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ABSTRACT: In this study, a commercial epoxy resin was mixed with a phosphorus-containing oligomer and thermally cross-linked
using a mixture of two aliphatic amines as curing agents. The miscibility and the influence of the phosphorus-containing oligomer
on the characteristics of epoxy thermosets were investigated by scanning electron microscopy (SEM), thermogravimetric analysis, dif-
ferential scanning calorimetry, and dynamic mechanical analysis. SEM revealed that phosphorus-containing oligomer was well dis-
persed into the epoxy matrix. Dynamic mechanical analysis indicated an increase in storage modulus as the phosphorus-containing
oligomer content loaded into epoxy matrix increased. Thermogravimetric analysis showed that the onset temperature of phosphorus-
containing epoxy thermosets and the peak corresponding to the temperature of decomposition decreased compared with the ones
corresponding to the neat epoxy system, whereas the char yield increased with the increase in phosphorus content added into the
epoxy networks. To better understand the mechanism of action of phosphorus-containing epoxy thermosets, the char residue was
investigated by SEM and energy-dispersive X-ray spectroscopy. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41822.
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compounds are considered one of the most efficient class of
flame retardants.'"™"> Therefore, research efforts are underway
to develop polymers that contain phosphorus in either the

INTRODUCTION

Epoxy resins are widely used in different applications as adhe-
sives, composites, laminates, encapsulates, marine and protective
coatings, etc., because of their great versatility, good chemical
resistance, outstanding adhesion, low shrinkage, and high-grade

main or side chains. Phosphorus-containing polymers promote
the formation of high amount of char when burning. Further-
more, the quantity of flammable gases is substantially reduced.
In some cases, self-extinguishment can occur. The utilization of
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)
or its derivatives has been shown to significantly enhance the
flame retardancy of epoxy resins.'"'®!” Our group has been
focused on the design and synthesis of phosphorus-containing
monomers and/or polymers, especially derivatives of DOPO,

insulation properties.'™ Nevertheless, epoxy resins have consid-
erable limitations due to their organic nature, leading to a rela-
tively poor fire behavior, which make them unsuitable to meet
the very strict requirements of some applications, for example,
integrated circuits packaging.”® Different approaches are
reported in the literature for improving the flame resistance and

thermal stability of epoxy resins. The incorporation of chlorine
and/or bromine atoms into epoxy systems has been widely
used.”'® However, halogen-containing epoxy resins generate
highly toxic and/or very corrosive products during combustion;
thus, the current research is directed toward the development of
halogen-free flame retardants. Among these, organophosphorus
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exhibiting excellent flame retardant properties.'®>* The main
advantage of such systems is that the flame retardancy can be
improved at concentration lower than 3 wt % phosphorus.
Besides this, many other disadvantages such as release of toxic
gases upon burning, poor compatibility with epoxy matrix,
migration of compounds, etc., can be minimized.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41822


http://www.materialsviews.com/

ARTICLE

In this study, we describe the preparation and characterization
of a commercial epoxy resin loaded with different amounts of a
phosphorus-containing oligomer. Scanning electron microscopy
(SEM) was used to highlight the good dispersion of phosphorus
flame retardant into epoxy matrix. Thermal and mechanical
properties were investigated by differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and dynamic
mechanical analysis (DMA).

EXPERIMENTAL

Materials

DOPO was purchased from Chemos GmbH, Germany, and
dehydrated before use. Terephthaldicarboxaldehyde and phenyl-
phosphonic dichloride were from Sigma Aldrich and used as
received. Diglycidyl ether of bisphenol A (D.E.R. 331, epoxy
equivalent weight 182-192 g/equiv) was purchased from DOW
Chemical Company. Diethylenetriamine (DETA, active hydrogen
equivalent weight 20.6 g/equiv) and isophorone diamine (ISPD,
active hydrogen equivalent weight 42.5 g/equiv) were from
Sigma Aldrich and used as received.

Measurements

Fourier transform infrared (FTIR) spectroscopy was performed
on a Bruker Vertex 70 at frequencies ranging from 4000 to
400 cm ', Samples were mixed with KBr and pressed into pellets.

'"H NMR (400 MHz) spectra were obtained at room tempera-
ture on a Bruker Avance DRX spectrometer, using DMSO-dy as
solvent, and calibrated at 2.512 ppm. The phosphorus content
was obtained by molybdenum blue method.*?

SEM/energy-dispersive X-ray spectroscopy (EDX) was per-
formed on a TESLA BS 301 instrument, at 20 kV. The samples
were sputtercoated with a thin layer of gold prior to SEM
experiments.

