Materials

Toluene diisocyanate (TDI, Tech) was purchased from Gansu Yinguang Chemical
Industry Base Co. (Baiyin, China) Polyether diol (DL1000, Tech) was provided by Shandong
Blue Star Dongda Co. (Zibo, China) 2,2-Dihydroxymethylpropionic acid (DMPA, Tech) was
provided by Shenzhen Golden Tenglong Industrial Co. (Shenzhen, China). 1,4-Butanediol
(BDO, Tech) was produced by Jining Huakai Resin Co. (Jining, China). Dibutyltin dilaurate
(DBTDL, CP) was purchased from Aladdin Reagent Co. (Shanghai, China). Triethylamine
(TEA, AR) and N,N-dimethylformamide (DMF, AR) were provided by Tianjin Zhiyuan
Chemical Reagent Co. (Tianjin, China) Methyl methacrylate (MMA, AR), hydroxyethyl
acrylate (HEA, AR), and vinyltris(β-methoxyethoxy)silane (A172, AR) were produced by
Shanghai Maclean Biochemical Technology Co. (Shanghai, China) Butyl acrylate (BA, AR)
was purchased from Fuchen Chemical Reagent Co. (Tianjin, China) Potassium persulfate
(KPS, AR) was provided by Tianjin Hengxing Chemical Reagent Manufacturing Co. (Tianjin,
China) Trimethylolpropane triacrylate (TMPTA, AR) was produced by RYOJI Ryosei.

2.2. Synthesis
2.2.1. Synthesis of Waterborne Polyurethane Emulsion (WPU)

Firstly, a certain amount of TDI (34.2 g), DL-1000 (70.1 g) and DBTDL were added into
a four-necked flask equipped with a thermometer, mechanical stirrer and reflux condenser
at 90 ◦C until the -NCO content reached the theoretical value. Then, DMPA (6.0 g), BDO
(5.7 g), and HEA (4.1 g) were added sequentially, and the reaction time was determined
by measuring the -NCO content during all periods. After cooling to 40 ◦C, a measured
amount of TEA was added to neutralize the reaction for 50 min. Finally, the WPU emulsion
was obtained after emulsifying for 1 h with deionized water under vigorous stirring. The
reaction equation of WPU was shown in Figure 1.

2.2.2. Synthesis of Silane-Modified Waterborne Polyurethane Acrylate Emulsion (SWPUA)

Firstly, A certain amount of MMA, BA, HEA, TMPTA, silane coupling agent A172,
deionized water and WPU emulsion were added into a four-necked flask equipped with a
thermometer, mechanical stirrer and reflux condenser. After 30 min, KPS (dissolved with
deionized water) was added and stirred for 10 min, and then pre-emulsion was obtained
by filtration. Then, a certain amount of deionized water was weighed into a four-necked
flask, and after the temperature of the system was increased to 80 ◦C, the pre-emulsion was
transferred to a constant pressure-dispensing funnel and the flow rate was controlled so that
the pre-emulsion was added dropwise within 3 h. Subsequently, the system temperature
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was raised to 85 ◦C and kept warm for 1 h, and then the post-initiator was added dropwise
to the four-neck flask within 20 min. Finally, it was kept warm for 1 h, and the SWPUA
emulsion was obtained by cooling and filtering. The reaction equation of SWPUA is shown
in Figure 2 and the ratio of raw materials is listed in Table 1.
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Figure 1. Synthetic route of WPU. The groups with colors in the figure represent the groups involved
in the reaction. Red represents −NCO, green represents −OH, blue represents −NHCOO, purple
represents −COOH, and cyan represents −COO−N+H(CH2CH3)3.

2.2.3. Preparation of Coating Film

A certain amount of emulsion was weighed and spread into the PTFE plates, then the
films were dried at room temperature for 24 h. At last, the required films were obtained
after placed in a vacuum drying oven at 30 ◦C for 24 h.
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Table 1. The experimental formulation of SWPUA.

WPU MMA BA HEA TMPTA A172

g g g g g ωA172/% g

100 39.9 18.6 1.5 1.2 0 0
100 39.9 18.6 1.5 1.2 5 3
100 39.9 18.6 1.5 1.2 10 6
100 39.9 18.6 1.5 1.2 15 9
100 39.9 18.6 1.5 1.2 20 12

2.2.4. Preparation of Paint Film

According to “GB/T1727.92 General Preparation Method of Paint Film” [28], it is
prepared by brush coating method. First, the veneer was sanded smooth along the texture
direction and the surface was cleaned of wood chips. Then, the emulsion was evenly
applied to the veneer in the direction of the grain and dried naturally at room temperature
for 24 h and then in a vacuum drying oven at 30 ◦C for 24 h. Ultimately, the paint film
was obtained.

2.3. Characterization

Fourier transform infrared spectrometer (FTIR) was employed to characterize the
chemical structure of WPU and SWPUA films at the attenuated total reflection (ATR) mode
with a scan range of 4000~400 cm−1 and a resolution of 4 cm−1.

The storage stability of WPU and SWPUA emulsions was tested in accordance with
GB/T6753.3-1986 for a period of six months.

The centrifugal stability of WPU and SWPUA emulsions was tested by ultracentrifuge,
and the centrifuge speed was set at 3000 r/min and the centrifugation time was 15 min.

