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Green flameretarding bismaleimide resin with simultaneously good processing char acteristics,
high toughness and outstanding ther mal stability based on a multi-functional organic boron

compound
Yanjing Zhu, Li Yuan, Guozheng Liang*, Aijuan ¢u

Jiangsu Key Laboratory of Advanced Functional P@ymesign and Application
Department of Materials Science and Engineering
College of Chemistry, Chemical Engineering and Male Science
Soochow University, Suzhou, Jiangsu 215123, China
ABSTRACT
Multi-function and green are two keywords of deyéty new flame retarding thermosetting resins,
however, to achieve this target is still a big &vading today. Herein, a new kind of flame retagdin
bismaleimide resins with simultaneously good preces characteristics, high toughness and
outstanding thermal stability were prepared by ¢gperizing 4,4-bismaleimidodiphenylmethane
(BDM) with allyl triphenylborate (ATPB). The strugte and integrated performances of BDM/ATPB
resins were systematically studied and comparehl tée BDM/0,0’-diallylbisphenol A resin (coded as
BD) that is almost known to be the best modifiednfleimide resin available. Results show that
BDM/ATPB resins are solids with low softening pa@inthey can be dissolved in acetone and have
wide processing window, completely overcoming tlurmpprocessing characteristics of BDM. The
properties of the BDM/ATPB system are dependenthenmolar ratio of imide and allyl groups, and
BDM/ATPB3 resin of which the molar ratio of imide &llyl groups (1:0.85) is the same as that of BD
resin not only has significantly improved flamearetancy, reflected by obviously longer time to
ignition, 1.5-3.0 times higher fire performanceenrdand greatly decreased heat releases, but atso h
about 10°C higher initial decomposition temperature in bathand nitrogen atmospheres as well as
about 1.2-1.3 times higher impact and flexural rgjths, clearly demonstrating that ATPB is a
multi-functional and green modifier for bismaleimidThe origin behind these attractive results of
BDM/ATPB resins was intensively discussed.
Keywords: Green flame retardant; Bismaleimide resin; Orgalioron-containing compound;

Toughness; Mechanism

* Corresponding author. Tel: +86 512 65880967. Fe86 512 65880089. E-mail address:

lgzheng@suda.edu.cn (Guozheng Liang); ajgu@sudarehijoan Gu),
1



1. Introduction

As a representative of thermally resistant therrtiogeresins, bismaleimide (BMI) resins have
been widely used in many frontier areas owing teirtloutstanding thermal stability, strength and
dielectric propertie§ 2. The most commonly used BMI is 4,4'-bismaleimigideinylmethane (BDM),
which has high brittleness and poor processingadteristics including high melting point and narrow
processing window (the gap between melting poimt @itial curing temperature), so during last 30
years®¥ a lot of researches have been focused on ovengpthe two disadvantages of BDM, and
great progresses have been achieved. Nowadaysi-fumgtion and green become the trends of
developing new high performance resins, of whickstanding flame retardancy has been urgently
required in the fields of aerospace, electric, comication, and so o . Therefore, preparation of
green flame retarding BMI resins is of great inséire.

Since last 10 years, lots of investigations hawyad that adding non-halogen flame retardants is
the main and effective method to prepare flamestasi polymers, and phosphorus flame retardants
have been almost regarded as the best candidaienetfialogen flame retardarfs’. However, more
and more literature reported that phosphorus flagtgrdants produce many smoke and toxic gases
(CO, NQ, etc.); besides, phosphorus flame retardants baea not only found in indoor-aft”,
indoor-dust™ and drinking-watet*?, but also proved that phosphorus flame retardamy be
bio-accumulated ™ Therefore  developing  non-halogen,  non-phosphorusnd
environmentally-friendly flame retardants have b#enmost important issue.

As early as the 8century, boric acid and borate were used as am & flame retardant, and
have been known to have low toxicity, environmdptéiendliness, odorless and colorle$$!
However, their flame retarding ability is not bigea a large loading was usEd, so they are often
used as the assistant of other flame retardantsiéalifying polymers. Bayramli's grouf” discussed
the influence of the sort of boron-containing commpd on a intumescent system composed of
ammonium polyphosphate (APP) and pentaerythriteRPfor polypropylene (PP), they found that the
best flame retarding effect was obtained with tidecd 1 wt% boron compound. Similar research was
also reported by Dogan and his associétes

In recent years, the preparation and modificatibpalymers have become noticeable. Galia's
group @ compared the flame retardancy of soybean-basedlooprs with the addition of

tri-(phenylboroxine) (BAD) and that with reactiva-(4-vinylphenylboroxine) (BST), and found that



the two kinds of boric acid esters have adversiientes on the peak of heat release rate (pHRR),
specifically, the addition of BST decreased the pHBy 20%, but the addition of BAD increased
pHRR by 3 wt%, suggesting that using reactive baditl ester is beneficial to achieve better flame
retardancy.