DSC measurements were carried out with a Mettler-Toledo dif-
ferential scanning calorimeter DSC 12E. The samples (3-5 mg)
were heated from room temperature up to 250°C, with a heat-
ing rate of 10°C/min under nitrogen atmosphere.

DMA was carried out with a Mettler Toledo DMAS861e. Samples
of 35 X 10 X 3 mm’ were used. The test method was per-
formed using the dual cantilever bend mode. The storage mod-
ulus (E') and loss modulus (E’) were determined as the solid
sample was subjected to temperature scan mode at a ramping
rate of 3°C/min from —20°C to 170°C, at a frequency of 1 Hz,
strength of 2 N, and a shift of 20 ym.

TGA was performed using a Mettler Toledo TGA/SDTA 851°
balance. Approximately 3-5 mg of sample was heated at 10°C/
min from 25°C to 700°C under 20 mL/min nitrogen flow. The
TG and their first derivative (DTG) curves were recorded.

Samples of about 15 mg were heated with 10°C/min to 700°C
in the thermogravimetric analyzer, cooled to room temperature,
and transferred to Bruker Vertex 70 instrument to record the
FTIR spectrum of the corresponding pyrolysis residue.

Synthesis of the Monomer and Polymer
1,4-Phenylene-bis((6-oxido-6 H-dibenz[c,e][1,2] oxaphosphorinyl)
carbinol) (1) was prepared by nucleophilic addition reaction
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Figure 1. Chemical structures of monomer (1) and oligophosphonate
(FR) used in this study.

between DOPO and terephthaldicarboxaldehyde, according to a
published procedure.** FTIR (KBr, cm ™ '): 935 (P—O—Ph stretch-
ing vibrations), 1203 (P=O stretching vibrations), 1474 (P—Ph
aromatic ring in-plane stretching vibrations), 3245 (O—H stretch-
ing vibrations). 'H NMR (400 MHz, DMSO-d,, 9, ppm): 8.33—
8.10 (m, 4H), 8.04 (m, 1H), 7.90-7.48 (m, 2H), 7.62 (m, 1H),
7.53-7.11 (m, 12H), 6.45-6.25 (m, 2H), 5.45-5.10 (m, 2H).

The oligophosphonate (FR) was obtained by solution polycon-
densation reaction of equimolecular amounts of 1,4-phenylene-
bis((6-oxido-6H-dibenz[c,e][1,2]oxaphosphorinyl)carbinol) (1)
with phenylphosphonic dichloride.”® Yield: 91%. FTIR (KBr,
cm ™ Y): 931 (P—O—Ph stretching vibrations), 1044 (P—O—C
stretching vibrations), 1205 (P=O stretching vibration), 1477
(P—Ph aromatic ring in-plane stretching vibration), 2924 (C—H
stretching vibrations). '"H NMR (400 MHz, DMSO-d,, J, ppm):
8.46-8.11 (m, 4H), 8.11-8.00 (m, 2H), 8.00-7.79 (m, 4H), 7.79—
7.26 (m, 10H), 7.26-7.00 (m, 5H), 5.97-5.19 (m, 2H).

The chemical structure of diol 1 and oligophosphonate FR are
given in Figure 1.

Preparation of the Phosphorus-Containing Epoxy

Thermosets (EP SIPNs)

The phosphorus-containing epoxy thermosets (having a phos-
phorus content of 2 or 3 wt %) based on a commercial epoxy
resin (D.E.R. 331) and oligophosphonate FR were prepared by
thermal cross-linking in the presence of DETA/ISPD mixture, as
curing agents. D.E.R. 331 and the appropriate amount of FR
were mixed under continuous stirring at room temperature.
Afterward, a 1 : 1 molar ratio of DETA/ISPD was added into
the mixture, keeping an epoxy to amine equivalent ratio of 1 :
1. The homogeneous reaction mixture was poured into Teflon
molds, degassed in a vacuum oven, and then cured at 120°C for
2 h and postcured at 150°C for another 2 h. After the comple-
tion of thermal curing reaction, the samples were slowly cooled
to room temperature to prevent cracking. The formulations of
phosphorus-containing epoxy thermosets (EP SIPNs) are listed
in Table I.

