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ABSTRACT: The PLA/OMMT nanocomposites were produced using a melt compounding technique with isopropylated triaryl phos-

phate ester flame retardant (FR; 10–30 parts per 100 resin). The flammability of the PLA/OMMT composites was evaluated with an

Underwriter Laboratory (UL-94) vertical burning test, and their char morphology was studied using scanning electron microscopy

(SEM). The thermal properties of the PLA/OMMT were characterized with a thermogravimetric analyzer (TGA) and a differential

scanning calorimeter (DSC). The thermal analyses showed that adding FR reduced the decomposition onset temperature (To) of PLA/

OMMT. Both PLA/OMMT/FR20 and PLA/OMMT/FR30 showed excellent flame retardant abilities, earning a V-0 rating during the

UL-94 vertical burning test. A compact, coherent and continuous protective char layer was formed in the PLA/OMMT/FR nanocom-

posites. Additionally, the DSC results indicated that the flexibility of the PLA/OMMT composites increased after adding FR due to

the FR-induced plasticization. The impact strength of PLA/OMMT was greatly increased by the addition of FR. Flexible PLA nano-

composites with high flame resistance were successfully produced. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41253.
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INTRODUCTION

The disposal of petroleum-based plastics and the restricted

availability of petrochemical resources is a global concern. In

recent years, biopolymers have been a focus of academic and

industrial research in the context of sustainable development

and reduced impact on the natural environment. Recent devel-

opments pertaining to the economical manufacturing of lactic

acid from renewable agricultural resources (e.g., corn, potato,

sugar beet, sugar cane) have made poly(lactic acid) (PLA) one

of the most important biodegradable polymers. PLA offers good

mechanical properties (i.e., high strength and modulus), a high

degree of transparency, facile processability, good biocompatibil-

ity and excellent biodegradability. This material has a high ten-

sile strength (50–70 MPa) and elastic modulus (3–4 GPa),

allowing it to replace conventional polymers in numerous appli-

cations, such as packaging, extruded products, and thermo-

formed containers. Moreover, PLA exhibits similar processing

characteristics to existing thermoplastic; therefore, PLA can be

readily processed using existing production equipment. How-

ever, it should be noted that PLA still faces some challenges,

e.g., inferior impact performance, low thermal stability and

ignitability.1–3

Similar to other common petrochemical plastics, the ignitability

of PLA and its tendency to drip during combustion limit its

applications, especially in the electronic and electrical fields and

in the automotive industry. The dripping of flaming melts is a

particular problem that hinders the improvement of flame

retardant thermoplastics. The flaming drips may lead to a rap-

idly spreading fire if highly flammable materials are available.4

Therefore, improving the flame retardant properties of PLA has

remained an important task. Polymer/clay nanocomposites have

drawn extensive interest due to their improved mechanical,

thermal, and flammability properties.5 Although several studies

have reported that polymer/clay nanocomposites can exhibit a

decreased heat release rate (HRR), they are unable to impart

self-extinguishing properties to the nanocomposites or pass the

regulatory tests.6

It is known that the impact strength and toughness of PLA could

be reduced by the addition of clay. Leu et al.7 had reported that

PLA/OMMT had displayed lower impact strength compare to the

neat PLA. There is a need to improve the toughness and flexibil-

ity of PLA so that it can complete with commodity thermo-

plastics (e.g. polyethylene and polypropylene). Thus, various

approaches including copolymerization, plasticization, and blend-

ing with elastomeric materials have been carried out to enhance

the impact properties and toughness of PLA.8–11 Recently, litera-

tures showed that PLA can be toughened by maleated styrene-

ethylene/butylenes-styrene,7 poly(ethylene glycol),11 maleic
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anhydride grafted ethylene-propylene rubber,12 linear low density

polyethylene,13 poly(ethylene glycol)-functionalized polyhedral

oligomeric silsesquioxane,14 poly(e-caprolactone) coated nano-

titania particles,15 and ultrafine full-vulcanized powdered

rubber.16

In general, the combustion cycle of a polymer can be inter-

rupted during a selected stage of the process, such as during

heating, decomposition, ignition or flame spreading. Bourbigot

and Fontaine17 suggested three main approaches to reduce the

flammability of PLA : chemical modification of the molecular

structure, incorporation of flame retardants into the polymers

and direct surface treatment of the PLA chain.

Although halogenated flame retardants efficiently quench flames

and improve thermal stability, they negatively impact the envi-

ronment. When halogenated substances are incinerated at high

temperatures, they may produce toxic dioxins and furans; these

compounds can cause cancer, birth defects, and neurological

damage. Therefore, halogen-free flame retardants, such as metal

oxides, metal hydroxides, phosphorus and melamine com-

pounds, have attracted considerable attention in recent years.18

Inorganic phosphates, insoluble ammonium phosphate, organo-

phosphates and phosphonates, chlorophosphates and phospho-

nates, bromophosphates, phosphine oxides, and red phosphorus

are commonly used phosphorus-based flame retardants.19,20

Triaryl phosphates are organophosphorus compounds that work

well in oxygen-containing polymers, such as polyester, polyam-

ide, poly(ethylene terephthalate) and poly(urethane).21,22

Wei et al.23 reported that additive-type flame retardants are con-

venient for the manufacturing of materials and are used in

PLA, and these materials are composed of phosphorus-

containing, silicon-containing, and inorganic additives. Adding

poly(9-oxa-10-(2,5-dihydro-xyphenyl) phospha-phenanthrene-

10-oxide) phenylphosphonate to PLA leads to a V-0 rating dur-

ing the UL-94 test.23 Wang et al.24 used ethyl phosphorodichlor-

idate as a chain extender to synthesize poly(lactic acid)-

containing phosphorus in the backbone (PPLA). The PPLA

exhibited good flame retardant properties (V-0 in the UL-94

test with a Limiting Oxygen Index (LOI) value of 25%).

