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In this work, a series of intumescent flame retarded polybutylene succinate (PBS) formulations have been developed based on ethylenediamine phosphate (EDAP) and different co-additives, i.e ., zinc borate, melamine borate, zinc molybdate, and aminated multiwall carbon nanotubes, at relatively low loading (10 wt.%). Among them, zinc borate endows the best synergistic flame retardant effect with EDAP in PBS. Cone calorimetry shows that addition of EDAP and zinc borate with a ratio of 8:2 ( wt: wt ) dramatically reduces the peak heat release rate (pHRR) by 57% as compared to neat PBS, indicating the excellent flame retardant efficiency of this combination used at only 10wt.%. Beside, benefitting from the incorporation of zinc borate, PBS/EDAP/ZnB exhibits excellent smoke suppression and good mechanical properties. Solid state NMR ( 11 B, 13 C, and 31 P) gives information to determine the flame retardant mechanism of EDAP and ZnB in PBS. It was found that it involves the formation of a reinforced intumescent char with highly thermally stable inorganic species, which acts as a protective physical barrier increasing the char cohesion and limiting the formation of cracks.

General introduction

From 2010 to 2016, global plastic production grew up to 26% from 334 to 422 million metric tons (Mt) and the proportion of plastics in solid waste increased from 10 to 12%, reaching 242 Mt in 2016 [1]. In 2015, approximately 6300 Mt of plastic waste had been generated globally, 79% of which was accumulated in landfills or in the natural environment [2]. The growing social and environmental concerns on the disadvantages of petrochemical-based polymers is promoting the rapid development of biopolymers [3,4]. According to the report of the BCC Research (2019), the global market for bioplastics is predicted to increase from 1.6 Mt in 2018, to 2.7 Mt by 2023 [5].

Over the last decades, commercially available biopolymers have shown desirable potential as promising alternatives to partially substitute petrochemical-based plastics in a wide range of fields such as packaging, agricultural, biomedical, automotive, and electronic applications [6][7][8][9][10][11].

As obvious evidence, the number of published scientific papers involving biopolymer and biocomposite jumped by 305% for the period 2010-2020 (Figure 1a). As one of the few biopolymers (Figure 1b) that can be produced by renewable sources (biobased) and that are biodegradable, polybutylene succinate (PBS) has attracted considerable attention of researchers and engineers in various end-use applications, including bio-packaging [12,13], tissue engineering [14][15][16][17], and medical materials [18][19][20][21], due to the high processability [22,23], good mechanical properties [24,25], and thermal properties [26,27]. As a result, PBS displayed enormous potential in many sectors such as furnishing construction, automotive components, electrical and electronics (E&E), and transport industry [28][29][30][31] and appeared as an appropriate candidate for replacing petrochemistry-based plastics. However, the low flammability of PBS restricts greatly its application in those fields where high flame retardancy is required [32,33]. It can be reasonably assumed that with the increasing applications of PBS, flame retardancy of PBS will play an essential role in its demand.

Even though a rapidly increasing interest in PBS can be observed (Figure 1), to our knowledge, there are very few available works devoted to the flame retardancy of PBS. Currently, developing intumescent system becomes the most frequent approach to provide fire retardancy to PBS due to its advantages of low cost, low smoke, low toxicity, and anti-dripping during combustion [34][35][36][37]. However, most of these studies only focuses on intumescent systems based on ammonium polyphosphate and melamine phosphate (see chapter 1.3.3), which usually exhibit some disadvantages, such as the high loading and low flame retardant efficiency.

In such context, the main objective of this thesis is to develop new flame retarded PBS formulations with high flame retardant efficiency via intumescence. Moreover, this work also aims to understand the fire behavior of intumescent PBS formulations and to gain insight into the mechanism of actions leading to the intumescence and high flame retardancy. To answer those questions, the discussion is organized in five main chapters.

The first chapter reviews the literature concerning PBS and their flame retardancy. To introduce the subject, a brief presentation of PBS, and its synthesis routes, mechanical and thermal properties, as well as biodegradability are commented. Subsequently, a general overview of flame retardancy of polymeric materials is discussed, including fire behaviors, flame retardant mechanisms, and characterizations. The last part of this chapter reviews current developments in flame retardancy of PBS, mainly involving inorganic (nano)particles, lignin, and intumescent flame retardant systems.

The second chapter introduces the materials used in this study, including the polymer (i.e., PBS) and flame retardant additives. Moreover, the material preparation method is also presented. Subsequently, the characterization part introduces the test methods and standards for the evaluation of the mechanical properties, thermal stability, flame retardancy, and smoke release behavior of materials, and also introduces the experimental techniques for understanding the flame retardant mechanisms in the condensed phase and in the gas phase.

The third chapter presents the screening of intumescent flame retardant (IFR) systems for PBS. The objective of this chapter is to find intumescent flame retardant formulations exhibiting high fire-retardant efficiency, and low smoke release along with good mechanical properties.

Therefore, a series of intumescent PBS formulations are developed and evaluated using mass loss cone calorimeter, and their fire performances are commented in detail.

Based on the screening results in the third chapter, the fourth chapter is dedicated to the investigation of the flame retardant mechanism of actions of ethylenediamine phosphate (EDAP) and zinc borate in PBS. Condensed phase mechanism in the char, and gas phases behavior in decomposition and fire conditions are analyzed. Moreover, mechanical and thermal properties are also evaluated.

The last chapter focuses on the mechanism of the formulation where EDAP and melamine poly(aluminum phosphate) (S200, MPAlP) act as intumescent system (3:7, w:w) and zinc borate acts as synergist. The fire retardant mechanism of PBS/S200&EDAP(3:7)/ZnB is investigated in the condensed and gas phases. Furthermore, the effect of S200&EDAP and zinc borate on mechanical properties, thermal stability, flame retardancy, and smoke release behavior is evaluated.

A general conclusion of this thesis is finally drawn from these results, and future works and outlook to go further in the development of intumescent PBS formulations are proposed.

Chapter I

State of the art

State of the art

The objective of this chapter is to review the existing knowledge involving the basic physical and chemical properties of polybutylene succinate (PBS), the flame-retardant behaviors and mechanisms of polymeric materials, and the existing approaches that are widely being used to improve the flame retardancy of PBS. The first section of this chapter introduces the synthesis route, mechanical and thermal properties, and biodegradability of PBS. Then, the second section is dedicated to providing an overview of the knowledge about the flame retardance of polymeric materials. Herein, a brief introduction is offered involving the fire behaviors, mechanisms, and characterization of flame-retardant polymeric materials during combustion. Besides, current research developments in the flame retardancy of PBS are summarized systematically in the third section.

Synthesis, mechanical and thermal properties, and biodegradability of PBS

As mentioned earlier, PBS, a highly crystalline aliphatic thermoplastic polyester, is now commercially available, it can be synthesized by polycondensation reaction. After being forgotten for more than 40 years, PBS received a renewed interest benefiting from the increasing requirement on bio-based and biodegradable polymers. Until 1993, the first commercialized PBS resin was carried out by Showa Denko High Polymers company (Japan) [38].

Synthesis of PBS

PBS is generally synthesized via polycondensation reaction between succinic acid (or dimethyl succinate) and butane-1,4-diol. As illustrated in Figure 2, succinic acid and 1,4butanediol can be obtained not only from fossil-based but also from renewable resources [39,40]. Succinic acid can be largely produced from the natural materials (e.g., cellulose) through fermentation. Indeed, various microorganisms (e.g., fungi, yeast, and Gram-positive bacteria) have been screened and studied in the past years for enhancing the production of succinic acid via fermentation technology under aerobic or anaerobic conditions [39]. Besides, it is noteworthy that succinic acid can further be utilized to synthesize butane-1,4-diol via hydrogenation reaction, which means that PBS can be synthesized via fully-biobased resource. The typical synthesis route of PBS from succinic acid and butane-1,4-diol are divided into two steps (see Figure 3) [41]. The first step is the polycondensation reaction between succinic acid and butane-1,4-diol, resulting in the formation of PBS oligomers; the second step involves the production of high molar mass PBS via a transesterification catalysis reaction among the oligomers in the presence of organometal-or metal oxide-based catalysts, such as titanium (IV) isobutoxide [41] or titanium (IV) isopropoxide [42]. transesterification [41].

Mechanical and thermal properties of PBS

Table 1 shows the physical properties of PBS compared to some commodity polymers [40].

It can be seen that the melting temperature of PBS is around 114 ºC, which is similar to that of low-density polyethylene (LDPE, 110 ºC) [43]. The glass transition temperature (T g ) and tensile strength of PBS are between those of polyethylene (PE) and polypropylene (PP), and stiffness is between that of LDPE and HDPE [29]. Besides, it also shows high modulus and possesses satisfactory strength and toughness close to those of LDPE [44]. The heat distortion temperature of PBS is 97 ºC, higher than that of poly (butylene succinate adipate) (PBSA, 96 ºC), polylactic acid (PLA, 55 ºC) and polyethylene (49 ºC for LDPE and 82ºC for high density polyethylene (HDPE)).

Besides, the tensile yield strength of unoriented PBS can achieve up to 34 MPa, which is comparable to that of PE and PP (33 MPa) [45]. PBS is flexible with the Young's modulus in the range of 300-500 MPa, depending on the degree of crystallinity.

Based on the excellent mechanical properties of PBS, it shows enormous potential as an appropriate substitution for replacing partially petrochemistry-based common plastics in many fields such as furnishing construction, automotive components, electrical and electronics (E&E), and transport industry.

Table 1. Physical properties of PBS compared with some commodity plastics [40]. Besides the physical properties, the thermal behavior of PBS is important for their processing, application, and thermal recycling [46,47]. The thermal decomposition (e.g., the initial mass loss temperature at 2 wt.% or 5 wt.% mass loss, maximum mass loss temperature, and maximum mass loss rate) of PBS is highly relative to the heating rates (Figure 4), and its degradation kinetic has been largely studied by comparing the activation energy of degradation in each period of mass loss based on the Ozawa, Friedman, Coats-Redfern, and Horowitz-Metzger methods. [46][47][48][49] 22 ºC/min [47].

Items

Based on the previous papers [50][51][52][53], the major pyrolysis products of biodegradable polyesters are various ester compounds containing monomers and hybrid dimers. These compounds were produced mainly through the first-order reaction of random chain cleavage via cis-elimination. Besides, some cyclic compounds were found, which were likely yielded via intramolecular transesterification [54]. According to the work of Shih et al. [48], it is clear that tetrahydrofuran, 1,4-butanediol, succinic anhydride, diallyl succinate, and dibutenyl succinate were found as the major pyrolysis products of PBS under lower pyrolysis temperatures (50-300 ºC). However, the major pyrolysis products of PBS became to diallyl succinate, dibutenyl succinate, 1,3-butadiene, and other cyclic succinates at higher pyrolysis temperature (550 ºC).

Figure 5 shows the detailed degradation mechanism of PBS [46,51], the 𝛽-hydrogen next to the oxygen linkage of the ester transfers to the carbonyl oxygen of the succinate, leading to the selective cleavage of the -O-CH 2 -bonds. This phenomenon results in the formation of two chains: a) one of which has an alkenyl group, and b) the other of which is a carboxylic acid end group.

Further scission of the nearest 𝛽-hydrogen bond from the end of the chain with carboxylic acid yields succinic acid and alkenyl-terminated chain (Path 1). Then, the succinic anhydride is formed by the following dehydration reaction of succinic acid. Besides, after scission of the nearest 𝛽hydrogen bond from the alkene terminated polymer chain, butane-1,4-diene and carboxylic acid terminated chains are produced (Path 2). Then, the carboxylic acid end of the chains may decompose to produce succinic anhydride (Path 3 and 1), or eliminate carbon dioxide (CO 2 ) to form acetate, which yield an acid molecule (Path 4). In addition, cyclic compounds can also be yielded through intramolecular transesterification (Path 5).

Figure 5. Thermal degradation routes of PBS [46,51].

Biodegradability of PBS

Plastic waste is currently generated at a rate approaching 400 Mt/year, and the amount of plastics accumulating in the environment is growing rapidly [55]. Compared to some common petrochemical-based polymers (e.g., PE, PP, and PET), PBS is a green and friendly environmental polymer matrix thanks to its excellent biodegradability [56][57][58]. The biodegradability of PBS has been evidenced in certain conditions (Figure 6) [59], such as in soil [60,61], in compost [62,63],

and in liquid culture [64]. It has been proved that some microorganisms (e.g., fusarium solani [61]) can degrade PBS by producing enzymes, which efficiently accelerate the biodegradation process of PBS [65].

Figure 6. Photographs of the PBS before and after degradation [59].

Current understanding of how plastics fragment and the generation of microplastics is far from complete, however, the researchers suggest that the shape of the plastic piece influences its fragmentation behavior [55]. Similarly, the biodegradability of PBS is relative to the form and size of samples, the ambient environments, and the types of the microorganisms. As an example, Zhao and coworkers studied the biodegradability of PBS with different forms in compost (Figure 7) [66]. After incubation for 90 days, the biodegradation percentages of PBS are 71.9%, 60.7%, and 14.1% for powder, film, and granules respectively, indicating that PBS with powder form presents the best biodegradability under compost condition.

Besides, four strains (i.e., aspergillus versicolor, penicillium, bacillus, and thermopolyspora (Figure 7 b-e)) obtained from the compost were investigated to identify the biodegradation abilities of the strains to decompose PBS. The results revealed that aspergillus versicolor was the best PBS-degrading strain in the compost. 1.2 Flame retardance: fire behaviors, mechanisms, and characterizations

Fire Behaviors of polymers

It is known that the combustion of polymer is highly complex coupling gas and condensed phase phenomena, and the phenomena in each phase consist of intricate physical and chemical behaviors with heat and mass transfer processes [67]. Based on the fire behavior, several reaction zones can be identified as underneath polymer, pyrolysis zone, charring layer, and burning zone [68,69]. A schematic model of fire behavior of polymer combustion has been illustrated in Figure 8. In the pyrolysis zone, the radiation, conduction, and convection heat feedback from the flame lead to the surface regression and endothermal decomposition of polymer, resulting in the formation of pyrolysis volatiles [70]. The flammable pyrolysis products subsequently are released into flame zone through char layer and sustain the combustion.

For the burning zone, the combustion can be supported by the evolving combustible volatiles formed in the pyrolysis zone as fuel into the fire via the radical branching reaction in the presence of oxygen [71]. Meanwhile, the resulting combustion products, such as nonflammable gases and solid soot (smoke), are released into the gas phase [72]. During the decomposition and burning process, heavier species undergo further oxidation and crosslinked reactions, and eventually may remain to form a char layer, in which the significant condensed-phase chemistry occurs [73]. The char layer, known as the most critical zone, plays a vital role in the fire behaviors of polymer, because it may be able to serve as a heat shield for underneath polymer by increasing surface radiation losses and limiting the transfer of mass and heat between pyrolysis zone and burning zone [74]. 

Flame retardant mechanisms

The fire behavior of flame-retardant polymer material is mainly governed by the interactions between polymer matrix and flame retardant (or flame-retardant group). These flame retardants can act via gas-phase mechanism and/or condensed-phase mechanism (Figure 8). A predominantly gas-phase mechanism of FR involves the absorption of active radicals by quenching the chain branching reactions. As a well-known example, halogen atoms, particularly bromine radical (Br•) and chlorine radical (Cl•) from the scission of carbon-halogen bond, can be released as flame inhibitors into fire to inhibit the oxidation chain reaction of highly reactive species hydrogen radical (H•), hydroxyl radical (OH•) [75]. However, on the other side of the coin, the use of halogen-based FR may cause potential environmental risks and unavoidable public health threats due to the generation of toxic byproducts during burning process [76,77]. An alternative approach is to introduce suitable phosphorus-containing compound, as flame inhibitor into polymer, because phosphorus can promote the recombination of hydrogen and scavenge oxygen radicals [78]. On the other hand, the release of nonflammable gases can also be classified as gas-phase flame retardant mechanism because it dilutes the concentration of reactive radicals and fuel.

Benefiting from the incorporation of flame retardant, the condensed-phase mechanism can be achieved by forming a protective barrier (i.e., char layer). The homogeneous carbonaceous char acts as physical barrier to limit the transfer of heat and mass between the flame and underlying polymer and retard the decomposition of underlying polymer during combustion process. A typical example is the use of intumescent flame retardant (IFR) system, which results in the formation of highly foamed carbonaceous layer, contributing to the insulation of the substrate [79][START_REF] Alongi | Intumescence: Tradition versus novelty. A comprehensive review[END_REF][START_REF] Anderson | Thermal conductivity of intumescent chars[END_REF]. It has been pointed out that both high char yield and char quality are crucial to the condensed-phase mechanism of polymer during combustion [START_REF] Peng | A novel charring agent containing caged bicyclic phosphate and its application in intumescent flame retardant polypropylene systems[END_REF]. In detail, high char yield means the forming of more nonflammable residue, accumulating on the surface of underneath polymer and acting as a physical barrier. Meanwhile, the high char quality can be obtained by improving the morphology and composition of the char. Generally, a continuous, compact, and homogeneous char exhibits higher efficiency. Besides, in terms of composition of char, the incorporation of flame retardant elements (e.g., P, Si, S, B) and/or inorganic synergists (e.g., zeolites, clay) into char structure chemically and physically reinforces the thermal stability and insulation of ceramic-like char.

Characterization methods of fire retardancy

Small scale fire tests can simulate a realistic and individual fire scenario to verify whether a certain protective goal is reached based on the applied standard or regulation [START_REF] Schartel | 15 Uses of Fire Tests in Materials Flammability Development[END_REF]. Very commonly used tests to characterize the reaction to fire of polymers include the limiting oxygen index (LOI), the UL-94 vertical burning test, cone calorimetry, and microscale combustion calorimetry (MCC, also known as the pyrolysis combustion flow calorimetry (PCFC)).

The LOI test, standardized as ASTM D2863 or ISO 4589, is a frequently-used tool to assess the flammability of polymers. The LOI value determines the minimum oxygen concentration in the flowing oxygen/nitrogen mix that supports sustained burning of the specimen for 3 min or for the consumption of 5 cm of the sample length. In general, the higher the LOI value (or the higher the oxygen concentration required), the better the intrinsic flame retardancy of the material.

Materials with the LOI value greater than 27% (also be identified as 28% [START_REF] Norouzi | Nanoparticles as effective flame retardants for natural and synthetic textile polymers: application, mechanism, and optimization[END_REF][START_REF] Nelson | A dynamical systems model of the limiting oxygen index test: II. Retardancy due to char formation and addition of inert fillers[END_REF]) are conventionally regarded as self-extinguishing materials. Oppositely, materials with LOI lower than 21% signify highly combustible in air, and materials with a LOI between 21% to 27% are defined as slow burning materials [START_REF] Burns | Effect of hydrated fillers and red phosphorus on the limiting oxygen index of poly (ethylene-co-vinyl actate)-poly (vinyl butyral) and low density polyethylene-poly (ethylene-co-vinyl alcohol) blends[END_REF]. Interestingly, according to the work of Van Krevelen, an empirical equation has been developed to predict the LOI value of polymeric material (Eq.1) [START_REF] Van Krevelen | Some basic aspects of flame resistance of polymeric materials[END_REF][START_REF] Ranganathan | Thermal degradation of deoxybenzoin polymers studied by pyrolysis-gas chromatography/mass spectrometry[END_REF]:

𝐿𝑂𝐼 × 100 = 17.5 + 0.4𝐶𝑌 ( 1 
)
where CY is the char yield in wt.% at 850 ºC. This equation have been extensively used to assess the thermal combustion properties of material occurred by the char formation via comparing the estimated and experimental LOI values [START_REF] Lee | Synergistic improvement of flame retardant properties of expandable graphite and multi-walled carbon nanotube reinforced intumescent polyketone nanocomposites[END_REF].

On the basis of the standards of ASTM D3801, ISO 9773-1998, or IEC 60695-11-10, UL-94 vertical burning test evaluates the tendency of a material to extinguish or to spread the flame after removing the ignition source [START_REF] Hu | In-situ investigation of temperature evolution of drippings via an optimized UL-94 instrumentation: Application to flame retarded polybutylene succinate[END_REF]. It measures the flame retardancy of polymers according to their vertical burning behavior evaluated by a simple pass or fail system as V-0, V-1, or V-2 grades. The specific combustion characteristics required for each grade have been summarized

in Table 2 [68,[START_REF] Kiliaris | Polymer/layered silicate (clay) nanocomposites: An overview of flame retardancy[END_REF]. Note that UL-94 and LOI tests are all based on observing the critical condition for extinguishing, and the main difference between them is that UL-94 test focuses on an upward flame spread and LOI on a downward flame spread. Cone calorimetry is one of the most powerful burning tests to characterize a developing fire scenario with a small-scale or bench-scale sample by measuring the intensity of flames (standardized as ASTM E1354 or ISO 5660) [START_REF] Babrauskas | The cone calorimeter[END_REF][START_REF] Murer | Influence of model assumptions on charring polymer decomposition in the cone calorimeter[END_REF][START_REF] Ramgobin | Thermal degradation and fire behavior of high performance polymers[END_REF]. The fundamental of cone calorimetry is based on the oxygen consumption in the combustion gases of a sample under a given heat flux.

Noteworthy, cone calorimetry tests provide comprehensive insight into the fire properties of the material, such as heat release rate (HRR), peak heat release rate (pHRR), total heat release (THR), time to ignition (TTI, t ig ), total heat evolved (THE), mass loss rate, production of CO and CO 2 , and total smoke released (TSR) [START_REF] Schartel | Some comments on the use of cone calorimeter data[END_REF]. Among the data gathered, HRR, pHRR, and TTI are regarded as the most important parameters to assess the fire performance of material [START_REF] Xiao | Influence of ionic liquid-based metal-organic hybrid on thermal degradation, flame retardancy, and smoke suppression properties of epoxy resin composites[END_REF]. Moreover, this testing approach yields a number of interesting insights, some specific parameters can be calculated from cone calorimeter test results, such as the fire growth rate index (FIGRA), maximum average rate of heat emission (MARHE), flame retardancy index (FRI), thermal response parameter (TRP), theoretical critical heat flux (CHF), and ignition temperature (T ig ).

FIGRA is defined as the maximum value of the function of heat release rate divided by elapsed test time (that is, the maximum slope of the function of the HRR versus time) [START_REF] Sundström | The Development of a European Fire Classification System for Building Products-Test Methods and Mathematical Modelling[END_REF][START_REF] Gallo | Tailoring the flame retardant and mechanical performances of natural fiber-reinforced biopolymer by multi-component laminate[END_REF], which can be used to assess both the fire spread rate and the fire size [START_REF] Schartel | Sub-micrometre coatings as an infrared mirror: A new route to flame retardancy[END_REF]. The higher the FIGRA value, the faster the flame growth and spread. MARHE, another fire safety engineering parameter, is defined as the maximum value of the average rate of heat emission (ARHE). ARHE can be obtained by the cumulative heat emission in the test period (from t = 0 to time t) divided by time (t) [START_REF] Morgan | Flammability of thermoplastic carbon nanofiber nanocomposites[END_REF].

It can be used to evaluate materials by their ability to support flame spread to other objects [START_REF] Haile | Aluminum hydroxide multilayer assembly capable of extinguishing flame on polyurethane foam[END_REF].

Moreover, a comprehensive assessment of the fire behavior was proposed by Petrella by plotting THE against pHRR/TTI [START_REF] Petrella | The assessment of full-scale fire hazards from cone calorimeter data[END_REF]. The fire hazard can be decreased either by decreasing the THE, benefiting from the formation of char, or by decreasing the fire growth rate (pHRR/TTI) [START_REF] Schartel | Development of fire-retarded materials -Interpretation of cone calorimeter data[END_REF].

Interestingly, as mentioned by Schartel [START_REF] Schartel | Development of fire-retarded materials -Interpretation of cone calorimeter data[END_REF], gas phase and condensed phase mechanisms of flame retardant can be indicated clearly by plotting THE value against total mass loss value during the time of flame out. [START_REF] Price | Intumescent, Epoxy-Based Flame-Retardant Coatings Based on Poly (acrylic acid) Compositions[END_REF] Regarding the FR mechanism, the release ratio of CO/CO 2 obtained from cone calorimeter cannot only be utilized to assess the toxicity hazard of a material [START_REF] Tsuchiya | CO/CO2 ratios in fire[END_REF],

but also to demonstrate the gas phase mechanism of polymeric materials [START_REF] Zhao | Inclusion complex between beta-cyclodextrin and phenylphosphonicdiamide as novel bio-based flame retardant to epoxy: Inclusion behavior, characterization and flammability[END_REF].

Based on the cone calorimetry data, flame retardancy index (FRI) criterion (see Eq. 2) has been put into practice for quantifying the flame retardant performance of different polymeric materials [START_REF] Vahabi | Flame Retardancy Index for Thermoplastic Composites[END_REF][START_REF] Movahedifar | Flame retardant epoxy composites on the road of innovation: an analysis with flame retardancy index for future development[END_REF]:

𝐹𝑅𝐼 = [𝑇𝐻𝑅 * ( 𝑃𝐻𝑅𝑅 𝑇𝑇𝐼 )] 𝑁𝑒𝑎𝑡 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 [𝑇𝐻𝑅 * ( 𝑃𝐻𝑅𝑅 𝑇𝑇𝐼 )] 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 (2) 
Generally, the higher the FRI value, the better the flame retardancy of material. Here, Vahabi and coworkers classified the flame retardancy of polymer composite into "poor" (FRI < 1), "good"

(1 < FRI < 10), and "excellent" (FRI > 10), respectively, according to the FRI values [START_REF] Vahabi | Flame Retardancy Index for Thermoplastic Composites[END_REF].

Significantly, TRP is one of the critical parameters to evaluate the decomposition and ignition resistances of material by reflecting the thermal response rate. The higher the TRP value, the more difficult for the material to be heated and ignited under the same radiation illumination.

The TRP for thermally thick materials can be generally defined in Eq. 3 [START_REF] Azhakesan | Ignition and opposed flow flame spread using a reduced scale attachment to the cone calorimeter[END_REF][START_REF] Tewarson | Flammability parameters of materials: ignition, combustion, and fire propagation[END_REF][START_REF] Tsai | Orientation effect on cone calorimeter test results to assess fire hazard of materials[END_REF]:

𝑇𝑅𝑃 = √𝜅𝜌𝑐(𝑇 𝑖𝑔 -𝑇 𝑂 ) (3) 
where 𝜅𝜌𝑐 denotes thermal inertia of material (the thermal conductivity, 𝜅, the density, 𝜌, and the specific heat, 𝑐), 𝑇 𝑖𝑔 is ignition temperature, and 𝑇 𝑂 represents ambient temperature.

On the other hand, the ignition time (𝑡 𝑖𝑔 ) of material for the high external radiation levels (more than 20 kW/m 2 ) can be expressed in Eq. 4 [START_REF] Spearpoint | Predicting the piloted ignition of wood in the cone calorimeter using an integral model -effect of species, grain orientation and heat flux[END_REF]:

𝑡 𝑖𝑔 = 𝜋 4 𝜅𝜌𝑐( 𝑇 𝑖𝑔 -𝑇 𝑜 𝑞 𝑒 ′′ ) 2 (4) 
where 𝑞 𝑒 ′′ is external heat flux. According to the Eq. 3, Eq. 4 can be rewritten as Eq. 5 [START_REF] Zhang | Thermal decomposition characteristic parameters for the outer material of composite hydrogen storage tank by cone calorimeter[END_REF]:

𝑡 𝑖𝑔 -1 2 ⁄ = 1 √ 𝜋 4 𝜅𝜌𝑐 𝑞 𝑒 ′′ 𝑇 𝑖𝑔 -𝑇 𝑂 = 1 √ 𝜋 4 𝑇𝑅𝑃 𝑞 𝑒 ′′ (5) Clearly, 𝑡 𝑖𝑔 -1 2
⁄ is a linear function of external heat flux, and the TRP value of material can be easily obtained by calculating the slope of this function.

It is known that the larger the CHF value (𝑞 𝑐𝑟 ′′ ), the higher the heat flux required to ignite the material. CHF can be calculated from the 𝑡 𝑖𝑔 -1 2

⁄ versus external heat flux plot as Eq. 6 [START_REF] Spearpoint | Predicting the piloted ignition of wood in the cone calorimeter using an integral model -effect of species, grain orientation and heat flux[END_REF][START_REF] Xu | Combustion performance of engineered bamboo from cone calorimeter tests[END_REF]:

𝑞 𝑐𝑟 ′′ = (𝑞 ′′ ) 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 0.76 (6) 
Besides, ignition temperature can be found via the Janssens approach as Eq. 7 [START_REF] Batiot | Thermal and chemical analysis of flammability and combustibility of fir wood in cone calorimeter coupled to FTIR apparatus[END_REF][START_REF] Dao | Determination of characteristic parameters for the thermal decomposition of epoxy resin/carbon fibre composites in cone calorimeter[END_REF]:

𝐶𝐻𝐹 = ℎ 𝑐 (𝑇 𝑖𝑔 -𝑇 𝑜 ) + 𝜀𝜎(𝑇 𝑖𝑔 4 -𝑇 𝑜 4 ) (7) 
where 𝜎 refers to the Stefan-Boltzmann's constant (5.67×10 

As a rapid flammability screening tool, MCC has been extensively utilized to evaluate the fire properties of polymers by collecting the precise heat release parameters such as the HRR, pHRR, and THR (standardized as ASTM D7309-13) [START_REF] Vadas | Flame retardancy of microcellular poly (lactic acid) foams prepared by supercritical CO2-assisted extrusion[END_REF][START_REF] Ramgobin | Thermal stability and fire properties of salen and metallosalens as fire retardants in thermoplastic polyurethane (TPU)[END_REF][START_REF] Prieur | Phosphorylation of lignin: characterization and investigation of the thermal decomposition[END_REF]. The milligram-sized sample is pyrolyzed under an inert gas atmosphere at a controlled heating program in an inner pyrolyzer, and then the decomposition products were thermally oxidized in excess oxygen at 900 ºC in a combustor [START_REF] Yang | Textile heat release properties measured by microscale combustion calorimetry: experimental repeatability[END_REF]. It has been found that the results from the MCC correlate well with those from the other fire tests, such as LOI, UL-94, and cone calorimetry [START_REF] Lin | Correlations between microscale combustion calorimetry and conventional flammability tests for flame retardant wire and cable compounds[END_REF][START_REF] Mensah | Correlation analysis of cone calorimetry and microscale combustion calorimetry experiments[END_REF]. Meanwhile, it is also worth noting that, as an obvious disadvantage of MCC, it fails to observe the phenomenon during combustion such as swelling (intumescence), shrinking, dripping, and quenching [START_REF] Zhuge | Microscale combustion calorimeter -application and limitation[END_REF].

Flame retardancy of PBS

Even though a rapidly increasing interest in PBS can be observed, to our knowledge, there are very few available works devoted to the flame retardancy of PBS. It can be reliably speculated that with the increasing applications of PBS, flame retardancy of PBS will play an essential role in its demand. Hence, it is timely to organize the review of the recent developments in fire retardancy of PBS [START_REF] Xiao | Recent developments in fire retardancy of polybutylene succinate[END_REF]. The focus of this section is primarily on the research progress of flameretardant PBS system, it includes not only the synthesis routes, treatments, and formulations of flame retardants, but also the thermal properties, fire performances, and flame-retardant mechanisms of PBS composites.

Herein, recent developments in different approaches used for the flame retardancy are demonstrated, including inorganic (nano)particles, lignin, and intumescent flame retardant systems. Besides, a brief summary and perspective in flame retarding PBS is also provided at the end of this section.

Inorganic (nano)particles

Nowadays, inorganic nanoparticles are widely applied in the area of the flame retardancy of polymer due to the low loading, high dispersibility, good physical barrier effect, and catalytic charring performance [START_REF] Beyer | Nanocomposites: a new class of flame retardants for polymers[END_REF]. The flame retardant mechanism involving nanoparticles is relative to its intrinsic properties and the interaction with the polymer matrix [74], including mainly: (a) the nanoparticles were gradually precipitated and accumulated on the surface during the gasification of the polymer and its pyrolysis products [67], (b) the nanoparticles were migrated or convected to the surface driven mainly by its lower interfacial free energy [START_REF] Lewin | Some comments on the modes of action of nanocomposites in the flame retardancy of polymers[END_REF], and (c) nanoconfinement, the nanoparticles (e.g., nano clay) exerts spatial constraints on a polymer and its decomposition [START_REF] Vyazovkin | Degradation and relaxation kinetics of polystyrene/clay nanocomposite prepared by surface initiated polymerization[END_REF][START_REF] Vyazovkin | A DSC Study of α-and β-Relaxations in a PS-Clay System[END_REF]. A typical example is the application of nano-hydroxide (especially nano metallic hydroxides and LDHs), it has been reported that the presence of nanoparticles allows the improved fire performance of composite by endothermic decomposition [START_REF] Elbasuney | Novel multi-component flame retardant system based on nanoscopic aluminium-trihydroxide (ATH)[END_REF][START_REF] Elbasuney | Surface engineering of layered double hydroxide (LDH) nanoparticles for polymer flame retardancy[END_REF]. Besides, nanoparticles and/or its residues can also provide a confined and superheated site in which the trapped decomposing polymer chains obtain the possibility to undergo additional decomposition and crosslinking pathways, resulting in the formation of complex carbonaceous char network (catalytic charring effect) [START_REF] Kiliaris | Polymer/layered silicate (clay) nanocomposites: An overview of flame retardancy[END_REF]. In addition, the migration and accumulation of nanoparticles (e.g., CNT, HNT) to the surface of char during combustion lead to the enhanced physical shield effect of ceramic-like carbonaceous layer [131]. Compared to halogenated flame retardant additives, nanoparticles are highly attractive because they cannot only improve the fire/smoke/toxicity performances but also simultaneously enhance the mechanical properties of polymer nanocomposite at a low addition [START_REF] Kashiwagi | Nanoparticle networks reduce the flammability of polymer nanocomposites[END_REF].

It is worth noting that the flame-retardant properties of nanoparticles can be affected by its chemical composition, morphology, and loading. This section is a review about the flame retardancy of PBS composites using nanoparticles without any conventional flame retardant.

Besides, the synergistic flame-retardant effect between nanoparticles and conventional flame retardants has been widely demonstrated based on the recent researches of fire-retardant PBS, which are illustrated in section 1.3.3.

In a detailed investigation about the flame retardancy of nanoparticles, melamine phosphate modified exfoliated molybdenum disulfide nanosheets (MP-MoS 2 ) were prepared and blended with PBS matrix [START_REF] Zhou | The influence of melamine phosphate modified MoS2on the thermal and flammability of poly(butylene succinate) composites[END_REF]. It is obvious (Figure 9) that the presence of only 1 wt.% MP-MoS 2 nanosheets changed the thermal degradation and fire behaviors of PBS composite. The improved thermal stability and reduced flammability were probably ascribed to the physical reinforcement and catalytic charring effects of MP-MoS 2 nanosheets in PBS matrix based on the better dispersibility. Unfortunately, it can be seen from the MCC result (Figure 9b) that, with the addition of 1 wt.% MP-MoS 2 , there is only a slight enhancement in flame retardancy of PBS composite in terms of pHRR value compared to that of neat PBS. Besides, other common fire tests (e.g., LOI and UL-94 tests) are unavailable in this work. according to the burning time. However, the anti-dripping behavior can be observed in UL-94 test when more than 1 wt.% CB was incorporated.

Regarding HRR curves of PBS/CB composites under the different loadings (Figure 9c), it can be found that the incorporation of 1 wt.% CB led to a slight drop in the pHRR of PBS/CB composites, while a 57% reduction was attained by the loading of 5 wt.% CB. Moreover, the pHRR value for PBS/CB10% (10 wt.% loading) was decreased to 294 kW/m 2 , which showed a reduction of 62% relative to the neat PBS (765 kW/m 2 ). The results suggested that a sufficient CB content is required to form a continuous and homogeneous residual char layer on the surface of sample (visual observation), which can significantly reduce the flammability of PBS composites. In addition, the THR curves showed a similar trend to that of HRR (Figure 9d).

Similarly, the effect of aluminum diethylphosphinate (AlPi) loading on flame retardancy of PBS was investigated by Wang and coworkers [START_REF] Wang | Investigating the Effect of Aluminum Diethylphosphinate on Thermal Stability, Flame Retardancy, and Mechanical Properties of Poly(butylene succinate)[END_REF]. When the loading of AlPi reached 25 wt.%, the flame retardancy of PBS composites was improved with an LOI value of 29.5%, a V-0 rating (3.2mm) in the UL-94 vertical burning test, and a 49.3% reduction for pHRR in the cone calorimeter test.

Besides the type and loading of nanoparticle, there is evidence that the particle size of filler also plays a remarkable role on the flame retardancy of the polymer [START_REF] Li | Influence of expandable graphite particle size on the synergy flame retardant property between expandable graphite and ammonium polyphosphate in semi-rigid polyurethane foam[END_REF]. An example of enhanced fire performance was examined by studying the influence of three large-span particle sizes (20μm, 5μm, and 500nm) of magnesium hydroxide (MDH) on the flammability properties of eco-friendly PBS composites (Figure 10a-b) [START_REF] Chen | Effect of particle size on the flame retardancy of poly(butylene succinate)/Mg(OH)2 composites[END_REF]. To achieve V-0 rating (3.2 mm), the required loading for 20µm MDH was as high as 60 wt.%, whereas for 5μm and 500nm particles sizes the loading was only 40 wt.%. These results demonstrated that the flame retardancy of 5μm and 500nm MDH on PBS was similar, and they exhibit higher efficiency than that of 20µm MDH.

Furtherly, cone calorimeter results (Figure 10b) suggested that 5μm MDH permitted the optimal fire performance for PBS/MDH system based on the lowest pHRR and THR values (-85% and -54%, respectively). Unfortunately, the low flame-retardant efficiency and high addition of MDH cause the reduction of processability and mechanical performances of PBS. In another study, Chen et al.

proposed expandable graphite (EG) as synergist to decrease the loading of MDH in PBS matrix [START_REF] Chen | Expanded graphite assistant construction of gradient-structured char layer in PBS/Mg (OH) 2 composites for improving flame retardancy, thermal stability and mechanical properties[END_REF]. The results presented that only co-addition of 5 wt.% EG and 20 wt.% MDH (500 nm) endowed PBS with excellent flame performances (Figure 10c-h), including that the LOI value was as high as 29.4%, V-0 rating was achieved in the UL-94 test (3.2 mm), and a reduction in pHRR by 73%, which is comparable or even better than that of PBS/MDH40% composite (40 wt.% of MDH loading, LOI of 31.9%, UL-94 V-0 grade, and a reduction in pHRR by 68%). More importantly, compared to PBS/MDH40% composite, PBS/MDH20%/EG5% system displayed better thermal and mechanical properties, indicating the comprehensive improvement of PBS. Besides, it is worth noting that graphene was also studied as synergist in this work (Figure 10c-h), however the flame-retardant efficiency was not good enough (for PBS/MDH20%/graphene5% composite, a LOI of 28.2%, a V-1 grade, and a reduction in pHRR by 62.5% were achieved, relative to that of neat PBS). 

Lignin

As a potential sustainable green reinforcing filler and flame retardant for PBS, lignin has prompted a rapid progress over the last decades due to the impressive advantages such as high abundance, low weight, high carbon content, and rich reactive functional groups [37,[START_REF] Costes | Bio-based flame retardants: When nature meets fire protection[END_REF][START_REF] Song | Preparation of γ-Divinyl-3-Aminopropyltriethoxysilane modified lignin and its application in flame retardant poly (lactic acid)[END_REF][START_REF] Thakur | Progress in green polymer composites from lignin for multifunctional applications: a review[END_REF].

Noticeably, lignin is widely regarded as a waste by-product in biomass industry, and there are considerable efforts focus on the recycling and use of the lignin-containing waste materials in the field of flame retardant [START_REF] Cayla | PLA with intumescent system containing lignin and ammonium polyphosphate for flame retardant textile[END_REF].

Eucommia residue (ER), a plantation waste containing rich lignin substances, was used directly to reinforce and flame retard PBS via melt-mixing method [START_REF] Wang | High-value use of lignocellulosic-rich eucommia residue for promoting mechanical properties and flame retardancy of poly (butylene succinate)[END_REF]. Compared to neat PBS, the tensile and flexural modulus of PBS/ER30% composite was improved by 87% and 72%, respectively. Meanwhile, addition of 30 wt.% ER led to 43% and 29% reduction in pHRR and THR, respectively, due to the formation of more char, exerting a fire barrier effect.

Furthermore, considerable improvement in flame retardancy of lignin can be obtained through its chemical functionalization. An effective approach in enhancing the flame-retardant effect of lignin is to introduce potential flame-retardant elements (nitrogen, silicon, and phosphorus) into the molecular structure of lignin [START_REF] Yang | Lignin-derived bio-based flame retardants toward highperformance sustainable polymeric materials[END_REF][START_REF] Wang | A novel phosphorus-containing lignin-based flame retardant and its application in polyurethane[END_REF][START_REF] Liu | Fabrication of green lignin-based flame retardants for enhancing the thermal and fire retardancy properties of polypropylene/wood composites[END_REF]. The incorporation of those elements can benefit to improving the thermal stability and charring ability of lignin [START_REF] Song | Preparation of γ-Divinyl-3-Aminopropyltriethoxysilane modified lignin and its application in flame retardant poly (lactic acid)[END_REF].

