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The Role of Surface Interactions and Morphology in
Determining Thermal Dynamic Properties of Polymer

Nanocomposites
by

Seongchan Pack
Doctor of Philosophy
in
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2010

Since interfacial properties rely on interactions between pok/mand
nanoparticles at interfaces, obtaining a minimization of the imieif@&nergy can be
complicated when nanoparticles are added in a polymer blend, evercomopécated
when the blend is mixed with conventional flame retardant (FBR)tagWe here show
that the addition of nanoparticles, such as layered silicatesadmohcnanotubes (CNTSs),
could not only enhance the compatibilization of immiscible polymends but also
improve the degree of the dispersion of FR agents, since the narlepastce seen at
either the blend interfaces or the FR agents. In addition, we hawend#ated that the
addition of the clays can stabilize the blends against furthesepdegregation, thereby
suppressing the formation of either ribbon-like or tubular-like &ires along the
interfaces during heating. These structures can significamgpyove flame retardant
properties, such as heat release rate (HRR) and massates@MiLR), which can be
evidenced by enhanced thermal conduction within the structures. In cSpiteese
improvements, most polymer blends with the nanoparticles cannot beraerskf-

extinguishing unless the conventional FR agents are added. Furtheoonarejch added



FR agents deteriorate material properties because the FR agenbe classified as an
additive. Therefore, we have showed that the FR agents can titydifesorbed on the
clay surface, which not only improves the dispersion of FR apentslso results in the
exfoliation and/or intercalation in several homopolymers. The statasgrption of FR
agents on the nanoparticles can effectively achieve the resdlf-@axtinguishment. This
is obtained from the interfaces between the FR agents andatioparticles, where a
synergy may be attributed to the interfacial activity and timproved thermal
conductivity. Finally, we here explain a mechanism of the seifigxishment of
nanocomposites containing both the FR agents and the nanoparticles inotetimas

thermal dynamic behaviors of the nanoparticles.
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Chapter 1: Introduction: Background and Synergies

in Nanoparticles/Flame Retardants in Polymer Blends.

1.1. Flame Retardants (FR) in Immiscible Polymer Blends.

Flame retardance is a process of disrupting burning process, whielhséeeral
stages involving physical and chemical reactions. The addition ok flatardant (FR)
agents is a conventional method for achieving flame retardantiatsi@nd composites.
In general, there are two major categories in flame ratésd halogenated and non-
halogenated FR agents. They have been developed for use as eitheresduiti
plasticizers [1-3]. Halogenated FR agents mostly consistoromine or chlorine
compounds. They can produce the hydrogen halides that react withhgitinegen or
hydroxyl radicals during combustion. Therefore, the rate of chaictioea can be
reduced because the hydrogen halides inhibit the exothermic oxidegictions [4]. On
the other hand, non-halogenated FR agents have been extensiadbpdd due to an
increase of environmental concerns regarding the use of the haky&ia derivatives.
The use of aryl phosphates are an alternative for replacingatbgenated FR agents,
where they are well known for flame retardants in aromatic compounds.[5]

However, it is difficult to obtain a good mixture of polymer blendthvilame
retardants since they are immiscible in the blends, which each to a formation of
agglomerated FR agents. This situation is more complicated Wwadieinds are exposed
to heat because thermal responses of the blends can continuously ahabteeated
temperatures. Therefore, the agglomerated FR agents do not prodcefficiency in
flame retardancy. In addition, too much added FR agents can daseriroechanical
properties of the blends. Although phosphate-based FR agents sersehsdnas a

plasticizer, they still phase separate with the polymer blesggcally, styrenic resins.



Hence the degree of dispersion of FR agents in polymer blends can be an important factor

to determine flame retardancy of the blends.

1.2. The Synergy of a Combination of Flame Retardants (R) Additives
with Nanopatrticles.

The addition of nanoparticles, such as organoclays and carbon nanotuebs, is
known to improve the mechanical and thermal properties of polymerieriaiatsince
they have shown excellent physical and chemical properties linpolmers at the
molecular level, where polymer chains strongly interact wittheei individual
nanoparticle or its entanglements [6-7]. Recentlyt 8l. and others investigated that the
addition of functionalized clays could enhance the efficacy of varmampound
formulations for rendering homopolymers flame retardant [8-9]. Theyonstrated that
with the small quantities of clays, much less of the flamardant (FR) formulations had
to be added in order to achieve a significant reduction in the Heaseeate (HRR) and
mass loss rate (MLR). On the other hand, the addition of carbon nan¢@N€&s) can
also show the improved thermal responses when the nanotubes aratamilex and
dispersed within melt polymer&ashiwagiet al. found that when either 1.0 wt% mulit-
wall carbon nanotubes (MWCNTS) or 0.5 wt% single-wall carbon nano{@WE¥ENTS)
was added to poly (methyl methacrylate) PMMA homopolymer, the contimetusrk-
like protective layers were formed, which could lead to the remtucin HRR and MLR
[10].

Although homopolymers are relatively easy to obtain self-extihguesits, it is
difficult to predict the thermal properties of polymer blends becthesenal degradations
are involved at different temperatures as well as phase depavaturring continuously.
As a result of that, the distribution of the FR components in the bleamisot be the
same as that when the blends are heated. We showed that themolukirge aspect
nanoparticles was one solution to predict thermal responses in thghalogy of

polymer blends containing FR agents, where they segregated itteifacial regions,



thereby stabilizing the blends against further thermal decompaskurthermore, since
the FR agents were seen at the nanoparticles surfaces, theegh ratio particles also
acted as dispersants of the FR particles. We therefore pedtulzat an additional
synergy could exist when the two types of nanoparticles werdinech | will discuss

more details in chapter 2 and 3.

1.3. The Surface Interaction between Flame Retardants (®s) and
Nanoparticles.

Knowing the interfacial tension between FR agents and nanopartiatede
useful to design, synthesize, and fabricate flame retardant farond. Since the FR
agents are favorable to certain polymers the strong absorptionRohdgénts on
nanoparticles can be one solution for replacing di-tallow surfactamtslays, where
several toxic chemical processes were used to produce the funzédnahys [11-12].
We showed that resorcinol bis(diphenyl phosphate) (RDP), an oligopteréphate ester,
could be intercalated in the clay galleries. We also demorttthée the intercalated
RDP clays were exfoliated in homopolymers, while they retdia ability for
compatibilization in some polymer blends. These effects were rowdi by the
combination of transmission electron microscope (TEM) images witdil angle X-ray
scattering (SAXS) experiments. The absorption RDP on the aldgcss could result
from screening the charged clay surfaces, which ultimgtedguced a very thin RDP
oligomers layers in clay intergallaries. Therefore, intéafatension between the thin
RDP layer and the clay surface can be an important deternbinabtain a minimization
of the interfacial energy. We measured the values of sut@t®ons for the RDP
oligomers at the processing temperatures. Using the contgldsawe were able to
calculate the interfacial tensions between RDP and polymexdowhd that the contact
angle for between polystyrene (PS)/RDP clays substrate #a5°~whereas the angle
for PS/Cloisite 20A clays substrate was ~ 32°. Therefore, the &iated clays were



more compatible to the styrene groups compared to the Cloisy®e ckurthermore, we
showed that since the RDP oligomers were more thermal stabl@ame retardant
properties, such as HRR and MLR, were also enhanced. In chapteildldmonstrate

the enhancements more detail.



Chapter 2: Mode-of-Action of Self-extinguishing

Polymer Blends Containing Organoclays.

2.1. Introduction

The use of functionalized organoclays is known to enhance the phgsidal
chemical properties of polymer nanocomposites since they hage bleown to
intercalate or exfoliate within the polymer matrix and intevath the polymer chains at
the molecular level [6,13-14]. Most of the current work has focused on hpmepl
nanocomposites, where the results could be explained in terms of #naciions
between the clay functional groups and the polymer host [15-22]. Recérdt al. and
others have demonstrated that clays can also enhance theyaffieacious formulations
for rendering homopolymers flame retardant (FR) [8, 9, 42]. They deratetsthat with
the addition of small quantities of clays, much less of the fleeterdant formulations
had to be added in order to achieve a significant reduction in thechesde rate (HRR)
and mass loss rate (MLR). Since the FR standard formulatisogmbrittle the matrix,
the ability to reduce the volume fraction of additives resulbedanocomposites with
better mechanical properties, which were also able to passrihgest flame tests
conditions required to obtain UL-94-VO0 certification [8-9].

The situation is much more complex in a polymer blend. The abiflityags to
exfoliate or intercalate, does not depend only on the clay-polynsgaation, but also on
the interactions between the polymers [24-30]. The thermal propente even more
complicated, since the properties of the blend can change continusutlg alend is
heated to high temperatures and phase separation acceleragslyR&s et al. [31]
showed that when functionalized clays were introduced into a polymed, bie situ

grafts were formed, as polymer chains from the blend absorbedhentday surfaces.



These grafts have very high energies in either of the phaskesence segregate strongly
to the phase interfaces, effectively reducing the interfaeradion. Hence they showed
that clays could potentially stabilize the blend against phasegampn. Furthermore,
since this mechanism was activated in-situ, the process Vedisely non-specific and
could work for a wide spectrum of binary blends.

When FR formulations are added to polymer blends, they tend to segiregae
of the phases. As the phase segregation proceeds during heatiedfictey of the
formulation is further reduced, since its agglomeration becomessaveee. In this case
the clays may have an even larger impact on the entire systemin the case of the
homopolymer nanocomposites. We show that in the case of the blend nanatasnpos
the clays stabilize the system against progressive phgsegagon even during high
temperature heating, maintain the dispersion of the flame astafdrmulations, and
dramatically increase the flame resistance of the entiagrixnof polymer blend
nanocomposites.

We focus on two polymer blend model systems, whichetSal. [31] had
characterized and demonstrated that they could be compatiblizedydnyoerlays. We
then expose the blends to intense heating and study the distributi@notdys and flame
retardant formulations within the nanocomposites, using a varietyoraplementary
techniques. The results are then correlated with the thermaleaichmcal properties of
the system, where we demonstrate that strong synergy betineiame retardants and
the clays also enable us to obtain blend nanocomposites with supebamcal

properties that can pass the UL-94VO0 test.



2.2. Experimental Section

2.2.1. Materials and Nanocomposite Preparation.

The properties of the polymers used in this study are tabulatédble 2.1.
Polystyrene (PS) with an average molecular weight of 280K, and(npetyyl
methacrylate) (PMMA) with an average molecular weight of 120&e obtained from
AMCO plastics. Cloisite 20A was provided by Southern Clay ProduactsTihe halogen
based flame retardant (FR) compound was decabromodiphenyl etherp@8)ased
from Sigma Aldrich and the catalyst, an antimony trioxide, Miog5f AO3, (AO) was
purchased from Great Lakes Chemical Corporation. Polycarbd®@)e dverage Mw=
23K, and poly(styrene-co-acrylonitrile) (SAN with 24 wt% AN, knownLasan 358N)
were obtained from Mitsubishi Engineering Plastic Corp and BA8$pectively.A
C.W. Brabender twin screw extruder was used to blend the nanoctespoBhe
polymers were first added in the chamber at a rotation speed pfiR@Gnd temperature
of 170 T or 230 °C for PC and mixed for 1 min. The FR agents were then added a
blended at the same rpm for 2 min. Finally, the Cloisite 20A elag gradually
introduced into the chamber, while mixing. The entire mixture wasdeld at 100 rpm
for 15 min. under nitrogen gas flow, which was added to suppress degradatitm due
heat-induced oxidation. The melt was allowed to cool at room temperand then
molded in a hot press, into the different shapes required for the vangelsgnical tests

that were performed.

2.2.2. Flame Test Measurements.

Cone calorimetry was performed at NIST, where the HRR antittie of each
sample (35 = 2 g) were measured as a function of time inreather nitrogen. The
samples, whose dimensions were 75 mm x 75 mm x 5 mm, werefagped with thin
aluminum foil except for the irradiated sample surface. Theye wleen exposed in a
horizontal position to an external radiant flux of 50 kV¥/kl order to measure the HRR
and MLR. The residues in the foil were collected and their morglgcdmalyzed using
the scanning electron microscopy (SEM). The standard uncertaititg afeasured HRR
was = 10 %. The test was done following ASME/ISO 5660. A vertinahing chamber



purchased from Underwriters Laboratories Inc. was used todesiammability. The
protocols were obtained from ASTM D3801/ISO 1210 UL 94 VO, where we tthed
duration of the flame and recorded whether the nancomposites drippaphided a wad
of cotton under the holder. The samples, whose dimensions were 125 mmnx £3.5
mm, were clamped in the upper 10 mm from a long stand and hung in rtiealve
direction. A compressed methane gas burner with a gas flowfra@b ml/min was used
in this test. The flame with its height, 20 + 1 mm, was applied to the bottom of the sample
for 10 sec at two times, maintaining the distance, 10 + 1 mtwden the bottom and the
top of the flame. After the test, the samples were cut inte {haets. The first piece was
obtained from the bottom of the sample, which was closest tdaiine.f The second one
was taken 30 mm away from the first cut in the sample. Theotes was cut 30 mm
away from the second cut in the same sample. The sampletherreut by a microtome
and floated onto carbon coated grids for transmission electrorosoape (TEM)

analysis.

2.2.3. Nanocomposite Characterizations

2.2.3.1.Morphological Measurements:

Transmission electron microscopy (TEM) was conducted with sanghiined
from before or after the vertical burning test. The cross@ectvhose thickness was 70-
80 nm were cut by a Reichert-Jung Ultracut E Ultramicrotontethen were placed on
coated copper mesh grids. Morphology of the sections was viewedffeah Tecnail2
BioTwinG® TEM at 80 kV and digital images were acquired with an AMR-60 CCD
digital camera system. The FR agents in the polymer reatnwere identified by an
energy dispersive X-ray spectroscopy (EDXS) in the scanningr@be microscope
(SEM) (LEO-1550) with a Schottky field-emission gun where dpecimens (10 mm X
10 mm x 2 mm), burned as a function of time at the high temperafu650 °C in
Lindberg SB. Type 167 oven chamber, were mapped for 10 min. The SEMlseas a
performed with the residues after the cone calorimetry Aef#w micrometers of gold

were coated on the surface of the residues in order to make the specimens conduct.