RESULTS AND DISCUSSION

This work describes the preparation of semi-interpenetrating
polymer networks (SIPNs) based on a bisphenol-A type epoxy
resin and a oligophosphonate with high content of phosphorus,
using a mixture of amines, DETA, and ISPD, as cross-linking
agents. Herein, our interest was to investigate the miscibility of
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Table I. Preparation of Phosphorus-Containing Epoxy Thermosets

Weight ratio
Sample code D.E.R. 331 (g DETA(g ISPD(g) FRI(g)
FR 0 0 0 100
EP-0 60 6.11 1.08 0
ER-1 60 6.11 1.08 10.42
EP-2 60 6.11 1.08 17.20

D.E.R. 331 with FR and the phase structure of the resulting
SIPNs.

The structures of the monomer and oligomer used in this study
are presented in Figure 1. The phosphorus-containing epoxy
thermosets were prepared by simply mixing the appropriate
amount of phosphorus-containing additive (FR) into the epoxy
resin (D.E.R. 331). The further addition of DETA/ISPD, fol-
lowed by thermal treatment, led to the formation of EP SIPNs.

The structures of FR, EP-0, and EP SIPNs were confirmed using
FTIR spectroscopy. The FTIR spectra of FR, EP-0, and EP
SIPNs are presented in Figure 2. The characteristic absorption
bands of neat EP-0 system were found at 3432 cm™ ' (O—H
stretching vibrations of unassociated bond in water or phenol
and N—H stretching vibrations of secondary amine), 2967 and
2920 cm™ ! (aliphatic C—H asymmetric stretching vibrations),
2853 cm™ ' (aliphatic C—H symmetric stretching vibrations),
1607 and 1502 ¢cm ™' (aromatic C=C stretching vibrations),
1362 cm ' (C—H deformation vibrations of isopropylidene
unit), and 1229 and 1045 cm ™! (aromatic C—O—C ether asym-
metric and symmetric stretching vibrations, respectively). The
EP SIPNs showed absorption bands at 3405 cm ' (O—H
stretching vibrations of unassociated bond in water or phenol
and N—H stretching vibrations of secondary amine),
2967 cm™ ' (aliphatic C—H asymmetric stretching vibrations),
2867 cm™ ' (aliphatic C—H symmetric stretching vibrations),
1607 and 1512 cm™' (aromatic C=C stretching vibrations),
1474 cm™ ' (aromatic P—Ph stretching vibrations), 1205 cm !
(aromatic P=O stretching vibrations), 1044 cm ! (aliphatic
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Figure 2. FTIR spectra of FR, EP SIPNs, and neat EP-0.
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Figure 3. Photographs of neat EP-0 system and EP SIPNs. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

P—O—C stretching vibrations), 935 cm”~ ! (aromatic P—O—Ph
stretching vibrations), 755 cm ™! (deformation vibrations caused
by the 1,2-disubstituted aromatic DOPO rings),
712 cm™ ! (deformation vibrations of aromatic rings). The pres-
ence of all these bands confirmed the successful incorporation
of FR into epoxy matrix.>* There were neither shift of absorp-
tion maxima nor new bands appeared, which reveals the exis-
tence of weak interactions between FR and epoxy matrix.

and at

Figure 3 shows the photographs of neat EP-0 system and EP
SIPNs. The EP SIPNs were transparent at ambient temperature,
and even on further heating up to 150°C, these EP SIPNs still
presented excellent optical transparency, making them appropri-
ate to be used as protective surface coatings.

SEM was used to observe the morphology of neat EP-0 system
and EP SIPNs. The representative SEM photomicrographs of
the fracture surfaces are shown in Figure 4. EP-0 showed a rela-
tively smooth fracture surface with cracks in different planes,
indicating the brittle nature of epoxy resin [Figure 4(a)]. In the
case of EP-1 and EP-2, the fracture surfaces were full of
branches and fibrils disposed almost parallel, suggesting a tough
behavior, and high impact strength. Moreover, SEM images of
EP-1 and EP-2 indicated that FR was uniformly dispersed into
epoxy matrix and that there were no aggregates, leading thus to
a more ductile behavior in the case of EP SIPNs [Figure 4(b,c)].

DSC was used to determine the glass-transition temperature of
the thermosets and to verify the compatibility between FR and
epoxy matrix. The T, values of the oligophosphonate FR, neat
EP-0 system, and EP SIPNs are given in Table II, and the corre-
sponding DSC curves are shown in Figure 5. Both EP-1 and EP-
2 SIPNs showed a single T, value, characteristic for miscible
blends. Furthermore, the glass-transition values were higher than
the ones corresponding to FR and neat EP-0 system, suggesting
that the incorporation of FR containing bulky DOPO groups
into the epoxy matrix increased the T, value due to hindered
rotation of the polymer chains. Another reason for the increase
in T, values is the fact that incorporation of the source of phos-
phorous as a oligophosphonate does not imply a nucleophilic
attack toward the oxirane rings of the epoxy resin. Subsequently,
all the reactive sites are free for the cross-linking process by reac-
tion with the hardeners and overcome the decrease in cross-
linking degree as a usual trend when organophosphorus com-
pounds react directly with the oxirane rings.*
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Figure 4. SEM photomicrographs of the cross section of (a) EP-0, (b) EP-1, and (c) EP-2.