Note that the amount of reactive groups in org&oidc acid esters has been found to have effect
on the thermal stability of modified polymers. Timedified polymer with single functional group has
much lower initial degradation temperatuf@g;X than original polymer&® 2l This problem can be
solved by using boron compounds with multi-funcéibgroups. For example, Jing's grdtihmodified
bis-benzoxazine resin by introducing multi-functibrhyperbranched poly(resorcinol borate), and
found that the char yield of the modified resin ved®ut 6 wt% higher than that of the original resin
meanwhile the thermal stability nearly did not ojesh. Cadiz's grouf$® used boron compounds with
bi-functional groups to modify polystyrene, andriduthat with only 1.6 wt% of boron, limited oxygen
index (LOI) increased from 17.2 to 20.6 %, and Thencreased from 306 to 4G8.

Above valuable studies imply that reactive borompounds with multi-functional groups can
improve the flame retardancy of polymers withoutrsiing the thermal stability. However, these
compounds could not be directly used to modify BbHcause their structures do not fit that of BMI.
Moreover, in the case of developing new flame datats for thermally resistant resins, the
improvement of processing characteristics and toagé should be also paid attention. Therefore,
designing and preparing novel flame retarding BiBims with simultaneously improved processing
characteristics, toughness and thermal stabilitgedaon green multi-functional modifier is a
meaningful challenge.

In this paper, a kind of multi-functional reactitseron compound, allyl triphenylborate (ATPB),
was synthesized, which was copolymerized with Bjdmaleimidodiphenylmethane (BDM) to prepare
a series of BDM/ATPB resins. The structure andgrated performances of BDM/ATPB resins were
studied systematically. Some interesting and atttreaesults were obtained, the origin behind was
intensively discussed.

2. Experimental section
2.1. Materials
O-Allylphenol and 2,2'-diallyl bisphenol A (DBA) Wi industrial grades were purchased from

Laiyu Chemical Co., Ltd. (China). BDM was boughbrfr Northwestern Chemical Engineering



Institute (China). Other reagents were commerciatipcts with analytical grades and used without
further treatment.
2.2. Synthesis of ATPB

ATPB was synthesized through the dehydration oftenolic hydroxyl and boric acif’ (Figure
1). Specifically, 0.6 mol allylphenol and 0.1 mairte acid were dissolved in toluene (50 mL) with
stirring to form a mixture, which was heated to 200and maintained at that temperature for 1 h, and
then heated up to 138G with refluxing for 3 h, followed by refluxing d@t60°C for 5 h. After that, the
reaction solution was cooled down to £80and vacuum distillated till no liquid was evagechfrom
the reaction solution. Finally, a transparent, tfaiallow liquid was gained, which was ATPB, its
concentration of allyl groups was determined t®#3379 molar mass in every 100 g ATPB using the

titration method?”..

Figure 1. (single column)
2.3. Preparation of resins

According to Table 1, appropriate quantities of B2akd DBA were blended with stirring at 145
°C until a clear and brown liquid was obtained. Ahdn the liquid was kept at 145 for additional
0.5 h to get a prepolymer, coded as BD. Simil®BYM/ATPB prepolymer was prepared using above
procedure except that DBA was replaced by ATPB.

Table 1.

Each prepolymer was poured into a preheated glass amd degassed under vacuum at °C45
for 30 min. After that, the mold was put into areavfor curing using the procedure of £&802 h + 180
°C/2 h + 200C/2 h + 220C/2 h, and followed by postcuring at 28Dfor 4 h.

2.4, Characterizations

Fourier Transform Infrared (FTIR) spectra were rded between 400 and 4000 tmwith a
resolution of 2 ¢t on a Prostar LC240 Infrared Spectrometer (USA).

'H-NMR spectra were recorded on a Bruker WM300 (Garyh with CDC} as the solvent and
TMS as the internal standardC-NMR spectra were recorded on a Bruker WM300 (Geyh with
CDCl; as the solvent and internal standard.

Differential Scanning Calorimetry (DSC) measurersewere conducted on a DSC 2010 (TA
Instruments, USA) ranging from room temperaturé%0 °C with a heating rate 1%C/min under a

nitrogen atmosphere.



Dynamic Mechanical Analysis (DMA) scans were parfed using TA DMA Q800 apparatus
from TA Instruments (USA). A single cantilever clpimg mode was used. DMA test were carried out
from room temperature to 35C with a heating rate of ®/min at 1 Hz. The dimensions of samples
were (35+£0.02) mmx (13£0.02) mm x (3+0.02) mm.