2.2.3.2.X-ray Scattering Measurements:

Small angle X-ray scattering (SAXS) was performed witlsamples (2 mm in
thickness), which were annealed at different temperatures fomirs to analyze
microstructures, where peaks corresponded to interlayer spadithgs the clays. The
SAXS was conducted at a beam line X10A at National Synchrotrdn Sigurce (NSLS)
at Brookhaven National Laboratory. The wavelength used in the bear.@9 A. The g
range was from 0.04 to 0.58'AThe distance between the samples and the detector was
81.20 cm. An extended X-ray fine absorption structure (EXFAS) wasrpeztl in order
to verify a change of the chemical molecular structure of Brawoing particles
occurring in the condensed phases. The Br K-edge XFAS data@oMasted from all
specimens (0.5 mm in thickness) containing the clays and withoutldélys. The
specimens for EXFAS were burned at different temperature@osec in the oven
chamber. The X-ray beam, X11B at the NSLS, prepared from t{iel §) double crystal
monochromator was used to scan a range of X-ray energy from 1b6él@V the Br K-
edge (13,474 eV) to 1000 eV above it. After three scans were averagethta were
processed with the IFEFFIT package [48].

2.2.3.3.Thermodynamic and Thermal Stability Measurements:

Mechanical property of the samples was analyzed by a Mé&tiledo DMA/SDT
861e in the single cantilever mode. The dimensions of the sampled@enm x 10 mm
x 2 mm. Storage modulus and tan delta were measured as a functempafrature,
where temperature increased to 180 °C from room temperaturé&egjuency of 1 Hz
with a heating rate 2 °C /min. A differential scanning cabeter (DSC) was used in
order to measure the specific heat of the chars. The DSC ne#sarkeat flow of the
chars as a function of time and temperature. The mass of tipdesamhich is required

in order to correctly figure out the specific heat, was used and input into the formula,

AH [dHJ[dtJ[lj
Cp= =l — ==
AT xM dt \dT M

,whereAH is the enthalpy changaT is the temperature change, dH/dt is the heat

flow difference between the blank and the sample, dt/dT is theseewéthe heating rate

(20 °C /min) and M is the mass of the sample. A thermogravicretialysis (TGA) of



using a Mettler-Toledo instrument was used to compute the mads Bsample as the
temperature steadily increases. A small mass of a sanaglenwasured and then inserted
into a crucible. The crucible with the sample was inserted intéutinace and then the
temperature was increased from 30 °C to 850 °C at a rate o€/bdn? The TGA
measured was normalized in a percentage of mass loss ateweastived to mass loss

versus temperature for further study.
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2.3. Results

2.3.1. Microstructures of Nanocomposites.

The dispersion of FR formulation when clays are present is shofigune 2.1.
for the PMMA homopolymer. The dark particles in the figurestiaeeDB/AO patrticles,
which are electron dense. From the figures it is very &adiscern that the particle size
is smaller and the particle distribution is more uniform when El#gsite 20A clay is
added. In figure 2.1b we can see that the FR particles are atfisotoethe surfaces of
the clay platelets. Since the clays are well dispersed itsel®MMA matrix, the FR
formulation associated with the clay platelets is also disgdveéer. In figure 2.2 we
compare the TEM micrographs of a 70-30 weight percent PS/PMRIAIénd with and
without 5% clay. From the figures we can see several magttsff(a) the clays are
segregated primarily into the PMMA domains which is consistetit Wie previous
results of Huet al.[23] that indicated that PMMA polymer chains in a PS/PMMAtmel
matrix adsorbed preferentially to Cloisite 20A clay surfafigsThe FR agents are also
segregated primarily into the PMMA domains, which are sligmibye polar than the PS.
In the absence of clays, the PMMA domains are a few microdsameter, which also
define the cluster size of the FR. As a result, comparingdigur and 2.2, it is clear that
the dispersion of the FR is even worse in the blends than in the homepalyith the
addition of clays, the domain sizes are drastically reduced. Fmdhe as was shown in
figure 2.1b, the FR is still attached to the clay surfaces,tmeguh smaller particles and
better dispersion within the domains. Inspection of figure 2.2c also shatthe clays
segregated to the interfacial regions between the PS/PMMA dsnikis segregation
was previously explained to occur from situ graft formation on the clay surfaces,
which greatly reduced the interfacial tension, resulting in dmepatibilization properties
of the clays [31]. Careful inspection, though, of the images o sthat the FR agents
absorbed into the clays surfaces that have segregated to tfeciateegions. This effect
also increases the dispersion of the FR agent within the PS phddggnce helps the FR
agent work more effectively.

Si et al. has shown that the ability of clays to compatiblize blendsiriy faon-
specific, as long as the clays exfoliated in one or both of theneoty The PS/PMMA
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system was an example of the first case, while PC/SAN2&awasample of the second
case where they showed that the degree of compatibilization was evendmdtzesingle
T4 could be achieved. In the case of the PC/SAN24 blend, the microstrudtuhe
domains becomes more complicated when the FR formula is added. & Zgumwe
show TEM images of a PC/SAN24/FR blend. Since the X-ray conbetsteen the
polymers is low, we also performed scanning transmission Xaregoscopy (STXM) in
order to identify the phases and plot the STXM images alongsidéBNefigures. In
figure 2.3a and 2.3c, we show the blend with the FR, but without clay. Ciogplae
STXM image with the TEM image shows that the FR is segrdgataost completely
inside the SAN phase. The blend with the added clays and the FR is shiigure 2.3b
and 2.3d. Comparing with the previous data ofefSal. we find that the degree of
compatibilization is not as good as that reported in the absenbe &R agent. Closer
examination of the figures reveals one possible explanation. Inaséswee can see that
FR agent is now segregated to the clay surfaces, which aréy qgeafierred over the
SAN phase. The FR agent therefore competes more effedtnagiythe polymer chains
for the clay surfaces, reducing the ability of the clay tanfor situ polymer grafts, which
in turn reduces the interfacial activity of the clays. It rhayconfirmed by the fact that
there are still two ¢, one at about 125 °C and the other at about 148 °C, compared to one
T4 iIn PC/SAN24/Cloisite 20A, which was reported in the previous paREf; pven
though the storage modulus increases from 2.75 to 3.75 GPa, which is shéi\garen
2.4a and 2.4b. Hence the addition of the clay greatly increased thesitispafthe FR
agent in spite of the poor degree of compatibilization.

The degree of compatibilization can be indirectly predicted by helivtiae clays
are exfoliated and/or intercalated in the presence with thepd&Rcles. In order to
determine the degree of exfoliation and/or intercalation of the wla performed SAXS
on PMMA/DB/AO/Cloisite20A, PS/PMMA/DB/AO/Cloisite 20A, and
PC/SAN24/DB/AO/Cloisite 20A nanocomposites. The spectra are shofwgune 2.5.
where the peak positions are marked by the vertical linebataltey can be directly
compared. From the figure we can see that the trace of puréte€CROA clay has two
peaks at q = 0.2319Rand q = 0.4638 A where q = 4sino/A. Using the relationship,
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doo1= 21/q, we obtain the interlayer spacing in the direction of [001] and [@@#Eth are
listed in table 2.2.

In the case of the pure Cloisite 20A, these values are 2.70 nm and 1,35 nm
respectively. After blending with PMMA/DB/AOQO, the d spacingreases to 4.10 nm,
which indicates that polymer chains are intercalated into tlyegelieries. This behavior
is in contrast to that reported by &ial. for PMMA/SPN without the FR formulation,
where no peaks are observed and where TEM images indicate meanlyiete
exfoliation [20]. In this case, even though the scattering isalagvonly the primary peak
is observable, we find that the clay is partially exfoliatelgis Tesult is also consistent
with the TEM images shown in figure 2.1 where only partial exiolis observed.
From figure 2.1 we can also see that the FR formulation is adsturhblee clay platelets
and tactoids, indicating that it may compete with the polymer cliairtbe clay surface
and hence it can hinder the penetration of the polymer chains intolibeegaand the
exfoliation process. In the case of the PS/PMMA/DB/AO/Cle)A, the peak intensity
is larger, indicating that an even smaller fraction of the idaxfoliated. The clay peaks
are visible at q values corresponding tg:& 4.05 nm and @,= 2.03 nm, indicating a
large degree of intercalation. Comparing the TEM micrographsthef PMMA
homopolymer in figure 2.1 with that of the PS/PMMA blend in figu2\e see that the
clays are localized at the blend interfaces. Since Cloisite i20known to partially
exfoliate only in PMMA and only barely disperses in PS, the ipai@bn at the interfaces
can only occur if individual clay platelets do not cross into the pR8se. This
relationship favors intercalation, rather than exfoliation.

In the case of the PC/SAN24/Cloisite 20A nanocomposite, the wlages shown
to exfoliate in both phases, ande&bial. showed that above 3 % clay, the two polymers
became completely miscible [31]. Here we show that this i®mger the case when the
FR formulation is added. In the inset of figure 2.3 we show the Si¥ages of a cross
section from the PC/SAN24/DB/AO (50/50/15/4/5 wt %) blend, with anbowit 5 % of
Cloisite 20A clay. From the images we see that the continuous phase (brightwkif
the discontinuous phase is SAN24. In the TEM images there is not musitydmntrast
between the two polymers and only a faint outline of the discontinuous paasee

seen. The degree of miscibility does not seem to be much dffegtibe clays, when the
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FR is also added. This result is consistent with the SAXS détre we can see that in
the PC/SAN24/DB/AO/Cloisite 20A nanocomposite, the clays are intercakdtest than
exfoliated in figure 2.3. Closer examination of the TEM imadigsirfes 2.3c and 2.3d)
shows that in the absence of clays the FR components, which agpearkaelectron
dense regions, are localized in the SAN24 discontinuous phase. Wheloitite Q0A
clay is added we see that the clay platelets prefer thenaons PC phase, but a large
fraction are also localized at the interfaces between tharfdCSAN24 phases. In this
blend as well, the FR particles are observed to be adsorbeddlayhgatelet surfaces,
which results in a better dispersion and reduction of the pasiide But in contrast to
the images observed for the PS/PMMA blend, the FR coated caglgis are not
confined in the PC phase, but are clearly segregated along thadiaerégions. Even
though the clay tactoids along the interfaces and in the PC regiprarasmaller than
those in the PMMA phase, the interlayer spacing between clay platetttary smaller.
As a result of that, the spectra of SAXS in figure 2.5 showsthigaintercalation of the
clays in the PC/SAN24/DB/AO blend is less than that of thesalay?S/PMMA/DB/AO
blend, which are @; - 3.57 nm and g, = 1.79 nm in table 2.2. Therefore, when
halogenated FR formulations are mixed with Cloisite 20A claysiEFBheomponents are
seen to be attracted to the clay platelets surfaces, angetoraffectively with the
polymer chains for adsorption sites. While this effect incediseir dispersion, it also
decreases the ability of the platelets to exfoliate in thenpeily or produce then-situ
grafts with the polymers, which were shown by ebial. to be responsible for the

compatiblization mechanism in polymer blends.

2.3.2. Burned Microstructures in PS/PMMA with FR and Clay Nanocomposites.

Even though the compatibilization is not optimal, addition of the FRulatons
does not prevent the clay platelets from being localized alonghtbdaces. Hence a
more relevant question becomes whether the clay plateletstalaihize the internal
microstructures against further phase separation when the blemqubsedxo flame. We
first examined the PS/PMMA blend samples after they wepesed in a small scale of
flame and passed a mock UL-94 VO test, as described in theailias 2.1. Here the
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samples are suspended and exposed to the flame at the bottom fooridss&Ve then
cross sectioned the samples and examined three regions, 10 mm, 4@dnir® mm
away from the flame. The results are shown in figure 6 and 7tophportion, which is
furthest away from the flame, is seen to be relatively urggzhifrom the images of the
unexposed composites shown in figure 2.6a and 2.7a. As before, we seé Eidtifk
domains in which both the FR particles and the clay plateletsisible. PMMA phases
are well dispersed and their size varies from a few midensi¢o about a hundred
nanometers. The clay platelets reside in PMMA phases or dntéréaces between PS
and PMMA phases, which is shown in figure 2.7a. The morphology of the PMMA
domains begins to change in the figures. The outlines of the domaiamseimed, but
the actual PMMA appears to disintegrate. This is consistaht tve fact that PMMA
polymer begins to unzip and sublime at the temperature of the fi@hat is interesting
to note that the outlines of the domains remain fixed and the ovéask pseparated
morphology does not change. In figure 2.6¢ and 2.7c we show imagessettiom that
was in direct flame. Here we also see the outlines of the RNMNhses are preserved,
and we find that the clays remain concentrated in the PMMA domains.

Hence the clays at the periphery stabilize the domains agaalsscing, before
disintegrating. Closer examination of the clays left behind irPH®A domains show
that they coalesce into small tube like formations, at tempesatwhere it was
previously shown that the surfactants molecules charge-exchangedhe clay surface
begin to decompose. This response is further confirmed by SAX& afatthe
nanocompsite samples annealed in air for approximately 5 min aetetiftemperatures.
From the figure 2.8 we can see that the position of the SAXS8ngtremains fairly
unchanged for the samples heated to 350 °C. Above that temperatwanveee an
abrupt shift to smaller q values indicating that the interlagyaciag has decreased. From
previous measurements, we know that above 250 °C the quaternary amiheclatys

become unstable thereby removing the intercalating agents in the clays.

2.3.3. Thermogravimetric Analysis.

In order to have a better understanding of the chemical pescedsich occur

when the samples are heated, we performed separate step AYGst measurements of
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the PS, PMMA homopolymers, and the inorganic additives, individually andfémestit
combinations. In figure 2.9 we show the TGA data from PMMA with arittdout the
addition of 10 % Cloisite 20A clay. The derivative of the spectplatted in the inset,
and is useful in visualizing the onset of a vaporization process. kbgence of the clay
we find that the PMMA decomposes in two steps. The first decongositcurs from
around 250 °C to 325 °C and then the second decomposition occurs from 350 °C to 450
°C. These two peaks have been previously identified as degradétiba unsaturated
end groups followed by the depolymerization of random scission [32-33]. Waeztaty
is added, the first peak is greatly reduced, corresponding to a matiardmaction of the
chains undergoing scission, while a larger peak is observed @80T =C which is higher
than the decomposition peak corresponding to the depolymerization ofrdem
scission.