To the best of our knowledge, there have been no studies

describing the flammability of PLA when using isopropylated

triaryl phosphate ester as a flame retardant. This phosphorus-

containing flame retardant (Reofos 50) is commonly used as a

flame retardant for poly(vinyl chloride), polyurethanes, cellu-

losic resin and synthetic rubber and as a processing aid for

engineering resins, such as modified poly(phenylene oxide)

(PPO) and polycarbonate. This paper will elucidate the effects

of a phosphorus-based flame retardant on the flammability,

thermal and impact properties of PLA/OMMT nanocomposites.

EXPERIMENTAL

Materials

Poly(lactic acid) (PLA, IngeoTM 3051D) was purchased from

NatureWorks LLC, USA. This material has a specific gravity of

1.25 g/cm3 and a melt flow index of 25 g/10 min (2.16 kg load,

210�C). The glass transition (Tg) and melting temperatures (Tm)

of PLA are 60�C and 150�C, respectively. The organo-

montmorillonite (OMMT, Nanomer 1.31PS) was supplied by

Nanocor, Inc. This material exists as a white powder with its sur-

face modified with 15 to 35 wt % of octadecylamine and 0.5 to

5 wt % of aminopropyltriethoxysilane. The mean dry particle size

is less than 20 lm, and the bulk density is 200 to 500 kg/m3.

The phosphorus-based flame retardant (Reofos 50; FR) was pro-

vided by Chemtura Corporation, and has a phosphorus content of

8.3%. This clear liquid has a specific gravity of 1.17-1.18 g/cm3 at

20�C. The liquid flame retardant possesses a viscosity of 53 to 64

cps at 25�C and contains 25 to 50% triphenyl phosphate (R5H),

including more than 50% isopropylated triphenyl phosphate

(R 5 isopropyl).

Preparation of PLA Nanocomposites

Before melt compounding, the PLA pellets and OMMT powder

were dried in an oven at 55�C for 24 h to remove any moisture.

Subsequently, a predetermined amount of OMMT and FR were

premixed manually at room temperature. The melt compound-

ing was carried out with an internal mixer (Haake Rheomic

Polydrive R 600/610) set at 170�C with a total mixing time of

10 min and a mixing speed of 50 rpm. To obtain PLA/OMMT/

FR nanocomposites, PLA pellets were loaded into the internal

mixer, and then the premixed OMMT/FR compound were

added into the PLA after 5 min of mixing time. After melt mix-

ing, the compounds were removed from the internal mixer and

dehumidified at 55�C for 24 h before compression molding.

The compression molding was carried out with a hydraulic

press (Gotech, Taiwan) at 180oC. The specimens were com-

pressed to a thickness of 3.2 mm for further testing. The mate-

rials composition and designation are presented in Table I.

Characterization of PLA/OMMT/FR Nanocomposites

Nanostructure Morphology Assessment. TEM measurements

were carried out with a transmission electron microscope

(Carl Zeiss, model: Zeiss Libra 120 Plus) operating at an accel-

erating voltage of 120 kV. The specimens were prepared using

an ultramicrotome (Boeckeler Instruments, model: PT-PC

PowerTome). Ultra-thin sections of about 50 nm in thickness of

the PLA nanocomposite specimen was cut with a diamond knife

(Diatome, model: ultra 45�, Switzerland) at room temperature.

Flammability Tests. An Underwriters Laboratories (UL) 94 ver-

tical burning test was performed according to ASTM D3801

with a HVUL Horizontal Vertical Flame Chamber (ATLAS Fire

Science Product, Chicago). The test specimens were 120 mm 3

Table I. Material Designations and Compositions of PLA Nanocomposites

Composition

Material designation PLA (wt %) OMMT (wt %) FR (phr)

PLA 100 – –

PLA/OMMT 95 5 –

PLA/OMMT/FR10 95 5 10

PLA/OMMT/FR20 95 5 20

PLA/OMMT/FR30 95 5 30
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12.7 mm 3 3.2 mm (length 3 width 3 thickness) and

mounted vertically above a cotton patch. A 20 mm yellow-

tipped blue flame was produced by adjusting the gas supply and

air ports of the burner. The burner was tilted to 45 6 5� per-

pendicular to the wide face of the specimen. The specimens

were ignited at the bottom for 10 s. If the burning stopped, the

flame was immediately reapplied for an additional 10 s. The

times the flame persisted after the first (t1) and second applica-

tions (t2) were recorded. A total of two sets of specimens, with

five specimens in each set, are prepared for each of the

composition.