A benchtop SEM (TM4000) was used to observe the longitudinal section of the coating
film at a magnification of 500× and the surface morphology of the coating film at a
magnification of 1000×.

The WPU and SWPUA emulsions were diluted to be 0.1 wt% solution with distilled
water, and then the particle size and potential were measured with a nanoparticle size
and zeta potential tester at 25 ◦C. Each sample was scanned three times, and the results
were averaged.

A mechanical testing machine was used to perform the tensile test of the specimens,
which were cut into a dumbbell shape and subjected to stress–strain measurements at a
strain rate of 5 mm/min. At least three measurements were performed for each specimen.

The thermal performance analysis of the coating films was measured with a thermo-
gravimetric analyzer. The test conditions were from 25 ◦C to 600 ◦C at a heating rate of
10 ◦C/min under N2 atmosphere.

The contact angle of water on paint film was measured with a contact angle measuring
instrument according to GB/T 30693-2014.

The prepared coating films were cut into pieces with size of 20 × 20 × 1 mm3 and
immersed into deionized water at 25 ◦C for 24 h. The water absorption of the film was
calculated by the following formula:

Water absorption =
m1 − m0

m0
× 100% (1)

where m0 is the mass of dried film and m1 is the mass of the film after being put into the
water for 24 h.

3. Results and Discussion
3.1. FT-IR Analysis

The FTIR spectra of WPU and SWPUA are shown in Figure 3. As can be seen from
Figure 3, according to the FTIR spectra before and after the modification, the characteristic
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peaks of NH stretching vibration and C=O stretching vibration, respectively, appeared at
3440 cm−1 and 1730 cm−1, and the absorption peak of 1240 cm−1 belonged to the asym-
metric stretching vibration of C-O-C in the urethane group, and the stronger absorption
peaks of -CH3 and -CH2- stretching vibration appeared at 2963 cm−1 and 2922 cm−1, which
together indicated that the urethane group was formed in the system. In addition, the
characteristic absorption peak of -NCO disappeared at 2270 cm−1, implying that the NCO
groups have completely participated in the reaction.
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Figure 3. FT-IR spectra of WPU and SWPUA.

Compared with the spectra of WPU, it can be found that the absorption peak of Si-C
stretching vibration appeared at 995 cm−1 in the spectra of SWPUA, and the absorption peak
at 1240 cm−1 was enhanced and broadened, indicating that in addition to the C-O-C stretching
vibration, a Si-O stretching vibration also appeared, and the characteristic absorption peak
of C=C disappeared at 3000–3100 cm−1, which indicated that free radical polymerization
has occurred and the double bond had completely reacted, i.e., the silane coupling agent had
been successfully introduced to the WPUA chain segment and the SWPUA emulsion had
been prepared successfully [29]. In addition, it can be seen in the infrared spectrogram of
SWPUA that stretching vibration absorption peak of Si-O-Si appeared at 1100 cm−1, which
indicates the hydrolysis of alkoxy group in silane coupling agent A172. The organosilanol
was produced because of the hydrolysis of the silane coupling agent, which will not exist
stably, and it will further condense to generate siloxane bond (Si-O-Si).

3.2. Surface Morphology Analysis

The longitudinal images of WPU and SWPUA coating films at a SEM magnification of
500 and the surface images at a magnification of 1000 are shown in Figure 4.

As shown in Figure 4a1,a2, striated structures with more directional distribution
appeared on the longitudinal section of WPU, while more scale-like structures appeared
on the longitudinal section of SWPUA. Moreover, the scale-like structure of SWPUA was
bigger and more disordered. The reason for this structural change may be that the addition
of silicon destroys the regularity of the polyurethane structure and increases the degree of
microphase separation of polyurethane [30].

Comparing the surface images of WPU Figure 4b1 and SWPUA Figure 4b2, it can be
found that the surface of SWPUA coating film was rougher than WPU, which showed
finer graininess on the image. This is because of the migration of silicone with low surface
tension to the surface of the coating film after the addition of A172 [31]. Besides, the results
were in good agreement with the hydrophobic results of the coating film.
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3.3. Particle Size and Stability Analysis

Compared to the unmodified emulsion, the particle size of the emulsion increased
with the addition of A172, which could be found from Figure 5. This is because the addition
of A172 increases the molecular weight of the system, and the increase of molecular weight
leads to an increase of the particle size of the system [32]. In addition, with the increase
of the content of A172, the average particle size of the emulsion showed a trend of first
decreasing and then increasing. This is because the introduction of unsaturated bonded
siloxanes enhances the interaction between the polyurethane and acrylate chains, resulting
in tighter intermolecular connections. As a result, the average particle size of the emulsion
particles was reduced. However, when the grafting amount of the silane coupling agent
reached more than 10% of the acrylate monomer mass, the particle size and PDI tended
to increase. The reason for this phenomenon may be that an increase in vinyl siloxane
content leads to an increase in the unsaturation of the system, which leads to cross-linking
and agglomeration between emulsion particles, resulting in an increase in particle size and
irregular distribution, ultimately leading to an increase in the average particle size and PDI
of the emulsion with an increase in siloxane content [33].
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Figure 5. Particle size and zeta potential of SWPUA emulsion with different silicon content.
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It can be found from Figure 5 that the zeta potential showed a gradual decrease trend
with the addition of certain silane coupling agents. This is because during the emulsion
polymerization process, the hydrophobic silane coupling agent enters into the emulsion
particles along with the acrylate monomer to form the inner core, which leads to the
swelling of the emulsion particles and the reduction of the density of ionic groups on
the surface of the polymer particles, eventually making the repulsive force between the
polymer particles decrease. Moreover, the zeta potential is a measure of the strength of the
interaction between the particles, so the zeta potential gradually decreases.