Hence the effect of the clay is to raise the temperature at whichAPludergoes
thermal decomposition. This behavior may be due to the fact thatldiieadsorbs
strongly to the PMMA surfaces, as was shown byetial .[23]. Hence additional energy
corresponding to the desorption energy of the chains from the cléacesirmay be
needed before vaporization occurs. No effect is expected for P& wieemteractions
with the clay surfaces are minimal. In figure 2.10 we showT®@& spectra of a 70/30
weight percent blend of PS and PMMA. The red solid line is alleaed TGA spectrum
if the PS and PMMA would go into the vapor phase separately. Frofigtine we can
see that the TGA data for the PS/PMMA blend is different than the cateylatdicating
that PS does have a synergistic effect on PMMA, and the two cemizogo into the
vapor phase at similar times. We do not yet fully understand #ehanism for this
synergy. In particular, since the polymers are immiscible, as is shown ikMédigures,
their phases separate into micron sized domains. In figure 2.10 wdlshoivange in the
TGA traces which occurs when the data is obtained from the blendowuwith Cloisite
20A clay added. The green solid line corresponds to the expectediftrattethe
individual components were to vaporize independently. The TGA data sanbal
simulated by adding the experimental trace for PMMA/ Clei2QA and the independent
trace of PS (black solid line). From the figure we cantbat this fits the experimental
trace of PS/PMMA/Cloisite 20A blend much better than the indepemdiltion of the

16



three components (green solid line) or the addition of the PS/PMipa&rimental data
followed by the clay trace (blue solid line). This behavioraesistent with the strong
adsorption of clay to PMMA and the observation from the TEM mieqolgs that the
clay is mostly segregated in the PMMA phase. Hence, despiteintreased
compatibilization and the decrease in the individual domains producételsgtay, the
two phases, namely PS and the PMMA/clay combination vaporize indilid(ddis
result was quite surprising, given the synergy observed abovaddP$ and PMMA
phase separated blend. In figure 2.11 we plot the TGA data fd?SHeMMA blend
when DB is added. Here we see that the simulation which bestditdata corresponds
to the PS/PMMA vaporization combined with the separate tracBBadnd AO (green
solid line). This indicates that the DB does not have any sp@giargy with either the
PS or PMMA, which prefer to associate with each other, rattem with the DB.
Examination of the DB distribution in the blend from the TEM image in figure 2.2 clearly
shows that no DB is found in the PMMA phase, while very largeatsistre observed in
the PS phase. This distribution is consistent with the DB being Saioke in both
polymers, while slightly preferring the PS relative to the PMMA.

In figure 2.12 we plot the TGA data for the formulation for whichetSal.[8]
reported a UL94-V0 result. The derivatives of the traces are glottéhe inset. In the
absence of clay we can see that the traces have multipks pe the derivative plot,
indicating that vaporization for the different components occurs fetelit temperatures
and times. Consequently the components of the gas phase reaction mayiveot a
simultaneously at the sample surface and decompose individuallyraldee groduced
after the addition of clay shows vaporization starts at a lesveperature, but from the
derivative trace, we find that most of the sample mass vapaizétee same time and
temperature. This makes the gas phase reaction much more effextihence may be a
possible explanation for the synergy reported between the ataythe DB formulation.
This can also be seen in the TEM micrographs, where DB paracteobserved within
the PMMA domains. Higher magnification images show that the Digls®orbed to the
clay platelets, which in turn forms much smaller aggregates sthgtegate into the
PMMA phase. This kind of mixtures aids the synergy observed in dbedioated
vaporization of the components. In figure 2.13 we plot the TGA trace d?$HeMMA
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blend with the FR formulation with and without the addition of 10 % dlayhis case,

there are several possibilities for the vaporization processelfigure we show the
calculation for PMMA/Clay/DB/AO plus the PS. This would be a pbbbanixture since
from the TEM images we see that the clay/DB is now concedtrat the PMMA

domains which are quite distinct from the PS phase. From the T84 tinough, we find
that the agreement, which the PMMA/Clay/DB/AO and the PS dmeomposed
separately, is poor.

We also experimented with others, less likely combinations such as PMMA/C20A
plus PS/DB/AO,(red solid line), PS/IPMMA plus DB/AO/C20A(greenidsdine),
PS/PMMA/C20A plus DB/AO(purple solid line), PMMA/DB/AO plus RZ20A(light
red solid line), and individually separated PS/PMMA/DB/AO/C20A €bdolid line). In
all cases we can see that, as expected, the agreemeng@doThe TGA data indicates
that a synergy must exist between the PS and PMMA/clagh&Res, which produce a
distinct sequence of vaporization. Since many components are involgedifficult to
determine a unique sequence of decomposition of the PS/PMMA/DB/ZX3/ polymer
blend from these traces. On the other hand, by examining the derplatisén the insert
we find that a large peak occurs in the same region as wasvethséor the
PMMA/DB/AO/C20A combination, and an additional plateau is observedhnkistable
to 450 °C, or the temperature at which the PS was observed to deeorApose will
show below, this blend also satisfies the UL-94 VO rating andsf@richar upon burning.
Hence part of the blend produces an efficient flame retardant vapse p¥here DB is
consumed, while another part, which is PS rich, the benzene ringe &S polymer
chains may be decomposing more slowly and possibly adsorbing ont@yh&udaces,
which we will show later, also help formation of the char.

2.3.4. EXAFS and Mass Spectroscopy.

EXAFS techniqgue examines the solid samples after the volatdesgare
removed. In figure 2.14 the data were taken using the Br absorptiorcieseffwhich is
related to the interference caused by backscattering meigfiboring atoms and hence is
sensitive to the chemical nearest neighbor environment of the Br atomssolithghase.

In this experiment we only probed the solid samples that remaiftezchanealing for 20
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seconds at different temperatures. In each case the dataenifiaatno change in the
nearest neighbor configuration of the DB molecule has occurrefitel¢he fact that the
TGA analysis shows that a large fraction has vaporized & teagperatures. These data
are consistent with the established pathways in which the DBsreait the volatile
products in the vapor phase. Hence no observable the changed DB moleatgendttc
the addition of the clays. The samples were also examined vaitls Bpectroscopy in
order to quantify the amount of Br that remains in the samples &fé annealing
process. The data for the 70/30 PS/PMMA blends are tabulatetllen28. From the
data we can see that, for the same annealing times apdrtgnre, the samples with 10
% clay had significantly less bromine than those without clay. elhesults are
consistent with SEM/EDAX analysis of the blend samples aifterealing for different
times at 650 C in a tube oven. The images for Br mapping are shown in figure 2.15,
where we can clearly see that the amount of Br remaining isdle phase decreases
more rapidly in the samples with clay, such that after dmgefor 15 sec. no Br is
discernable in the clay samples, while a significant amouhtetiains in the samples
without clays. Hence the elemental mapping, TGA, and mass speglyasdicate that

the addition of clay enhances the vaporization rather than retard vaporization.

2.3.5. Cone Calorimetry.

The heat release rate (HRR) and mass loss rate (MLBesé polymer blends
were measured using cone calorimetry. In order to separateffints of thermal
decomposition and combustion, we first studied the thermal response PEHRAMMA
blends when heated under nitrogen atmosphere in the controlledphgr®scone
calorimeter at NIST. The MLR data are shown in figure 2.1&revive can see that the
values for the sample without clay increase rapidly and then abdrpibyto zero within
the first 300 seconds. The shape of the curve for the sample witlguis atonsistent
with the rapid unzipping of the PMMA molecules superimposed on thengessition of
the PS polymer. This is a typical feature of MLR in pure polyreeins, where char is
not produced during the exposure to the heat source and the HRR andhddésse and
then drop abruptly when the material is completely consumed. Wheatathés added,
the onset temperature of decomposition remains unchanged but the MhR likhd
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with 5 wt % clay is seen to decrease by nearly a facttwofand the decrease is only
somewhat larger when 10 % clay is added. The MLR has aveefdtiteau till about 140
sec, at which point the decrease becomes steeper. The additiay s€ems to have the
largest impact in this region where the rate of decreasevéssely proportional to the
clay concentration. This behavior is consistent with two regiotiseimass loss rate: (1)
a non-charring region, where the net heat flux determines thelosssrate. (2) A region
where char begins to form and the mass loss rate is controllédebrate of char
formation. This behavior is characteristic of polymer/clay nangmsites, where the
clay was either intercalated or exfoliated [8, 34-36]. Siheesample was mounted on an
insulated load cell which prevented heat and mass loss from the lofttoenloaded cell
we can model the thermal behavior using a one dimensional transiamgoequations.
Quintiere and co-workers [38-39] proposed a relationship betweenlosasste and the
net heat flux;

. et (1)

T L/a-vY)

, WhereQ” ¢t is the net surface heat flux into the surface (note: double igndies per

unit area). It is composed of an external heat flux, a flamefheatand a re-radiation
from the surfacell” is the mass loss rate per unit the surface area of \slaty is heat
of gasification, and 1-y is a fraction of char residue. Since*®®MMA blend is non-
charring the mass loss rate increases with increase oetheeat flux as shown in figure
16, where only an net heat flux without flame heat flux existhé inert gas condition.
Hence the slope, 1/Lg, when the char yield is zero in the equation, cagdrded as
degree of flammability. Moreover, in the figure we can seestbpe slightly changes
around 100 sec. This indicates that there could be the two differéatdiegasification
involved in the decomposition of the PS/PMMA blend. Hence some of PMik4A f
vaporizes and then PS and the rest of PMMA volatilizes into gasepivhen the
vaporization surface, which is continuously decomposing down to the bottom of the
loaded sample, exists in the one-dimensional steady state bumthg.figure, although
there is one small dips around 100 sec. in case of the blend with thieradd clays,

which may be caused by a initial char formation, it isysiat there are two different
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slopes until the mass loss rate starts decreasing around 19bhedwo different slopes
are an evidence of the fact that the blend is partly compatibilized by thaddiclays.

The two distinct slopes are also consistent with the TGA draoé
PS/PMMA/Clay, where proposed scenario to vaporization of PS and REIs)A
separately. After reaching the peak MLR in the polymer blends the clay, where
physically the surface of the sample in the blend is covered pyotective layer
composed of clay platelets and carbonaceous char, mass lossntateously decreases
even though there is somewhat a constant region of mass loss lbatd the 5 % clay
case and the 10 % case. In particular, the mass loss ra5 clay case occurs from
250 sec. to 370 sec. The constant region could be caused by a resuthevhsrount of
char yield becomes constant in the equation. These distinct regismsappear in
PS/PMMA/C20A under the air condition, which is shown in the figure 2.1thelfigure
2.17a PS/PMMA polymer blend is flammable enough to completely buay, aeleasing
the highest the peak heat release rate (PHRR), 1507. 8%ab#arved in this study.
However, addition of 10 % clay reduced the peak HRR of this commosit
563.1kW/nfwhich occurs after 75 seconds. The same observation of reductions happens
in its mass loss rates (MLR) as shown in figure 2.17b. Hensddlieved that the clays
intercalated in pure polymer blends play an important role in thegelsaof HRR and
MLR either in the inert gas or air condition.

Furthermore, in order to demonstrate an effect on HRR and MLR thkeriays
are combined with the conventional FR particles, cone calorimetsyconducted in the
air condition. Data are summarized in table 2.4. In the figure 2.17acadaf 13 % FR
particles reduces as much as half of the PHRR in the virgin poljaend, and even
more reduction with the addition of 19 % FR particles in the blensl.chmmon that the
FR particles are decomposed into hydrogen halide at the gas pbahat the volatile
products of incomplete combustion, such as soot and CO, release ingbd4i}jaln the
figure these exothermic reaction with oxygen in air are dominarnimee just after
ignition is shown by heat release, which leads to a big reduaticdhel HRR. This
reduction of HRR can be explained usjpggas-phase combustion efficiency since flame
heat flux is involved in air condition. Tewarsenal.[41] proposed that when incomplete
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combustion products are released into the gas phase, there igi@maffreduction in

the net heat flux. Hence the heat release rate is described as:

HRR = x(1 =) 20,0 @

.whereH. is heat of combustion angHc/Lg is defined as the heat release parameter
(HRP). This expression depends on the combustion efficiency and thgeldebecause
the mass loss rate is directly proportional to HRR in a gtetade burning. Although the
reduction of HRR is observed in the blend with FR particles, imteresting that the
addition of the FR particles in the blend does not change its MLR during combustion, and
even slightly higher peaks are seen with PS/PMMA/DB/AO coetpdao PS/PMMA
polymer blend, as is shown in the figure 2.17. Hence in the equation HREaskes with
increase of the halogen FR particles because the halogen pagtimieece incomplete
volatile products and char yield is increased insufficiently. Furibez, there is a
difference in the PMMA homopolymer system, where was showneirptévious paper
that there was some reduction on MLR in that polymer system [8]. This maplaamex
by the TGA curves, where the PMMA decomposes with thep&ificles separately at
different times and temperatures.

