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Abstract: Two phosphorus-containing flame retarslant
(bis(4-hydroxyphenyl)methyl)diphenyl  phosphine  @&id (DPO-PHE) and
1-(bis(4-hydroxyphenyl)methyl)-9,10-dihydro-9-ox8-phosphaphenanthrene-10-oxi
de (DOPO-PHE) were synthesized and characterizezltwo target compounds both
were used as a flame retardant and a co-curing ajeh4'-diaminodiphenylsulfone
of bisphenol A diglycidyl ether to prepare flaméarglant epoxy resins
(EP/DPO-PHE and EP/DOPO-PHE). The thermal and flataedant properties of
the thermosets were investigated by thermogravimetnalysis (TGA), limited
oxygen index (LOI) measurement, and UL-94 vertlmatning testing (UL-94). The
results indicated that both flame retardants casrawe the flame retardancy of epoxy
thermosets. TGA results indicated that the chaldyief EP/DPO-PHE-P-0.9 and
EP/DOPO-PHE-P-0.9 thermosets were increased frad?dl®f EP/P-0 to 25.3%
and 27.8%, respectively. Compared with that of ER/Pthe LOI of the

EP/DPO-PHE-P-0.5 thermoset increased from 23.7980t@%, and the sample



reached UL-94 V-0. Meanwhile, the LOI of the EP/D®HPHE-P-0.7 thermoset
increased from 23.7% to 28.9%, and the sample esbioh-94 V-0. Cone calorimetry
test, scanning electron microscopy of burning mess and pyrolysis—gas
chromatography/mass spectrometry indicated that Hame retardants mainly act
through the gas—phase mechanism. In addition, nalessed-phase activity of
DPO-PHE was observed, whereas the condensed-ptiasty af DOPO-PHE was

negligible. Immersion experiments showed that tlhgewabsorption activity of flame
retardant epoxy resins fluctuates. Compared witiPDEGPHE, DPO-PHE was more
effective as a higher flame-retardant and exhibdiiettlier characteristics for improving
the Ty, thermal stability, and water absorption of mastifresins.

Keywords: Epoxy resin, Flame retardant, diphenylphosphixieleg DOPO, Curing

agent

1. Introduction

Among various organophosphorus flame retardants,
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oi@PO) is a commercialized
product. It is mainly used as a halogen-free flaratardant for epoxy resins,
particularly in electronics (printed wiring boardad semiconductor encapsulation)
and transportation (automotive, high speed tragsd aircraft) requiring high
flame-retardant property [1-5].

Although epoxy resins modified using DOPO can mdamme-retardant

requirements, several problems have yet to be aslkelle[6—19]. The value df; is



decreased [14-16], water absorptivity is high, #re decomposition temperature is
decreased [6,8,17-19]. These changes can be tattibuthe pre-reaction application
of DOPO in which the functionality of the epoxy iress decreased and finally affects
the property of cured epoxy resin [20-21]. Owinghe special chemical structure,
the introduction of the DOPO skeleton into epoxsimenay also significantly affect
thermal stability and water absorptivity [20—24].

One widely known method to overcome these problemsthe use of
DOPO-based multifunctional flame retardants. Tleusumber of DOPO derivatives
combined with -OH, -Nk or -NH- active groups were designed and syntleesiz
[25—-31].These compounds can act as a flame retardant emdng agent during the
curing process of epoxy resins and confer enhaflaete-retardant property, larger
Tyvalues, and higher thermal stability on epoxy re$80,32—-34].

Dai et al. reported on a DOPO derivative combindéti wOH and -NH- groups.
The limited oxygen index (LOI) of the cured resinsreased from 24.5% to 33.5%,
but theTsy, of thermosets decreased from 347 °C to 314 °C [3B]et al. synthesized
a trihydroxygen DOPO derivative referred to as D@RO [36]. The flame
retardancy of modified epoxy resin increased whbgphorus content. A UL-94 V-0
grade was achieved with a phosphorus content Gf Wt8. Meanwhile, thdy value
of the cured resins increased from T8 to 159 °C as the phosphorus content
increased from 0 wt% to 2.4 wt%. However, rosolmda the raw material of
DOPOitriol, is difficult to obtain in the industr)iong et al. prepared two DOPO

derivatives, P-Ph and P-DDS-Ph, which were usdlthme retardant curing agents



for o-cresol novolac epoxy resin [5]. The flame-retatdapoxy resin showed
increasedTy. However, the LOI of epoxy resins modified usingD®S—Ph (with
phosphorus content of 3.0 wt%) was 27%, and tha&poky resins cured with P—Ph
(with phosphorus content of 3.6 wt%) was 26%. Althlo DOPO derivatives can
generally be used as flame retardants, the pregedii modified epoxy resins still
need to be improved. Thus, more studies still neede conducted to identify
efficient flame retardants for epoxy resins.