Positron Annihilation Lifetime Spectroscopy (PAL8J)as recorded using a positron lifetime
spectrometer with a fast-slow coincidence syste®A) 2QuCi *Na was selected as the radio active
source, the spectrometer resolution was 300 pscamdilative counts for each spectrum were 1% 10
All PALS measurements were performed at 20 + 0.ufi@er an air atmosphere. The resultant spectra
were consistently modeled with a three-componentviih the computer program PATFIT-88. The
dimensions of each sample were (10 = 0.02) mm >(Q®M2) mm x (1 + 0.02) mm.

Thermogravimetric (TG) analyses were performed didnstruments SDTQ600 (USA) under a
nitrogen or air atmosphere with a flow rate of X0/min and a heating rate of 30/min.

LOI values were measured with a Stanton Redcrafbhdl meter (London, U.K.) according to
ASTM D 2863/77. The dimensions of each sample wW&8® + 0.02) mm x (6.5 £ 0.02) mm x (3
0.02) mm. Three samples were tested for each cdteptise values were reproducible within 0.5%,
and the average value was used as the final result.

Cone Calorimeter (CONE) tests were performed oRfER device (UK) according to 1SO 5660
with an incident flux of 35 kW/f For each resin, three specimens were tested. $anple was put
into an aluminum boat (tray), which was then pt ithe specimen holder in the horizontal orientatio
for testing. Typical results from CONE tests wegproducible to within about + 10%. The dimensions
of each sample were (100 + 0.02) mm x (100 % Ond@) x (3 £ 0.02) mm.

X-ray Diffraction (XRD) reflectance patterns werdtained on a MERCURY CCD X-ray
diffractometer (RIGAKU, Japan) with CuoKradiation. The @ angle ranged from 5 to §0and the
scanning rate was’/2nin.

Scanning Electron Microscope (SEM) (Hitachi S-4708@pan) coupled with an energy disperse
X-ray spectrometer (EDS) was employed to obsergentbrphologies of the samples. The resolution
of the secondary electron image was 1.5 nm undekV1RIl samples were dried at 10C for 6 h
before tests.

Thermogravimetric Analysis Infrared (TG-IR) spectrare recorded using a thermogravimetric

analyzer (TGA F1, Netzsch, Germany) that was iatmfl to a FTIR spectrophotometer (TENSOR 27,



Bruker, Germany). Ten milligrams of a sample wasipuan alumina crucible and heated from 40 to
800 °C with a heating rate of 1%/min under a nitrogen atmosphere, and the flowatg was 45
mL/min.

The impact strengths were tested according to GB/T21995 using a Charpy impact machine
tester (XCJ-L, China), at least five samples framreformulation were broken.

The flexural strengths were measured accordingBér@570-1995 using a electronic universal
testing machine (RIGER-20, China) at a crossheaddspf 2 mm/min.
3. Results and discussion
3.1. Synthesis and char acterization of ATPB

Figure 2 shows the FTIR spectra of ATPB, boric aaidl allyl phenol. Compared with the
spectrum of boric acid, that of ATPB does not stib&characteristic absorption peak of B-OH at 1198
cm® 28 but has a new peak (13%n?) assigning to B-O-C?*, indicating the proceed of the
dehydration betweephenolic hydroxyl and boric acid as shown in Figliréhis statement is further
confirmed by the appearances of quaternary carlprals(at 151.21 ppm) assigning C-0-B*%in
the **C-NMR spectrum (Figure 3 left) of ATPB as well as the/lafirotons (4.91-5.12 pprfin the
'H-NMR spectrum (Figure 3 right) of ATPB. All thespectra prove the successful synthessTPB.

Figure 2. (single column)
Figure 3. (2-column)

3.2. Crosslinked structures of cured BD and BDM/ATPB resins

As introduced above that BDM has poor solubilitarmow processing window and high
brittleness, the modified BDM resin should overcotmese defects besides the improvement of flame
retardancy. Many studies have proved that allyinoheompounds will react with BDM through the
‘Diels-Alder’ and ‘allyl addition’ reaction§?>%, and the modified BDM resins have good processing
characteristics and toughne§8%". Therefore, a series of BDM/ATPB resins with diéfiet
formulations (the molar ratio of BDM to ATPB rang&dm 3:1 to 1:1) were designed to discuss the
influences of the ratio on the structures and parémces of resins. Meanwhile, BD resin consistihg o
BDM and DBA with the optimum molar ratio (1: 0.88§ *% which is almost known to be the best
modified BMI resin, was also prepared for compariso

Many researches prove that BD prepolymer has gaodepsing characteristics including good

solubility in solvents that has low boiling poinhdh low toxicity, wide processing window, this
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advantage is also owned by BDM/ATPB prepolymerspared herein. Specifically, all BDM/ATPB
prepolymers have a good solubility in acetone;dditon, BDM/ATPB prepolymers are solids, their
softening points are about 6@, the processing window is as wide as about®OAll these suggest
that BDM/ATPB has good processing characteristics.