Thermogravimetric Analysis (TGA). Thermogravimetric analy-

sis (TGA) was carried out to investigate the decomposition

onset temperature (To), the temperature at the maximum degra-

dation rate (Tmax) and the char yield of the specimens (percent-

age). The To refers to the onset decomposition temperature, and

T10 is defined as the temperature when 10% weight loss occurs,

while T50 indicates the temperature at which 50% weight loss

occurs during thermal decomposition. Tmax denoted to the peak

temperature at the maximum decomposition rate that deter-

mined from the DTG curves. The TGA tests were performed at

10�C/min under nitrogen. The samples weighed approximately

10 to 15 mg and were heated from 30 to 600�C.

Differential Scanning Calorimetry (DSC). Differential scanning

calorimetry (DSC) was used to determine the glass transition

temperature (Tg), melting temperature (Tm) and cold crystalli-

zation temperature (Tcc) of the PLA samples. The DSC analyses

were performed with a Mettler-Toledo DSC1, USA, and were

conducted under nitrogen using approximately 10 mg of sample

sealed in aluminum pans. The samples were heated from 30–

180�C at 10�C min21, held at 180�C for 1 min, and cooled to

30�C at 10�C min21. A second experiment was performed that

was similar to the first.

Microstructure Analysis. A field emission electron microscope

(FESEM, Supra 35VP, Carl Zeiss, Germany) was used to study

the char morphology of the PLA surfaces. The surfaces were

sputtered with gold before the FESEM examination. Energy dis-

persive X-ray Microanalysis (EDX 32, Genesis) was used to ana-

lyze the occurrence of elements in the char residue of the PLA

composites.

Impact Tests. Charpy impact tests were carried out by using a

pendulum-type testing machine (Type 5101, Zwick, Germany)

in accordance to ASTM 6110-04. Five specimens were tested for

each composition. The testing was performed with a pendulum

of 7.5 J with a velocity of 3.84 m/s.

RESULTS AND DISCUSSION

Morphology of PLA/OMMT/FR Nanocomposites

Figure 1 shows the TEM images taken from the PLA/OMMT/

FR nanocomposite. The dark gray lines represented the

thickness of individual clay layer. One may observe that the dis-

persibility of the OMMT layered silicate in the PLA is quite well

and homogeneous, in the presence of FR. From the TEM

micrograph, both intercalated and exfoliated OMMT were

detected.

UL-94 Vertical Burning Test

The UL-94 test is used to determine the relative flammability,

dripping behavior and extinguishing characteristics of plastics

employed as parts in devices and appliances.25 Table II displays

the UL-94 vertical burning test results of the neat PLA, PLA/

OMMT and PLA/OMMT/FR composites. The pure PLA burned

with vigorous dripping and bubbling when the flame was

applied. The falling drips of PLA ignited the cotton indicator at

the bottom of the holder clamp. Because the PLA could self-

extinguish within 30 s after the first and second flame applica-

tions, a V-2 rating was achieved. The flowing and dripping

Figure 1. TEM images taken from the PLA/OMMT/FR nanocomposite.

Table II. Effect of Varying the FR Loading on the Burning Behavior and the UL-94 Rating for the PLA Nanocomposites

After-flame time (s)

Materials designation 1st flame application, t1 2nd flame application, t2 Flame dripping Cotton ignited Rating

PLA 6 6 3 7 6 2 Yes Yes V-2

PLA/OMMT 12 6 2 20 6 3 Yes Yes NR

PLA/OMMT/FR10 4 6 2 3 6 1 Yes Yes V-2

PLA/OMMT/FR20 3 6 1 1 6 1 Yes No V-0

PLA/OMMT/FR30 1 6 1 1 6 1 Yes No V-0

Remarks: NR 5 no rating in UL-94 vertical burning test.
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behavior of the PLA could remove heat from the surface when

melting precedes ignition.26 Because the specimens were

mounted vertically during the burning test, the polymer that

acted as the fuel was progressively withdrawn from the fire

source, avoiding ignition and continuing fire growth. Therefore,

PLA has good potential for qualifying via the UL-94 test.27,28

Note that there is no obvious improvement in the flame resist-

ance of PLA by the incorporation of OMMT. According to

Anna et al.29 and Nazare et al.,30 incorporating nanoclay

increases the melt viscosity considerably, reducing the dripping

and flowing behavior of the compound during ignition.

Although the dripping tendency of PLA was reduced in the

presence of the nanoclay, the falling drips still ignited the cot-

ton, and the PLA was unable to self-extinguish. Because the

mean total after-flame time exceeded 30 s for each specimen,

the PLA/OMMT was assigned “no rating” in the UL-94 test.