Schartel et al. studied the char forming mechanamd fire behavior of
phosphorus flame retardants for epoxy resins wifferént oxidation state and
reported on the structure—property relationshipsamhe specially designed flame
retardants [37-38]. These fundamental studies Igledrowed that the chemical
structure of the flame retardants, thermal decoitipagemperature range of both the
flame retardants and the resins, and oxidatiore stdit the phosphorus together
influence the performance of phosphorus-based flaatadant epoxy resins.

We have recently focused on the synthesis and cgbigh of DOPO and
diphenyl phosphine oxide (DPO) derivatives [39-42Jwo compounds,
1-(bis(4-hydroxyphenyl)methyl)-9,10-dihydro-9-ox@-phosphaphenan-threne-10-ox
ide (DOPO-PHE) and (bis(4-hydroxyphenyl) methyl)phdnylphosphine oxide
(DPO-PHE) have drawn interest. Lin et al. synttesi2OPO-PHE, which was used
to prepare poly(ether sulfone)s; however, no appba in epoxy resin has been
reported [43]. In a patent, Yasushi et al indicatest DPO—PHE could be used as a

flame retardant for epoxy resins but reported riormation on its further application



[44]. Two phenyl hydroxy groups are present in bBBBPO-PHE and DPO-PHE
(Fig. 1), and either can be used as a reactive flamedaattaucuring agent for epoxy
resin [45]. Notably, these two compounds vary fribke DOPO and DPO groups with
respect to structure. The higher phosphorus contemPO-PHE used as a flame

retardant can lead to reduced dosage. Moreovedistiact skeletons of DOPO and

OH OH

DPO may lead to different performances in flamanddnt epoxy resins.
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Fig. 1 Structures of DOPO-PHE and DPO-PHE

In this study, flame-retardant epoxy resins wereppared by curing diglycidyl
ether of bisphenol-A (DGEBA) with 4,4'-diaminodiptysulfone (DDS). During the
process, DOPO-PHE and DPO-PHE were used as cagy@agents. The thermal and
flame-retardant properties of the epoxy resins warestigated by thermogravimetric
analysis (TGA), dynamic mechanical analysis (DMBEQI, UL-94 vertical burning,
and cone calorimetry testing (CCT). The water gitsaty of the epoxy resins was
investigated using immersion experiments. To expldhe flame retardancy
mechanism, flame-retardant epoxy thermosets wetgliest by pyrolysis—gas
chromatography—mass spectrometry (Py—GC/MS), amstlues after CCT were

investigated by scanning electron microscopy (SEM).



2. Experimental
2.1. Materials

DGEBA (E-44) was purchased from Zhenjiang DanbasifiR€o., Ltd. (Jiangsu,
China). DP) and DOPO were supplied by Qingdao Fusihemical Science and
Technology Co., Ltd. (Qingdao, China). 4,4'-Diamdiphenylsulfone (DDS),
4-hydroxybenzaldehydep-toluenesulfonic acid pETSA), phenol, dichloroethane,
ethyl acetate, and dichloromethane were purchased fAladdin Industrial

Corporation (Shanghai, China). All chemicals wesedias received.
2.2. Synthesis of flame retardants

DPO-PHE and DOPO-PHE were synthesized in accordaititéhe literature

[43] by using a two-step reaction as showsaneme 1

O OH
DPO TR — Phencl / \\ Y
{4 — LI

=\ 9
HO_\\_{/ CH — OH

Scheme 1Synthesis of DPO-PHE and DOPO-PHE

Step 1: DPO (0.3 mol, 60.66 g), 4-hydroxybenzaldieh{.31 mol, 37.88 g), and

dichloroethane (150 mL) were added into a roundggflask (250 mL) equipped with



a mechanical stirrer, reflux condenser, and therastem The mixture was stirred at
80 °Cfor 7 h. The precipitate was then filtered, washatth ethyl acetate, and dried
at 70 °C. About 83.57 g of intermediate (white pew®5.9% yield) was obtained.
Step 2: The aforementioned intermediate (0.3 n20,12 g) and dichloroethane
(200 mL) were added into a round glass flask (5Q) eguipped with a mechanical
stirrer, reflux condenser, and thermometer. Thepature was increased to 80 °C.
Phenol (0.31 mol, 29.17 g) apelT SA (4.80 g, 4 wt% relative to intermediate) were
then added and stirred for 13 h. The precipitates itered, washed with
dichloromethane, and dried at 70 °C. About 111.Gf pPO-PHE(pink powder,
93% yield) was obtained (m.p. 300 °C).
By replacing DPO with DOPO, DOPO-PHE (75.4% totald) was synthesized

using the same method.

2.3. Preparation of epoxy thermosets

Epoxy thermosets were prepared via thermal curflrg@EBA with DDS, and
DPO-PHEor DOPO-PHE) was used as a co-curing agent tapedfame-retardant
epoxy thermosets. For the thermosets modified uBRQ—-PHE (or DOPO-PHE),
the amounts of reactive hydrogen in DPO-P{dE DOPO-PHE) and DDS were
equal to the amount of epoxy groups in DGEBA. Thgesponding formulations of
epoxy thermosets are listedTiable 1.

