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The  phosphorus-containing  star-shaped  flame  retardant  (TRIPOD-DOPO)  was  synthesized,  while the
flame  retardant  unsaturated  polyester  resins  (FR-UPRs)  composites  with  various  amounts  of  TRIPOD-
DOPO  were prepared.  The  thermogravimetric  analysis  (TGA)  and  oxygen  index  (OI)  results  showed  that
the incorporation  of  TRIPOD-DOPO  improves  the thermal  stability  and  flame  retardancy  of  UPR.  The com-
bustion  properties  of composites  were  evaluated  by  microscale  combustion  calorimeter  (MCC),  and  the
nsaturated polyester resin
hermal degradation
yrolysis: evolved gas analysis
lame retardancy

results  indicated  that  TRIPOD-DOPO  decreased  the peak  heat  release  rate  (pHRR)  and  total  heat  release
(THR)  of  UPR.  Fourier  transform  infrared  coupled  with  the thermogravimetric  analyzer  (TG–IR)  revealed
that  UPR  and  TRIPOD-DOPO  decomposed  independently  of each  other.  Flame  inhibition  was  expected
to  occur  in  the  gas  phase.  Under  the  air condition,  TRIPOD-DOPO  showed  a more  obviously  condensed
phase  interaction  increasing  charring  from  the  TG  results.  The  SEM  results  showed  that  the  residual  char

 com
of  composites  were  more

. Introduction

Unsaturated polyester resin (UPR) are prepared by reaction of
liphatic diols with unsaturated and saturated diacids, and diluted
ith unsaturated co-reactant diluents like styrene [1]. UPR are
idely used as resin components in composites for the building

ndustry, transportation sector, and electrical industry, in boats and
thers, because of their low cost, easy processability, low densities,
ood corrosion resistance, and high strength-to-weight ratios. The
ross-linking reactions of unsaturated polyesters include radical
olymerizations between a pre-polymer that contains unsaturated

roups and styrene [2,3]. Unfortunately, due to their intrinsic chem-
cal composition and molecular structures, typical unsaturated
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pact  and  continuous,  which  could  prevent  mass  and  thermal  transfer.
© 2013  Published  by  Elsevier  B.V.

polyester resins are highly flammable, and produce large quantities
of smoke and toxic gases when burnt.

Although halogen atoms (such as bromine and chlorine) form
the most widely applied flame retardant materials, the European
Community (EC) has proposed to restrict the use of halogen flame
retardants because highly toxic smoke and severe environmental
pollution may  be produced during combustion [4]. Consequently, in
order to protect the environment and human’s health, researchers
have focused on exploiting environmental friendly halogen-free
flame retardants for UPR. It is reported that UPR can be mod-
ified with hydroxide [5], ammonium polyphosphate, melamine
pyrophosphate [6], layer double hydroxide [7], and montmoril-
lonite [8] to enhance their flame retardancy.

Recently, phosphorus-containing compounds, as halogen-free
flame retardant, have received considerable attention [9–11]. Thus
9,10-dihydro-9-oxa-10-phosphaphe-nanthrene-10-oxide (DOPO)
has became one of the most important flame retardants in this
field, now used in several modification as a reactive or additive
compound [12–14]. DOPO can either act only in the gas phase (via

flame inhibition), or in the gas phase and in the condensed phase
(via char formation) at the same time [15,16]. Moreover, nitrogen
compounds have also been known for their good flame-retardant
properties combined with excellent thermal and chemical

dx.doi.org/10.1016/j.jaap.2013.11.019
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
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roperties such as high thermal-oxidative resistance, low toxic-
ty, etc. [17,18]. Although the oligomeric star-shaped DOPO based
ame retardants have been used as effective flame retardants for
poxy [19–21], little attention has been focused on the application
or UPR.

In this work, the phosphorus-containing star-shaped flame
etardant TRIPOD-DOPO was synthesized, and the flame retardant
PR composites with TRIPOD-DOPO were prepared. The focus of

his study lies on the influence of TRIPOD-DOPO on the flame retar-
ant properties, on the pyrolysis analysis and on the combustion
roperties of thermosets were investigated.