Studies have also revealed that nanoclay only improves the ther-

mal stability of polymers by reducing the heat release rate

(HRR) and slowing burning; these materials do not promote

Figure 2. FESEM micrographs of the PLA composites after a UL-94 vertical burning test. (a) PLA, (b) PLA/OMMT, (c) PLA/OMMT/FR10, (d) PLA/

OMMT/FR20, and (e) PLA/OMMT/FR30.
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self-extinguishing behavior or enable the minimum require-

ments of the UL-94 vertical burning test to be met.31

When PLA was combined with OMMT and FR, the flame

retardant behavior of PLA improved significantly. The UL-94

rating of the PLA nanocomposites improved as the FR loading

increased. After adding 10 phr of FR to the PLA, the mean total

after-flame time after two cycles of flame exposure was greatly

reduced (7.2 s). Because the flaming drips still occurred during

the test, the PLA/OMMT/FR10 was assigned a V-2 rating. At

higher FR loadings (i.e., 20 phr and 30 phr), a slight change in

flame resistance was observed: the falling drips did not ignite

the cotton indicator. Specifically, the dripping FR-containing

PLA will not lead to a fire accident. The after-flame time for

each flame application to the 20 phr and 30 phr FR loaded

material were approximately 3.1 seconds and 1.4 s, respectively,

leading to V-0 ratings.

Bourbigot and Le Bras22 reported that organophosphorus com-

pounds could work efficiently in oxygen-containing polymers.

Therefore, FR should enhance the flame resistance of PLA. The

varied efficiency of phosphorus compounds in different poly-

mers is related to their susceptibility toward dehydration and

char formation. The interaction between phosphorus flame

retardants and polymers without hydroxy groups is slow and

must be preceded by an oxidation. Green32 reported that

phosphorus-based flame retardants can function in the con-

densed phase, the gas phase, or concurrently in both phases.

The phosphorus compounds are important for hindering flames

in the condensed phase when used in oxygenated and hydroxy-

lated organic polymers.

According to Dombrowski,33 organophosphorus compounds

decompose to form phosphorus-based oxides and acids in the

condensed phase during thermal decomposition. The phos-

phoric acid acts as a catalyst, esterifying and dehydrating the

polymer matrix. Subsequently, a copious char is formed, insu-

lating the polymer substrate from heat, flame and oxygen. The

phosphoric acid also acts as a physical barrier against the vola-

tilization of fuel from the hydrocarbon polymer protected by

triphenyl phosphates.34 Concurrently, water and non-

combustible gas are generated from the decomposition of the

phosphate esters. This water may act as a coolant, while the

non-combustible gas dilutes the active oxygen concentration

and slows decomposition.35

Morphological Analysis

The char residues remaining after the UL-94 vertical burning

test were investigated via FESEM. The analysis was performed

to study the effect of char formation on the combustion of the

Figure 3. EDX spectrum showing the occurrence of elements in the char residue. (a) PLA/OMMT, (b) PLA/OMMT/FR10, (c) PLA/OMMT/FR20, and

(d) PLA/OMMT/FR30. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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flame-resistant PLA nanocomposites. Figure 2 shows the char

morphologies of PLA/OMMT and PLA/OMMT/FR. Generally,

polymer charring involves various stages, such as cross-linking,

aromatization, fusion of aromatics, and graphitization. The abil-

ity of a polymer to form char depends primarily on the poly-

meric structure. Char is formed only if the cross-linked polymer

contains aromatic fragments or conjugated double bonds that

are prone to aromatization during thermal decomposition.26

PLA does not undergo char formation stages when subjected to

fire. Therefore, smooth surfaces without char formation were

observed after burning the PLA. The vigorous bubbling of the

burning PLA forms several pores on the surface of the

specimen.

After incorporating 5 wt % OMMT, a slight change in the mor-

phology of the char residues was observed. Based on the obser-

vations in Figure 2b, island-like structures of char with many

pores were apparent after burning PLA/OMMT. In addition,

layered silicates accumulated on the sample surface. This phe-

nomenon was mainly attributed to the transportation of the

layered silicates by the numerous rising bubbles of degradation

products and by the associated convection flow in the melt

from the interior of the sample toward the surface.36 Besides,

Lewin37 also suggested that lower surface free energy of clay

causes the migration of clay platelets to the polymer surface.

Kashiwagi et al.38 revealed that the formation of island-like floc-

cules rather than a continuous net-like protective layer is mainly

due to the effect of the bursting bubbles near the specimen sur-

face, propelling the accumulated clay particles outward. They

had considered bubbling of nanocomposites during combustion

as a disturbance element that reducing flame retarding effect.

Therefore, the PLA/OMMT nanocomposite samples did not

produce sufficient amounts of protective char to cover the

Figure 4. (a) TGA curves and (b) DTG curves of PLA nanocomposites with different FR loadings under nitrogen. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table III. TGA-Derived Properties of PLA Nanocomposites with Various FR Contents

Decomposition temperature (�C) Char yield (%)
Materials designation To T10 T50 Td *Tmax at 600�C

PLA 259.5 297.9 321.7 340.3 324.9 0

PLA/OMMT 274.6 297.5 320.9 347.3 324.8 3.99

PLA/OMMT/FR10 235.0 310.4 338.7 352.6 340.6 4.57

PLA/OMMT/FR20 227.9 317.4 357.0 369.7 362.4 4.46

PLA/OMMT/FR30 223.1 307.5 357.2 372.7 360.4 4.75

OMMT 258.4 361.4 – 389.5 367.5 78.33

Tmax 5 Peak temperature at maximum decomposition rate. The data were obtained from DTG curves.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4125341253 (6 of 11)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


entire sample surface. In addition, porous char layers possess

numerous channels and apertures, allowing gas and molten

polymer to overflow and enter the flame region; these layers

were unable to protect the polymer from the heat of the

flame,39 possibly explaining the “no rating” from the UL-94 ver-

tical burning test.