The preparation process of the thermoset modifisthgu DPO-PHE (or

DOPO-PHE) was as follows: DGEBA and DPO-P[dEDOPO-PHE) were heated



to 200 °C and stirred until DPO-PH&r DOPO-PHE) was completely dissolved in
DGEBA. DDS was then added into the mixture. AfteD® was dissolved into
DGEBA, the mixture was poured into preheated maldd cured at 120 °C for 2 h
and then at 150 °C for 2 h. The obtained samples Vabeled in accordance with the
flame retardant and mass content of the P elemegpaxy thermosets. For example,
EP/DPO-PHE-P-0.3 indicates that the flame retardast DPO—-PHEand the mass
content of the P element in the thermosets was/@®@ The epoxy thermoset without

flame retardants (EP/P-0) was also prepared foligwai similar procedure.

Table 1Formulations of the epoxy resin thermosets.

DGEBA DDS DPO-PHE DOPO-PHE P

Samples

(9) ) (@) (9 (Wt%)
EP/P-0 100 28.55 - - 0
EP/DPO-PHE-P-0.3 100 26.97 5.12 - 0.3
EP/DPO-PHE-P-0.5 100 25.86 8.69 - 0.5
EP/DPO-PHE-P-0.7 100 24.71 12.40 - 0.7
EP/DPO-PHE-P-0.9 100 23.25 16.31 - 0.9
EP/DOPO-PHE—P-0.3 100 26.96 - 5.30 0.3
EP/DOPO-PHE-P-0.5 100 25.85 - 9.01 0.5
EP/DOPO-PHE-P-0.7 100 24.70 - 12.87 0.7
EP/DOPO-PHE-P-0.9 100 23.49 - 16.89 0.9

2.4. Characterization



FTIR spectroscopy was conducted using a Nicolet (3@@rmo Fisher, United
States) infrared spectrometer with a KBr pellet] @éime wavenumber ranged from
4000 cni to 500 cn.

'H and*'P nuclear magnetic resonance (NMR) spectra weresunea using a
Bruker Avance Ill HD spectrometer (500 MHz, Bruk@&ermany). The solvent used
was dimethylsulfoxidels.

Mass spectroscopy (MS) was conducted on an Agil€aMS 1100 instrument
(Agilent, America). High-resolution MS data werecoeded on a Thermo Fisher
Scientific LTQ FT Ultra instrument.

Thermal gravimetric analysis (TGA) was conducteithgisa Mettler Toledo
TGA/1600LF instrument (Mettler-Toledo, Switzerlandjith a heating rate of
10 °C/min from 100 °C to 600 °C under a nitrogemwflof 50 mL/min. Theepoxy
resins of about 5-10 mg was measured in an aluonuwble.

DMA was performed on a Mettler Toledo DMA1 (Mettléoledo, Switzerland).
The sample with dimensions of 35 mm x 6.5 mm x 3 f@very sample was
accurately measured before testing) was mounted double cantilever clip. The
frequency was set to 1.0 Hz, and the samples wsted from 100 °C to 200 °C with
a heating rate of 5 °C/min under air.

Pyrolysis—gas chromatography—mass spectrometryGE¥MS) was conducted
using PY-3030D/7890B-5977A (Agilent, United StateEhe sample weighed about
2.0 mg, the injector temperature was 250 °C, anddemperature of GC/MS interface

was 280 °Cand the cracker temperature was 500 °C.



The LOIs were measured using a BG-5207 oxygen imdeter (BinGo, China)
in accordance with the 1ISO4589-1984 standard. &thgles measured 130 mm x 6.5
mm x 3 mm. Vertical burning testing was conductethg a BG5210 instrument
(BinGo, China) measuring 130 mm x 13 mm x 3 mmdooadance with the UL-94
test standard. The flammability of the samples axaduated using a cone calorimeter
(FTT, UK), and heat flux was set to 50 kW/rithe samples measured 100 mm x 100
mm x 3 mm.

A morphological study on char residues was conducteing a Nova Nano
SEMA450 scanning electron microscope (SEM) (FEI, Acag¢ at an acceleration
voltage of 10 kV.

The water absorption property of the epoxy thermsoseas measured and
calculated as described in the literature [22].eMaluate the relationship between

water absorptivity and time, water absorptivity wasasured at intervals of 4 h.

