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Abstract To improve the flame retardancy and me-

chanical properties of epoxy (EP), a novel intercalated

layered double hydroxides (ILDHs) were synthesized by a

solution intercalation method using ammonium alcohol

polyvinyl phosphate as intercalator. The ILDHs were ex-

amined by X-ray diffraction, Fourier transform infrared

spectroscopy (FTIR), energy-dispersive spectrometry and

scanning electron microscopy (SEM). The conditions for

synthesis of ILDHs have been optimized. Thermogravi-

metric analysis indicated a good char-forming property of

ILDHs. The flame retardancy of epoxy was improved by

adding ILDHs. The EP composites containing

30–40 mass% ILDHs passed UL-94V-0 rating. Tensile

strength was also enhanced by adding 30–40 mass%

ILDHs, which was attributed to the involvement of phy-

sical cross-linking network among layered particles and

polymer chains. The morphology and structures of residues

generated during LOI test were investigated by SEM and

FTIR to support a fundamental analysis for the mechanism

of char formation. SEM observations of residues of the

ILDHs/EP confirmed the formation of an incompact char-

red layer during combustion, which could inhibit the

transmission of heat and mass during combustion. It may

be inferred that ILDHs acted as a catalyst for esterification,

dehydration and compact char formation of EP system.

Keywords Flame retardant � Epoxy resin � Ammonium

alcohol polyvinyl phosphate � Intercalation � Layered

double hydroxides

Introduction

Epoxy (EP) resins have been applied in many fields of

material, owing to their excellent properties, such as high

thermal and mechanical stability along with good chemical

resistance. However, epoxy resins usually perform poorly

under fire, burning easily and violently. So, many nano-

sized flame retardants have to be employed to protect EP,

such as clay and layered double hydroxides (LDHs) [1].

The flammability performance of these polymer

nanocomposites has been studied extensively. By adding

LDHs, the rate of char formation at low temperature was

increased and the thermal stability was enhanced at high

temperature [2]. LDHs also acted as a heat stabilizer and

efficient smoke suppressant, which is attributed to the

better dispersion of LDHs in the bulk phase of resin [3].

The mechanism of fire retardancy on the epoxy by these

LDHs is the formation of carbonaceous char, which is a

barrier to the heat and mass transfer that occurs during

combustion of polymer nanocomposites [4]. However,

LDHs show strong interactions between the nanolayers,

making it difficult to exfoliate them when mixing with

polymers. To enhance the compatibility and flame retar-

dancy, LDHs modified by intercalation have been studied

extensively. The Mg–Al LDHs have modified by different

intercalating agents, such as dodecyl sulfate [5], glycinate

[6], poly(oxypropylene)-amindocarboxylic acid (POP-
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amido acid) [7], amino benzoate and carbonate [8], and

amino laurate [9]. The effects of the addition of these

modified LDHs on the mechanical, thermal and fire retar-

dancy properties of polymer nanocomposites have been

investigated. The enhanced performance of the epoxy/

LDHs nanocomposites could be attributed to the better

dispersion state of the LDHs layers in the EP matrix and

the greater diffusion-hindering effect of LDHs layers on

oxygen and volatile products throughout the composite

materials when they were exposed to thermal degradation.

As a polar polymer, PVA has been modified by LDHs to

promote the thermal, morphological and mechanical

properties via the interaction between the PVA and the

LDHs by hydrogen bonding through hydroxyl groups

[10–12]. PVA also showed good compatibility with am-

monium dihydrogen phosphate (NH4H2PO4, ADP) [13] and

synergistic flame retardancy with ammonium polyphos-

phate (APP)/LDHs [14]. Because of the reaction between

the amine groups of the intercalated amino compound and

the epoxy groups, the adhesion between the LDHs

nanolayers and epoxy molecules makes these LDHs/epoxy

nanocomposites more compatible. Consequently, the tensile

and the mechanical properties of polymer nanocomposites

were also enhanced.