As shown in Table S1 (in Supplementary Materials), when the addition of A172 was
higher than 10% of the initial acrylate monomer mass, the storage stability of the emulsion
decreased to less than 6 months, and precipitation occurred by centrifugation. On the one
hand, this is because with the increase of the content of silane coupling agent, the cross-
linking point and the cross-linking degree in the polymer molecular system increase, which
leads to the gradual change of molecular chain from linear to bulk, and the intermolecular
movement changes from intermolecular forces to chemical bonds, so the resistance of
movement becomes larger. Therefore, the stability decreased and precipitation occurred.
On the other hand, during the long-term storage process, the emulsion particles settle
under the action of gravity and form a concentrated layer at the bottom of the container,
which makes a reduction in the spacing of the emulsion particles, and some of the particles
cross the potential barrier and become unstable and coalesce. In addition, the larger the
particle size of the emulsion, the faster the settling velocity of the emulsion particles, which
is detrimental to the storage stability of the emulsion.

3.4. Mechanical Performance Analysis

The stress–strain curves of polyurethane coating films with different silane coupling
agent additions are shown in Figure 6a, and their maximum tensile strength and elongation
at break with silicon content are shown in Figure 6b. The specific data is shown in Table 2.
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Figure 6. (a) Stress–Strain curves of SWPUA samples with different silicon content; (b) Maximum
tensile strength and Elongation at break of SWPUA samples with different silicon content.

Table 2. The maximum tensile strength and elongation at break of SWPUA coatings with different
silicon content.

Sample SWPUA-0 SWPUA-5 SWPUA-10 SWPUA-15 SWPUA-20

Silicon content/% / 5 10 15 20
Maximum tensile strength/MPa 2.59 ± 0.82 2.65 ± 0.14 3.14 ± 0.31 3.56 ± 0.25 3.64 ± 0.27

Elongation at break/% 154 ± 2 184 ± 7 146 ± 14 110 ± 16 108 ± 12

According to Figure 6 and Table 2, The mechanical properties of WPU were improved
to some extent with the addition of A172, and the tensile strength of the films gradually
increased with the increase of the content of silane coupling agent A172, and the elongation
at break showed a trend of increasing and then decreasing [25–28]. The reason why the
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tensile strength of SWPUA increases is probably because when A172 comes into WPU
molecule, it can effectively increase the cross-link density of the system, which makes the
intermolecular force enhanced and restricts the movement of the molecular chain. When
small contents of A172 were added, the elongation at break increased. This is probably
because the addition of a small amount of A172 increases the degree of microphase phase
separation between hard and soft segments, which makes the intermolecular arrangement
less tight. Therefore, the elongation at break increases. However, when the contents of
A172 continues to increase, the elongation at the break decreased because when the silane
coupling agent was added to a certain concentration, the cross-linking effect plays a major
role compared to the microphase separation effect, which would restrict the movement of
molecular chains; thus, the elongation at the break tended to decrease [34–37].

3.5. TG Analysis

The TG curves and DTG curves of waterborne polyurethane with different silicon con-
tent are shown in Figure 7a,b, respectively. As seen in Figure 7, the thermal decomposition
process of waterborne polyurethane film was mainly divided into three stages. In general,
the first degradation stage in the temperature ranged from 0 to 200 ◦C, which was mainly
caused by the decomposition of small molecules and the evaporation of water. The second
stage of decomposition ranged from 250 to 350 ◦C, which was mainly the decomposition
of the carbamate and urea bonds in the hard chain segment. Finally, the last stage ranged
from 350 to 450 ◦C, which was the decomposition of ether bond and silica bond in the soft
chain sections.
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Figure 7. (a) Weight loss curves of SWPUA samples with different silicon content; (b) Derivative of
weight loss curves of SWPUA samples with different silicon content.

As shown in the figure, the thermal stability of WPU was improved to some extent
with the addition of A172. With the introduction of silane coupling agent, the temperature
at 50% mass loss (T50%) and final residue mass of the modified specimens all increased.
Moreover, the final residue mass of coating films increased with the increase of silicon
content. On the one hand, because of the introduction of silicon–oxygen bond, the bond
energy of Si-O bond is higher than C-C and C-O bonds [38,39], which makes it more difficult
to break (Si-O bond energy is 550 KJ/mol, C-C or C-O bond energy is 340 KJ/mol). On the
other hand, because of the double bond of A172, the increase in the content of the double
bond leads to the increase in the degree of cross-linking, and the chemical bonds between
polyurethane and polyacrylate molecules also enhance the intermolecular interactions. The
synergistic effect of the two ultimately leads to the increasing of thermal stability of the
coating film. Therefore, the addition of silicon can effectively increase the thermal stability
of the WPU coating film.