It is well known that performances of a materiak atetermined by its structure. For a
thermosetting resin, its structure includes polyctain and aggregation state structures, botheshth
are dependent on the curing behavior. Figure 4ctieghe DSC curves of BD and BDM/ATPB
prepolymers, these curves are almost same, eathenf shows an exothermic peak appearing at
similar temperature range. This is expected becBize&and BDM/ATPB systems have same curing
mechanism, including the ‘Diels-alder’ and ‘ene itidd’ reactions between allyl group and imide ring
as well as the self-polymerization of BDR. Because the prepolymerization procedure is at°C45
for 2 h, the ‘ene addition’ has been almost conegfét so there is sole exothermic peak in the DSC
curves.

Figure 4. (single column)

To clearly evaluate the chemical structures of BBM?ZB system, the FTIR spectra at different
curing steps of BD and BDM/ATPB3 resins that haame molar ratio of imide to allyl groups were
recorded. As shown in Figure 5, with the progrefssuning, the absorption peaks attributing to allyl
group (950 cril) and imide ring (3200 c) exist in each spectrum, but their conversion degjithat
compared with the vibration peak of carbonyk{4 at 1758 cril) are different (Figure 6). In detail,
after cured at 14%C for 2 h, the conversion degrees of allyl and enjdoups in BD reach 95.75% and
97.68%, respectively; while the conversion degreenade group in the BDM/ATPB3 resin was only
54.79%. This difference exists along the wholermprocess. For example, after postcured at’230
for 4 h, the conversion degrees of allyl and inddeups in BD system are as high as 98.4% and 99.7%,
respectively, while those in BDM/ATPB3 are sever&P.8% and 98.3%. This difference (especially in
allyl group) reflects that although BDM/ATPB3 hasye molar ratio and curing mechanism as BD, the
allyl groups in ATPB have lower reactivity than seoin BDA, suggesting that ATPB has a steric

hindrance.
Figure 5. (2-column)

Figure 6. (single column)



The aggregation state structures of thermoseténips are often characterized by the crosslinking
density Kyensiy and free volumeXgensity reflects the concentration of crosslinking bonds pnit
volume, the value of highly crosslinking system b&ncalculated based on the storage mod@{)sirg
rubbery state (Figure SI-1 in the Supporting Infatizn) using a semi-empirical equation shown in

Egn (2).
IOglOGI:7"'293(density 1)

Herein,G'is chosen as the modulus at the temperature tBat’s higher tharT,

The calculateKqensiyy values are depicted in Figure 7. It can be seatthi®XgensiyOf BDM/ATPB
resin was closely related with the content of ATRBhen the loading of ATPB is small, the resins
(BDM/ATPB1 and BDM/ATPB2) have higheXeensiy Values than BD resin, this is because BDM
occupies the domain loading, and then the amourth@fBDM homopolymer is large, leading to
increaseXyensiy Value. As the ATPB content enlarges, the amoutit@BDM homopolymer decreases,
and then th&ensiydecreases. It's remarkable that BD and BDM/AT P&&etsimilarXgensipvalues, this
can be attributed to the combined roles of two sfipdactors. On one hand, one ATPB molecule has
three allyl groups, this concentration of crosdhgkbonds per unit volume shortens the distance
among crosslinking bonds, or increases Xh&siy, However, on the other hand, it is difficult fdret
three allyl groups in ATPB to react with BDM compdrwith the two allyl groups in DBA due to the

steric hindrance, tending to lead [0W&Ensity
Figure 7. (single column)

Free volume is another important aspect for theexgaion state of a polym&f, which contains
two important parameters, the average volume ef davities ¥y) and fractional free voluméd,f,). As
shown in Figure 8, compared with BD resin, BDM/ATR&ins (especially with low concentrations of
ATPB) have smalleV, andf,,, For the latter, theil/, and f,,, values increase gradually with the
increase of the ATPB content; this is related dtructure formed during curing. When the contént
ATPB is small, the concentration of BDM homopolymsrlarger, so the polymer chains are well
arranged, leading to smaW, and f,,, As the content of ATPB increases, the proportmhn
copolymerization is improved, producing a greatldsfaliner and branching chains, reducing the
packing density, and thus increasg@ndf,p,

Figure 8. (single column)
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3.3. Thermal stability of BDM/ATPB resins