. Experimental

.1. Materials

Unsaturated polyester resin (commercial grade, type 196#) was
indly supplied by Heifei Chaoyu Chemical Co. Ltd (Anhui, China).
yanuric chloride was supplied by Alfa-Aesar Chemistry Industry
o. Ltd. 9,10-Dihydro-9-oxa-10-phosphaphenanth-re-ne-10-oxide
DOPO) was provided by Shandong Mingshan Fine Chemical Indus-
ry Co. Ltd (Shandong, China). 4-Hydroxybenzaldehyde (p-HBD),
odium carbonate anhydrous (Na2CO3), sodium sulfate anhydrous
Na2SO4), benzoyl peroxide (BPO), benzene, ethyl acetate and
oluene were all reagent grade and purchased from Sinopharm
hemical Reagent Co. Ltd (Shanghai, China). BPO was  purified by
ecrystalizaiton, and other reagents used directly without purify-
ng.

.2. Synthesis of 2,4,6-tris(p-formylphenoxy)-1,3,5-triazine
TRIPOD)

The TRIPOD was synthesized by the method described in the
revious report [22]. The synthesis route is shown in Scheme 1.

 500 ml  three-neck and round-bottom glass flask equipped with
 mechanical stirrer, a circumference condenser and thermometer
as charged with 50 g of Na2CO3 and 250 ml  of benzene. Then 8.0 g
-hydroxybenzaldehyde and 3.0 g cyanuric chloride were added to
he above suspension. The mixture was refluxed at 80 ◦C for 24 h.
he reaction mixture was then cooled and the solid was removed
y filtration and washed with hot ethyl acetate twice. The filtrate
as extracted with 10% Na2CO3 twice and H2O once. The organic

ayer was dried with anhydrous Na2SO4 and then concentrated.
he white powder was recrystallized from ethyl acetate to obtain

 white fluffy precipitate.

.3. Synthesis of TRIPOD-DOPO

11.03 g TRIPOD, 16.20 g DOPO and 300 ml  of toluene were
harged into a 500 ml  round-bottom flask. The mixture was stirred
nd heated at 110 ◦C for 5 h under the protection of nitrogen. There-
fter, the product was obtained by the filtration and the filtered
recipitant was washed with toluene. Finally, the product was dried

n vacuum at 60 ◦C to give a white powder.

.4. Preparation of UPR/TRIPOD-DOPO composites

UPR and required amounts of TRIPOD-DOPO were charged into a
00 ml  three-necked round bottom flask equipped with a mechani-
al stirrer. The mixture was stirred thoroughly until a homogeneous
ixture was obtained at room temperature. Thereafter, 2 wt%  rad-

cal initiator BPO as UPR amount was added and used to initiate

he curing reaction with vigorous stirring for another 20 min. After
he mixture was  de-aerated under vacuum for 5 min, the casting
omposition was poured into Teflon molds. The reaction mixtures
ere cured at 70 ◦C for 4 h and post-cured at 120 ◦C for 3 h. Finally,
lied Pyrolysis 105 (2014) 317–326

samples were cooled to room temperature. The formulation of
UPR/TRIPOD-DOPO composites was  listed in Table 1.

2.5. Measurements

2.5.1. Structural characterization of TRIPOD-DOPO
All 1H NMR  spectra were performed on a Bruker AV400 NMR

spectrometer (400 MHz) operating in the Fourier transform mode
using DMSO-d6 and CDCl3 as solvent.

The Fourier transform infrared (FTIR) spectra were recorded
using a Nicolet 6700 spectrophotometer in KBr pellets. Spectra in
the optical range of 500–4000 cm−1 were obtained by averaging 16
scans at a resolution of 4 cm−1.

Molecular weight of TRIPOD-DOPO was determined by mass
spectrometer of EXPASY/Protein Prospector in DMSO.

2.5.2. Thermogravimetric analysis (TGA)
The TGA was  carried out on a TGA Q5000 IR thermalgravimetric

analyzer (TA Instruments). About 5 mg of sample was heated from
room temperature to 800 ◦C at a heating rate of 10 ◦C/min under
both nitrogen and air condition. The temperature reproducibility of
the instrument is ±1 ◦C, while the mass reproducibility is ±0.2 wt%.

2.5.3. Thermogravimetric analysis/infrared spectrometry (TG–IR)
The TG–IR of the cured sample was  carried out by using the TGA

Q5000 IR thermogravimetric analyzer, which was  interfaced to the
Nicolet 6700 FTIR spectrophotometer. About 5.0 mg  of the sample
was put in an alumina crucible and heated from room temperature
to 700 ◦C at the heating rate of 20 ◦C/min in nitrogen atmosphere.