In our opinion, incorporation of small molecular flame retardant compound into lignin is a commonly used method to obtain lignin-based flame retardant. In the work of Chen et al., [START_REF] Chen | A lignin-based flame retardant for improving fire behavior and biodegradation performance of polybutylene succinate[END_REF] a halogen-free lignin-based flame retardant (CP-lignin) was synthesized (Figure 11a), and then blended with PBS to improve the biodegradation and fire performance of PBS. The addition of CPlignin into PBS led to an increase of the main degradation step, promoting the formation of char.

As shown in Figure 11b-c, the cone calorimeter results illustrated that, when 30 wt.% of untreated lignin was added, there were only reduction of 16% and 27% of pHRR and THR, respectively, whereas for PBS/CP-lignin30% composite, the pHRR and THR value were diminished significantly by 27% and 31%, respectively, implying the improvement of fire retardancy of PBS composite.

Interestingly, the residual char yield of PBS/lignin30% composite was only 2.6 wt.%, however, after incorporating 30 wt.% CP-lignin into PBS, the char yield of PBS/CP-lignin30% obviously increased to 9.6 wt.%, which means that CP-lignin can effectively catalyze the formation of char. Some articles from the literature reported the chemical modification of lignin by incorporating phosphorus-containing macromolecules into lignin structure. A macromoleculemodified lignin (PNZn-lignin, Figure 12a) was fabricated and blended with PBS via melt compounding [37]. It can be observed from cone calorimeter results (Figure 12b-c) that the addition of 10 wt.% PNZn-lignin diminished noticeably the pHRR and THR values of PBS composites by 51% and 68%, respectively, compared to that of neat PBS. The superior flame retardancy of PBS/PNZn-lignin10% composite could be ascribed to the high char yield (54.6 wt.%)

and the reduced mass loss rate. Meanwhile, the total smoke production (TSP) was decreased significantly by 50%, benefitting from the strong smoke suppression effect of Zn ions. The proposed flame-retardant mechanism of PNZn-lignin can be explained as follows: the combination of the strong dehydration effect of phosphorus-containing species and high charring capability of lignin permit PBS composites to generate a compact and strong carbonaceous layer during burning (Figure 12d), leading to the improved fire behavior. PBS/PNZn-lignin10% after cone calorimeter test [37].

Analogous investigation has also been carried out by Ferry et al. [START_REF] Ferry | Chemical modification of lignin by phosphorus molecules to improve the fire behavior of polybutylene succinate[END_REF] Based on their work, two kinds of phosphonate-based macromolecules (Figure 13) were prepared and grafted onto alkali lignin. The cone calorimeter results indicated that incorporating 20 wt.% of modified lignin into PBS can significantly decrease the pHRR values of PBS composites (-51% and -52%, respectively), benefitting from the strengthened barrier effect with enhancement of char cohesion. Based on the observations above, it can be concluded that the flame retardant behaviors of phosphorus-containing modified lignin PBS composites mainly involve the condensed phase mechanism. A protective char layer can be formed during combustion covering the pyrolysis zone, ascribing to the conjunction of high charring capability of lignin and strong dehydration effect of phosphorus-containing species. The formed char layer appeared to act as fire barrier and thermal insulation to retard the transfer of mass (fuel) and heat.

Intumescence

Intumescence, defined as a process of enlarging or swelling, is widely used to make flame retarded materials [START_REF] Alongi | Intumescence: Tradition versus novelty. A comprehensive review[END_REF]. The formation of an intumescent char is a complicated process involving several critical aspects: rheology (expansion phase, viscoelasticity of char), chemistry (charring)

and thermophysics (limitation of heat and mass transfer) [START_REF] Gérard | Reaction to fire of an intumescent epoxy resin: Protection mechanisms and synergy[END_REF][START_REF] Bourbigot | Intumescent ethylene-vinyl acetate copolymer: Reaction to fire and mechanistic aspects[END_REF]. During intumescence, the intumescent material swells when exposed to heat or flame, forming a porous carbonaceous foam which can serve as a barrier to prevent heat and mass (pyrolysis products) from directly reaching the surface of the material [START_REF] Lim | A review of application of ammonium polyphosphate as intumescent flame retardant in thermoplastic composites[END_REF]. Recently, intumescent flame retardant (IFR) systems, emerged as one of the most promising trends, provide remarkable advantages over traditional flame retardants (e.g., halogenated flame retardants, and metallic hydroxides) due to the low toxicity and high flame retardant efficiency [START_REF] Bourbigot | Recent advances for intumescent polymers[END_REF][START_REF] Bourbigot | Flame retardancy of polylactide: an overview[END_REF][START_REF] Huang | Combination effects of graphene and layered double hydroxides on intumescent flame-retardant poly (methyl methacrylate) nanocomposites[END_REF]. A typical intumescent system consists of three active components: an acid source, a char forming agent (also called carbonization agent), and a blowing agent [START_REF] Luo | Thermal degradation and flame retardancy of microencapsulated ammonium polyphosphate in rigid polyurethane foam[END_REF]. It is worth noting that the specific ingredients of intumescence should be composed based on the polymer matrix. Besides, in order to further improve the flame retardancy of PBS, IFR systems would be used commonly in conjunction with synergistic agents, which are also discussed in this section.

In short, this section focuses on the recent progress in the field of intumescent PBS. It can be divided into three parts: the first part discusses the synergistic flame-retardant effect between IFR and synergistic agents in PBS composites, here we especially investigate the application of ammonium polyphosphate (APP)-based IFR system. The second part is devoted to microencapsulated ammonium polyphosphate (MAPP)-based intumescent PBS composites because microencapsulating is an effective strategy to improve the compatibility and hydrophobicity of PBS/APP composites. The last part of this section is involved to other IFR systems of PBS.

Ammonium polyphosphate-based IFR systems

As a commercially available flame retardant, APP has drawn a great deal of interest in the development of fire retardant polymers due to its low cost, high efficiency, and easy process [START_REF] Alongi | Intumescence: Tradition versus novelty. A comprehensive review[END_REF].

For instance, a water-crosslinking technique was used to improve the fire retardant and antidripping properties of PBS composites using tetraethoxysilane (TEOS) as coupling agent and APP as flame retardant [START_REF] Kuan | Flame retardancy and nondripping properties of ammonium polyphosphate/poly(butylene succinate) composites enhanced by water crosslinking[END_REF]. In this work, TEOS-treated APP was mixed with PBS to prepare flame retardant composites, then the obtained composites were treated with deionized water at 70 ºC for 0.5 to 4 h to crosslink PBS chains via the reaction between PBS and TEOS (the mechanism was shown in Figure 14). After 4 h hot water treatment, the LOI values of composite with 15 wt.% TEOS-treated APP ranged from 24% to 28%, and V-0 rating was achieved in UL-94 test (1.27 mm); whereas the composite with 15 wt.% untreated APP (without TEOS) was only classified as V-2 rating, implying the enhanced fire performance of composite after water-crosslinking between PBS and TEOS. As mentioned earlier, the natural fibers are widely used in the field of biocomposite due to its low cost, low density, improved mechanical properties, and availability from renewable resources [START_REF] Gallo | Tailoring the flame retardant and mechanical performances of natural fiber-reinforced biopolymer by multi-component laminate[END_REF][START_REF] Faruk | Biocomposites reinforced with natural fibers: 2000-2010[END_REF]. In the investigation of Dorez et al., [START_REF] Dorez | Thermal and fire behavior of natural fibers/PBS biocomposites[END_REF] natural fibers, including cellulose, hemp, flax, sugar cane, and bamboo, were incorporated into PBS as reinforcement and char forming agents to improve the mechanical and fire performances. In most cases, a char layer was observed for PBS/fiber composites at 30% loading after cone calorimeter test (Figure 15). It is noteworthy that a minimum fiber loading was required to form a protective carbonaceous barrier for heat and mass transfer, and the resulting multicellular char suppressed the growth of HRR and leaded to the reduction of pHRR. Furthermore, with the incorporation of 5wt.% APP, PBS/flax/APP (mass ratio of 65:30:5) composite showed a significant decrease in the pHRR by 57%. It can be concluded that the addition of APP caused the phosphorylation of the flax fibers and accelerated the charring of composite, benefiting to the formation of a continuous and strong char layer. CaCO 3 as a reinforcing component. [START_REF] Jiang | Preparation and properties of novel flame-retardant PBS woodplastic composites[END_REF] Compared to PBS/decayed wood composite (mass ratio of 60:40), the co-addition of 2.9 wt.% CaCO 3 and 2.9 wt.% APP, AHP, and CaHP significantly enhanced the tensile strength (19.8%, 22%, and 18.2%, respectively) and decreased the pHRR values (-15%, -21%, and -10%, respectively) of composites. Indeed, the incorporation of APP, AHP, and CaHP promoted the formation of reinforced char layer, which limited the transfer of heat and fuel during combustion.

Charring polymers can act as char forming agent in intumescent systems, such as polyamide 6 [START_REF] Bourbigot | PA-6 clay nanocomposite hybrid as char forming agent in intumescent formulations[END_REF][START_REF] Almeras | Using polyamide 6 as charring agent in intumescent polypropylene formulations II. Thermal degradation[END_REF] and polyurethane [START_REF] Bras | Use of polyurethanes as char-forming agents in polypropylene intumescent formulations[END_REF][START_REF] Li | Zeolite imidazolate framework membranes on polymeric substrates modified with poly(vinyl alcohol) and alginate composite hydrogels[END_REF]. Thus, biobased poly(isosorbide carbonate) (PIC) was synthesized and incorporated as char former to develop green intumescent flame retardant PBS composites based on APP as acid source [START_REF] Wang | A novel phosphorus-containing lignin-based flame retardant and its application in polyurethane[END_REF]. Hu et al. found that, compared to neat PBS, the addition of 30 wt.% of APP/PIC at a mass ratio of 3:1 reduced significantly the pHRR and THR values of PBS composites by 24% and 48%, respectively; meanwhile, for PBS/APP30% (with 30 wt.% APP content) composite, pHRR and THR were only decreased by 19% and 25%, respectively.

Interestingly, the mass loss cone calorimeter (MLCC) results indicated that the residual char yield of PBS/APP was 23%, whereas the char yield of PBS/PIC/APP composite was increased to 44%, implying that PIC appeared to act as carbonization agent and enhance remarkably char forming effect in intumescent FR system. In another work of Hu and co-workers [START_REF] Hu | Synthesis of isosorbide based flame retardants: Application for polybutylene succinate[END_REF], analogous results

were demonstrated by developing a series of isosorbide-based compounds modified by silicon, sulfur, or phosphorus-containing functional groups for PBS/APP system.

As mentioned in Section 1.3.1, nanoparticles play irreplaceable roles in the flame retardancy of polymer based on the excellent fire behaviors [START_REF] Kashiwagi | Nanoparticle networks reduce the flammability of polymer nanocomposites[END_REF]. During the last decades, new developments in the use of nanoparticles as synergists to improve fire performance of polymers attract great research interest owing to the improved mechanical, barrier, and anti-dripping properties at low contents [START_REF] Yang | Synergistic and compatibilizing effect of octavinyl polyhedral oligomeric silsesquioxane nanoparticles in polypropylene/intumescent flame retardant composite system[END_REF]. The effect of nanoparticles on flame retardancy of PBS composites depends not only on its properties (including physical and chemical behaviors), but also on the interactions with IFR and PBS. It has been found that the IFR system combined with suitable nanoparticle is capable of yielding a continuous, crack-free, and ceramic-like protective char, leading to the improved FR effectiveness [START_REF] Kashiwagi | Nanoparticle networks reduce the flammability of polymer nanocomposites[END_REF].

As displayed in Table 3, halloysite nanotube (HNT) and sepiolite combined with APP were respectively incorporated into PBS matrix via melt blending [START_REF] Dumazert | Thermal stability and fire reaction of poly(butylene succinate) nanocomposites using natural clays and FR additives[END_REF]. The results showed that addition of both HNT and sepiolite reduced the flammability for PBS composites. Obviously, compared to halloysite, sepiolite showed better fire behaviors in PBS/APP system, which can be attributed to the better dispersibility of sepiolite and the formation of homogeneous protective char layer. The catalytic charring effect of HNT and sepiolite mainly derives from the promoted crosslinking/charring reactions between acid sites formed from APP and decomposing PBS chains due to the nano-confinement environment provided by HNT and sepiolite. Furthermore, with the co-addition of alkali lignin, a 67% reduction in pHRR was obtained for PBS/APP/sepiolite/lignin composites, indicating the significant improvement in flame retardancy.

Wang et al. investigated the effects of APP, HNT, and renewable soy protein (SP) on fire behavior of PBS composites [START_REF] Wang | Soy protein and halloysite nanotubesassisted preparation of environmentally friendly intumescent flame retardant for poly(butylene succinate)[END_REF]. It is well known that SP can play simultaneously the roles of char forming and blowing agents due to the abundant hydroxyl and carbonyl groups and the high amount of nitrogen (~16 wt.%). The authors reported that the best char-forming capability for PBS can be obtained when the mass ratio of APP/SP is 2:1 (called EIFR). As also shown in Table 3 and Figure 16a-b, the addition of EIFR significantly diminished the pHRR and THR values of PBS by 42% and 16%, respectively. Besides, the LOI value of PBS/EIFR20% (with 20 wt.% content) was increased to 30.2%, relatives to 28.5% for PBS/APP20% system. However, it only reached V-1 rating in UL-94 test (3mm). A synergistic effect was observed between HNT and EIFR in PBS composite based on the LOI and UL-94 as well cone calorimeter tests. The results demonstrated that, with the co-addition of 1 wt.% HNT and 20 wt.% EIFR, the PBS/EIFR20%/HNT1% showed lower flammability (the LOI value is as high as 34.8%) than that of PBS/EIFR20%, meanwhile UL-94 V-0 rating has been achieved. A mechanism was proposed to describe the enhanced fire performance where HNTs tends to migrate and accumulate on the surface of carbonaceous layer during degradation and burning process, and acts as physical or chemical cross-linking barrier to reinforce the char (Figure 16c-g). The glassy protective carbonaceous layer reduces the transfer of both heat and mass effectively, resulting in better fire-resistant properties. In addition, as shown in Figure 17a-d, one-dimensional aminated multi-walled carbon nanotube (MWCNT-NH 2 ) electrostatically wrapped with APP (CNT@APP) has been employed in combination with IFR (fabricated by APP and PER with a mass ratio of 2:1) to impart carbonization and intumescent flame retardant properties to PBS composite system [34]. It was obvious from UL-94 and cone calorimeter tests (Table 3, Figure 17e-g) that the presence of CNT@APP permitted excellent anti-dripping and char-forming properties (65.7% char yield), high UL-94 grade (V-0, 3.2mm), and lower pHRR and THR values to PBS/IFR20% composite. Furthermore, the mechanism of flame-retardant enhancement was attributed to the formation of compact homogeneous carbonaceous char with high thermal stability during combustion. A conventional blowing agent, melamine (MA) is widely applied in the intumescent systems for various polymers such as polypropylene [START_REF] Fontaine | Neutralized flame retardant phosphorus agent: facile synthesis, reaction to fire in PP and synergy with zinc borate[END_REF][START_REF] Chiu | Dynamic flame retardancy of polypropylene filled with ammonium polyphosphate, pentaerythritol and melamine additives[END_REF], polyethylene [START_REF] Gao | Effect of different metallic hydroxides on flame-retardant properties of low density polyethylene/melamine polyphosphate/starch composites[END_REF][START_REF] Zhou | Application of intumescent flame retardant containing aluminum diethyphosphinate, neopentyl glycol, and melamine for polyethylene[END_REF], polyurethane [START_REF] Gavgani | Intumescent flame retardant polyurethane/reduced graphene oxide composites with improved mechanical, thermal, and barrier properties[END_REF][START_REF] Xu | Modification of diatomite with melamine coated zeolitic imidazolate framework-8 as an effective flame retardant to enhance flame retardancy and smoke suppression of rigid polyurethane foam[END_REF], polylactide [START_REF] Fontaine | Intumescent polylactide: a nonflammable material[END_REF][START_REF] Sun | Development of a pyrolysis model for an intumescent flame retardant system: Poly (lactic acid) blended with melamine and ammonium polyphosphate[END_REF][START_REF] Ding | Determination of kinetics and thermodynamics of thermal decomposition for polymers containing reactive flame retardants: Application to poly (lactic acid) blended with melamine and ammonium polyphosphate[END_REF], and ethylene vinyl acetate [START_REF] Hoffendahl | Decomposition mechanism of fire retarded ethylene vinyl acetate elastomer (EVA) containing aluminum trihydroxide and melamine[END_REF][START_REF] Li | Synergistic flame retardant effect of melamine in ethylene-vinyl acetate/layered double hydroxides composites[END_REF]. In previous work, it has been proposed that the combination of MA with APP in a suitable ratio can significantly improve fire performance of polymer composite [START_REF] Sun | Development of a pyrolysis model for an intumescent flame retardant system: Poly (lactic acid) blended with melamine and ammonium polyphosphate[END_REF]. The decomposition routes of PBS/APP/MA upon heating or combustion include mainly: (a) the decomposition of APP forms a large amount of ammonia and phosphorus-containing species, such as HPO 3 , H 3 PO 4 , H 4 P 2 O 7 ; (b) PBS chains decompose and react with phosphorus-containing acids to form P-O-C structure-containing units, accompanied by the generation of conjugated polyenes. (c) melamine releases ammonia and gradually forms melam, melem, and melon with the increase of temperature, which tend to migrate upward [START_REF] Zhang | Preparation of hexakis (4-aldehyde phenoxy) cyclotriphosphazene grafted kaolinite and its synergistic fire resistance in poly (butylene succinate)[END_REF]. Besides, in order to further improve the flame retardant efficiency of composite, APP/MA-based IFR system is generally used in conjunction with synergists. Table 4 summarizes the fire performance of PBS composites based on APP/MA intumescent flame retardants and synergists.

Multicomponent tetrametallic MgAlZnFe layered double hydroxides (MgAlZnFe LDHs) was synthesized by the coprecipitation method, and then added into PBS with APP/MA (mass ratio of 5:1) via melt blending [START_REF] Liu | Preparation and study of intumescent flame retardant poly(butylene succinate) using MgAlZnFe-CO3layered double hydroxide as a synergistic agent[END_REF]. With the incorporation of 1 wt.% MgAlZnFe LDHs and 19 wt.% APP/MA (IFR), the LOI value of sample was increased to 35% and V-0 rating was achieved in UL-94 test (Table 4). In addition, the cone calorimeter results demonstrated that the pHRR and THR values were remarkably decreased by 30% and 19%, respectively, relative to that of neat PBS. As shown above, it is recommended to use MgAlZnFe as a synergist to promote the formation of a compact char layer during combustion. In particular, compared to PBS/IFR20%, tensile strength and flexural strength of composites were simultaneously improved by 9% and 8% when the IFR was partially substituted with 1 wt.% MgAlZnFe LDHs.

Similar conclusions reported that magnesium hydroxide sulfate whisker (MHSH) can play both synergistic flame retardant and reinforcement effects in PBS/APP/MA composites [35]. In this regard, incorporating 25 wt.% APP/MA, at a mass ratio of 5:1, into PBS permits to obtain a LOI value of 37.5% and UL-94 V-0 rating (3 mm). The substitution of 2 wt.% APP/MA by MHSH not only permitted excellent fire retardant (LOI value of 39.8% and V-0 rating) and anti-dripping properties to PBS composites, but also increased its tensile strength by 33.3% in comparison with that of PBS/APP/MA composite (Table 4). A possible mechanism was proposed where MHSH and APP/MA provided a ceramic-like intumescent shield to the underlying matrix.

A number of synergistic agents, such as esterified starch-modified cassava dregs (ES-CD) [START_REF] Yue | Study on the performance of flame-retardant esterified starch-modified cassava dregs-PBS composites[END_REF][START_REF] Liu | Influence of modified fiber-MHSH hybrids on fire hazards, combustion dynamics, and mechanical properties of flame-retarded poly(butylene succinate) composites[END_REF], urea intercalated kaolinite [START_REF] Gu | Preparation of Intumescent Flame Retardant Poly(butylene succinate) Using Urea Intercalated Kaolinite as Synergistic Agent[END_REF], hexakis (4-aldehyde phenoxy)cyclotriphosphazene grafted kaolinite (HAPCP-kaolinite) [START_REF] Zhang | Preparation of hexakis (4-aldehyde phenoxy) cyclotriphosphazene grafted kaolinite and its synergistic fire resistance in poly (butylene succinate)[END_REF], Lignin chelate [START_REF] Yue | Improving fire behavior and smoke suppression of flame-retardant PBS composites using lignin chelate as carbonization agent and catalyst[END_REF] lignin intercalated montmorillonite (lignin-MMT) [START_REF] Yue | Using colloidal lignin intercalated montmorillonite nanosheets as synergistic and reinforced agent for flame-retardant poly (butylene succinate) composites[END_REF], fumed silica [START_REF] Chen | Preparation of intumescent flame retardant poly (butylene succinate) using fumed silica as synergistic agent[END_REF], organically acetyl quaternary ammonium-modified Camontmorillonite (OMMT) [START_REF] Wang | Effect of montmorillonite on the flame-resistant and mechanical properties of intumescent flame-retardant poly(butylene succinate) composites[END_REF], and graphene [33], have also been conducted on APP/MA-based intumescent PBS systems. The fire performance of those PBS composites based on the combination of different synergists and APP/MA (mass ratio of 5:1 or 2:1) are also been given in Table 4. The presence of APP/MA and synergists promote the generation of an intumescent and ceramic-like protective char layer, resulting in the enhancement of fire retardancy. In addition, a similar IFR system, fabricated by APP/MA/PER at a mass ratio of 4:1:1, was adopted for improving the fire retardancy of PBS in conjunction with HNT [36]. Compared to PBS/IFR30% composite, the substitution of 1.5 wt.% IFR by HNT make the LOI to jump from 42% to 58% and concurrently reducing pHRR, THR, and TSP values by 42%, 19%, and 69%, respectively (Figure 18a-c). Besides, for PBS/IFR28.5%/HNT1.5% composite, a continuous and crack-free char layer can be observed after cone calorimeter test (Figure 18d-h), indicating that the addition of HNT changed the degradation and fire behaviors of intumescent PBS composite and resulted in the enhanced fire retardancy by limiting heat and mass transfer. PBS/IFR30%, (f) PBS/IFR29%/HNT1%, (g) PBS/IFR28.5%/HNT1.5%, and (h) PBS/IFR27%/HNT3% composites after cone calorimeter test [36].

Microencapsulated ammonium polyphosphate-based IFR systems

It is noted that the poor water resistance and inferior compatibility of APP lead to the possible deterioration in mechanical properties as well as fire retardant efficiency of materials during longtime use [START_REF] Luo | Thermal degradation and flame retardancy of microencapsulated ammonium polyphosphate in rigid polyurethane foam[END_REF]. Currently, microencapsulation technology was widely applied for the surface modification of APP to meet the demand of fire retardancy of polymers through varying the surface materials [START_REF] Decsov | Development of Bioepoxy Resin Microencapsulated Ammonium-Polyphosphate for Flame Retardancy of Polylactic Acid[END_REF][START_REF] Jin | The preparation of a biopolyelectrolytes based core-shell structure and its application in flame retardant polylactic acid composites[END_REF].

In a study by Hu and co-workers [START_REF] Hu | Effect of ethyl cellulose microencapsulated ammonium polyphosphate on flame retardancy, mechanical and thermal properties of flame retardant poly(butylene succinate) composites[END_REF], ethyl cellulose was selected as the shell to microencapsulate APP (Figure 19a-b), and the resulting MAPP showed excellent thermal stability and hydrophobicity. The maximum mass loss temperature (T max ) value of MAPP was improved by 53 ºC in air condition after the microencapsulation of APP. Moreover, the MAPP and char forming agent (CFA, prepared by the reaction of cyanuric chloride and ethylenediamine) were melt blended with PBS to prepare flame retardant PBS composites. For the PBS/MAPP15%/CFA5%

(mass ratio of 80:15:5) system, the LOI value was raised to 35.5 % from 22.0% for that of neat PBS, and V-0 rating was reached in UL-94 test (3mm). Besides, a significant decrease in pHRR by 46.6% was obtained (Figure 19c). Obviously, it showed better fire performance than that of PBS/APP15%/CFA5% composite (34.5% of LOI, UL-94 V-1 rating, a 17% reduction in pHRR).

Moreover, the thermal stability and mechanical properties of the composite was also improved after the microencapsulation. PBS/MAPP15%/CFA5% composite) [START_REF] Liu | Preparation and study of intumescent flame retardant poly(butylene succinate) using MgAlZnFe-CO3layered double hydroxide as a synergistic agent[END_REF].

Similarly, melamine-formaldehyde resin, another common shell material, was also been used

to microencapsulate APP (MFAPP), and it has been demonstrated to be an effective approach in flame retarding PBS/BF(bamboo fiber) composites [START_REF] Nie | Investigation on flame retardancy and thermal degradation of flame retardant poly(butylene succinate)/bamboo fiber biocomposites[END_REF]. Indeed, compared to PBS/BF composite (mass ratio of 30:50), PBS/BF30%/MFAPP20% composite (containing 30 wt.% of BF and 20 wt.% of MFAPP) turned out to give a remarkable improvement in UL-94 test (3mm, from no rating to V-0 rating). Meanwhile, a reduction by 47% of pHRR was reached by cone calorimetry.

In other study, CNT-modified APP hybrids (CAPP, Figure 20) were prepared via the reaction between APP and CNTs in the medium of (3-aminopropyl)triethoxysilane (APTS), and then adopted to PBS matrix [START_REF] Zhang | Engineering carbon nanotubes wrapped ammonium polyphosphate for enhancing mechanical and flame retardant properties of poly (butylene succinate)[END_REF]. The total loading of filler was kept at 20 wt.% for all samples. In the case of PBS/CAPP20% (with 0.2 wt.% content of CNTs in APP), incorporating 20 wt.% of CAPP into PBS not only improved the LOI value (from 22.0% for neat PBS to 29.5%), but also enhanced greatly the anti-dripping property of PBS composite. As shown in Figure 21, PBS/CAPP20% (0.2 wt.% of CNTs) reached V-0 rating in UL-94 test (3mm). Beside this, a reasonable mechanism was proposed by the authors. They suggested that the presence of CNTs in APP contributes to the formation of reinforced ceramic-like intumescent char layer, which significantly slows down the release of heat and pyrolyzed gas. 

Others

A comparative study of melamine phosphate (MP), melamine phosphite (MPi), and melamine hypophosphite (MHP) was investigated on the fire-retardant efficiency of PBS composites [START_REF] Yang | Comparative study on the flame retarded efficiency of melamine phosphate, melamine phosphite and melamine hypophosphite on poly(butylene succinate) composites[END_REF]. The LOI and cone calorimeter results demonstrated that the additions of MP, MPi, and MHP significantly reduced the flammability of PBS composites (Figure 22). In detail, under the same content of fillers (from 0 to 30 wt.%), the LOI values of PBS composites followed the sequence of LOI MP < LOI MHP < LOI MPi . Meanwhile, dramatic reductions of pHRR (-33%, -49%, and -54%, respectively) were observed for PBS composites containing 30 wt.% of MP, MPi, and MHP. Among them, PBS/MPi composite showed the longest TTI (105s), followed by PBS/MP (86s)

and PBS/MHP (81s). Besides, V-0 classification were reached for all of samples with 30 wt.% loadings in UL-94 tests (3mm).

Based on the TG-FTIR and in-situ FTIR results, it can be found that, except for the diluting effect in gas phase by the release of nonflammable gases from the decomposition of melamine structure in MP, MPi, and MHP, only condensed phase mechanism occurred in MP, while neat PBS, PBS-3: PBS/MP30%, PBS-3: PBS/MPi30%, and PBS-9: PBS/MHP30%) [START_REF] Yang | Comparative study on the flame retarded efficiency of melamine phosphate, melamine phosphite and melamine hypophosphite on poly(butylene succinate) composites[END_REF].

The same group has also conducted a research to find out the effects of MP and two nanoparticles (graphene and POSS) on the mechanical, thermal, and flame retardant properties of PBS [START_REF] Wang | Comparative study on the synergistic effect of POSS and graphene with melamine phosphate on the flame retardance of poly(butylene succinate)[END_REF]. The total loading of filler in PBS was 20 wt.%, and the content of synergists changes from 0 to 2 wt.%. The UL-94 test showed that all POSS-containing composites were just classified as V-1 rating (3mm), whereas the co-addition of 2 wt.% graphene and 18 wt.% MP into PBS brought the vertical burning classification to V-0 rating. The cone calorimeter test results indicated that, with the addition of 18 wt.% of MP and 2 wt.% of POSS, PBS/MP18%/POSS2% composite achieved a decrease in pHRR by 40%, similar to the reduction of PBS/MP20% composite (-40%); meanwhile the pHRR values was diminished by 63% with respect to the incorporation of 18 wt.% of MP and 2 wt.% of graphene. Even though the presence of POSS (from 0.5 to 2 wt.%) improved the residual char yield of PBS/MP composites (Figure 23), they failed to form a continuous char layer during combustion, leading to poor fire property of composites. For PBS/MP18%/graphene2% composite, the significant improvement in the fire performance of composite can be ascribed to the superior fire barrier effect of complete and thermal-oxidative stable char layer. PBS/MP18%/POSS2%, PBS-5: PBS/MP19.5%/Graphene0.5%, PBS-6: PBS/MP19%/Graphene1%, PBS-7:

PBS/MP18%/Graphene2%) [START_REF] Wang | Comparative study on the synergistic effect of POSS and graphene with melamine phosphate on the flame retardance of poly(butylene succinate)[END_REF].

Chen and coworkers developed a fully biobased intumescent flame retardant (PA-GU) based on the ionic reaction of phytic acid and guanosine [START_REF] Chen | A fully bio-based intumescent flame retardant for poly (butylene succinate)[END_REF]. It was found that the addition of 10 wt.% significantly decreased the pHRR and THR values (59.2% and 38.6%, respectively). Unfortunately, all PA-GU containing composites from 10 wt.% to 30 wt.% just achieved V-2 rating in UL-94 test.

Summary and perspectives

PBS is showing great potential for substituting petrochemical-based polymers in many fields, where flame retardancy is claimed as an indispensable requirement. This review attempts to give comprehensive insight into the development of the flame retardancy of PBS based on the articles published in the last decades.

Among the flame retardants, conventional inorganic (nano)particles (e.g., magnesium hydroxide, expanded graphite, carbon black) still play significant roles in flame retarding PBS due to the advantages of abundant, low-cost, non-toxic, and eco-friendly. However, as the main disadvantage, high loading is typically required to meet the demand of fire safety standards, which may deteriorate the mechanical properties of composites. It is worth mentioning that in terms of enhancing the mechanical and char formation as well as fire-resistant properties of PBS, chemically modified natural materials (especially lignin) can be used for substituting traditional flame retardants to some extent, thus resulting in fully biobased PBS composites.

Throughout this review, it can be concluded that the formation of a continuous and insulating char plays an important role in protecting PBS during combustion. In this regard, one of the most promising approaches for forming expanded char layer is to fabricate highly effective IFR system.

So far, much attentions have been devoted to design intumescent formulations for PBS, for instance the combination of ammonium polyphosphate and melamine in a mass ratio of 5:1 or 2:1. Beside this, synergist (e.g., nanoparticles) can be considered as determining factor for intumescent formulations because the fire properties of PBS composite may be enhanced intensely by a small amount of a synergist in the intumescent formulation. Indeed, in most instances, the results point out that synergists serve to optimize the fireproofing performances of IFR PBS composites by forming a ceramic-like intumescent carbonaceous char with improved coherency and insulation.

Even though many strategies have been surveyed in this work, new formulations should be created to enhance fire retardant efficiency of PBS. From a perspective point of view, subsequent development can more focus on new intumescent flame retardant systems (not limited to traditional components) and bio-sourced flame retardants. In summary, this work outlines almost all the current flame-retardant researches of PBS, which should help developing new high performance systems.

Conclusions

This chapter introduced some essential physical and chemical properties of PBS, including its synthesis process, mechanical and thermal properties, and biodegradability. Besides, following section described the generalities involving fire behavior and flame-retardant mechanisms of polymeric materials. Fire behaviors were discussed in detail based on the several reaction zones.

Then, gas phase and condensed phase flame-retardant mechanisms were introduced according to the interactions between polymer matrix and flame retardants. Finally, the research progress on flame retardancy of PBS was reviewed based on the available publications, and it was evidenced that the incorporation of phosphorus and/or nitrogen (especially melamine) containing compounds results in promising material properties. Inspired by the approaches provided in this chapter and some works developed in our lab, novel flame retardant formulations for PBS were designed.

Materials and methods

This chapter deals with the materials and methods used in this work. The first section presents the description of the reference polymer and the flame-retardant additives. Then, the second section focuses on the characterization methods for the estimation of the mechanical properties, fire and smoke release behaviors of materials. In addition, to investigate the mechanism of fire-retardant action of materials, experimental techniques and instrumentations are completely described. They were used to gain more information on the materials in the gaseous and in the condensed phase. Finally, in the third section, a brief conclusion is provided.

Materials

The first part of this chapter is dedicated to the materials used in this work. The flame retardant formulations are commented in the next chapter and were not considered here.

Polymer

The polymer matrix used in this study is PBS (Bionolle™ 1001MD), which is purchased from Showa Denko K. K. company (Japan). According to the information provided by the supplier, physical properties of PBS (Bionolle™ 1001MD) are listed in Table 5. It can be seen that the PBS shows a relatively low melting point (114-115 ºC, similar to that of LDPE), which means a wider processing window. Benefiting from this, it can be blended with some flame retardant additives with low degradation temperature. Besides, the detailed mechanical properties of PBS used in this study have been discussed in Section 1.1.2, and are not discussed here. In addition, the PBS is a promising commercial biodegradable polymer (Figure 24), it shows good biodegradability (calculated from the weight loss) in certain conditions, such as in compost, in activated sludge, and in river. However, analogous to PET, PLA, and various common plastics [55], PBS exhibits relatively poor biodegradability in the marine environment due to the lower ambient temperature, low dissolved oxygen concentration, and low microbial action. 

Flame retardants and synergists

According to the review in section 1.3, the use of intumescent flame retardant is one of the easiest and most efficient way to protect PBS against fire. Therefore, this work aims to enhance the fire performance of PBS based on the concept of intumescence. To reach this goal, various intumescent flame retardant formulations have been developed by the incorporation of flame retardants and/or synergists. 

Methods

Mechanical property

The tensile test was conducted to study the mechanical properties of PBS and its composites using an Instron 4466 compression tension tensile tester (10KN, USA) at room temperature. Sheet specimens with a cross-section of 12.7 × 1.7 mm 2 , a gauge length of 80 mm, and a total length of 127 mm were measured in the tensile tests with a speed of 10 mm/min until the sample breaks.

As a consequence, at least quintuplet specimens for mechanical performance are performed to ensure the repeatability of the results.

Fire and smoke tests

UL-94 vertical burning test was measured using the Fire Testing Technology (FTT, UK) UL-94 horizontal/vertical flame chamber with the specimen size of 100 × 10 × 3 mm3. UL-94 rating of samples was graded based on the standard as presented in Chapter 1 (Table 2, Page 16).

Forced flaming combustion performance of PBS and its composites was conducted using a FTT Mass Loss Cone Calorimeter (MLCC, as shown in Figure 26). MLCC, a bench-scale reaction-tofire test, is widely used in the evaluation and screening of flame retarded materials. It provides a forced-flaming combustion scenario that is typical of the developing (around 20-60 kW/m 2 ) or full developed (>50 kW/m 2 ) fire scenarios [START_REF] Bourbigot | Intumescent ethylene-vinyl acetate copolymer: Reaction to fire and mechanistic aspects[END_REF][START_REF] Schartel | Development of fire-retarded materials-Interpretation of cone calorimeter data[END_REF][START_REF] Schartel | Some comments on the main fire retardancy mechanisms in polymer nanocomposites[END_REF]. According to the procedure defined in ASTM E 906, the heat release rate (HRR) of specimens can be obtained by the thermopile on top of the chimney rather than employing the oxygen consumption principle (ASTM E-1354-90). The horizontally placed specimen with a dimension of 100 × 100 × 3 mm 3 (wrapped in aluminum foil except for the upper surface) is exposed to an external radiative heat flux of 35 kW/m 2 (distance of 25 mm between the conical heater and the sample), which corresponds to a common heat flux in a developing fire scenario [START_REF] Bourbigot | Intumescent ethylene-vinyl acetate copolymer: Reaction to fire and mechanistic aspects[END_REF]. All experiments were carried out using a piloted ignition (an electric arc of 32 nA). When sample was ignited by the spark (corresponding to the time to ignition), the electric arc was removed simultaneously. During the fire test, the HRR was measured as a function of time using a data acquisition system (MLCC Calc software, Radical, Monrovia, United States). Some important fire parameters were determined during combustion using the MLCC test: time to ignition (TTI), time to flameout (t flameout ), peak heat release rate (pHRR), total heat release (THR), and mass loss. Moreover, fire growth rate index (FIGRA) and maximum average rate of heat emission (MARHE) as well as flame retardancy index (FRI) of samples were calculated based on the equations described in Chapter 1. In sum, the MLCC results can provide a comprehensive picture of the fire behavior and some hints about how to explain the increase in residue and intumescence. Three replicated experiments were performed for each formulation to ensure the repeatability.

The smoke release property was evaluated by testing the smoke opacity of evolved gas during the MLCC test with a mimic standard tests [START_REF] Hoffendahl | The fire retardant mechanism of ethylene vinyl acetate elastomer (EVM) containing aluminium trihydroxide and melamine phosphate[END_REF]. The smoke density of evolved smoke was tested on the top of the chimney of MLCC (Figure 26) using a smoke density analyzer TRDA 302 with light measurement system (Taurus Instrument, Germany). Noteworthily, the smoke opacity was gained by calculating (I 0 -I t )/I 0 value, where I 0 presents the original light intensity and I t refers to the transmitted light intensity as a function of time [START_REF] Hoffendahl | The fire retardant mechanism of ethylene vinyl acetate elastomer (EVM) containing aluminium trihydroxide and melamine phosphate[END_REF]. 

Thermal analysis

Thermogravimetric analysis (TGA) is widely used to access the properties of material in a controlled environment, such as thermal stability, oxidative stability, and kinetics of decomposition [START_REF] Tranchard | Kinetic analysis of the thermal decomposition of a carbon fibre-reinforced epoxy resin laminate[END_REF][START_REF] Ramgobin | Oxygen concentration and modeling thermal decomposition of a highperformance material: A case study of polyimide (Cirlex)[END_REF]. In this study, TGA was performed on a TA Instrument TGA Q5000IR with alumina crucibles under nitrogen atmosphere to mimic pyrolytic decomposition of materials.

8~10 mg sample underwent an isotherm at 40 ºC for one hour under nitrogen atmosphere (purge flow of 50 mL/min), then were heated from 40 to 800 ºC with a constant heating rate of 10 ºC/min under nitrogen atmosphere. All experiments were performed at least twice to ensure the repeatability.

A characteristic parameter obtained from TGA is the initial degradation temperature (T 5% ), corresponding to the temperature where a 5 wt.% mass loss takes place. Besides, the char yield (Y c ) refers to the percentage of residue observed at 800 ºC relative to original mass. According to the data from TGA, derivative thermogravimetry (DTG) data of sample can be measured as the first derivative of the weight with respect to temperature or time. The mass loss rate and main decomposition steps of the sample can be determined based on the DTG result. Besides, the DTG curve can be used to provide both qualitative and quantitative information about the sample [START_REF] Xu | Fundamentals of TGA and SDT[END_REF]. Specifically, qualitative analysis modes include fingerprinting a material and distinguishing between two or more overlapping reactions. On the other hand, quantitative modes include peak height (or rates, R max ) and temperature (T max ) at maximum weight loss measurements.

Noteworthy, calculated TGA curve can be computed by linear combination between experimental TG curves of both components as follows (for a binary system) in Eq. 10:

𝑀 𝑐𝑎𝑙 (𝑇) = 𝑥 × 𝑀 1 (𝑇) + (1 -𝑥) × 𝑀 2 (𝑇) ( 10 
)
where M 1 (T) and M 2 (T) refers to the experimental residual mass of component 1 and component 2 at a certain temperature (T); x is the weight fraction of component 1, M cal (T) means the calculated residual mass at a certain temperature (T). Moreover, the mass difference curve, ∆(T), represents the difference between experimental and calculated TGA curves of the mixture and is shown in Eq. 11:

∆(𝑇) = 𝑀 𝑒𝑥𝑝 (𝑇) -𝑀 𝑐𝑎𝑙 (𝑇) (11) 
Mass difference curve is a useful tool to identify the interaction modes (physical (∆(𝑇) = 0)

or chemical) between the components. Besides, it can also be used to assess any potential increase (∆(𝑇) > 0) or decrease (∆(𝑇) < 0) in the thermal stability of two or more components when mixed together [START_REF] Lecouvet | A comprehensive study of the synergistic flame retardant mechanisms of halloysite in intumescent polypropylene[END_REF].