Figure 9 shows the TG and DTG curves of cured B® BBDM/ATPB resins in a nitrogen or air
atmosphere, the correspondifig the maximum decomposition temperatufg.) and the char yield
(Y,) at 800°C are summarized in Table 2. It can be seen trepExBDM/ATPB4, other BDM/ATPB
resins have better degradation parameters thareBiD in either nitrogen or air atmosphere. Not¢, tha
no matter what the atmosphere is, BDM/ATPB3 hasasly higherTy;, Tnax andY. values than BD
resin, reflecting that the former has much bettermal stability than the latter. Obviously, it's
beneficial to get good flame retardan&y, and will be confirmed in the latter part of thpsper.
Considering the fact that BDM/ATPB3 and BD resirassér similar crosslinking density and curing
mechanism, so the attractive thermal stability bitéd by BDM/ATPB3 is attributed to the thermal
stable B-O bon#“ and the material formed during the degradation. fieehanism will be verified in
the latter part of this paper.

Compared with BD resin, BDM/ATPB4 has lowEy, this result can be explained from the lower
crosslinking density and concentration of BDM homlymer as discussed above. However,
BDM/ATPB4 still has much highefT,,.x and Y, in the air atmosphere than BD resin, clearly
demonstrating that ATPB has super ability to imprdive thermal stability in an air atmosphere, ighis

attractive for actual applications.
Figure 9. (single column)

Table 2.

3.4. Flameretardancy of BDM/ATPB resins

To simulate the real fire of a material in a lalalscand then evaluate the flame retardancy, LOI
and CONE techniques are often u§8d°®. Figure 10 gives LOI values of BD and BDM/ATPB iress
It can be seen that the flame retardancy of BDhrbslongs to the border between the combustible and
flame resistant materials. While, interestingly,BElDM/ATPB resins have higher LOI values than BD
resin, suggesting that BDM/ATPB resins are flantarging materials.

With regard to BDM/ATPB resins, the LOI value dexses as the content of ATPB increases till
reaches the minimum value for BDM/ATPB3, and théwiously increases, reflecting that there are
opposite factors that play roles. Based on aboseudsion, it is known that the molar ratio of BDM t

ATPB has obvious effect on the chemical structure @ggregate state structure of BDM/ATPB system.
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Larger amount of BDM homopolymer and B-O bond adl vae higher crosslinking density are
beneficial to increase LOI. As the loading of ATiRi8reases, the amount of BDM homopolymer and
crosslinking density decrease, so the magnituderood LOI is BDM/ATPB1 < BDM/ATPB2 <
BDM/ATPB3, but BDM/ATPB4 has the highest LOI amoB®M/ATPB resins, declaring that when
the loading of ATPB is enough, the B-O bond wilaplthe decisive role in improving the flame

retardancy.

Figure 10. (single column)

Table 3 summarizes the typical CONE date of BD &mM/ATPB resins. BDM/ATPB4 has
shorter time to ignition (TTI), this is in good agment of its loweTy; as discussed above. Except that,
other all parameters of BDM/ATPB system (especiBIBM/ATPB3) are much better than those of BD
resin, reflecting that ATPB is a good and reacfiaene retardant. Besides TTI, fire performance inde
(FPI) and fire growth index (FGI) are two importgrdarameters for evaluating the fire hazard of a
material. Table 3 shows that FPI values of BDM/AT&® 1.5-3.0 times higher than that of BD resin,
meaning that ATPB has a greater ability to increlgetime to flashover or the available time for
escaping in a full-scale fire situation. This isaproved by FGI, that is, the FGI values of BDMPE
are only 66.4%-95.45% of that of BD resin, meanthat the risk of catching fire and combustion
intensity decrease.

Table 3.

Figure 11 depicts the overlay curves of the helgase rate (HRR) as a function of time for all
resins. BDM/ATPB resins have much lower total hedgase (THR) and pHRR values than BD resin,
especially, the pHRR and THR values of BDM/ATPB®2 anly 53.8% and 47.0% of the data of BD,
respectively, indicating that ATPB can efficienfijprove the flame retardancy with only 1 wt%

addition of boron element. Therefore, it is of dgriederesting to find the origin behind.