For systems containing FR, the morphology of the residues con-

siderably improved. For the PLA/OMMT/FR10 residue, the char

was discontinuous but still cohesive compared to the PLA/

OMMT. Figure 2c also reveals that the char was not sufficiently

compact, leaving the polymer matrix highly exposed. Concur-

rently, the matrix of the PLA/OMMT/FR10 cracked, leaving a

pathway for the rapid release of combustion gases into flame

and enabling access to oxygen from the atmosphere; therefore,

the char layer could not provide fire protection, explaining why

the UL-94 vertical burning test rankings were not as high as

those for the other PLA/OMMT materials with flame retardants.

When 20 phr and 30 phr of FR were present in the PLA/

OMMT nanocomposites, a drastic change in char morphology

was observed: homogeneous char that was strongly adhered to

the underlying composites was formed (c.f. Figure 2d and Fig-

ure 2e). According to Mouritz and Gibson,40 the strong adhe-

sion of the char to the polymer surface is critical to ensure that

the char will not flake off and expose the virgin material to the

fire. PLA nanocomposites with 20 phr and 30 phr FR had

exhibited a compact, coherent and continuous char morphology

that sufficiently covered and shielded the PLA matrix from the

fire. Surprisingly, few or no matrix cracks and pores could be

observed on the surface char of the PLA/OMMT/FR20 and

PLA/OMMT/FR30. The char formed on these structures could

reduce the heat and mass transfer to the underlying material

and limit access to the atmospheric oxygen, slowing the decom-

position rate of the polymer matrix.

Phosphorus-containing flame retardants have char forming

characteristics on those polymers with oxygen or nitrogen in

their structure.41 The char forming action is often endothermic

(at least in its earlier stage) and water-releasing, contributing to

flame extinguishment. In addition to taking up heat radiating

from the flame, the released water could dilute the fuel released

during the pyrolysis of the polymer. Concurrently, the non-

volatile phosphorus flame retardants coat the burning polymer

with phosphoric and polyphosphoric acid, simultaneously form-

ing a carbonaceous layer with a glassy coating. The protective

layer is resistant to high temperatures, shielding the underlying

polymer from oxygen and radiant heat.42

To understand the occurrence of elements in the char residue of

the PLA nanocomposites, the char residues from the UL-94 ver-

tical burning test were analyzed using EDX, showing that car-

bon, oxygen, aluminum and silicon elements were present on

the char layer surface (c.f. Figure 3a). The Al and Si traces are

attributed to the OMMT because the smectite OMMT has a

basic structure that includes an octahedral aluminum sheet

between two tetrahedral silica sheets.43 During thermal decom-

position, the OMMT collapsed to form a carbonaceous silicate

char, shielding the polymer matrix by preventing heat flux and

mass transfer on the remaining resin.

After adding the phosphorus flame retardant, a phosphorus

trace was detected on the char layer surface for PLA/OMMT/

FR10, PLA/OMMT/FR20 and PLA/OMMT/FR30 (c.f. Figure

3b, 3c and 3d). Phosphorus-based flame retardants impart

flame resistance to polymers by promoting the development of

a char layer on the polymer surface, forming phosphoric and

related acid anhydrides that operate as dehydrating agents.

Table IV. Weight Loss of PLA Nanocomposites Determined from the TGA Curves at Different Temperatures

Weight loss (%)

Material designation W100 W200 W300 W400 W500 W600

PLA 0 0 11.6 99.5 99.9 100

PLA/OMMT 0 0 12.9 95.3 95.9 96.0

PLA/OMMT/FR10 0 0 6.3 94.9 95.4 95.4

PLA/OMMT/FR20 0 0 5.8 94.8 95.4 95.5

PLA/OMMT/FR30 0 0 8.2 94.4 95.1 95.2

OMMT 0 0 1.5 17.5 19.2 21.7

W100, W200, W300, W400, W500, and W600 indicate percentage of weight loss at 100, 200, 300, 400, 500 and 600�C, respectively.

Figure 5. DSC thermograms of the PLA/OMMT nanocomposites. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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During dehydration, double bonds are produced, promoting

further cross-linked and carbonized structures at high tempera-

tures. Yuan et al.44 also reported that the phosphorus-rich resi-

dues formed during the thermal degradation could protect the

underlying polymer from further decomposition. The percent-

age of phosphorus remaining in the residue after combustion

indicates that the remaining FR in the condensed phase inter-

rupts pyrolysis and induces char formation. Concurrently, the

volatile phosphorus compounds (PO�, PO2�, and HPO�) could

vaporize quantitatively from the polymer surface, inhibiting

flames in the gas phase via free-radical trapping. In addition,

50 to 99% of the phosphorus compounds should be evolved

and lost, possibly including P2O5 or other oxides formed dur-

ing pyrolysis.22 Therefore, compact char formation was one of

the important mechanisms for quenching the spread of flames

and was strongly proven.