2.5.4. Microscale combustion calorimetry (MCC)
The MCC  tests were carried out on a Govmark MCC-2 microscale

combustion calorimeter, which was used to investigate the com-
bustion of the cured samples. According to the standard of ASTM
D7309-07, about 4 mg  cured samples were heated to 700 ◦C at a
heating rate of 1 ◦C/min and in a stream of nitrogen flowing at
80 cm3/min. Next, the pyrolysis products were mixed with oxygen
(20 ml/min) entering a 900 ◦C combustion furnace and the heat of
combustion of the pyrolysis products were measured by the oxygen
consumption principle. The experimental error is ±3%.

2.5.5. The oxygen index (OI)
The OI values were measured on a HC-2 oxygen index meter

(Jiangning Analysis Instrument Co., China). According to ISO
4589-2, the specimens used for the test were of dimensions
100 mm × 6.5 mm × 3 mm.  The specimens belonged to the form IV
type material sample in the standard, and they were ignited using
top surface ignition method. It should be taken into account that OI
test is under the controlled laboratory conditions, and the results
obtained are dependent upon the shape, orientation of the test
specimen and the ignition mode, which cannot used to describe
or appraise the fire hazard under actual fire condition.

2.5.6. Underwriter Laboratories 94 vertical burning test (UL-94)
The UL-94 was performed using vertical burning instru-

ment (CFZ-2-type, Jiangning Analysis Instrument Company,
China) and the specimens for test were of dimensions of
130 mm × 13 mm × 3 mm.  In the measurement, the samples were
vertically exposed to a Bunsen burner flame for 10 s. If the samples
were self-extinguished, another 10 s was employed. The classifica-
tion of the samples was defined according to ISO 1210.
2.5.7. Morphology of residual char
Scanning electron microscopy (SEM) images were obtained with

a Hitachi X650.
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Scheme 1. Synthesis rout

. Results and discussion

.1. Structure characterization

TRIPOD-DOPO was synthesized by the reaction between TRI-

OD and DOPO, as shown in Scheme 1. Their structures were
haracterized by NMR, Mass and FTIR. As can be seen from
ig. 1(a), as for TRIPOD, the chemical shifts at 7.31 ppm and
.91 ppm are attributed to –CH2 of aromatic ring, while the –CHO

able 1
he composition and results of UL-94, OI tests for UPR and FR-UPR composites.

Sample UPR (g) BPO (g) DOPO-TRIPOD (g) DO

UPR 30 0.6 0 0 

UPR-1  27 0.6 3 10 

UPR-2  24 0.6 6 20 

UPR-3 21 0.6 9 30 
IPOD and TRIPOD-DOPO.

resonance appears at 9.99 ppm. In the case of TRIOD-DOPO, aro-
matic signals from p-HBD and DOPO appear at 7.08–8.23 ppm and
6.28–6.50 ppm. Moreover, the appearances of characteristic peaks
at 5.19 ppm and 5.38 ppm correspond to –CH confirms the addi-
tion reaction between TRIPOD and DOPO. However, the –CHO peak

at 9.99 ppm indicates that the addition reaction was not completed
fully. Fig. 1(b) shows the 31P NMR  spectrum of TRIPOD-DOPO; there
are two  peaks at 30.94 ppm and 14.45 ppm attributed to the two
structures, respectively. This is also confirmed by mass result as

PO-TRIPOD percentage (wt%) OI value (%) UL-94

20.5 ± 0.5 No vertical rating
24.0 ± 0.5 No vertical rating
26.0 ± 0.5 V-2
30.5 ± 0.5 V-0
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-DOPO

F
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a

Fig. 1. 1H NMR  (a) spectra of TRIPOD, TRIPOD

ig. 2 shown, it can be seen that m/z  = 1089.88 and 873.88 corre-
ponds to AH+ and BH+, respectively.
Fig. 3 shows the FTIR spectra of TRIPOD and TRIPOD-DOPO.
s for TRIPOD, the significant absorption corresponding to C H
nd C O absorption of aldehyde group are observed at 2840 cm−1

Fig. 2. Mass spectrum of TRIPOD-DOPO.