3. Results and Discussion

3.1. Synthesis and characterization of flame retam@hts

In the literature [43], DOPO-PHE was synthesizedth®y reaction of DOPO,
4-hydroxybenzaldehyde, and phenol by using a omegerction at 130 °C. In the
current study, the target compounds were synthesizeng a two-step method, and
the reaction temperature was kept considerably Ho(@® °C). Total yield was

increased, and the products were easily purified.
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Fig. 2 FTIR spectrum of DPO-PHE

The chemical structure of DPO—PHE was characterigeBTIR, 'H NMR, *'P
NMR, and MS. The results are depictedFigs. 2 and 3. Fig. 2 shows the FTIR
spectra of DPO—PHHN the spectrum of DPO-PHE, the peaks at 3252 are
ascribed to the vibration of -OH. The peaks at 369 are ascribed to the vibration
of Ph-H, and the absorption peak of the Ph skelstidhexists at 1593 cth The
vibration of -P=0 presents its signal at 1232"cas seen in thtH NMR spectrum
(Fig. 3(a)), the signal at 9.1 ppm is ascribed to -OH, amddbuble peaks at 5.3 ppm
are attributed to aliphatic hydrogen. In additidhe signals emitted by aromatic
hydrogen are located at 6.5-7.8 ppm. THe NMR spectrum of DPO—PHE is
presented ifFig. 3(b), and the’’P NMR spectrum of DPO—PHE exhibits an intensive
singlet resonance signal at 29.78 ppm. As showxgn3(c), them/z of DPO-PHE is
423.1121 [M+Na]. On the basis of the aforementioned analyses, PPB-has been

successfully synthesized.
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DPO-PHE

The chemical structure of DOPO-PHE was characetize'H NMR and MS.

As shown inFig. 4(a) the chemical shifts corresponding to the -OH greunal

aromatic protons of DOPO-PHE were observed at §@86 and 8.15-6.63 ppm,

respectively. The MS spectrum of DOPO-PHE is shawirig. 4(b), the m/z of

DOPO-PHE is 415.1106 [M+H] The'H NMR and MS spectra of DOPO—PHE were

consistent with those reported in the literatui®.[4
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3.2 Thermal stability of epoxy thermosets

The thermal stabilities of epoxy thermosets weralated by TGA.Fig 5
presents the TG and DTG curves of the epoxy thestaosThecorresponding
characteristic data are summarized Table 2, which lists the 5 wt% mass loss
temperatureTsy), 10 wt% mass loss temperatulgef,), temperature at the maximum

mass loss ratél{,ay), and char yield at 600 °C, among others.
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Table 2 Thermal properties of the epoxy thermosets.

TA(°C)  Tsw(°C)  Tim(°C) Tmax(°C) Char yield at 600 °C

Samples
2.0 3.0 3.0 3.0 (wt%) £0.2

EP/P-0 1440 38823 395.5 415.9 19.1
EP/DPO-PHEP-0.3 155.6 379.3. 391.3 413.2 21.5
EP/DPO-PHEP-0.5 154.0 369.7 384.7 408.6 22.7
EP/DPO-PHEP-0.7 151.6 366.3 379.7 404.2 24.8
EP/DPO-PHEP-0.9 154.4 353.7 375.0 405.9 25.3
EP/DOPO-PHEP-0.3 1485 371.3 384.3 405.2 25.3
EP/DOPO-PHEP-0.5 152.2 362.7 376.7 400.9 26.1
EP/DOPO-PHEP-0.7 153.7 349.7 369.7 400.5 27.2
EP/DOPO-PHEP-0.9 147.0 344.7 364.0 397.6 27.8

# TheT, value was obtained by DMA testing.

As shown inFigs. 5(a) and %c), all thermosets showed a similar single
decomposition process with a shoulder in the nassrate after main decomposition.
The flame retardants of DPO-PHE and DOPO-PHE infled the decomposition
temperature of the DGEBA/DDS thermoset when eachthefn was used as a
co-curing agent with DDS. All flame-retarded thesets showed lowefsy, Ti0u
and Tmax than those of EP/P-0. The influence increased aitlincrease in P content.
In addition, given the same P content, thermosedified using DPO-PHEXxhibited
higher thermal stability than those modified usPO—-PHE. Th&se, T100, andTmax

of the EP/DPO-PHE-P-0.5 thermoset were 18.6 °C8 1Q, and 7.3 °C lower,

14



respectively, than those of EP/P-0. Meanwhile, Ta@, Tiow, and Tmax Of the
EP/DOPO-PHE-P-0.5 thermosets were 25.6 °C, 18.8 ai@, 15.0 °C lower,
respectively, than those of EP/P-0. With an inaeas? content from 0.3 wt% to 0.9
wit%, theTsy, of the thermosets modified using DPO-PHE decrefiseu 379.3 °C to
353.7 °C, and the thermosets modified using DOP@-Bétreased from 371.3 °C to
344.7 °C. With the same P content, the thermosetfifred using DPO-PHE showed
higher stability than that of the thermosets medifiusing DOPO-PHE. This
occurrence could be attributed to the differencéwben the DPO and DOPO
skeletons. In the DPO skeleton, the three P-C bevelg stable, whereas in the

DOPO skeleton, the P-O-C bond was unstable [37,41].
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Fig. 5TG (a, c) and DTG (b, d) curves of thermosets uniteogen atmosphere; (a), (b)

thermosets cured with DPO-PHE and DDS; (c), (d)ntlesets cured with DOPO-PHE and DDS