The focus of the present work is to synthesize Mg/Al

LDHs intercalated by ammonium alcohol polyvinyl phos-

phate (AAPP). The mechanical, thermal and flame-retar-

dant properties of the intercalated LDHs (ILDHs) have

been evaluated. The mechanical properties were investi-

gated with tensile testing. The flame-retardant character-

istics were evaluated by limiting oxygen index (LOI) and

vertical burning (UL 94), and the burnt sample residues

were examined by scanning electron microscopy and

Fourier transform infrared spectroscopy.

Experimental

Materials

MgCl2�6H2O was supplied by Tongya Chemical Science

and Technology Development Corp (Shanghai, China).

Al2(SO4)3�18H2O was obtained from Tianjin Damao

Chemical Reagent Corp (Tianjin, China). Sodium hy-

droxide was purchased from Shanghai Chemical Reagent

Corp (Shanghai, China). Na2CO3 was acquired from

Nanjing Chemical Reagent Corp (Nanjing, China). H3PO4

was supplied by Shanghai Lianshi Chemical Reagent

Corp (Shanghai, China). Urea was obtained from Shang-

hai No. 1 Chemical Reagent Corp (Shanghai, China).

Epoxy (E-44), a bisphenol A type epoxy resin with low

molecular weight, was supplied by Zhenjiang Danbao

Resin Corp (Zhenjiang, China). Ethylenediamine was

acquired from Shanghai Qiangshun Chemical Industry

Corp (Shanghai, China). Poly (vinyl alcohol)

(Mn = 75,000 g mol-1) having a saponification degree of

99 mol% or more (PVA-1799) used in this work was

provided by Shanghai Shanpu Chemical Industry Corp

(Shanghai, China). Commercial Mg–Al layered double

hydroxides (LDHs-0) were purchased from Nantong Ad-

vance Chemicals Co., Ltd.

Preparation of AAPP

The AAPP was synthesized according to the literature [15].

The typical synthetic steps of AAPP are listed as follows:

Firstly, the PVA was dissolved in deionized water in a

beaker to obtain the PVA aqueous solution A. Secondly,

the aqueous solution B was obtained by blending and

heating the phosphoric acid (85 %) with urea (at 85 �C for

2 h) in a three-necked bottle. Thirdly, the solution A was

added to solution B in 3 equal batches, combining with

stirring and refluxing for 2 h. After reaction, the solution

was cooled and precipitated in a 95 % ethanol aqueous

solution. The product obtained by suction filter was washed

until the aqueous solution was neutral. Finally, the AAPP

was acquired by vacuum drying of the wet product under

60 �C for 24 h.

Preparation of AAPP intercalated layered double

hydroxides

The AAPP intercalated layered double hydroxides (ILDHs)

were prepared using the co-precipitation method. The

AAPP was dissolved in 100 mL of deionized water in a

three-necked bottle to obtain solution A. MgCl2 12.18 g

(0.06 mol) and Al2(SO4)3 6.66 g (0.01 mol) were dissolved

in 50 mL of deionized water to obtain solution B. NaOH

6.4 g (0.16 mol) and Na2CO3 1.06 g (0.01 mol) were dis-

solved in 50 mL of deionized water to obtain solution C.

The mixed solution B and solution C were then slowly

added in solution A with vigorous stirring for a certain time

(from 0.5 to 4 h). During processing, a sonication was used

to disperse the ILDHs at room temperature. After reaction,

the obtained slurry was filtered to obtain the raw product,

followed by washing several times using the dispersion and

filtration processes in distilled water and then drying at

105 �C for 6 h.

The different ILDHs used in this study were synthesized

almost in the same way, just with little differences in APP-

to-LDHs mole ratio (1:4–5:4), reaction time (0.5–4 h) and

reaction temperature (60–100 �C). Composition of the re-

actants, reaction conditions and nomenclature are listed in

Table 1. The pure Mg–Al LDHs (LDHs-1) were also pre-

pared for study.
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Preparation of ILDHs/EP composites

ILDHs-1-2 2.75 g and EP 10 g were blended uniformly

under ultrasonic condition, and then, ethylenediamine an-

hydrous was dispersed in the solution above to prepare the

ILDHs-1-2/EP composite. After ambient cure for 24 h, the

ILDHs-1-2/EP was cured for 2 h at 120 �C. The ILDHs-1-

2/EP samples containing 5 mass% ILDHs-1-2 (ILDHs/EP-

5) were obtained. Using this method, other ILDHs-1-2/EP

samples containing 10 mass% (ILDHs/EP-10), 20 mass%

(ILDHs/EP-20), 30 mass% (ILDHs/EP-30) and 40 mass%

(ILDHs/EP-40) ILDHs-1-2 were also prepared.