Figure 11. (single column)

Mass loss rate (MLR) represents the rate of massitothe process of degradation, and can reveal
the flame retarding mechanism in condensed phasshéwn in Figure 12, except the larger mass loss
of BDM/ATPB4 at initial 200 s, all BDM/ATPB resinkave lower MLR values over the whole
combustion process, preliminarily verifying thatndensed phase plays role in the flame retarding
mechanism. This statement is further confirmed bgeoving the digital photos of the chars after

10



CONE tests shown in Figure 13. In fact, BD resirviobsly swell during combustion with great
ablation degree, and the BD char was so thin awdelathat it is easy to collapse. Oppositely,
BDM/ATPB resins didn't display the swell phenomenand their shapes were maintained well with

smooth surfaces. These phenomena will be discussatsively in the following section.
Figure 12. (single column)
Figure 13. (single column)

Based on accident statistics, the main reasonmguatsiath in a fire is smoke and ga$ésso the
properties on the smoke releasing and the producticCO (toxic gas) are significant aspects of #am
retardancy. The smoke releasing ability can bectfd by the smoke release rate (SPR)-time plot and
specific extinction area (SEA). As shown in Figd4 and Table 3, BDM/ATPB resins have much
smaller SPR, total smoke release (TSR), total smpokduction (TSP) and SEA values as well as CO
production than BD resin, demonstrating that ATBBi@t only an efficient flame retardant, but also a

fine and green smoke suppressant.
Figure 14. (single column)

3.5. Flameretar ding mechanism

Lots of researches show that flame retardants noli@g through the reactions in condensed phase
and/or gaseous phase, so the flame retarding effe¥TPB was studied through the two phases. The
investigation on the condensed phase consistseofrthiss loss and char structure, while that on the
gaseous phase is carried out by using the TG-IRtgue. Because BD and BDM/ATPB3 resins have
same ratio of imide and allyl groups, so choosimgnt as the models for studying can exclude the
influence of the ratio on the properties, and tisuseneficial to get the flame retarding mechanism.

Figure 15 presents the digital photos of BD and BENMPB3 resins after being maintained at
different temperature for 15 min in a muffle furea®D resin cannot retain its shape after mainthine
at the temperature higher than 3% and its volume expands fast and greatly whertehgerature
reaches 400C, moreover, the mass loses sharply with the isere# the temperature. When the
temperature is up to 50, the char of BD resin becomes fluffy with manydsp reflecting that the
compact char could not be formed during the heatirogess, and thus the degradation could not be
prevented. With further increased temperature, B&nrburns up. For the sample after maintained at

600°C for 15 min, the residual mass is only 1.0 wt%] ao peak attributing to organic groups can be
11



observed in FTIR spectrum (Figure 16). However, BEBMPB3 resin can still keep its shape at 860
and when the temperature is 4%, the sample expands, but the rectangle figustilismaintained
with compact state. This condition is held till tieenperature is 55%C. After stayed at 656C for 15
min, the residual mass of BDM/ATPB3 resin is sl high as 10.59 wt%, in which there are organic
compositions reflected by the appearance of theackeristic absorptions of organic bonds in itsRTI
spectrum (Figure 16), including the imide ring (84h?), the vibration stretching of C-H (2920 &jn
and the vibration stretching of CH=CH (1600 Hmso the organic components in the BDM/ATPB

system are protected well.
Figure 15. (single column)
Figure 16. (2-column)

Note that in the FTIR spectrum of the BDM/ATPB3 cladter maintained at 65C, new peaks
appear at 1200 and 782 ¢mwhich are assigning to the stretching vibratioh$3-O in boron oxide
(48491 This is further confirmed by the new sharp pealobging to BO; at =27.8 ***!in the XRD
patternrof BDM/ATPB3 char (Figure 17). As boron oxide isi@w material that is produced during the
degradation, so which is believed to make contidmuto the outstanding flame retardancy of the

BDM/ATPB system.
Figure 17. (2-column)

Figure 18 shows the SEM micrographs of surfacé&8lpaind BDM/ATPB3 chars. Compared with
the images of BD char (Figures 18a, 18b), thatDMBATPB3 char is more condensed and looks like
a net framework (Figures 18c, 18d), this is in gagdeement with the compact and smooth surfaces
(Figures 13 and 15).

According to all results and discussion above, bidieved that the condensed phase is one

important flame ratarding mechanism.
Figure 18. (single column)

TG-IR technique that directly gives identificatia the volatilized products can significantly
contribute to an understanding of thermal degradatmechanism®?. Figure 19 shows the
three-dimensional FTIR spectra of gaseous volatiledved during the whole combustion processes of
BD and BDM/ATPB resins. Because samples with sam& shape and weight were used for tests, the

12



absorption intensity of peaks is reasonable toustalthe relative amount of the pyrolysis prodiicts

It can be seen that BDM/ATPB resins released fexstatilized products than BD resin.
Figure 19. (2-column)

Figure 20 gives the FTIR spectra of each samptgmtal temperatures. For BD resin, a slight
absorption peak assigning to £(®74, 2362, 2313 ci) is observed in the spectrum at 380 At Ty
(406°C), the CQ peak is enhanced and the peak for O-H bond (3659 lating to HO generation)
appears. When the temperature readhgg434°C), besides the strengthened peak of O-H bond, more
peaks emerge, including aromatic compounds (303%,caliphatic components (2933 &jn carbonyl
compounds (1758 ch), esters (1174 c™ and nitrogen oxides (1509 & indicating that the
polymer chains have been fractured, and some esiapded with the generation of G&nd NQ have
been formed. Note that the peaks for,@@d NQ are still found even the temperature reaches’800
demonstrating the continuous degradation of th@.res