Thermogravimetry Analysis

Figure 4a shows the TGA curves for PLA and its composites.

Table III summarizes the thermal characteristics extracted from

the TGA and DTG curves.

Based on Figure 4a, the thermal decomposition of samples with

various flame retardant loadings occurs in one stage. All sam-

ples exhibited a similar decomposition curve, undergoing slow

decomposition at lower temperatures (i.e., 230–280�C) and

rapid decomposition at higher temperatures (i.e., 280–380�C).

The thermal decomposition of PLA is a very complicated pro-

cess that involves different mechanisms. The pristine PLA begins

to decompose at approximately 259�C, losing ester groups from

the main chain (cleavage of carbonyl carbon-oxygen bond).

Concurrently, intra-molecular transesterification reactions occur,

forming cyclic lactic acid and lactide oligomers. Simultaneously,

the cyclic oligomers recombine with the linear polyesters via

insertion to form longer macromolecular chains. During

decomposition, cyclic oligomers, lactide, acetaldehyde, carbon

monoxide and carbon dioxide are released as gaseous products.

The pristine PLA starts to decompose at 259.5�C and fully

decomposed at 600�C. Figure 4b reveals that the maximum

decomposition rate for PLA occurs at 325�C.

The thermal stability of PLA is improved by adding 5 wt %

OMMT (c.f. Table III). The OMMT increases the onset (To)

and end decomposition temperatures (Td) of neat PLA by 15�C
and 7�C, respectively. The decomposition of OMMT started at

258.4�C, with a total mass loss of 21.67�C. Compared to the

pristine PLA without residual char, the PLA/OMMT nanocom-

posite yields 3.99 wt % char after the experiment. Similar obser-

vations were reported by Kontou et al.45 and Wang et al.46 This

behavior is mainly due to the physical and chemical reactions

promoted by OMMT during decomposition. The clay collapses

to form a clay-rich barrier, hindering the out-diffusion of vola-

tile decomposition products and slowing the pyrolysis of the

decomposing polymer. Moreover, MMT layered silicates can

function as a heat barrier, resisting heat transfer and facilitating

char formation during thermal decomposition.47 The improved

overall thermal stability for the polymer nanocomposites is

attributed to the ablative reassembling of the silicate layers func-

tioning as a physical protective barrier.

An interesting phenomenon has been observed when PLA nano-

composites containing different loadings of FR undergo thermal

decomposition. Based on Figure 4a, the To of all of the PLA/

OMMT/FR composites are obviously lower than that of neat

PLA due to the decomposition of the FR. The Reofos 50 FR

undergoes a 5% weight loss at 216�C, a 10% weight loss at

235�C, a 50% weight loss at 284�C and loses almost all of its

mass by 340�C.48 The higher the FR content of the PLA/

OMMT composites, the lower the To detected during TGA is.

The To of the pristine PLA shifted toward lower temperatures

by 24.5�C, 31.6�C and 36.4�C for PLA/OMMT/FR10, PLA/

OMMT/FR20, and PLA/OMMT/FR30, respectively. Surprisingly,

the temperatures at 10% weight loss (T10), 50% weight loss

(T50), and the end of decomposition (Td) are significantly

increased after adding FR (c.f. Table III), implying that FR can

stabilize and delay any further decomposition in the PLA/

OMMT nanocomposites.

According to Zuo et al.,49 the To must shift toward lower tem-

peratures for PLA nanocomposites with flame retardants when

compared to pure PLA because the phosphorus-containing

flame retardant must decompose at the beginning of combus-

tion to form phosphoric and polyphosphoric acids. These acids

accelerate the esterification and carbonization reactions that

help form char, protecting the polymer from continued heat

Figure 6. Impact strength of PLA/OMMT/FR nanocomposites. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Table V. DSC Thermal Characteristics of the PLA/OMMT

Nanocomposites

Thermal characteristics

Materials designation Tg (�C) Tcc (�C) Tm1 (�C) Tm2 (�C)

PLA 59.5 120.7 149.5 –

PLA/OMMT 59.6 126.0 150.9 –

PLA/OMMT/FR10 47.7 112.3 149.3 141.8

PLA/OMMT/FR20 41.3 105.5 146.8 137.1

PLA/OMMT/FR30 29.9 91.2 142.6 128.3
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degradation. The stabilization effect by FR dominates the degra-

dation process after the FR thermally decomposes, delaying

weight loss for the PLA/OMMT and increasing the T10, T50, and

Td. These acids can form a molten viscous surface layer, protect-

ing the underlying polymer from flames and oxygen.50

Moreover, the residual char yield of the PLA/OMMT/FR nano-

composites increases with the FR content. Table III reveals

that the char left at the end of experiment totals 4.57 wt %,

4.46 wt % and 4.75 wt % for PLA/OMMT/FR10, PLA/OMMT/

FR20 and PLA/OMMT/FR30, respectively, exceeding the con-

tents for the neat PLA and PLA/OMMT nanocomposite. There-

fore, FR promotes char formation at higher temperatures. The

increased formation of carbonaceous material during combus-

tion improves the flame-retardant behavior and thermal stability

during the late stages of degradation. However, the phosphorus

compounds resist combustion by forming a layer of char, inhib-

iting carbon monoxide and carbon dioxide formation and

reducing the amount of heat supplied to the system. According

to Lin et al.,51 when a phosphorus-based flame retardant has

decomposed and released phosphoric acid, these acids react

with the hydroxyl groups in the polymer, and the resulting pol-

yol polymer decomposes to form char. However, there is too lit-

tle char residue after the experiment compared to other systems

containing flame retardant, indicating that PLA was not a good

carbonization agent because too few hydroxyl groups were pres-

ent in the neat PLA.