Fig. 3. FTIR spectra of TRIPOD and TRIPOD-DOPO.
 and 31P NMR  (b) spectrum of TRIPOD-DOPO.

and 1703 cm−1, respectively. The absorptions at 1600 cm−1 and
1497 cm−1 are attributed to the aromatic vibration. Meanwhile,
the absorption at 1570 cm−1 is assigned to triazine ring stretch-
ing absorption. Furthermore, the absorptions at 1213 cm−1 and
1162 cm−1 are attributed to C O Ph. All the above confirms the
structure of TRIPOD. In the case of TRIPOD-DOPO, the new absorp-
tion peaks at 1140 cm−1, 1017 cm−1, 925 cm−1, are attributed to
P O C, P O, P Ph, respectively, which confirm the presence of
DOPO structure. Compared to TRIPOD, the absorption at 1703 cm−1

corresponding to aldehyde group of TRIPOD-DOPO is very weak
indicating that the structure A is major in the product. All the infor-
mation above confirms the formation of the structure shown in
Scheme 1.

3.2. Thermal degradation

The thermal degradation behaviors of UPR and FR-UPR compos-
ites were assessed by the thermogravimetic analysis (TGA) under
both air and nitrogen atmosphere. The TGA and derivative thermo-
gravimetric (DTG) curves are given in Figs. 4 and 5, while detailed
TGA data are presented in Table 2. The onset degradation tempera-
ture (Td) is considered as the temperature at which the weight loss
was approximately 5%. The solid residual char at 600 ◦C is obtained
from the TG curves; the temperatures of the maximum weight loss
rate (Tmax) of samples are obtained from the DTG curves.

UPR displays three main steps of degradation in air [23]. As
shown in Fig. 4, the thermal oxidative degradation process of
UPR has three steps. The first step is in the temperature range of
250–300 ◦C corresponding to a loss of water by dehydration, how-
ever, no obvious peak founded on DTG curves due to the little mass
loss of this step. The main degradation step ranging from 300 to
430 ◦C results from the chain scission of polystyrene and polyester
fragments corresponding to a strong DTG peak at 394 ◦C. This leads

to the formation of a primary carbonaceous char, which degraded
at high temperature around 540 ◦C of the third step.

Fig. 4(a) and (b) also shows TG and DTG curves of the FR-UPRs in
air. The thermal oxidative degradation processes of FR-UPRs have

Table 2
TGA data of UPR and FR-UPR composites in both air and nitrogen atmosphere.

Sample Td ± 1 (◦C) Tmax ± 1 (◦C) Char at 600 ◦C ± 0.2
(wt%)

Air N2 Air N2 Air N2

UPR 250 237 394 393 0.18 8.16
UPR-1 223 218 410 403 2.63 4.81
UPR-2 228 238 404 402 7.93 9.07
UPR-3 241 217 396 398 14.46 8.58
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Fig. 4. TG (a) and DTG (b) curves

he similar three stages as the pristine UPR; however, the degra-
ation was substantially altered by incorporation of TRIPOD-DOPO

nto UPR. Compared the Td for UPR at 250 ◦C, FR-UPRs decompose
arlier than pure UPR at lower temperature. This is in accor-
ance with the behavior of phosphorus-based flame retardants
s reported previously [24], suggesting low degradation tempera-
ure of the relative weak P O Ph chemical bond in TRIPOD-DOPO

olecular structure. The reduction in Td is also attributed to the
ower crosslinking density of the systems due to the replacement
f 30 wt% of UPR by nonreactive flame retardant [21]. However,
max of FR-UPRs are slightly higher than that of pure UPR with
he decreased maximum mass loss rate, indicating that FR-UPRs
ecompose slowly than pure UPR. As the TRIPOD-DOPO con-
ent increases, the FR-UPRs show higher thermal stability beyond
00 ◦C, and the residue left at 600 ◦C increases significantly. The
har yield at 600 ◦C for UPR-3 is 14.46 wt% which is much higher
han 0.18 wt% of UPR. The formed char will limit the release of com-
ustible gases and decrease the thermal conductivity of the burning
aterials, and this will consequently retard the flammability of the
aterials. TG results under air condition indicate that the incorpo-

ation of TRIPOD-DOPO improves the thermal stability of FR-UPR,
romotes the formation of char residue.