Comparatively, BDM/ATPB resins show obviously diffat degradation behavior from BD resin.
Take BDM/ATPB3 as an example, it has good therradliity when the temperature is 380. When
the temperature reach®g (411°C), the peaks for CQ(670, 2362, 2313 cm), H,O (3500-3900 cif),
and aromatic rings (1300-1650 &nemerge, reflecting the degradation of aromatig.riwhen the
temperature comes fB,.(431 °C), the amount of released g@chieves the maximum, meanwhile
new peaks assigning to phenol-containing compoa@37 cn), aliphatic components (2933 &n
and C-C(=0)-O (1174 ch) appear. As the temperature reaches E50the intensities of peaks
decrease obviously. At 8T, almost no peaks are observed in the FTIR spagtthis is opposite
from the situation of BD resin at 80G. The TG curves from TG-IR tests (Figure 21) shbat theY,
of BDM/ATPB3 at 800C is above 50 wt%, about 2.2 times larger thandh&D, further proving that
the appearance of ATPB can promote the formatiom sthble protective char, and thus protecting the

resin from degradation.
Figure 20. (2-column)
Figure 21. (2-column)

Above results demonstrate that the flame retardiffgct of ATPB mainly focuses on the
condense-phase, including improving the thermdlilitig increasing the ability of char formatioma

ameliorating the compactness of the char; besBlg3;are produced during degradation. All these are
13



beneficial to get good flame retardancy.
3.6. Mechanical properties of BDM/ATPB resins

As stated in the introduction part, toughening bagn one of most important targets of the
research and development of thermosetting resimsiefore, it is of great interesting to investigete
toughness of BDM/ATPB resins. Impact strength mfiehe ability to absorb the energy of a rapidly
applied load, and the ability to withstand this dem impact®, so which is usually used to
characterize the toughness of a material. Figurg@r@gents the impact strengths of cured BD and
BDM/ATPB resins. All BDM/ATPB resins have higher iact strengths than BD resin, and the impact
strength increases as the content of ATPB incredsgsecially, BDM/ATPB3 has about 1.3 times
larger impact strength than BD resin. This is ordgéd from the difference in the structure of the
crosslinked networks between BD and BDM/ATPB resinghe case of BD and BDM/ATPB3 resins,
they have similar crosslinking density, andf,,, So the chemical difference induced by the special
ATPB is responsible for the performances. SpedificATPB has flexible B-O chain, and its steric
hindrance makes low conversion degrees of allyl iamide groups. These will lead to the increased
impact strength. As these influences are enhansetthealoading of ATPB increases, so the impact
strength increases as the loading of ATPB incredesause of the same reasons, BDM/ATPB resins

have lower flexural moduli than BD resin (Figure).23
Figure 22. (single column)

Flexural strength is often regarded as the indexnethanical properties because the flexural
loading contains multi-type loadings such as tensihearing and/or compressing loadifig.
Generally, the flexural strength is dependent ot boughness and stiffness. As shown in Figure 23,
all BDM/ATPB resins have higher flexural strengthsn BD resin; and with the increase of ATPB
content, the flexural strength rises and reachesritaximum (137 MP) for BDM/ATPB3, about 1.3

times of that of BD resin.

Figure 23. (single column)
4. Conclusions
ATPB is a green and multi-functional modifier forDBI, the presence of which not only
completely overcomes the poor processing charatiteyi of BDM, but also endows BDM with

outstanding flame retardancy, high impact and flakstrengths as well as improved thermal stability