The data in Table 2 indicate that the introduction of the two
phosphorus-containing flame retardants into the B&BEDS thermosets led to an
increase in char yield at 600 °C. The char yielthef EP/P-0 thermoset at 600 °C was
19.1 wt%, and those of the EP/DPO-PHE-P-0.3 andD@PO-PHE-P-0.3
thermosets were 21.5 wt% and 25.3 wt%, respectiv&dyvever, the char yield of the
flame-retardant epoxy thermosets increased slovdytle phosphorus content
increased. This findings were consistent with tesults reported in many studies
[2,46—48]: the introduction of phosphorus into eporsins can improve the char
yield and benefit the flame-retardant property. &b, DPO-PHEand DOPO-PHE
exerted different effects on the char yield of #@wresponding thermosets. The
thermosets modified using DOPO-PHE exhibited ah#iighigher char yield than
those of the thermosets modified using DPO—-PHReafghosphorus content was kept
at the same level. The different char forming bé&dravof the thermosets modified
using DPO-PHENd DOPO-PHE could be attributed to the differémicsures of the
two flame retardants. The DPO skeleton in DPO-PHIS wattributed to phosphine
oxide, which was characterized by high thermal iBtgtand high water resistance
because of the three P-C bonds in the structurgt]3]. Meanwhile, the DOPO
skeleton in DOPO-PHE was determined by low therstability and poor water
resistance, mainly caused by the P-O and C-O bondse heterocyclic structure

[26,50-51]. According to the detailed study by St#laet al. on the charring

16



mechanism, the DOPO skeleton contains an addit®sG, bond in its heterocycle.
This linkage is sensitive to hydrolysis, and th®¥,, bond in DOPO breaks during

thermal decomposition. The resulting P-OH can Helmn char in the condensed

phase [38].
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Fig. 6 DMA curves of thermosets in air atmosphere; (ajritosets cured with DPO—PHE and

DDS; (b) thermosets cured with DOPO-PHE and DDS

The Ty values of all thermosets were obtained by DMA inamosphere, with
the temperature at maximum of tamat Ty [2,47,52-53]. The DMA curves of the
thermosets modified using DPO-PHE and DOPO-PHBmeented irFig. 6. All
samples exhibited a singlg,, indicating homogeneous morphology of the epoxy
systems [31,52]Table 2 shows that all flame-retardant thermosets haveadnigg
values than those of the EP/P-0 thermoset. Tihealue of the EP/P-0 thermoset is
144.0 °C, and those of the thermosets modifiedguBiRO-PHE and DOPO-PHE
ranged from 147.0 °C to 155.6 °C. However, as Rertdrincreases from 0.3 wt% to

0.9 wt%, theTy values of the thermosets modified using DPO-PHE ralatively
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stable despite the uncertainty of data. Meanwtihie, thermosets modified using
DOPO-PHE exhibits fluctuaffy with an increase in P content.

As concluded by a number of studies, the largecségfect of DOPO units may
influence the curing reaction between curing agemd epoxy, which reduces the
cross-linking density of epoxy thermosets [2,18kreby decreasingy. Meanwhile,
the bulky and rigid DOPO skeleton can inhibit thehility of macromolecular chains
and increase th&y of epoxy resins [17,53]. Together, these two cdmpgefactors
affect theTy of the thermosets. Thus, tgvalues of the DOPO-PHE flame-retardant
thermosets fluctuate as P content increases. Siynithe two factors affect thég
values of the thermosets modified using DPO-PHE DRO and DOPO skeletons
vary, consequently exerts different effects ontthe factors. Thus, th&y values of

the epoxy thermosets modified using the two flagtardants slightly vary.

3.3. Flame-retardant properties of epoxy thermosets

The flame-retardant properties of all epoxy theret®svere evaluated using LOI
and UL-94 vertical burning tests. The results ammarized inTable 3.

The EP/P-0 sample exhibited an LOI of 23.7%, whereh DPO-PHE or
DOPO-PHE flame-retardant thermosets obtained higbénalues. When P content
was increased from 0.3 wt% to 0.9 wt%, the LOIl @ased from 27.1% to 32.1% for
the DPO-PHE flame retardant thermosets and 26.730.&8% for the DOPO-PHE
flame retardant thermosets. Moreover, with the sBneentent, the DPO-PHE flame

retardant thermosets exhibited relatively highedd @an those of the DOPO-PHE
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flame retardant thermosetSable 3). This increase indicates that DPO—-PHE was a

more effective flame-retardant than DOPO-PHE.

Table 3LOIs and UL-94 ratings of the epoxy thermosets.