3.6. Water Absorption and Water Contact Angle Analyses

As seen in Figure 8a, with the addition of silane coupling agent, the water resistance
of WPU coating film has been improved to a certain extent, which is intuitively shown by
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the decrease of the water absorption rate. With the increase of the silicon content, the water
absorption of the coating film showed a trend of gradual decrease. The reason for this is
that the addition of silane coupling agent leads the increase of the cross-link density of the
system, which makes it difficult for hydrophilic groups to move to the surface of the film
and further prevents water molecules from penetrating into the interior of the film; thus,
the water absorption of the coating film decreases.
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As shown in Figure 8b, with the addition of A172, the hydrophobicity of WPU was
improved to a certain extent, which was reflected by the increase of water contact angle.
With an increase in the content of A172 in SWPUA film from 0 to 20%, the water contact
angle of SWPUA coating film first increased obviously and then decreased. Among them,
when the A172 content was added at 10% of the acrylic monomer mass, the water contact
angle reached a maximum value of 100◦. The reason why the water contact angle tends
to increase first is because of the migration of silicon to the surface of the coating film and
the outward orientation of the side-chain silanes of the polymer, which reduces the surface
energy of the coating film and corresponds to the formation of a hydrophobic surface with
low surface energy; thus, the water contact angle and hydrophobicity increase. However,
when the silicon content exceeds 10% of the acrylic monomer mass, the water contact
angle decreases, because as the silicon content continues to increase, on the one hand, the
effective enrichment of silicon on the surface reaches the maximum value, a critical micelle
concentration appears and the reduction of surface energy gradually tends to level off,
so the water contact angle no longer increases. On the other hand, when the degree of
cross-linking of the polymer increases to a certain extent, the potential resistance effect is
obvious, which will further reduce the polymeric grafting of polyurethane and acrylate
resin; thus, the water contact angle decreases [40,41]. Therefore, the addition of a certain
amount of A172 can enhance the surface hydrophobicity of coatings to a certain extent. In
the last decade, there are few studies on enhancing the hydrophobicity of polyurethane
with silicon modification, and some data on hydrophobicity studies of polyurethane in the
last decade at home and abroad were briefly listed in Figure 9 [12,18,20,25,30,31,42–55].

It can be found from Figure 9 that the optimal addition amounts of silicon for each
system varied from one research work to another because of the different original formu-
lation and the type of silicon modification. It can be found that the water contact angle
of the modified coating film is mostly concentrated between 80 and 100◦ so far. It is gen-
erally accepted that when the water contact angle is greater than 90◦, the coating film is
considered to have good hydrophobicity. Therefore, in comparison with other research
works, it is clear that our findings are at an advanced level, exceeding two-thirds of the
research results.
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4. Conclusions

In this study, a series of modified waterborne polyurethane acrylates (SWPUA) with
different silicon contents were prepared by cross-linking the WPU with vinyl tris(β-
methoxyethoxy)silane (A172), which will be applied to the use of hydrophobic wood
coatings. The results showed that the addition of A172 led to different degrees of improve-
ment of hydrophobicity, water resistance, mechanical properties and thermal stability of
WPU, among which the improvement of hydrophobicity was the most significant. With
the addition of silane coupling agent, the particle size of emulsion showed a trend of
increasing, then decreasing and then increasing again, and the Zeta potential showed a
decreasing trend. It was found that the emulsion modified with A172 could be stably stored
for 6 months. Scanning electron microscopy showed that the addition of silane coupling
agent increased the surface roughness and the degree of microphase separation of the
coating film. After the coating film formation, the tensile test and TG test data showed that
the mechanical properties and thermal stability of the coating were improved. The water
absorption test revealed that the water absorption of the coating film gradually decreased.
The hydrophobicity test of SWPUA showed that the water contact angle of the film tended
to increase first and then slightly decrease. Under the condition of stable storage of the
emulsion, when the addition of A172 was 10% of the acrylate mass, the water contact angle
of SWPUA film was increased from 71◦ to 100◦, which could exceed two-thirds of the
research results at home and abroad in the last decade. The results showed that without
affecting the storage stability of the emulsion, the addition of A172 could solve the problem
of poor hydrophobicity of waterborne polyurethane to some extent. In addition, it can
improve the comprehensive performance of polyurethane to a certain extent.
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Abstract: To lay the foundation for environmentally friendly energetic polymer composites, GAP
(glycidyl azide polymer) adhesive-based polymer films with different curing parameter R (mol ratio
of hydroxyl/isocyanate) and energetic polymer composites with different RDX contents were studied.
GAP/TDI (toluene diisocyanate)/GLY(glycerol) was selected as the adhesive system. The tensile
strength and elongation at the break of the polymer film with R = 2.2, was 14.34 MPa and 176.86%,
respectively, as observed by an AGS-J electronic universal testing machine. A relatively complete
cross-linking network and high hydrogen bonding interaction were observed by LF-NMR (low-field
nuclear magnetic resonance, where the cross-linking density was 11.06 × 10−4 mol/cm3) and FT-IR
(fourier transform infrared spectroscopy, where the carbonyl bonding ratio was 64.84%). Forty percent
RDX(hexogen) was added into the adhesive system. The tensile strength was 4.65 MPa, and the
elongation at the break was 78.49%; meanwhile, the heat of the explosive was 2.87 MJ/kg, and the
residue carbon rate was only 2.47%. The tensile cross-sections of energetic polymer composites were
observed by SEM (Scanning electron microscopy).