When the samples were evaluated in nitrogen, their degrada-
ion behaviors display differently from those in air. It is obvious
hat replacing air by a non-oxidative atmosphere affects the
hermal degradation behaviors of samples, as Fig. 5 illustrates.
he thermal degradation processes of samples consist of two
teps. Compared to the thermal oxidative degradation process

n the air atmosphere, the third decomposition step around
40 ◦C, which is due to the further char oxidation decomposi-
ion, disappears in nitrogen. The first decomposition stage ranging
rom 195 to 320 ◦C is ascribed to the water by dehydration and

Fig. 5. TG (a) and DTG (b) curves of UPR c
R composites in air atmosphere.

decomposition of TRIPOD-DOPO, which can be confirmed by the
fact that as the TRIPOD-DOPO content increases, the DTG peaks of
this stage become more obvious. The second decomposition stage
ranging from 320 to 500 ◦C corresponds to the chain scission of
polystyrene and polyester fragments with the DTG peaks around
400 ◦C. It can be seen from Fig. 5, the Td of FR-UPRs decreases as
the TRIPOD-DOPO content increases, which is similar to the results
in the air atmosphere. However, Tmax of FR-UPR is slightly higher
than that of pure UPR with the decreased maximum mass loss rate.
It is found that the char residue at 600 ◦C for UPR-2 and UPR-3
are 9.07 and 8.58 wt%, respectively, slightly higher than the values
of 8.16 wt% for pure UPR. The char yield of UPR-3 under nitrogen
and air atmosphere are 8.58 and 14.46 wt%, respectively, and this
demonstrates that the presence of oxygen has an accelerating effect
on acid-catalyzed cross-linking actions in the polymer degradation
[25]. Phosphates are well known to enhance charring production
because of phosphoric acid formation. DOPO could form relative
weaker phosphonic acid instead of phosphoric acid. The weaker
acid would be less effective at promoting (acid-catalyzed) char for-
mation in the polymer. This is consistent with the reduced char
residue in nitrogen atmosphere. The greater increase in the residue
under air condition might be due to the oxidation of phosphonic
acid to phosphoric acid in the polymer.

The summary of TGA and DTG results indicate that the incor-
poration of TRIPO-DOPO into UPR causes the lower onset thermal
degradation temperature. However, it could enhance the char
yields and decrease the decomposition rate. More significant is the
difference between nitrogen and air atmosphere observed for the

char yields, indicating that the presence of oxygen has a dramatic
effect on the char formation of FR-UPRs. The formed char can act
as a mass transport barrier and an insulator between the polymer
matrix and the surface where the degradation occurs. Generally,

omposites in nitrogen atmosphere.
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Fig. 6. The 3D surface graph for the FTIR spectra o

he FR-UPRs reveal enhanced thermal stability and char formation
n comparison with neat UPR under both nitrogen and air condition.

.3. Pyrolysis: evolved gas analysis

TG–IR was used to analyze the gaseous products during the ther-
al  degradation. The 3D TG–IR spectra of gas phase in the thermal

egradation of UPR and UPR-3 are shown in Fig. 6(a) and (b), respec-
−1 −1
ively. Peaks in the regions 3500–3700 cm , 2730–3150 cm ,

400–2300 cm−1, 1869–1807 cm−1 and 1743–1104 cm−1 are
oted. Some of the gaseous decomposition products of UPR
aterials are proved unambiguously by characteristic strong

ig. 7. FTIR spectra of pyrolysis products of UPR at the maximum release rate and
orresponding DTG curve.
volved gases produced by UPR (a) and UPR-3 (b).

FTIR signals. The FTIR spectra of evolved gases in the above
mentioned temperature range shows the degradation prod-
ucts contain CO2 (2400–2300 cm−1), CO (2300–2100 cm−1), ester
(1743, 1265 cm−1), hydrocarbons (2950–2850 cm−1) and anhy-
dride (1869–1870 cm−1) [26].