LOI UL-94
Samples
(%) +0.5 s +1 t,%/s +1 Rating
EP/P-0 23.7 - - Unrated
EP/DPO-PHE-P-0.3 27.1 17.9 6.6 V-1
EP/DPO-PHE-P-0.5 30.1 9.1 51 V-0
EP/DPO-PHE-P-0.7 31.3 34 4.9 V-0
EP/DPO-PHE-P-0.9 321 2.7 2.8 V-0
EP/DOPO-PHE-P-0.3 26.7 204 11.4 V-1
EP/DOPO-PHE-P-0.5 27.9 10.6 11.0 V-1
EP/DOPO-PHE-P-0.7 28.9 5.2 6.1 V-0
EP/DOPO-PHE-P-0.9 30.5 4.9 3.2 V-0

2 After-flame time of the first flame test.

b After-flame time of the second flame test.

The UL-94 vertical burning test data Trable 3 show that the EP/P-0 sample
sustained burning until the whole sample was buroet leading to no rating,
whereas most flame retardant thermoset samples quereched after the removal of
the ignition source. The EP/DPO-PHE-P-0.5 samptairméd a UL-94 V-0 rating,

whereas the EP/DOPO-PHE-P-0.5 sample obtained aaifly. For epoxy resin
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modified using DOPO-PHE, a higher phosphorus contér0.7% was needed to
achieve the V-0 rating. For the EP/DPO-PHE-P-Ompéa, a relatively shorter
burning time (1 and t) was observed. Thus, the UL-94 vertical burning tesults

also indicated that DPO-PHE was a more effectmmd retardant than DOPO-PHE.

3.4. Cone Calorimetry Testing

To elucidate the burning behavior of the samples, dombustion of EP/P-0,
EP/DPO-PHE-P-0.9, and EP/DOPO-PHE-P-0.9 thermosass investigated by
cone calorimetry testing. The time to ignition (J,Tbeak of heat release rate
(pk-HRR), average effective heat of combustionE&C), total heat released (THR),
and total smoke produced (TSP) are summarizddhbie 4. Fig. 7 presents the heat
release rate, THR, and TSP curves. For epoxy resiagphosphorus flame retardant
performs flame retardancy via the gas-phase anderwm®d-phase mechanisms [55].
The amount of residue after combustion and thece¥ie heat of combustion, which
is the THR divided by the mass loss (THR/ML), wameestigated to evaluate the
condensed-phase activity mechanism and gas-phaggyanechanism, respectively,
for the flame retardants.

TTI was used to determine the influence of flam@rdants on ignitability. As
presented inTable 4, compared with that of EP/P-0O, the TTI of the two
flame-retarded thermosets was delayed by about I@is delay is quite significant
for the enhancement of flame-retardant propertfespoxy resins [54]. The EP/P-0

thermoset burned uniformly with an intensive flamavering the entire sample.
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leaving almost no residue at the end of combusfl@mle 4 and Fig. 7 show that
compared with that of EP/P-0, the reductions irH8R for EP/DPO-PHE-P-0.9 and
EP/DOPO-PHE-P-0.9 are 38.4% and 10.5%, respectiVeb/ reductions in av-EHC
of the two flame-retarded samples are comparabhe dav-EHC of EP/P-0 is 25
MJ/kg and those of EP/DPO-PHE-P-0.9 and EP/DOPO—PHED are both 18
MJ/kg. The reductions in THR are nearly the saméeffe two flame-retarded samples
and the THR decreased from 76 M3/nior EP/P-0 to 59 MJ/f for
EP/DPO-PHE-P-0.9 and 57 MJ/rfor EP/DOPO-PHE-P-0.9. The reductions in
pk-HRR, av-EHC, and THR indicate that both flameuwrgants act via the gas-phase
activity mechanism. As presented king. 7(c) the TSP of the two flame-retarded
thermoset samples were lower than that of EP/Phs difference indicates that the

flame retardants can help reduce smoke during cetitou

Table 4 Cone calorimetry data dtieepoxy thermosets.

TTI  pk-HRR av-EHC THR  Residue THR/ML TSP

Samples (s) (kW/m®) (MJkg) (MImD)  (Wt%) (MJ/(nfxg))  (mP)
+3 +100 +5 +5 +0.5 +0.5 +5
EP/P-0 31 1068 25 76 1.8 2.5 28.4
EP/DPO-PHE-P-0.9 41 657 18 59 0.9 2.2 21.3
EP/DOPO-PHE-P-0.9 39 956 18 57 4.2 2.6 14.9

Compared with EP/P-0, EP/DOPO-PHE-P-0.9 showedyhgii#e increase in

residue. Despite the uncertainty of the data, #sdue of EP/DPO-PHE-P-0.9 is
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almost equal to that of EP/P-0. The higher resmfiueP/DOPO-PHE-P-0.9 than that
of EP/DPO-PHE-P-0.9, which is similar to their T@Ata, can also be attributed to
the unstable and water-sensitive characteristithef DOPO group. Thus, for the
epoxy thermoset system, both flame retardants maictl via the gas-phase activity
mechanism. In addition, no condensed-phase activdg observed in DPO-PHE,

whereas negligible or slight condensed-phase &ctigicurred in DOPO-PHE.
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Fig. 7 Curves of EP/DDS, EP/DPO-PHE-P-0.9, and EP/DOPO-PHB from CCT. (a) HRR,