Characterization and measurement

X-ray diffraction (XRD) profiles were carried out on a D8

focus electronic instrument in steps of 6� min-1 using Cu

Ka radiation (k = 0.15418 nm) at 45 kV and 150 mA be-

tween 5� and 70� (2h).

The limiting oxygen index (LOI) values were measured

on an HC900-2 oxygen index meter (Jiangning, China).

The specimens used for the test were prepared by molding

method according to GB/T10801.1-2002.

UL-94, a standard, small-scale flame test for flamma-

bility of plastic materials, determines the material’s ten-

dency to either self-extinguish or spread its flame once the

specimen has been ignited. Ratings for UL-94 range from

V-2 to V-0. V-0 is the best rating for a polymer that self-

extinguishes, and also the polymer does not drip flaming

fragments. Materials were tested as received with no ad-

ditional conditioning before testing. Five specimens for

each formulation were tested. The UL-94 tests were per-

formed on a CFZ 2-type instrument (Jiangning, China).

Mechanical properties of epoxy nanocomposites were

evaluated using an XLD-1A universal material testing

system (Tianjin, China) in accordance with GB/T 1093-92

test for plastics. The load–displacement curve was ob-

tained, and the ultimate tensile stress (UTS) and elongation

at break were calculated accordingly. Average values were

reported based on five samples that were tested for each

formulation. The specimens were conditioned at 50 %

relative humidity for 48 h before testing. The testing rate

was 10 mm min-1, and the environmental temperature was

23 �C.

Thermogravimetric (TG) analysis and differential ther-

mogravimetric (DTG) analysis on EP composites (ap-

proximately 8.0 mg) were characterized on a DTG-60

instrument in flowing air at 10 �C min-1 from room tem-

perature to 700 �C.

Fourier transform infrared (FTIR) studies were recorded

on a Nicolet Magna-IR 550 spectrometer. The sample

prepared in this paper was pressed pellet of sample com-

bined with KBr.

Morphology analysis of the residues of ILDHs/EP

composite after the LOI test was conducted by scanning

electron microscopy (SEM) (S-4700 instrument) operating

at an accelerating voltage of 20 kV. The associated ele-

mental composition was determined by energy-dispersive

analysis by X-ray (EDAX) facility.

Results and discussion

Characterization of ILDHs

The Mg–Al layered double hydroxides (LDHs, [Mg6Al2
(-OH)16CO3]4H2O) and AAPP intercalated LDHs (ILDHs)

were prepared by chemical co-precipitation method [16]

(Fig. 1). These products and commercial Mg–Al LDHs

(LDHs-0) were tested by XRD. The powder XRD patterns of

the sample are shown in Fig. 2. LDHs layers may exhibit two

stacking sequences, rhombohedral and hexagonal. As shown

in Fig. 2, the typical diffraction peaks at (003), 006), (009),

(015), (018), (110) and (113) belong to LDHs (JCPDS22-

0700) [17]. The LDHs are a mixture of hydroxide and car-

bonate. Some OH-, Cl-, CO3
2- and SO4

2- exist in the LDHs.

The LDHs and ILDHs-1-2 as prepared have the same crystal

form. Compared to the XRD patterns of the commercial

LDHs, LDHs-1 and ILDHs-1-2 show a broad diffraction

peak with an obvious blue shift.