FTIR spectra of pyrolysis products of UPR and UPR-3 at the max-
imum release rate and corresponding DTG curves are shown in
Figs. 7 and 8, respectively. As can be seen from Fig. 7, UPR under-
goes one step degradation with a strong DTG peak at 400 ◦C, and

the main products of the UPR are compounds containing –OH (such
as H2O, phenol; 3500–3800 cm−1), CO2 (2359 cm−1), hydrocar-
bons (2947–2800 cm−1), ester (1743, 1265, 1104 cm−1), anhydride

Fig. 8. FTIR spectra of pyrolysis products of UPR-3 at the maximum release rate and
corresponding DTG curve.
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Fig. 9. Absorbance of pyrolysis products for UPR and UPR-3 vs. time: (

1869, 1807, 909 cm−1) and styrene (1600 cm−1). All the com-
ounds are consistent with the previous results by Kandare et al.
23]. It is well-known that depolymerization is the main process
ssociated with the thermal degradation of polymers. It is pro-
osed that UPR firstly undergoes chain scission of polystyrene and
olyester segments, which releases styrene and anhydride, fol-

owed by the further degradation at high temperature to produce
ow molecular compounds such as CO, CO2 and hydrocarbons, etc.
his degradation process is also verified by TG. However, UPR-3
ossesses two DTG peaks at 257 and 403 ◦C, respectively. Com-
ounds containing phosphorus, such as P O at 1257 cm−1, P O C
t 1080 and 905 cm−1 were observed on the curve 1 in Fig. 8, indi-
ating that the former DTG peak is mainly due to the decomposition
f TRIPOD-DOPO, and flame inhibition based on gas phase flame
etardant mechanism is expected to occur. The similar products
ith pure UPR were obtained on the curve 2 of UPR-3, which means

hat adding TRIPOD-DOPO to the UPR did not change the main kinds
f decomposition products.

In order to clearly understand the change of these products,
he relationship between intensity of characteristic peak and time

or volatilized CO, CO2, styrene, esters, hydrocarbons as well as
he total release, respectively, are illustrated in Fig. 9. It can be
ound that the absorbance intensity of pyrolysis products and total
elease of UPR-3 is much lower than that of pure UPR. This is due to
al release, (b) hydrocarbons, (c) CO, (d) CO2, (e) styrene and (f) esters.

combustible UPR was  replaced by flame retardant; and phospho-
ric acid produced by decomposition by TRIPOD-DOPO reacts with
UPR matrix, resulting in the reduction of volatilized products and
enhancement of residual char. Meanwhile, the char layer becomes a
barrier to the gas products leading to the reduced intensity. More-
over, the MMLR  of UPR-3 is much lower than that of UPR under
nitrogen condition, which also causes the reduction of intensity.

The summary of TG–IR results under nitrogen show that the
incorporation of TRIPOD-DOPO divide the decomposition stage of
UPR-3 into two obviously stage. A major portion of the TRIPOD-
DOPO was decomposed in the gas phase at the former stage, and
the UPR matrix decomposed at the latter stage. The TRIPOD-DOPO
did not change the kinds of decomposed gaseous products of UPR,
but it could reduce their release intensity.

3.4. Combustion properties

The Microscale Combustion Calorimeter (MCC) has become one
of the most effective methods for investigating the combustion
properties of polymer materials [27–29]. The MCC  uses oxygen

consumption calorimetry to measure the rate and amount of heat.
The heat is produced by complete combustion of the fuel gases
generated during controlled pyrolysis of a milligram sized sam-
ple.



324 Z. Bai et al. / Journal of Analytical and App

Table 3
MCC  data of UPR and FR-UPR composites.

Sample pHRR THR Temperature

UPR 457.9 19.7 400.1
UPR-1 343.1 16.6 410.0
UPR-2 286.0 16.2 408.2
UPR-3 218.9 14.3 399.5

p
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F

HRR: peak heat release rate (W/g); THC: total heat of combustion (kJ/g); Tmax:
emperature of maximum heat release rate (◦C).

The heat release rates (HRRs) curves of samples are shown in
ig. 10, and the corresponding combustion data are presented in
able 3. The incorporation of TRIPOD-DOPO into the UPR obviously
ecreases the pHRR. Pure UPR gives the highest pHRR of 457.9 W/g,
hile the UPR-3 gives much lower pHRR of 218.9 W/g. It is reported

hat there are two main factors that can determine the pHRR: max-
mum mass loss rate (MMLR) and the heat of combustion of the
ecomposition product [30]. In agreement with results received

n TG–IR it is concluded that combustion tests are influenced by

as phase mechanism. In this case, hydrogen and hydroxyl rad-
cals are rendered harmless by radical recombination in the gas
hase. Meanwhile the combustible UPR material was replaced by a

ig. 10. The HRR curves of the UPR and FR-UPR composites at 1 K/s heating rate.