(b) THR, (c) TSP

3.5. Morphological characterization of char residue
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The morphologies of the residues after CCT werdyaad by SEM. Images of
the exterior and the interior are shownFig. 8 A small amount of residue with a
fragmentary structure, which could not act as agatove layer, was found in the char
of EP/P-0. The exterior char layer of the EP/DPOERPPF0.9 and
EP/DOPO-PHE-P-0.9 samples were similar, showingrgirmous and compact
structure with no holes. The interior char of EB/Bhowed large and continuous
bubbles. The interior char residues of the EP/DPO-PHE-P-0.9 and
EP/DOPO-PHE-P-0.9 samples also presented simitactstes, with numerous
bubbles separated by thin laydpsiring combustion, the compact surface and the
multi-hole inner structure can prevent oxygen agdttiransfer and then protect the

matrix from high temperatures [2,55].

(a) EP/P-0 EP/DPO-PHE-P-0.9 "EP/DOPO-PHE-P-0.9

A0LIJ)XH

—_
=
=

Jd0LIdjuy

Fig. 8 SEM images of char residues after cone calorintestng.

3.6. Pyrolysis—gas chromatography—mass spectrometof the epoxy thermosets

To obtain more information on the flame-retardanaechanism of the
thermosets in gas phase, the EP/DPO-PHE—-P-0.9 R O—-PHE—-P-0.9 samples

were investigated by Py—GC/MS, and the assignedugts are collected ifiable 5
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The pyrolytic products of EP/DPO-PHE-P-0.9 and EPPO-PHE-P-0.9 are similar,
but the relative areas of the pyrolytic products fairly different. As shown iffable

5, the main pyrolytic products of EP/DPO-PHE-P-0rtl &P/DOPO-PHE-P-0.9
include benzene, toluene, phenol, 4-methylphenazbfuran, 4-methylbenzofuran,
4-isopropenylphenol, and 4-isopropylphenol.

The volatiles ofo-phenylphenol were observed in the pyrolytic prdaducf
EP/DOPO-PHE-P-0.9, and the considerably larger @irdgenzene in the pyrolytic
products of EP/DPO-PHE—-P-0.9 could be attributedhto two phosphorus flame
retardants. This result indicated the existencphafsphorus-containing fragments in
the gas phase. These phosphorus-containing fragmeanth as PO- and RO
together with phenol radicals, can scavenge -H-@t in the flame and inhibit the
free radical chain reaction of combustion. Alteively, both samples containing
nitrogen and the corresponding pyrolytic produateluded nitrogen-containing
compounds, which could be further decomposed toflamomable gases during
combustion. These nonflammable nitrogen-contairgages, combined with GO
dilute ignitable gases and stop the supply of owrygéhereby exerting a
flame-retardant effect in the gas phase. Thusgeperted in other studies, the free
radical quenching effect of phosphorus and pheadicals and the diluting effect of
nonflammable gases play important roles in thepyase flame-retardant mechanism.

[2,56-57]
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Table 5Pyrolytic products identified in the EP/DPO-PHE-B-&nd EP/DOPO-PHE—-P-0.9

programs.

Relative area (%)

No. m'z Assigned structure
EP/DPO-P-0.9 EP/DOPO-P-0.9

a 78 @ 16.93 2.10
b 92 Q 5.6 2.10
c 93 @NHZ 0.58 -
d 94 QOH 23.92 27.60
e 104 0.58 -
@T\
f 108 @OH 3.83 2.79
g 121 @—N\/ 0.35 1.28
O
h 132 P 4.58 3.36
OH
i 134 @\ﬁ 3.07 9.92
i 136 }—QOH 2.14 9.32
k 158 >—©—/< 0.83 2.07
170 - 0.80
OH
m 228 HOOH 0.06 4.01
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n 266 CH3—OO—CECH 0.02 0.85

3.7. Water Absorption Property

The water absorption properties of the epoxy regiese evaluated, given their
close association with the electrical insulatiorareleteristics, corrosion resistance,
and mechanical properties of epoxy resins [30,68]. 9 presents the relationship
between water absorption (all samples were immefesedi8 h) and phosphorus
content in the epoxy resins modified using DPO—-P&it DOPO-PHEFig. 10
presents the water absorption curves vs. immetsitas of the epoxy resins modified

using neat and flame retardant (0.5 wt% phosphooogent).