In order to obtain an elimination of PHRR of the PS/PMMA/DB/AgInposites,
combining the FR particles with the clays could be a method. Ifighee 2.17a the
PHRR exists at 721.0 kWfnin PS/PMMA with 10 % DB and 3 % AO composite and
then the PHRR is eliminated after addition of 5 % clay in yiséesn. This tendency also
occurs in the PS/PMMA with 15 % DB and 4 % AO when 10 % claglded. However,
it is not enough for 3 % clay in the polymer blend to achieve th®4J\W0, in spite of a
huge reduction of its HRR. Another important observation regardingHRR of
PS/PMMA/DB/AO/C20A nanocomposites is that it is clearly seehave a plateau of
HRR. Furthermore, the length of the plateau mainly depends on the aphalmt in the
polymer blend. This dependence may be explained by a fact that ttheeateflux is
consumed to volatilize the FR particles into the gas phase, wWialechar yield is
constant, which means that in the equation the average HRR could tmeigedeby the
HRP, where ratio of the heat of combustion to heat of gasificaticonstant when the
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efficiency is a known parameter. In the figure 2.17a it may be confirmduwelfgdt that a
small plateau appears in a very beginning part after igntié?&5/PMMA/C20A and then
it disappears around 75 sec., at which point is that the ratio is sbngtan the amount
of char production changes during combustion. This is also really ise®ILR of
polymer blends with the clay. The only difference between PS/PNI¥AA and
PS/PMMA/DB/AO/C20A on MLR and HRR is a magnitude, which is seethe figure
2.17a that the magnitude of the HRR of PS/PMMA/C20A is higherttetof the HRR
of PS/PMMA/DB/AO/C20A overall combustion time. However, the magig of the
MLR in PS/PMMA/C20A is lower than that of the MLR of PS/PMRDB/AO/C20A,
which can be explained by a synergy of the combination FR partidie clays, which is
seen in the equation that the HRR is reduced when there israasacf FR patrticles
and char formation.

On the other hand, in the case of PC/SAN24 polymer blend, although teerclay
the blend with the halogen compound cause a good distribution of the FR compdund a
obtain in good compatibility, the same effect on removal of the paad®R and MLR
does not occur at the blend during combustion, which is shown in figure 2.88&sénr
of this result may be explained by the fact that the surfactarthe clay hinder the chain
scission process of PC, which otherwise would lead to the high praduft chars
during combustion [40]. In figure 18a, the adding 5 wt % of Cloisite Z&uged the
PHRR from 516.90 to 390 kW/mlt is believed that this effect is not contributed by
addition of clays but the breakdown products of DB in the gas phase.altg@od
agreement with the fact that the MLR showed in figure 2.18b thatidlye did not affect
the reduction of MLR.

2.3.6. Analysis of Chars.

Characterization of structures of char formation was conductedr afte
decomposition in Bfland combustion in air since many research groups reported a barrie
effect formed from the decomposition of the clay layers, which had beercalated
and/or exfoliated in the matrix.[34-36, 9, 43-46] In order to inveitiee effect of char
formation on MLR and HRR, in figure 2.19 we first studied the resittoes PS/PMMA

with 5 % and 10 % clay after the decomposition in the inert gassgthere. In figure
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2.19a and 2.19b the residue of 10 % clay has fewer cracks compareddbtheat %
clay. This result is consistent with the previous result reporye8itet al.[31], where
more segregation was observed with increase with the amount dfoaddi clay.
Furthermore, both residues cover over the whole sample surfacealuttieum sample
holder, which leads to the reduction on MLR and HRR. This reduction meypt&ned

by the interruption of diffusion of heat flux caused by the barriece from char
formation. Actually, Kashiwaget al [34] studied the relationship between amount of
residues and their structures, which was seen to explain the fedardant mechanisms.
In particular, he found that the clay platelets were accumutatethe sample surface
during decomposition in the nitrogen condition, which could be explained dss m
transportation of the clay platelets in polyamide 6 matrix. Ttas further studied by
Tang et al. [45, 47] where the exfoliated clay could migrate into the surf#céne
nanocomposite at the beginning of decomposing temperatures. Althougmatbse
transfer is essentially necessary to make appropriateetsaron the surface of the
samples, it does not provide enough explanation of how a self-extinguishing
nanocomposite is achieved in our system. Therefore, we believa thajor factor of
obtaining self-extinguishing may be a dependence on relationshigdrevolution of
the clay and physical structures of the residues during and ahthef combustion. In
order to demonstrate the relationship, we gathered and scrutinizegsidees after
combustion in the cone calorimeter.

In the figure 19 % FR agents is much left in carbonaceous whath are black
particles seen in the aluminum sample holder, compared to the resid2% FR agents
or the blend with the FR agent. In figures 2.19c-e the amount of residi®ut the clay
is not enough to cover the surface of the samples. On the otheirhfgdre 2.19f-h the
residues with the clay appear to be well-established charhvane composed of clay
platelets and a little carbonaceous chars. It is believedhitraasing amount of the clays
could make the polymer matrix stiffer. This fact may expliat during combustion,
more cracks occurred on the surface, as more was clay added. ionaddgre may be a
pathway to emit reaction products from interaction the FR pastiatel the clay. In
contrast, the low flammability of the PC/SAN24/DB/AO blendhwénd without clay
could be determined by their residues, which is shown in figure 2hti% 49j. Hence it
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is believed that char formation is an essential ingredient tadabkecthe mechanism of
the self-extinguishment of the nanocomposite. However, a more impdattor in

understanding the mechanism is the effect on MLR and HRR whestathés added in
terms of the dynamic relationship between microstructureshensiystem and char

formation in condensed phase. Hence further study follows in the discussion section.
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2.4. Discussion

In figure 2.20 we show SEM images following cone calorimetmimlgustion, in
air, of two residues, (a) PS/PMMA/DB/AO and (b) PS/PMMA/DBYE20A, where the
latter corresponds to the compound that passed the UL-94-VO crifevia.compare the
two images we find that the appearance of the carbonaceous chiangas except that
in the case of the flame retardant formulation, the surfatdse char are covered with
clay platelets. This is consistent with previous models whemast proposed that clays
retard the HRR and the MLR by migrating to the sample saidac modifying the heat
transport properties [34, 44-47].

In figure 2.20b we show a high resolution image corresponding tord¢lae a
outlined in figure 2.2b, where we can see the details of the cléglgitamorphology.
From the figure (circles) we can see that many of the platelets are bent and some
have even formed what appears of be short hollow nanotubes. In contrastouwven
figure 2.20c the SEM image of the char obtained from gasificafi@anPS/Cloisite 15A
nanocomposite. Here we also see the clay platelets on theesurtaidhe platelets look
flat and not bent. This observation is also consistent to the appeafaheeclays prior
to burning. In homopolymer nanocomposite the clays were highly orietdad the
shear direction [20]. Hence they remain flat in the char, #ieepolymer has degraded.
From figure 2.2 we showed that in blends the clays were mestiyegated to the
polymer interfaces and remained there despite the largeistg@sed in the Brabender.
In this case, the heat capacities and the thermal eneamediféer greatly between the
polymers in the two phases. This can create large local thgragients across the two
surfaces of the clays, resulting in additional curvature of thelptattowards the softer
of the two phases (see illustration 2.2). In contrast, the thgyropkrties of the matrix
are uniform in the case of the homopolymers and no local gradienterared which

would produce curvature of the otherwise rigid platelets.

Another source of structures in the char is the agglomeratidreaflays into the
long ribbons, which were previously reported byeSal. to form at the decomposition
temperature of the di-tallow surfactants coating the clayp [@0order to determine if

these structures also formed in the polymer/clay blend nanocompeghesrogressive
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heating, a series of TEM images were obtained in for a bleR&EAMMA with 5 % of
the clay, that was annealed at 300 °C, 450 °C, and 500 °C for 5 min an@ %603
min. The results are shown in the TEM images of figure 21, wherean see that after
annealing at 300 °C the clays began to form small tactoid stesctlihis result is in a
good agreement with the SAXS at 300 °C, which gse-3.91 nm and @.= 1.95 nm in
Figure 2.22. However, the tactoid structures became weakiee ssniperature increased
up to 450 °C, having a long tactoid line left in the TEM imagéait temperature. It may
be explained by the fact that the second peak becomes smdllemaller. At 450 °C the
second peak almost disappeared. As temperature increases thigHeng tactoid lines
disintegrates into a lot of small pieces of the stackedtateicwhich are shown in the
figure TEM image at 500 °C and 550 °C. Since these ribbons can balsei@ons in
length and since they are formed equally in homopolymers and blaegsare probably

not the source of the much smaller tube-like structures observed.

On the other hand, since these very long ribbons can form networksldsaéf
support the hot polymer matrix, they may cause a change in spleedic(C) of the
system the during combustion. For example, they can lower the &rogketature by
more efficient heat dissipation across the sample. We trergfropose an internal
energy equation, which is required to vaporize unit mass. Since wesdghbat there
could be two different heat of gasification, hence the total hegasification may be

expressed as:

Total _ rd B
Lgﬂ “ = Lg + L.q 3)

,where the total heat of gasification is a sum of heat of gatsdfic of each component
in a system. Due to the fact that heat of gasification eqoasum of internal energies

this equation can be replaced by the equation:

Hm Tp TT,"
Ly=2 ['I;a CodT + Al + [;" G dT + AL + [1* Cy dr | @
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, Where Gis a specific heat of solid,,ds a specific heat of an intermediate state, such
as a molten solid. Jis a temperature of melting or decompositionisTa temperature

of vaporization, and J is an ambient temperaturdH,, is heat of melting or
decomposition andHyv is heat of vaporization.\ds a specific heat of charring, which
is a new factor in this internal energy equation and could bendept on the
morphology of charring. Therefore, this equation can be applied to thegoblends

in our study. Tewarsost al. [41] found that PS mainly combusts as a liquid surface,
while PMMA burns as a solid surface. This means that PS needs theiinternal
energy than PMMA does. He determined that the heat of gasificaitiPS was slightly
higher than that of PMMATherefore, according to the equation (1) of mass loss rate
above this can explain that the first part of the slope (1/ehngs to PMMA and the
second part of the slope is PS in regard to the MLR and the HRiRdeethe mass loss
rate is inversely proportional to the heat of gasification. A@ointeresting aspect is
that the last term in the internal energy equation is contribubed charring. In our
study the charring is mainly caused by the addition of claysh®svn in the TEM and
SEM images above, a clay platelet could be formed in a tubulareltkas temperature
increases, which may be inferred that the specific hetiteotlay platelet changes as
the temperature rises. Hence the change of the specifiohdéa¢ clay platelet can

affect on thermal diffusivity in the equation below:

K ®)

A.Ceiay plateiet T Ccarbonacous char ]

op R

, Wherea is thermal diffusivityk is thermal conductivityp is density, Gay plateletiS the
specific heat of clay platelet£honecoutS the specific heat of carbonaceous char. In the
equation, wherk and p are constant, thermal diffusivity is directly proportional to
1/(Celay platetett Cearbonecous chiw Hence the addition of clay can decrease more the thermal
diffusivity compared to the case without clay. This is confarbg a result of specific
heat of residues of PS/PMMA/DB/AO and that of PS/PMMA/DB/&f@y. In Figure
2.23, C for the system with the clays is always higher thanofhtiie system without

the clays over all temperatures, which means that the atdyss heat sinks. Moreover,

|f Cc|ay p|ate|et>>> Ccarbonecous Chﬂrpcday p|ate|e{ the VO|Umetr|C heat CapaCIty, COUld be

28



determined by a thermal expansion termetSil. proposed that a volume of a domain

in the blend surrounded by the clays could be described as:

PV ~ m(2rl?

(2rl®) ©)
where m is a number of clay platelets in a domain, r is a raflithe domain, and is
the surface area of a clay platelet. If we assume that @rdyclay plate would be
surrounded along the interface in a domain, the volumetric heat tagat be
expressed as:

7
pfcla}f platelet AV Acla}r 1::+late~1-e~t(2?‘{2)5‘:Er1 ")

,\where, Ay plateletiS a typical thermal expansion coefficient of the clay pdhteh this
expression, the radius of a domain could be inversely proportional tertiperature
difference. Therefore, when the temperature difference is atnghe radius of the
domain decreases as the clay platelet is formed into a nadideibed because
PMMA inside the domain decomposes away as the temperature goesayddllead
to decrease of the volumetric heat capacity, which could incrédasethermal
diffusivity. In the figure 2.16 this relationship could have an impacthenstopes of
MLR after around 350 sec., where the slope of 5 % clay is higlaerthat of 10 %
clay. Hence the blend with 5 % clay could burn away rapidly cordp@ar¢he 10 %
clay in the blend. This result may be contributed to a formationnefaork structure
with the tubular-like rods. In spite of the fact that 5 % clag 20 % clay both produce
the ribbon-like and tubular-like structures, which are shown in figu2d, the blend
with 5 % clay may not form enough of the structures to produceffectiee heat

conducting network.
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2.5. Conclusion

We have shown that the addition of nanoclays is also effectigah@ncing the
flame retardant properties of polymer blends. In the case &fMM8A blends, we have
shown that addition of Cloisite 20A greatly enhances the dispersitmeofR agent,
which becomes adsorbed onto the clay platelets. Hence the clysnpthermally
induced phase segregation and disperse the flame retardant. Asltathe blend of
PS/PMMA/DB/AQO/Cloisite 20A is able to pass the UL-94-VO teslor the
PC/SAN/DB/AO/Cloisite 20A nanocomposite, addition of the clays didenbance the
flame retardant properties. In this case, the relative atinaof the FR formulation for
the clay surface was larger than that of the polymers, and bemdé¢eR coated platelets
were not as efficient in compatibiliziang the blend, as the plst@h the nanocomposite
which did not contain FR.

The thermal behavior of these blends was also studied. TGA reeasuis
indicated that the thermal decomposition of the blends was not aessoypérposition or
addition of the decomposition behavior of the two polymers. Addition of tdatphe
PS/PMMA blend caused all the individual components to vaporize aatie time. This
coordination of the combustion time appears to be crucial in impdiaimg retardance
with halogenated formulations. Since the FR chemical reactioris #ne gas phase, all
the components must enter the gas phase simultaneously for optiltiaheff. These
results indicate that the clays may be catalyzing the deasitron of the halogenated FR
agent.