Figure 4b displays the DTG curves of the PLA nanocomposites

under nitrogen. The single peak in the DTG curves reveals that

complete thermal degradation occurs in one step. Adding

OMMT to PLA does not change the magnitude of the DTG

peak transition, although OMMT has a higher Tmax value (i.e.,

367.5�C). The Tmax of PLA and PLA/OMMT are similar (i.e.,

324.9�C and 324.8�C), while the DTG peak of PLA/OMMT is

lower than that of PLA. Therefore, the inclusion of OMMT

lowered the weight loss rate and enhanced the thermal stability

of neat PLA. The clay layers act as physical barriers, restricting

the mobility of macromolecules and the escape of the decompo-

sition products.

When FR is present in the PLA/OMMT nanocomposite, a peak

shifting pattern has been observed. The DTG peaks are shifted

toward higher temperatures, generating a higher Tmax. The Tmax

of the PLA is increased by 15.7�C, 37.5�C, and 35.5�C after

adding 10 phr, 20 phr, and 30 phr of FR, respectively. As the FR

content increases, the Tmax are shifted toward higher tempera-

tures, indicating that the phosphorus-based flame retardant

delays the mass loss rate by enhancing the production of a pro-

tective surface layer of char, inhibiting access to oxygen and

escape of carbon oxides via physical blockage. Concurrently, the

phosphorus-based flame retardant interrupts the oxidation reac-

tion of carbon to carbon monoxide and carbon dioxide. How-

ever, the PLA/OMMT nanocomposites containing FR exhibit

higher peaks than neat PLA or PLA/OMMT, particularly PLA/

OMMT/FR10. Therefore, the weight loss rate increased after

introducing the FR; the decomposition of the phosphorus flame

retardant yields phosphoric and polyphosphoric acids in the

condensed phase, accelerating the thermal degradation and

chain stripping in the PLA. This result agrees with the observa-

tions reported by Elakesh et al.,48 indicating that introducing

Reofos 50 FR to chlorinated poly(vinyl chloride) tends to pro-

motes dehydrochlorination and chain stripping via phosphoric

acid release. In addition, the height of the DTG peaks decreases

as the FR loadings into PLA/OMMT nanocomposites increase,

indicating that higher FR loadings can suppress weight loss rate

and improve the thermal stability of the PLA nanocomposites.

Table IV shows the weight loss of PLA nanocomposites deter-

mined from the TGA curves at different temperatures. Based on

Table IV, we can notice that all the samples having their single

mass loss process around temperature 220 to 390�C. At the

beginning of thermal decomposition, PLA/OMMT displays

higher mass loss compare to pristine PLA and PLA/OMMT/FR

composites. This is mainly attributed to decomposition of

organic intercalant of the OMMT, which further leads to forma-

tion of clay-rich barrier that slowing down the decomposition

of PLA. As result, the mass loss rate of PLA/OMMT has

reduced at temperature after 400�C. In the present of FR, PLA/

OMMT composites have relatively low mass loss at the begin-

ning of thermal decomposition. PLA/OMMT/FR30 exhibits

highest mass loss, following by PLA/OMMT/FR10 and PLA/

OMMT/FR20. Recall that the FR having lower onset decompo-

sition temperature tends to decompose in the beginning of

combustion. The formation of phosphoric and polyphosphoric

acids accelerate the esterification and carbonization reaction to

form char, protecting the polymer from continued thermal

degradation.

Differential Scanning Calorimetry

Based on the Figure 5, it can be obviously seen that the neat

PLA and PLA/OMMT exhibit similar thermal events, for

instance glass transition, cold crystallization and single melting

peak. In this study, the Tg and Tm of pristine PLA are found to

be 59.5�C and 149.5�C, respectively. The introduction of

OMMT does not give any significant influence on the Tg of

PLA, indicating that the present of OMMT did not affect the

chain mobility of PLA.

An interesting trend in the thermograms has been observed for

PLA/OMMT nanocomposites containing FR (c.f. Figure 5). The

Tg is greatly decreased from 59.6�C for PLA/OMMT to 47.7�C
for PLA/OMMT/FR10, 41.3�C for PLA/OMMT/FR20 and 29.9�C
for PLA/OMMT/FR30. Therefore, the higher the FR loading the

lower the Tg is shifted, neglecting the effect of OMMT. For every

10 phr of FR incorporated, the Tg is shifted toward lower tem-

peratures by almost 10�C. This decrease is attributed to the seg-

mental mobility of PLA due to plasticization. Saeidlou et al.52 has

reported that increase in chain mobility able to facilitate the

chains movement from the amorphous phase into the crystal sur-

face, especially at lower temperatures. Additionally, we have con-

ducted impact test on the PLA/OMMT/FR nanocomposites, and

it was found that the impact strength of PLA/OMMT was signifi-

cantly improved by the addition of FR (c.f. Figure 6).