—e— EP/DOPO-PHE
—a— EP/DPO-PHE

Water absorption (%)

0.0 02 04 06 08
P content (Wt%)

=
o

Fig. 9 Relationship between water absorption and P coiriegpoxy resins

Note: The samples were immersed in water for 48 h
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Fig. 10Water absorption of epoxy thermosets vs. immersina

A V-type profile was observed in the EP/DPO-PHE d&8@d/DOPO-PHE
samples Fig. 9). This profile suggests that the minimum wateracapvity be
obtained with a change in phosphorous content. Mewehe trend also slightly
varied. With an increase in phosphorus content fdont% to 0.5 wt%, a reduction in
water absorptivity indicated delay for the EP/DOPBIE samples; meanwhile, the
EP/DPO-PHE samples sharply decreased. The shamgadecof EP/DPO-PHE
resulted in a lower bottom for the “V-type” profile EP/DPO—-PHE (2.5%) than that
for the “V-type” profile in EP/DOPO-PHE (2.96%).fArther increase in phosphorus
content from 0.5 wt% to 0.9 wt% led to a relativequick increase in water
absorptivity. Notably, if the phosphorus contentsvikept below 0.65 wt%, the water
absorptivity of the EP/DPO-PHE samples would be elovihan that of the
corresponding EP/DOPO-PHE samples under the cuergmerimental conditions.
Such occurrence could be verified by the resultsign 10. Both EP/DPO-PHE-P-0.5
and EP/DOPO-PHE-P-0.5 samples exhibited lower wabsorptivity than that of

EP/P-0. In addition, the EP/DPO-PHE-P-0.5 samptevet relatively lower water
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absorptivity than that of EP/DOPO-PHE-P-0.5. Thispprty renders DPO-PHE
more suitable for the modification of epoxy resmglectronics.

The behavior of the water absorptivity of the sasplan be attributed to several
factors. First, the hydrophilicity of the epoxy ires largely contributes to water
absorption. Second, the cross-linking density agticular formation in the epoxy
resins can affect the water absorptivity. Thisdaetould be more complicated by the
introduction of flame retardants because of thiedsht steric hindrance effects of the
skeletons. Third, the structure of the flame reaatdwould cause the water
absorptivity. Comparing with the structure of DPObesides the P=0O bond, there
exist a P-O-C bond in the DOPO skeleton. The P4 in the DOPO skeleton can
easily form a hydrogen bond and facilitates thedase in water absorption. The
combined aforementioned factors prompt the watsomgiivity of the flame-retardant
epoxy resins to fluctuate. Compared with the samptedified using DOPO-PHE,
those modified using DPO-PHE exhibited a lower giisoty. This difference can be
attributed to the small steric hindrance effeclatreely flexible activity of the two

phenyl rings, and the absence of the P-O-C bomigeistructure.

4. Conclusions

DPO-PHE and DOPO-PHE were synthesized using a teporaethod. Using
DPO-PHE (or DOPO-PHE) as a flame retardant andaugng agent and DDS as a
main curing agent, flame retardant DGEBA resins ewerepared (denoted as

EP/DPO-PHE and EP/DOPO-PHE). TGA and DMA resultewsld that the
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EP/DPO-PHE and EP/DOPO-PHE samples exhibited highealues than that of
EP/P-0. The introduction of flame retardants reduite decomposition temperature
of the epoxy resins. Compared with EP/DOPO-PHEDER-PHE showed a higher
thermal stability and a lower char yield. A study the flame-retardant property
showed that the EP/DPO-PHE and EP/DOPO-PHE thetmeskibited satisfactory
flame-retardant performance. CCT and Py-GC/MS ef ftame-retardant samples,
SEM of the burned residues, and the evaluatiornaf gield indicated that both flame
retardants mainly acted via the gas-phase actimchanism. In addition, no
condensed-phase activity mechanism was observedAHfDPO-PHE, whereas
negligible or slight condensed-phase activity wagorted in EP/DOPO-PHE. The
water absorption activities of the flame-retardaypoxy resins are fluctuated.
However, the introduction of the flame retardanildamprove the water absorptivity
of epoxy resins. Among the flame-retardant syste®RB/DPO-PHE-P-0.5 and
EP/DOPO-PHE-P-0.5 exhibited the lowest water alisdsp Comparison of the
two flame retardants showed that DPO-PHE was a reffeetive flame-retardant
than DOPO-PHE. In addition, DPO-PHE exhibited Ipettbaracteristics for

improving Ty, thermal stability, and water absorption of maastifresins.
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(Bis(4-hydroxyphenyl)methyl)diphenyl  phosphine  axid (DPO-PHE) and
1-(bis(4-hydroxyphenyl)methyl)-9,10-dihydro-9-ox8-phosphaphenanthrene-10-oxide
(DOPO-PHE) were wused as a flame retardant and acumog agent of
4,4'-diaminodiphenylsulfone of bisphenol A diglygiether to prepare flame-retardant epoxy
resins. Study showed that both flame retardantsirognove the flame retardancy of epoxy
thermosets. Burning behavior study indicated thath lof the flame retardants act mainly
through gas-phase activity mechanism. Limited orygedex measurement and UL-94
vertical burning testing showed that DPO-PHE hagbér flame-retardant effectiveness than
DOPO-PHE. Compared with DOPO-PHE, DPO-PHE exhiblietter characteristics for

improving theT,, thermal stability, and water absorption of maatifresins.