The internal structure of the clays was studied by obtaining sexgns from a
sample that was annealed for 3 minutes in a tube oven at diffenepératures, ranging
from 250-550 °C. From the TEM images we can see that when tipertatre exceeds
400 °C, the functional groups desorb from the surfaces and then theatdgsce into
long fibers. The desorption is confirmed by SAXS, where the cleistat x-ray peaks
of clays disappear at T < 250 °C, where the clay is dispersdatieAemperature increase
pass 300 °C the charactering peaks of clays re-appear, indittzinthe exfoliation is

reversing.
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Examination of the chars, using SEM, revealed unusual featureg Wieeclay
platelets were folded forming short nanotubes. The folding of theptdéslets is induced
by differential thermal response between the two polymers plaasess the interfacial
regions where these platelets are segregated. Some of thetstphre so tightly folded
that they resemble Halloysite, a naturally occurring, tuke-tlay formations. These
“nanotubes” do not appear to have any special function in the fletaxeant properties.
On the other hand, examination of the nanocomposite after heating t€ Sb@ws that
long ribbon like aggregate structures, approximately 100 nm in width, stogsiof
multiple clay platelets, have begun to form. These ribbons can nowdorentangled
network within the char, similar to the one reported for carbon nargtwdech may
improve the mechanical properties and the thermal diffusivitynoflel is presented that
brings together the two most important elements, the thermalsigitiu and the

simultaneous vaporization, to explain the observed synergy.
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Figure 2.1. TEM images: (a) PMMA/DB/AQO/Cloisite 20A (75/20/5 wt%), (b)
PMMA/DB/AO/Cloisite 20A(70/20/5/5 wt%).
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Figure 2. 2. TEM images: (a) PS/PMMA/DB/AOQ (70/30/15/4 wt%), (b)
PS/PMMA/DB/AO/Cloisite 20A(70/30/15/4/5 wt%), High Magnification; (c)
PS/PMMA/DB/AOQO/Cloisite 20A(70/30/15/4/5 wt%).
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Figure 2.3. Scanning transmission X-ray microscopy (STXM) images; taken at
286.8eV, the absorption of the energy of SAN24, SAN24 is dark, which is shown in
the inserted images. TEM images: (a) PC/SAN24/DB/AO (50/50/15/4 wt%) cib)
PC/SAN24/DB/A0/Cloisite 20A (50/50/15/4/5 wt%). High Magnification: (c)
PC/SAN24/DB/AO (50/50/15/4 wt%) and (d) PC/SAN24/DB/A0/Cloisite 20A
(50/50/15/4/5 wt%).
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Figure 2. 4. (a) Storage modulus and (b) Tan delta in PC/SAN24 (50/50 wt%),
PC/SAN24/DB/AO (50/50/15/4 wt%), and PC/SAN24/DB/AQO/Cloisite 20A
(50/50/15/4/5 wt%).
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Figure 2. 5. SAXS spectra of pure Cloisite 20A-(green line),
PC/SAN24/DB/AO/Cloisite 20A (50/50/15/4/5 wt%)-(blue line),
PS/PMMA/DB/AO/Cloisite 20A (70/30/15/4/5 wt%)-(black line), and
PMMA/DB/AO/Cloisite 20A (70/20/5/5 wt%)-(red line).
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Figure 2.6. Low resolution (4800x) TEM images of a series of burning Bar (a)-Top,
(b)-Middle, (c) -Bottom of PS/PMMA/DB/AQO/Cloisite 20A(70/30/15/4/5 wi). (scale
bar = 2 pm).
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Figure 2.7. High resolution (18500x) TEM images of a series of burning Bar (a)-Top,
(b)-Middle, (c)-Bottom of PS/PMMA/DB/AO/Cloisite 20A(70/30/15/4/5 wt%. (scale
bar = 500 nm).
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Figure 2. 8. SAXS data of PS/PMMA/DB/AQO/Cloisite 20A (70/30/15/4/5 wt%) as a
function of temperature.
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Figure 2. 9. Curves of TGA and DTG (an insert image) as a function of tempenaie
from PMMA and PMMA/Clay nanocomposites.
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Figure 2. 10. Experimental and calculated curves of TGA from PS/PMMA and
PS/PMMA/Clay nanocomposites.
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Figure 2. 11. Experimental and calculated curves of TGA from PS/PMMA/DB/®
Nanocomposites.
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Figure 2.12. Curves of TGA and DTG (an insert image) as a function of temperater
from PMMA and PMMA/DB/AO without and with clay nhanocomposites.
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Figure 2.13. Experimental and calculated curves of TGA from
PS/PMMA/DB/AO/C20A nanocomposites and DTG (an insert image).
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Figure 2.14. EXFAS data of Br particles in PMMA/DB/AO (70/20/5 wt%) burnt
samples without or with Cloisite 20A(5 wt%) as a function of temperaturs.
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Figure 2.15. Maps of Br particles (yellow dots) in a series of burning time &50 C
in the oven: (a)-(c) from the PS/PMMA/DB/AO(70/30/15/4) samples, (d)}{from
PS/PMMA/DB/AOQO/Cloisite 20A (70/30/15/4/3) samples. (scale bar = 2 pm)
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Figure 2.16. The effects of addition of Cloisite 20A on MLR of PS/PMMA at
50KW/m2 in nitrogen.
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Figure 2.17. The effects of addition of DB, AO and Cloisite 20A on HRR(a) and
MLR(b) in PS/IPMMA/DB/AO at 50kW/m2 under air.
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Figure 2.18. The effects of addition of DB, AO and Cloisite 20A on HRR(a) and
MLR(b) in PC/SAN24 at 50KW/m?2.
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Figure 2.19. Images of residues after cone calorimetry under N2 : (a)
PS/PMMA/C20A (70/30/5 wt%), (b) PS/IPMMA/C20A(70/30/10 wt%); The images
of residues after cone calorimetry under air:
(c)PS/PMMA(70/30wt%),(d)PS/PMMA/DB/AO(70/30/10/3wt%),(e)PS/PMMADB/
AO(70/30/15/4wt%),(f)PS/PMMA/DB/AO/C20A(70/30/15/4/3wt%),(g)PS/PMMA/D
B/AO/C20A(70/30/10/3/5wt%),(h)PS/PMMA/DB/AO/C20A(70/30/15/4/10wt%),(i)P
C/SAN24/DB/AO(50/50/15/4wt%),and(j)PC/SAN24/DB/AO/C20A (50/50/15/4/5

wit%) .
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Figure 2.20. SEM images of residues from (a) PS/PMMA/DB/AQO (70/30/15/4 wt%)
and (b) PS/PMMA/DB/AO/C 20A (70/30/15/4/3 wt%), and a high magnification of
PS/PMMA/DB/AO/C 20A (70/30/15/4/3 wt%)-the red circular lines indicateibbon-
like and tubular-like clay platelets, (c) PS/Cloisite 15A(90/10 wt%); #t-like clay
platelets.
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Figure 2.21. TEM images of PS/PMMA/Cloisite 20A (70/30/5 wt%) at different
temperatures; (a) 300 °C, (b) 450 °C, (c) 500 °C, and 550 °C. Two high
magnification images are inserted in 450 °C and 500 °C.
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Figure 2. 22. SAXS data of PS/PMMA/Cloisite 20A (70/30/5 wt %) as a function of
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Figure 2. 23. Comparison of specific heat C with and without C20A in
PS/PMMA/DB/AO polymer blend.
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Mag = 5000 KX '—I EHT=2000kV Time 18:48:42

Figure 2.24. SEM images of residues from (a) PS/IPMMA/C20A (70/30/5 wt%) (b)
PS/PMMA/C20A (70/30/10 wt%) after N2 cone calorimetry; the red circular Ines
indicates nanotube-like clay plates.
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Polymer Mw or grade Supplier
AMCO Plastic
Polyst 280k :
olystyrene 80 Materials Inc.
Poly(methyl 120k AMCO Plastic
methacrylate) Materials Inc
Polycarbonate 23k Mitsubishi
Engineering Plasti
Poly(st -Co-
oly(styrene-co Luran 358N BASF

acrylonitrile)

Table 2.1. Polymers used in this study.
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— PSPMMA/DB _ PC/SAN24/D
Sample C'Z"(;Zte P'\"}\/"@’DB JAO Cloisite  B/AO/Cloisit
20A e 20A
doo1
Spacing | 2.70 4.10 4.05 3.57
(nm)
d002
Spacing 1.35 - 2.03 1.79
(nm)

Table 2.2 dorand dyoo0f Nanocomposites with FR and Cloisite 20A.

57



. PSPMMA/DB/AO PS/PMMA/DB/AO Cloisite
me
(sec) (70/30/15/4 wt%) 20A(70/30/15/4/10 wt%)
' Br wo% Br wt%

0 9.59 9.56

3 8.90 8.72

9 9.13 6.20

12 7.25 5.60

Table 2.3. Quantitative determination of bromine (Br wt%) after different times by
ion chromatography. (Formulations are based on per hundred resins.)
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Average -
. Peak HRR Average Ignition
0,

Sample (concentration Wi%) | - \vymoy | HRR(W/m2) '&S Time(sec)
PS/PMMA (70/30) 1507.8 792.9 0.123 25+1
PS/PMMA/Cloisite

20A(70/30/10) 563.2 288.6 0.050 212
PS/PMMA/DB/AO(70/30/10/3) 721.0 386.2 0.123 15+1
PS/PMMA/DB/AO/Cloisite20A

(70/30/10/375) 320.2 228.7 0.072 18+2
PS/PMMA/DB/AO(70/30/15/4) 570.0 2875 0.116 1242
PS/PMMA/DB/AQO/Cloisite20A

(70/30/15/4/3) 375.0 2115 0.111 15+2
PS/PMMA/DB/AO/Cloisite20A

(70/30/15/4/10) 219.0 157.8 0.057 18+2

Table 2.4. Results of cone calorimeter of PS/PMMA or in PS/PMMA/DB/&
without the clay and with the clay nanocomposites. (Formulations are based per

hundred resins.)
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lllustration 2.2. The tubular-like clay platelets forming as PMMA volatilizes.
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Chapter 3: Segregation of Carbon
Nanotubes/Organoclays Render Polymer Blends Self-

extinguishing.

3.1. Introduction

It has recently been demonstrated that the addition of asdgti@.5 wt %
multi-walled (MWCNTS) or single-walled carbon nanotubes (SWENIb a polymer
matrix can affect the mass loss rate during decompositiom Wigenanotubes are well
dispersed within the matrix [7, 12, 34]. Recently, Kashiwagal.[12, 34]found that
when either 1.0 wt % MWCNTs or 0.5 wt % SWCNTs was added to padllggne
methacrylate) homopolymer, continuous network-like protective layene iormed.
Hence they hypothesized that the network-like layers were to be therggonsible for
the reduction in the mass loss rate (MLR) between the filled thed unfilled
homopolymers [7, 49]. In an earlier work, &ial.[20] reported an increase in the flame
retardant properties of PMMA when functionalized clays were cadtieis phenomenon
was attributed to the long ribbon-like structures which formed spamiahewhen the
surfactants on the surfaces of the clays evaporated duritigdadaater, they reported
that when both the flame retardant (FR) additives and clay narabpanvere added, a
synergy was established where the heat release rate (&iRRYILR were reduced by
more than half as compared to the neat homopolymer [8].

Recently, Packt al.[37] have shown that the synergy can be even greater when
applied to polymer blends. In the case of polymer blends, the thprogrties can be
very complicated because phase separation occurs continuously widrerdif
temperatures of thermal degradation. This thermal behavior isddfsult to predict

since the distribution of the components in blends is continuously chadgiigg
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heating. Paclet al.[37] have argued that the inclusion of large aspect nanopartielgs m
be one solution to predict thermal responses in morphology of polymer |sieesit
was previously shown that they segregate to the interfagan® thereby stabilizing
the blends against further thermal decomposition. Furthermore, siedeRtiparticles
adsorbed on the surfaces of the clay platelets, the high aspexrtplatelets also
functioned as dispersants of the FR particles. The optimal cldintp#o achieve these
properties was approximately 10 % by weight, which is alsocserffi to embrittle the
polymer matrix and impact the ductility and fracture toughnesgeStarbon nanotubes
also have a high aspect ratio and an affinity for the flanterd@nt components, we
therefore postulate that an additional synergy may exist whentwbetypes of
nanoparticles are combined. This would allow us to obtain superior flatasdant
properties, but at a much lower particle loading and hopefully beterhanical
properties. Since the aspect ratio of the MWCNTSs is muchrl#inge that of the clays, a
much smaller loading can yield the mechanical properties wirevent dripping in the
molten phase, without embrittlement in the solid phase.

Hence we decided to focus on PS and PMMA homopolymers and their blends,
since they already were well characterized and the resaullg be directly compared to
those already in the literature using Cloisite clays ald8e 36-37, 50]We then used a
series of complementary techniques, in order to determine thimmsldp between the
thermal properties, as measured by cone calorimeter, diffdrendaning calorimetry
(DSC), and thermogravimetric analysis (TGA), with the blend and mihaostructures
as determined by transmission electron microscopy (TEM), endigpersive Xx-ray
spectroscopy (EDXS), scanning electron microscopy (SEM), and rhea®ggtermined

by dynamic mechanical analysis (DMA).
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3.2. Experimental Section

3.2.1. Materials and Nanocomposites Preparation:

The multi-wall carbon nanotubes (MWCNTs) were purchased frorix He
Material Solutions, Inc. The lengths of the MWCNTs used in thidystvere 0.5~40um
purchased as a long carbon nanotubMWCNT) and 1~2 um as a short carbon
nanotube $MWCNT) in the same diameter, 10~30nm. (The product IDs of the lodg a
short MWCNTs were MWNT-12950030-00 and MWNT-129500-01, respectively. The
batch numbers of both MWCNTs were BMCCO05510017 and BMCCO05510001.)
Electron microscopy images of both types of MWCNTs were showfigime 3.1.
Polystyrene (PS) with an average molecular weight of 280K, and(npetyyl
methacrylate) (PMMA) with an average molecular weight of 120&te purchased from
Sigma Aldrich. Cloisite 20A was provided by Southern Clay Produmts The flame
retardant (FR) compound was decabromodiphenyl ether (DB), purchasedSfgma
Aldrich and the synergist, antimony trioxide, Microffn@03, (AO) was purchased from
Great Lakes Chemical Corporation. A C.W. Brabender, Type EPL-V5ii,andirect
current drive (type GP100) was used to blend the nanocomposites. Haerbleas
equipped with two screw-type roller blades in a heating chamiber.pdlymer pellets
were first added to the chamber at a rotation speed of 20 rpm aper&tome of 170C.
The FR agents were then inserted and mixed at the same rptnnfian. Either the
MWCNTSs or the Cloisite 20A clay was gradually added into the chambdg bibnding.
The entire mixture was blended at 100 rpm for 15 min. under nitrogetiogasvhich
prevented degradation of the mixture from heat-induced oxidation. Tkeeireniwas
allowed to cool at room temperature in the chamber, and then sewdbpf the mixture
were molded in a hot press into the different shapes requiredefeatious mechanical
tests and flame tests that were performed.

