










Figure 4.2: TEM of phosphorus Containing Cloisite 30B Clay/PMMA Nanocom-

posites
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Figure 4.3: TEM of phosphorus Containing Cloisite 30B Clay/PMMA Nanocom-

posites
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Figure 4.4: Gasification of phosphorus Containing Cloisite 30B Clay/PMMA

Nanocomposites
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Figure 4.5: Cone Data of phosphorus Containing Clay/PMMA Nanocomposites
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showed similar peak heat release rate, but different mean heat release rate. The

mean heat release rate of phosphorus added nanocomposite is 224.5 kW/m2, the

mean heat release rate of sample without phosphorus is 298.2 kW/m2 while the

mean heat release rate of the pure polymer is 621.4 kW/m2. A 25% of reduction in

the mean heat release rate was achieved by adding phosphorus to the clay.

The mass evolvement data during the cone calorimetry experiment are shown

in figure 4.6. The phosphorus added nanocomposite left 11wt% of residue after cone

experiment and the sample with same amount of clay but without phosphorus left

7wt% of residue. The increased 4wt% of residue is assumed to be char formed due

to the phosphorus compound.

4.6 Residue Characterization

Residue from the TGA was examined by SEM. The residue from the sample

with 10%wt Cloisite 30B and 5%wt phosphorus silane is shown in figures 4.7 and

4.8 at low and high magnification respectively. The original sample was a 0.25 mm

thick nanocomposite disk. Figure 4.7 showed bubbles in the residue with diameter

as large as 0.8 mm. 4.8 shows the detailed structure of a bubble wall. The wall of

the bubble consists of loosely compacted clay stacks. The space between the clay

stacks is empty. The additional char formed due to phosphorus is probably attached

to the surface or trapped inside the clay stacks.

EDX analysis was also conducted on the residue with results shown in table

4.1. Only a small amount of phosphorus is observed in the residue.
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Figure 4.6: Mass Loss During Cone Experiments of phosphorus Containing

Clay/PMMA Nanocomposites
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Figure 4.7: Residue from 10wt% of Cloisite 30B/5wt% phosphorus Containing Silane
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Figure 4.8: Residue from 10wt% of Cloisite 30B/5wt% phosphorus Containing Silane
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Table 4.1: EDX Analysis of the Residue from Cloisite 30B Nanocomposites Con-

taining phosphorus Silane

Element Weight Percentage Atom Percentage

O 44.48 47.24

C 26.87 38.01

Si 9.01 2.74

Al 3.69 2.32

Mg 0.69 0.48

P 0.61 0.33

4.7 Discussion

4.7.1 Char Formation

The goal of this work was to use phosphorus containing silane to enhance

char formation during combustion. The experiments showed some enhanced char

formation but the improvement in the char formation was limited.

There are three possible reasons for the relatively small effect of the phosphorus

modification on the flammability. First, the char forming ability of the phosphorus

(in the form of phosphate) on the selected silane is weak. Second, the ratio of phos-

phorus to silane is one to one, which may be too small. The sites on the clay for the

silane to attach were limited, if there was more phosphorus per silane, more phos-

phorus could have been attached on the surface of clay. Third, the absolute amount
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of phosphorus is relatively small. 4wt% of phosphorus may be added to resins to

achieve desired flame retardant ability [150], where there is no more than 0.5wt%

of phosphorus added to the PMMA in the phosphorus modification experiment.

4.7.2 Position of the phosphorus Compound During Combustion

The EDX observation examined sample, where the atom ratio of phospho-

rus is 0.33% and weight percentage is 0.61%. The initial phosphorus content of

nanocomposite is about 0.5wt%, and if the phosphorous compound did not leave

the condensed phase, the weight percentage of phosphorus in residue should be

around 5wt%. It is possible that most of the phosphorus has evaporated during the

combustion.