14



These attractive integrated performances of BDMBT8&ystem are contributed to its structure.
BDM/ATPB and BD have same curing mechanism; howeheir crosslinked networks have different
chemical and aggregate structures, including tlhestinking density, free volume, the proportion of
homopolymer of BDM and copolymer of BDM and ATPBhelflame retarding effect of ATPB mainly
plays role in the condense-phase, including imprguthe thermal stability, increasing the ability of
char formation and the compactness of the charefisas producing BJs. This investigation provides
a new method to prepare green flame retardants wititi-functions and corresponding high
performance resins.
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Figure Captions
Figure 1.Synthesis of ATPB
Figure 2.FTIR spectra of ATPB, allylphenol and boric acid
Figure 3.The'*C-NMR (left) and'H-NMR (right) spectra of ATPB
Figure 4.DSC curves of BD and BDM/ATPB prepolymers
Figure 5.FTIR spectra of BD and BDM/ATPB3 resins cured iffecent stages: (1) 14%/2h, (2)145
°C/2h+150°C/2h, (3)145°C/2h+150°C/2h+180°C/2h, (4)145°C/2h+150°C/2h+180°C/2h+200°C/2h,
(5)145°C/2h+150°C/2h+180°C/2h+200°C/2h+220°C/2h, (6)145°C/2h+150°C/2h+180°C/2h+200
°C/2h+220°C/2h+230°C/4h
Figure 6.Conversation degrees of allyl and imide ring goupBD and BDM/ATPB3 resins cured at
different stages
Figure 7.Crosslinking densities of cured BD and various BBIWPB resins
Figure 8.V, andf,,, values of BD and BDM/ATPB resins
Figure 9.TG (a, ¢) and DTG (b, d) curves of cured BD andVBBTPB resins under a nitrogen (a, b)
or an air (c, d) atmosphere
Figure 10L0OI values of BD and BDM/ATPB resins
Figure 11 Overlay plots of dependence of HRR on time for &2l BDM/ATPB resins
Figure 12.Overlay plots of dependence of normalized massdostime for BD resin and BDM/ATPB
resins
Figure 13 Digital photos of chars of BD and BDM/ATPB resifser CONE tests
Figure 14 Overlay plots of dependence of SPR on time fora®id BDM/ATPB resins
Figure 15.Digital photos of BD and BDM/ATPB3 resins after imained at different temperature for
15 min in a muffle furnace
Figure 16.FTIR spectra of the chars of BD and BDM/ATPB resifter maintained at different
temperatures for 15 min in a muffle furnace
Figure 17 XRD spectra of original and residual samples @; B: BDM/ATPB3)
Figure 18.SEM images of the chars of BD resin (a: 10K mdgaiion; b: 1K magnification) and
BDM/ATPB3 resin (c: 10K magnification; d: 1K magiaifition)
Figure 19.Three-dimensional FTIR spectra of the gaseoustiledaevolved during the combustion
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process of BD and BDM/ATPB resins in a &imosphere

Figure 20 FTIR spectra of volatilized products at typicahfgeratures for BD and BDM/ATPB resins
Figure 21.TG curves for BD and BDM/ATPB3 resins from TG-IEsts

Figure 22 Dependence of the content of ATPB on the impaength of cured BD and BDM/ATPB

Figure 23 Flexural strengths and moduli of BD and BDM/ATR&ins
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Table 1. Formulations of BD and BDM/ATPB resins

Mass ratio Molar ratio of imide to allyl groups
Resin

BDM DBA ATPB BDM DBA ATPB
BD 58 42 0 1 0.85 0
BDM/ ATPB1 58 0 25 1 0 0.55
BDM/ ATPB2 58 0 32 1 0 0.70
BDM/ ATPB3 58 0 39 1 0 0.85
BDM/ ATPB4 58 0 46 1 0 1.00
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Table 2. Typical parameters from TG analyses otdBD and BDM/ATPB resins

Tinax (°C)

Resin Atmosphere Ty (°C) Ye at 800°C
Traa(C)  Tmwe(°C) (%)

BD 406.4 434.3 -- 26.1
BDM/ATPB1 428.1 440.7 -- 55.9
BDM/ATPB2 Nitrogen 425.3 435.6 -- 57.9
BDM/ATPB3 416.4 433.0 -- 55.1
BDM/ATPBA4 380.2 433.0 -- 52.6
BD 401.8 433.7 580.4 0.00
BDM/ATPB1 431.4 440.0 646.3 25.56
BDM/ATPB2 Air 426.5 443.4 641.9 19.64
BDM/ATPB3 414.3 434.0 635.5 16.56
BDM/ATPBA4 370.4 436.3 634.2 17.18
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Table 3. Typical Parameters for BD and BD/ATPBmedrom CONE Tests

Property BD  BDM/ATPB1 BDM/ATPB2 BDM/ATPB3 BDM/ATPB4
TTI(s) 95 164 162 111 63
FPI (senf/kwW) 0.36 1.09 0.82 0.79 0.55
FGI (kW/(nfeK))  1.10 0.73 1.05 0.97 0.87
MLR (g/s) 0.055 0.030 0.029 0.027 0.035
SEA (m/kg) 725.5 237.4 316.0 393.0 418.3
TSR (nf/m?) 2510.5 340.6 528.2 584.2 952.9
TSP (M) 22.19 3.01 4.67 5.16 8.42

CO (kg/kg) 0.070 0.039 0.050 0.035 0.038
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Figure SI-1. Overlay curves of storage modulus as a function of temperature for cured BD and

BDM/ATPB resins.
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