Gas phase analysis

The composition and content of the evolved gases under different test environments can be obtained through gas phase analysis. In this work, two different techniques were applied to analyze the evolved gas involved in the decomposition and combustion processes: (1) thermogravimetric analysis coupled with Fourier transform infrared (for volatile pyrolysis products), and (2) mass loss cone calorimeter coupled with Fourier transform infrared (for combustion products).

Thermogravimetric analysis coupled with Fourier transform infrared

In order to investigate the volatile decomposition products of samples during TGA at different temperatures (or times), thermogravimetric analysis was coupled with a Fourier transform infrared spectroscope (TGA-FTIR) through a heating transfer line. TGA-FTIR was performed on a TA Instrument TGA Q5000IR coupled with a Thermo Scientific Nicolet iS10 FTIR spectrometer. The gas cell and transfer line were heated up at 190 ºC to avoid the condensation of the evolved gases during the measurements. 8~10 mg samples underwent an isotherm at 40 ºC for one hour under nitrogen atmosphere (purge flow of 50 mL/min), then were heated from 40 to 800 ºC with a constant heating rate of 10 ºC/min. While heating, the real-time FTIR spectra were synchronously recorded every 10 seconds in a range of 4000-400 cm -1 using the OMNIC software. The scan number was fixed at 8 and the resolution is 4.

Mass loss cone calorimeter coupled with Fourier transform infrared

Mass loss cone calorimeter was used in conjunction with the Fourier transform infrared (MLCC-FTIR, described in Figure 26) to assess the real-time composition and content of evolved gases produced during combustion process [START_REF] Geoffroy | Innovative 3D printed design to conceive highly fire-retardant multi-material[END_REF]. Decomposing products were analyzed using a Fourier transform infrared spectrometer (Antaris™ Industrial Gas System (IGS), Thermo Fisher, USA). The gas picking pistol and transfer line (M&C Tech Group, Germany) were put on the top of chimney. The 2-meter-long heating transfer line between MLCC and FTIR was maintained at 190 ºC. Before analyzing the gases by FTIR, soot particles picked up by the pistol were filtered through two filters made of glass fibers (2um) and ceramic (0.1um) respectively. The optical pathway was 2-meter-long and the chamber of the spectrometer was filled with dry air. The FTIR gas cell was kept at 180 ºC and 652 Torr. Benefiting from the MLCC-FTIR technique, FTIR spectra of gas released in the smoke during the combustion of PBS were compared with FTIR spectra of known gas (such as water, carbon monoxide, and carbon dioxide) from library database to the qualitative analysis using TQ Analyst [START_REF] Ngohang | Smoke composition using MLC/FTIR/ELPI: Application to flame retarded ethylene vinyl acetate[END_REF][START_REF] Ramgobin | A Case Study of Polyether Ether Ketone (I): Investigating the Thermal and Fire Behavior of a High-Performance Material[END_REF]. Some selected reference gases are shown in Figure 27 to develop calibration curves according to their probability to be evolved in fire and to their toxicity and/or corrosively impact [START_REF] Ngohang | Revisited investigation of fire behavior of ethylene vinyl acetate/aluminum trihydroxide using a combination of mass loss cone, Fourier transform infrared spectroscopy and electrical low pressure impactor[END_REF]. FTIR spectra from MLCC-FTIR were analyzed using OMNIC software. 

Condensed phase analysis

Besides an action in the gas phase, the condensed phase mechanism of samples was also investigated here. Compared with neat polymer matrix, the incorporation of flame retardants and/or synergists leads potentially to further oxidation and crosslinking reactions between polymer matrix and flame retardant additives during the heating process, thereby changing the decomposition and fire behaviors of materials. As a result, a carbonaceous layer is formed during combustion, in which the significant condensed-phase mechanism occurs. In the following section, experimental techniques used to examine the condensed phase mechanism are described in detail, such as rheology, attenuated total reflectance-Fourier transform infrared (ATR-FTIR), solidstate nuclear magnetic resonance (NMR).

Viscosity measurements and mechanical resistance of char

Rheological measurements were conducted using a Rheometric Scientific ARES-20A. Thermal

Scanning Rheometer (TSR) in a parallel plate configuration. Both the viscosity of the PBS composites and its mechanical resistance were studied. The TSR is designed for monitoring changes in the rheological properties as a function of temperature and/or time [START_REF] Jimenez | Characterization of the performance of an intumescent fire protective coating[END_REF]. Sample with a diameter of 25 mm and a thickness of 3 mm was placed between the two plates. A constant normal force (F = 100 N) was systematically applied to obtain good adhesion between sample and plates, and also to ensure the validity of the result (Figure 28). The used program is a "Dynamic Temperature Ramp Test": heating program with a heating rate of 10 °C/min in the range from 40

to 500 °C, a strain of 1% and a constant normal force of 100N. Mechanical resistance of chars or charred residues was carried out using the protocol developed in our lab [START_REF] Bourbigot | Intumescent ethylene-vinyl acetate copolymer: Reaction to fire and mechanistic aspects[END_REF], which is described as follows: first (t = 0 s), the sample with a thickness of 1.5 mm was placed into the furnace and heated up from room temperature to 500 °C at a heating rate of 10 °C/min without applying any strain (the upper plate was not in contact with the sample as shown in Figure 29, and it allowed the sample to swell without any constraint). Keeping the temperature at 500 ºC, then the upper plate was brought into contact with the intumesced material and the gap between the plates was reduced linearly (0.02 mm/s) as schematized in on a Thermo Scientific iS50 ATR spectrometer (diamond crystal) with 64 scans. The final spectra were processed by OMNIC software with a resolution of 4 cm -1 .

Solid-state nuclear magnetic resonance

Solid-state nuclear magnetic resonance (NMR) is a powerful tool for determining the surrounding of a given nucleus, such as 11 B, 13 C, 27 Al, 29 Si, and 31 P. It provides the information regarding not only the chemical composition but also the structure of polymeric material and its char [START_REF] Hansupo | Getting a better insight into the chemistry of decomposition of complex flame retarded formulation: New insights using solid state NMR[END_REF]. Compared with solution NMR, solid-state NMR usually shows strong peak broadening due to the visible effect of anisotropic and orientation-dependent interactions. According to the orientation dependency of dipolar and chemical shielding interactions, magic angle spinning (MAS) method was developed to minimize large anisotropic interaction in the solid-state by setting the sample at a special angle (3 cos 2 𝜃 -1 = 0) of 54.74º with respect to the magnetic field. Noteworthy, the radiofrequency pulse is poorly absorbed in some cases due to the low natural abundance of some nuclei (e.g., 13 C=1.108%, 29 Si=4.700%) [START_REF] Muller | Systemic approach of the synergism in flame retarded intumescent polyurethanes[END_REF]. This limitation is overcome by the polarization transfer from abundant nuclei to rare nuclei via Hartmann-Hahn condition, which is also called cross polarization (CP). Besides, the large number of protons in the sample interferes with the decay of the isolated nucleus due to weak interactions of the spins, resulting in a broadening of the signal [START_REF] Hoffendahl | Flame retardancy of EVM-based polymers with low smoke emission[END_REF]. It is overcome by the use of a 1 H dipolar decoupling (DD) technique: a strong radio frequency signal keeps the protons in a highly resonating state so that they are not able to absorb resonance from the nuclei. tetrahedrally coordinated AlO 4 (coordinated with phosphate groups sharing the oxygen), octahedrally coordinated AlO 6 (surrounded by phosphate groups), and amorphous AlO 5 (no coordination to phosphate units, possibly a transition phase of conversion), respectively [START_REF] Braun | Flame retardancy mechanisms of aluminium phosphinate in combination with melamine polyphosphate and zinc borate in glass-fibre reinforced polyamide 6, 6[END_REF][START_REF] Sarazin | Flame resistance of geopolymer foam coatings for the fire protection of steel[END_REF][START_REF] Sut | Interactions in multicomponent flame-retardant polymers: Solid-state NMR identifying the chemistry behind it[END_REF][START_REF] Naik | Mapping the multimodal action of melamine-poly (aluminium phosphate) in the flame retardancy of polyamide 66[END_REF]. Here, 27 Al MAS NMR measurements were performed on a Bruker Avance II 400 at 104 MHz using a 3.2 mm probe, with MAS of 20 kHz. The delay time between two pulses was fixed at 1s.

The spectra were acquired with 1024 scans. The reference used was 1M solution of aluminum nitrate.

According to the number of bridging oxygen atoms per PO 4 unit, it allows classifying the phosphate structure using Q n terminology, where n represents the number of bridging oxygen atoms per phosphorus tetrahedron (Figure 30). High-resolution 31 P MAS NMR has proved to be a powerful tool to resolve the different Q n units through the 31 Q structure of phosphates: Q 0 isolated units (ortho-P), Q 1 end units (pyro-P), Q 2 middle units (meta-P), and Q 3 crosslinking units (ultra-P).

It is worth mentioning that intumescent char analyses using solid-state NMR have been largely reported in previous works of our lab for over two decades [START_REF] Hu | Poly(isosorbide carbonate): A 'green' char forming agent in polybutylene succinate intumescent formulation[END_REF][START_REF] Bourbigot | PA-6 clay nanocomposite hybrid as char forming agent in intumescent formulations[END_REF][START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF][START_REF] Bourbigot | Zeolites: new synergistic agents for intumescent fire retardant thermoplastic formulations -criteria for the choice of the zeolite[END_REF][START_REF] Samyn | Effect of zinc borate on the thermal degradation of ammonium polyphosphate[END_REF][START_REF] Naik | Outlining the mechanism of flame retardancy in polyamide 66 blended with melamine-poly(zinc phosphate)[END_REF], as well as by other groups [START_REF] Sut | Interactions in multicomponent flame-retardant polymers: Solid-state NMR identifying the chemistry behind it[END_REF][START_REF] Braun | Flame retardancy mechanisms of aluminium phosphinate in combination with melamine polyphosphate and zinc borate in glass-fibre reinforced polyamide 6,6[END_REF][START_REF] Karrasch | Solid-state NMR on thermal and fire residues of bisphenol A polycarbonate/silicone acrylate rubber/bisphenol A bis (diphenyl-phosphate)/(PC/SiR/BDP) and PC/SiR/BDP/zinc borate (PC/SiR/BDP/ZnB)-Part I: PC charring and the impact of BDP and ZnB[END_REF]. As examples, 13 C NMR provides crucial information on carbonaceous structure of char residue [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF], whereas 11 B and 31 P NMR show the evolution of phosphorus-and boron-containing species in the condensed phase versus temperature or exposure time to fire [START_REF] Bourbigot | Intumescent polypropylene in extreme fire conditions[END_REF][START_REF] Bourbigot | Recent advances in the use of zinc borates in flame retardancy of EVA[END_REF].

Conclusion

The first part of this chapter presented the polymer and the additives as well as the preparation of the materials used in this work. Afterwards, in the second section, experimental techniques used to characterize the mechanical properties, thermal stabilities, fire and smoke release behaviors were described in detail. Besides, analytical methods to investigate the flame retardant mechanisms in the gas phase and in the condensed phase were presented as well. All these development and work on the methodologies were carried out via a systemic approach to our subject.

The following chapter describes the development and the screening of new flame retarded PBS formulations based on the concept of intumescence.

Material screening

As mentioned in Chapter 1, intumescence played an important role in enhancing the fire retardancy of PBS. Therefore, the main objective of this thesis is to develop new intumescent systems toward PBS. This chapter mainly deals with the screening of intumescent flame retardant It should be mentioned that the fire retardancy of the intumescent PBS formulations is evaluated based on some key parameters obtained from the MLCC test, such as time to ignition (TTI), time to flameout, peak heat release rate (pHRR) and total heat release (THR). Moreover, based on those data, some interesting fire parameters, such as flame retardancy index (FRI), fire growth rate index (FIGRA), and maximum average rate of heat emission (MARHE), are calculated to further assess the fire performance of the intumescent PBS formulations.

Intumescent PBS system based on EDAP

EDAP is a non-halogenated intumescent flame retardant synthesized by ethylenediamine and phosphoric acid [START_REF] Shao | Flame retardation of polypropylene via a novel intumescent flame retardant: Ethylenediamine-modified ammonium polyphosphate[END_REF]. It can simultaneously act as acid source and blowing agent during the combustion of polymeric material due to the high content of phosphorus (19.5%) and nitrogen (17.7%) [START_REF] Davis | The technology of halogen-free flame retardant phosphorus additives for polymeric systems[END_REF][START_REF] Kruger | Thermal properties of polyethylene flame retarded with expandable graphite and intumescent fire retardant additives[END_REF]. Therefore, in this section, EDAP is chosen as a flame retardant to flame retard PBS. Noteworthy, the combination of flame retardants with established additives (synergists) has been reported to show promise with respect to industry and academia. This is due to that this combination may exhibit significant synergistic flame retardant effect, which is "more than the sum of its parts" (as presented by Bernhard Schartel) [START_REF] Schartel | Flame retarded epoxy resins by adding layered silicate in combination with the conventional protection-layer-building flame retardants melamine borate and ammonium polyphosphate[END_REF]. For this reason, additives are further considered as potential synergists to enhance the flame retardancy of PBS/EDAP composites.

Fire behavior of PBS/EDAP system combined with synergists

It is known that montmorillonite (MMT) is a commonly used synergist to improve the fire performance of intumescent flame retardant polymeric materials, in intumescent PP [START_REF] Tang | Polypropylene/montmorillonite nanocomposites and intumescent, flame-retardant montmorillonite synergism in polypropylene nanocomposites[END_REF], ABS [START_REF] Ma | Intumescent flame retardant-montmorillonite synergism in ABS nanocomposites[END_REF], PLA [START_REF] Fontaine | Role of montmorillonite for enhancing fire retardancy of intumescent PLA[END_REF], and PBS [START_REF] Wang | Effect of montmorillonite on the flame-resistant and mechanical properties of intumescent flame-retardant poly (butylene succinate) composites[END_REF]. This is due to that MTT can thermally stabilize the structure of the char and permit to obtain a more cohesive char [START_REF] Fontaine | Role of montmorillonite for enhancing fire retardancy of intumescent PLA[END_REF]. Besides, melamine borate and zinc borate are believed to act via building up a surface protection layer, thanks to borates forming glassy coatings on the surface of material and reinforcing the intumescent layer [START_REF] Schartel | Flame retarded epoxy resins by adding layered silicate in combination with the conventional protection-layer-building flame retardants melamine borate and ammonium polyphosphate[END_REF][START_REF] Oualha | Synergistic flame-retardant effect between calcium hydroxide and zinc borate in ethylene-vinyl acetate copolymer (EVA)[END_REF].

Inspired by this, a series of intumescent PBS formulations are developed (Table 7) at a relatively low content (10 wt.%) based on EDAP and those co-additives, i.e., montmorillonite, melamine borate, and zinc borate. When exposed to the external heat flux (35 kW/m 2 ), PBS burns severely with a pHRR of 401 kW/m 2 (Figure 31 and Table 8), and its HRR curve shows a characteristic shape for non-charring materials [START_REF] Schartel | Development of fire-retarded materials-Interpretation of cone calorimeter data[END_REF]. The incorporation of 10 wt.% EDAP leads to a slight reduction in pHRR (-16%) as compared to PBS. Moreover, the partial substitution of 2 wt.% EDAP by montmorillonite, melamine borate or zinc borate results in remarkable decrease of pHRR by 44%, 33% or 57% respectively, in comparison to PBS. It can be seen that the HRR curves of PBS/EDAP/MMT, PBS/EDAP/MB, and PBS/EDAP/ZnB show two peaks. The initial peak is due to the heat released by the combustion of pyrolysis products, the HRR reduces quickly due to the formation of intumescent char layer (visual observation). Subsequently, the HRR curves gradually rise with the increase of time, appearing the second peak, which is ascribed to the formation of cracks probably due to increasing internal pressure because of the accumulation of decomposing products.

Among them, PBS/EDAP/ZnB shows the lowest pHRR value compared to the other formulations, suggesting that zinc borate performs the best among the evaluated co-additives.

Besides, ignition occurs when the lower flammability limit of the volatiles/air mixture is reached, which is also called the critical mass flux of volatile fuel (critical ignition flux) [START_REF] Delichatsios | The use of time to ignition data for characterizing the thermal inertia and the minimum (critical) heat flux for ignition or pyrolysis[END_REF]. The TTI of PBS/EDAP is longer than that of neat PBS (125s versus 109s), and the reason may either be due to the fact that there is a difference in the melt flow behavior of PBS/EDAP compared to PBS before ignition, or the release of incombustible gases (e.g., NH 3 and/or phosphorus containing species) dilutes the concentration of flammable pyrolysis products [START_REF] Wang | Fire retardancy of a reactively extruded intumescent flame retardant polyethylene system enhanced by metal chelates[END_REF]. A specific trend is observed in the presence of MMT that PBS/EDAP/MMT shows a decreased ignition time compared to PBS and PBS/EDAP, which may be contributed to the accumulation of MMT on the sample surface changing the diffusivity of oxygen and the radiation absorption [START_REF] Fina | Ignition of polypropylene/montmorillonite nanocomposites[END_REF]. Note that all flame retarded PBS formulations show lower THR values than that of neat PBS (83.7 MJ/m 2 ).

However, the THR values of all PBS composites are similar due to the prolonged burning time (Table 8, time to flameout), which can also be seen from the broad HRR curves (Figure 31, Table 31). Analogous conclusion is obtained from MLCC test that all intumescent PBS formulations show similar char yields (Table 8), which are all higher than that of PBS (approximately 2%).

Moreover, based on the TTI, pHRR, and THR values of PBS and PBS composites, flame retardancy index (FRI) is introduced to assess the flame retardancy of PBS composites (Eq. 2, see page 18). Generally, the higher the FRI value, the better the flame retardancy of PBS composite [START_REF] Vahabi | Flame Retardancy Index for Thermoplastic Composites[END_REF]. It is clear that the FRI of PBS/EDAP is only 1.54, and the introduction of co-additives significantly improves the flame retardancy of PBS. Among them, PBS/EDAP/ZnB shows highest FRI value (2.61) than the others, indicating that zinc borate and EDAP provides the highest flame retardancy to PBS. FIGRA is used to evaluate the fire growth and spread rates of materials. On the contrary to FRI, a lower FIGRA value represents the slower flame spread potential and the better fire safety of material [START_REF] Lin | Mechanical properties, heat resistance and flame retardancy of glass fiberreinforced PLA-PC alloys based on aluminum hypophosphite[END_REF]. Benefiting from the synergistic effect between EDAP and zinc borate, the FIGRA value of PBS/EDAP/ZnB is significantly reduced by 47% to 0.90 kW/(m 2 s) compared to that of PBS. Besides, MARHE, another fire safety engineering parameter, is applied to assess Figure 32 shows the char residues of PBS formulations after MLCC test, PBS burns completely and leaves no residue after the MLCC test. When adding 10 wt.% EDAP to PBS, a flat carbonaceous char with numerous cracks is observed, covering the surface of the sample. The poor performance (in terms of HRR) may be ascribed to the low loading of EDAP, which fails to develop a fully expanded char protecting the material. In the cases of PBS/EDAP/MMT and PBS/EDAP/MB, intumescent carbonaceous chars are formed on the surface of the composites during combustion with visible holes and cracks, which lead to limited barrier effect. Interestingly, for PBS/EDAP/ZnB, a continuous and smooth intumescent char layer is formed, which may act as a physical barrier inhibiting the heat and mass transfer and thereby resulting in the excellent fire retardancy. Thus, the addition of zinc borate may promotes the formation of a protective vitreous layer on the surface of burning material, which improves the cohesion of residues [START_REF] Oualha | Synergistic flame-retardant effect between calcium hydroxide and zinc borate in ethylene-vinyl acetate copolymer (EVA)[END_REF]. 

Fire behavior of PBS/EDAP system combined with zinc-containing synergists

According to the above results, it is suspected that zinc might play an important role in flame retarding PBS composite. Therefore, in this section, various zinc-containing additives are considered to improve the flame retardancy of PBS/EDAP system. The formulations of intumescent PBS are listed in Table 9, the loading of EDAP is kept at 8 wt.% and the loading of zinc-containing compounds is 2 wt.%. The HRR and THR curves of zinc-containing intumescent PBS/EDAP formulations are shown in Figure 33 and corresponding fire parameters are summarized in Table 10. It has been reported

that the incorporation of zinc molybdate to the polymeric material can significantly reduce the formation of smoke during combustion and increase the thermal stability of material [START_REF] Borukaev | Effect of zinc molybdate on the fire-resistant and physicomechanical properties of PVC plastic[END_REF]. For PBS/EDAP/ZnMoO 4 , after ignition, the initial HRR peak occurs as the HRR decreases, corresponding to the formation of char layer, and follows by a second higher and broader peak (pHHR, a 26% reduction in comparison to PBS/EDAP). Note that PBS/EDAP/ZnMoO 4 shows significant decreases in FIGRA and MARHE by 45% and 21% respectively as compared to PBS/EDAP, indicating the improved fire performance.

Zinc oxide, an environmentally friendly inorganic compound, has been widely used in environmental and industrial catalytic fields [START_REF] Ali | Synthesis and characterization of phytochemical fabricated zinc oxide nanoparticles with enhanced antibacterial and catalytic applications[END_REF]. It has been proved that it is able to form crosslinks with the intumescent flame retardant system to limit the formation of cracks and holes [START_REF] Dogan | Flame retardant effect of boron compounds on red phosphorus containing epoxy resins[END_REF][START_REF] Rao | Influence of zinc oxide nanoparticles and char forming agent polymer on flame retardancy of intumescent flame retardant coatings[END_REF]. Besides, zinc oxide can stabilize char structure and make the char more compact [START_REF] Rao | Influence of zinc oxide nanoparticles and char forming agent polymer on flame retardancy of intumescent flame retardant coatings[END_REF]. From the data in Figure 33 and Table 10, it is clear that the addition of 2 wt.% zinc oxide to PBS alone leads to slight reductions of pHRR (-6%), THR (-16%), and MARHE (-15%) respectively. This minor improvement in THR may be caused by fuel replacement in the condensed phase [START_REF] Müller | Melamine poly (metal phosphates) as flame retardant in epoxy resin: Performance, modes of action, and synergy[END_REF].

Unfortunately, the FIGRA of PBS/ZnO is increased by 12%, indicating the deteriorated fire spread property. The HRR curve of PBS/ZnO is similar to that of PBS (non-charring), indicating that the fire performance is not improved. Further, combination of zinc oxide and EDAP significantly modifies the fire behavior of PBS composite, which is expected due to the possible synergistic flame retardant effect between EDAP and zinc oxide. Compared to PBS/EDAP (10%), the pHRR of PBS/EDAP/ZnO is reached soon after ignition, and it shows an obvious reduction by 57%;

subsequently, the HRR drops dramatically, which may be due to the formation of a strong char layer. Note that the second broad peak in the HRR curve appears with the increasing heating time, which is considered to be caused by the cracking of the protective layer [START_REF] Schartel | Some comments on the main fire retardancy mechanisms in polymer nanocomposites[END_REF][START_REF] Zirnstein | Combination of phosphorous flame retardants and aluminum trihydrate in multicomponent EPDM composites[END_REF]. Besides, the The good fire performance of PBS/EDAP/ZnCO 3 may result from the formation of more stable residue, which limits the heat and fuel transfer.

As discussed above, the incorporation of zinc borate improves the flame retardancy of PBS/EDAP system. However, the appearance of the second peak in the HRR curve indicates the cracking of intumescent char during combustion. In order to further improve the char quality of PBS/EDAP/ZnB, aminated multiwall carbon nanotube (CNT) is further considered because there is evidence that the use of multiwall carbon nanotube combined with phosphates-based flame retardants can improve the char strength of polymers [START_REF] Kashiwagi | Nanoparticle networks reduce the flammability of polymer nanocomposites[END_REF][START_REF] Zhang | Engineering carbon nanotubes wrapped ammonium polyphosphate for enhancing mechanical and flame retardant properties of poly (butylene succinate)[END_REF][START_REF] Li | Synergistic effect of carbon nanotube and polyethersulfone on flame retardancy of carbon fiber reinforced epoxy composites[END_REF][START_REF] Yue | Enhancing flame retardancy and promoting initial combustion carbonization via incorporating electrostatically surface-functionalized carbon nanotube synergist into intumescent flame-retardant poly (butylene succinate)[END_REF]. Unfortunately, the cone result reveals that the partial substitution of zinc borate by 1 wt.% aminated multiwall carbon nanotube obviously deteriorates the fire protection properties of composite (42% increase in pHRR as compared to PBS/EDAP/ZnB). Indeed, the appearance of a high platform in HRR curve (Figure 33a) suggests that it fails to form a protective char during combustion.

Kemgard 700Z (K700Z) is a complex mixture of zinc borate and zinc molybdate (the composition is proprietary) from the company of Huber Engineered Materials (USA), it was used in combination with conventional intumescent additives as potential synergist [START_REF] Bourbigot | Intumescent polypropylene in extreme fire conditions[END_REF]. It is shown that compared to PBS/EDAP(10%) formulation, the combination of K700Z and EDAP induces a reduction by 48% of pHRR with an FRI value of 2.85. Moreover, K700Z reduces the FIGRA and MARHE sufficiently by 51% and 35% respectively, evidencing excellent fire protection performance. Additionally, no impact on THR reduction (0%) is observed for K700Z formulations.

Kemgard 911B (K911B) is a complex mixture of zinc oxide and zinc molybdate (the composition is also proprietary) from the same company, it was also used in combination with conventional intumescent additives as potential synergist and smoke suppressant [START_REF] Coaker | Fire and flame retardants for PVC[END_REF]. The fire behavior of PBS/EDAP/K911B is similar to that obtained with ZnO (in terms of the HRR), this is due to the high ZnO content in K911B. Compared to PBS/EDAP(10%), partial substitution of EDAP by 2 wt.% K911B leads to 48%, 11%, 62%, and 51% reductions in pHRR, THR, FIGRA, and MARHE respectively, with an FRI value of 3.42. Obviously, the addition of K911B shows noticeable synergistic effect in improving the flame retardant efficiency. The char residues of zinc-containing intumescent PBS formulations are shown in Figure 34.

For PBS/ZnO, a gray fragmented residue is observed after the experiment, which may be due to the residual zinc oxide structure. Compared to PBS/EDAP(10%), all zinc-containing PBS/EDAP formulations (except for PBS/EDAP/ZnB/CNT) exhibit a relatively strong protective effect (responding to the obvious decrease of pHRR) due to the formation of intumescent char. In the cases of PBS/EDAP/ZnMoO 4 , a protective carbonaceous layer is formed on the surface of the material during combustion with visible cracks, leading to limited barrier effect. Notably, PBS/EDAP/ZnO, PBS/EDAPZnCO 3 , PBS/EDAP/K911B, and PBS/EDAP/ZnO all show continuous and compact intumescent char layers after MLCC test. As mentioned earlier, the introduction of zinc oxide stabilizes the char structure and limits the formation of cracks and holes [START_REF] Dogan | Flame retardant effect of boron compounds on red phosphorus containing epoxy resins[END_REF][START_REF] Rao | Influence of zinc oxide nanoparticles and char forming agent polymer on flame retardancy of intumescent flame retardant coatings[END_REF]. Note that the introduction of zinc carbonate does not improve the swelling degree (in terms of the char height) of the char for PBS/EDAP/ZnCO 3 . For PBS/EDAP/ZnB/CNT, the combination of 1 wt.% aminated multiwall carbon nanotubes and 1 wt.% zinc borate to PBS/EDAP leads to the formation of a loose and discontinuous residue, which may be ascribed to the accumulation of multiwall carbon nanotubes on the surface of melting material restricting the formation of continuous char layer [START_REF] Kashiwagi | Nanoparticle networks reduce the flammability of polymer nanocomposites[END_REF][START_REF] Du | Effects of carbon nanotubes on the thermal stability and flame retardancy of intumescent flameretarded polypropylene[END_REF]. In this section, we investigated the fire performance of PBS/EDAP system combined with different kinds of co-additives. It is found that boron-containing and especially zinc-containing additives play important roles in improving the flame retardancy of the PBS/EDAP system due to the synergy. Unfortunately, as shown in Figure 31 and Figure 33, the incorporation of EDAP and co-additives does not inhibit the appearance of the second higher peak of HRR. In order to improve the char quality and further enhance the intumescence and flame retardancy of intumescent PBS systems, in the next section, melamine poly(aluminum phosphate) is considered as an additional melamine-based blowing agent to develop new intumescent PBS formulations.

Intumescent PBS system based on EDAP and melamine poly(aluminum phosphate)

It has been shown in the previous section that EDAP does not provide high fire performance in PBS alone because of the formation of non-expanded char. The idea is to incorporate an additional ingredient which can act as blowing agent in the temperature range of intumescent development [START_REF] Bourbigot | Intumescent ethylene-vinyl acetate copolymer: Reaction to fire and mechanistic aspects[END_REF]. Melamine poly(aluminum phosphate) (S200) is a halogen-free melaminebased flame retardant commercialized under the brand name Safire200. It combines the benefits of melamine-based and phosphorus-based FR additives and shows excellent synergy with other flame retardants (e.g., aluminum phosphinate (AlPi)) in glass fiber reinforced polyamide 66 and epoxy resins [START_REF] Naik | Melamine integrated metal phosphates as non-halogenated flame retardants: Synergism with aluminium phosphinate for flame retardancy in glass fiber reinforced polyamide 66[END_REF][START_REF] Naik | Mapping the multimodal action of melamine-poly(aluminium phosphate) in the flame retardancy of polyamide 66[END_REF][START_REF] Müller | Melamine poly(metal phosphates) as flame retardant in epoxy resin: Performance, modes of action, and synergy[END_REF]. According to our previous work [START_REF] Naik | Melamine integrated metal phosphates as non-halogenated flame retardants: Synergism with aluminium phosphinate for flame retardancy in glass fiber reinforced polyamide 66[END_REF][START_REF] Naik | Mapping the multimodal action of melamine-poly(aluminium phosphate) in the flame retardancy of polyamide 66[END_REF], we expect to develop new intumescent flame retardant PBS systems by incorporating S200 as a co-additive flame retardant.

Therefore, this section intends to evaluate the effect of EDAP combined with S200 on flame retardancy of PBS, mainly focusing on fire performance and synergy.

Effect of the mass ratio

This part assesses the effect of the ratio of EDAP and S200 on flame retardancy of PBS. The total loading of additives in PBS is kept at 10 wt.% varying the mass ratio between EDAP and S200.

The formulations discussed in this section are presented in Table 11. According to the MLCC results (Figure 36 and Table 12), compared to PBS/EDAP(10%), the partial substitution of EDAP by 1 wt.% S200 visibly reduces the initial peak in HRR of PBS/S200&EDAP (1:9). Its FIGRA and MARHE are also reduced by 33% and 5% respectively, as compared to that of PBS/EDAP(10%), showing the enhanced fire performance. However, the pHRR is still as high as 322 kW/m 2 , which is similar to that of PBS/EDAP(10%) (4% reduction).

When EDAP and S200 are incorporated in PBS with a ratio of 8 to 2, the initial peak in HRR of PBS/S200&EDAP (2:8) decreases further, and its pHRR, FIGRA, and MARHE decreases by 21%, 37 %, and 10% respectively in comparison to PBS/EDAP(10%). Furthermore, it is clear that the combination of EDAP and S200 with a mass ratio of 7:3 reduces the pHRR value of PBS to 280 kW/m 2 (-17%) and delays the time to pHRR (from 322s for PBS/EDAP(10%) to 427s), indicating the good synergistic effect between EDAP and S200 (7:3, wt: wt). Indeed, thanks to the synergy between EDAP and S200, the FIGRA and MARHE values of PBS/S200&EDAP (3:7) are further reduced by 52% and 18% respectively.

For PBS/S200&EDAP (5:5), the pHRR, FIGRA, and MARHE decreases by 19%, -2%, and -3% respectively, as compared to PBS/EDAP(10%). When the mass ratio of EDAP to S200 is 2:8, PBS/S200&EDAP (8:2) exhibits an increase in pHRR by 13%, meanwhile, the FIGRA and MARHE are increased by 34% and 22% respectively, indicating the deteriorated fire performance. For PBS/S200(10%), the incorporation of 10 wt.% S200 alone into PBS does not decrease the pHRR value of PBS, but also promotes the faster decomposition of composite (pHRR is reached at a shorter time compared to PBS/EDAP(10%)). Moreover, the FIGRA and MARHE significantly increases by 81% and 34% respectively. This phenomenon suggests that the addition of 10 wt.% S200 alone has a negative impact on the flame retardancy of PBS.

Note that with the increasing S200 content, the TTI values gradually decrease. There is no significant change in terms of FRI value in different mass ratios Figure 37 shows the residual chars of PBS/S200&EDAP system after MLCC test. It is shown that the incorporation of S200 (from 1 to 5 wt.%) significantly improves the morphology of residual chars, resulting in more smooth and continuous char layer. However, increasing the S200 content to 8 wt.% results in the formation of fragmented residue, which fails to protect the underneath polymer matrix. A similar phenomenon is also observed for PBS/S200(10%) formulation, indicating that the incorporation of 10 wt.% S200 alone into PBS does not improve the fire retardancy of PBS. Interestingly, for PBS/S200&EDAP (3:7,10%) and PBS/S200&EDAP

(5:5,10%) formulations, an intumescent char is observed, which is contributed to the synergistic flame retardant effect between EDAP and S200 under the specific ratio. 

Effect of the loading of synergists

Even though there is a synergistic effect between EDAP and S200 on flame retardancy and intumescence of PBS, the flame retardant efficiencies of PBS/S200&EDAP formulations are still low, which is reflected in the limited reductions in pHRR, FIGRA, and MARHE. To further improve the fire retardancy of PBS, potential synergists are used in this section. As mentioned earlier, K700Z effectively reduces the combustibility of PBS/EDAP system. Herein, it is used as potential synergist to flame retard PBS/S200&EDAP system.

Based on two PBS/S200&EDAP systems (PBS/S200&EDAP (3:7) and PBS/S200&EDAP (5:5)), due to their relatively good flame retardancy, we evaluate the effect of the loading of K700Z on flame retardancy of intumescent PBS formulations. The total loading in PBS is 10wt.% varying the ratio between the intumescent system (S200&EDAP, 3:7 or 5:5) and the synergist (K700Z). The intumescent PBS formulations are shown in Table 13. Regarding PBS/S200&EDAP(5:5) system, the introduction of K700Z varying from 1 wt.% to 3 wt.% decreases the pHRR of PBS/S200&EDAP(5:5,10%) by 7%, 18%, 3% respectively. It suggests that as far as pHRR is concerned, the addition of K700Z does not significantly improve the flame retardancy of PBS/S200&EDAP(5:5). The MARHE decreases with the increased K700Z loading, indicating that K700Z improves the fire spread property of PBS/S200&EDAP(5:5) to some extent.

Note that it is still higher than those of PBS/S200&EDAP(3:7) systems under the same loading.

The FIGRA value of PBS/S200&EDAP(5:5)/K700Z systems do not show a significant change in comparison with PBS/S200&EDAP(5:5,10%).

In conclusion, the combination of S200 and EDAP with a mass ratio of 3:7 exhibits better flame retardancy as compared to the ratio of 5:5 under the same loading of K700Z. Besides, regardless of PBS/S200&EDAP(3:7) or PBS/S200&EDAP(5:5) system, 2wt.% addition of K700Z

shows the best fire performance in terms of pHRR. The residual chars of PBS/S200&EDAP(3:7)/K700Z and PBS/S200&EDAP(5:5)/K700Z systems after MLCC test are shown in Figure 39. It is clear that the introduction of 1 wt.% K700Z noticeably modifies the char structure of PBS/S200&EDAP(3:7), leading to the formation of an intumescent char. The resulting char layer may act as a protective barrier, obstructing the heat and mass transfer between gas and condensed phases. Moreover, the swelling degree of the char (in terms of the height of char) of PBS/S200&EDAP(3:7)K700Z formulations with 1 wt.% loading and 2 wt.% loading are higher than that with 3 wt.% loading, suggesting that, when the total loading is constant (10 wt.%), low loading (1-2 wt.%) of K700Z is more efficient to promote the expansion of char. In the case of PBS/S200&EDAP(5:5)/K700Z systems, an intumescent char is observed when incorporating 1 wt.% K700Z in PBS/S200&EDAP(5:5) system. However, with the increased content of K700Z, PBS/S200&EDAP(5:5)/K700Z formulations exhibit flat chars with the low swelling degree, which corresponds well to the HRR results.

Based on the MLCC results in this section, the introduction of K700Z visibly promotes the formation of protective intumescent char, resulting in the enhanced fire performance. Besides, under the same loading of K700Z, PBS/S200&EDAP(3:7) systems show better fire retardancy than PBS/S200&EDAP(5:5) systems. The low addition of K700Z combined with S200&EDAP(3:7) shows better intumescence and synergistic flame retardancy during combustion. Moreover, we further investigate the effect of the ZnB and ZnO loadings on intumescence and flame retardancy of PBS combined with S200&EDAP(3:7) intumescent system. Table 15 shows the formulations of intumescent PBS. The total additive loading in PBS is 10 wt.% varying the ratio between the intumescent system (S200&EDAP, 3:7) and the co-additive (ZnB or ZnO). With respect to the PBS/S200&EDAP/ZnO system, partial substitution of S200&EDAP by 1 wt.% ZnO or 2 wt.% ZnO significantly decreases the initial peak in HRR, indicating the formation of a strong protective char. Subsequently, the HRR increase and reach the higher second peak (pHRR), which is due to the cracking of char. As discussed earlier, ZnO plays an important role in promoting the formation of char layer. The synergy between S200&EDAP and ZnO is clearly evidenced in HRR curve of PBS/S200&EDAP(3:7, 9%)/ZnO(1%) with significant reductions in pHRR (-51%), THR (-15%), FIGRA (-40%), and MARHE (-52%) respectively, in comparison to PBS/S200&EDAP(3:7, 10%). Moreover, its flameout time increases by 460s to 1004s, and the FRI reaches up to 4.36.

Moreover, with the loading of 2 wt.% ZnO, the pHRR and MARHE further decreases by 61% and 55% respectively, and a 19% reduction in FIGRA is obtained with an FRI value of 4.23 and a flameout time of 1194s. When the ZnO loading reaches 3 wt.%, a higher pHRR (14% reduction) is observed, which may be ascribed to the rapid decomposition of the PBS composite catalyzed by ZnO [START_REF] Chen | Mechanical properties and flame retardancy of PLA composites containing zinc oxide and chain extender[END_REF]. Those results suggest that 2 wt.% loading of zinc oxide shows the best fire performance in PBS in terms of synergy. The residual chars of PBS/S200&EDAP/ZnB and PBS/S200&EDAP/ZnO systems after MLCC test are presented in Figure 41. In all cases, a protective char layer is formed on the surface of the material upon burning, protecting the underneath polymer matrix with different level of efficiency. It is clear that the introduction of 1 wt.% zinc borate noticeably modifies the fire and charring behaviors of PBS/S200&EDAP(3:7), resulting in the formation of a continuous and cohesive intumescent char. The formed char layer acts as a protective fire barrier, limiting heat and mass transfer between gas and condensed phases which is in agreement with the flat HRR curve. Moreover, the swelling degree of the char of PBS/S200&EDAP(3:7)/ZnB composites with 1 or 2 wt.% ZnB loading are higher than that with 3 wt.% loading, indicating that low loading of ZnB is more efficient to promote the expansion of char when the total loading is constant (10 wt.%).

For PBS/S200&EDAP/ZnO system, an intumescent char is observed when incorporating 1 wt.% ZnO. Similarly, with the increase of ZnO content, the swelling degree of PBS/S200&EDAP/ZnO composites gradually decrease.

According to the MLCC results, it is clear that the introduction of zinc borate and zinc oxide visibly promotes the formation of a protective intumescent char, thereby improving fire performance of PBS. Under the same loading of synergist (ZnB or ZnO), PBS/S200&EDAP/ZnB system show better intumescence than that of PBS/S200&EDAP/ZnO system. Moreover, 2 wt.% loading of ZnB or ZnO shows the best synergy with S200&EDAP(3:7) in the PBS/S200&EDAP/ZnB or PBS/S200&EDAP/ZnO system in terms of pHRR. 