This could explain the difference between the gasification and cone calorimetry

experiments. The gasification experiments showed a 20% improvement in the mean

mass loss rate and the cone calorimetry experiment showed a 25% improvement in

the mean heat release rate. This difference may because the phosphorous atoms in

the gaseous phase acted as free radical scavengers and reduced the heat released

from the flame. In the gasification experiment, there is no gaseous phase reaction,

so such effect was not observed.
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Chapter 5

Conclusions

Different layered silicate/PMMA nanocomposites were synthesized by chang-

ing the type of the silicate, modification of silicate, polymer molecular weight, and

synthesis method to observe the effect of the dispersion of the silicate, the effect of

the aspect ratio of silicate, and the molecular weight of the matrix polymer on the

flammability of layered silicate/PMMA nanocomposites.

The silicates used included two types of montmorillonite with different organic

modifications (Cloisite 15A and Cloisite 30B) and one organically modified synthetic

mica (Somasif MAE120).

The structure of the nanocomposites was studied by XRD, SAXS, and TEM.

By coupling XRD, SAXS, and TEM together, the dispersion of silicate was deter-

mined at different length scales.

Nanocomposites with different degrees of dispersion were produced and con-

firmed by structural characterization. The flammability of the nanocomposites was

characterized by TGA, gasification and cone calorimetry.

An in-situ polymerization method was used to produce nanocomposites with

a high degree of exfoliation, but the polymer molecular weight reproducibility was

relatively poor. A solution mixing method produced nanocomposites with controlled

polymer molecular weight but the degree of exfoliation was not as high as the samples
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made using the in-situ polymerization method. To improve the dispersion for the

nanocomposites made by solution mixing, a method to graft short polymer chains

onto the silicate surface using a silane coupling agent was developed.

The XRD data showed that the degree of order of the layered silicates in the

nanocomposites from high to low is Somasif MAE120, Cloisite 15A, Cloisite 30B and

PMMA grafted respectively. Small angle X-ray scattering (SAXS) data confirmed

the degree of exfoliation in the nanocomposites from high to low is PMMA grafted,

Cloisite 30B, Cloisite 15A and Somasif MAE120. Low magnification TEM confirmed

layered silicates are well distributed in the polymer matrix. High magnification TEM

confirmed the degree of exfoliation from high to low is consistent with the SAXS

data. The structural characterization at different length scales confirmed successful

synthesis of nanocomposites with different degrees of exfoliation by changing silicate

and that grafting short polymer chains onto the silicates improves the degree of

exfoliation. The dispersion in the polymer matrix is further confirmed by glass

transition temperature measurements by DSC.

This work confirmed that by forming a well dispersed layered silicate/polymer

nanocomposite, the flammability of the nanocomposite can be reduced compared to

pure polymer and traditional composite. The peak mass loss rate of nanocomposites

can be as low as 53% (low molecular weight) and 48% (high molecular weight)

compared to pure PMMA in a gasification experiment. The peak heat release rate

of nanocomposites can be as low as 41% (low molecular weight) and 57% (high

molecular weight) of pure PMMA in a cone calorimetry experiment. As long as a

true nanocomposite is formed, the precise degree of exfoliation has little impact on
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the flammability. Nanocomposites with large aspect ratio silicate showed lowered

flammability. Nanocomposites with high molecular weight matrix PMMA polymer

also showed lowered flammability.

The degradation kinetics of the nanocomposites were also studied, and it was

found that nanocomposites showed higher activation energies than the corresponding

pure polymers. However the increase in the activation energy is not as important an

effect as the stability of the residue layer. Nanocomposites with low molecular weight

have an higher activation energy than nanocomposites with high molecular weight,

but the nanocomposites with high molecular weight showed lowered flammability.

It is also interesting to note that the sample form factor has a significant impact on

the nominal reaction order of the nanocomposites as compared to microcomposites

or pure polymer. This properties can be used as a quick method to identify the

formation of a nanocomposite.

The residues after flammability measurements were examined by SEM and

XRD. The residues were loosely packed clay stacks with porous structure. The

clay platelets collapsed into stacking structures close to the original unmodified clay

structure.