Based on the XRD patterns and the full width at half

maximum (FWHM) of the (003), (006) and (009) reflec-

tions, the crystallographic data and crystallite size of

samples were calculated using the Bragg’s law and

Table 1 Composition of the reactants, reaction conditions and

nomenclature

Nomenclature AAPP-to-LDHs

mole ratio

Reaction

time/h

Reaction

temperature/�C

ILDHs-1-1 1:4 2 80

ILDHs-1-2 1:2 2 80

ILDHs-1-3 3:4 2 80

ILDHs-1-4 1:1 2 80

ILDHs-1-5 5:4 2 80

ILDHs-2-1 1:2 0.5 80

ILDHs-2-2 1:2 1 80

ILDHs-2-3 1:2 2 80

ILDHs-2-4 1:2 3 80

ILDHs-2-5 1:2 4 80

ILDHs-3-1 1:2 2 60

ILDHs-3-2 1:2 2 70

ILDHs-3-3 1:2 2 80

ILDHs-3-4 1:2 2 90

ILDHs-3-5 1:2 2 100
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Scherrer’s equation [18], respectively. Results are listed in

Table 2. Comparing the d003, the d-spacing of LDH-1 and

ILDHs-1-2 are greater than that of LDH-0. The inter-

lamellar spacing of ILDHs-1-2 (d003 = 0.921 nm) is larger

than that of LDHs-1 (d003 = 0.782 nm). The change in

interlayer spacing indicates the successful intercalation of

LDHs by AAPP [19]. The average thickness of the LDHs-1

and ILDHs crystals is 6.86 nm and 7.36 nm, respectively.

Since the d003 basal spacing of LDHs-1 and ILDH is

0.782 nm and 0.921 nm, respectively, the thickness value

suggests that the obtained crystallites contain stacks of up

to 8–10 LDH layers.

The intercalation of AAPP into LDHs was also con-

firmed by the FTIR spectra (Fig. 3). The spectrum of

AAPP sample (Fig. 3a) shows –NH (3419 and 1409 cm-1),

–OH (3126 cm-1, hydrate complex), –C=O (1637 cm-1),

C–O–P (1294 and 543 cm-1) and P–O (1087 cm-1)

groups [17], indicating the presence of carbonate in the

sample. The spectrum of LDHs-0 sample (Fig. 3b) shows

the characteristic peaks of the LDHs materials: (1) the in-

tense broad band around 3300–3500 cm-1 (center at

3462 cm-1) associated with the stretching vibration of O–

H in the brucite-like layer and water molecules;(2) bands

around 1389 and 1115 cm-1 are attributed to the asym-

metric and symmetric stretching vibrations of carboxylate,

respectively, indicating the presence of carbonate in the

sample; (3) the band at 615 cm-1 attributed to the M–O

and M–O–H stretching vibrations; and (4) the peak at

440 cm-1, particularly characteristic of Mg–Al–LDH ma-

terials. Figure 3c presents the FTIR spectrum of ILDHs-1-

2, which contains some carbonate and hydroxide. The

asymmetric carboxylate band moved to a lower frequency

compared with the corresponding bands in AAPP, due to

the strong electrostatic interactions between AAPP –OH

and –NH4
? groups and LDHs layers. For example, 3126 and

1409 cm-1 of AAPP and 1115 cm-1 of LDHs shift to

3112, 1403 and 1109 cm-1, respectively, after intercalation

OH OHOH

+ P

OH

OH

HO O
OHO

PO

P

O– NH4

4

+

O– NH4
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Fig. 1 Schematic diagram of the synthesis of ILDHs
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Fig. 2 XRD patterns of a LDHs-0, b LDHs-1 and c ILDHs-1-2

Table 2 Crystallographic data and crystallite size of samples

Sample name d003/nm d006/nm d009/nm Crystallite size/nm

LDHs-0 0.756 0.380 0.259 –

LDHs-1 0.782 0.393 0.258 6.86

ILDHs-1-2 0.921 0.399 0.262 7.36
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Fig. 3 FTIR patterns of a AAPP, b LDHs-1 and c ILDHs-1-2
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to LDHs. The FTIR analysis shows good interaction be-

tween the AAPP and the LDHs [20, 21].