Clay or mineral-based additives as potential synergists

It is known that the introduction of any non-combustible clay or mineral filler can decrease the flammability of a polymer, by decreasing the total amount of fuel, the rate of diffusion of oxygen into, and fuel from, the polymer matrix while increasing the heat capacity and the thermal conductivity, reflectivity, and emissivity [START_REF] Hull | Fire retardant action of mineral fillers[END_REF]. Besides, there may also be synergistic or other surface effects associated with the clay or mineral filler, as well as an influence on the rheology of the polymer melt [START_REF] Hull | Fire retardant action of mineral fillers[END_REF]. Therefore, in this section, zeolite, montmorillonite, talc, boehmite, halloysite, and carbon nanotubes are considered to improve the quality of the forming char and hence to enhance the flame retardancy of intumescent PBS system. Table 17 presents the formulations of intumescent PBS system. S200&EDAP is used as intumescent additives with a mass ratio of 3:7 and a content of 8 wt.% (9 wt.% for PBS/S200&EDAP/CNT formulation), and the loading of potential synergist is kept at 2 wt.% (1 wt.% for NH 2 -CNT). The HRR and THR curves of the intumescent PBS formulations are shown in Figure 42, and the corresponding combustion parameters are listed in Table 18. Zeolite is an aluminosilicate. It has been proposed that the combination of zeolite and conventional intumescent additives (which gives a heat-insulating material in the conditions of fire) ensures an enhancement of the protective effect [START_REF] Bourbigot | Zeolites: new synergistic agents for intumescent fire retardant thermoplastic formulations-criteria for the choice of the zeolite[END_REF]. Indeed, the results from our lab showed that the addition of zeolite in intumescent formulations (e.g., ammonium polyphosphate and pentaerythritol system) leads to a great improvement in the fire-proofing properties of thermoplastic polymers, such as PP, PE, and ethylenic copolymer [START_REF] Bourbigot | 4A zeolite synergistic agent in new flame retardant intumescent formulations of polyethylenic polymers-study of the effect of the constituent monomers[END_REF][START_REF] Bourbigot | Synergistic effect of zeolite in an intumescence process. Study of the interactions between the polymer and the additives[END_REF][START_REF] Bourbigot | Synergistic effect of zeolite in an intumescence process: study of the carbonaceous structures using solid-state NMR[END_REF]. Herein, we associate the intumescent system (S200&EDAP with a ratio of 3: As noted earlier, previous works reported that the presence of montmorillonite clay produces a substantial improvement in fire performance in polymeric matrices such as PP and PS [START_REF] Bourbigot | Solid state NMR characterization and flammability of styrene-acrylonitrile copolymer montmorillonite nanocomposite[END_REF]. However, the HRR curves show that there is no synergistic flame retardant effect between intumescent system (S200&EDAP, 3:7) and montmorillonite (Figure 42a). Compared to PBS/S200&EDAP(3:7, 10 wt.%), the pHRR, FIGRA, and MARHE of PBS/S200&EDAP/MMT increases by 5%, 100%, and 28% respectively, indicating the poor fire retardant performance.

Similar results are also observed for the formulations containing talc, boehmite, HNT, and CNT (Figure 42). Talc is a hydrated magnesium sheet silicate, its elementary sheet consists of a layer of magnesium-oxygen/hydroxyl octahedra, sandwiched between two layers of siliconoxygen tetrahedral [START_REF] Duquesne | Influence of talc on the fire retardant properties of highly filled intumescent polypropylene composites[END_REF]. It has been found that the incorporation of talc combined with conventional intumescent additives can enhance the flame retardancy of polymeric materials [START_REF] Rajaei | Combined effects of ammonium polyphosphate and talc on the fire and mechanical properties of epoxy/glass fabric composites[END_REF][START_REF] Almeras | Effect of fillers on the fire retardancy of intumescent polypropylene compounds[END_REF]. Boehmite (aluminum oxyhydroxide, γ-AlOOH) is an important raw material (also an important precursor) that has a wide variety of applications [START_REF] Zhang | Size and morphology controlled synthesis of boehmite nanoplates and crystal growth mechanisms[END_REF]. Currently, researches on fire behavior of polymeric materials filled with boehmite have been conducted, and the results

showed that the boehmite is an effective flame-retardant synergist in reducing the flammability of polymers [START_REF] Hu | Strengthened interface as flame retarding belt: Compatibilized PLLA/PP blends by reactive boehmite nanorods[END_REF][START_REF] Zhang | Thermal stability and flame-retardancy mechanism of poly(ethylene terephthalate)/boehmite nanocomposites[END_REF][START_REF] Guido | Thermal stability and flame retardancy of polyester fabrics sol-gel treated in the presence of boehmite nanoparticles[END_REF]. Besides, halloysite (HNT) is a kind of aluminosilicate clay with hollow nanotubular structure mined from natural deposits [START_REF] Du | Thermal stability and flame retardant effects of halloysite nanotubes on poly (propylene)[END_REF], and it showed enhanced fire retardant performances of polymeric materials when combined with intumescent additives [START_REF] Lecouvet | A comprehensive study of the synergistic flame retardant mechanisms of halloysite in intumescent polypropylene[END_REF][START_REF] Lecouvet | Thermal and flammability properties of polyethersulfone/halloysite nanocomposites prepared by melt compounding[END_REF]. In addition, as mentioned above, aminated multiwall CNT was also be used to improve the fire retardant and anti-dripping properties of polymeric materials by improving the quality of formed char [START_REF] Yue | Enhancing flame retardancy and promoting initial combustion carbonization via incorporating electrostatically surface-functionalized carbon nanotube synergist into intumescent flame-retardant poly (butylene succinate)[END_REF]. Unfortunately, all those co-additives do not effectively enhance the fire retardancy of PBS/S200&EDAP system in terms of pHRR. Moreover, the addition of MMT, talc, boehmite, HNT, and CNT visibly increases the FIGRA and MARHE values of PBS composites, revealing the reduced fire safety. The poor fire performance of these formulations may be explained by the poor synergy between the intumescent system (S200&EDAP) and the clay or mineral filler, under the relatively low total loading (10 wt.%), which fails to develop a fully expanded char protecting the material. Figure 43 shows the residual chars of PBS/S200&EDAP/adjuvants system after MLCC test. The addition of zeolite in S200&EDAP formulation promotes the formation of a continuous intumescent char. However, the formed char layer does not effectively protect the underneath polymer matrix. For talc and boehmite containing formulations, visual observation suggests that the presence of talc and boehmite restricts the formation of intumescent char, on the contrary, it shows flat and fragmented residues after MLCC test, which fails to resist to heat and flame.

Similarly, in the cases of MMT-and HNT-containing formulations, a locally continuous intumescent char layer is observed, however, the obvious cracking and collapse of char fails to provide fire protection to underneath materials, leading to poor flame retardancy of PBS composites. The combination of 1 wt.% aminated multiwall CNT and 9 wt.% intumescent system (S200&EDAP) leads to the formation of a loose and discontinuous residue, which may be due to the accumulation of CNT on the surface of melting material, restricting the formation of a continuous char layer [START_REF] Kashiwagi | Nanoparticle networks reduce the flammability of polymer nanocomposites[END_REF][START_REF] Du | Effects of carbon nanotubes on the thermal stability and flame retardancy of intumescent flameretarded polypropylene[END_REF]. Based on above results, it can be concluded that there is almost no benefit to combine the clay or mineral materials into the intumescent system, based on S200&EDAP, in improving the fire retardancy of PBS. 

Boron-containing additives as potential synergists

Boron-containing compounds are used as potential synergists to improve the flame retardancy of PBS/S200&EDAP system. As shown in Table 19, a series of intumescent PBS formulations are developed based on the intumescent system (S200&EDAP, 3:7) combined with boron-containing co-additives, i.e., boron phosphate, boron nitride, melamine borate and zinc borate. The total loading is 10 wt.%, the loading of the intumescent system is 8 wt.%, and the loading of potential synergist is 2 wt.%. The HRR and THR curves of PBS/S200&EDAP/boron-containing formulations are presented in Figure 44, and corresponding fire parameters are listed in Table 20. It is shown that most of the boron-containing formulations show two peaks in HRR curves that are characteristic of charforming materials [START_REF] Schartel | Development of fire-retarded materials-Interpretation of cone calorimeter data[END_REF]. Subsequent to ignition, an initial increase in HRR is observed up to a peak corresponding to the build-up of an intumescent char structure [START_REF] Lecouvet | A comprehensive study of the synergistic flame retardant mechanisms of halloysite in intumescent polypropylene[END_REF]. Once formed, the protective char shields the underneath material against external heat exposure and inhibits the mass and heat transfer between condensed and gas phases, i.e., fuel out-diffusion. This "pseudosteady-state" combustion corresponds to the flat portion (plateau) with low HRR values observed in Figure 44 (especially for zinc borate-containing formulation). The second peak is assigned to the char degradation at high temperatures through crack formation, resulting in the partial loss of the barrier properties and hence increased flame intensity [START_REF] Bourbigot | Intumescence and Nanocomposites: a Novel Route for Flame-Retarding Polymeric Materials[END_REF].

Boron nitride (BN) is a white colored powder and it is a highly thermally stable compound with a melting point of approximately 3000 °C [START_REF] Lipp | Hexagonal boron nitride: fabrication, properties and applications[END_REF]. Compared to PBS/S200&EDAP, the addition of untreated boron nitride in PBS results in a slight increase in pHRR (+13% Melamine borate was used to flame retard polymeric materials and are believed to act by building up a protective surface layer, because borates tend to form glassy coatings and melamine can act as a blowing agent [START_REF] Schartel | Flame retarded epoxy resins by adding layered silicate in combination with the conventional protection-layer-building flame retardants melamine borate and ammonium polyphosphate[END_REF]. Compared to PBS/S200&EDAP, the combination of melamine borate and the intumescent system (S200&EDAP) visibly reduces the pHRR, FIGRA, and MARHE by 35%, 14%, and 26% respectively and its FRI value is 2.53. It shows that the introduction of melamine borate significantly reduces the fire risk of material. Those results suggest the existence of synergistic flame retardant effect between the intumescent system and the boron-containing compounds, i.e., boron phosphate, melamine borate, and zinc borate. In addition, it should be noted that zinc borate exhibits the lowest pHRR, indicating the better fire performance. 21. The loading of intumescent system (S200&EDAP, 3:7) is 8 wt.%, and the loading of potential synergist/synergists is 2 wt.%. The 23.

Compared to PBS/S200&EDAP, partial substitution of the intumescent system (S200&EDAP) by 2 wt.% K911B (zinc oxide & zinc molybdate) leads to significant reduction in pHRR, FIGRA, and MARHE by 45%, 8%, and 38% respectively. Its FRI value reaches 3.00 and the flameout time increases to 904s from 544s. The results evidence that, thanks to the synergy between K911B and the intumescent system, the fire protection performance of PBS/S200&EDAP/K911B shows an enhancement.

Kemgard 911C (K911C) is a complex mixture of talc and zinc molybdate (the composition is proprietary) from the company of Huber Engineered Materials (USA), it comprises an inert filler (talc) as the core support medium onto which a zinc molybdate layer is precipitated [START_REF] Weil | Flame and smoke retardants in vinyl chloride polymers-commercial usage and current developments[END_REF]. This coated core structure effectively provides smoke suppression at a lower cost than the neat molybdates [START_REF] Weil | Flame and smoke retardants in vinyl chloride polymers-commercial usage and current developments[END_REF][START_REF] Kiuchi | Increase in flame retardance of glass-epoxy laminates without halogen or phosphorous compounds by simultaneous use of incombustible-gas generator and charring promoter[END_REF]. Unfortunately, compared to PBS/S200&EDAP(3:7), the addition of K911C leads to a poor fire performance in terms of pHRR (+5% increase), FIGRA (+108% increase), and MARHE (+15% increase). It is speculated that the presence of K911C limits the formation of a protective intumescent char, resulting in the high initial peak in HRR. Besides, this HRR curve is similar to that of PBS/S200&EDAP/Talc formulation, due to the similar compound (talc) in those formulations.

Inspired by K700Z, a binary synergist system is designed by combining zinc borate and zinc molybdate with a mass ratio of 3: 

Intumescent PBS system based on EDAP and melamine polyphosphate

Melamine polyphosphate (MPP), a commonly used intumescent flame retardant, is widely applied in flame retarded polymeric materials, such as polyamide 6 [START_REF] Coquelle | Flame retardancy of PA6 using a guanidine sulfamate/melamine polyphosphate mixture[END_REF][START_REF] Tai | Iron-montmorillonite and zinc borate as synergistic agents in flame-retardant glass fiber reinforced polyamide 6 composites in combination with melamine polyphosphate[END_REF], polystyrene [START_REF] Braun | Effect of red phosphorus and melamine polyphosphate on the fire behavior of HIPS[END_REF],

poly (ethylene terephthalate) [START_REF] Li | Flame-retardant poly (ethylene terephthalate) enabled by a novel melamine polyphosphate nanowire[END_REF], epoxy resin [START_REF] Zhou | In situ synthesized and dispersed melamine polyphosphate flame retardant epoxy resin composites[END_REF], poly (vinyl alcohol) [START_REF] Huang | Combination effect of melamine polyphosphate and graphene on flame retardant properties of poly (vinyl alcohol)[END_REF]. In this section, the influence of MPP and potential synergists (e.g., K700Z, zinc borate) on the intumescence and flame retardancy of PBS is evaluated. Moreover, MPP is also used to substitute S200 (melamine poly(aluminum phosphate)) in PBS/S200&EDAP system due to its similar chemical structure. The effect of MPP and EDAP in combination with potential synergists on performance of PBS is also investigated.

Fire behavior of PBS/MPP system combined with synergist

As shown in previous work, the combination of K700Z (zinc borate and zinc molybdate blend)

and intumescent system (EDAP or EDAP&S200 (3:7)) shows good synergy in flame retarded PBS.

In this section, we assess the effect of K700Z and MPP on the flame retardancy of PBS, focusing on the role of K700Z in PBS/MPP formulations. In the first part, MPP is chosen as intumescent additive to flame retard PBS, and K700Z is used as potential synergist. The second part involves the assembly of MPP&S200 intumescent system with a mass ratio of 2:1. Subsequently, K700Z is combined to enhance the flame retardancy of PBS. The flame retarded PBS formulations are shown in Table 24. The loading of intumescent additive (MPP or MPP&S200, 2:1) is 18 wt.%, and the loading of K700Z is 2 wt.%. results, it can be concluded that the combination of MPP and S200 at a mass ratio of 2:1 (20% total loading) deteriorates the flame retardancy of PBS as compared to PBS/MPP(20%). Besides, the synergy between MPP&S200 and K700Z is also not found for this formulation. 

Fire behavior of PBS/MPP&EDAP system combined with synergists

In this part, new intumescent PBS system is elaborated by replacing S200 by MPP in PBS/S200&EDAP formulation, thus, melamine poly(aluminum phosphate) is replaced by melamine polyphosphate. Herein, MPP&EDAP is used as intumescent system at a mass ratio of 3:7, zinc borate and zinc oxide are considered as potential synergists based on our previous work (see Page 90). The total loading of additives is kept at 10 wt.%, and the loading of potential synergist (zinc borate or zinc oxide) is 2 wt.%. Table 26 shows the formulations of intumescent PBS. The HRR and THR curves of MPP&EDAP-based PBS formulations are shown in Figure 53, and corresponding fire parameters are summarized in Table 27. Incorporation of 10 wt.% MPP alone into PBS not only decreases the pHRR value, but also promotes the faster decomposition of PBS/MPP composite (pHRR is reached at shorter time compared to PBS). Similarly, as mentioned before, compared to PBS, the addition of 10 wt.% EDAP limitedly reduces the pHRR and THR by 16% and 11% respectively. These phenomena show that incorporating 10 wt.% MPP or EDAP in PBS alone is not sufficient to get good fire performances. Furthermore, it is clear that the combination of MPP and EDAP reduces the pHRR value of PBS to 284 kW/m 2 (29% reduction) and delays the time to pHRR and to flameout, indicating the good flame retardant effect between EDAP and MPP. This is assigned to the formation of an intumescent char for PBS/MPP&EDAP formulation after the MLCC test, which is similar to the PBS/S200&EDAP formulation. The first peak of HRR of PBS/MPP&EDAP appears rapidly, responding to the formation of char. However, the HRR then increases gradually until pHRR, indicating the flame retardance of formed char is not strong enough. Interestingly, the initial peak in HRR of PBS/MPP&EDAP is much higher than that of PBS/S200&EDAP (Figure 53), implying that aluminum plays an important role in the mechanism of protection.

For PBS/MPP&EDAP/ZnB, a significant reduction in pHRR by 48% is observed when compared to PBS/MPP&EDAP, implying that an additional mechanism of action occurs in the condensed phase with the addition of zinc borate. Note that, with the addition of zinc oxide, the pHRR of the fact that the incorporation of zinc oxide obviously reduces the fire risk of PBS.

In the last part of this section, a new intumescent formulation is explored by combining MPP with a char forming agent (i.e., pentaerythritol). Generally, pentaerythritol plays an important role in the formation of intumescent char structure, which is widely used in the intumescent flame retardant polyolefin-based formulations (especially for PP) due to its high efficiency [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. On the other hand, some previous works showed that pentaerythritol exhibited deteriorated char formation performance when used in biodegradable polyesters [START_REF] Wang | Soy protein and halloysite nanotubesassisted preparation of environmentally friendly intumescent flame retardant for poly(butylene succinate)[END_REF][START_REF] Chen | The effect of chitosan on the flammability and thermal stability of polylactic acid/ammonium polyphosphate biocomposites[END_REF]. Therefore, we investigate the effect of MPP&PER The char residues of MPP&EDAP-based intumescent PBS formulations after MLCC test are

shown in Figure 54. The addition of 10 wt.% MPP in PBS leads to the formation of a broken and collapsed char. The poor fire performance may be due to the low loading of MPP, which fails to develop a fully expanded char protecting the underneath material (see PBS/MPP(20%) formulation). When adding 10 wt.% MPP&EDAP(3:7) to PBS, a flat carbonaceous char with visible cracks is observed at the end of the MLCC, covering the surface of the sample, which restricts the mass transfer between condensed and gas phases to some extent. Interestingly, for PBS/MPP&EDAP/ZnB, the addition of zinc borate promotes the formation of a cohesive and crackfree intumescent char layer, which effectively protects the substrate, corresponding to the low plateau in HRR curve. In addition, a strong protective intumescent char is also observed for PBS/MPP&EDAP/ZnO, which retards the combustion of polymer matrix by restricting the mass 

Other EDAP-based intumescent PBS systems

In this section, we focus on two EDAP-containing intumescent PBS formulations (i.e., PBS/EDAP&APP/ZnB and PBS/EDAP&MEL/ZnB). As a star in the field of fire retardants, ammonium polyphosphate (APP) has been one of the most important intumescent additives due to its high intumescent efficiency. Besides, it can simultaneously act as acid source and blowing agent. Currently, it has been widely used in intumescent polymeric materials, such as PP [START_REF] Bourbigot | Intumescent polypropylene: reaction to fire and mechanistic aspects[END_REF],

PLA [START_REF] Fontaine | Intumescent polylactide: a nonflammable material[END_REF], PU [START_REF] Duquesne | Mechanism of fire retardancy of polyurethanes using ammonium polyphosphate[END_REF]. Based on the potential advantages, APP is considered to replace S200 or MPP.

Herein, combination of EDAP and APP is used as an intumescent additive with a mass ratio of 7:3 and a loading of 8 wt.% (this ratio is based on S200-and MPP-based intumescent system), and zinc borate is used as potential synergist with 2 wt.% loading. For another intumescent PBS formulation, the intumescent system is composed of EDAP and melamine (MEL, blowing agent) with a mass ratio of 5:1, which is inspired by the most commonly used PBS intumescent system (APP: MEL of 5:1, see Table 4 in Chapter 1, Page 38). Table 28 presents the formulations of intumescent PBS system. The loading of intumescent system is 8 wt.%, and the combined synergist is zinc borate with 2 wt.% loading. The HRR and THR curves of the intumescent PBS formulations are shown in Figure 56, and the corresponding combustion parameters are summarized in Table 29. The results show that when APP is used as a substitute for S200 or MPP, the fire performances of PBS/EDAP&APP(7:3, 8%)/ZnB(2%) are significantly enhancement compared to that of neat PBS. Remarked reduction in pHRR (-68%), FIGRA (-41%), and MARHE (-54%) is found, indicating excellent fire protection performance. Besides, the flameout time is extended to 779s, and the FRI value reaches 2.74.

Those results indicates that the addition of EDAP&APP(7:3, 8%) and ZnB(2%) obviously enhances the flame retardancy of PBS.

Regarding PBS/EDAP&MEL(5:1,8%)/ZnB(2%) formulation, a 71% reduction in pHRR is observed and the FRI reaches 3.37. Meanwhile, the FIGRA and MARHE values decrease by 50% and 58% respectively and the flameout time reaches up to 957s. It demonstrates the fact that melamine (blowing agent) plays an important role in improving the flame retardancy of PBS.

The residual char of PBS/ EDAP&APP(7:3,8%)/ZnB(2%) exhibits continuous and complete intumescent char (Figure 57a), except for some small holes found on the surface of the char layer.

For PBS/EDAP&MEL(5:1,8%)/ZnB(2%), a crake-free and cohesive intumescent char (Figure 57b) is formed after MLCC test. The protective char layer acts as a fire barrier, restricting the heat and mass transfer between the condensed phase and gas phases and hence, leading to the reinforcement in fire retardancy. 

Intumescent PBS system based on FP2500S

FP2500S is a commercially available nitrogen-phosphorus-based intumescent flame retardant, consisting of a mixture of piperazine pyrophosphate, phosphoric acid, and zinc oxide [292]. It provides very low smoke release, smoke density, and carbon monoxide emissions.

Besides, it also offers good heat, light/color stability, excellent water resistance [292]. Recently, FP2500S were widely used to provide various polymers, such as PP, PE, EVA, and other polyolefins, with excellent flame retardancy by the formation of intumescence, which reduces the generation of both dark smoke and carbon monoxide during combustion [START_REF] Behnisch | Flame retardant investigations on carbon fibrereinforced polyurethane resin parts for aircraft applications produced by wet compression moulding[END_REF]. It leads to an eco-friendly way to reduce the risk and damage related to fires. Based on those advantages, FP2500S is used in this section to improve the flame retardancy of PBS via intumescence.

Effect of FP2500S loading

In this part, FP2500S is used as an intumescent flame retardant in PBS and the mass ratio of FP2500S varies from 10 wt.% to 30 wt.%. The effect of FP2500S loading on flame retardancy of PBS is evaluated by MLCC test. Table 30 presents the formulations of intumescent PBS. In addition, the THR values of PBS/FP2500S composites gradually decreases with the increasing FP2500S content (-12%, -18%, -23%, -43% reductions for PBS/FP2500S(10%), PBS/FP2500S(15%), PBS/FP2500S(20%), PBS/FP2500S(30%) respectively). Similar conclusions are also observed in the FIGRA (+9% increase and -36%, -73%, -91% reductions respectively) and MARHE (-19%, -40%, -65%, -84% reductions respectively). Those results demonstrate the fact that the flame retardancy of PBS/FP2500S increases with the increase of FP2500S loading. Figure 59 shows the residual chars of PBS/FP2500S system after MLCC test. It shows that the addition of FP2500S in PBS promotes the formation of an intumescent char, which provides flame protection performance to the polymer matrix. With the increase of the FP2500S loading in PBS from 10 wt.% to 20 wt.%, the intumescent char residue becomes more continuous and smoother, and the holes and cracks reduces visibly. However, when the loading of FP2500S reaches 30 wt.%, a flat residual layer is produced, indicating the modified fire behavior. The thick char layer hinders the heat transfer between gas and condensed phases, thereby resulting in the improved flame retardancy. Moreover, we also assess the effect of the synergist loading (2 wt.% or 5 wt.%) on flame retardancy of PBS. Table 32 shows the formulations of intumescent PBS, the total loading of additives in PBS is 20 wt.% varying the ratio between the intumescent additive (FP2500S) and the synergist (K700Z or zinc borate) (15:5 or 18:2, wt: wt). content (1 wt.%, 1.5 wt.%, and 2 wt.%) on flame retardancy of PBS composites is evaluated. Table 34 shows the formulations of intumescent PBS, the total flame retardant additive loading in PBS is 15 wt.% varying the mass ratio between the FP2500S and K700Z. Figure 62 shows the HRR and THR curves of PBS/FP2500S/K700Z system, and the corresponding combustion parameters are summarized in Based on the above results, it can be concluded that there is no marked enhancement in pHRR when K700Z loading is changed from 1 wt.% to 1.5wt.% or 2 wt.%, and PBS/FP2500S(13%)/ K700Z(2%) exhibits the best fire performances in terms of flameout time and MARHE. Figure 63 shows the residual chars of PBS/FP2500S/K700Z system after MLCC test. The addition of K700Z significantly modifies the surface morphology of char residues, resulting in the formation of a more continuous and cohesive intumescent layer with fewer cracks and holes.

Besides, the swelling degree of the chars for PBS/FP2500S(14%)/K700Z(1%) and PBS/FP2500S(13.5%)/K700Z(1.5%) is higher than that of PBS/FP2500S(13%)/ K700Z(2%),

suggesting that low loading of K700Z promotes the expansion of PBS/FP2500S system. However, as shown in Figure 62, PBS/FP2500S(13%)/K700Z(2%) shows better fire retardancy compared to PBS/FP2500S(14%)/K700Z(1%) and PBS/FP2500S(13.5%)/K700Z(1.5%) formulations. This may be ascribed to the formation of enhanced intumescent char structure acting as a protective physical barrier and retarding the heat and mass transfer between gas and condensed phases. Based on our previous works, zinc-containing compounds are used as potential synergists to enhance the flame retardancy of PBS/FP2500S system. As shown in indicating that the addition of the ZnMoO 4 reduces the fire spread risk of PBS to some extent.

Interestingly, according to the MLCC results, it can be concluded that zinc borate plays a dominant role in the K700Z in terms of improving the fire protection performance of the PBS/FP2500 system.

It is clear that zinc-containing compounds play important roles in reducing the flammability of PBS/FP2500S system due to their synergy. It worth noting that K911B and zinc borate exhibit better fire retardant performance in terms of pHRR, MARHE, and flameout time. Figure 65 shows the residual chars of PBS/FP2500S/synergist system after MLCC test. The addition of zinc-containing compound modifies the surface morphology of char residues, leading to the formation of a more continuous and cohesive intumescent layer with fewer cracks and holes. The formed char layer effectively obstructs the mass and heat transfer and retards the combustion of underneath polymer matrix, thereby improving the fire retardancy of PBS. Besides, the swelling degree of the char for PBS/FP2500S(13%)/ZnB(2%) is higher than that of blowing agent which can react quickly and closely with each other, thereby exerting a better synergistic flame retardant effect. Currently, it has been used in flame retarding polymeric materials, such as thermoplastic elastomer [START_REF] Zhu | Preparation and investigation of efficient flame retardant TPE composites with piperazine pyrophosphate/aluminum diethylphosphinate system[END_REF][START_REF] Chen | Fire, thermal and mechanical properties of TPE composites with systems containing piperazine pyrophosphate (PAPP), melamine phosphate (MPP) and titanium dioxide (TiO2)[END_REF], glass fiber-reinforced polyamide 6 [START_REF] Xiao | Thermal properties and combustion behaviors of flame-retarded glass fiber-reinforced polyamide 6 with piperazine pyrophosphate and aluminum hypophosphite[END_REF],

epoxy resin [START_REF] Li | Synergistic effect of piperazine pyrophosphate and epoxy-octavinyl silsesquioxane on flame retardancy and mechanical properties of epoxy resin[END_REF], and polypropylene [START_REF] Hu | Flame retardancy, thermal properties, and combustion behaviors of intumescent flame-retardant polypropylene containing (poly) piperazine pyrophosphate and melamine polyphosphate[END_REF]. In this section, we assess the effect of PAPP on flame retardancy of PBS. Moreover, zinc borate is used as potential synergist to enhance the fire retardancy of PBS/PAPP system. Additionally, the effect of flame retardant additives loading is also evaluated. The formulations of PBS/PAPP composites are shown in Table 38. 

Flammability properties

UL-94 vertical burning test was performed to evaluate the flammability and anti-dripping performance of PBS and PBS composites. Figure 66 shows the burning process of PBS formulations, and the relevant UL-94 ratings and the morphology of residual specimens are presented in Figure 67. It can be seen that neat PBS burns after ignition, accompanied by meltdripping behavior during burning, and it fails to pass the UL-94 test (no rating). The addition of PAPP significantly reduces the flammability of PBS: all PAPP-containing PBS composites selfextinguish quickly after the first ignition, and they all show very short burning times after the second ignition (Figure 66). The UL-94 rating of PBS/PAPP20% is only V-2, this is due to the dripping of burning droplet igniting the cotton underneath. Visual observation shows that, thanks to the presence of zinc borate, PBS/PAPP18%/ZnB2% and PBS/PAPP15%/ZnB5% achieve V-0 ratings in UL-94 test without any dripping. The residual specimens after the UL-94 test (Figure 67)

further confirm the anti-dripping property of zinc borate-containing formulations: PBS/PAPP20% leaves very litter char due to the dripping of burning droplet taking away the formed char, while protective intumescent char layers are formed for PBS/PAPP18%/ZnB2% and PBS/PAPP15%/ZnB5%. 133

The combination of PAPP and zinc borate changes the fire behavior of PBS from non-charring to charring material, leading to the formation of an intumescent char layer. The residual chars of PBS formulations after MLCC test are shown in Figure 69. The addition of 10 wt.% PAPP leads to the formation of a fragmented island-like residue, which does not effectively retard the combustion of underneath polymer matrix resulting in limited flame retardancy. Obviously, the partial substitution of PAPP by 2 wt.% zinc borate promotes the formation of a continuous and cohesive intumescent char with few holes. The complete intumescent char inhibits the heat and mass transfer between gas and condensed phases and improves the flame retardancy of PBS to some extent.

For the PBS formulations containing 20 wt.% loading, the char residue of PBS/PAPP20%

shows similar morphology to PBS/PAPP10% with higher char yield. In contrast to the PBS/PAPP20%, a more homogeneous, compact, and cohesive intumescent layer is built up for all zinc borate-containing PBS formulations. The formed intumescent layer provides an effective flame shield for the underneath polymer during combustion, thereby significantly improving the flame retardancy. Note that char cracking is almost completely prevented when zinc borate is incorporated into PBS/PAPP system. Such residue highlights the good mechanical resistance of the protective layer under the internal pressure exerted by the decomposition products and the external environment resulting in an enhancement of its heat and mass (fuel) barrier properties [START_REF] Lecouvet | Thermal and flammability properties of polyethersulfone/halloysite nanocomposites prepared by melt compounding[END_REF][START_REF] Wang | Synergistic effect of halloysite nanotubes on flame resistance of intumescent flame retardant poly (butylene succinate) composites[END_REF]. 

Conclusions

In this chapter, six different intumescent flame retardant PBS systems were developed based on the concept of intumescence. The fire behavior and fire performance of those intumescent PBS formulations in a developing fire scenario (MLCC test, 35 kW/m 2 ) were evaluated in detail.

For the PBS/EDAP (ethylenediamine phosphate) system, compared to PBS/EDAP10%, the incorporation of potential synergists, especially zinc-containing synergists (zinc borate, zinc oxide, zinc carbonate), reduced the flammability of PBS in terms of pHRR, FIGRA, and MARHE.

A synergistic flame retardant effect was found in PBS when EDAP and S200 (melamine poly(aluminum phosphate)) were combined with a mass ratio of 7: Moreover, the combination of EDAP/S200(3:7, 8 wt.%) and binary synergist systems (ZnO&ZnB, 1:1 or ZnB&ZnMoO 4 , 1.5:0.5) also showed good synergistic effect in flame retarding PBS.

Compared to PBS/MPP(20%) (Melamine polyphosphate) and PBS/MPP&S200(2:1, 20%), the introduction of 2 wt.% K700Z does not effectively improve the fire performance of PBS composites. Besides, there is a negative effect in flame retardancy when MPP was partially replaced by S200 (2:1, 20%). It has been demonstrated that the fire behavior of PBS/MPP&EDAP systems showed a similar trend to that of PBS/S200&EDAP systems, this is due to the similar chemical structures between MPP and S200.

The MLCC results showed that when S200 or MPP was replaced by APP, the fire performance of PBS/EDAP&APP(7:3, 8%)/ZnB(2%) was enhanced in comparison to that of neat PBS. Besides, PBS/EDAP&MEL(5:1,8%)ZnB(2%) formulation also showed excellent fire retardancy, indicating the presence of synergy between zinc borate and the intumescent system in improving the flame retardancy of PBS.

The fire retardancy of PBS/FP2500S (piperazine pyrophosphate, phosphoric acid, and zinc oxide blend) formulations visibly increased with the increasing FP2500S loading. Moreover, regardless of the total loading of 20 wt.% or the total loading of 15 wt.%, a remarked

Intumescent polybutylene succinate: ethylenediamine phosphate and synergists

In the chapter 3 (Material Screening), it was shown that the combination of ethylenediamine phosphate (EDAP) and zinc-containing synergists showed good fire performance. Among them, zinc borate (ZnB) endowed the best synergistic flame retardant effect with EDAP in PBS. The objective of this chapter is therefore to fully understand the mode of action of PBS/EDAP/ZnB formulation, particularly the role of zinc borate during the fire scenario. To achieve this goal, we study the evolutions of smoke release and evolved gases during the MLCC test. Moreover, the chemical composition of the residual char at different times during the MLCC test is also investigated to gain insight into the mechanism in condensed phase. The thermal stability and mechanical properties of intumescent PBS formulations are also evaluated in this chapter.

The work in this chapter has been published in the journal of "Polymer Degradation and

Stability" [START_REF] Xiao | Intumescent polybutylene succinate : ethylenediamine phosphate and synergists[END_REF]: "Fei Xiao, Gaëlle Fontaine, Serge Bourbigot. Intumescent polybutylene succinate: ethylenediamine phosphate and synergists. Polymer Degradation and Stability, 2021, 192: 109707. "

Introduction

Polybutene succinate (PBS), an emerging commercially available bio-based polyester, has been widely applied due to its controlled biodegradability, high biocompatibility, and good thermal and mechanical properties [ 1 , 2 ]. However, just like other non-charring aliphatic polyesters, high flammability of PBS greatly restricts its potential application in many fields [ 3 , 4 ]. Hence, it is imperative to enhance the fire retardancy of PBS. In the last decades, intensive effort s were made to exploit intumescent flame retardant (IFR) system for polymeric materials due to its advantages of low cost, low smoke, low toxicity, and anti-dripping during combustion [5][6][7][8]. Indeed, it currently becomes the most frequent approach to provide fire retardancy to PBS [9][10][11][12]. Generally, a typical IFR system for polyesters includes acid source (e.g., ammonium polyphosphate), blowing agent (e.g., melamine), and/or charring agent [13][14][15][16]. Currently, ammonium polyphosphate and melamine phosphate are the most commonly used acid sources in intumescent PBS systems [17] . However, they have to be incorporated at relatively high loading (more than 20%) to meet the conventional fire safety standards [18][19][20].

In order to explore more efficient IFR system for PBS, herein, ethylenediamine phosphate (EDAP) was incorporated into PBS matrix. EDAP is a non-halogenated intumescent flame retardant synthesized by ethylenediamine and phosphoric acid [21] . It can simultaneously act as acid source and blowing agent during the combustion due to the high content of phosphorus (19.5%) and nitrogen (17.7%) [22] . As an example, Kruger and coworkers found that the incorporation of EDAP could impart the good thermal shielding performance to low-density polyethylene/expandable graphite composite [23] .

There is evidence that, during intumescence, the external environment and internal pressure caused by the evolved decomposition products can lead, in some cases, to the formation and propagation of cracks in the intumescent structure, thus reducing its barrier efficiency [24] . For this reason, suitable synergists are usually introduced into polymer intumescent systems to reinforce the thermal and mechanical properties of the protective carbonaceous layer through physical interactions and/or chemical reactions [ 25 , 26 ]. Recently, attention has been paid to the development of synergists to be incorporated in IFR PBS systems, including fumed silica [27] , kaolinite [28] , montmorillonite [29] , halloysite nanotube [30] , and carbon nanotube [31] . It is known that there are major advantages in using zinc borate as synergist in combination with conventional flame retardants (e.g., ammonium polyphosphate [32] , magnesium hydroxide [33] , and aluminum hyhttps://doi.org/10.1016/j.polymdegradstab.2021.109707 0141-3910/© 2021 Elsevier Ltd. All rights reserved. pophosphite [34] ) in halogen-free polymer systems. This is due to the formation of a protective vitreous layer on the surface of burning material increasing the cohesion of residues [ 35 , 36 ].

In this work, the fire behavior and fire retardancy of PBS composite containing EDAP and zinc borate was evaluated by mass loss cone calorimetry (MLCC). Beside, according to our pervious works, melamine borate [37] , zinc molybdate [38] , and multiwall carbon nanotubes [39] were also used as potential synergists to improve the fire performance of PBS. Moreover, based on the MLCC results, the best flame retardancy were obtained with zinc borate and thus we further elucidated the combined effect of EDAP and zinc borate on smoke/thermal/mechanical properties of PBS composite. Additionally, the flame retardant mechanisms of action of PBS/EDAP/ZnB in gas and condensed phases were investigated in detail using various techniques.

Experimental

Materials

Polybutylene succinate (Bionolle TM 1001 MD) in pellet form was provided by Showa Denko (Japan), and ethylenediamine phosphate was supplied by CHEMOS GmbH (Germany). Zinc borate (Firebrake® ZB, 2ZnO •3B 2 O 3 •3.5H 2 O) was purchased from US Borax (USA), melamine borate was supplied by Italmatch Chemicals (Italy), zinc molybdate was purchased from ABCR Gute Chemie (Germany), aminated multiwall carbon nanotubes (NH 2 -CNT, NC3152) was provided by Nanocyl S.A (Belgium). All the materials were desiccated in an oven at 80 °C overnight prior to be used.

Preparation of PBS composites

PBS and its composites (see Table 1 ) were prepared via melt compounding using a mixer torque rheometer (HAAKE Rheomix OS, Thermo Scientific, USA) at 140 °C for 15 min with a rotating velocity of 50 rpm. In all PBS composites, the total loading of additives was kept constant at 10 wt.%. Subsequently, the mixtures were hot-pressed at 140 °C for 15 min (under a pressure of 20 kN for 2 min and then 40 kN until the test was completed) in a plate press machine (LabPro press, Fontijne Presses, Netherlands) into special specimens for fire test (100 × 100 × 3 mm 3 ) and mechanical test (12.7 × 1.7 × 127 mm 3 ).

Characterization

Fire, smoke, and evolved gases analyses

Combustion performance of PBS and its composites was conducted using a Fire Testing Technology (FTT, UK) Mass Loss Cone Calorimeter (MLCC). According to the procedure defined in ASTM E 906, the heat release rate (HRR) of specimens was obtained by the thermopile on top of the chimney rather than employing the oxygen consumption principle (ASTM E-1354-90). The horizontally placed specimen with a dimension of 100 × 100 × 3 mm 3 (wrapped in aluminum foil except for the upper surface) was exposed to an external radiative heat flux of 35 kW/m 2 (distance of 25 mm between the conical heater and the sample), which corresponds to a common heat flux in a developing fire scenario [40] . During the fire test, the HRR was measured as a function of time; and four main parameters were obtained after MLCC test: time to ignition (TTI), total heat release (THR), peak of HRR (pHRR), and mass loss. Beside, some important fire safety parameters are further calculated based on the above data, such as flame retardancy index (FRI, defined in Eq. ( 1)), fire growth rate (FIGRA, defined as the maximum value of the function of heat release rate divided by elapsed test time), maximum average rate of heat emission (MARHE, defined as maximum value of the cumulative heat emission divided by time) [41] . Three replicated experiments were performed for each formulation to ensure the repeatability.

F RI = T HR * pHRR T T I Neat Polymer T HR * pHRR T T I composite (1) 
The smoke release behavior was evaluated by testing the smoke opacity of evolved products during the MLCC test with a mimic standard tests [42] . The smoke density of evolved smoke was measured on the top of the chimney of MLCC using a smoke density analyzer TRDA 302 with light measurement system (Taurus Instrument, Germany). Specifically, the incident light intensity (intensity I o , emitted by a halogen point light source) and transmitted light intensity (intensity I ) were measured by a light sensor (Silizium Photoempfänger). The smoke opacity was obtained by calculating ( I o -I )/ I o value [42] .

Fourier Transform InfraRed (FTIR) was used in conjunction with the mass loss cone calorimeter (MLCC-FTIR) to assess the real-time composition and content of evolved gases produced during combustion [43] . Evolved products were analyzed using a FTIR spectrometer (Antaris TM Industrial Gas System (IGS), Thermo Fisher, USA). The gas picking pistol and transfer line (M&C Tech Group, Germany) were put on the top of chimney. The 2 m-long heating transfer line between MLCC and FTIR was maintained at 180 °C. Before analyzing the gases by FTIR, soot particles picked up by the pistol were filtered through two filters made of glass fibers (2 um) and ceramic (0.1 um), respectively. The optical pathway was 2 m-long and the chamber of the spectrometer was filled with dry air. The FTIR gas cell was kept at 180 °C and 652 Torr. Using the MLCC-FTIR technique, the evolved gases during combustion, such as water, carbon monoxide, and carbon dioxide, are quantified via a quantification method created by TQ Analyst software [44] .

Solid state NMR analysis

11 B magic angle spinning -nuclear magnetic resonance (MAS-NMR) measurements were carried out at a frequency of 256.6 MHz on a Bruker Avance III 800 spectrometer (18.8 T) with a probe head of 3.2 mm operating at a spinning frequency of 20 kHz. The spectra were obtained with a 0.5 μs pulse length and a recycle delay of 2 s. 512 scans were accumulated. 11 B NMR chemical shift was referred to NaBH 4 at -42.06 ppm. 13 C CP MAS NMR experiments were conducted on a 9.4 T Bruker Avance II 400 spectrometer with a probe head of 4 mm operating at 100.6 MHz at a spinning frequency of 12.5 kHz. The high-power 1 H decoupling and 1 H- 13 C cross-polarization (CP) NMR spectra were applied with a recycle delay of 5 s. The number of scans was 1024. The 13 C chemical shift was referred to tetramethylsilane at 0 ppm. 31 P DD MAS NMR experiments were performed on the same spectrometer (9.4 T) as above operating at 162 MHz with a recycle delay of 120 s. The analysis was carried out with a 4 mm probe head with 1 H decoupling (DD). The spectrum was recorded at MAS with a spinning frequency of 12.5 kHz. All spectra were acquired as a result of 16 scans. The 31 P chemical shift was referred to H 3 PO 4 solution (85%) at 0 ppm.