Fig. 11. Digital photos of the
lied Pyrolysis 105 (2014) 317–326

sufficient amount of inert flame retardant. Both of them lead to the
reduced heat release of combustion. Furthermore, the incorpora-
tion of TRIPOD-DOPO decreases the MMLR  and the release intensity
of evolved gas products. As a result, the pHRR of UPR-3 decreases by
52.2% in comparison with that of UPR. THR, calculated from the total
area under the HRR peaks, is another important parameter used to
evaluate fire hazard. UPR and UPR-3 give THR values of 19.7 and
14.3 kJ/g, respectively, corresponding to about 27.4% reduction in
the THR value of neat UPR. It can be found that the incorporation
of TRIPOD-DOPO can reduce the pHRR and THR significantly.

3.5. Flame-retardancy

OI and UL-94 vertical burning tests are widely used to evaluate
the flammability of polymer materials [31]. The OI values and UL-
94 testing rating of UPR and UPR composites are given in Table 1.
UPR is a kind of flammable material with a low OI value of 20.5%,
and shows no vertical rating in UL-94 test. As can be seen from
Table 1, the higher OI values are obtained with increasing TRIPOD-
DOPO loading. OI value increases drastically from 20.5% to 30.5%
when TRIPOD-DOPO content is increased from 0 to 30 wt%. The
experimental results of UL-94 show that the UPR-3 with 30 wt%
TRIPOD-DOPO loading gives a V-0 rating. Both the OI and UL-94
results indicate that TRIPOD-DOPO exhibits good flame-retardant
effect on UPR. TRIPOD-DOPO can act in the gas phase (via flame
inhibition) and in the condensed phase (via char formation) at
the same time. The char residue of samples at the end of OI test
is shown in Fig. 11. It is obvious that there is almost no residue
left at the end of OI test for pure UPR, whereas FR-UPRs are cov-
ered with char residue. The results demonstrate that TRIPOD-DOPO
could promote the formation of char residue, which protect the
material underneath from heat and hinders pyrolysis gas trans-
port.

3.6. Morphology of residual char

The high quality char acts as an insulating barrier during degra-
dation and this protective barrier can prevent the transfer of mass

and heat between the gas and condensed phases. As a result, the
morphology of the char residue could be a very important criterion
when define the ability of a flame retardant [32]. In order to fur-
ther investigate char morphology under the air condition, UPR and

 samples after OI test.
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Fig. 12. SEM images of the outer char residue of (a) UPR, 

PR-3 were pyrolyzed in a muffle furnace at 600 ◦C for 10 min, and
hen char was  obtained. Fig. 12 presents the SEM micrographs of the
har. As can be seen from Fig. 12(a) and (b) for UPR, loose and flaky
har could be observed at the outer surface of UPR, with lots of large
oles distributed on the surface. Meanwhile, the continuous char
as formed in the interior part, with a few of holes and bubbles.
nlike the UPR morphology, the char residue of UPR-3 depicted

n Fig. 11(c) and (d), exhibits a much more compact and smooth
orphology. Moreover, a honeycomb-like char is observed within

he char. The honeycomb-like char probably exhibits much bet-
er heat insulation and mechanical properties [32]. As a result, the
oneycomb-like char of UPR-3 can significantly reduce the mass
nd energy transfer during combustion, and thus provide better
ame shield for the underlying material and improve the flame
etardancy of FR-UPR.

. Conclusions

The phosphorus-containing star-shaped flame retardant
TRIPOD-DOPO) was successfully synthesized, and the structure
as confirmed using 1H NMR, 31P NMR, Mass and FTIR. FR-UPR

omposites with various amounts of TRIPOD-DOPO were prepared.
ith 30 wt% TRIPOD-DOPO, the composites can reach the OI value

f 30.5% and pass the UL-94 V-0 rating. Meanwhile the reduced
HRR and THR was observed from MCC  results. All of above
evealed that TRIPOD-DOPO can impart excellent flame retardant
roperties to UPR, and act in the gas phase (via flame inhibition)

nd in the condensed phase (via char formation) at the same
ime. The residual char of UPR-3 showed much more compact by
omparison with UPR, and a honeycomb-like char was  formed
ithin the char.

[

R-3 and the inner residual char of (b) UPR and (d) UPR-3.
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