Keywords: adhesive; polymer film; energetic polymer composites; mechanical properties

1. Introduction

Energetic polymer composites, including solid propellant, polymer bonded explosive,
gun propellants, and combustible cartridges, have been widely used as the power and
damaged sources of missiles, torpedoes, guns, and explosives in the military weapon sys-
tem due to their ultrahigh energy density and strong capacity for doing damage. However,
when it comes to most of the energetic polymer composites, their polymer adhesives are
not only non-energetic, but they also have low mechanical properties, leading to low energy
density as well as mechanical properties [1].

GAP (glycidyl azide polymer), as an energetic adhesive, has the advantages of good
burnout, high energy, high burning rate, and low sensitivity. N2 and CO2 are released after
combustion, both of which are clean gases [2–5]. Therefore, it is very promising to prepare
environmentally friendly energetic polymer composites [6]. Combustible cartridges, for ex-
ample, are a kind of cartridge that can burn and provide energy. They have the advantages
of being clean, light weight, providing energy supplies, not needing recycling like metal car-
tridges, reducing environmental pollution, and saving manpower and material costs [7–9].
It is a sustainable and environmentally friendly polymer. Therefore, we studied the use
of the GAP adhesive system to prepare combustible components, such as combustible
cartridges, and the design of the pouring process. However, GAP has poor mechanical
properties due to the high steric hindrance of the azide group and the low number of atoms
carried by the main chain, which is the common difficulty of GAP-based products, limiting
the widespread use of GAP [10,11]. Researchers have explored several methods of over-
coming this problem, such as adjusting the curing parameters, optimizing the cross-linking
system, finding a suitable composite adhesive system, and adding reinforcing materials,
etc. [9,12–16]. In this work, TDI was used as a curing agent, and glycerol was used as an
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adhesive. Additionally, we used glycerol as the three-functional cross-linking agent in the
adhesive system, with a significant increase in the amount of glycerol, an increase in the
cross-linking density of the system and a decrease in the molecular weight between the
cross-linking points. The mechanical properties of GAP polymer film were optimized by
changing the amount of glycerol and curing parameters. Subsequently, RDX was added
to study the effects of the relative ratio of the adhesive system of RDX on the mechanical
properties, the heat of the explosive, and the residue carbon rate. In this paper, the adhesive
system was used to prepare combustible components such as combustible cartridges and
cartridge boxes by the pouring process.

2. Materials and Methods
2.1. Materials

GAP (industrial grade, Mn = 3700) and dioctyl sebacate (DOS, industrial grade) were
from the Luoyang Liming Chemical Research Institute (Luoyang, China). The GAP was de-
watered in a vacuum drying oven at 80 ◦C for 24 h before use; glycerol (GLY, AR) was from
Saran Chemical Technology Co., Ltd., Shanghai, China); toluene diisocyanate (TDI, indus-
trial grade) was from Tianjin Guanghua Fine Chemical Research Institute (Tianjin, China);
antifoaming agent (B-160, industrial grade) was from Guangdong Zhonglianbang Fine
Chemical Co., Ltd., Guangdong, China; Dibutyltin dilaurate (DBTDL, AR) and triphenyl
bismuth (TPB, AR) were from Beijing Chemical Plant (Beijing, China); Hexogen particles
(RDX, 108 µm) were purchased from the North Huian Chemical Co., Ltd., Xi’an, China.

2.2. Preparation of Polymer Films

GAP and GLY were added to the beaker and stirred well. TDI, B-160, DBTDL and
TPB (DBTDL: TPB = 1:3) were added to the above solution and mixed by a homogenizer
keeping vacuum at 2500 r/m for 180 s to remove bubbles. The solution obtained was cast
into a petri dish to cure for 7 days at 60 ◦C, as shown in Figure 1. In addition, the feeding
ratio of all samples is shown in Table 1.
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Figure 1. Schematic illustration for the preparation process of polymer films.

Table 1. Feeding ratio of polymer films with different R.

R GAP/% TDI/% GLY/%

1.2 89.71 8.74 1.03
1.4 87.03 11.16 1.31
1.6 83.81 14.04 1.65
1.8 79.88 17.56 2.06
2.0 74.95 21.97 2.58
2.2 68.60 27.65 3.25
2.4 60.12 35.24 4.14

151



Polymers 2023, 15, 1538

2.3. Preparation of Energetic Polymer Composites

RDX particles were added into the polymer matrix to prepare energetic polymer com-
posite films, after determining the curing parameter (R, mol ratio of hydroxyl/isocyanate).
Other steps were the same as above. The ambient humidity was 30% during the sample
preparation process, because the ambient humidity can affect the sample curing if it is
too high.

When the R = 1.0, the polymer film was not fully cured at 60 ◦C for 10 days; when the
R = 2.6, although the sample could be cured at 60 ◦C for 1 day, the surface of the polymer
film was uneven after curing because the sample was more sensitive to water. As a result,
two samples with R = 1.0 and 2.6 could not be tested. Therefore, they will not be further
discussed in the remainder of this text.