Table II. Phosphorus Content and Thermal and Mechanical Characteristics of FR, Neat EP-0 System, and EP SIPNs

Sample code

FR EP-0 EP-1 EP-2
Phosphorus content (P wt %)? 13.47 - 2.05 3.09
Tq (°C) 110 125 131 132
E" (GPa) = 6.82 42.68 27.86
E" (GPa) - 0.19 113 2.83
Tonset (°C) 390 328 289 302
Tendset (°C) 495 423 430 429
Trmax, 2) C) 475 360 344, 440 350, 445
Char yield measured at 700°C (%) 44 7 19 20

2The values were experimentally determined.

Ty, glass-transition temperature; £, storage modulus; E”, loss modulus; Tonset, ONset temperature of polymer decomposition; Tenaset, €ndset tempera-
ture of polymer decomposition; Trmax, 2), thermal decomposition peak corresponding to the temperature of decomposition.

The influence of FR added into epoxy matrix was analyzed
by DMA, and the main data are listed in Table II. The stor-
age modulus (E') of EP SIPNs increased with increasing the
amount of FR. The storage modulus of EP-0 at 25°C was
6.82 GPa. When adding 2 wt % phosphorus into epoxy
matrix, the storage modulus reached 42.68 GPa. The high
storage modulus of EP-1 SIPN compared with the neat EP-0
system reveals that FR could produce a reinforcing effect by
increasing the aromatic density in the network. However, fur-
ther addition of FR did not increase the storage modulus,
and even more, it decreased with about 35%. Probably, the
high amount of FR affected the cross-linked
between D.E.R. 331 and curing agents. The same behavior
was observed in the contribution of Wang et al® The
increase in loss modulus observed for EP SIPNs could be
due to the increased energy dissipation in the form of heat
as a result of polymer chain movement friction.”*

structure

Thermal stability of FR, EP-0, and EP SIPNs was evaluated by
TGA. The most important data obtained from TG curves are
listed in Table II. FR is a thermally stable additive used to improve
the flame resistance of epoxy resin; it begins to decompose at
about 390°C and gives 44 wt % of solid residue at 700°C. The
onset degradation temperature of EP-0 was 328°C, and the char
yield measured at 700°C was around 7%. With increasing the FR
content in epoxy matrix, T, slightly decreased, probably due to
the presence of P—O—C bonds from the FR structure, which are
more sensitive to thermal degradation.”’” However, with the
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increase in FR content, a higher thermal stability was observed.
Accordingly, the char residue increased from 7 to 19 wt % when 2
wt % phosphorus was added into the epoxy matrix (Table II).
The high char yield formed during decomposition is correlated
with the condensed phase mechanism of phosphorus flame
retardants.”®*® Furthermore, the FTIR spectrum of the char resi-
due at 700°C corresponding to EP-2 SIPN indicates the presence
of phosphorus-containing functional groups (1400 and
1170 cm™ 1Y) (Figure 6).%°
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£ 132°C
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g 5 |EPd
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© 125°c
% EP-0 —

. v T T g T T T
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Figure 5. DSC curves of FR, EP-0, and EP SIPN at a heating rate of
10°C/min (second heating).
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Figure 7. TG and DTG curves of EP-1 SIPN. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

I 2 T T T Y T 3 T Y T T
1500 1400 1300 1200 1100 1000 900
-1
Wavenumber (cm )

Figure 6. FTIR spectrum of the residual char at 700°C of EP-2. . .
main degradation step took place from 280°C up to 400°C. At

The TG and DTG curves of EP-1 SIPN in nitrogen atmosphere  temperature above 440°C, the advanced degradation of the
are shown in Figure 7. From DTG curves it can be observed  carbonaceous residue, formed in the first step, occurred. Sample
that EP-1 SIPN presents two stages of thermal degradation. The  EP-2 SIPN followed similar decomposition pathway as that of