TGA and TG-FTIR analyses

Thermogravimetric analysis (TGA) was performed on a TA Instrument TGA Q50 0 0IR with alumina crucibles under nitrogen atmosphere. 8-10 mg sample underwent an isotherm at 40 °C for one hour under nitrogen atmosphere (purge flow of 50 mL/min), then was heated from 40 to 800 °C with a constant heating rate of 10 °C/min under nitrogen atmosphere. All experiments were performed at least twice to ensure the repeatability. TG-FTIR was performed on a TA Instrument TGA Q50 0 0IR coupled with a Thermo Scientific Nicolet iS10 FTIR spectrometer. The gas cell and transfer line were heated up at 190 °C to avoid the condensation of the evolved gases during the measurements. While heating, the realtime FTIR spectra were synchronously recorded every 10 s in a range of 40 0 0-40 0 cm -1 with a scan number of 8.

Mechanical property

The tensile test was conducted to evaluate the mechanical properties of PBS and its composites using an Instron 4466 compression tension tensile tester (10KN, USA) at room temperature. Sheet specimens with a cross-section of 12.7 × 1.7 mm 2 , a gauge length of 80 mm, and a total length of 127 mm were measured in the tensile test with a speed of 10 mm/min until the sample breaks. As a consequence, at least quintuplet specimens for mechanical performance were performed to ensure the repeatability of the results.

Results and discussion

Fire behavior

The fire performance of unfilled PBS and of its composites were evaluated by mass loss cone calorimetry (MLCC) at an external heat flux of 35 kW/m 2 ( Fig. 1 ), and relevant combustion parameters obtained from MLCC test are summarized in Table 2 . When exposed to the external heat flux, PBS burns severely with a pHRR of 401 kW/m 2 , and its HRR curve shows a characteristic shape of non-charring materials [45] . The incorporation of 10 wt.% of EDAP leads to a slight reduction in pHRR (-16%) as compared to unfilled PBS. Moreover, the partial substitution of 2 wt.% EDAP by zinc borate, melamine borate or zinc molybdate results in a remarkable decrease of pHRR by 57%, 33%, 38%, respectively, in comparison with neat PBS. Beside, the HRR curves of PBS/EDAP/ZnB, PBS/EDAP/ZnMo, and PBS/EDAP/MB show two peaks. The first peak is assigned to the heat released by the combustion of pyrolysis products, the HRR reduces quickly due to the formation of intumescent char layer (visual observation). Subsequently, the HRR curves gradually rise with the increase of time, appearing the second peak, which are ascribed to the formation of cracks probably due to increasing internal pressure because of the accumulation of decomposing products. PBS/EDAP/ZnB shows the lowest pHRR value compared to the other formulations, suggesting that zinc borate performs the best among the evaluated co-additives. On this basis, aminated multiwall carbon nanotube is further considered to improve the char quality of PBS/EDAP/ZnB because there is evidence that multiwall carbon nanotube can be used to improve the flame retardancy and to suppress melt-dripping of polymers through the formation of jammed network [46] . However, the cone result reveals that the partial substitution of zinc borate with 1 wt.% aminated multiwall carbon nanotube obviously deteriorates the fire protection properties of composite (39% vs. 57% in pHRR). Indeed, the appearance of a high platform in HRR curve ( Fig. 1 a) suggests that it fails to form a protective char during combustion.

Note that all flame retarded PBS formulations show lower THR values than that of neat PBS (83.7 MJ/m 2 ). However, the THR values of all PBS composites are similar due to the prolonged burning time (see Table 2 , time to flameout), which can also be seen from the broad HRR curves ( Fig. 1 b). Analogous conclusion is obtained from mass loss result that all PBS composites show similar char yields ( Table 2 ), which are all higher than that of neat PBS (approximately 2%).

Additionally, the time to ignition (TTI) of PBS/EDAP is longer than that of neat PBS (125 s versus 109 s), and the reason may either be due to the fact that there is a difference in the melt flow behavior of PBS/EDAP compared to neat PBS before ignition, or the release of incombustible gases (e.g., NH 3 ) and/or phosphorus containing species dilutes the concentration of flammable pyrolysis products [47] . Based on the TTI, pHRR, and THR values of neat PBS and PBS composites obtained from MLCC test, flame retardancy index (FRI) was introduced to assess the flame retardancy of PBS composites ( Eq. ( 1) and Table 2 ). Generally, the higher the FRI value, the better the flame retardancy of PBS composite [41] . It is clear that the FRI of PBS/EDAP is only 1.54, and the introduction of co-additives can significantly improve the flame retardancy of PBS. Among them, PBS/EDAP/ZnB shows highest FRI value (2.61) than the others, indicating that zinc borate and EDAP provides the highest flame retardancy to PBS. Fire growth rate (FIGRA) was used to evaluate the fire growth and spread rates of material [48] . In opposition to FRI, a lower FIGRA value represents the slower flame spread potential and the better fire safety of material. Benefiting from the synergistic effect between EDAP and zinc borate, the FIGRA value of PBS/EDAP/ZnB is significantly reduced by 47% to 0.90 kW/(m 2 s) compared to that of neat PBS. Beside, maximum average rate of heat emission (MARHE), another fire safety engineering parameter, was applied to assess materials by their ability to support flame spread to other objects [49] . Compared to neat PBS (206 kW/m 2 ), the MARHE value of PBS/EDAP/ZnB is only 108 kW/m 2 , showing a 48% reduction, which is lower than that of other formulations. These results demonstrate the fact that the incorporation of zinc borate combined with EDAP obviously reduces the fire risk of PBS.

Regarding the char residues after MLCC test, neat PBS ( Fig. 2 aa') burns completely and leaves no residue after the MLCC test. When EDAP is added to PBS ( Fig. 2 b-b'), a flat carbonaceous char with many cracks is observed, covering the surface of the sample. The poor performance (in terms of HRR) is ascribed to the low loading of EDAP (10 wt.%), which fails to develop a fully expanded char protecting the material. Interestingly, for PBS/EDAP/ZnB, a complete and smooth intumescent char layer is formed ( Fig. 2 c-c'), which may act as a physical barrier, inhibiting the heat and mass transfer and thereby resulting in the excellent fire retardancy. Thus, the addition of zinc borate may promotes the formation of a protective vitreous layer on the surface of burning material, which improves the cohesion of residues [35] . In the cases of PBS/EDAP/MB ( Fig. 2 d-d') and PBS/EDAP/ZnMo ( Fig. 2 e-e'), a protective carbonaceous layer is formed on the surface of the material during combustion with visible cracks and holes, leading to limited barrier effect. Beside, the combination of 1 wt.% of aminated multiwall carbon nanotubes and 1 wt.% of zinc borate to PBS/EDAP leads to the formation of a loose and discontinuous residue ( Fig. 2 f-f'), which is ascribed to the accumulation of multiwall carbon nanotubes on the surface of melting material restricting the formation of continuous char layer [ 50 , 51 ].

According to the above results, it is obvious that PBS/EDAP/ZnB shows the best flame retardant properties during combustion. Therefore, the properties and FR mechanism of this formulation is deeply investigated. Beside, the PBS/EDAP/ZnB formulation is compared to PBS/EDAP in order to evaluate the effect of ZnB, and neat PBS as a reference.

Smoke release analysis

The smoke release behavior of PBS and its composites was studied by investigating the smoke opacity of materials as a function of time during the MLCC test ( Fig. 3 ). Generally, a low smoke opacity reflects the high visibility in a fire, which will raise the chance to escape from the fire [52] . Before the ignition, the peak values of smoke opacity of PBS/EDAP and PBS/EDAP/ZnB are 23% and 24%, respectively, which is higher than that of neat PBS (11%). This is interpreted that the addition of EDAP and zinc borate promotes the decomposition of PBS, resulting in higher smoke opacity before combustion. At ignition, the smoke opacity of PBS and PBS/EDAP as well PBS/EDAP/ZnB drops dramatically because of the burning of evolved pyrolysis products releasing mainly CO 2 and water without soot.

After ignition, the smoke opacity of neat PBS increases gradually after ignition, and reaches a peak of 21%. Beside, the smoke opacity of PBS/EDAP rises to 15% sharply and then decreases. The appearance of this peak is ascribed to the formation of a char. However, with the increase of testing time, the smoke opacity of PBS/EDAP climbs up to 26%, demonstrating that the formed char residue fails to retard the formation of smoke. Moreover, in the case of PBS/EDAP/ZnB, the smoke opacity reaches the peak of 7% after ignition, then quickly dropped to 0% (except for a small peak (3%) detected at around 620 s). These results indicate that the addition of zinc borate promotes the formation of protective char layer and effectively suppresses the release of smoke.

Morphology of residual char during MLCC test

The fire behaviors of neat PBS, PBS/EDAP, and PBS/EDAP/ZnB at different times during MLCC test were studied in term of char morphology ( Fig. 4 a-c). Neat PBS burns violently after ignition without residue. The addition of 10 wt.% EDAP leads to the formation of island-like residue on the surface of composite. However, the formed char exhibits limited flame retardancy for slowing down the combustion of underneath polymeric matrix under continuous heat flux. Partially substituting EDAP with 2 wt.% zinc borate can obviously promote the formation of a protective intumescent char layer, which effectively retards the combustion of underneath matrix.

The top view morphological photographs of char residues of PBS/EDAP and PBS/EDAP/ZnB at different times (i.e., initial stage after ignition, near pHRR, HRR falling stage, and flameout stage) during MLCC test are also observed ( Fig. 4 d,e). It is seen that PBS/EDAP cannot form a stable and intumescent char in the early stage of decomposition and combustion. Moreover, the collapsed and discontinuous char fails to cover the surface of composite entirely during combustion ( Fig. 4 d), leading to the poor flame retardant efficiency of PBS/EDAP composite. On the contrary, the addition of zinc borate promotes the formation of an intumescent and compact char layer in the early stage of decomposition and combustion ( Fig. 4 e), and the intumescent char layer continues to expand during the combustion and completely covers the surface of the sample. As mentioned earlier, the formed intumescent char layer acts as a protective physical barrier inhibiting the transfer of heat and mass and protecting the underneath polymeric matrix.

Note that the surface char residues obtained at different times ( Fig. 4 d-e) were collected to characterize the chemical composition of chars and to further investigate the interactions of additives with PBS matrix in the condensed phase.

Solid state NMR analysis

To understand the reaction-to-fire of PBS/EDAP and PBS/EDAP/ZnB composites, solid state NMR test was chosen to study the chemical species of char formed at different times during the combustion process because it permits to select the observed nucleus (here, 11 B, 13 C, and 31 P) to get information about its surrounding [53] . Regarding the 13 C CP-MAS NMR spectra of EDAP, PBS/EDAP and PBS/EDAP/ZnB ( Fig. 5 ), it is seen that EDAP shows an obvious band at 41 ppm, which is assigned to the methylene group of the ethylenediamine. Beside, 13 C NMR spectra of unburned PBS/EDAP and PBS/EDAP/ZnB (at 0 s) both exhibit four resonance bands located at 178, 70, 33, 30 ppm. They are contributed to the polymeric chains of PBS where the bands at 178, 70, 33, 30 ppm are assigned to the carbonyl group of succinate part

(-C O-CH 2 -CH 2 -C O-), the methylene group of the butylene part (-O-C H 2 -CH 2 -CH 2 -C H 2 -O-)
, the methylene group of succinate part [3] . For PBS/EDAP, those main characteristic bands exist during the ongoing combustion process from 0 s to 250 s. When the time reaches 400 s, the characteristic bands of PBS disappear, and a broad band centered at around 130 ppm is distinguished, corresponding to sp 2 hybridized aromatic carbon atoms, which is assigned to the carbonization of the material forming aromatic and/or polyaromatic species [54] . The formation of char is due to the dehydrogenation of aromatic species creating larger structure of polyaromatic species with low organization [40] .

With respect to PBS/EDAP/ZnB, it is seen ( Fig. 5 b) that there is a broad band centered around 130 ppm at 370 s, indicating the formation of large aromatic/polyaromatic structure (char). At 550 s, an additional band at 178 ppm is observed, probably indicating the presence of another type of carbonyl group. Beside, the characteristic bands of aliphatic structures in PBS are continuously detected at longer time (550 s), demonstrating that the incorporation of zinc borate significantly improves the thermal-oxidative stability of PBS during combustion.

Upon heating, EDAP decomposes and releases acidic phosphates acting as char promoter, it plays an important role in the charring and formation of an intumescent char. 31 P NMR chemical shift was use to study the phosphorus-containing char by determining the number of bridging oxygen atoms (n) and distinguishing between phosphate units using Q n terminology: Q 0 , Q 1 , Q 2 , and Q 3 [55] . Before the MLCC test (0 s), the 31 P DD-MAS NMR spectra of EDAP, PBS/EDAP, and PBS/EDAP/ZnB ( Fig. 6 ) shows a narrow single peak at 0 ppm, which is assigned to Q 0 site (orthophosphate type species including phosphoric acid). This band is characteristic of phosphoric acid and/or orthophosphate groups, because EDAP is an orthophosphate salt prepared by the reaction between phosphoric acid and ethylenediamine.

It is found that a twin peak at around -1 ppm is distinguished at 130s on the PBS/EDAP, corresponding to another Q 0 site probably an orthophosphate linked to aliphatic species [24] . Beside, an additional band of low intensity at around -12 ppm is detected, which is assigned to Q 1 site (orthophosphate linked to the aromatic species) and/or another Q 1 site (pyrophosphates) [40] . A broad band around -25 ∼ -55 ppm is observed from 250 s, indicating the formation of amorphous phosphate-type exhibiting Q 2 and Q 3 site (probably due to the presence of metaphosphates and ultraphosphates) [56] . For PBS/EDAP/ZnB, at 130 s, the broad band between 5 and -50 ppm is characteristic of the structure found in glass or amorphous compounds, while narrow resonances are characteristic of ordered phases composed of borophosphate, zinc phosphate, phosphate glasses and so on [ 38 , 57 ]. Indeed, the sharp intense resonance at -30 ppm is assigned to boron phosphate as already evidenced in previous work [58] . The band at 0 ppm is attributed as above, and the band at -7.7 ppm is assigned to Q 1 site corresponding to pyrophosphate [59] . In addition, the broad band centered at -12 ppm might be assigned as above in a disordered structure and/or to zinc phosphate glass. At higher testing times for PBS/EDAP/ZnB, the intensity of band at 0 ppm decreases, and the resonances at -30 ppm increases significantly due to the formation of boron phosphate [60] . Based on the above results, it suggests that zinc borate can react with EDAP and its decomposition products during combustion. The formation of borophosphate and/or zinc phosphate glasses reinforces the char structure and acts as a 'glue' providing flexibility and co-hesion to the char, thereby improving the flame retardancy of the material.

11 B MAS NMR spectra of PBS/EDAP/ZnB are shown on Fig. 7 . The spectra of unburned material (0 s) exhibit a doublet centered at 15 and 13 ppm, which is assigned to the trigonal borate (BO 3 ) units [38] . Beside, another band located at 1 ppm is ascribed to chemical shift of tetragonal borate (BO 4 ) species. With advancing burning process, the broad band assigned to BO 3 units disappears gradually, and the resonance of BO 4 units at 1 ppm is shifted to -4 ppm. This is ascribed to the formation of borophosphate (boron phosphate) [60] . Those results indicate that borates react with phosphate upon heating, leading to reinforcement in char integrity and stability [61] , which is consistent with the 31 P DD-MAS NMR results. Further, the reaction between EDAP and zinc borate can be explained by the Lewis acid-base concept: the phosphate is the strongest or hardest Lewis base, whereas the zinc and boron are the Lewis acid [34] ; accordingly, phosphate species (EDAP and its pyrolysis products) tends to react with ZnO and B 2 O 3 to form zinc phosphate and borophosphate species, respectively [62] .

MLCC-FTIR analysis

FTIR spectra was used to quantitatively analyze the evolved gases, such as water and carbon dioxide, in the smoke from MLCC fire test to further investigate the gas phase combustion behavior [63] . Herein, the amounts of water, carbon dioxide, and carbon monoxide evolved as a function of time during the MLCC test ( Fig. 8 a-c) were evaluated for PBS and its composites.

Note that the evolution curves of water and carbon dioxide show similar shapes to the HRR curve during the burning ( Fig. 8 a,b). For neat PBS, the evolution of water and carbon dioxide increase rapidly after ignition indicating the completed combustion. The water emission peak of PBS/EDAP is 12546 ppm, similar to that of neat PBS (12817 ppm); meanwhile the peak of water emission for PBS/EDAP/ZnB is only 7698 ppm, a 38.6% reduction compared to neat PBS. Regarding the release of carbon dioxide, neat PBS/EDAP shows an emission peak at 42428 ppm, which is lower than the release of neat PBS (47308 ppm). Moreover, the carbon dioxide emission curve of PBS/EDAP/ZnB exhibits a lower plat with a peak of 22591 ppm, which means that the formed char layer retards the combustion of material effectively.

Interestingly, the evolution of carbon monoxide is obviously different to the release of water and carbon dioxide ( Fig. 8 c). For neat PBS, carbon monoxide is evolved before ignition, and the corresponding maximum CO emission value is 161 ppm. Compared to neat PBS, the carbon monoxide emission of PBS/EDAP remains at a relatively high level during the combustion (peak of 250 ppm), demonstrating the incomplete combustion behavior happens during the combustion of PBS/EDAP. This phenomenon suggests a possible flame retardant mechanism occurred in the gas phase by adding EDAP in PBS [ 64 , 65 ]. Beside, for PBS/EDAP/ZnB, the release of carbon monoxide keeps at a low level until the flame is almost extinguished. Subsequently, a sharp evolved peak is observed at around 700 s, which is ascribed to the barrier effect of protective intumescent char layer. Those results validate the flame retardant mechanism occurred in the condensed phase.

Thermal decomposition behavior

The thermal decomposition behaviors of EDAP, zinc borate, neat PBS and its composites were analyzed by TGA under nitrogen atmosphere ( Fig. 9 ). The related thermal parameters, including the initial degradation temperature ( T 5%, where 5 wt.% weight loss occurs), maximum degradation temperature ( T max ), and the char yield ( Y c ) at 800 °C, are listed in Table 3 . EDAP goes through a thermal decomposition in three steps, leaving 28.6 wt.% residue at 800 °C. The T 5% of EDAP is observed at 225 °C, implying that the decomposition of EDAP appears at a relatively low temperature [ 23 , 66 ]. For zinc borate, the Y c is as high as 86.0 wt.%, and the mainly mass loss is due to the endothermic decomposition (releasing water) of zinc borate occurred between 350 °C and 450 °C [35] . The mass loss process of zinc borate involves two overlapping dehydration reaction ( Fig. 9 b), including the condensation of B-OH groups and the crystallization processes [67] . The combination of EDAP and zinc borate with a mass ratio of 4:1 yields 57.2% residue ( Fig. 9 a), which is higher than the calculated result (40.1%, calculated from the content of additives and the experimental results of each component [24] ). It means that there is an interaction between EDAP and zinc borate improving thermal stability.

It is found that neat PBS degrades from 343 °C ( T 5% ), it undergoes a one-stage thermal decomposition process. Compared to neat PBS, two-stage thermal decomposition pathway exists in PBS/EDAP and PBS/EDAP/ZnB composites, occurring approximately from 225 °C to 325 °C and from 325 °C to 425 °C, respectively. The first thermal decomposition is ascribed to the earlier degradation of EDAP, which leads to approximately 4% mass loss of composites [68] . When incorporating 10 wt.% EDAP to PBS matrix, T 5% and T max of PBS/EDAP is decreased by 23 °C and 19 °C (from 343 °C to 320 °C and from 401 °C to 382 °C, respectively), compared to that of neat PBS. Moreover, in comparison with the composite containing 10 wt.% EDAP, PBS/EDAP/ZnB exhibits the T 5% and T max of 344 °C and 396 °C, respectively, similar to those of neat PBS, implying that the incorporation of zinc borate visibly improves the thermal stability of composite.

As far as the residue is concerned, it is clear that the addition of EDAP increases the Y c of composite to 3.3% from 0.8% for neat PBS at 800 °C. Moreover, a higher Y c (6.2%) is observed for PBS/EDAP/ZnB in the presence of zinc borate, indicating the better charring-forming effect. Generally, the higher residual char means positive thermal protect effect on the PBS matrix, which in turn reflects the ability to protect the PBS composites when exposed to fire.

TG-FTIR analysis

The evolved pyrolysis products of PBS and its composites were analyzed by TG-FTIR in nitrogen atmosphere to understand the decomposition behavior and possible flame-retardant mechanism of PBS composites ( Fig. 10 ). The major evolving decomposition products of neat PBS include various ester compounds (containing monomers and hybrid dimers), tetrahydrofuran, carbon dioxide, succinic anhydride, and aliphatic ethers [ 69 , 70 ], which is identified by strong characteristic FTIR signals ( Fig. 10 a,d), such as unsaturated alkane (30 0 0-310 0 cm -1 ), hydrocarbons (280 0-30 0 0 cm -1 ), carbon dioxide (230 0-240 0 cm -1 ), carbonyl compounds (1811-1818 cm -1 ), aliphatic ethers (1100-1250 cm -1 ). The FTIR spectra of evolved gas products at different times for PBS/EDAP and PBS/EDAP/ZnB are similar to those of neat PBS ( Fig. 10 b-d). It is speculated that some new absorption peaks, such as P = O (1250 cm -1 ) and P-O-C (1075 cm -1 ) may coincide with the characteristic bands of the PBS matrix [ 18 , 71 ]. Beside, the low loading of additives may also affect the intensity of characteristic bands.

FTIR spectra of EDAP, neat PBS, PBS/EDAP, and PBS/EDAP/ZnB at the maximum decomposition rate were also studied ( Fig. 10 e). For EDAP, the sharp peaks at 3330, 1626, 965, 931 cm -1 are ascribed to characteristic bands of ammonia (from NIST Chemistry Web-Book), the broad band between 10 0 0 and 1200 cm -1 is contributed to the absorbance of ammonia and phosphorus-containing species [72] . Compared to neat PBS, the peak intensity of PBS/EDAP at 909 cm -1 increases dramatically after the incorporation of EDAP. This phenomenon suggests that the absorption band of C-H deformation vibration of alkene is overlapped by the additional absorption of ammonia decomposed from EDAP [27] . Beside, from Fig. 10 e, the maximum decomposition rate of PBS/EDAP occurs at 35.9 min (396 °C), which is earlier than that of neat PBS (37.6 min, 413 °C). This is interpreted that the addition of EDAP promotes the thermal decomposition of PBS. In contrast, the maximum decomposition rate of PBS/EDAP/ZnB occurs at 38.1 min (418 °C), indicating that the presence of zinc borate can improve the thermal stability of PBS composite. Fig. 10 f-h presents the main evolved gases for PBS and its composites, such as total absorbance, carbonyl compounds (1818 cm -1 ), and hydrocarbons (2980 cm -1 ). It is seen that, compared to neat PBS, PBS/EDAP exhibits higher absorption intensities of the volatized products during decomposition. On the contrary, the absorption intensities of pyrolysis products significantly are reduced for PBS/EDAP/ZnB as shown in Fig. 10 f-h. The reduction of pyrolysis gases verifies the thermal shielding and the smoke suppression effects of zinc borate combined with EDAP in PBS [ 73 , 74 ]. 

Flame retardant mechanisms of action

Based on above discussions, the flame retardant mechanisms of PBS/EDAP/ZnB are mainly contributed to the formation of a protective intumescent char layer (condensed phase mechanism). Specifically, EDAP mainly acts as acid source in this intumescent system and promotes the charring of PBS matrix. The decomposition of zinc borate (between 350 °C and 450 °C) produces B 2 O 3 , which softens at 350 °C (melting point of 450 °C) and flows above 500 °C [ 35 , 75 ]. It leads to the formation of a protective vitreous layer on the surface of material during combustion, thereby improving the cohesion of the residue [35] . Beside, zinc oxide, another decomposition product of zinc borate, is able to form cross-links with the flame retardant system to limit the formation of cracks and holes [ 76 , 77 ]. It has been proved that zinc oxide can stabilize char structure and make the char more compact [77] . Moreover, based on the solid state NMR analyses, zinc borate can react with EDAP during combustion to form thermally stable inorganic phosphate species (boronphosphate and/or zinc phosphate), which physically reinforce the char structure. The resultant intumescent char layer effectively limits the mass and heat transfer and retards the combustion of material.

Mechanical properties of PBS and its composites

The effect of EDAP and zinc borate on the mechanical properties of PBS composites was investigated using a tensile test. The stress-strain curves of PBS and its composites are showed in Fig. 11 . It can be seen that the neat PBS shows the highest tensile strength than its flame retarded PBS composites. When incorporating 10 wt.% EDAP to PBS, the tensile strength of PBS/EDAP is deceased to 32.0 MPa from 39.7 MPa for neat PBS. This might be due to the poor compatibility between EDAP and PBS matrix. Analogous phenomena are widely observed in intumescent flame retardant systems that the addition of intumescent flame retardants to polymers or polymer composites with relatively high loadings often negatively affects the mechanical properties of polymer matrix [ 10 , 78 ]. In comparison with PBS/EDAP, the addition of zinc borate increases the tensile strength of PBS/EDAP/ZnB (33.9 MPa), thanks to the inherent rougher surface of zinc borate and the improved interfacial interaction between zinc borate and PBS matrix [79] . This result suggests that the presence of zinc borate leads to a reinforcement effect in the mechanical properties of PBS composites.

Conclusion

A series of halogen-free intumescent flame retardant formulations for polybutylene succinate consisting of ethylenediamine phosphate and synergists were described, and mechanism details of the mode of action for selective formulation (PBS/EDAP/ZnB) were also given in this study. Among them, zinc borate provided the best synergistic flame retardant effect with EDAP to PBS. The cone calorimeter results showed that the co-addition of EDAP and zinc borate at relatively low additive loading (10 wt.%, with a mass ratio of 8:2) permitted the reduction up to 57% of pHRR, indicating the high flame retardant efficiency. Based on the condensed phase and gas phase analyses, it can be concluded that the addition of zinc borate and EDAP promoted the formation of a reinforced intumescent char. This protective char layer effectively limited mass and heat transfer, thereby retarding the combustion. Beside, the presence of zinc borate significantly decreased the smoke release during combustion, and improved the tensile strength of composite in comparison to PBS/EDAP.

A highly efficient intumescent polybutylene succinate: flame retardancy and mechanistic aspects

This chapter is dedicated to the investigation of the mode of action of PBS/S200&EDAP and PBS/S200&EDAP/ZnB formulations. As discussed in Chapter 3, PBS/S200&EDAP/ZnB formulation showed excellent flame retardancy during combustion, where EDAP and S200 (7:3, wt: wt) acted as intumescent system and zinc borate acted as synergist. The aim of this chapter is to comprehensively investigate the mode of action of S200&EDAP and ZnB in PBS, especially the effect of zinc borate on intumescence and flame retardancy of PBS. To achieve this goal, gas phase and condensed phase behaviors are investigated during the MLCC test. In the gas phase, the evolutions of smoke release and evolved gases during the MLCC test are evaluated. On the other hand, in order to gain insight into the mechanism in condensed phase, the chemical composition of the char at different times during the MLCC test is investigated using solid state NMR. It worth noting that the mechanical properties and thermal stability of PBS/S200&EDAP and PBS/S200&EDAP/ZnB are also assessed in this chapter.

The work in this chapter has been submitted to the journal of Polymer Degradation and Stability: "Fei Xiao, Gaëlle Fontaine, Serge Bourbigot. A highly efficient intumescent polybutylene succinate: flame retardancy and mechanistic aspects".

Introduction

Recently, biobased polybutylene succinate (PBS) has shown enormous potential for partially substituting petrochemical-based plastics in various application fields owing to its good processability, controlled biodegradability, and high thermal/mechanical properties [1][2][3].

Nevertheless, the inherent high flammability of PBS is one of the most pervasive problems afflicting greatly its applications where fire safety is indispensable [4][5][6]. Therefore, it is paramount to develop a highly efficient fire retardant system for PBS.

Up to now, numerous attempts have been made to impart fire retardancy to PBS [7][8][9][10][11],

among which intumescent flame retardants (IFR) are the most frequent approach to reducing the flammability of PBS [12]. Indeed, IFR shows desirable potential as promising alternative to halogen-containing and conventional flame retardants (e.g., magnesium hydroxide) due to their high efficiency, low toxicity, and few smoke productions [13,14]. A typical intumescent flame retarded PBS system comprises an acid source (e.g., ammonium polyphosphate), a blowing agent (e.g., melamine), and/or a carbonization agent (e.g., natural fibers, pentaerythritol). To our knowledge, the most common IFR system for PBS is ammonium polyphosphate/melamine system combined with various synergists [15], such as fumed silica [16], graphene [17], montmorillonite [18], and halloysite nanotube [19]. However, in those formulations, relatively high loading (more than 20%, see Table 1) is essential to meet the fire safety requirements, which may cause the deterioration of mechanical properties.

In this work, a highly-efficient ternary IFR system was designed to flame retard PBS by introducing ethylenediamine phosphate (EDAP), melamine poly(aluminum phosphate) (MPAlP), and zinc borate into PBS. There is evidence that the appropriate combination of two or more additives may result in improved flame retardancy through synergistic interactions due to their different main mode of action [20]. EDAP is a non-halogenated intumescent flame retardant prepared by phosphoric acid and ethylenediamine, which can simultaneously play the roles of acid source (19.5% phosphorus) and blowing agent (17.7% nitrogen) during the combustion [21].

Therefore, it is widely used in various polyolefins to promote both charring and the formation of highly crosslinked phospho-carbonaceous structures [22]. MPAlP combines the benefits of nitrogen (melamine) and phosphorus-based flame retardants, and it employs multidimensional modes of flame retardant actions in the gas and condensed phase [23]. On the one hand, phosphorus-containing decomposition products can promote the formation of insulating char on the surface. On the other hand, melamine derivatives decompose endothermically, releasing inert nitrogen-containing gases (blowing) and generating melamine homologues (melam, melem, and melon) which can improve the thermal/fire resistance of char [24]. Moreover, it is widely applied to enhance the fire retardancy of glass fiber reinforced polyamide 6,6 and epoxy resin [23][24][25][26][27]. Importantly, the external heat flux and internal pressure caused by the evolved products may lead to the formation and propagation of cracks in the intumescent char, thereby decreasing the fire-retardant efficiency of carbonaceous barrier. Based on our previous works [28,29], zinc borate shows significant synergistic interactions with phosphate-based flame retardants. It can efficiently enhance the cohesion of residual char by forming a protective vitreous layer on the burning material surface [30,31]. In conclusion, the comprehensive performances of PBS and its composites, including thermal stability, flame retardancy, combustion behavior, smoke release, and mechanical properties, were evaluated in detail, and the flame retardant mechanisms of action of intumescent PBS in condensed phase and in gas phase were also investigated using various techniques. index (FRI, defined in Eq. 1 [42]), fire growth rate index (FIGRA, defined as the maximum value of HRR divided by elapsed test time [43,44]), and maximum average rate of heat emission (MARHE, defined as the maximum value of the cumulative heat emission divided by elapsed test time [45]).

𝐹𝑅𝐼 = [𝑇𝐻𝑅 * ( 𝑝𝐻𝑅𝑅 𝑇𝑇𝐼 )] 𝑁𝑒𝑎𝑡 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 [𝑇𝐻𝑅 * ( 𝑝𝐻𝑅𝑅 𝑇𝑇𝐼 )] 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 (1) 
The smoke release behavior was assessed by analyzing the opacity of smoke emitted from the top of the chimney during the MLCC test [46]. Smoke density analyzer TDA 302 (Taurus Instrument, Germany) combined with a light sensor measurement system was used to analyze the smoke opacity of materials. Noteworthily, the smoke opacity was gained by calculating (I 0 -I t )/I 0 value, where I 0 presents the original light intensity and I t refers to the transmitted light intensity as a function of time. Moreover, MLCC was also coupled with Fourier Transform InfraRed (FTIR, Antaris™ Industrial Gas System (IGS), Thermo Fisher, USA) to quantitatively analyze the real-time composition and content of evolved products during combustion, such as water, carbon dioxide, and carbon monoxide [47]. The gas picking pistol with two filters made of glass fibers (2 um) and ceramic (0.1 um), respectively, and heating transfer line (180 ºC, M&C Tech Group, Germany) were put on the top of chimney, and the FTIR cell was set at 180 ºC and 652 Torr. environment with a continuous purge flow of 50 mL/min, then it was heated from 40 ºC to 800 ºC with a heating rate of 10 ºC/min. Weight difference curves were calculated based on the difference between experimental and calculated TG curves of the mixture. The calculated method was described in detail in our previous work [48]. Besides, TG-FTIR was measured on a TA Instrument Q5000 IR (USA) coupled with a Thermo Scientific Nicolet iS10 FT-IR spectrometer (USA). The transfer line and gas cell were kept at 190 ºC to avoid the condensation of the evolved gases during the measurement. While heating, the real-time FTIR spectra were synchronously recorded in a range of 4000-400 cm -1 with a number of scans of 8.

Mechanical property

The tensile test was performed on an Instron 4466 compression tension tensile tester (10KN, USA) to study the mechanical properties of PBS and its composites. Sheet samples with a gauge length of 80 mm (total length of 127 mm) and a cross-section of 12.7 × 1.7 mm 2 , were tested with a constant speed of 10 mm/min until the sample breaks. At least quintuplet specimens were done to ensure the repeatability.

Results and discussion

Mechanical performance

Tensile test of PBS and its composites was performed to investigate the effect of the additives on the mechanical properties of PBS. 

Thermal stability

The thermal stability of additives and of their mixtures was measured by TGA to examine the decomposition of PBS composites (Figure 2a). MPAlP exhibits good thermal stability with twostage thermal decompositions (350-420 ºC, 425-650 ºC, Figure S1) with a char yield of 46.7% at 800 ºC. Besides, decomposition in 3 steps is observed for EDAP (Figure S1), leaving 28.6% char residue at 800 ºC. The initial decomposition temperature (T 5% , where 5 wt.% weight loss occurs))

of EDAP is around 225 ºC. The weight loss of zinc borate around 350-450 ºC involves the release of water and the condensation (B-OH groups) and crystallization processes of zinc borate [52]. In addition, it shows high thermal stability at 800 ºC with a residue of 86.0%. Moreover, the mass loss of mixtures (i.e., MPAlP&EDAP and MPAlP&EDAP/ZnB) occur in two main stages: the first stage in the temperature range 200-250 ºC (approximately 12% weight loss) corresponds to the decomposition of EDAP, releasing various gaseous products such as ammonia [22]; the second stage (between 370-470 ºC) is attributed to the decomposition of MPAlP and the chemical reaction between the additives. Note that the decomposition rates of MPAlP&EDAP and MPAlP&EDAP/ZnB are considerably slowed down between 480 and 800 ºC, indicating the formation of thermally stable species at an earlier stage.

In addition, weight difference curves allow pointing out a potential interaction and decrease or increase in the thermal stability of a combination of two or more ingredients when mixed together [48]. It can be seen that the weight differences of MPAlP&EDAP and MPAlP&EDAP/ZnB are negative (Δ˂0) in the temperature range of 200-540 ºC (Figure 2b), indicating the presence of chemical interaction between MPAlP and EDAP. Moreover, upon being heated to 540 ºC, the weight differences between the experimental and calculated curves increase progressively (Δ˃0), reaching 11.8% and 12.9% respectively at 800 ºC. This result suggests the fact that the interaction between MPAlP and EDAP enable a thermal stabilization of the residue at higher temperatures, which seems to be promising in terms of fire retardancy [53].

TG and DTG curves of PBS and its composites in nitrogen are presented in Figure 2c-d 

Flame retardancy and smoke release behavior

The fire behavior of PBS and its composites was investigated in a forced combustion condition provided by MLCC test. The heat release rate (HRR) and total heat release (THR) curves of PBS and its composites are presented in Figure 3, the correlative characteristic parameters are summarized in Table 4. Besides, the morphology of residues for PBS and its composites after MLCC test are shown in Figure 4.

The HRR curve of neat PBS shows a typical shape for non-charring materials (Figure 3a), it burns rapidly with a high pHRR of 401 kW/m 2 and a THR of 83.7 MJ/m 2 , without residue formation.

Incorporation of 10 wt.% MPAlP alone into PBS does not decrease the pHRR value, but also promotes the faster decomposition of PBS/MPAlP composite (pHRR is reached at shorter time compared to neat PBS). It can be observed that the incorporation of MPAlP leads to the formation of fragmented residue (Figure 4b), which fails to protect the underneath polymeric matrix.

Similarly, addition of 10 wt.% EDAP limitedly reduces the pHRR and THR by 16% (336 kW/m 2 ) and 11% (74.6 MJ/m 2 ), respectively, compared to that of neat PBS. The fire behavior of PBS/EDAP is still poor due to the formation of island-like residue with numerous cracks (Figure 4c). This limited action in the condensed phase of PBS/EDAP is due to the poor intumescence and cohesion of char. So, MPAlP or EDAP alone are not sufficient to reach acceptable fire performance whereas the combination of MPAlP and EDAP obviously reduces the pHRR value of PBS to 280 kW/m 2 (-30%) and significantly delays the time to pHRR (from 289s for neat PBS to 427s), indicating the good synergistic effect between EDAP and MPAlP. Moreover, an intumescent char is observed for PBS/MPAlP&EDAP at the end of the MLCC test (Figure 4d), thanks to the construction of intumescent system where EDAP acts as acid source and MPAlP acts as blowing agent. The first peak of HRR of PBS/MPAlP&EDAP appears rapidly and the formation of protective char at early stage is observed. However, the HRR then increases gradually until pHRR, indicating the flame retardance effect of the formed char is not strong enough. For PBS/MPAlP&EDAP/ZnB, a significant reduction in pHRR by 63% is observed, implying that an additional mechanism of action occurs in the condensed phase with the addition of zinc borate. The formed crack-free and continuous intumescent char (Figure 4e) acts as a protective barrier between underneath polymer and heat source, resulting in the improved fire performance. Flame retardancy index (FRI) was introduced to evaluate the flame retardancy of PBS composites. Generally, a higher FRI value represents the better flame retardancy of composite [42]. It can be seen that the FRI value of PBS/MPAlP is only 0. Smoke is a dominant hazard factor in fires, which may cause heavy casualties due to the toxicity and low visibility. Generally, a low smoke opacity corresponds to the high visibility, which raises the chance to escape from a fire [54]. The smoke release behavior of PBS and its composites was investigated by studying the smoke opacity of PBS and its composites during the MLCC test (Figure 5).

Before ignition, the peak smoke opacity of PBS/MPAlP and PBS/EDAP reaches 20% and 23% respectively, which are higher than that of neat PBS (11%). A reasonable explanation is that the incorporation of MPAlP and EDAP leads to the uncomplete combustion of materials thus increasing the smoke opacity. Compared with PBS/MPAlP and PBS/EDAP, the combination of MPAlP and EDAP results in a slight reduction in smoke opacity with a peak of 19%. For PBS/MPAlP&EDAP/ZnB, a higher peak appears before ignition with a smoke opacity of 25%, which is ascribed to the incorporation of zinc borate.

For all formulations, the smoke opacity values sharply drop to almost zero when ignition occurs, this is due to the combustion and the consumption of evolved pyrolysis products. After ignition, the opacity of smoke for PBS gradually increases and shows a sharp peak of 21%, demonstrating the low smoke release of neat PBS during combustion [36]. For PBS/MPAlP, the opacity of the smoke rises quickly after ignition and presents an intensity broad zone in around 150 to 250s with a peak smoke opacity of 23% (Figure 5c). This indicates that the incorporation of 10 wt.% MPAlP alone to PBS promotes the production of smoke. The smoke opacity of PBS/EDAP increases to 15% sharply and then reduces, corresponding to the formation of char.

However, with the time increases, the opacity of the smoke of PBS/EDAP climbs up to 26% at 325s, which means that the addition of EDAP char cannot effectively decrease the release of smoke. The smoke opacity of PBS/MPAlP&EDAP shows a sharp peak (12%) after ignition, subsequently, it gradually increases and reaches a peak of 16% at 415s. It is assigned to the synergy between MPAlP and EDAP reducing the smoke emission of PBS. Interestingly, when MPAlP&EDAP is partially replaced by 2 wt.% zinc borate, the smoke opacity of PBS/MPAlP&EDAP/ZnB dramatically drops to 0 after ignition and then maintains at a very low level (Figure 5f). The results imply that the combination of MPAlP&EDAP and zinc borate permits to produce PBS with low smoke emission during combustion. 