2.4. Characterization

The hardness of samples was tested by an LXD-A of the digital Shore A hardness
tester (Shanghai Siwei Instrument Manufacturing Co., Ltd., Shanghai, China) at 25 ◦C. The
chemical structure of samples was tested by Fourier transform infrared spectroscopy (FT-IR)
by Nicolet 8700 infrared spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Test
conditions: the test temperature was 25 ◦C, the number of scans was 32 times, the resolution
was 4 cm−1, and the scanning range was 500–4000 cm−1. Static mechanical performance of
samples was tested by an AGS-J electronic universal testing machine (Shimadzu Corpora-
tion, Japan), according to the method of GB/T528-1998. The test temperature was 25 ◦C,
and the tensile rate was 100 mm/min. Low-field nuclear magnetic resonance (LF-NMR) of
samples was tested by a VTMR20-010V-T nuclear magnetic resonance analyzer (Suzhou
Niumai Technology Co., Ltd., Suzhou, China). Test conditions: The test temperature was
25 ◦C, and the number of accumulation times was 3. The heat of explosiveness of the
samples was tested by an American Parr Company Parr6200 oxygen bomb calorimeter for
testing, according to the GJB770B2005 gunpowder test method 701.1. The residue carbon
rate was calculated by the proportion of the residual mass of the heat of the explosive
sample. Scanning electron microscopy (SEM) was tested by A Hitachi S4800, Tokyo, Japan.
Test conditions: acceleration voltage was 15 kv.

3. Results and Discussion
3.1. FT-IR of Polymer Films with Different R

Figure 2 shows the FT-IR spectrum of polymer films with different R; 2271 cm−1 and
2927 cm−1 are the characteristic absorption peaks of -NCO and C-H, and there is no obvious
change with the increase in R, which indicates that both polyols and isocyanates have
participated in the reaction; 2098 cm−1 is the -N3 characteristic absorption peak of GAP;
3346 cm−1 is the N-H stretching vibration peak; 2919 cm−1 is the C-H asymmetric stretching
vibration peak; 2864 cm−1 is the C-H symmetric stretching vibration peak; 1716 cm−1,
1538 cm−1, and 1279 cm−1 are the characteristic absorption peaks of amide I, II and III bands
on carbamate; 1446 cm−1 is the -CH2 bending vibration; 1353 cm−1 is the superposition
of -CH bending vibration absorption peak; and -CN stretching vibration, the stretching
vibration peak of C-O-C ether bond, is at 1109 cm−1, which indicates that carbamate group
was successfully synthesized and GAP polymer films were successfully prepared. The full
FT-IR spectrum of the samples proves that the sample has been successfully synthesized.

Figure 3a shows the FT-IR spectrum of the carbonyl group of the polymer film with
different R. To accurately analyze the hydrogen bond interaction of the polymer films, the
second-order derivative spectrum was used to quantitatively identify the secondary struc-
ture of the carbonyl group; 1730 cm−1 and 1690 cm−1 were internal for the characteristic
absorption peaks of free carbonyl and bonded carbonyl (Figure 3b). Gaussian function was
used to fit the peak of the spectrum. After obtaining each sub-area, the ratio of its bonded
carbonyl was calculated [17], and the calculated results are shown in Table 2.
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Table 2. The bonded carbonyl ratio of GAP/TDI/GLY polymer films with different R.

R Free-Carbonyl Bonded-Carbonyl Total-Carbonyl Bonded-Carbonyl-Ratio (%)

1.2 2.0771 2.0006 4.0778 49.06
1.4 3.0331 3.1961 6.2291 51.31
1.6 9.9886 3.9343 6.9228 56.83
1.8 1.5847 2.1949 3.7796 58.07
2.0 0.6030 1.0923 1.6953 64.43
2.2 1.2901 2.3794 3.6695 64.84
2.4 8.8463 9.7253 16.572 58.69

Due to the formation of hydrogen bonds, the carbonyl peaks are split, and the FT-IR
absorption peak positions of carbonyl groups that are involved in the formation of hydrogen
bonds shift to lower wavenumbers. Thermodynamically, the structural units of the hard
segment and the soft segment of the polymer films are incompatible or incompletely
compatible, and the hard segments would aggregate with each other to produce dispersed
micro domains and main micro phase separation. Micro phase separation not only played
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a role similar to filler reinforcement (inhibiting crack propagation), but also acted as a
physical crosslink point for molecular chains, which is beneficial to improve the flammable
cartridge mechanical properties. The hydrogen bonding between the hard segments in the
polymer film is stronger, leading to a higher degree of micro phase separation.

The peak areas of free and bonded carbonyl groups are obtained from the sub-peaks,
and the proportion of bonded carbonyl groups is shown in Table 2, which indicates that
the proportion of bonded carbonyl groups of GAP/TDI/GLY polymer films increased first
and then decreased, with the increase of R and the degree of micro phase separation also
showing the same trend. The reason for that is: When the R is increased, the hard segments
aggregate to form hard segment micro domains, and the degree of micro phase separation
of the polymer film is enhanced due to the enhancement of hydrogen bonding between the
hard segments. When R = 2.4, the mobility of the hard segment is restricted due to the high
crosslink density in the polymer films, and the difficulty of formation of hydrogen bonds
increases, resulting in a decrease in the degree of hard segment aggregation.