Based on the structural and flammability measurements, it was concluded

that the mechanism for lowering the flammability for nanocomposites was from the

formation of a shielding layer at the surface of the nanocomposite composed of the

collapsed silicate layers. This shielding layer acts to both block heat radiation and

to prevent the polymer degradation products from escaping and combusting.

As the improvement in nanocomposite flammability is derived largely from the
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physical presence of a residue layer, one method to further lower the flammability

is to introduce chemical reagents that can enhance char and residue layer formation

during combustion. A phosphorous compound was selected and a method was de-

veloped using silane to couple it to the surface of the silicate. The nanocomposites

made with phosphorus modified silicate showed enhanced char formation ability and

lowered flammability. The nanocomposite with phosphorus modified silicate showed

a 20% reduction in mean mass loss rate in a gasification experiment and a 25% reduc-

tion in mean heat release rate in a cone calorimetry experiment. This demonstrated

a synergy of chemical flame retardants with layered silicate nanocomposites that

can further decrease the flammability.
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Chapter 6

Future Work

6.1 Introduction

Based on the work presented here and in the literature, it can be concluded

that layered silicate nanocomposites do not have low enough flammability to pass

industry standards. To increase the flame retardancy, one potential method is to

synthesize inorganic phosphate nanocomposites.

Phosphate can potentially enhance the char forming ability of polymer nanocom-

posites. By enhancing char forming during combustion, the heat release rate and

mass loss rate could be lowered and the structural integrity could be enhanced. As

a result, the overall flame retardant properties of polymer could be improved.

There are several requirements for the phosphate if it is to be used as a flame

retardant. First, the phosphate must have low or no toxicity, which ensures safety

in manufacturing, deployment and recycling of the product. Second, the phosphate

should be stable at the processing temperature of the polymer, so the phosphate

won’t prematurely degrade and loose its flame retardancy. Third, the phosphate

should have low solubility in water, especially for applications as PCB and IC pack-

aging materials, otherwise it may leach out and cause problems when exposed to a

high humidity environment. Phosphates can also lead to environment issues if they

leach out into the environment.
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It will be an advantage if the phosphate also has a phase transformation (melt,

solid state phase transformation, dehydration etc.) at a temperature that is lower

than the thermal degradation temperature of the polymer matrix. The phase trans-

formation would absorb energy, lowering the temperature of the polymer matrix. In

the case of a small and temporary ignition source (like a candle, match or cigarette),

the polymer may not ignite because of the phase transformation. In the case of a

large ignition source, the ignition could be postponed.

One of the problems of traditional phosphorous based flame retardants is that

the char formation is not uniform, because the phosphorous based flame retardant

phase separates into micron sized domains. Only the surface layer of the flame

retardant domains can contribute to char formation. If the phosphorous retardant

was dispersed as a nanocomposite, it would contribute more effectively as char

forming agent during combustion. If the phosphate nanoparticles are well dispersed

in the polymer matrix, the char formation should also be more uniform.

Similar to layered silicates, many inorganic phosphates also have a layered

structure and many inorganic phosphates also have cation exchange capacity. So it

should be possible to organically modify phosphates by cation exchange and produce

hydrophobic organically modified phosphates. The organically modified inorganic

phosphates should have low water solubility and low chance of leaching out in high

humidity environments.
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6.2 Proposed Experiment

The proposed experiments can be separated into several steps. The first step

is material selection, the second step is synthesis and organic modification of the

phosphate nanoparticles, the third step is nanocomposites synthesis, the fourth step

is structural characterization and the fifth step is flammability characterization.

6.2.1 Material Selection

There are many inorganic phosphates which are commercially available, some

calcium phosphates with their properties are listed in table 6.1 and some others are

listed in table 6.2. It can be concluded that the calcium phosphates have the least

toxicity [151, 152], the least water solubility and they are potentially the best choice

for consideration in synthesizing a nanocomposite.