Condensed phase analysis

Morphology of char residues during MLCC test

The formation and evolution of char of the PBS composites were studied at different times of the MLCC test (Figure 6). PBS/MPAlP fails to form a char layer at the surface of the composite in the early stage of burning (130s, Figure 6a). As the testing time increases, residue fragments can be distinguished (visual observation). On the other hand, incorporation of 10 wt.% EDAP in PBS promotes the formation of a discontinuous and collapsed char (Figure 6b), which also cannot entirely cover the surface of the sample during burning, thus resulting in the poor flame retardant efficiency. Note that the combination of MPAlP and EDAP leads to the formation of an intumescent char during the combustion (Figure 6c). This is interpreted by the synergistic effect between MPAlP and EDAP, which is attributed to the construction of the intumescent system, where EDAP acts as a strong acid source and MPAlP acts as blowing agent and acid source. As discussed earlier, the formed char may act as a physical barrier protecting underneath polymeric matrix. However, this intumescent system shows limited shielding performance due to the existence of holes and cracks on the surface of the char.

Interestingly, the presence of zinc borate visibly modifies the char morphology of PBS/MPAlP&EDAP/ZnB (Figure 6d). A flexible and crack-free intumescent char layer is observed in the early stages of burning (130s). The formed protective intumescent char expands continuously during the burning and finally completely covers the surface of the composite, thereby leading to outstanding fire performance. This process was also identified by the fire behavior during MLCC test (Figure 7). PBS burns violently after ignition, whereas PBS/MPAlP&EDAP/ZnB forms quickly an intumescent char (130s). This intumescent char acts as a protective fire barrier retarding mass and heat transfer between condensed and gas phase and protecting the underneath matrix from direct exposure to fire and heat flux.

The surface residues obtained at different times during MLCC test were collected and further investigated by solid state NMR to understand the interaction between additives and PBS matrix in the condensed phase and to gain insight into the flame retardant mechanisms. 

Solid state NMR analysis

Since the thermal stability and flame retardancy of residue depends on its chemical structure, solid state NMR was applied to analyze the intermediate chemical species of char formed at different times during burning. By observing the selected nucleus (here, 11 B, 13 C, 27 Al, and 31 P)

and its surrounding, one can gain insight into the reaction-to-fire (reactivity) of PBS composites. 8a). The result indicates the formation of large sp 2 hybridized polyaromatic structure (char) [28]. Similarly, a broad band is also observed at around 130 ppm for PBS/EDAP when time exceeds 400s (Figure 8b).

In the case of PBS/MPAlP&EDAP, the characteristic signals of PBS are still distinguished at 400s (Figure 8c), revealing the improved thermal stabilization of PBS when incorporating MPAlP and EDAP together. Interestingly, a broad band centered at around 130 ppm is observed at 250s

for PBS/MPAlP&EDAP/ZnB, indicating that zinc borate promotes charring in the early stage of combustion. It makes sense because visual observation (see Figure 6d and Figure 7b) shows the intumescence of the material, which avoids the complete decomposition of PBS. Besides, the formed intumescent char 'traps' aliphatic/polymeric chains in, limiting the release of flammable volatiles (less fuel) to the flame. Moreover, the characteristic bands of PBS are still found at 550s, which may be ascribed to the formation of a thermally stable char protecting the PBS. The result shows that the addition of zinc borate improves the thermal stability of char at high temperatures, which is consistent with the previous conclusion. Al MAS NMR was used to analyze the transformation of aluminates upon heating (Figure 9). For PBS/MPAlP in 0s, there are two signals at 39.3ppm and 17.6 ppm (Figure 9a), which are assigned to the presence of tetrahedrally coordinated AlO 4 (AlPO 4 , coordinated with phosphate groups sharing the oxygen) and octahedrally coordinated AlO 6 (surrounded by phosphates, phosphorus atoms in their second sphere of coordination), respectively [56][57][58]. At 130s, the signal intensity of AlO 6 increases and becomes dominant, indicating that parts of the AlO 4 are converted into AlO 6 under heat radiation and combustion [59]. Note that an additional band centered at 1.3 ppm appears when time exceeds 370s, indicating the formation of amorphous AlO 5 (no coordination to phosphate units, possibly a transition phase of conversion) during combustion [60,61]. Besides, the broadening of the signal from 15 to -60 ppm evidences large distribution of Al surrounding assigned to the presence of amorphous network structures, which restricts the formation of well-ordered aluminophosphate frameworks.

The 27 Al NMR signals obviously change with the addition of EDAP (Figure 9b). At 130s, the band of AlO 4 disappears for PBS/MPAlP&EDAP and the signal is dominated by a peak at -15.5 ppm (AlO 6 ). This is explained by the fact that most of AlO 4 is converted to AlO 6 and some aluminophosphates are formed as a result of chemical interaction between EDAP and MPAlP.

Moreover, the shape of the AlO 6 signal is narrower when t ˃130s, corresponding to the more ordered species, similar to crystalline structures. In the 27 Al NMR spectrum of PBS/MPAlP&EDAP/ZnB at 130s (Figure 9c), there is an increased intensity of band at -17.6 ppm (the ratio of AlO 4 /AlO 6 changes from 1:0.38 (t=0s) to 1:7.6 (t=130s)). However, when the combustion time exceeds 370s, the signal intensity of AlO 4 at around 38.6 ppm increases compared to that of AlO 6 (AlO 4 /AlO 6 ratio of 1.58:1), which corresponds to the higher degree of condensation of the well-crystallized aluminophosphate network [56,62]. In order to estimate the evolution of the phosphate species in the residues, the 31 P DD-MAS NMR spectra of PBS composites were studied (Figure 10). The peak position of 31 P NMR spectra depends on the phosphate structure, responding to the varying number of bridging oxygen atoms (Q n , n refers to the number of bridging oxygen atoms per phosphate tetrahedron) [41]. The 31 P NMR spectrum of original MPAlP exhibits three sets of bands (Figure 10a). The low intense band at around 0 ppm is assigned to the trace amount of orthophosphate (Q 0 ). The band at -10.4 ppm is ascribed to terminal phosphate groups and/or pyrophosphate (Q 1 ). Besides, the doublet at -21.8 and -24.5 ppm are assigned to middle groups of polyphosphate chain (Q 2 ), which are widely found in polyphosphates [41]. Other doublet at -27.3 and -30.9 ppm are derived from AlPO 4 groups, which is closer to proton source from melamine molecule, possibly connected by hydrogen bond [61]. In addition, 31 P NMR spectrum of EDAP (Figure 10b) shows a narrow single peak at 0 ppm, which is assigned to the characteristic of orthophosphates and/or phosphoric acid (Q 0 ).

The 31 P spectrum of PBS/MPAlP at 0s shows signals similar to that of MPAlP, however, the doublet at -21.8 and -24.5 ppm (from the polyphosphate chain (Q 2 ) of MPAlP) disappears at 130s, which was also observed in our previous works [61]. Besides, a broad signal between -20 and -60 ppm and two intense peaks (crystalline) at -37.3, -43.3 ppm are distinguished in 370s, suggesting the presence of multiple species (amorphous and ordered structures), which is consistent with 27 Al NMR. The doublet of PBS/EDAP spectrum in 130s is found at around -1 ppm, indicating the presence of orthophosphate bound to aliphatic species (Q 0 site, P-O-C links) [53]. Besides, an additional signal with low intensity at around -12 ppm is observed, which is contributed to pyrophosphates and/or orthophosphate linked to the aromatic species [41]. A broad band centered at around -30 ppm is detected from 250s, corresponding to the formation of amorphous phosphate species exhibiting Q 3 site probably due to the condensation to ultraphosphate [63].

The 31 P NMR spectra of PBS/MPAlP&EDAP (Figure 10c) exhibit the combined signals of PBS/MPAlP and PBS/EDAP. The signals at -37.4, -43.4 ppm appears in 250s, which is earlier than that of PBS/MPAlP (370s), suggesting that the addition of EDAP promotes the decomposition of the composite. Interestingly, all bands are sharp when time exceeds 250s, which confirms the formation of phosphorus-containing ordered structures embedded in the charred structure and thus improving the fire retardancy of char [64].

For the 31 P NMR spectra of PBS/MPAlP&EDAP/ZnB (Figure 10d), a broad resonance between 5 and -60 ppm is observed from 130s, and this broad signal is still detected until 900s. This phenomenon implies that the addition of zinc borate yields some new species via chemical interactions, which may be contributed to the formation of a more stable char. Indeed, the broad resonance shows characteristic of the structure found in glass or amorphous compounds, while narrower signals are characteristic of ordered phases such as borophosphate, aluminophosphate, zinc phosphate/pyrophosphate/polyphosphate, and other phosphate glasses [28,29]. For instance, the band at 3.9 ppm is assigned to zinc phosphate (α-Zn 3 (PO 4 ) 2 ) [65], whereas the intense signal at -30.2 ppm is assigned to borophosphate and/or aluminum phosphate [60]. B MAS NMR spectra of PBS/MPAlP&EDAP/ZnB was further investigated to verify those conclusions (Figure 11). It is clearly seen that the spectrum of unburned sample (0s) exhibits a doublet centered at 14.6 and 12.6 ppm, which is ascribed to the BO 3 (trigonal borate) units [28].

Besides, another band located at 0.6 ppm is assigned to chemical shift of the BO 4 (tetragonal borate) units. With advancing burning process, the signal assigned to BO 3 units shifts to 15.7 ppm and shows a weak intensity; whereas the resonance of BO 4 units at 0.6 ppm shifts to -3.8 ppm corresponding to the presence of boron phosphate [66]. Note that a shoulder signal is also observed at around 0 ppm, which is assigned to another type of borophosphate [28]. The result confirms unambiguously that borates react with phosphates upon heating to yield borophosphates, [52], which has been confirmed by the 31 P NMR results. Solid state NMR analyses evidence the chemistry behind the interaction in the condensed phase during combustion. Upon heating, flame retardant PBS formulations decompose and produce char residue. For PBS/MPAlP, amorphous aluminophosphate species are produced in the char during combustion. However, the formed char is not strong enough to provide adequate protection to the underneath polymer matrix, thus resulting in poor fire performance. The incorporation of EDAP alone leads to the formation of only "free" condensed phosphates embedded in the charring structure, which cannot effectively improve the fire performance of char. Moreover, the combination of MPAlP and EDAP leads to the formation of an intumescent charring structure embedded with aluminophosphate species, which provides the char with certain flexibility and stability. However, the resultant char is not strong enough to resist the heat flux and fire, which results in the appearance of holes and cracks on the surface of char, thereby presenting a limited enhancement of flame retardancy in terms of pHRR.

It is proved unambiguously that, for PBS/MPAlP&EDAP/ZnB, the presence of zinc borate promotes the formation of thermally stable inorganic phosphate species (aluminophosphates, borophosphates, and zinc phosphates), which reinforces the char structure and provides an additional fire barrier to the char with good flexibility and cohesion. The formed protective crackfree intumescent char effectively limits the mass (fuel) and heat transfer between condensed and gas phases, thus improving the fire retardancy of PBS.

Gas phase analysis

TG-FTIR analysis

TG-FTIR were used to investigate the decomposition behavior of PBS and its composites under nitrogen atmosphere. As presented in Figure 12a, PBS shows strong characteristic FTIR bands at around 3000-3100 cm -1 (unsaturated alkane), 2800-3000 cm -1 (hydrocarbons), 2300-2400 cm -1 (carbon dioxide), 1811-1818 cm -1 (carbonyl compounds), 1100-1250 cm -1 (aliphatic ethers) [7]. The FTIR spectra of pyrolysis gases for PBS composites (Figure 12b-e) at different times show similar characteristic absorption bands to neat PBS. It is speculated that some characteristic absorption bands produced by the decomposition of flame retardants may overlap with the absorption bands of the PBS matrix [17]. On the other hand, the low additive loading (10 wt.%) may cause the decreased absorption intensity of characteristic peaks.

The FTIR absorbance spectra of pyrolysis gases for PBS and its composites at the maximum evolution rate were investigated (Figure 12f). Compared to neat PBS, the absorption intensities of PBS composites at 909 cm -1 significantly enhance when incorporating MPAlP and/or EDAP into PBS. This phenomenon is due to the absorption band of C-H (deformation vibration of alkene) is overlapped by the additional absorption of ammonia decomposed from MPAlP and EDAP [16].

The evolved ammonia can provide a gas phase action during combustion through a fuel dilution effect [67]. emission peak of carbon monoxide (261 ppm) is detected at around 751s (Figure 13d), which should be due to the smoldering of the underneath matrix. 

Conclusions

In conclusion, we reported a new intumescent flame retardant system for PBS with high fire protection efficiency via incorporating MPAlP and EDAP as well as zinc borate. The combination of intumescent additives at a relatively low content (10 wt.%) in PBS permitted the reductions of Titre en français : Poly(succinate de butyle) intumescent : un voyage du comportement au feu aux aspects mécanistiques Résumé en français: Ce travail a été consacré au développement de nouveaux systèmes ignifugés vers le polybutylène succinate (PBS) basés sur le concept d'intumescence. Afin d'obtenir des formulations de PBS ignifugées hautement efficaces, des formulations de PBS intumescentes ont été préparées et examinées. Le comportement au feu des formulations a été évalué à l'aide du calorimètre à cône à perte de masse (MLCC) pour évaluer l'efficacité des systèmes intumescents. Les résultats ont montré que la combinaison de phosphate d'éthylènediamine (EDAP) et de borate de zinc (ZnB) dans un rapport de 8:2 (10% de charge) a conduit à une amélioration significative de l'ignifugation du PBS en termes de pHRR (réduction de 57%). De plus, pour PBS/S200&EDAP/ZnB, les résultats du MLCC ont indiqué que l'introduction de 8 % en poids de poly(phosphate d'aluminium) de mélamine (S200) et d'EDAP (rapport de 3:7) ainsi que de 2 % en poids de borate de zinc dans le PBS a considérablement amélioré la comportement au feu du PBS. Pour mieux comprendre le mécanisme d'action, le rôle du borate de zinc sur l'intumescence (formation de char) et l'ignifugation du PBS a été étudié en phase gazeuse et en phase condensée à l'aide de nombreuses techniques, telles que le calorimètre à cône à perte de masse couplé à l'infrarouge à transformée de Fourier (MLCC-FTIR), analyse thermogravimétrique couplée à l'infrarouge à transformée de Fourier (TGA-FTIR) et à la résonance magnétique nucléaire (RMN) à l'état solide. Il a été conclu que, pour la formulation PBS/EDAP/ZnB, la combinaison d'EDAP et de borate de zinc favorisait la formation de phosphates de zinc-bore sans fissure renforçant le charbon intumescent et procurant une bonne cohésion et stabilité. Cette couche de carbonisation protectrice a efficacement limité la réaction au feu en retardant la libération de produits de pyrolyse inflammables, et donc en améliorant le caractère ignifuge du PBS. En ce qui concerne l'étude du mode d'action de la formulation PBS/S200&EDAP/ZnB, il a été confirmé qu'un mécanisme ignifuge en phase condensée a été établi par la formation d'une couche de charbon intumescente protectrice sans fissure avec une stabilité thermique élevée et une bonne cohésion pendant la combustion. Le charbon intumescent formé a agi comme une barrière physique retardant le transfert de chaleur et de masse (combustible) entre les phases condensée et gazeuse. De plus, les analyses RMN ( 11 B, 13 C, 27 Al et 31 P) ont indiqué que l'introduction de borate de zinc a favorisé la formation d'un charbon intumescent protecteur enrobé d'espèces inorganiques hautement thermiquement stables (phosphates de bore-aluminium-zinc), qui ont fourni une résistance supplémentaire et la stabilité au charbon, améliorant ainsi l'ignifugation du matériau.
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Mots-clefs : Ignifugation, succinate de polybutylène, phosphate d'éthylènediamine, polymélamine (phosphate d'aluminium), borate de zinc, synergie Titre en anglaise: Intumescent polybutylene succinate: A journey from fire behavior to mechanistic aspects Résumé en anglais: This work was dedicated to the development of new flame retarded systems toward polybutylene succinate (PBS) based on the concept of intumescence. In order to obtain highly efficient flame retarded PBS formulations, intumescent PBS formulations were prepared and examined. The fire behavior of the formulations was evaluated using the mass loss cone calorimeter (MLCC) to screen the efficiency of the intumescent systems. The results showed that the combination of ethylenediamine phosphate (EDAP) and zinc borate (ZnB) in a ratio of 8:2 (10% loading) led to a significant improvement in flame retardancy of PBS in terms of pHRR (57% reduction). Moreover, for PBS/S200&EDAP/ZnB, MLCC results indicated that introducing 8 wt.% melamine poly(aluminum phosphate) (S200) and EDAP (ratio of 3:7) as well as 2 wt.% zinc borate into PBS significantly enhanced the fire performance of PBS. To gain insight into the mechanism of actions, the role of zinc borate on intumescence (char formation) and flame retardancy of PBS was investigated in the gas phase and condensed phase using numerous techniques, such as mass loss cone calorimeter coupled with Fourier transform infrared (MLCC-FTIR), thermogravimetric analysis coupled with Fourier transform infrared (TGA-FTIR), and solid-state nuclear magnetic resonance (NMR). It was concluded that, for PBS/EDAP/ZnB formulation, the combination of EDAP and zinc borate promoted the formation of a crack-free zinc-boron phosphates reinforcing the intumescent char and providing good cohesion and stability. This protective char layer effectively limited the reaction to fire by retarding the release of flammable pyrolysis products, and hence enhancing the flame retardancy of the PBS. As for investigation of the mode of action of PBS/S200&EDAP/ZnB formulation, it was confirmed that a condensed phase flame retardant mechanism was established through the formation of a crack-free protective intumescent char layer with high thermal stability and good cohesion during combustion. The formed intumescent char acted as a physical barrier retarding the transfer of heat and mass (fuel) between condensed and gas phases. Further, the NMR ( 11 B, 13 C, 27 Al, and 31 P) analyses indicated that the introduction of zinc borate promoted the formation of a protective intumescent char embedded with highly thermally stable inorganic species (boronaluminum-zinc phosphates), which provided additional resistance and stability to the char, thus enhancing the flame retardancy of material.
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Figure 1 .

 1 Figure 1. (a) Evolution of publications devoted to biopolymer/biocomposite and PBS from 1996 to 2019 (Web of Science database with the keywords 'polybutylene succinate OR poly(butylene succinate)' for PBS and 'biopolymer OR bio-based polymer OR biocomposite OR bio-based composite' for biopolymer/biocomposite ; (b) matrix polymers for composites [3].

Figure 2 .

 2 Figure 2. (a) Possible pathways for succinic acid production and products derived by chemical conversion [39]; (b) the flow chart of the synthesis of PBS [40].

Figure 3 .

 3 Figure 3. General synthesis routes of PBS synthesized from succinic acid and 1,4-butanediol: (a) esterification, (b)

Figure 4 .

 4 Figure 4. (a)TG and (b)DTG curves of PBS at different heating rates: (1) 5 ºC/min; (2) 10 ºC/min; (3) 16 ºC/min; (4)

Figure 7 .

 7 Figure 7. (a) Biodegradation of PBS samples with different forms under controlled composting conditions; and optical microscopic photographs of four strains isolated from compost (×800): (b) aspergillus versicolor, (c) penicillium, (d) bacillus, and (e) thermopolyspora [66].

Figure 8 .

 8 Figure 8. Fire behaviors and flame retardant mechanisms of polymer combustion.

Figure 9 .

 9 Figure 9. (a) TGA and (b) HRR curves of PBS composites based on TGA and MCC tests [133]; (c) HRR and (d) THR curves of PBS/CB composites at a heat flux of 50 kW/m 2 [134].Chen et al. studied the effect of nano carbon black (CB) on flame-retardant behaviors of PBS[START_REF] Chen | Study of the effect of nanosized carbon black on flammability and mechanical properties of poly(butylene succinate)[END_REF]. PBS/CB composites were prepared via melt compounding without using any additional FRs or organic surface treatment. It appears that the loading of CB affects markedly the flammability of PBS composites. Adding 10 wt.% of nano CB increased the LOI values to 28.5% from 21.0% for that of neat PBS. Unfortunately, the addition of CB into PBS did not bring significant improvement in the UL-94 classification, indeed, all samples failed in the UL-94 vertical burning test(3.2mm) 

Figure 10 .

 10 Figure 10. (a) LOI, UL-94 results and (b) HRR curves of PBS/MDH composites with 40 wt.% loadings at the heat flux of 50 kW/m 2 [137]; (c) HRR curves of PBS and its composites at an external radiant flux of 50 kW/m 2 , and corresponding photographs of the residual chars after cone calorimeter test from top view for (d) PBS/MDH40%, (e) PBS/MDH20%/EG5%, (f) PBS/ MDH20%/Gr5% and from side view for (g) PBS/ MDH20%/EG5%, (h) PBS/ MDH20%/Gr5% [138].

Figure 11 .

 11 Figure 11. (a) Synthesis route of CP-lignin; (b) HRR and (c) THR curves of PBS/CP-lignin composites at a heat flux of 50 kW/m 2 [147].

Figure 12 .

 12 Figure 12. (a) Synthetic route of the functionalized lignin (PNZn-lignin); (b-c) HRR and THR curves of PBS composites at a heat flux of 35 kW/m 2 ; and residual chars of (d 1 ) PBS, (d 2 ) PBS/Olignin2.5%, ( d 3 ) PBS/PNZn-lignin2.5%, (d 4 )

Figure 13 .

 13 Figure 13. Synthesis routes of two kinds of phosphonate-based macromolecules [148].

Figure 14 .

 14 Figure 14. Water-crosslinking reaction mechanism of PBS/APP composites [156].Based on previous work, it is known that APP shows low intumescent flame retardant efficiency for PBS when used alone[START_REF] Hu | Poly(isosorbide carbonate): A 'green' char forming agent in polybutylene succinate intumescent formulation[END_REF]. Accordingly, in order to develop highly efficient intumescent system, it is quite crucial to introduce appropriate components to improve fire performance of PBS. Here, several promising approaches are proposed by incorporating: (a) charforming agents; (b) synergistic agents; (c) char-forming agents and synergistic agents; (d) blowing agents and synergistic agents; (e) char-forming agents and blowing agents as well synergistic agents into PBS/APP systems.

Figure 15 .

 15 Figure 15. Char residues of (a) PBS/cellulose30%, (b) PBS/hemp30%, (c) 70PBS/flax30%, (d) PBS/sugar cane30%, (e) PBS/bamboo30% composites after cone calorimeter test; (f) the HRR curves of PBS/fiber composites based on cone calorimeter test at a heat flux of 35 kW/m 2 , and (g) HRR curves of PBS/fiber composites based on MMC test [159].Meanwhile, the same authors further studied the influence of three phosphorous compounds (APP, dihydrogen ammonium phosphate (DAP), and phosphoric acid (PA)) on the fire retardancy of PBS/flax biocomposites[START_REF] Dorez | Phosphorous compounds as flame retardants for polybutylene succinate/flax biocomposite: Additive versus reactive route[END_REF]. The results showed that the combination of the 3 wt.% of phosphorous compounds with PBS and flax fibers (mass ratio of 70:30) promoted the formation of strong char barrier, resulting in remarkable reductions in the pHRR values (-37%, -24%, and -25%, respectively, relative to PBS/flax composite). Similarly,Jiang et al. demonstrated 

Figure 16 .

 16 Figure 16. (a-b) HRR and THR curves of PBS composites at a heat flux of 35 kW/m 2 ; residual chars of (c) PBS, (d)PBS/APP20%, (e) PBS/SP20%, (f) PBS/EIFR20%, (g) PBS/EIFR20%/HNT1% composites after cone calorimeter and LOI tests[START_REF] Wang | Soy protein and halloysite nanotubesassisted preparation of environmentally friendly intumescent flame retardant for poly(butylene succinate)[END_REF].

Figure 17 .

 17 Figure 17. TEM images of (a) aminated multi-walled carbon nanotube (MWCNT-NH 2 ), (b-c) CNT@APP; and (d)scheme of electrostatically APP-coated MWCNT-NH 2 ; (e-g) HRR, THR, and mass loss curves of PBS composites at a radiant heat flux of 35 kW/m 2 (PBS-0: PBS/IFR20%, PBS-3: PBS/IFR19%/CNT@APP1%)[34].

Figure 18 .

 18 Figure 18. (a-c) HRR, THR, and TSP curves of PBS composites at a heat flux of 30 kW/m 2 ; char residues of (d) PBS, (e)

Figure 19 .

 19 Figure 19. SEM images of (a) APP and (b) MAPP particles (the insets are the picture of water contact angle); and (c) HRR curves of PBS composites at a radiant heat flux of 35 kW/m 2 (PBS-2: PBS/APP15%/CFA5% composite, PBS-4:

Figure 20 .

 20 Figure 20. Schematic diagram and SEM image of CAPP [195].

Figure 21 .

 21 Figure 21. Digital photos of (a) neat PBS, (b) PBS/APP20%, (c) PBS/CAPP20% (0.1 wt.% of CNTs), (d) PBS/CAPP20% (0.2 wt.% of CNTs), (e) PBS/CAPP20% (0.4 wt.% of CNTs), and (f) PBS/APP19.8%/CNT0.2% composites during the UL-94 tests (different time after first (a) or second (b-f) ignition)[START_REF] Zhang | Engineering carbon nanotubes wrapped ammonium polyphosphate for enhancing mechanical and flame retardant properties of poly (butylene succinate)[END_REF].

  combined condensed and gas phase mechanisms have been demonstrated in both MHP and MPi due to the existence of PH 3 , which was released from MHP and MPi during decomposition and acted as a radical scavenger. The flame-retardant behavior of PBS/MP composite was ascribed to the intumescent flame-retardant properties of MP, which promoted the formation of intumescent carbonaceous layer on the surface of sample during burning. Based on the similar structure, MPi and MHP acted in a similar way as MP in condensed phase. However, for PBS/MPi and PBS/MHP composites, the release of PH 3 captured radicals in gas phase and got oxidized rapidly into orthophosphoric acid and further form polyphosphoric acid, which covers the surface of PBS matrix and catalyzes the formation of fire-resistant char layer.

Figure 22 .

 22 Figure 22. (a) The chemical structures of MP, MPi, and MHP; (b) the effect of MP, MPi, and MHP loadings on the LOI value of the PBS composites; (3) HRR curves of PBS composites at an external heat flux of 35 kW/m 2 (PBS-0:

Figure 23 .

 23 Figure 23. (a-d) HRR and THR curves of PBS composites at a heat flux of 50 kW/m 2 ; (e) char residues after cone calorimeter test (PBS-1: PBS/MP20%, PBS-2: PBS/MP19.5%/POSS0.5%, PBS-3: PBS/MP19%/POSS1%, PBS-4:

Figure 24 .

 24 Figure 24. Biodegradation of PBS (bionolle™ 1001MD) (yellow line): (a) in compost under controlled conditions of EN13432, (b) in activated sludge under conditions of ISO1485, (c) in soil under natural condition, (d) in water under natural condition (data are provided by Showa Denko).

Figure 26 .

 26 Figure 26. Schematic of the mass loss cone calorimeter, and mass loss cone calorimeter coupled with smoke density analyzer and Fourier transform infrared spectroscopy (MLCC-FTIR).

Figure 27 .

 27 Figure 27. FTIR spectra of reference gases for identification and selection of calibration wavenumber ranges,illustrating quite well the potential overlapping phenomenon between gas species in the smoke from fire[START_REF] Ngohang | Revisited investigation of fire behavior of ethylene vinyl acetate/aluminum trihydroxide using a combination of mass loss cone, Fourier transform infrared spectroscopy and electrical low pressure impactor[END_REF].

Figure 28 .

 28 Figure 28. Schematic of the viscosity measurement of samples.

Figure 28 .

 28 Figure 28. The force was recorded as a function of the gap between the two plates. The upper plate used in this experiment has a diameter of 25 mm in order to increase the pressure on the whole sample and to ensure complete destruction of the char. Note there was no oscillation of the plate during the test.

Figure 29 .

 29 Figure 29. Schematic of the measurement of the mechanical resistance of intumescent char

11 B 13 C

 1113 MAS NMR spectra were used to verify the presence of trigonal (BO 3 ) borate and tetragonal (BO 4 ) borate species[START_REF] Bourbigot | Intumescent polypropylene in extreme fire conditions[END_REF]. Those two polyhedral were characterized based on their different chemical shifts and through their quadrupolar constant (C Q ). The C Q of BO 3 is much larger than the C Q of BO 4 due to the higher asymmetry of the planar BO 3 species (2.4-3.0 MHz for the BO 3 units and <1 MHz for BO 4 units, respectively), which demonstrates the fact that the resonances of BO 3 are broader than BO 4 signals[START_REF] Hansen | Refinement of Borate Structures from 11B MAS NMR Spectroscopy and Density Functional Theory Calculations of 11B Electric Field Gradients[END_REF]. In this study, the 11 B MAS-NMR measurements were carried out at a frequency of 256.6 MHz on a Bruker Avance III spectrometer (18.8 T) with a probe head of 3.2 mm operating at a spinning frequency of 20 kHz. The spectra were obtained with a 1 ms pulse length (corresponding to a π/12 flip angle determined on a liquid), a recycle delay of 10 s and 128 transients.11 B NMR chemical shifts were referred to NaBH 4 at -42.06 ppm. NMR can be used to provide information on carbonaceous species formed upon burning.In this work,13 C CP-MAS NMR experiments were conducted on a 9.4 T Bruker Avance spectrometer operating at 100.6 MHz at a spinning frequency of 12.5 kHz with a 2 μs pulse length, a recycle delay of 5 s, and 4096 transients. The high-power 1 H decoupling and 1 H-13 C crosspolarization (CP) NMR spectra were conducted (acquisition with a contact time of 1 ms). The 13 C chemical shifts were referred to tetramethylsilane at 0 ppm.Using27 Al NMR, we can gain quantitative insight into the composition-dependence of the 27 Al NMR parameters and the relative populations of the AlO n (n = 4, 5, 6) polyhedral:

  P chemical shift, which is sensitive to the phosphorus local environment. Moreover,31 P DD MAS NMR experiments have been recently employed with success to characterize the phosphorus connectivity scheme in crystalline phosphates and glass[START_REF] Fayon | Price, 31P NMR study of magnesium phosphate glasses[END_REF]. In this work, 31 P DD MAS NMR experiments were performed on the same spectrometer (9.4 T) as above operating at 162 MHz. Ground samples were packed in 4 mm fused zirconia rotors and sealed with Kel-F caps. The analysis was carried out with a 4 mm probehead with 1 H decoupling (DD). The spectra were recorded at magic angle spinning (MAS) with a spinning frequency of 12.5 kHz, a 2 μs pulse length (corresponding to a π/2 flip angle), a recycle delay of 120 s, and 16 transients. The 31 P chemical shifts were referred to H 3 PO 4 at 0 ppm. All signals were collected and treated using TopSpin software.

Figure 30 .

 30 Figure30. Q structure of phosphates: Q 0 isolated units (ortho-P), Q 1 end units (pyro-P), Q 2 middle units (meta-P),

(

  IFR) systems for PBS. In the first part of this chapter, ethylenediamine phosphate (EDAP) is used as flame retardant to enhance the fire performance of PBS. EDAP is a halogen-free intumescent flame retardant widely applied in the fire protection field of polyolefins. Herein, we evaluate the influence of EDAP in combination with different co-additives (as potential synergists) on the fire retardancy of PBS. Subsequently, in the second part, to further improve the intumescence of flame retarded PBS formulations, melamine poly(aluminum phosphate) (S200) is incorporated as an additional melamine-based blowing agent to construct intumescent PBS systems. The effect of mass ratio of EDAP and S200 and the type and loading of potential synergists on flame retardancy of intumescent PBS formulations is investigated in detail. In the third part, another melamine-based blowing agent (melamine polyphosphate (MPP)) is used in combination with EDAP to improve the flame retardancy of PBS. In addition, the combination of MPP and S200 on the fire performance of PBS is also evaluated. The fourth part introduces two other interesting EDAP-based intumescent PBS formulations. Melamine is used as a blowing agent and combined with EDAP to enhance the flame retardancy of PBS. In another formulation, ammonium polyphosphate (APP) is used because it can simultaneously play the role of acid source and blowing agent. FP2500S is a multicomponent phosphate-based IFR blend (piperazine pyrophosphate, phosphoric acid, and zinc oxide) as described in Chapter 2. The fifth part assesses the influence of FP2500S loading and the type and loading of potential synergists on the intumescence and fire performance of PBS. In the last part of this chapter, the fire performance of piperazine pyrophosphate (PAPP)-based intumescent PBS formulations is presented.

  materials by their ability to support flame spread to other objects [100]. Compared to PBS (206 kW/m 2 ), the MARHE value of PBS/EDAP/ZnB is only 108 kW/m 2 , showing a 48% reduction, which is lower than that of other formulations. These results demonstrate that the incorporation of zinc borate combined with EDAP reduces significantly the fire risk of PBS.

Figure 31 .

 31 Figure 31. (a) HRR and (b) THR curves of PBS and its composites.

Figure 32 .

 32 Figure 32. Residual chars of PBS and its composites after MLCC test: (a) PBS, (b) PBS/ EDAP(10%), (c) PBS/EDAP(8%)/MMT(2%), (d) PBS/ EDAP(8%)/MB(2%), (e) PBS/EDAP(8%)/ZnB(2%).

Figure 33 .

 33 Figure 33. (a) HRR and (b) THR curves of PBS and its composites.

Figure 34 .

 34 Figure 34. Residual chars of PBS and its composites after MLCC test: (a) neat PBS, (b) PBS/ZnO(2%), (c) PBS/EDAP(8%)/ZnMoO 4 (2%), (d) PBS/ EDAP(8%)/K700Z(2%), (e) PBS/EDAP(8%)/K911B(2%), (f) PBS/ EDAP(8%)/ZnO(2%), (g) PBS/ EDAP(8%)/ZnCO 3 (2%), (h) PBS/ EDAP(8%)/ZnB(1%)/NH 2 -CNT(1%). The fire behavior of PBS and its composites at different times during MLCC test is shown in Figure 35. PBS burns violently after ignition without residue remain. The addition of 10 wt.% EDAP leads to the formation of island-like residue on the surface of composite. However, the formed char exhibits limited flame retardancy for slowing down the combustion of underneath polymeric matrix under continuous heat flux, which is also verified by the shorter flameout time. Moreover, adding 2% ZnO alone into PBS does not affect the combustion of material, indeed, it burns as violently as unfilled PBS. Partially substituting EDAP with 2 wt.% zinc borate visibly promotes the formation of a protective intumescent char layer during combustion, which effectively retards the combustion of underneath matrix. The fire behavior of PBS/EDAP/ZnO and PBS/EDAP/K911B shows a similar trend. The combination of EDAP and K911B (or zinc oxide) accelerates the formation of protective intumescent chars at earlier stage, which significantly slow down the

Figure 35 .

 35 Figure 35. Fire behavior of PBS and its composites: (a) neat PBS, (b) PBS/ EDAP(10%), (c) PBS/ZnO(2%), (d) PBS/EDAP(8%)/ZnB(2%), (e) PBS/EDAP(8%)/ZnO(2%), (f) PBS/EDAP(8%)/K911B(2%).

  from 10:0 to 3:7 (EDAP: S200), and the FRI values of 2:8 and 0:10 (EDAP: S200) formulations are only 1.03 and 0.84 respectively, demonstrating the poor fire performance.

Figure 36 .

 36 Figure 36. (a) HRR and (b) THR curves of PBS and its composites.

Figure 37 .

 37 Figure 37. Residual chars of PBS and its composites after MLCC test: (a) neat PBS, (b) PBS/EDAP(10%), (c) PBS/S200&EDAP(1:9, 10%), (d) PBS/S200&EDAP(2:8, 10%), (e) PBS/S200&EDAP(3:7, 10%), (f) PBS/S200&EDAP(5:5, 10%), (g) PBS/S200&EDAP(8:2, 10%), (h) PBS/S200(10%).

Figure 38 .

 38 Figure 38. (a) HRR and (b) THR curves of PBS and its composites.

Figure 39 .

 39 Figure 39. Residual chars of PBS composites after MLCC test: (a) PBS/S200&EDAP(3:7,9%)/K700Z(1%), (b) PBS/S200&EDAP(3:7,8%)/K700Z(2%), (c) PBS/S200&EDAP(3:7,7%)/K700Z(3%), (d) PBS/S200&EDAP(5:5,9%)/K700Z(1%), (e) PBS/S200&EDAP(5:5,8%)/K700Z(2%), (f) PBS/S200&EDAP(5:5, 7%)/K700Z(3%).

Figure 40 .

 40 Figure 40. (a, c) HRR and (b, d) THR curves of PBS and its composites.

Figure 41 .

 41 Figure 41. Residual chars of PBS composites after MLCC test: (a) PBS/S200&EDAP(3:7,9%)/ZnB(1%), (b) PBS/S200&EDAP(3:7,8%)/ZnB(2%), (c) PBS/S200&EDAP(3:7,7%)/ZnB(3%), (d) PBS/S200&EDAP(3:7,9%)/ZnO(1%), (e) PBS/S200&EDAP(3:7,8%)/ZnO(2%), (f) PBS/S200&EDAP(3:7,7%)/ZnO(3%),

7 )

 7 with zeolite to flame retard PBS. It is shown that the partial substitution of S200&EDAP by 2 wt.% zeolite leads to a reduction in pHRR (20%) in comparison to PBS/S200&EDAP(3:7, 10 wt.%) formulation. Moreover, the FRI value increases to 2.01, indicating a slight improvement in fire retardant performance.

Figure 42 .

 42 Figure 42. (a) HRR and (b) THR curves of PBS and its composites.

Figure 43 .

 43 Figure 43. Residual chars of PBS composites after MLCC test: (a) PBS/S200&EDAP(3:7,8%)/Zeolite(2%), (b) PBS/S200&EDAP(3:7,8%)/MMT, (c) PBS/S200&EDAP(3:7,8%)/Talc(2%), (d) PBS/S200&EDAP(3:7,8%)/Boehmite(2%), (e) PBS/S200&EDAP(3:7,8%)/HNT(2%), (f) PBS/S200&EDAP(3:7,9%)/CNT(1%).

Figure 44 .

 44 Figure 44. (a) HRR and (b) THR curves of PBS and its composites.

Figure 45

 45 Figure45shows the residual chars of PBS/S200&EDAP/boron-containing formulations after MLCC test. It is shown that the addition of boron phosphate promotes the formation of a continuous intumescent char, which may provide flame protection performance to the polymer matrix. For boron nitride-containing formulation, a broken and flat char is observed, which fails to protect the underneath material, leading to poor fire performance. Moreover, the combination of 2 wt.% melamine borate and 8 wt.% S200&EDAP in PBS leads to the formation of a wrinkled intumescent char, which retards the combustion of underneath material. Therefore, it is clear that some boron-containing additives (boron phosphate, melamine borate, and zinc borate) effectively improve the flame retardancy of PBS.

Figure 45 .

 45 Figure 45. Residual chars of PBS composites after MLCC test: (a) PBS/S200&EDAP/BP, (b) PBS/S200&EDAP/BN, (c) PBS/S200&EDAP/MB

  Meanwhile, its FRI reaches up to 3.40 and the flameout time increases to 952s from 544s. Those results show the fact that the addition of zinc carbonate in combination with S200&EDAP obviously enhances the flame retardancy of PBS.

Figure 46 .

 46 Figure 46. (a) HRR and (b) THR curves of PBS and its composites.

  residual chars of PBS/S200&EDAP/ZnMoO 4 and PBS/S200&EDAP/ZnCO 3 formulations after MLCC test are presented in Figure47. It is clear that the introduction of zinc molybdate promotes the formation of a complete intumescent char, which acts as a physical barrier to obstruct the out-diffusion of fuel (mass transfer). For PBS/S200&EDAP/ZnCO 3 , a compact and cohesive intumescent char layer is formed during combustion, and the strong intumescent char effectively retards the mass transfer between condensed and gas phases, which is reflected in the low pHRR and prolonged flameout time.

Figure 47 .

 47 Figure 47. Residual chars of PBS composites after MLCC test: (a) PBS/S200&EDAP/ZnMoO 4 , (b) PBS/S200&EDAP/ZnCO 3Further, binary zinc-containing additives system is used to improve the flame retardancy of PBS/S200&EDAP(3:7) system. Figure48exhibits the HRR and THR curves of binary zinc-containing PBS formulations, and corresponding fire parameters are summarized in Table23.

Figure 48 .

 48 Figure 48. (a) HRR and (b) THR curves of PBS and its composites.

Figure 49 exhibits

 49 Figure49exhibits the residual chars of PBS/S200&EDAP/binary synergist formulations after MLCC test. PBS/S200&EDAP/K700Z formulation shows an intumescent char layer, which has been described before. For PBS/S200&EDAP/K911B, with the addition of 2 wt.% K911B, a continuous char layer is formed during combustion, the formed char limits the mass and heat transfer, thus resulting in low HRR during testing. Unfortunately, in the case of PBS/S200&EDAP/K911C formulation, visual observation shows that the presence of K911C restricts the formation of intumescent char, and it shows a broken and fragmented residue after MLCC test. To obtain a

Figure 49 .

 49 Figure 49. Residual chars of PBS composites after MLCC test: (a) PBS/S200&EDAP/K700Z, (b) PBS/S200&EDAP/K911B, (c) PBS/S200&EDAP/K911C, (d) PBS/S200&EDAP/ZnB/ZM, (d) PBS/S200&EDAP/ZnB/ZnO.