-1.4 — -0.7
{EP-0 original curve ' FR
42 process 1 -0.64 —— original curve
-1.0- process 2 G 05| —process 1
Q - process 3 S | —— process 2
-0.8 S
S 1 fitted curve s _0'4j process 3
; ~0.6—_ % 034 — fitted curve
=] ~
T 041 £ |
£ _ © -0.2-
0.2 1
| 0.1
0.0 1
T T T T T 0'0 i T T T T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature ("C) Temperature (°C)
-1.2 -1.2
EP-1 . 1EP-2
1.0 — original curve 1.0
—— process 1 ]
o 5 — process 2 %) -0.84 — original curve
Q\; . —— process 3 Q\s 0.6, process 1
=) = o .04
~ —— process 4 ~ \ —— process 2
5 04+ — fitted curve E 0.4+ —— process 3
= E 1 — fitted curve
= 0.2 =  -0.2-
0 S— 0.
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature ("C) Temperature ('C)

Figure 8. Decomposed DTG curves of EP-0, EP-1, and EP-2 SIPNs and FR. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]
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Table III. Decomposition Results of the DTG Curves of FR, EP-0, and EP SIPNs
Sample code
EP-0 EP-1 EP-2 FR
Peak temperature (°C) 358; 376; 470 337; 348; 430; 494 324; 350; 423 409; 459; 482

Peak area (%) 35.41; 32.24; 4.50

40.18; 18.50;17.22;1.08

14.92; 44.73; 18.36 17.35; 22.18; 9.24

500 um | 200x

Figure 9. SEM photomicrograph of the char residue at 700°C of EP-0
and EP-1 SIPN.

EP-1 SIPN. The sample EP-2 SIPN presented two maxima of
decomposition at 350°C and 445°C and a char yield equal with
20 wt %, measured at 700°C.

Using Gaussian profile, the original DTG curves of FR, neat EP-0
system, and EP SIPNs were decomposed in separated curves as
shown in Figure 8 (the correlation coefficient >99.9%). This
method is useful especially to separate and analyze the overlap-
ping peaks. Table III summarizes the data obtained from DTG
curves related with the peak temperature and peak area of the
decomposition at different stages during thermal degradation
process. The areas of deconvoluted peaks can be correlated with
the weight loss (%) values at different stages during thermal deg-
radation. As can be observed, the thermal degradation process of
EP-1 SIPN could be divided in four stages. The number of
decomposition stages of EP-2 SIPN decreased, suggesting a sim-
plification in the complexity of the degradation mechanism. The

Figure 10. EDX mapping of the char residue of EP-2 SIPN (SE mode, 20 kV, C: carbon; O: oxygen; N: nitrogen; and P: phosphorus). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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additional degradation process observed in the case of EP-1 was
ascribed to the oxidation of the char residue. By contrast, EP-2
sample, which contains the highest amount of phosphorus,
formed a more thermally stable residual char.

The residual chars obtained after TGA experiments were exam-
ined by SEM. Relatively compact and smooth char residues were
obtained for both EP-1 and EP-2 samples, whereas neat EP-0 sys-
tem showed a porous and incompact surface. The formation of
compact and continuous char layers is advantageous to induce
better flame retardancy in polymeric materials. Figure 9 shows
comparatively the char morphology of EP-0 and EP-1 SIPN.

In order to investigate the atoms distribution onto the residual
char surface, a mapping technique was used. Figure 10 presents
the EDX mapping of EP-2 SIPN. As can be observed, the phos-
phorus atoms were uniformly dispersed onto the residual char
surface.

CONCLUSION

In this study, SIPNs based on a phosphorus-containing oligomer
and a commercial epoxy resin were prepared by thermally cross-
linking, in the presence of a 1 : 1 molar ratio of DETA/ISPD. The
morphological analysis of EP SIPNs revealed a good compatibility
between epoxy matrix and FR. The thermal stability of
phosphorus-containing thermosets was investigated by TGA, in
inert atmosphere. FTIR spectra of the residual chars of EP SIPNs
revealed the presence of phosphorus-containing functional groups,
indicating thus that the incorporation of FR into epoxy matrix
resulted in the formation of a more thermally stable phosphorus-
rich carbonaceous layer. FR was found to be miscible with DER
331 as shown by the existence of a single glass-transition tempera-
ture. DMA was used to investigate the influence of phosphorus-
containing polymers in EP networks. The high storage modulus of
EP SIPNs compared with the neat epoxy resin revealed that FR
could produce a reinforcing effect by increasing the aromatic den-
sity in the network. Atoms distribution into the char residue of
EP-0 and EP SIPNs was investigated by EDX. The phosphorus
atoms were uniformly dispersed onto the char surface.
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