3.2. Crosslink Density of Polymer Films with Different R

The crosslinking density of polymer films was tested by low-field nuclear magnetic
resonance (LF-NMR) to analyze the reason for enhancing mechanical tensile. As shown in
Table 3, it was found that the crosslink density (νe) of the polymer film increased with the
increase of R. This is mainly attributed to the following two factors: on the one hand, -NCO
can react with the urethane group and form a chemical crosslinking point; on the other hand,
more hard segments increase the degree of micro phase separation; these hard segments
are also viewed as physical crosslinking points. The increase in crosslinking density can
restrict the mobility of molecule chains, leading to an increase in mechanical tensile.

Table 3. Crosslink density and correction factor of polymer films with different R.

R νe × 10−4

(mol/cm−3)
ρ

(g/cm−3)
E

(MPa)
Mc

(kg/cm−3) A

1.2 1.115 1.299 0.055 1.165 −0.235
1.4 1.231 1.297 0.126 1.054 −0.237
1.6 1.302 1.295 0.226 0.995 −0.240
1.8 4.823 1.291 2.196 0.268 −0.361
2.0 8.033 1.288 6.709 0.160 0.409
2.2 11.06 1.283 17.001 0.116 3.157
2.4 12.84 1.277 71.228 0.099 20.815

The mechanical property of the polymer films is also related to the crosslink network
structure. The actual crosslink network of the polymer film is not ideal, and there are
other structural features [18,19] that are divided into the following cases: (1) the two ends
of the same molecular chain are bonded to form a sealed circle; (2) only one end of the
molecular chain enters the network structure, forming terminal defects; (3) temporary
physical entanglement of molecular chains; (4) some groups between molecular chains
form physical crosslinks due to hydrogen bonding. For these four cases, since quantitative
calculation and statistics are not available, a correction factor (A) is introduced to represent
the total contribution of these four effects to the mechanical properties of the crosslink
network. Among the four cases, the former two cases cause defects in the crosslink network
structure, resulting in a decrease in A, while the latter two cases will compensate for the
elastic modulus of the crosslink network when subjected to external force, resulting in
a larger A [17]. If A < 0, meaning that there are many network defects in the system; If
A = 0, the compensation of elastic modulus by physical crosslink can offset the defects in
the system; A > 0 means that the physical crosslink effect in the system is strong, and the
crosslink network structure is more complete.

To study the crosslink network structure of the polymer film with different R, the
relative molecular mass between the crosslink points (Mc) was calculated by the Formula (1).
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According to Formula (2), we know that A is related to the shear modulus of samples. To
calculate the shear modulus of samples, we first tested the elastic modulus of all samples
and then calculated the shear modulus based on a relationship between elastic modulus
and shear modulus (Formula (3)), when the strain of crosslink elastomer is very small.
Based on experimental results and formulas, the correction factor (A) of all samples is
shown in Table 3. As shown in Table 3, when R = 1.2–1.8, the A of the polymer film is
negative, indicating that the system had many network structural defects, and the physical
crosslink could not offset the negative effects of the network defects; when R = 2.0–2.4, the
content of isocyanate groups increased in the system, the proportion of hydrogen bonds
between molecular chains increased, and the probability of forming a cyclic structure also
increased. These two interactions result in a gradual increase in the A value of the polymer
films, implying that the physical crosslink effect is strong, and the structural integrity of
the crosslink network is good. Therefore, with the increase of R, the cross-linking network
structure of the polymer films was more complete, leading to an increase in tensile strength.
In summary, the mechanical property of the polymer film is increased, which is due to high
crosslink density and a more integrated molecular network structure.

νe =

(
ln(1 − ν2) + ν2 + χν2

2
)

ν
(

ν1/3
2 − 2ν2/ f

) =
ρb
Mc

(1)

G = ρRT/Mc + A (2)

E = 3ρRT/Mc + 3A (3)

where νe is the crosslink density of the elastomer; ν2 is the volume fraction of the rubber
phase in the swollen elastomer; ν is the molar volume of the solvent; χ is the interaction
parameter between the adhesive and the solvent, and f is the adhesive network The
functionality of; ρb is the density of the elastomer, Mc is the average molecular mass
between the crosslink points; G is the shear modulus, E is the elastic modulus, Mc is the
average molecular mass between the crosslink points, A is the correction factor, R is the
thermodynamic constant, T is the temperature, ρ is the density.