Figure 4 presents the EDS pattern and elemental com-

position (inset) of ILDHs. Results illuminate that the Mg-to-

Al mole ratio is about 3:1, which is the same as the theoretical

result of LDHs. In addition, the content of N and P elements

in the ILDHs is 1.69 AT % and 7.82 AT %, respectively,

which confirms the intercalation of the LDHs by AAPP.

Figure 5 presents the morphology of LDHs and ILDHs

as revealed by SEM. The aggregation of LDHs-1 (Fig. 5a)

with relative flat surface is observed. In comparison with

the LDHs-1, the ILDHs-1-2 (Fig. 5b) accumulates layer by

layer to form the laminate structure with rough and porous

surface, resulting in a huge specific surface area and pore

volume. The inset shows the detail morphology of ILDHs-

1-2. The thickness of laminate structure is about 30–40 nm,

which is larger than that calculated from the XRD patterns

using Scherrer’s formula (6.86–7.36 nm). The difference

may be due to some aggregation of the ILDHs nano-

crystals. The data calculated from XRD results reflected the

size of a single crystal, whereas the SEM photograph

shows the aggregates of the ILDHs particles. Due to their

porous surface and nano-sized laminate structure, the

ILDHs indicate a good compatibility with polymers. Based

on the analysis by XRD and SEM, it can be concluded that

AAPP has been intercalated into the LDHs layers [16].

Impact factors for the synthesis of ILDHs

The effects of AAPP-to-LDHs ratio, reaction time and re-

action time on the yield of ILDHs have been studied. As

shown in Table 3, the yield of ILDHs increases from 63.6 to

74.0 % with the increase in AAPP-to-LDHs mole ratio from

1:4 to 1:1, and then, the yield decreases as the mole ratio

reaches 5:4. The maximum yield of ILDHs was obtained as

the reaction time was 2 h. Results show that the yield of

ILDHs increases from 68.6 to 71.1 % as the reaction tem-

perature increases from 60 to 100 �C. Based on the analysis

aforementioned, the optimized conditions for synthesis of

ILDHs are as follows: an AAPP-to-LDHs ratio of 1:2–1:1, a

reaction time of 2–3 h and a reaction time of *90 �C.

Mechanical properties

The mechanical properties of epoxy nanocomposites were

evaluated, and the ultimate tensile stress (UTS) and
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Fig. 4 EDAX pattern and elemental composition (inset table) of

ILDHs-1-2

100nm

(a) 

(b)

LDHs-2

Fig. 5 SEM micrograph of a LDHs-1 and b ILDHs-1-2

Table 3 Effects of AAPP-to-LDHs ratio, reaction time and reaction

temperature on the yield of ILDHs

Sample Yield/% Sample Yield/% Sample Yield/%

ILDHs-1-1 63.6 ILDHs-2-1 59 ILDHs-3-1 68.6

ILDHs-1-2 72.5 ILDHs-2-2 66.2 ILDHs-3-2 69.7

ILDHs-1-3 73.3 ILDHs-2-3 73.6 ILDHs-3-3 70.2

ILDHs-1-4 74.0 ILDHs-2-4 72.9 ILDHs-3-4 70.9

ILDHs-1-5 73 ILDHs-2-5 73 ILDHs-3-5 71.1
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elongation at break were calculated accordingly. Table 4

illustrates the mechanical properties of neat EP, LDHs-1/

EP and ILDHs-1-2/EP samples. According to the ex-

perimental data, the addition of LDHs-1 reduces me-

chanical properties of EP [5]. The reduction in tensile

strength and elongation at break is of 37 and 47 %, re-

spectively. However, results show that some mechanical

properties of ILDHs-1-2/EP composite (ILDHs/EP-10 and

ILDHs/EP-20) are significantly improved compared to the

LDHs-1/EP and neat epoxy samples. For example, by

adding 20 mass% ILDHs-1-2, the tensile strength of

ILDHs/EP-20 increases 25 and 99 % in comparison with

the neat epoxy and LDHs-1/EP, respectively. The elonga-

tion at break of ILDHs/EP-20 is higher than that of LDHs-

1/EP, but ILDHs/EP-40 is less than that of neat epoxy [22].