3.2.2. Flammability Measurements

The heat release rate (HRR) and mass loss rate (MLR3umeaents of each

sample were performed using cone calorimetry at the Natiosiaiute of Standards and

64



Technology (NIST). The samples were made by molding 24 + Zgeafdmposite into a

75 mm x 75 mm x 5 mm square. The samples were then wrapped on three sides with thin
aluminum foil, exposing one side in the direction of the thermal radiathe samples

were exposed, in ambient atmosphere, to an external radiant f@xky¥/nf, normal to

the sample surface and the HRR and MLR were measured adiarfuofexposure time.

The residues in the thin aluminum foiled containers were collestddheir morphology

was characterized by scanning electron microscopy (SEM)stmelard uncertainty of

the measured heat release rate (HRR) was = 10%. The conene#iprtest was
conducted by ASME/ISO 5660.

3.2.3. UL-94 VO test

A vertical burning chamber purchased from Underwriters Labioeatdnc. was
used to assess flammability. Samples of dimensions 125 mm x 18 in&nmm were
molded and tested using the protocol established by ASTM D3801/ISO 129@ Q.
The test to probe flame retardancy was conducted by firshpatg the samples
approximately 10mm from the top edge and suspending them, with thex@gointing
down, from a ring stand. A compressed methane gas burner withflawaste of 105
mL/min was then placed 20 mm beneath the lower edge of the sanfplgame, 20 + 2
mm, high was applied to the sample for 10 sec. and thehe time that it took to
extinguish the flame was measured. The flame was then reh@pitk £, the time to
extinguish the flame again was measured. If either & was less than 10 sec., then the
sample was classified as VO in the UL-94 test. Furthermongstalso recorded whether
the nancomposites dripped and /or ignited a wad of cotton placed unteidee Table

3.1: results of UL-94V0 test from nanocomposites.

3.2.4. Morphology of Nanocomposites

In order to analyze the internal structures before and afpersexe to the flame,
transmission electron microscopy (TEM) and scanning electrorosaiopy (SEM), were
used to characterize the morphology of samples. Transmissionorlauicroscopy
(TEM) was conducted with cross-sections of samples obtaioed before or after the
vertical burning test. In particular, the vertically burned gaswere cut into three parts.
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The first piece was taken from the bottom of the sample, whishcleaest to the flame.
The second one was chopped 30 mm away from the first cut ian@es The last one
was obtained 30 mm away from the second cut in the same sampleroSkesections
were cut to a thickness of 70-80 nm using the Reichert-Jung Ultaalitamicrotome

and then they were floated at the water surface on coated copglergnids. Morphology
of the cross-sections was viewed from a FEI Tecnail2 BioTiFEM at 80KV and

digital images were acquired with an AMT XR-60 CCD digital camestesy.

The elemental distribution of Br, or the flame retardant agestimaged using
an energy dispersive X-ray spectroscopy (EDXS) attachmerteoSEM (LEO-1550)
with a Schottky field-emission gun. The SEM/EDXS measuremeete conducted on
5 mm x 5 mm x 2 mm) samples that were heated for diffetienes in air at a
temperature of 650 °C in a Lindberg SB Type 167 oven chamber. Thew&isMilso
conducted with the residues after the cone calorimetryneat.iA few micrometers of

gold were coated on the surface of the residues in order to make the specimens conduct

3.2.5. Thermodynamic and Thermal Stability Measurements

Dynamic modulus of the samples was measured by a Mettledd QIMA/SDT
861e in the single cantilever mode. Elastic modulus and tan deltenpfesa molded into
bars of dimension 10 mm x 10 mm x 2 mm, were measured as afunttiemperature,
where the temperature was raised from room temperature to 180a’@te of rate 2 °C
/min from room temperature at a frequency of 1 Hz. A differestianning calorimeter
(DSC) was used to calculate the specific heat of chars. TReneasured the heat flow
of the char as a function of time and temperature. In ordeorteatly determine the

specific heat, the mass of the samples is required and then input into the formula:[57]
AH dH ) dt \( 1
Cp = =| —— _ _
ATxM dat \dT A\ M

,whereAH is the enthalpy changaT is the temperature change, dH/dt is the heat

flow difference between the blank and the sample, dt/dT is theseewéthe heating rate

(20 °C /min) and M is the mass of the sample. Thermogravimatatysis (TGA) was
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performed using a Mettler-Toledo 2000 analyzer in order to rdeter the
time/temperature sequence of mass loss in the decomposition.ll/Avsaea of a sample
(10-15 mg) was measured and then inserted into an aluminum crddiblerucible with
the sample was put at the small dish in the furnace and then nipersgure was
increased from 30 °C to 800 °C at a rate of 10 °C/min. The TGAwlas normalized in
a percentage of mass loss and the first derivative of thespestas obtained in order to
clearly indicate the transition points. Rheology measurements caeried out using a
Bohlin Gemini HR Nano rheometer from Malverm instruments. A conssnain
amplitude (0.5%) was applied for frequency sweep (0.@1 < 100Hz) in oscillatory
shear. All samples were run at 200 °C on a 20 mm under the flowrofen to avoid

degradation of the samples.
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3.3. Results and Discussions

3.3.1. Morphology of Microstructures in Nanocomposites

3.3.1.1.Homopolymer Nanocomposites:

TEM cross-sections from the nanocomposites are shown in figte 3.
From the figure we can see that both short and long MWCNTsvelledispersed in
PMMA/DB/AO matrix by melt blending. The FR particles, white electron dense and
appear darker in color than the surrounding polymer matrix, are e¢sote be much
better dispersed when the MWCNTSs are present. Analysis a@fvlrage FR particle size
indicates that, in the absence of MWCNT'’s, large, micro-guaitcles are present, with
a mean size of 2 + 0.5 um. Addition of the MWCNTSs is seen to dieatig decrease the
size of the particles to 500-300 nm or 300-50 nm WHEIWCNTs orsMWCNTSs are
added, respectively. In the inset we show higher magnification Te\$es where we
can see that the FR particles are preferentially atulact the MWCNT surfaces, which
increases their dispersion in the matrix. A similar resal$ aiso reported by $i al. for
the PMMA/DB/AO nanocomposites when Cloisite 20A were added [8].

In order to determine the effects of the dispersion on the meahanbperties
of the polymer we also performed DMA and rheology tests. In fi§uBa we show the
tan delta plots of the nanocomposites, where we can see thatditienadf either
MWCNTs or FR particles increases Tg of the matrix from 4250 around 136 °C or
138 °C, respectively. However, the addition of both types of the MWCbijethier with
the FR particles increases Tg of the matrix by@%o 140 °C. This indicates that strong
interactions exit between the matrix polymer chains and bothRhand the MWCNT
particles. The slight additional increase in Tg when both pestieke added can be
explained by the additional surface area created for polymerplidsosites when the
diameter of the FR particles is decreased even further caység @mdsorption of FR
particles onto the MWCNT surfaces. Hence, when PMMA is blenddd wiher
polymers, both the FR particles and MWCNTSs will likely be seapesd)in the PMMA
phase. Furthermore, the ability of the MWCNTs to better dispégrseFR particles
produces the synergy to which the enhanced mechanical properties ishfigure 3.3

can be attributed. In figure 3.3b we also plot the storage modulus watloeomposites
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formed withssMWCNTs orl-MWCNTs and PMMA/DB/ AO matrix, together with data
for the unfiled PMMA matrix and the matrix with just the MWTs without the FR
particles. From the figure we can see that the modulus of ¢itbéfrMWCNTS ors-
MWCNTSs filled nanocomposite samples are reduced about 20 % gsacmimto the
modulus of pure

PMMA sample for T < 90 °C. Above that temperature the modulus of both the
MWCNTSs increase, which would predict the enhancement of impaght@ss when the
carbon nanotubes are added. The addition of FR particles ( 25 % by)waigbases the
magnitude of the modulus by 35 % relative to that of pure PMMA. Thig lead to an
increase of brittleness and would reduce the impact toughness. Hoptevaddition of
both types of particles; FRs (25 wt %) and MWCNTSs (0.5 wt #greilases the modulus
by 70 % relative to that of pure PMMA for T < 90 °C. This irmse of the modulus may
produce overall a tougher material [58]. In figure 3.4 we showl&stie@ modulus versus
frequency plots for the PMMA nancomposites. From the figure welsd the addition
of 0.5 wt % MWCNTSs produces only a slight enhancement of the stanadelus, in
agreement with the previous results of Kashiyag] with only a negligible difference
between the long and short nanotubes. The addition of FR particlesMd\ PiMreases
the modulus by a factor of less than half. On the other hand, theoadafitboth FR and
MWCNTSs particles produces a dramatic increase by nearty and half orders of
magnitude at frequencies below 1 Hz. This indicates that by #hesss neither low
concentrations of MWCNTSs or FR particles produce a networktsteicOn the other
hand, together, they also establish a synergy in the dynapnag@rties corresponding to
the formation of internal networks. The percolation of the networkmatler MWCNTs
concentrations may also be due to the strong interactions withatne foy the DB/AO
particles and the increased surface area available for thepadsasf polymer chains,
which is a result of the improved dispersion. Network formationse waeviously
reported to correlate with improved flame retardant properties,talibe improved
structure of the char layer. In the previous case, the improusmesre observed only
after the addition of at least 2 % MWCNTs. This was the minintoncentration of
MWCNTs which formed a dense network, smooth char layers, anédhead MLR. In
our case, the combination of particles produces an even largeasedrethe HRR,
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which is not surprising given the UL-94 VO response to heating in anflamea. Hence
the superior flame retardant properties can be also beinglylaétctouted to the synergy
with the MWCNT that produces the enhanced dispersion of the FR particleguria 3.5
we show a series of TEM images taken from segments obtairsitfesent distances
from a flame. From the figure we can see that the dispersibotbfMWCNTs and FR
particles is similar in all frames, indicating that inist affected by the flame, which was
applied during the UL-94VO0 testing time of 20 seconds. The network fohyetie
MWCNT prevented the polymer/DB/AO melt from dripping, while the p&ticles
remained uniformly distributed, since it was adsorbed to the nanotutokdidanot flow

with the polymer.

3.3.1.2.Polymer Blends Nanocomposites

Improving the flame retardant properties in immiscible polymesnds is
considerably more complex than in homopolymers. In this case, the pblyaRer
composites form a complicated three phase system with unpredittabaviors when
heat is applied. We have previously shown that the addition of 5 %it€IGO0A to
PS/PMMA/DB/AO system can stabilize the system agaunshér phase segregation and
disperse the FR particles inside the PMMA phase, which resultadproved flame
retardant properties such as the reduced MLR and HRR, (and p&sslog-04 VO test).
Si et al [31] had also shown previously that clays added to immiscible golyahends
can form in situ grafts which segregate to the polymer interfaces and promote
compatibilization. When the FR formulation was added though, the FRegjsegated to
the clay surfaces, displacing the polymer and interfering \wthability of the clays to
act as interfacial tension reduction agents [37]. We have also sliewouysly that other
large aspect ratio particles can also compatibilize polymendsl [52]. Hence we
postulated that the addition of MWCNTs may enhance the compattimhzof the blend
and thereby improve its thermal and rheolocical properties, whileeagng the total
concentration of particle additives. We therefore reduced the amoGiaisite 20A clay
from 10 % to 3 % and added 2 % MWCNTs. TEM cross-sections afahecomposites
blended with-MWCNT ands-MWCNT are shown in figure 3.6, which is included with

the image of cross-section obtained from the polymer blend withoutatheparticles
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additives. From the figure we can see that the FR partidgegate in the PMMA phase,
while the clays, which also segregate in the PMMA phase, asemir at the interfaces.
Comparing the images of tleeMWCNTSs with those from theMWCNTSs, we find that

the FR particle size is significantly smaller in the blenthwhe sMWCNTSs, which is
shown in figure 3.6b. Furthermore, we find that in the case of-M@&/CNTSs, all tubes

are present both in PMMA and PS phases, while in the cdskIWCNTs most of the
tubes are in PS phase. In the inset we show a higher magnificaigas where we can
more clearly resolve the MWCNTSs. From the images we cathaé¢he FR particles are
preferentially segregated on te@AWCNT rather than the clay surfaces. The presence of
some of thesMWCNTs in the PMMA phase then assists in the dispersion of the
particles.

Furthermore, as can be seen in the figure, the clay platetetsyain localized at
the polymer interfaces, as previously shown bytSil [31], since no FR particles are
present to screen the surface interactions. The surface fitesa@lso impact the
rheological properties of the blend. In figure 3.7 we show the DMA alatizined for the
polymer blends with FR particles, Cloisite 20A, and both types of MWCNTs. The moduli
at T =50 °C and the values of dbtained from the Tan delta measurements are tabulated
in table 3.2. From the table we can see that the addition of FRIlgmrio the blend
lowers the modulus by nearly 26 percent. In the case of the homopdinparticles
increased the glof the compound indicating that they interacted favorably with the matrix,
and the increased interfacial adhesion with the inorganic partemnced the
mechanical strength of the micro-composite. In the case of mibl@spolymers, the
unfavorable interactions between the two components decrease tfeciat@enetration
between domains which reduces the mechanical integrity of tmel p&?]. The FR
segregates exclusively into the PMMA domains and hence do not ceirifer blend. In
fact an increasedglis likely to be accompanied by a decreased diffusion coeffiaiet
as has been previously observed for carbon nanopatrticles in a PB déenehses the
interfacial width between domains [52]. This phenomenon would be consistarthe
further decrease in modulus resulting from addition of the FR pmemtiélddition of the
Cloisite clays somewhat restores the modulus of unfilled blené,sascwas previously

shown, the clay platelets are positioned at the blend interfamhscing the interfacial
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tension. But, as was shown in ref.[3Wjen FR particles are present they compete with
the polymer chains for the clay surfaces, thereby reducingdfficeerecy of the clay to
form grafts and reduce the interfacial tension.