Octacalcium phosphate can be synthesized by adding phosphate solution to

a calcium solution or vice versa [153]. Octacalcium phosphate has a layered struc-

ture, and organic modification has been reported [154]. The octacalcium phosphate

has been mixed with PEO and some other polyelectrolytes to make composites for

bone cement applications [155]. It is possible to make polymer/layered octacalcium

phosphate nanocomposites by manner similar to making polymer/layered silicate

nanocomposites.

Barium hydrogen phosphate is also a very interesting material with a melting

point of 410◦C, which is near the final degradation temperature of PMMA and

lower than the degradation temperature of many other polymers. When exposed
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to a heat source, barium hydrogen phosphate can absorb energy by melting and

shield the surface of polymer by forming a glassy inorganic melt. Barium hydrogen

phosphate also has low toxicity. Another potentially interesting inorganic phosphate

is zinc phosphate, which has been used as an anticorrosion coating for metals.

Both PMMA and PS would be the logical polymer matrix for this study to

examine the effect of flammability on both an unzipping and an unbuttoning type

polymer.

6.2.2 Organic Modification of Nanoparticles and Nanocomposite Syn-

thesis

Depending on the phosphate selected, two different organic modification meth-

ods could be used. If the phosphate has a layered structure, it could by organically

modified by cation exchange. The phosphate would be dispersed in water (or wa-

ter/ice mixture if the phosphate dissolve in water), then cation surfactant is added

to the dispersion. The modified phosphate will become hydrophobic and should

phase separate from the water. If the phosphate does not have a layered structure,

then the phosphate can be milled into nanoparticles by ball milling or synthesized

by a sol-gel method and organically modified by silane or Tyzor R©.

Solution mixing would be the preferred method for making the nanocomposite

and the nanocomposite can be retrieved from the solution by either precipitation or

evaporating the solvent.
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Table 6.1: Commercially Available Calcium Phosphates

Name CAS No. Structure Water

Soluble

Toxicity Tm

(◦C)

Tricalcium

phosphate

7758-87-4 Ca3(PO4)2 no no, bone

and teeth

composition

[156]

1670

[157]

Hydroxyl-

apatite

1306-06-5 Ca5(PO4)3(OH) no no, same as

above [158]

800

Octacalcium

phosphate

13767-12-9 Ca8H2(PO4)6 · 5H2O low no, bone

cement

[155, 159]

Dicalcium

phosphate

7757-93-9 CaHPO4 no no, dietary

supplement

[160, 161]

Monocalcium

phosphate

7758-23-8 Ca(H2PO4)2 no no, tooth-

pastes [162]

1230
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Table 6.2: Commercially Available Inorganic Phosphates

Name CAS No. Structure Water

Soluble

Toxicity Tm

(◦C)

Aluminum

dihydrogen

phosphate

13530-50-2 Al(H2PO4)3 yes TSCA listed ?

Aluminum

phosphate

7784-30-7 AlPO4 no TSCA listed 1500

Ammonium

hydrogen

phosphate

7783-28-0 (NH4)2HPO4 yes TSCA listed 155

Barium

hydrogen

phosphate

10048-98-3 BaHPO4 yes Harmful by

inhalation

and swallow

410

Barium

metaphos-

phate

13762-83-9 Ba(PO3)2 no 1560
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6.2.3 Structure Characterization

Optical microscopy would be used to examine the existence of large particles.

Transmission electron microscopy can be used to study the dispersion of nanoparti-

cles.

SAXS would be used to study the dispersion of nanoparticles. If the selected

phosphate has a layered structure, XRD should be used to examine the intercalation

and exfoliation of the layered phosphate.

6.2.4 Flammability Characterization

Due to the expected char forming properties, TGA and cone calorimetry would

be the major methods used to study the flammability of the polymer/phosphate

nanocomposites. Oxygen index flammability can also be used to examine the effect

of the phosphate on the flammability. Because the flame retardancy of phosphate

is chemical in nature, gasification experiments can only provide supporting data.
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