3.3. Mechanical Property of Polymer Films with Different R

As a characterization of resistance to deformation, Shore A hardness can also be used
to describe the curing degree of the curing system and measure whether the curing is
complete. As shown in Figure 4a, other GAP/TDI/GLY polymer films can form a regular
shape after curing for 48 h, and the hardness of the polymer films remained unchanged
after curing for six days, indicating that the polymer film is completely cured. In the case of
large-scale production, the samples could be demoulded after curing for 48 h and waiting
for complete curing.
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As shown in Figure 4b, the tensile strength of polymer films increased with the increase
of R, which is consistent with the results obtained from the proportion of infrared bonding.
Due to the increase of R, the content of isocyanate and glycerol increased, and the content of
hard segment and the cross-linking point in the polymer film increased, and the strength of
the polymer film increased. However, as a three-functional cross-linking agent, the increase
of the amount of glycerol significantly increased the cross-linking density of the system and
reduced the molecular weight between the cross-linking points, resulting in the molecular
chain being difficult to fully extend freely due to the increase of cross-linking density during
the stretching process, while elongation at the break decreased. When R = 1.2–2.4, the
tensile strength of polymer films increased from 0.43 MPa to 19.58 MPa, and the elongation
at the break decreased from 337.51% to 94.98%, respectively. The higher tensile strength
was better, yet a lower strength could be accepted if the elongation at break exceeds 30%.
This is because the requirement of the propellant under normal circumstances is that the
elongation at the break is higher than 30%. Since there is no specific requirement for the
combustible element, this paper refers to the requirements of the propellant, considering
that the tensile strength of polymer films would decrease after adding RDX. Therefore,
herein we choose the range of R = 2.0, 2.2 and 2.4, the tensile strength of the polymer film
is increased from 8.83 MPa to 19.58 MPa, and the elongation at the break decreased from
211.29% to 94.98%, respectively. Based on the above results, we find that when R = 2.0,
2.2, 2.4, the mechanical properties of samples are optimum. However, the polymer film
with a higher R is more sensitive to water. Therefore, when R = 2.2, the polymer film is
chosen and used as a polymer adhesive in energetic polymer composites in the next text.
Some scholars have studied the method of improving GAP, and the optimized strength
is generally achieved. For example, the strength of the film prepared by Xu and Ma et al.
reached 1.5 MPa and 1.6 MPa, and the elongation reached 81.6%. Compared with the
existing test results, the strength and elongation of the GAP film reported in this paper are
much higher than the existing results [11,14,16].

3.4. The SEM of Tensile Cross-Section of Energetic Polymer Composites

The SEM images of tensile cross-section of the polymer films with different R were
shown in Figure 5a–g. With R increases, the ‘circles’ appear in the section, due to the degree
of phase separation in the polymer film increasing and the stripes after tensile fracture
becoming more obvious. The overall sections were relatively smooth, indicating that the
films obviously had brittle fractures under tensile action. The number of folds in the section
increased with the increase of R, and the actual surface area of the fracture surface increased,
so that a large amount of energy was dissipated through the generation of new surface.

In order to understand the dispersion of RDX in the adhesive system, the fracture
surface of energetic polymer composite with 40% RDX was observed by SEM (Figure 5h).
The tensile fracture surface was rougher, and the particle distribution was more uniform.
However, the RDX particles were separated from the adhesive system, and some holes
appeared. These holes were formed by the RDX particles distributed in the films falling off
the fracture surface under the action of external force. Increasingly obvious folds appeared
around the holes and particles, indicating that the RDX particles combined with the matrix
can be used as stress concentration sites to transfer stress and dissipate energy, thereby
reducing the crack growth rate.
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3.5. Mechanical Property of Energetic Polymer Composites with Different RDX Contents

The mechanical properties of energetic polymer composites with different RDX particle
contents were tested. The mechanical tensile and elongation at the breaks of polymer com-
posites are shown in Figure 6. When the content of RDX particles is increased from 10 wt.%
to 60 wt.%, the mechanical strength of polymer composites decreased from 8.44 MPa to
2.41 MPa, and the elongation at break decreased from 134.18% to 14.60%. This reason
is attributed to two factors: one is that with the increases of RDX particle content, the
content of polymer adhesive decreases; the other is that there is a poor interfacial binding
force between polymer adhesive and RDX particles; these particles cannot constrain the
movement of polymer chains, leading to a decrease in mechanical properties.
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3.6. The Heat of Explosive and Residual Carbon Rate of Energetic Polymer Composites with
Different RDX Contents

To study key properties of energetic polymer composites, the heat of explosive and
residual carbon rate with different RDX contents was tested—the results are shown in
Table 4. It was observed that with the increase of RDX contents, the heat of the explosive of
polymer composites increased, and residual carbon rate decreased, indicating that polymer
composite with 60 wt.% RDX perform well.

Table 4. The heat of explosive and residue carbon rate of energetic polymer composites with different
RDX contents.

RDX Content (%) The Heat of Explosive (MJ/kg) Residue Carbon Rate (%)

10 2.25 6.75
20 2.41 5.28
30 2.51 4.09
40 2.87 2.47
50 3.09 2.20
60 3.29 1.78

4. Conclusions

Energetic polymer composites were prepared with different R consisting of GAP used
as the adhesive, TDI, and glycerol and its composites. With the increase of R, mechanical
strength gradually increased from 0.43 MPa to 19.58 MPa, and elongation at break decreased
from 337.51% to 94.98%. When the content of RDX particles increases with R = 2.2, the
mechanical tensile and elongation at break of polymer composites both decrease from
8.44 MPa to 2.41 MPa, and from 134.18% to 14.60%, respectively. In addition, when the
loading of the RDX content is 60 wt.% and R = 2.2, the values of the heat of explosive and
residue carbon rate of polymer composites are 3.29 MJ/kg and 1.78%, respectively. GAP as
a clean adhesive has been widely studied in aerospace, polymers, and other fields, as it is
environmentally friendly. This work provides support for the research on improving the
mechanical properties of eco-friendly energetic polymer composites.
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