Figure 50

 50 Figure 50 shows the fire behavior of PBS, PBS/S200&EDAP/ZnB/ZM, and PBS/S200&EDAP/ZnB/ZnO. The combustion of neat PBS is fast and intensive as indicated by its

Figure 50 .

 50 Figure 50. Fire behavior of (a) PBS, (b) PBS/S200&EDAP/ZnB/ZnMoO 4 , and (c) PBS/S200&EDAP/ZnB/ZnO.

Figure 51 .

 51 Figure 51. (a) HRR and (b) THR curves of PBS and its composites.

Figure 52 exhibits

 52 Figure 52 exhibits the residual chars of MPP-based intumescent PBS formulations after MLCCtest. The addition of 20 wt.% MPP leads to the formation of a complete intumescent char with visible cracks, which restricts the mass transfer between condensed and gas phases to some extent. Partially replacing MPP with 2 wt.% K700Z does not improve the char structure of the material. In addition, the combination of MPP and S200 (2:1, 20 wt.%) visibly limits the formation of a continuous intumescent char, presenting numerous cracks. Besides, analogous phenomenon (cracking char) is also found for PBS/MPP&S200/K700Z formulation. The results show that the coaddition of S200 is not conducive to the formation of the complete char layer, and K700Z has little effect on improving the flame retardancy of PBS/MPP materials.

Figure 52 .

 52 Figure 52. Residual chars of PBS composites after MLCC test: (a) PBS/MPP(20%), (b) PBS/MPP(18%)/Kemgard700Z(2%), (c) PBS/MPP&S200(2:1, 20%), (d) PBS/MPP&S200(2:1, 18%)/Kemgard700Z(2%)

  (3:1, 8 wt.%) and zinc borate (2 wt.%) on the flame retardancy of PBS. Compared to PBS, the pHRR, FIGRA, and MARHE of this formulation are reduced by 36%, 15%, and 29% respectively. Besides, the flameout time of PBS/MPP&PER/ZnB formulation is 574s and the FRI value is 2.29. It suggests that the introduction of MPP&PER (3:1, 8 wt.%) and zinc borate (2 wt.%) leads to a limited enhancement in fire retardancy.

Figure 53 .

 53 Figure 53. (a) HRR and (b) THR curves of PBS and its composites.

(

  fuel) and heat transfer between condensed and gas phases. The residual char of PBS/MPP&PER(3:1,8%)/ZnB(2%) exhibits a continuous intumescent char with some holes. It shows a limited barrier effect in delaying the combustion of PBS, which is reflected in the high heat release during combustion.

Figure 54 .

 54 Figure 54. Residual chars of PBS composites after MLCC test: (a) PBS/MPP(10%), (b) PBS/MPP&EDAP(3:7, 10%), (c) PBS/MPP&EDAP(3:7, 8%)/ZnB(2%), (d) PBS/MPP&EDAP(3:7, 8%)/ZnO(2%), (e) PBS/MPP&PER(3:1, 8%)/ZnB(2%)

Figure 55 .

 55 Figure 55. Fire behavior of neat PBS, PBS/MPP&EDAP/ZnB, and PBS/MPP&PER/ZnB.

Figure 56 .

 56 Figure 56. (a) HRR and (b) THR curves of PBS and its composites.

Figure 57 .

 57 Figure 57. Residual chars of PBS composites after MLCC test: (a) PBS/ EDAP&APP(7:3,8%)/ZnB(2%), (b) PBS/ EDAP&MEL(5:1,8%)/ZnB(2%).

Figure 58 .

 58 Figure 58. (a) HRR and (b) THR curves of PBS and its composites.
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 59352 Figure 59. Residual chars of PBS composites after MLCC tests: (a) PBS/FP2500S(10%), (b) PBS/FP2500S(15%), (c) PBS/FP2500S(20%), (d) PBS/FP2500S(30%)

Figure 60 .

 60 Figure 60. (a) HRR and (b) THR curves of PBS and its composites.

Figure 61 shows

 61 Figure61shows the residual chars of PBS/FP2500S/synergist systems after MLCC test. It is clear that the combination of 18 wt.% FP2500S and 2 wt.% K700Z leads to the formation of a smooth, continuous, and crack-free intumescent char layer (visual observation). The intumescent layer acted as fire shield significantly retards the heat and mass transfer between gas and condensed phases, thereby improving the flame retardancy of PBS. With the increased content of K700Z in PBS from 2 wt.% to 5 wt.%, the surface residue shows an off-white broken intumescent layer with obvious holes and cracks. The co-addition of 18 wt.% FP2500S and 2 wt.% zinc borate in PBS promotes the formation of a continuous and cohesive intumescent char, which

Figure 61 .

 61 Figure 61. Residual chars of PBS composites after MLCC tests: (a) PBS/FP2500S(18%)/Kemgard700Z(2%), (b) PBS/FP2500S(15%)/Kemgard700Z(5%), (c) PBS/FP2500S(18%)/zinc borate(2%), (d) PBS/FP2500S(15%)/zinc borate(5%).

3. 5 . 3

 53 Fire behavior of PBS/FP2500S systems at 15 wt.% loading PBS/FP2500/synergist formulations show excellent flame retardancy in PBS with high flame retardant additives loading (20 wt.%). Herein, we further study the fire behavior of PBS/FP2500S/synergist at a relatively lower additive loading (15 wt.%). The effect of the K700Z

Figure 62 .

 62 Figure 62. (a) HRR and (b) THR curves of PBS and its composites.

Figure 63 .

 63 Figure 63. Residual chars of PBS composites after MLCC test: (a) PBS/FP2500S(15%), (b) PBS/FP2500S(14%)/K700Z(1%), (c) PBS/FP2500S(13.5%)/K700Z(1.5%), (d) PBS/FP2500S(13%)/K700Z(2%).

Figure 64 .

 64 Figure 64. (a) HRR and (b) THR curves of PBS and its composites.

Figure 66 .

 66 Figure 66. Burning process of (a) PBS, (b) PBS/PAPP20%, (c) PBS/PAPP18%/ZnB2%, (d) PBS/PAPP15%/ZnB5% during UL-94 test.
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 67362 Figure 67. UL-94 vertical burning ratings and the morphology of residual chars of (a) PBS/PAPP20%, (b) PBS/PAPP18%/ZnB2%, (c) PBS/PAPP15%/ZnB5%.

Figure 68 .

 68 Figure 68. (a, c) HRR and (b, d) THR curves of PBS and its composites.

Figure 69 .

 69 Figure 69. Residual chars of PBS and its composites after MLCC test: (a) PBS, (b) PBS/PAPP(10%), (c) PBS/PAPP(8%)/ZnB(2%), (d) PBS/PAPP(20%), (e) PBS/PAPP(18%)/ZnB(2%), (f) PBS/PAPP(15%)/ZnB(5%)
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 12 Fig. 1. (a) HRR and (b) THR curves of PBS formulations at a heat flux of 35 kW/m 2 .

Fig. 3 .

 3 Fig. 3. Smoke opacity of (a) PBS, (b) PBS/EDAP, and (c) PBS/EDAP/ZnB during MLCC test (dark gray area: before ignition, light gray area: after ignition).

Fig. 4 .

 4 Fig. 4. Fire behavior of (a) PBS, (b) PBS/EDAP, (c) PBS/EDAP/ZnB, and top view morphological photographs of char residues of PBS/EDAP and PBS/EDAP/ZnB at different times during MLCC test.

Fig. 5 .

 5 Fig. 5. 13 C CP-MAS ssNMR spectra of (a) PBS/EDAP and (b) PBS/EDAP/ZnB.

Fig. 6 .

 6 Fig. 6. 31 P DD-MAS ssNMR spectra of (a) PBS/EDAP and (b) PBS/EDAP/ZnB.

Fig. 7 .

 7 Fig. 7. 11 B MAS ssNMR spectra of PBS/EDAP/ZnB: (a) normal and (b) magnified.

Fig. 8 .

 8 Fig. 8. Evolution of (a) water, (b) carbon dioxide, and (c) carbon monoxide for neat PBS, PBS/EDAP, and PBS/EDAP/ZnB during MLCC test.

Fig. 9 .

 9 Fig. 9. (a) TGA and (b) DTG curves of EDAP, ZnB, EDAP/ZnB(8:2), calculated EDAP/ZnB(8:2), PBS and its composites under nitrogen atmosphere.

Fig. 10 .

 10 Fig. 10. (a-c) 3D TG-FTIR of PBS, PBS/EDAP, and PBS/EDAP/ZnB; (d) FTIR spectra of gaseous products for neat PBS (blank), PBS/EDAP (red), and PBS/EDAP/ZnB (blue) at different tem peratures (200 °C, 300 °C, 350 °C, 400 °C, 420 °C, and 500 °C, respectively); (e) FTIR spectra of EDAP, neat PBS, PBS/EDAP, and PBS/EDAP/ZnB at the maximum evolution rate; (f-h) absorption of pyrolysis products for neat PBS, PBS/EDAP, and PBS/EDAP/ZnB (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 11 .

 11 Fig. 11. Stress-strain curves of PBS and its composites from tensile test.

  The tensile modulus of PBS formulations is also presented in Figure1b. On the contrary to the tensile strength, the introduction of additives increases the tensile modulus of PBS. The tensile modulus of PBS/MPAlP, PBS/EDAP, PBS/MPAlP&EDAP, and PBS/MPAlP&EDAP/ZnB composites are 642, 670, 652, and 653 MPa, respectively, which are higher than that of unfilled PBS. The results show that the incorporation of flame retardants does not cause a drastic decrease in the mechanical properties of the PBS, which exhibits acceptable mechanical properties.

Figure 1 .

 1 Figure 1. Stress-strain curves of PBS and its composites from tensile test.

  , and relative data including initial degradation temperature (T 5% ), half degradation temperature (T 50% , where 50 wt.% weight loss occurs), the temperature at maximum weight loss rate (T max ), and the yield of residual char (Y c ) are summarized in Table3. Neat PBS decomposes from 343 ºC (T 5% ) in one-stage reaction under nitrogen atmosphere leaving almost no residue above 430 ºC. For all flame retarded PBS formulations, the addition of additives in PBS slightly decreases the T 5% , T 50% , and T max of composites. This is due to the incorporation of flame retardants catalyzed the decomposition of PBS. It is worth noting that EDAP-containing PBS composites show two degradation stages, the first stage is contributed to the earlier degradation of EDAP, which results in approximately 4% mass loss of composites. With the incorporation of 10 wt.% EDAP, the T 5% of PBS/EDAP decreases from 343 ºC to 320 ºC. Partial substitution of MPAlP&EDAP by 2 wt.% zinc borate shows a positive effect on the thermal stability of PBS/MPAlP&EDAP/ZnB in comparison with PBS/MPAlP&EDAP (the T 5% , T 50% , and T max increase by 12 ºC, 11 ºC, and 11 ºC, respectively). Meanwhile, the addition of zinc borate leads to a higher Y c (5.8% vs. 3.8%). These observations are presumably ascribed to a thermal stabilization effect of the residual char by the zinc borate at higher temperatures.

Figure 2 .

 2 Figure 2. (a) TGA and (b) weight difference curves of additives and its mixtures under N 2 atmosphere; (c) TGA and (d) DTG curves of neat PBS and its composites under nitrogen atmosphere at a heating rate of 10 ºC/min.

Figure S1 .

 S1 Figure S1. DTG curves of additives and its mixtures under N 2 atmosphere;

Figure 3 .

 3 Figure 3. (a) HRR and (b) THR curves of PBS and its composites at a heat flux of 35 kW/m 2 .

Figure 4 .

 4 Figure 4. Morphology of char residues of (a, a') PBS, (b, b') PBS/MPAlP, (c, c') PBS/EDAP, (d, d') PBS/MPAlP&EDAP, and (e, e') PBS/MPAlP&EDAP/ZnB after MLCC test.

Figure 5 .

 5 Figure 5. Smoke opacity of (a) PBS and its composites ((b) neat PBS, (c) PBS/MPAlP, (d) PBS/EDAP, (e) PBS/MPAlP&EDAP, and (f) PBS/MPAlP&EDAP/ZnB) during MLCC test (Dark gray area: before ignition, light gray area: after ignition).

Figure 6 .

 6 Figure 6. Char residues of (a)PBS/MPAlP, (b) PBS/EDAP, (c) PBS/MPAlP&EDAP, and (d) PBS/MPAlP&EDAP/ZnB at different times during MLCC test.

Figure 7 .

 7 Figure 7. Fire behavior of (a) PBS and (b) PBS/MPAlP&EDAP/ZnB during MLCC test.

Figure 8

 8 Figure8presents the13 C CP-MAS NMR spectra of additives and PBS composites. It can be seen that MPAlP shows two bands at 168.4 and 161.6 ppm, which are assigned to the carbon atoms of the triazine ring of melamine (two tautomeric forms)[25]. The spectrum of EDAP exhibits a single peak at 41 ppm, ascribing to the carbon atoms of ethylene chain. Before the test (0s), all the13 C spectra of PBS composites show four resonance bands corresponding to the carbon atoms of the PBS chain[55] at around 178 ppm (-CO-CH 2 -CH 2 -CO-), 70 ppm (-O-CH 2 -CH 2 -CH 2 -CH 2 -O-), 33 ppm (-CO-CH 2 -CH 2 -CO-), and 30 ppm (-O-CH 2 -CH 2 -CH 2 -CH 2 -O-). When incorporating 10 wt.% MPAlP to PBS, the 13 C spectra of PBS/MPAlP (from 0s to 250s) present signals that corresponds to the resonance bands of PBS whereas signals from MPAlP cannot be

Figure 8 .

 8 Figure 8. 13 C CP-MAS ssNMR spectra of (a) PBS/MPAlP, (b) PBS/EDAP, (c) PBS/MPAlP&EDAP, and (d) PBS/MPAlP&EDAP/ZnB.
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Figure 9 .

 9 Figure 9. 27 Al MAS ssNMR spectra of (a) PBS/MPAlP, (b) PBS/MPAlP&EDAP, and (c) PBS/MPAlP&EDAP/ZnB.

Figure 10 .

 10 Figure 10. 31 P DD-MAS ssNMR spectra of (a) PBS/MPAlP, (b) PBS/EDAP, (c) PBS/MPAlP&EDAP, and (d) PBS/MPAlP&EDAP/ZnB.
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Figure 11 .

 11 Figure 11. 11 B MAS ssNMR spectra of (a, b) PBS/MPAlP&EDAP/ZnB.

Figure 12 .

 12 Figure 12. TG-FTIR absorbance spectra of pyrolysis gases for (a) PBS, (b) PBS/MPAlP, (c) PBS/EDAP, (d) PBS/MPAlP&EDAP, and (e) PBS/MPAlP&EDAP/ZnB; and (f) FTIR absorbance spectra of pyrolysis gases for neat PBS and its composites at the maximum evolution rate.

Figure 13 .

 13 Figure 13. (a) Gram-schmidt, (b) water, (c) carbon dioxide, and (d) carbon monoxide evolutions for PBS and its composites during MLCC test.

  pHRR and of THR by 63% and 13% respectively. Besides, the FIGRA and MARHE of PBS/MPAlP&EDAP/ZnB composite were markedly reduced by 43 and 48% respectively, and the FRI value reached 3.13. It was confirmed that a condensed phase flame retardant mechanism was established through the formation of a protective intumescent char layer during combustion. This formed intumescent char effectively retarded the transfer of heat and mass (fuel) between and zinc borate into PBS resulted in the formation of an intumescent char layer with excellent fire performance. It was proved that a condensed phase flame retardant mechanism was established through the formation of a crack-free protective intumescent char during combustion. Further, the NMR analysis demonstrated that zinc borate reacted with EDAP and S200 during combustion, resulting in the formation of boron-aluminum-zinc phosphates reinforced intumescent char.Those highly thermally stable inorganic species stabilized the char structure and provided additional flexibility and cohesion as well as resistance to the char, thus improving the flame retardancy of PBS. In addition, with the addition of zinc borate, PBS/MPAlP&EDAP/ZnB showed low smoke emission and good mechanical/thermal properties.In summary, this work has made many innovative attempts to improve the flame retardancy of PBS, involving the construction of new intumescent systems, the role of different synergists, and the synergies and mechanisms between them. All in all, this work provides a new and promising perspective for the development of new intumescent flame retardant systems toward PBS based on the concept of intumescence.
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Table 2 .

 2 Classification of materials for the UL-94 Vertical burning test. 1 and t 2 represent the first and second afterflame time after removing the flame, and the time required for the fire glow to disappear is noted as the afterglow time t3.

	Criteria conditions

  -8 W/(m 2 K 4 )), 𝜀 is the emissivity, and ℎ 𝑐 is the convective heat transfer coefficient, which can be expressed and calculated as

	follows from Eqs. 8 and 9:		
	ℎ 𝑐 = 0.01198 + 3.74 × 10 -4 𝑞 𝑒 ′′	𝑖𝑓 𝑞 𝑒 ′′ < 50 𝑘𝑊 𝑚 -2	(8)
	ℎ 𝑐 = 0.025 + 6.5 × 10 -4 𝑞 𝑒 ′′	𝑖𝑓 𝑞 𝑒 ′′ ≥ 50 𝑘𝑊 𝑚 -2	

Table 3 .

 3 Fire performance of APP-based intumescent PBS systems in combination with synergistic agent and char

	forming agent.
	APP
	content
	(%)

Char forming agent and content (%) Synergistic agent and content (%) LOI (%) UL-94 rating Cone calorimeter Ref. Heat flux (kW/m 2 ) Δ pHRR (%)

  

								Δ THR		
								(%)		
							-57	-11	16.5	
	6.67	Alkali lignin, 6.67	Sepiolite, 6.67 /	/		-67	-8	13.0	
	20	/	/	28.5	V-2		-41	-15	12.7	
	30	/	/	33.3	V-0	35	/	/	/	[169]
	13.3	SP, 6.7		30.2	V-1		-42	-16	16.1	
	13.3	SP, 6.7	HNT, 1	34.8	V-0		-43	-15	15.3	
	/	/	/	/	NR		/	/	/	
	13.33	PER, 6.67	/	/	V-2	35	-73	-32	11.6	[34]
	12.67	PER, 6.33	CNT@APP, 1	/	V-0		-74	-80	65.7	
	18	WHF, 9	MMT, 3	/	V-2	/	/	/	/	[170]
	Note: (1) HNT: halloysite nanotube, SP: Soy protein, PER: pentaerythritol, WHF: water hyacinth flour; (2) ΔpHRR: the
	reduction of pHRR compared with neat PBS, ΔTHR: the reduction of THR compared with neat PBS.		

Table 4 .

 4 Fire performance of APP/MA based intumescent PBS formulations in combination with different additives.

Mass ratio of APP: MA and its content (%) Synergistic agent and content (%) LOI (%) UL-94 rating Cone calorimeter Ref. Heat flux (kW/m 2 )

  

						Δ pHRR	Δ THR	Char	
						(%)	(%)	(%)	
	5:1, 20	/	30	V-1	25	-15	-22	/	
									[183]
	5:1, 19	MgAlZnFe LDHs, 1	35	V-0	25	-30	-19	/	
	5:1, 25	/	37.5	V-0	35	-48	-16	30.7	
									[35]
	5:1, 23	MHSH, 2	39.8	V-0	35	-50	-11	27.3	
	5:1, 25	ES-CD, 5	37.3	V-0	/	/	/	/	[184]
	5:1, 23	MHSH, 2 ES-CD, 5	39.6	V-0	35	-36	-9	/	[185]
	5:1, 20	Urea-kaolinite, 5	40.1	V-0	50	-49	-27	27.7	[176]
	5:1, 20	HAPCP-kaolinite, 5	36.6	V-0	50	-49	-18	29.3	[182]
	5:1, 24	Lignin chelates, 1	35.3	V-0	50	-59	-10	/	[187]
	5:1, 22	Lignin-MMT, 3	36.5	V-0	35	-57	-29	/	[188]
	5:1, 18	Fumed silica, 2	36	V-0	/	/	/	/	[189]
	2:1, 20	OMMT, 1	36.3	V-0	35	-67	-49	29	[190]
	2:1, 18	Graphene, 2	33.0	V-0	/	/	/	/	[33]
	Note: (1) MgAlZnFe-LDHs: MgAlZnFe-CO 3 layered double hydroxide; MHSH: magnesium hydroxide sulfate whisker;
	ES-CD: Esterified starch-modified cassava dregs; Urea-kaolinite: urea intercalated kaolinite hybrid with the weight
	ratio of 1:1; HAPCP-kaolinite: hexakis (4-aldehyde phenoxy) cyclotriphosphazene grafted kaolinite; Lignin chelate: a
	copolymer of alkali lignin and polyacrylamide chelated with Fe 3+ ; L-MMT: colloidal lignin intercalated montmorillonite
	(Lignin-MMT) OMMT: organically (acetyl quaternary ammonium) modified Ca-montmorillonite; (2) ΔpHRR: the
	reduction of pHRR compared with neat PBS, ΔTHR: the reduction of THR compared with neat PBS.		

Table 5 .

 5 Physical properties of PBS (Bionolle™ 1001MD) and some conventional plastics (data are provided by Showa

	Denko)				
	Items	PBS (1001MD)	PP	Conventional Plastics HDPE	LDPE
	Density (g/cm 3 )	1.26	0.9	0.95	0.92
	Heat of combustion (kJ/g)	23.6	43.9	46	46
	HDT at 0.45MPa (ºC)	97	145	110	88
	Degree of crystallinity (%)	35-45	56	69	49
	Melting point (ºC)	114	164	130	108
	Glass transition temperature (ºC)	-32	5	-120	-120

Table 6

 6 

	and Figure 25 summarize the compositions and chemical
	structures of flame retardants and synergists used in this study. The flame retardants mainly
	include ethylenediamine phosphate (EDAP), melamine phosphate (MP), melamine
	polyphosphate (MPP), melamine poly(aluminum phosphate) (S200, MPAlP), FP2500S (piperazine
	pyrophosphate, phosphoric acid, and zinc oxide mixture with a confidential mass ratio),
	piperazine pyrophosphate (PAPP). Besides, many synergists have been selected to improve the
	fire-retardant efficiency of intumescent flame retardant formulations, mainly including
	montmorillonite, zeolite, talc, zinc borate, zinc oxide, zinc molybdate, boron phosphate, and
	melamine borate.

Table 6 .

 6 Flame retardant additives and synergists used in this work.

	Additives	Abbreviation Supplier	Chemical formula
	Ammonium polyphosphate	APP	Bryn Lake	[NH 4 PO 3 ] n (OH) 2
	Boehmite (Apyral® AOH)	AlOOH	Nabaltec A.G.	γ-AlO(OH)
	Boron nitride	BN	Sigma-Aldrich	BN
	Boron phosphate	BP	Sigma-Aldrich	BPO 4
	Ethylenediamine phosphate	EDAP	Chemos GmbH	C 2 H 8 N 2 -H 3 PO 4
	FP2500S	FP2500S	ADEKA Polymer Additives Europe	Piperazine pyrophosphate & phosphoric acid & zinc oxide
	Halloysite	HNT	Sigma-Aldrich	Al 2 Si 2 O 5 (OH) 4
	Kemgard 700K	K700K	Huber Engineered Materials	Zinc molybdate & zinc borate
	Kemgard 911B	K911B	Huber Engineered Materials	Zinc molybdate & zinc oxide
	Kemgard 911C	K911C	Huber Engineered Materials	Zinc molybdate & Talc
	Melamine	MEL	Sigma-Aldrich	C 3 H 6 N 6
	Melamine borate (Melagard® MB)	MB	Italmatch Chemicals	
	Melamine poly(aluminum phosphate)	S200	Huber Engineered Materials	
	Melamine polyphosphate (Melapur® 200) MPP	BASF	
	Montmorillonite K10	MMT	Sigma-Aldrich	Al 2 H 2 O 12 Si 4

Table 7 .

 7 Formulation of PBS and its composites.

	Sample

Table 8 .

 8 Combustion parameters for PBS and its composites from MLCC test at 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	Residue [wt.%]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	2	1.69	/	206
	PBS/EDAP	125 476	336 (-16%) 74.6 (-11%)	8	1.72 (+1%)	1.54	172 (-17%)
	PBS/EDAP/MMT 87	428	225 (-44%) 69.7 (-17%)	/	1.00 (-41%)	1.71	136 (-34%)
	PBS/EDAP/MB	118 537	269 (-33%) 73.4 (-12%)	7	0.81 (-52%)	1.84	133 (-35%)
	PBS/EDAP/ZnB	110 737	173 (-57%) 74.9 (-11%)	8	0.90 (-47%)	2.61	108 (-48%)

Table 9 .

 9 Formulation of PBS and its composites.

					Composition [wt.%]			
	Sample	PBS	EDAP	Zinc molybdate	Kemgard 700K	Kemgard 911B	Zinc oxide	Zinc carbonate	Zinc borate	NH 2 -CNT
	PBS/EDAP/ZnMoO 4	90	10	2	/	/	/	/	/	/
	PBS/EDAP/K700Z	90	8	/	2	/	/	/	/	/
	PBS/EDAP/K911B	90	8	/	/	2	/	/	/	/
	PBS/ZnO	98	/	/	/	/	2	/	/	/
	PBS/EDAP/ZnO	90	8	/	/	/	2	/	/	/
	PBS/EDAP/ZnCO 3	90	8	/	/	/	/	2	/	/
	PBS/EDAP/ZnB/CNT	90	8	/	/	/	/	/	1	1

  effectively improves the fire performance of PBS, which is ascribed to the synergy between EDAP and zinc oxide.Zinc carbonate (ZnCO 3 ) can release high quantity of a non-flammable gas, namely carbon dioxide, at 260 ˚C (T max ) and produces zinc oxide during combustion[START_REF] Gotor | Simultaneous use of isothermal, nonisothermal, and constant rate thermal analysis (CRTA) for discerning the kinetics of the thermal dissociation of smithsonite[END_REF]. Accordingly, it may simultaneously play the role of synergist (zinc oxide, decomposition product of CaCO 3 ) and blowing agent (carbon dioxide, another decomposition product) in the fire retardancy of polymeric material[START_REF] Bourbigot | Intumescent ethylene-vinyl acetate copolymer: Reaction to fire and mechanistic aspects[END_REF][START_REF] Sharma | Synthesis of zinc carbonate nanoneedles, a potential flame retardant for cotton textiles[END_REF]. As expected, the heat release behavior of PBS/EDAP/ZnCO 3 is similar as that of PBS/EDAP/ZnO, this is easy to understand because of the formation of the same synergistic ingredient (ZnO) during the combustion. Moreover, for PBS/EDAP/ZnCO 3 , important

	THR, FIGRA, and MARHE decreases by 15%, 42%, and 59% respectively, relative to PBS/EDAP

(10%), and its FRI value reaches 4.21. Those results demonstrate that the combination of EDAP and zinc oxide FR efficiency indicators, such as pHRR, THR, FIGRA, and MARHE are reduced by 59%, 10%, 35%, and 52% respectively, in comparison with PBS/EDAP (10%), meanwhile the FRI value reaches 2.86.

Table 10 .

 10 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109	493	401	83.7	1.69	/	206
	PBS/ZnO	126	510	378 (-6%)	70.7 (-16%)	1.89 (+12%)	1.45	175 (-15%)
	PBS/EDAP	125	476	336	74.6	1.72	1.54	172
	PBS/EDAP/ZnMoO 4	122	578	248 (-26%)	70.1 (-6%)	0.94 (-45%)	2.16	136 (-21%)
	PBS/EDAP/K700Z	121	748	175 (-48%)	74.6 (0%)	0.84 (-51%)	2.85	111 (-35%)
	PBS/EDAP/K911B	129	814	176 (-48%)	66.1 (-11%)	0.65 (-62%)	3.42	84 (-51%)
	PBS/EDAP/ZnB	110	737	173 (-49%)	74.9 (0%)	0.90 (-48%)	2.61	108 (-37%)
	PBS/EDAP/ZnO	126	955	145 (-57%)	63.6 (-15%)	0.99 (-42%)	4.21	70 (-59%)
	PBS/EDAP/ZnCO 3	85	838	137 (-59%)	66.8 (-10%)	1.11 (-35%)	2.86	82 (-52%)
	PBS/EDAP/ZnB/CNT	100	517	245 (-27%)	69.3 (-7%)	1.70 (-1%)	1.81	158 (-8%)

Table 11 .

 11 Formulation of PBS and its composites.

	Sample

Table 12 .

 12 Combustion

	Sample	TTI [s]

parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

t Flameout [s] pHRR [kW/m 2 ] THR [MJ/m 2 ] FIGRA [kW/(m 2 s)] FRI MARHE [kW/m 2 ]

  

	PBS	109 493	401	83.7	1.69	/	206
	PBS/S200(10%)	84	430	399	77.1	3.11	0.84	231
	PBS/EDAP (10%)	125 476	336	74.6	1.72	1.54	172
	PBS/S200&EDAP (1:9,10%) 113 462	322 (-4%)	74.5 (0%)	1.16 (-33%)	1.45	163 (-5%)
	PBS/S200&EDAP (2:8,10%) 106 558	267 (-21%) 82.0 (10%)	1.08 (-37%)	1.49	155 (-10%)
	PBS/S200&EDAP (3:7,10%) 99	544	280 (-17%) 74.4 (-0%)	0.83 (-52%)	1.46	141 (-18%)
	PBS/S200&EDAP (5:5,10%) 87	512	271 (-19%) 75.3 (+1%)	1.69 (-2%)	1.31	167 (-3%)
	PBS/S200&EDAP (8:2,10%) 92	389	379 (13%)	72.7 (-3%)	2.31 (+34%)	1.03	210 (+22%)

Table 13 .

 13 Formulation of PBS and its composites.

	Sample

Figure

38

shows the HRR and THR curves of PBS/S200&EDAP/K700Z systems, and the corresponding combustion parameters are summarized in Table

14

. Compared to PBS/S200&EDAP(3:7,10%), partial substitution of S200&EDAP(3:7) by 1 wt.% K700Z significantly reduces the pHRR and MARHE by 42% and 23% respectively. The flameout time rises up to 725s from 544s for PBS/S200&EDAP(3:7,10%). Those results indicate that the addition of the only 1 wt.% K700Z as synergist enhances the flame retardancy of PBS. Moreover, when the loading of K700Z increases to 2 wt.%, a 55% reduction in pHRR is found and the FRI value reaches 3.10. In addition, the MARHE value of PBS/S200&EDAP(3:7, 8%)/K700Z(2%) decreases by 37%, and the flameout time remarkably rises up to 923s. There is no doubt that 2 wt.% addition of K700Z gives PBS better fire performance as compared to PBS/S200&EDAP(3:7, 9%)/K700Z(1%) in terms of pHRR. Note that 3 wt.% loading of K700Z also decreases the pHRR and MARHE of PBS

Table 14 .

 14 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	1.69	/	206
	PBS/S200&EDAP (3:7,10%)	99	544	280	74.4	0.83	1.46	141
	PBS/S200&EDAP(3:7, 9%)/K700Z(1%) 93	725	162 (-42%) 76.6 (+3%)	0.85 (+3%)	2.31	108 (-23%)
	PBS/S200&EDAP(3:7, 8%)/K700Z(2%) 96	932	127 (-55%) 75.2 (+1%)	1.00 (+20%)	3.10	89 (-37%)
	PBS/S200&EDAP(3:7, 7%)/K700Z(3%) 83	706	167 (-40%) 76.4 (+3%)	1.30 (+56%)	2.00	122 (-13%)
	PBS/S200&EDAP (5:5,10%)	87	512	271	75.3	1.69	1.31	167
	PBS/S200&EDAP(5:5, 9%)/K700Z(1%) 84	446	253 (-7%)	74.6 (-1%)	1.79 (+6%)	1.37	160 (-4%)
	PBS/S200&EDAP(5:5, 8%)/K700Z(2%) 93	544	222 (-18%) 73.0 (-3%)	1.63 (-4%)	1.77	149 (-11%)
	PBS/S200&EDAP(5:5, 7%)/K700Z(3%) 112 774	262 (-3%)	67.0 (-11%)	1.62 (-4%)	1.96	123 (-26%)

Table 15 .

 15 Formulation of PBS and its composites.

	Sample

corresponding combustion parameters are listed in Table

16

. For PBS/S200&EDAP/ZnB system, with the increasing loading of zinc borate from 1 wt.% to 3 wt.%, the pHRR values of PBS/S200&EDAP(3:7, 9%)/ZnB(1%), PBS/S200&EDAP(3:7, 8%)/ZnB(2%), and PBS/S200&EDAP(3:7, 7%)/ZnB(3%) decrease to 163, 149, and 171 kW/m 2 respectively, showing 42%, 47%, and 39% reductions in comparison with that of PBS/S200&EDAP(3:7, 10%). It implies that there is an obvious synergy between zinc borate and S200&EDAP(3:7) system in improving the fire retardancy of PBS. The THR values of all PBS/S200&EDAP/ZnB formulations (1%-3% ZnB loadings)

show similar results to that of PBS/S200&EDAP(3:7, 10%). The incorporation of zinc borate further decreases the MARHE values of flame retarded PBS, but those reductions are inversely proportional to the zinc borate loading (-27%, -25%, and -20% respectively). On the other hand, the FIGRA values increase with the increase of zinc borate loading. This may be due to the addition of zinc borate promoting the decomposition of PBS in the early stage of combustion. It is to be noted that PBS/S200&EDAP(3:7, 8%)/ZnB(2%) exhibits the highest FRI value (3.13) and the lowest pHRR value, revealing that 2 wt.% loading of zinc borate is the optimal ratio to improve the flame retardancy of PBS.

Table 16 .

 16 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	1.69	/	206
	PBS/S200&EDAP (3:7,10%)	99	544	280	74.4	0.83	1.46	141
	PBS/S200&EDAP(3:7, 9%)/ZnB(1%) 115 955	163 (-42%) 74.3 (0%)	0.91 (10%)	2.92	103 (-27%)
	PBS/S200&EDAP(3:7, 8%)/ZnB(2%) 110 840	149 (-47%) 72.7 (-2%)	0.97 (17%)	3.13	106 (-25%)
	PBS/S200&EDAP(3:7, 7%)/ZnB(3%) 101 791	171 (-39%) 72.9 (-2%)	1.38 (66%)	2.49	113 (-20%)
	PBS/S200&EDAP(3:7, 9%)/ZnO(1%) 123 1004	138 (-51%) 63.0 (-15%)	0.49 (-40%)	4.36	68 (-52%)
	PBS/S200&EDAP(3:7, 8%)/ZnO(2%) 100 1194	109 (-61%) 66.7 (-10%)	0.67 (-19%)	4.23	63 (-55%)
	PBS/S200&EDAP(3:7, 7%)/ZnO(3%) 97	741	240 (-14%) 71.2 (-4%)	1.79 (116%)	1.75	113 (-20%)

Table 17 .

 17 Formulation of PBS composites.

	Sample

Table 18 .

 18 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]					
	PBS	109 493	401	83.7	1.69	/	206
	PBS/S200&EDAP(3:7, 10%)	99	544	280	74.4	0.83	1.46	141
	PBS/S200&EDAP/Zeolite	107 620	224 (-20%) 73.0 (-2%)	1.27 (+53%)	2.01	135 (-4%)
	PBS/S200&EDAP/MMT	89	426	295 (+5%)	72.3 (-3%)	1.66 (+100%)	1.28	180 (+28%)
	PBS/S200&EDAP/Talc	114 560	306 (+9%)	72.9 (-2%)	1.92 (+131%)	1.57	172 (+22%)
	PBS/S200&EDAP/Boehmite	91	451	278 (-1%)	67.8 (-9%)	1.72 (+107%)	1.49	169 (+20%)
	PBS/S200&EDAP/HNT	99	454	277 (-1%)	73.3 (-1%)	1.47 (+77%)	1.50	166 (+18%)
	PBS/S200&EDAP/CNT	81	507	290 (+4%)	70.6 (-5%)	2.10 (+153%)	1.22	180 (+28%)

pHRR [kW/m 2 ] THR [MJ/m 2 ] FIGRA [kW/(m 2 s)] FRI MARHE [kW/m 2 ]

Table 19 .

 19 Formulation of PBS and its composites.

					Composition [wt.%]		
	Sample	PBS	S200	EDAP	Boron phosphate	Boron nitride	Melamine borate	Zinc borate
	PBS/S200&EDAP/BP	90	2.4	5.6	2	/	/	/
	PBS/S200&EDAP/BN	90	2.4	5.6	/	2	/	/
	PBS/S200&EDAP/MB	90	2.4	5.6	/	/	2	/
	PBS/S200&EDAP/ZnB	90	2.4	5.6	/	/	/	2

  ). Meanwhile, the FIGRA and MARHE values of PBS/S200&EDAP/BN increases by 102% and 26% respectively as compared to PBS/S200&EDAP. It shows that the use of boron nitride does not provide fire protection to PBS composite. This phenomenon indicates that the addition of highly thermally stable boron nitride (physically) does not improve the fire retardancy of PBS.Boron phosphate (BPO 4 ) is composed of alternating BO 4 and PO 4 tetrahedra linked by shared oxygen atoms. It is a kind of borate with good chemical stability and water-fast properties[START_REF] Zhao | Synergistic effects between boron phosphate and microencapsulated ammonium polyphosphate in flame-retardant thermoplastic polyurethane composites[END_REF].It has been reported that boron phosphate can act as a synergist in combination with intumescent additives (e.g., APP, which is used as a key agent for many intumescent systems) to flame retard polymeric materials, such as epoxy resin and thermoplastic polyurethane[START_REF] Zhao | Synergistic effects between boron phosphate and microencapsulated ammonium polyphosphate in flame-retardant thermoplastic polyurethane composites[END_REF][START_REF] Tang | Synergistic flame-retardant effect and mechanisms of boron/phosphorus compounds on epoxy resins[END_REF]. As shown in Figure44, partial substitution of intumescent system by 2 wt.% boron phosphate reduces the pHRR of PBS/S200&EDAP/BP by 24% in comparison to PBS/S200&EDAP, indicating that the addition of boron phosphate improves fire retardant performance of PBS. Meanwhile, 16% of reduction in MARHE is observed in PBS/S200&EDAP/BP formulation, while FRI reaches 2.40.

Table 20 .

 20 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]				
	PBS	109 493	401	83.7	1.69	/	206
	PBS/S200&EDAP(3:7, 10%) 99	544	280	74.4	0.83	1.46	141
	PBS/S200&EDAP/BP	117 666	212 (-24%) 70.8 (-5%)	1.05 (+26%)	2.40	118 (-16%)
	PBS/S200&EDAP/BN	116 440	317 (+13%) 71.7 (-4%)	1.68 (+102%)	1.57	177 (+26%)
	PBS/S200&EDAP/MB	113 724	181 (-35%) 76.1 (+3%) 0.71 (-14%)	2.53	105 (-26%)
	PBS/S200&EDAP/ZnB	110 840	149 (-47%) 72.7 (-3%)	0.97 (+17%)	3.13	106 (-25%)

pHRR [kW/m 2 ] THR [MJ/m 2 ] FIGRA [kW/(m 2 s)] FRI MARHE [kW/m 2 ]

Table 21 .

 21 Formulation of PBS and its composites.Figure46shows the HRR and THR curves of PBS/S200&EDAP/zinc-containing system, and the relative fire parameters are presented in Table22. With the addition of 2 wt.% zinc molybdate, the pHRR of PBS/S200&EDAP/ZM is reduced by 20% when compared to PBS/S200&EDAP. On the other hand, the introduction of zinc molybdate shows a MARHE value similar to that of PBS/S200&EDAP and its FIGRA value increases to 1.19 kW/(m 2 s) (+43%). It indicates that the presence of zinc molybdate does not significantly increase the fire performances of PBS.The fire properties of PBS/S200&EDAP/ZnB and PBS/S200&EDAP/ZnO has been discussed above in Section 3.2.2, therefore, it is not discussed here. Interestingly, for PBS/S200&EDAP/ZnCO 3 , the HRR curve shows similar trend to PBS/S200&EDAP/ZnO formulation, this is due to the same synergistic agent, i.e., ZnO. Indeed, zinc carbonate decarbonizes to yield zinc oxide at approximately 260 °C[START_REF] Bourbigot | Intumescent ethylene-vinyl acetate copolymer: Reaction to fire and mechanistic aspects[END_REF] during combustion. Compared to PBS/S200&EDAP, the pHRR and MARHE of PBS/S200&EDAP/ZnCO 3 are significantly reduced by 54% and 50% respectively, indicating the synergy between zinc carbonate and the intumescent system.

						Composition [wt.%]			
	Sample	PBS S200 EDAP ZnB ZnO ZnMoO 4	ZnCO 3	Kemgard 700Z	Kemgard 911B	Kemgard 911C
	PBS/S200&EDAP/ZM	90	2.4	5.6	/	/	2	/	/	/	/
	PBS/S200&EDAP/ZnCO 3	90	2.4	5.6	/	/	/	2	/	/	/
	PBS/S200&EDAP/K911B	90	2.4	5.6	/	/	/	/	/	2	/
	PBS/S200&EDAP/K911C	90	2.4	5.6	/	/	/	/	/	/	2
	PBS/S200&EDAP/ZnB/ZM	90	2.4	5.6	1.5	/	0.5	/	/	/	/
	PBS/S200&EDAP/ZnB/ZnO	90	2.4	5.6	1	1	/	/	/	/	/

Table 22 .