It suggests that there exists a physical cross-linking

network composed of layered particles and polymer chains

in the composites (Fig. 6) [23]. As the schematic diagram

of cross-linking network of ILDHs/EP shows (Fig. 6), the

transformation and movement of ILDHs and EP occur si-

multaneously. The ILDHs with hydrophobic property

easily disperse in epoxy resin, and the ILDHs with large

gallery space allow the epoxy molecules and the curing

agents to easily diffuse into the LDHs galleries at elevated

temperature. Owing to the physical interaction and che-

mical reaction between the amine groups of the intercalated

amino and epoxy groups, the adhesion between the LDHs

nanolayers and epoxy molecules makes these LDHs/epoxy

nanocomposites more compatible. Consequently, the ten-

sile properties from tensile test and the mechanical prop-

erties were enhanced [8, 9]. As the ILDHs loading goes

over 20 mass%, the stress concentration resulting from

agglomeration of ILDHs decreases the mechanical prop-

erties of ILDHs/EP [24].

Thermal properties

The thermal stability of epoxy composites is extremely

important when it comes to flame retardancy, which are

mainly evaluated by their release of decomposition prod-

ucts and formation of char. Figure 7a shows TG data of

Table 4 Mechanical properties of EP, LDHs/EP and ILDHs/EP

Sample Tensile strength/MPa Elongation at break/%

EP 41.98 ± 1.6 58 ± 1.6

LDHs-1/EP 26.35 ± 1.4 30 ± 1.8

ILDHs/EP-10 43.40 ± 2.6 32 ± 1.9

ILDHs/EP-20 52.53 ± 1.9 35 ± 2.1

ILDHs/EP-30 29.67 ± 1.8 33 ± 1.7

ILDHs/EP-40 20.86 ± 2.2 29 ± 1.5
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LDHs-1, EP and ILDHs-1-2 samples in air. DTG curves for

all samples under air are illustrated in Fig. 7b. It can be

seen that the thermal decompositions of LDHs-1 occur at

263 and *443 �C, indicating the releasing of water and

CO2 [25]. For ILDHs-1-2, the first elimination of H2O and

volatiles occurs in the range of 100–300 �C
(*9.41 mass%). The second mass loss occurs at *451 �C
caused by the random scission of molecular main chain of

AAPP. The initial thermal decomposition temperature of

EP occurs at *349 �C, which is near to ILDHs-1-2,

indicating a good matching of flame retardancy between

ILDHs and EP. At *349 �C, EP decomposed sharply. The

thermal decomposition of LDHs leads to the formation of

an intercalated nanostructure of the char and mixed metal

oxides (Al2O3 and MgAl2O4). The intercalated nanostruc-

ture can improve the antioxidation property of the char

structure [26, 27].

The TG/DTG curves of EP and ILDHs/EP are shown in

Fig. 8. As the ILDHs loading increases from 10 to

40 mass%, the residue mass percent of ILDHs/EP in-

creases from 1 to 30.15 mass%, indicating that catalysis of

the ILDHs accelerates the de-polycondensation reaction

[28]. In comparison with LDHs/EP, the residue mass per-

cent of ILDHs/EP-20 (18.86 mass%) is higher than that of

LDHs/EP-20 (12.13 mass%). Zhao et al. [14] reported the

use of APP, and synergistic co-additives such as Ni/Al

LDHs can impart good flame retardancy for PVA rather

than employing APP alone because LDHs can catalyze

esterification, dehydration and compact char formation of

PVA/APP system. The improvement in flame retardancy of

PVA/APP/LDHs composite was due to condensed-phase

flame-retardant mechanism. In my present work, the resi-

due in the TG was evident that ILDHs efficiently promoted

the formation of charred layers with phosphocarbonaceous

structures; i.e., the synergistic effect between LDHs and

AAPP is observed. It is similar with the results of the lit-

erature [29].