A significant improvement is observed when the MWCNTSs are addidl,tlve
short MWCNTs being even more effective than the long MWCNTsmithation of
figures 3.2 and 3.6 provides a possible explanation for the observed)syAsrwe
discussed for the case of the homopolymer, the FR particles grefearbon nanotube
surfaces to those of the clays. Hence even in the blend, thencaanotubes are
decorated with the FR particles within the PMMA phase domainsa Assult, the clay
platelets can now form in situ grafts thereby reducing thefadial tension, improving
the adhesion between the components, and increasing the modulus, as was shown by Si et
al for the blend without the FR particles [31]. As a result ointheeased interfacial area,
the mean size of the FR particles is slightly smaller and the dispersioprsvied in case
of the addition of short MWCNTSs, which is confirmed by the figureéb3.Hence the
major difference between the two types of MWCNTSs appears to blee dynamical
response of the matrix to the addition of the tubes. This can fusthgrobed with
greater accuracy by comparing the frequency responses of the ofdtiel two different

types of samples.

3.3.2. Rheological measurements

The frequency dependence of storage modulus also provides a semsznal
dynamics of a polymer blend. In figure 3.8 we plot & o for the different
nanocomposites, and compare them to the unfilled polymer blend. Fronguihe e
can see that the overall frequencies the pure polymer blend folhewdassical scaling
behavior for a (G-w? viscous liquid, as expected at T = 200 °C. The temperature is
sufficiently high that no plateau is observed even at 100Hz, indidatd /frequency is
still long enough that the polymer chains are rearranged indbefiguration. When the
FR particles is added we find that &ill obeys the liquid like relationship at low
frequencies, but the absolute value is nearly an order of magnitgderhwhich is
consistent with an increase in “rigidity” due to an increas&icaused by the attractive
interactions between PMMA phase and the FR particles. The additiGoisite 20A
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with the FR particles does not affect the rheological resposigegficantly; hence no
change has occurred in the polymer dynamics. Even though the €la&#& has
previously been shown to decrease the diffusion coefficient of PMMA and hencesmcre
the viscosity [23], in this case, the clay platelets are ealverith the FR particles and
hence do not interact effectively with the polymer chains, confirtiiegobservations of
Pack et al.[37] A significant change occurs with the addition of MWCNTSs. & |
frequencies the response with both types of nanotubes is identisalaliflat region is
observed initially indicating the formation of a weak network of mgiEments. At
approximately 1Hz the response of the samples with the twe tffdWCNT begins to
diverge. G for the sMWCNTs continues to increase till about 10 Hz, when a sharp
decrease is observed. In the case of#&VCNT a plateau occurs at 1 HZ, indicating
the formation of an entangled network. The plateau extends till 10 Hén & sharp
decline is observed. The sharp decrease in both cases is indicaiz@eatkdown in the

melt at these higher frequencies which occurs only upon introduction of the nanotubes.

3.3.3. Thermal Properties

In order to examine the evolution of the microstructures aftenefldesting,
samples (125 mm x 13 mm x 1.5 mm) of PS/PMMA/DB/AQO/Cloi2dé& with thel-
MWCNTs or thesMWCNTs were exposed to a flame as shown in figure 3.9 fotah
time of 20 sec. (following the UL-94 VO test protocol). Each saraptée bar was then
divided into two sections. The middle section was 20 mm away frorfiatime, and the
top was another 30 mm away, (or 50 mm) away from the cehtiee dlame as shown in
figure 3.9 (top). The lowest segment that was in the flame caatanostly char and is
not shown. TEM images of the cross-sections obtained fromiNAWWCNTs and thes-
MWCNTs nanocomposites are shown in figure 3.9a-b and 3.9c-d, respectihely. T
major difference between the two types of samples is idigtebution of MWCNTS. In
the case of theMWCNTSs, a large fraction of the tubes can be seen in PS pmakthia
fraction is nearly the same between the top and bottom portiohs séimple. In the case
of the sample containingMWCNT, a few nanotubes are seen in the PS phase in the top
image, but all the nanotubes are now in PMMA phase in the middle image.
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In figure 3.9b-1 and 3.9d-1 we show magnified sections of a PMMA segment
each of the images. Here we can see that in the case eMWCNT sample, the FR
particles are clustered around clay platelets in the PMMAepifagew nanotubes can be
seen at the PS/PMMA interfacial region, but most tubes reméime PS phase. In the
case of the s-MWCNTs, many the nanotubes can be seen segregatedMiVih@lfase,
including a large fraction of nanotubes that are at the PS/PMit&faces. As shown
previously, the FR particles appear adsorbed to the carbon nanotulsesusfaen in the
middle segment. In figure 3.9e we also plot the mean FR pasimds obtained from
both types of samples, and compare the sizes in the top and middle segments.

From figure 3.9 we can see that the clays in both types of sahmlesbegun to
form the characteristic ribbon like structures that were pusly reported to form when
the samples were heated to the decomposition temperature (T°€R60the di-tallow
surfactants on the Cloisite 20A clays. In the top part of #mptes, the average FR
particle size however did not change significantly from the valued in the unheated
samples (fig. 3.5), indicating that the ambient temperatures irrdbgisn were below
350 °C, the decomposition temperature of “decabrom”. In both caseanaee that the
average particle diameter decreases significantly in theporiibn of the samples. The
rate of decrease however seems to be significantly langédneisMWCNTs sample,
which is consistent with the smaller initial particle sizéeve the rate of decrease is a
function of both temperature and particle diameter.

3.3.4. Energy dispersion analysis X-ray (EDAX)

In order to confirm this observation the two types of samples alseimaged
using SEM with energy dispersion analysis X-ray (EDAX) mappiigch provides
elemental specificity for higher Z elementaMWCNT and sMWCNT samples were
heated to 600 °C in air for different times and cross-sectionedSEM: scans of both
samples are shown in figure 3.10. From the figure the bright regions correspond to the FR
particles which have higher Z than the matrix and scatter mectrans. The yellow
images were obtained by setting a window on the Br |-edge peakeabthom the
EDAX spectra of the samples and scanning. Since the x-raysfoome broad internal

region, the intrinsic spatial resolution of EDAX is approximatatg micron. Hence, to
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obtain enough intensity, the scale bar in these images is 10nsicand the bright
regions correspond to entire PMMdomains where the FR particles are segregated.
From the figure we can see that in the case ofl-#M&/CNTs, the FR domains, are
initially bright after heating for 5 seconds, somewhat legghbafter 15 seconds and
disappear 20 seconds after heating. Hence, the Br is no lonipe afer 20 seconds.

In contrast, for the case of tedMWCNT, the bright domains disappear faster, or after 15
seconds of heating, hence the smaller particles are maheg easverted to the vapor
phase. The more efficient vaporization of Br particles improves ability of the
formulation to act as a flame retardant and react in a vapor phidsdhe gaseous
degradation products of polymers that are emitted sooner than those inbrienic

components.

3.3.5. Thermogravimetric Analysis (TGA)

In order to investigate the effects of the nanotubes on themahstability of the
melt we also performed TGA measurements on the nanocompositesesiiis for the
homopolymer are shown in figure 3.11. In contrast to the results reporfeack et al,
where clay was seen to increase the thermal stabihty,addition of MWCNT in
PMMA/DB/AO blend appears to be no change in the tracaebtend, which indicates
that the addition of MWCNTs mainly act as a physical bairiethe molten polymer
matrix. This is also consistent with the results that theseneadripping in the UL94 VO
flame test. Another interesting fact is to note that the decatiggoseemperatures of both
formulations are symmetrically located around the decompositioper@ture T =
350 °C of DB. Furthermore, we can also see that both formulations drdyeone
decomposition temperature, as opposed to the two step process obstnted PMMA
polymer. Hence the precise order to the decomposition is not astamp@s the
proximity to the decomposition temperature of the DB in facilitatthe gas phase
reaction which stabilizes the polymer matrix from decomposition, and quencheeea fla

The effect is even more dramatic in the case of the blend.wtefend that the
addition of PS moves the degradation temperature of the blend to T *3wich is
significantly higher than that of the DB. Furthermore, as teddn the previous paper,

there is still the separated decomposition of component at around 500€°@ddition of
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both types of nanotubes reduces the decomposition temperature of the dlénd, t
350 °C which is in the “operating” range of the ability of the {E#pors to react with the
polymer blend and quench the flame. Hence the addition of MWCNTsrsetideblend
flame-resistant and self-extinguishing under the UL-94 condition, ealsesimply the

addition of clays does not.

3.3.6. Cone Calorimetry

Flammability measurements were performed in the cone calenmehere the
heat release rate (HRR) and the mass loss rate (MLR3seaqirthat the heat is measured
by measuring oxygen concentration in the exit gases, and thatas® imlost as a
function of combustion times. The results form analysis of the ftata the cone
calorimetry experiments are tabulated in Table 3.3 and Table 3.4.

PMMA homopolymers: From figure 3.12 we can see that the peak HRR is 1440 kW/m
for the homopolymer. When FR patrticles are added, the peak is rettueedteady
plateau at about 490 kW/m Similarly, in the absence of FR, a peak observed in the
MLR which corresponds to the peak in the HRR. When the FR is addédLiRealso
becomes nearly constant in time. This large reduction of the ARWRRe addition of FR

is not surprising and results primarily in chemical reactiorth@$&R particles go into the
gas phase [14]. When only (0.5 wt%) of tHRdWCNTs are added in the PMMA/DB/AO
nanocomposite, the flame retardant properties are not improved. wdamn see that
the time to ignition is decreased from 18 to around 10 seconds. ingréas fractions of
I-MSCNT to 1.5% does not alter the ignition time, and only slighteralthe MLR and
HRR.

Kashiwagiet al. reported similar results for the PP/MWCNT systems whiezg
also observed a sharp decrease in the ignition time with only 08V&GNT. When the
MWCNT concentration was increased to 2 % or higher, the timgnifon changed as
well, and became more similar to the value of the unfilled PlBoRgical measurements
performed on PMMA melts indicated that 2 % was the percoldticgshold for the
formation of an entangled network of MWCNTSs where physical contacts aflike tvas
obtained [34]. We therefore postulate that these contacts areftdstive at improving

the thermal conductivity othe melts. The thermal conductivity of MWCNTs is 750
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W/mK, which is much higher than that of clays or polymer, whichrespectively, 1.1
W/mK and 0.5 W/mK [54-56]. Hence when the concentration of MWCNTsws the
tubes are surrounded only by the polymer matrix, which forms an imgulayer. As the
thermal front advances, the tubes heat up faster than the surroundingmpogmting
the matrix at earlier times. However, when the tubes are péedolthen they can also
rapidly dissipate the heat throughout the sample, thereby potemtiagasing the time
to ignition.

PS/PMMA Polymer Blends: In figure 3.13 we show the cone calorimetry data for
PS/PMMA blends. From the figure we can see that in contrastet PMMA melts, the
addition of FR agents does not significantly improve the flamedatamproperties. The
FR agents decrease the peak HRR, but do not make a steady platd®R. The
addition of the FR increases the MLR and moves the peak to d¢smlés. The addition
of only 3 % Cloisite 20A produces the largest decrease in HRR drigl. Mut as,
previously reported, the blend is not self-extinguishing, accordintheéoUL-94 VO
criteria. The addition of 2 % MWCNTs and 3 % Cloisite clayssdoeduce the blend
which passed the UL-94 VO, but as can be seen from figure 3.13, thealhpoperties
of two types of MWCNTs are different. The short nanotubes appear tbebenost
effective at reducing the MLR and HRR, while the long MWCIgiaduce results which
are worse than those of the clays alone.

In figure 3.14 we show the times to ignition, where we find that dlags
decreases the time of ignition, but both types of MWCNTs dexrdasven more.
Increasing the MWCNTSs concentration even to 6 % fails to fuitifeease the ignition
time. This is in sharp contrast to the PMMA melts, where 6 % is far above tludatierc
concentration in a homopolymer-MWCNT matrix. From figure 3.6 we fotad both
clays and MWCNTs were segregated preferentially in the RMMase. Hence we
postulate that in this case the clays may be interferingthéticontacts between the tubes
achieved at a percolation. Hence the effective percolation magctrring at even
higher concentrations.
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3.3.7. Analysis of Char:

Neither PS nor PMMA form char when burned. A formation of rigid cldrsn
functionalized clays are added to either the homopolymer or the blgndarane of the
most important factors explaining in the large reduction of HRR amhdR.MThe
formation of chars sets up a thermal barrier which dissipateédrbeathe burning gases
and the external heat flux. We have previously shown that when tlaetamts on the
clays disintegrate, the clays form the long ribbon-like strustarel in the case of the
blends, even tube-like structures, which enhanced the thermal dasightough
contacts between the clay surfaces. The higher thermal conduofiWtWCNTSs can, in
principal, also improve the thermal properties of chars, if good @lysantacts are
achieved between the tubes.

In figure 3.15 we plot the specific heat, Cp is inversely proportitméhermal
diffusivity, of the chars as a function of temperature. From thedi we can see that the
Cp of the blend with long nanotubes is even higher than that of the bldmalitthe
MWCNTSs. Furthermore, the Cp remains fairly constant with teatpex. On the other
hand, the Cp of the blend containing the short nanotubes, is initialgathe as that of
the blend with just the clays, but as temperature increases @0\ the Cp is sharply
reduced. Comparing this data to the one in figure 3.13 we find that thioadafi |-
MWCNTSs also increases the MLR and HRR over the values ofatimgles containing
just the clays, while the addition sfMWCNT reduces these quantities. We can then
propose the following model to explain the enhanced flame retgudaperties achieved
only with the addition of the short nanotubes.