 22 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	1.69	/	206
	PBS/S200&EDAP	99	544	280	74.4	0.83	1.46	141
	PBS/S200&EDAP/ZM	97	658	224 (-20%) 73.9 (-1%)	1.19 (+43%)	1.80	140 (-1%)
	PBS/S200&EDAP/ZnCO 3	91	952	128 (-54%) 64.3 (-14%)	0.90 (+8%)	3.40	70 (-50%)

  Meanwhile, its FRI value reaches 3.80, and the flameout time increases by 174s to 718s. Besides, a flat portion (plateau) with low HRR value is observed in Figure48, corresponding to the "steady-state" combustion process. Those results indicate that the addition of zinc borate and zinc molybdate combined with S200&EDAP effectively improves the fire performance of PBS composites. As another binary synergist system, zinc borate and zinc oxide are incorporated into the flame retarded PBS composite at a mass ratio of 1:1. Note that,

	compared to PBS/S200&EDAP(3:7), a 58% reduction in pHRR is obtained for

1

. Subsequently, it is used to improve the flame retardancy of PBS in combination with S200&EDAP. It is clear that, compared to PBS/S200&EDAP(3:7), the introduction of zinc borate and zinc molybdate noticeably reduces the pHRR, FIGRA, and MARHE by 48%, 10%, and 28% respectively. PBS/S200&EDAP/ZnB/ZnO formulation with a high FRI value of 4.47. Besides, the FIGRA and MARHE are reduced by 6% and 45% respectively, presenting the high fire safety of material. It can be concluded that there is a significant synergy between the intumescent system and the binary synergist system (zinc borate & zinc molybdate or zinc borate & zinc oxide).

Table 23 .

 23 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/

m 2 ] THR [MJ/m 2 ] FIGRA [kW/(m 2 s)] FRI MARHE [kW/m 2 ]

  

	PBS	109 493	401	83.7	1.69	/	206
	PBS/S200&EDAP(3:7, 10%) 99	544	280	74.4	0.83	1.46	141
	PBS/S200&EDAP/K911B	112 904	155 (-45%) 74.5 (0%)	0.76 (-8%)	3.00	87 (-38%)
	PBS/S200&EDAP/K911C	112 540	293 (+5%)	71.9 (-3%)	1.73 (+108%)	1.64	162 (+15%)
	PBS/S200&EDAP/ZnB/ZM	118 718	145 (-48%) 65.9 (-11%)	0.75 (-10%)	3.80	101 (-28%)
	PBS/S200&EDAP/ZnB/ZnO 122 1134	119 (-58%) 70.6 (-5%)	0.78 (-6%)	4.47	77 (-45%)

Table 24 .

 24 Formulation of PBS and its composites.According to the work of Müller[START_REF] Müller | Melamine poly(zinc phosphate) as flame retardant in epoxy resin: Decomposition pathways, molecular mechanisms and morphology of fire residues[END_REF], the combination of MPP and melamine poly(zinc phosphate) shows synergy by improving the flame retardancy of epoxy resin. Inspired by this, we develop a new intumescent system for PBS by combining MPP and S200 with a mass ratio of 2:1

	Sample

(2.49 vs. 2.31)

. It implies that the synergy between MPP and K700Z is not significant for this formulation.

Table 25 .

 25 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	1.69	/	206
	PBS/MPP(20%)	122 561	247	65.9	1.52	2.31	145
	PBS/MPP(18%)/K700Z(2%)	124 569	225 (-9%)	68.2 (+3%) 1.37 (-10%)	2.49	136 (-6%)
	PBS/MPP&S200(2:1, 20%)	119 446	301 (+22%) 64.2 (-3%)	1.88 (+24%)	1.90	160 (+10)
	PBS/MPP&S200(2:1,18%)/K700Z(2%) 104 497	286 (+16%) 67.5 (+2%) 1.93 (+27%)	1.66	156 (+8%)

Table 26 .

 26 Formulation of PBS and its composites.

	Sample	PBS	MPP	Composition [wt.%] EDAP Zinc borate	Zinc oxide	Pentaerythritol
	PBS/MPP(10%)	90	10	/	/	/	/
	PBS/MPP&EDAP(3:7)	90	3	7	/	/	/
	PBS/MPP&EDAP/ZnB	90	2.4	5.6	2	/	/
	PBS/MPP&EDAP/ZnO	90	2.4	5.6	/	2	/
	PBS/MPP&PER/ZnB	90	6	/	2	/	2

Table 27 .

 27 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]

t Flameout [s] pHRR [kW/m 2 ] THR [MJ/m 2 ] FIGRA [kW/(m 2 s)] FRI MARHE [kW/m 2 ]

  

	PBS	109 493	401	83.7	1.69	/	206
	PBS/MPP(10%)	102 464	384 (-4%)	74.3 (-11%)	1.98 (+17%)	1.10	193 (-6%)
	PBS/MPP&PER/ZnB	128 574	255 (-36%) 67.6 (-19%)	1.44 (-15%)	2.29	146 (-29%)
	PBS/MPP&EDAP(3:7)	124 525	284	74.3	1.46	1.81	152
	PBS/MPP&EDAP/ZnB	112 800	147 (-48%) 70.7 (-5%)	0.79 (-46%)	3.32	98 (-36%)
	PBS/MPP&EDAP/ZnO	90	1186	122 (-57%) 70.2 (-6%)	0.94 (-36%)	3.24	67 (-56%)

Table 28 .

 28 Formulation of PBS and its composites.

	Sample

Table 29 .

 29 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	1.69	/	206
	PBS/EDAP&APP(7:3,8%)/ZnB(2%) 83	779	130 (-68%) 71.8 (-14%)	0.99 (-41%)	2.74	94 (-54%)
	PBS/EDAP&MEL(5:1,8%)/ZnB(2%) 91	957	115 (-71%) 72.1 (-14%)	0.84 (-50%)	3.37	87 (-58%)

Table 30 .

 30 Formulation of PBS and its composites.

	Sample

increasing the FP2500S content to 30 wt.%. The pHRR value of PBS/FP2500S(30%) is 77 kW/m 2 , showing an 81% reduction compared to neat PBS. Besides, the incorporation of FP2500S from 10 wt.% to 30 wt.% decreases the TTI of intumescent PBS formulations in comparison to neat PBS, and they show similar TTI values.

Table 31 .

 31 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109	493	401	83.7	1.69	/	206
	PBS/FP2500S(10%)	88	579	244 (-39%)	73.3 (-12%)	1.85 (+9%)	1.52	166 (-19%)
	PBS/FP2500S(15%)	85	616	167 (-58%)	68.6 (-18%)	1.09 (-36%)	2.28	124 (-40%)
	PBS/FP2500S(20%)	86	1040	107 (-73%)	64.3 (-23%)	0.45 (-73%)	3.85	73 (-65%)
	PBS/FP2500S(30%)	86	1535	77 (-81%)	47.8 (-43%)	0.16 (-91%)	7.16	32 (-84%)

Table 32 .

 32 Formulation of PBS and its composites.

	Sample

indicating the formation of a stronger protective char. Based on the above discussion, there is no doubt that the addition of 2 wt.% of K700Z shows better flame retardant efficiency than 5 wt.% K700Z loading.

With respect to the PBS/FP2500S/ZnB system, the incorporation of 2 wt.% ZnB combined with 18 wt.% FP2500S into PBS significantly enhances the fire performance of PBS. It shows an HRR curve similar to that of PBS/FP2500S(18%)/K700Z(2%) formulation. Indeed, as mentioned earlier, zinc borate is the main component of K700Z. It is worth noting that the presence of zinc molybdate in K700Z does not have a large impact on the MLCC results, suggesting that it does not play an important role in the flame retardancy of PBS. The synergy between FP2500S and ZnB is that the introduction of K700Z or zinc borate obviously retards the combustion of PBS/FP2500S 121 system; compared to 5 wt.% K700Z or zinc borate loading, 2 wt% loading provides better fire protection performances to PBS.

Table 33 .

 33 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109	493	401	83.7	1.69	/	206
	PBS/FP2500S(20%)	86	1040	107	64.3	0.45	3.85	73
	PBS/FP2500S(18%)/K700Z(2%)	87	2015	77 (-28%)	49.6 (-23%)	0.42 (-7%)	6.98	29 (-60%)
	PBS/FP2500S(15%)/K700Z(5%)	83	1115	111 (+4%)	65.2 (+1%)	1.06 (+136%)	3.53	55 (-25%)
	PBS/FP2500S(18%)/ZnB(2%)	87	2132	70 (-35%)	60.0 (-7%)	0.54 (+20%)	6.34	32 (-56%)
	PBS/FP2500S(15%)/ZnB(5%)	81	1586	109 (+2%)	71.6 (+11%)	1.08 (+140%)	3.20	55 (-25%)

Table 34 .

 34 Formulation of PBS and its composites.

	Sample

Table 35

 35 FP2500S(15%), and the FRI reaches 3.41. Those results imply that the incorporation of only 1 wt.% K700Z as synergist significantly improves the flame retardancy of PBS. Moreover, when the loading of K700Z increases to 1.5 wt.%, a similar reduction in pHRR (31%) is observed

	with an FRI value of 3.1. In addition, the FIGRA and MARHE values of
	PBS/FP2500S(13.5%)/K700Z(1.5%) decreases by 5% and 41% respectively, and the flameout time
	remarkably rises up to 1038s. Note that partially replacing FP2500S with 2 wt.% K700Z further
	extends the flameout time of PBS to 1243s. Besides, visible reductions in pHRR (31%) and MARHE

. Compared to PBS/FP2500S(15%), partial substitution of FP2500S by 1 wt.% K700Z reduces the pHRR, FIGRA, and MARHE by 30%, 16%, and 36% respectively. Besides, the flameout time rises up to 974s from 123 616s for PBS/(55%) are observed in the formulation of PBS/FP2500S(13%)/K700Z(2%), with an FRI value of 3.34.

Table 35 .

 35 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	1.69	/	206
	PBS/FP2500S(15%)	85	616	167	68.6	1.09	2.28	124
	PBS/FP2500S(14%)/K700Z(1%)	94	974	117 (-30%) 72.6 (+6%) 0.92 (-16%)	3.41	79 (-36%)
	PBS/FP2500S(13.5%)/K700Z(1.5%)	84	1038	115 (-31%) 72.6 (+6%) 1.04 (-5%)	3.10	73 (-41%)
	PBS/FP2500S(13%)/ K700Z(2%)	81	1243	116 (-31%) 64.4 (-6%)	1.20 (+10%)	3.34	56 (-55%)

Table 36

 36 

	, a series of

Table 36 .

 36 Formulation of PBS and its composites.

				Composition [wt.%]		
	Sample	PBS	FP2500S	Kemgard 911B	Kemgard 911C	Zinc borate	Zinc molybdate
	PBS/FP2500S(13%)/K911B(2%)	85	13	2	/	/	/
	PBS/FP2500S(13%)/K911C(2%)	85	13	/	2	/	/
	PBS/FP2500S(13%)/ZnB(2%)	85	13	/	/	2	/
	PBS/FP2500S(13%)/ZnMoO 4 (2%)	85	13	/	/	/	2
	Figure 64 shows the HRR and THR curves of PBS/FP2500S/zinc-containing compounds system,
	and the corresponding combustion parameters are summarized in Table 37. Compared to
	PBS/FP2500S (15%), the use of K911B in PBS/FP2500S system leads to 50%, 29%, and 70%
	reductions of pHRR, FIGRA, and MARHE respectively. Meanwhile, the flameout time reaches up
	to 1639s from 616s with an FRI value of 4.96. Those results reveal that the introduction of K911B
	shows a noticeable synergy in improving the flame retardant efficiency of PBS. For
	PBS/FP2500(13%)/K911C(2%) formulation, the combination of K911C and FP2500S induces a
	reduction by 22% of pHRR with an FRI value of 3.31. Besides, the addition of K911C reduces the
	FIGRA and MARHE of PBS by 22% and 34% respectively, exhibiting high fire safety. This result is
	interesting because K911C shows negative effects when combined with the S200/EDAP(3:7)
	system.						
	The incorporation of zinc borate also improves the flame retardancy of PBS/FP2500S. It is
	clear that, compared to PBS/FP2500S (15%), partial substitution of FP2500S by 2 wt.% zinc borate
	reduces the pHRR of PBS by 36%, meanwhile, the FIGRA and MARHE values of
	PBS/FP2500(13%)/ZnB(2%) decreases by 6% and 43% respectively, with an FRI of 4.26 and a
	flameout time of 1264s. Comparatively, the pHRR of PBS/FP2500S(13%)/ZnMoO 4 (2%)
	formulation is reduced to 149 kW/m 2 (11% reduction) and the MARHE value decreases by 15%,

Table 37 .

 37 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	1.69	/	206
	PBS/FP2500S(15%)	85	616	167	68.6	1.09	2.28	124
	PBS/FP2500S(13%)/K911B(2%)	93	1639	83 (-50%)	69.2 (+1%) 0.77 (-29%)	4.96	37 (-70%)
	PBS/FP2500S(13%)/K911C(2%)	100 927	131 (-22%) 71.0 (+3%) 0.85 (-22%)	3.31	82 (-34%)
	PBS/FP2500S(13%)/ZnB(2%)	99	1264	107 (-36%) 66.9 (-2%)	1.03 (-6%)	4.26	71 (-43%)
	PBS/FP2500S(13%)/ZnMoO 4 (2%)	94	797	149 (-11%) 70.2 (+2%) 1.28 (+17%)	2.77	106 (-15%)

Table 38 .

 38 Formulation of PBS and its composites.

	Sample

Table 39

 39 kW/m 2 , showing 10% and 11% reductions, respectively. Further, it is observed that the combination of PAPP and zinc borate brings a 19% reduction in FIGRA and a 20% reduction in MARHE in comparison to that of PBS/PAPP10%, which demonstrates the improved fire safety.

	. Neat PBS

material

[START_REF] Gallo | Tailoring the flame retardant and mechanical performances of natural fiber-reinforced biopolymer by multi-component laminate[END_REF][START_REF] Sundström | The Development of a European Fire Classification System for Building Products-Test Methods and Mathematical Modelling[END_REF][START_REF] Lou | Fully Biobased Surface-Functionalized Microcrystalline Cellulose via Green Self-Assembly toward Fire-Retardant, Strong, and Tough Epoxy Biocomposites[END_REF]

]. The FIGRA and MARHE values of PBS are 1.69 kW/(m 2 s) and 206 kW/m 2 , respectively; meanwhile, the FIGRA and MARHE values of PBS/PAPP10% drop to 1.51 kW/(m 2 s) and 159

3 Fire behavior of Intumescent PBS formulations at 20 wt.% loading

  Figure 68c-d exhibits the HRR and THR curves of PBS formulations containing 20 wt.% additives. The addition of 20 wt.% PAPP in PBS reduces the pHRR of PBS to 195 kW/m 2 (-51%), which shows similar flame retardance effect as PBS/PAPP8%/ZnB2% (10 wt.%) in terms of pHRR.

	Moreover, PBS/PAPP15%ZnB5% exhibits the lowest pHRR with 88 kW/m 2 , corresponding to a 55%
	decrease in comparison to PBS/PAPP20%. Those results indicate that PAPP effectively improves
	the fire retardancy of PBS when combined with zinc borate. The THR values of flame retarded PBS
	composites (20% loading) present similar results, however, the slope of THR curves obviously
	decreases with the increased loading of zinc borate, corresponding to the significantly increased
	flameout time (1049s vs. 532s).
	The FIGRA and MARHE values of PBS/PAPP20% are 1.27 kW/(m 2 s) and 122 kW/m 2 ,
	respectively. With the incorporation of only 2 wt.% zinc borate, 57% reduction in FIGRA and 43%
	reduction in MARHE are found for PBS/PAPP18%/ZnB2% as compared to that of PBS/PAPP20%.
	Moreover, PBS/PAPP15%/ZnB5% shows a FIGRA of 0.76 kW/(m 2 s) and a MARHE of 65 kW/m 2 ,
	which are reduced by 40% and 47% than that of PBS/PAPP20%. As shown in Table 39, the FRI

It means that the use of PAPP alone is not as effective as the combination of PAPP and zinc borate in PBS. Meanwhile, its THR value shows a 31% reduction to 57.5 MJ/m 2 . It can be seen that, compared to PBS/PAPP20%, when only 2 wt.% PAPP is substituted by zinc borate, the pHRR value of PBS/PAPP18%/ZnB2% is significantly reduced by 43% to 112 kW/m 2 , demonstrating the significant synergistic effect between zinc borate and PAPP in reducing fire retardancy of PBS. value follows the sequence of PBS/PAPP15%/ZnB5% (5.18) > PBS/PAPP18%/ZnB2% (4.79) > PBS/PAPP20% (2.91). These results demonstrate that the introduction of zinc borate effectively improves the flame retardancy of PBS due to the synergy between PAPP and zinc borate. Among them, PBS/PAPP15%/ZnB5% shows best fire performance.

Table 39 .

 39 Combustion parameters for PBS and its composites from MLCC test with 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	Char [%]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	2.0	1.69	/	206
	PBS/PAPP10%	117 436	293 (-27%) 62.4 (-25%)	10.5	1.51 (-11%)	1.97	159 (-23%)
	PBS/PAPP8%/ZnB2%	117 677	194 (-52%) 71.8 (-14%)	9.8	1.22 (-28%)	2.59	127 (-38%)
	PBS/PAPP20%	106 532	195 (-51%) 57.5 (-31%)	20.0	1.27 (-25%)	2.91	122 (-41%)
	PBS/PAPP18%/ZnB2%	104 820	112 (-72%) 59.6 (-29%)	22.5	0.54 (-68%)	4.79	80 (-61%)
	PBS/PAPP15%/ZnB5%	91	1049	88 (-78%)	61.5 (-27%)	19.8	0.76 (-55%)	5.18	65 (-68%)

  3. It was further used as intumescent additives and combined with synergists to flame retard PBS. The results showed that most of the clay-based additives (montmorillonite, talc, boehmite, halloysite, carbon nanotube) failed to improve the flame retardancy of PBS. However, the fire performance of PBS formulations was obviously improved with the incorporation of boron-based compounds (boron phosphate,

melamine borate, zinc borate), except for boron nitride. Compared to boron-containing compounds, some zinc-containing compounds (zinc borate, zinc oxide, and zinc carbonate) exhibited excellent flame retardancy, presenting lower pHRR, FIGRA, and MARHE values.

Table 1

 1 Formulation of PBS and its composites.

		Composition [wt.%]			
	Sample	PBS	EDAP	Zinc borate	Zinc molybdate	Melamine borate	NH 2 -CNT
	PBS	100	0	0	0	0	0
	PBS/EDAP	90	10	0	0	0	0
	PBS/EDAP/ZnB	90	8	2	0	0	0
	PBS/EDAP/ZnMo	90	8	0	2	0	0
	PBS/EDAP/MB	90	8	0	0	2	0
	PBS/EDAP/ZnB/NH 2 -CNT	90	8	1	0	0	1

Table 2

 2 MLCC results for PBS and its composites at 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR[kW/m 2 ]	THR[MJ/m 2 ]	Residue[wt.%]	FIGRA[kW/(m 2 s)]	FRI	MARHE[kW/m 2 ]
	PBS	109 ± 3	493 ± 27	401 ± 8	83.7 ±1.5	2.0	1.69	/	206
	PBS/EDAP	125 ± 5	476 ± 12	336 ± 3 (-16%)	74.6 ± 0.5 (-11%)	7.7	1.72 ( + 2%)	1.54	172 (-17%)
	PBS/EDAP/ZnB	110 ± 3	737 ± 16	173 ± 22 (-57%)	74.9 ± 3.3 (-11%)	8.0	0.90 (-47%)	2.61	108 (-48%)
	PBS/EDAP/MB	118 ± 7	537 ± 3	269 ± 2 (-33%)	73.4 ± 0.5 (-12%)	6.9	0.81 (-52%)	1.84	133 (-35%)
	PBS/EDAP/ZnMo	122 ± 7	578 ± 21	248 ± 12(-38%)	70.1 ± 1.3 (-16%)	8.0	0.94 (-44%)	2.16	136 (-34%)
	PBS/EDAP/ZnB/NH 2 -CNT	100 ± 10	517 ± 5	245 ± 1 (-39%)	69.3 ± 1.0 (-17%)	8.4	1.70 ( + 1%)	1.81	158 (-23%)

Table 3

 3 TGA and DTG data of PBS and its composites under nitrogen atmosphere.

	EDAP	225	238	28.6
	ZB	373	377	86.0
	PBS	343	401	0.8
	PBS/EDAP	320	382	3.3
	PBS/EDAP/ZnB	344	396	6.2

Sample

T 5% ( °C) T max ( °C) Y c at 800 °C (wt.%)

Table 1 .

 1 Comparison of flame retardancy of intumescent PBS systems between this work and previous works.

	Total loading	IFR system and loading	Synergist and loading	ΔpHRR	ΔTHR	Ref.
	30%	MP, 30%	/	-33%	-22%	[9]
	30%	APP, 30%	/	-19%	-25%	[32]
	30%	APP&MEL (5:1), 23%	MHSH, 2%; ES-CD, 5%	-36%	-9%	[33]
	25%	APP&MEL (5:1), 23%	MHSH, 2%	-50%	-11%	[15]
	25%	APP&MEL (5:1), 23%	Urea-kaolinite, 5%	-49%	-24%	[34]
	25%	APP&MEL (5:1), 20%	HAPCP-kaolinite, 5%	-49%	-18%	[35]
	25%	APP&MEL (5:1), 24%	Lignin chelates, 1%	-59%	-10%	[36]
	25%	APP&MEL (5:1), 22%	Lignin-MMT, 3%	-57%	-27%	[37]
	21%	APP&MEL (2:1), 20%	OMMT, 1%	-67%	-49%	[18]
	20%	APP&MEL (5:1), 19%	MgAlZnFe LDHs, 1%	-30%	-19%	[38]
	20%	MP, 18%	Graphene, 2%	-63%	-22%	[7]
	20%	APP, 15%	Sepiolite, 5%	-57%	-11%	[39]
	10%	MPAlP&EDAP (3:7), 8%	Zinc borate, 2%	-63%	-13%	This study

2.3.2 Solid state NMR analysis

  

	kHz. The spectra were acquired as a result of 1024 scans, and the reference used was 1 M solution
	of aluminum nitrate.
	31 P NMR experiments were performed on the same spectrometer (9.4 T) as above operating
	at 162 MHz. The analysis was carried out with a 4 mm probe head with 1 H decoupling (DD) with
	a recycle delay of 120 s. The 31 P NMR spectra were recorded at MAS with a spinning frequency
	of 12.5 kHz and a scans number of 16. The 31 P chemical shift was referred to H 3 PO 4 in an aqueous
	solution (85%) at 0 ppm.
	2.3.3 TGA and TG-FTIR analyses
	Thermogravimetric analysis (TGA) was carried out on a TA Instrument TGA Q5000IR under
	nitrogen atmosphere. Sample first underwent an isotherm at 40 ºC for one hour under N 2
	11 B magic angle spinning (MAS) nuclear magnetic resonance (NMR) measurements were
	performed on a Bruker Avance III 800 spectrometer (18.8 T) at a frequency of 256.6 MHz with a
	recycle delay of 2 s and a scans number of 512. The 3.2 mm probe head was operated at a
	spinning frequency of 20 kHz. 11 B NMR chemical shift was referred to NaBH 4 at -42.06 ppm.
	13 C NMR experiments were conducted on a Bruker Avance II 400 spectrometer (9.4 T) with
	a probe head of 4 mm, a recycle delay of 5 s, operating at 100.6 MHz. The high-power 1 H
	decoupling and 1 H-13 C cross-polarization (CP) NMR spectra were carried out at a spinning
	frequency of 12.5 kHz with a scans number of 1024. The 13 C chemical shift was referred to
	tetramethylsilane at 0 ppm.
	27 Al MAS NMR measurements were carried out on a Bruker Avance II 400 spectrometer (9.4
	T) with a probe head of 3.2 mm, a recycle delay of 1 s, operating at a spinning frequency of 20

  The tensile strengths of PBS, PBS/MPAlP, PBS/EDAP, PBS/MPAlP&EDAP, and PBS/MPAlP&EDAP/ZnB composites are39.7, 34.3, 32.0, 32.8, and 34.6 MPa, respectively (Figure1). It is observed that neat PBS shows higher tensile strength than all flame retarded PBS composites. The decrease of tensile strength of PBS composites is ascribed to the poor compatibility between the flame-retardant additives and PBS matrix. Indeed, similar conclusions have been widely demonstrated in other intumescent flame retardant systems that the incorporation of intumescent flame-retardant additives into polymer or polymer composite at a relatively high loading can cause a negative impact on the mechanical properties of polymer matrix[19,[49][50][51]. The presence of 10 wt.% MPAlP in PBS causes a decrease of tensile strength by 13.6% in comparison with that of neat PBS. When adding 10 wt.% of EDAP to PBS, the tensile strength of PBS/EDAP is reduced by 19.4% from 39.7 MPa for neat PBS to 32.0 MPa. Besides, the combination of EDAP and MPAlP slightly increases the tensile strength of PBS when compared with that of PBS/EDAP formulation, which may be due to the better interfacial interaction between PBS and MPAlP. It worth noting that, compared to PBS/S200&EDAP, a reinforcement effect is observed when zinc borate is incorporated.

Table 3 .

 3 TGA data of pure PBS and all intumescent systems containing 10 wt.% flame retardant additives.

	Sample	T 5% (

ºC) T 50% (ºC) T max (ºC) Y c (%) at 800 ºC

  

	PBS	343	398	412	0.8
	PBS/MPAlP	335	374	379	4.9
	PBS/EDAP	320	386	392	3.3
	PBS/MPAlP&EDAP	324	379	384	3.8
	PBS/MPAlP&EDAP/ZnB	336	390	395	5.8

  84 (˂1), indicating a bad flame retardancy effect. The incorporation of EDAP and MPAlP&EDAP shows the improvement of the flame retardancy of PBS(1.54 vs. 1.46). Moreover, when partially replacing MPAlP&EDAP with 2wt.% zinc borate, the FRI value of PBS/MPAlP&EDAP/ZnB reaches 3.13, indicating that zinc borate enhances the flame retardancy of PBS. Fire growth rate (FIGRA) and maximum average rate of heat emission (MARHE), two important fire safety engineering parameters, were applied to assess the fire growth and spread rates of material[43]. On the contrary to FRI, lower FIGRA value means slower flame spread potential and more time to escape from the fire; and lower MARHE represents the worse ability to support flame spreading to other objects. The FIGRA and MARHE of PBS are 1.69 kW/(m 2 s) and 206 kW/m 2 , whereas PBS/MPAlP shows higher FIGRA(3.11 

kW/(m 2 s)) and MARHE (231 kW/m 2 ), suggesting that the incorporation of 10 wt.% MPAlP alone deteriorates the fire performance of PBS. For PBS/EDAP, FIGRA is similar to that of neat PBS, and its MARHE decreases by 17%. This means that the addition of 10 wt.% EDAP shows limited effect on fire properties of PBS. Thanks to the synergistic effect between EDAP and MPAlP, the FIGRA and MARHE values of PBS/MPAlP&EDAP are significantly reduced by 51% and 32% respectively. Moreover, the introduction of zinc borate decreases the FIGRA and MARHE values of PBS/MPAlP&EDAP/ZnB by 43% and 49%, demonstrating the fact that the incorporation of zinc borate obviously reduces the fire risk of PBS.

Table 4 .

 4 Relative data obtained from MLCC test for PBS and its composites at 35 kW/m 2 heat flux.

	Sample	TTI [s]	t Flameout [s]	pHRR [kW/m 2 ]	THR [MJ/m 2 ]	Residue [%]	FIGRA [kW/(m 2 s)]	FRI	MARHE [kW/m 2 ]
	PBS	109 493	401	83.7	2.0	1.69	/	206
	PBS/MPAlP	84	430	399 (0%)	77.1 (-8%)	6.3	3.11 (+84%)	0.84 231 (+12%)
	PBS/EDAP	125 476	336 (-16%) 74.6 (-11%)	7.7	1.72 (+2%)	1.54 172 (-17%)
	PBS/MPAlP&EDAP	99	544	280 (-30%) 74.4 (-11%)	7.7	0.83 (-51%)	1.46 141 (-32%)
	PBS/MPAlP&EDAP/ZnB 110 840	149 (-63%) 72.7 (-13%)	7.8	0.97 (-43%)	3.13 106 (-48%)

  The maximum decomposition rates of PBS, PBS/MPAlP, PBS/EDAP, PBS/MPAlP&EDAP, and PBS/MPAlP&EDAP/ZnB occur at 37.6 min (413 ºC), 36.2 min (399 ºC), 35.9 min (396 ºC), 37.4 min (411 ºC), 37.4 min (411 ºC), respectively. This means that the addition of MPAlP and/or EDAP promotes the thermal decomposition of PBS matrix and catalyzes the formation of residue.

  Synthetic route of the functionalized lignin (PNZn-lignin); (b-c) HRR and THR curves of PBS composites at a heat flux of 35 kW/m 2 ; and residual chars of (d 1 ) PBS, (d 2 ) PBS/Olignin2.5%, ( d 3 ) PBS/PNZn-lignin2.5%, (d 4 ) PBS/PNZn-lignin10% after cone calorimeter test [37]. .............. 27 Figure 13. Synthesis routes of two kinds of phosphonate-based macromolecules [148]. ........... 28 Figure 14. Water-crosslinking reaction mechanism of PBS/APP composites [156]. .................... 30

	Figure 15. Char residues of (a) PBS/cellulose30%, (b) PBS/hemp30%, (c) 70PBS/flax30%, (d)
	PBS/sugar cane30%, (e) PBS/bamboo30% composites after cone calorimeter test; (f) the HRR
	curves of PBS/fiber composites based on cone calorimeter test at a heat flux of 35 kW/m 2 , and

2 

, and corresponding photographs of the residual chars after cone calorimeter test from top view for (d) PBS/MDH40%, (e) PBS/MDH20%/EG5%, (f) PBS/ MDH20%/Gr5% and from side view for (g) PBS/ MDH20%/EG5%, (h) PBS/ MDH20%/Gr5%

[START_REF] Chen | Expanded graphite assistant construction of gradient-structured char layer in PBS/Mg (OH) 2 composites for improving flame retardancy, thermal stability and mechanical properties[END_REF]

. ............................ 24 Figure 11. (a) Synthesis route of CP-lignin; (b) HRR and (c) THR curves of PBS/CP-lignin composites at a heat flux of 50 kW/m 2 [147]. ................................................................................................ 26 Figure 12. (a) (g) HRR curves of PBS/fiber composites based on MMC test [159]. ............................................ 31

Table 1 .

 1 Physical properties of PBS compared with some commodity plastics[40]. ..................... 9

Table 2 .

 2 Classification of materials for the UL-94 Vertical burning test. ..................................... 16

Table 3 .

 3 

traditional components) and bio-sourced intumescent flame retardants. In summary, this work developed the flame retardant researches of PBS, which will help to inspire the development of new fire safety PBS systems.
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AHP

Aluminum hypophosphite PBS/FP2500S(13%)/911B(2%), suggesting that zinc borate promotes the intumescence of PBS/FP2500S system. PBS/FP2500S(13%)/ZnB(2%), (f) PBS/FP2500S (13%)/ZnMoO 4 (2%)

Intumescent PBS system based on piperazine pyrophosphate

Piperazine pyrophosphate (PPAP) is the main compound in FP2500S, thus it is interesting to evaluate the role of PPAP on fire properties of PBS. PPAP is a widely used all-in-one intumescent flame retardant due to the high phosphorus content and abundant piperazine structure with excellent carbonization performance [START_REF] Zhu | Preparation and investigation of efficient flame retardant TPE composites with piperazine pyrophosphate/aluminum diethylphosphinate system[END_REF][START_REF] Xu | Preparation of poly (phosphoric acid piperazine) and its application as an effective flame retardant for epoxy resin[END_REF]. It possesses acid source, charring agent, and reinforcement in flame retardancy was observed with the incorporation of 2 wt.% zinc borate or K700Z.

When piperazine pyrophosphate (PAPP) was added into PBS (10 wt.% or 20 wt.% loading), the fire retardancy of composites was found to be improved. Additionally, the combination of PAPP and zinc borate (18: 2 or 15: 5, wt: wt) significantly enhanced the fire performance of PBS in terms of the flameout time, pHRR, FIGRA, MARHE, and FRI, due to the formation of a protective intumescent char.

In summary, this chapter mainly evaluated the fire performance of all intumescent PBS formulations; however, comprehensive insight into the influence of intumescent additives, especially on FR mechanistic aspects (chemistry), has to be understood. In the following chapters, we aim to investigate several intumescent flame retardant systems comprehensively, i.e., PBS/EDAP/ZnB and PBS/S200&EDAP/ZnB formulations, mainly focusing on flame retardant mechanisms and mode of actions, smoke release, thermal stability, and mechanical properties. 
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ABSTRACT

A new strategy was developed for the fabrication of intumescent flame retardant system to improve the fire performance of polybutylene succinate (PBS) based on the synergistic effect of melamine poly(aluminum phosphate) and ethylenediamine phosphate as well as zinc borate.

Cone calorimetry results exhibit that, with only 10 wt.% total loading of additives, the peak heat release rate (pHRR) and total heat release (THR) of PBS/MPAlP&EDAP/ZnB are significantly reduced by 63% and 13%, respectively, in comparison to PBS. Meanwhile, the fire growth rate (FIGRA) and maximum average rate of heat emission (MARHE) are decreased by 43% and 48%, respectively, and the flame retardancy index (FRI) reaches up to 3.13. Note that solid state MAS NMR ( 11 B, 13 C, 27 Al, and 31 P) technique provides information to determine chemistry in the condensed phase during combustion. It is evidenced that the enhanced flame retardancy is ascribed to the formation of a reinforced intumescent char embedded with highly thermally stable inorganic species (e.g., boron phosphate and zinc phosphate), which improves the cohesion (crack-free) and stability of the char. Additionally, thanks to the introduction of zinc borate, PBS/MPAlP&EDAP/ZnB shows low smoke emission and good thermal/mechanical properties. As a result, this work provides a new perspective for the development of new intumescent flame retardant systems toward PBS.

Keywords: polybutylene succinate, flame retardant, melamine poly(aluminum phosphate), ethylenediamine phosphate, zinc borate.

Experimental

Materials

Biobased polybutylene succinate (Bionolle™ 1001 MD) was procured from Showa Denko, Japan. Melamine poly(aluminum phosphate) (MPAlP) was provided by Caterna-Floridienne Chemie, France, ethylenediamine phosphate (EDAP) was purchased from CHEMOS GmbH, Germany, and zinc borate (Firebrake ® ZB, 2ZnO•3B 2 O 3 •3.5H 2 O) was supplied by US Borax, USA. All the materials were dried in oven at 80 ºC overnight before use.

Preparation of PBS composites

The detailed formulations for PBS and its composites are presented in Table 2. In all PBS formulations, the filler loading was kept constant at 10 wt.%. All PBS formulations were prepared by compounding biobased PBS and flame retardant additives (MPAlP, EDAP, and zinc borate) in a torque mixer, and the detailed preparation process has been reported in our previous work [40]. 

Characterizations

Fire and smoke tests

On the basis of the standards of ASTM E 906, forced combustion test of PBS and its composites was performed using a Fire Testing Technology (FTT, UK) Mass Loss Cone Calorimeter (MLCC). The heat release rate (HRR) of specimens was measured using the thermopile in the chimney. The sample with a size of 100 × 100 × 3 mm 3 was exposed to an external heat flux of 35 kW/m 2 , corresponds to a developing fire scenario [41]. The distance between the conical heater and the sample was kept at 25 mm. Characteristic fire parameters were obtained including time to ignition (TTI), time to flameout (t flameout ), peak of HRR (pHRR), char yield (Y c ), flame retardancy

MLCC-FTIR analysis

FTIR was coupled with MLCC to quantitatively analyze the composition and content of the evolved gases, such as water, carbon dioxide, carbon monoxide, during MLCC test [68]. As presented in Figure 13a, Gram-Schmidt curves describe FTIR absorption intensity of evolved gases (mainly water and carbon dioxide) during combustion process, which shows similar shapes as the heat release curves.

The evolution of water and carbon dioxide for PBS climbs rapidly to the peaks of 12546 ppm at 375s and 47308 ppm at 346s, respectively (Figure 13b-c). This is due to the complete combustion of the PBS after ignition. Besides, carbon monoxide is detected before ignition, which may be derived from the thermal-oxidative decomposition of neat PBS. The carbon monoxide emission of PBS gradually increases after ignition and reaches a peak of 161 ppm at 366s.

It is worth noting that PBS/MPAlP shows intense release peaks of water (14710 ppm), carbon dioxide (51761 ppm), and carbon monoxide (254 ppm). This suggests that the addition of 10 wt.% MPAlP dramatically changes the decomposition rate and ultimately accelerates the combustion of composite. Similarly, these phenomena are also observed on PBS/EDAP composites.

Compared to PBS, the water (10958 ppm) and carbon dioxide (36286 ppm) emission peaks for PBS/MPAlP&EDAP are reduced by 13% and 23% respectively, meanwhile, the peaks appear later (455s and 425s). This is due to the formed char which permits a certain flame shielding effect limiting the release of flammable products and hence, delaying the combustion process.

Moreover, compared to PBS, the carbon monoxide emissions of PBS/MPAlP, PBS/EDAP, and PBS/MPAlP&EDAP remain at a relatively high level during the combustion process (peaks of 254, 250, and 211 ppm, respectively, Figure 13d), corresponding to the occurrence of incomplete combustion. These results indicate that a possible flame retardant mechanism of action may exist in the gas phase when incorporating MPAlP and/or EDAP into PBS [69].

Interestingly, the water, carbon dioxide, and carbon monoxide emission curves of PBS/MPAlP&EDAP/ZnB exhibit low emission intensity during combustion. This phenomenon is ascribed to the significant barrier effect of the protective intumescent char inhibiting the release of pyrolysis products into gas phase, thereby reducing the intensity of combustion. Also, a sharp condensed and gas phases. Further, the MAS NMR analyses exhibited that the introduction of zinc borate promoted the formation of a protective intumescent char embedded with highly thermally stable inorganic phosphate species, which provided additional cohesion and stability to the char, thus enhancing the flame retardancy of material. Moreover, with the addition of zinc borate, PBS/MPAlP&EDAP/ZnB showed low smoke emission and good mechanical/thermal properties.

General conclusion & Outlook
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General conclusion

This work was dedicated to the development of new flame retarded polybutylene succinate (PBS) systems based on the concept of intumescence. Literature review revealed that fabricating intumescent flame retardant systems is currently the most frequent and promising approach to provide fire retardancy to PBS. The combination of intumescent systems (e.g., APP/MEL system) and suitable synergists could obviously improve the fire performance of PBS.

In this context, in order to obtain highly efficient flame retarded PBS formulations, a series of intumescent PBS systems were developed, including PBS/EDAP/synergist, PBS/S200&EDAP/synergist, PBS/MPP&EDAP/synergist, PBS/MEL&EDAP/synergist, PBS/FP2500/synergist, and PBS/PAPP/synergist systems. The fire behavior of different intumescent PBS systems was evaluated and screened using mass loss cone calorimeter. Among them, the addition of EDAP and zinc borate led to an enhancement in flame retardancy of PBS.

For the PBS/S200&EDAP/synergist system, the cone results indicated that a synergistic effect was observed when S200 and EDAP were combined in PBS with a mass ratio of 3:7. Furtherly, the combination of S200&EDAP (as intumescent system) and zinc borate significantly improved the fire performance of PBS.

Another goal of this thesis was to gain insight into the flame retardant mechanism of intumescent PBS formulations using numerous techniques, such as MLCC-FTIR, TGA-FTIR, and solid-state NMR ( 11 B, 13 C, 27 Al, and 31 P). Herein, two formulations (i.e., PBS/EDAP/ZnB and PBS/S200&EDAP/ZnB) were selected to deeply investigate the reaction-to-fire mechanism, in particular regarding the role of zinc borate on intumescence (char formation) and flame retardancy of PBS. It was confirmed that the addition of EDAP and zinc borate promoted the formation of a zinc-boron phosphates-reinforced intumescent char. This protective char layer effectively limited mass and heat transfer between condensed and gas phases, thereby retarding the combustion of underneath material. Moreover, the presence of zinc borate decreased the smoke release during combustion, and improved the tensile strength of composite in comparison to PBS/EDAP. On the other side, investigation of the mode of action of zinc borate in PBS/S200&EDAP(3:7) system revealed that incorporating the intumescent system (S200&EDAP)

Outlook

The work of this PhD has provided multiple approaches to exploit new intumescent PBS systems. The fire behavior of those intumescent systems was evaluated in this work, and particularly the mode of action of PBS/EDAP/ZnB and PBS/S200&EDAP/ZnB formulations was deeply investigated. However, there are still some understandings that are not clear and need to be further studied.

For some intumescent PBS formulations, such as PBS/S200&EDAP/ZnO and ainsi que sous forme de borate de zinc (ZnB). Les résultats de la calorimétrie à cône ont montré qu'avec seulement 10 wt.% de charge totale d'additifs, les valeurs pHRR et THR de