As shown in DTG curves, the marked peaks of LDHs/

EP-1 curve are at 359 and 519 �C, showing a right shift at

low temperature and a left shift at high temperature in

comparison with EP (Figs. 7, 8). The LDHs/EP-30 shows a

similar trend, compared to the EP and LDHs/EP-10

(359 �C ? 356 �C; 519 �C ? 504 �C), indicating a better

stability than that of EP and LDHs/EP-1 at the first de-

composition. In summary, ILDHs/EP with a low flamma-

bility can effectively inhibit combustion by the major

action of condensed-phase protection [23]. The funda-

mental flame-retardant mechanism will be discussed

adequately by the following morphology characterization

and FTIR measurements of char layer.

Flammability

Limiting oxygen index (LOI) and vertical burning (UL-94)

tests are used as qualitative methods to evaluate the flame

retardancy of polymeric materials. All LOI data of ILDHs/

EP composites are shown in Table 5. From the ex-

perimental data shown in Table 5, pure EP is easily flam-

mable with an LOI value of 19.2 %, and it cannot pass the

UL 94 test. The LOI data of LDHs-1/EP (20 mass% LDHs)

increase to 22.3 %; however, it cannot achieve a V-0 rat-

ing. Obviously as can be seen from Table 5, the flame

retardancy of ILDHs/EP composite can be improved ef-

fectively with a specific loading of ILDHs. The LOI value

of ILDHs/EP-10 is 23.2 %. As the concentration of ILDHs

increases from 20 to 40 mass%, the LOI values increase

dramatically. The LOI value of ILDHs/EP-40 can reach up

to 29.0 %, and UL 94 of ILDHs/EP-30 and ILDHs/EP-40

are rated V-0. All the results above demonstrate that ILDHs

play an important role in enhancing flame retardancy of EP

composites. This may be due to the reason that as ILDHs/
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EP systems are exposed to fire, a compact and intumescent

charred layer on the surface of the composite is formed.

This charred layer provides an efficient shield and insula-

tion which can prevent the underlying material from

coming into contact with heat, oxygen and fire directly [4].

However, the charred layer of ILDHs/EP system formed

during combustion is porous but not compact, which can be

seen during LOI test. The structure and formation of the

char layer will be discussed in detail below.

Possible mechanism for char formation

To determine how the ILDHs affect the formation of an

intumescent charred layer, FTIR spectroscopy was em-

ployed to analyze the composition of charred layer of

ILDHs/EP-20. The chars were collected after heating at

500 �C for 5 min in air using a muffle furnace. As shown in

Fig. 9a, organic groups exist in EP, which are characterized

by peaks at 2900, 1567 and 1088 cm-1, etc. This can be

attributed to absorption from CH2 or CH3 asymmetric–

symmetric vibration and deformation vibration. After

combustion, as shown in Fig. 9b, the intensity of some

peaks at 1639, 990 and 487 cm-1 increases significantly

with the loading of ILDHs in EP composite. The charac-

teristic absorption peaks at 1198 cm-1 (assigned to P=O

stretching) and 990 cm-1 (attributed to P–O group) be-

come stronger and clearer when compared to Fig. 5a, to

some degree [30]. This may be due to the cross-linking of

AAPP and EP in the presence of LDHs. So, more AAPP

becomes available for phosphorylation and char formation

[31]. Furthermore, the broad shoulder peak at *765 cm-1

belongs to the stretching of aromatic structure in the

phosphate–carbon complexes. Meanwhile, the vibration of

C=C group at 1567 cm-1 disappears. Comparing the data

with TG graphs (Fig. 8), the residue mass of ILDHs/EP-20

(18.86 mass%) is higher than that of LDHs/EP-20

(12.13 mass%), indicating that the phosphocarbonaceous

complexes has been formed and then it increased the

residue in the TG curve over the ILDHs contribution.

These changes indicate that LDHs can catalyze the carbon

double bonds to form stable char structure, such as aro-

matic structure. These results give further evidence that

organic phosphorus in ILDHs/EP blend has been converted

into phosphocarbonaceous complexes in char after

oxidation.