Concurrently, the Tcc of the PLA/OMMT/FR composites are

shifted toward lower temperatures compare to PLA/OMMT.
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The crystallization peaks are shifted toward lower temperatures

when additional FR is added. The FR favors crystallization in

the PLA by increasing the segmental mobility of the PLA chains

due to plasticization. According to Li and Huneault,53 decreased

Tcc values can be attributed to increased polymer chain mobility

at low temperatures, followed by a larger depression of Tg. The

reduced Tg allows the crystallization to start at lower tempera-

tures during heating. In addition, the presence of readily

formed crystalline nuclei during the cooling process shortens

the crystallization induction period. These nuclei should

increase the crystallization rate during heating because the crys-

talline structure is more densely nucleated when the polymer is

being cooled from the melt. Therefore, combining Tg with a

high nucleation density shifted the crystallization peaks toward

lower temperatures as the FR content increased.

Regarding the melting behavior, the exothermic melting of PLA

is slightly shifted toward lower temperatures in the presence of

FR. Table V reveals that the melting peak shifted from 149.5�C
for PLA to 149.3�C for PLA/OMMT/FR10, 146.8�C for PLA/

OMMT/FR20 and 142.6�C for PLA/OMMT/FR30. As the

amount of FR in PLA/OMMT increased, the melting peak

shifted toward lower temperatures. According to Piorkowska

et al.,54 the formation of imperfect crystals decreases the melting

temperature of the PLA crystals in the composites because the

plasticizer accelerates the spherulite growth rate.

In contrast to PLA and PLA/OMMT with their single melting

peaks, the PLA/OMMT/FR systems display double melting

peaks from 128.3 to 149.3�C. On the DSC thermograms of

PLA/OMMT/FR10, a shoulder appears on the descending slope

of the melting peak at 141.8�C. For PLA/OMMT/FR20 and

PLA/OMMT/FR30, a broad peak is developed at lower tempera-

tures (137.1�C and 128.3�C, respectively) associated with the

melting peak at higher temperatures. In this study, the presence

of bimodal endothermic melting in the PLA/OMMT/FR nano-

composites can be related to the melt-recrystallization mecha-

nism or polymorphism phase transition. Picard et al.55 has

revealed that each melting peak is the signature of a crystalline

lamella population that essentially characterized by its thickness

or its perfection. The melting peak at low temperature is due to

the melting of thinner lamellar, while the melting peak at high

temperature is originates from the thicker lamellar. It is also

known that a low temperature melting peak is assigned to the

primary crystallites formed at Tc, and high temperature melting

peaks reflect the relatively perfect lamellar stacks resulting from

recrystallization during the heating scan.

CONCLUSIONS

Phosphorus-based flame-retardant PLA clay nanocomposites

were successfully prepared using a melt compounding tech-

nique. The effects of OMMT and a phosphorus-based flame

retardant (Reofos 50 FR) on the flammability and thermal

properties of PLA/OMMT nanocomposites were investigated.

The UL-94 vertical burning test revealed that neat PLA burned

with flaming drips and bubbling after the flame was applied.

The presence of OMMT suppressed the dripping but could not

impart a self-extinguishing characteristic. The flame resistance

of PLA was significantly enhanced by the inclusion of FR. The

rating of PLA was improved from V-2 to V-0 after adding 20

phr and 30 phr of FR. For the char morphology, no char was

formed on the surface of the neat PLA specimen because PLA

did not undergo char formation stages. The amount of char

formed by OMMT on the surface of the specimen could not

cover or protect the entire sample surface. To form a compact,

coherent and continuous protective char layer, at least 20 phr of

FR is required in the PLA/OMMT nanocomposites. The char

morphology detected via FESEM and EDX further elucidated

the existence of the condensed phase mechanism while quench-

ing and retarding flame propagation. From the TGA results,

PLA undergoes a single-step thermal degradation and begins to

decompose at 260�C. OMMT functions as a physical protective

barrier, hindering the outward diffusion of volatile decomposi-

tion products and resisting heat transfer during decomposition

to enhance the thermal stability of PLA. Adding FR to the PLA/

OMMT nanocomposites has affected the thermal stability. FR is

readily decomposed at the beginning of combustion to yield

phosphoric and polyphosphoric acids that induce char forma-

tion in the condensed phase. The carbonaceous char should

insulate the polymer substrate from heat, flame and oxygen.

The stabilization and delay of decomposition was more appa-

rent in the PLA/OMMT/FR20 and PLA/OMMT/FR30. Addi-

tionally, the FR shifted the Tg, Tcc and Tm of PLA/OMMT

composites toward lower temperatures. FR could induce plasti-

cization on PLA/OMMT. The impact strength of PLA/OMMT

was increased by the addition of FR. In summary, flexible PLA

nanocomposites with high flame resistance were successfully

produced.
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