The effect of the char structure on the flame retardancy

of EP matrix has been studied further. The morphologies of

the charred layers obtained after LOI test were examined

by SEM. As shown in Fig. 10a, the image of outer surface

of ILDHs/EP-20 char seems fluffy and porous. The

lamellar structure of LDHs can clearly be seen in Fig. 10a,

b. The addition of ILDHs to epoxy folded the morphology

of char. Both closed holes and opened holes are found in

the char. This depends on the viscosity of ILDHs/EP-20

melted and release of composite. Generally, the closed hole

is better than opened hole, because the closed hole can

provide a good barrier in combing with the swollen inner

structure (Fig. 10c) to the transfer of heat, mass and

flammable gases during combustion which improved the

flame retardancy of intumescent flame-retarded epoxy

samples more efficiently [32].

Based on the analysis aforementioned, a possible

mechanism for the ILDHs/EP-20 composites was dis-

cussed. During combustion, AAPP is first thermally de-

composed to form phosphorylated polyvinyl alcohol which

may undergo a further dehydration in two traditional ways.

The phosphate ester may react with the EP network or itself

and subsequently cross-link with the formation of a three-

dimensional network structure. Then, phosphorylated

polyvinyl alcohol may react with the LDHs layers and

release water molecules to produce bridges between AAPP

chains. Wang et al. [33] reported that only 1.5 % nano-

LDHs could catalyze the esterification reaction between

ammonium polyphosphate and pentaerythritol. The for-

mation of a small number of such bridges will induce a

stabilization of AAPP and a decrease in the volatility of

phosphorus, and thus, more AAPP will be available for

phosphorylation and char formation [34]. So, the viscosity
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Table 5 Evaluation of flame retardancy of ILDHs/EP systems

Samples Loading/mass% LOI/% UL-94 rating

EP 0 19.2 N.R

LDHs-1/EP 20 22.3 V-2

ILDHs/EP-10 10 23.2 V-1

ILDHs/EP-20 20 26.1 V-1

ILDHs/EP-30 30 27.4 V-0

ILDHs/EP-40 40 29.0 V-0
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of the melt during pyrolysis and combustion increases and

therefore enhances the formation of a compact and dense

charred layer. There is also an intumescent char structure

which is produced by releasing H2O and NH3. Simulta-

neously, during the combustion, the reaction of EP chains

with LDHs results in a precursor of char. As described

above, the improvement in flammability properties of the

ILDHs/EP-20 composite is mainly attributed to the con-

densed-phase flame-retarding mechanism. The reinforced

char layers during combustion led to a production of low

volatiles [35]. Meanwhile, there also exists a minor gas-

phase flame-retarding mechanism. The LDHs can promote

the formation of a compact charred layer in the condensed

phase during combustion. Furthermore, the intumescent

char structure prevents the internal thermal decomposition

products from getting out into the flame zone and the O2

from getting into the polymer matrix [6].

Conclusions

To enhance the flammability and mechanical properties of

epoxy/LDHs composites, an ammonium alcohol polyvinyl

phosphate (AAPP) intercalated LDHs (ILDHs) were syn-

thesized by a solution intercalation method. The conditions

for synthesis of ILDHs have been optimized. As the AAPP-

to-LDHs were 1:2, the reaction time was 2 h, the reaction

temperature was 90 �C, and the yield of ILDHs was about

73.6 %. The flame retardancy of epoxy was improved by

adding ILDHs. The ILDHs/EP containing 30–40 mass%

ILDHs passed UL-94 V-0 rating. Tensile strength was also

enhanced by adding 10–20 mass% ILDHs, which was at-

tributed to the involvement of physical cross-linking net-

work among layered particles and polymer chains. SEM

observations of the residues of ILDHs/EP confirmed the

formation of an incompact charred layer during combus-

tion, which could inhibit the transmission of heat and mass

during contact with flame. Analysis revealed both con-

densed-phase and gas-phase flame-retarding mechanisms

for ILDHs/EP, in which ILDHs acted as a catalyst for es-

terification, dehydration and compact char formation of EP

system.
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