In figure 3.16 we show SEM images of the three types of chaym fre figure
we can see that the char witMWCNTSs contains many clay platelets entangled among
the MWCNTSs. The clay platelets interfere with the abilitylee MWCNTSs to form good
thermal contacts with each other which are required to dissipateetat by conduction.
Furthermore, we can see that both types of MWCNTSs intewighethe production of the
clay ribbons or tubes reported previously.[37] Hence the improvement iHRReand
MLR obtained by adding the clays is reduced whenl#&VCNT are added. As, we

discussed previously, the long MWCNTs are entangled and reragip $tationary
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within the polymer blend, while theMWCNTs are mobile and can segregate into
different areas in the molten polymer blends. Examination of the antaining thes-
MWCNT in figure 3.16¢c shows that most of the nanotubes are now stmtdgam the
clays and into separate clusters where they can improve theghgyantacts with each
other and conduct heat more efficiently. The model is confirmed fn@asurement of
the Cp of the chars in figure 3.15 where we find that the value &wotle with s-
MWCNTSs is the lowest.

In summary, good heat dissipation is crucial in improving the flemt@rdant
properties of materials. The low thermal conductivity of MWCNT& ipolymer matrix
can be of advantage when good thermal contacts between the tubes iate. gassarly
stages, when the polymer matrix is present, [tMVCNTs provide a better thermal
pathway, which helps in raising the ignition time by conductivelyighssig heat, while
at longer times, the ability of theeMWCNT to segregate allows more thermally
conducting chars to form, thereby reducing the HRR and MLR. Hegombination of
the two types of MWCNTSs would probably provide the best thermal properties.
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3.4. Conclusion

We have shown that the addition of certain nanoparticles mixturegrdaance
flame retardancy to a greater degree than the additiothef @if the particles alone. The
effect is particularly efficient in polymer blends, where ma@&iables need be
considered in the flame behavior. We studied PS/PMMA blends and thectigs
homopolymers. In this paper we focused on the combination of MWCNTsclays.
We found that the FR particles segregate to the MWCNTSs rprefally, thereby
allowing the clays to segregate to the blend interfaces. Imidmer the clays are more
efficient at stabilizing the blend against phase segregatiangdburning, while at the
same time dispersing the FR particles uniformly. An irtgrdr consideration in flame
retardancy is the time to ignition as well as the HRR ahéR MAddition of either clays
or MWCNTSs can drastically lower the time to ignition, even thougky thave been
shown to improve the HRR and MLR once ignition has started. The hggimal
conductivity and low specific heat of the nanoparticles allows tioeneat up faster than
the surrounding polymer and reach the ignition temperature of thix mabner than the
unfilled compound. If the nanoparticles form a percolating structueh as that formed
by the -MWCNTSs, which can entangle with each other, the heabnslucted away
towards the sample surfaces, explaining the observation that wdleasing
concentration of the MWCNTS, the time to ignition increases r@gul2 and ref.[34])

In the case of the blend, the situation is more complex.

Here we also added clays to stabilize the compound against gipasat®n. The
clays were interspersed between MWCNTS, preventing good coatacts a result, no
improvement in ignition time was observed even for concentrationsgasasi 6 %,
where percolation was shown to occur in homopolymers.[34] Even though theiRR
the MLR of the compounds containing -MWCNTs and clays, were |dkagr those of
the unfilled compound, they were higher than those of the compound containing only
clays. The addition of short MWCNTSs, on the other hand, did not affectirttee to
ignition but significantly reduced the HRR and the MLR. Prior totignj the s-
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MWCNTSs were also separated by the clays, and had poor conductiontipsydaut as
the polymer was heated, the s-MWCNTs became mobile and we abdéatethey
segregated together both in the char and in the compound. This reswdt@eéncolated
phase which was able to reduce the specific heat at high ratomes. From these
findings we conclude the flame retardant properties of nanocompasipend on the
organization, as well as the chemical nature of nanoparticles.hignh rhanner
combinations of nanoparticles can achieve a synergy which masnthe total amount

of fillers, and preserves the mechanical properties of polymer blends.
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-— 100nm

Figure 3. 1. (a) SEM image of-MWCNTSs (b) TEM image of SMWCNTSs.
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Figure 3. 2. TEM images: (a) PMMA/DB/AO(75/20/5 wt%), (b)PMMA/DB/AOA-
MWCNT(75/20/5/0.5 wt%), and (c) PMMA/DB/AO/s- MWCNT(75/20/5/0.5 wt%)
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Figure 3. 3. Storage modulus and Ta®l vs Temperature curves: PMMA-unfilled
diamond. PMMA/I-MWCNT(100/0.5wt%)-unfilled cross, PMMA/s-
MWCNT(100/0.5wt%)-unfilled star, PMMA/DB/AO(75/20/5 wt%)-unfilled squ are,
PMMA/DB/AO/I-MWCNT (75/20/5/0.5wt%)-unfilled circle, and PMMA/DB/A Ols-
MWCNT(75/20/5/0.5wt%)-unfilled triangle.
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o PMMA(100 wit)
0 PMMA/DBIAO(75/20/5 wt%)

& PMMA/MWCNT(100/0.5 wt%)

% PMMA/DBIAO/-MWCNT(75/20/5/0.5 wt%)

G'(Pa)
%

Figure 3. 4. G vs Frequency Curves: PMMA- unfilled square.
PMMA/DB/AO(75/20/5 wt%)- unfilled circle, PMMA/ I-MWCNT(100/0.5 wt%)-
unfilled triangle, and PMMA/DB/AO/ I-MWCNT (75/20/5/0.5wt%)- unfilled star.
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Figure 3. 5. TEM images obtained from a nanocomposite bar that was heated in a
flame for the UL-94-VO0 test : (a)-Top, (b)-Middle, (c)-Bottom of PMMAIDB/AQO/I-
MWCNT(70/25/5/0.5 wt%), and (d) Scheme of UL-94 VO set.
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(b) Nistrihution of FR Particlag Size in

PS/PMMA/DB/AO/C204/-MWCNT and s-MWCNTs

" -

WNoD IdIIed M4

Figure 3. 6. TEM images: (a) PS/IPMMA/DB/AQO (70/30/15/4 wt%), (b) Distribubn
of FR patrticles Size in PS/IPMMA/DB/AO/Cloisite 20A/-MWCNT and sMWCNT
(c) PS/IPMMA/DB/AO/Cloisite 20A1-MWCNT (70/30/15/4/3/2 wt%), (d)
PS/PMMA/DB/AO/Cloisite 20A/ssMWCNT (70/30/15/4/3/2 wt%).
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Figure 3. 7. Storage Modulus and Tam® vs Temperature Curves:
PS/PMMA/DB/AO(70/30/15/4wt%)-unfilled purple square
PS/PMMA/DB/AOQO/Cloisite 20A (70/30/15/4/3 wt%)-unfilled blue circle
PS/PMMA/DB/AO/Cloisite 20A/I-MWCNT (70/30/15/4/3/2 wt%) —unfilled red cross,
PS/PMMA/DB/AOQO/Cloisite 20A/ssMWCNT(70/30/15/4/3/2wt%)-unfilled black
triangle, and PS/PMMA (70/30 wt%)-filled green square.
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Figure 3. 8. G’ vs Frequency Curves: PS/IPMMA (70/30 wt%)-unfilled cicle,
PS/PMMA/DB/AO(70/30/15/4wt%)-unfilled square, PS/PMMA/DB/AQO/Cloisite
20A (70/30/15/4/3 wt%)- unfilled triangle, PS/PMMA/DB/AO/Cloisite 20Al-
MWCNT (70/30/15/4/3/2 wt%) —filled star, and PS/PMMA/DB/AQO/Cloisite 20As-
MWCNT(70/30/15/4/3/2wt%)- filled circle.
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Figure 3. 9. TEM images of two series dfand sMWCNTS annealing Bars: (a)-Top,
(b)-Middle of PS/PMMA/DB/AO/Cloisite 20A/I-MWCNTSs (70/30/15/4/3/2 wt%)

Bar and (c)-Top, (d)-Middle of PS/PMMA/DB/AQO/Cloisite 20A5-
MWCNT(70/30/15/4/3/2 wt%). (b-1) and (d-1): Higher magnification TEM images
of (b) and (d). (e): The mean size of FR particles at each section in botteth
MWCNTs and the sMWCNTSs.
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Figure 3. 10. Br Mapping and SEM images: (a)-(f) PS/PMMA/DB/AO/Claite
20A/I-MWCNT(70/30/15/4/3/2)samples, (g)-(l) from the PS/PMMA/DB/AQO/Cloise
20A/ssMWCNT(70/30/15/4/3/2) samples.
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Figure 3. 11. (a) Curves of TGA from the PMMA polymer blends and (b) Curvesf
TGA from the PS/PMMA polymer blends.
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Figure 3.12. The Effects of addition of-MWCNT on HRR and MLR in
PMMA/DB/AO(75/20/5) at 50 kW/n?.
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Figure 3.13. The Effect of MWCNTSs and clays additives in HRR and MLR of
PS/PMMA/DB/AO at 50 kW/m?,
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Figure 3. 14. The Effect of addition of MWCNTSs and clays on time of ignition in
HRR at 50 kWw/m?,
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Figure 3. 15. Comparison of specific heat Cp of three different chars as aniction
of temperature: (1) PS/IPMMA/DB/AO/C20A-unfilled circle, (2)
PS/PMMA/DB/AO/C20A/I-MWCNT-filled triangle, and (3)
PS/PMMA/DB/AO/C20A/s-MWCNT-filled circle.
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Figure 3. 16. SEM images of chars: (a)PS/PMMA/DB/AO/C20A/I-MWCNTSs
(b)PS/PMMA/DB/AO/C20A/I-MWCNTS, and (c) PS/PMMA/DB/AO/C20A/s-
MWCNTSs.
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Sample

Sample (concentration wt%) Dripping gtil\‘/o burning total
time (4+ty)
PMMA (100) Yes NG -
PMMA/DB/AO (75/20/5 )
Yes NG -
PMMA/DB/AQ/I-
MWCNTSs(75/20/5/0.5) No VO <10sec
PMMA/DB/AQ/I-
MWCNTSs(75/20/5/1.5) No VO <10sec
PS/PMMA (70/30)
Yes NG -
PS/PMMA/DB/AQ(70/30/15/4)
Yes NG -
PS/PMMA/DB/AQ/Cloisite20A
(70/30/15/4/3) No NG -
PS/PMMA/DB/AQ/Cloisite20A
|-MWCNTSs (70/30/15/4/3/2) Yes V2 <10sec
PS/PMMA/DB/AQ/Cloisite20A
No VO <10sec

s-MWCNTSs (70/30/15/4/3/2)

* NG: No grading and burnt up to the upper clamthatstand.

Table 3. 1. Results of UL-94V0 test from nanocomposites.
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: o E’(Gpa) at
Sample (concentration wt%) Tg(°C) T=35°C
PMMA (100) 125 2.44
PMMA /I-MWCNTSs (100/0.5)
138 1.93
PMMA/s-MWCNTSs (100/0.5)
135 1.97
PMMA/DB/AO (75/20/5 )
138 3.34
PMMA/DB/AQ/I-MWCNTSs(75/20/5/0.5)
140 3.98
PMMA/DB/AO/s-
MWCNTSs(75/20/5/0.5) 140 4.15
: o E’(Gpa) at
Sample (concentration wt%) Tg(°C) T=50°C
PS/PMMA (70/30) 122.7 1.85
PS/PMMA/DB/AO (70/30/15/4)
122 1.47
PS/PMMA/DB/AO/C20A (70/30/15/4/3 )
121.9 1.77
PS/PMMA/DB/AC/C20A/I-
MWCNTSs(70/30/15/4/3/2) 124.3 2.87
PS/PMMA/DB/AC/C20A/s-
MWCNTSs(70/30/15/4/3/2) 125.3 3.61

Table 3. 2. Results of rheological properties from PMMA/MWCNTSs
nanocomposites and PMMA/DB/AO without MWCNTSs and with MWCNTs
nanocomposites.

99



Peak

. Average Ignition
Sample (concentration wt%) HRR -
(KW/m2) MLR (g/s) Time(sec)
PMMA (100) 1440.9 0.138 25+1
PMMA/DB/AO (75/20/5 )
490.4 0.177 15+2
PMMA/DB/AQO/I-
MWCNTSs(75/20/5/0.5) 436.7 0.172 5+1
PMMA/DB/AQO/I-
MWCNTSs(75/20/5/1.5) 377.8 0.128 10+1

Table 3. 3. Results of cone calorimeter of PMMA/DB/AO without the clay ahwith

the -MWCNTSs nanocomposites.
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Peak Average lgnition
Sample (concentration wt%) HRR MLR Ti?ne(sec)
(KW/m2) (a/s)
PS/PMMA (70/30) 1507.8 0.137 25+1
PS/PMMA/DB/AO(70/30/15/4)
570.0 0.131 18+2
PS/PMMA/DB/AO/Cloisite20A
(70/30/15/4/3) 375.0 0.107 18+2
PS/PMMA/DB/AQO/Cloisite20A/
I-MWCNTSs (70/30/15/4/3/2) 338.4 0.113 15+2
PS/PMMA/DB/AO/Cloisite20A/
s-MWCNTSs (70/30/15/4/3/2) 307.7 0.095 12+2

Table 3. 4. Results of cone calorimeter of PS/IPMMA/DB/AO with the clay ahwith
the clay and the MWCNTSs nanocomposites.
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Chapter 4: The Role of Surface Interactions in the

Synergizing Polymer /Clay Flame Retardant Properties.

4.1. Introduction

The introduction of a solid particle in a polymer matrix can chahgenterfacial
energy depending on the degree of interaction between polymer arainghe solid
surface. As a result there have been numerous studies, both thearaedieadperimental
which have studied the effects of nanoparticles on the interfadplerties of binary
polymer blend systems. In particular, if the particles havefeiguitly large aspect ratio,
compared to the polymer chain diameters then adsorption could ¢eading to the
reduction of the free energy of the entire system [59-68]. Efieally, Lipatov et al,
postulated that the energetic factors may be negative ifwtbepdlymers are strongly
absorbed onto the surfaces of particles, thereby increasingibititisc[69-70].
Experimentally, Si et al.[31] demonstrated this principal using monblonite clays
functionalized with dimethy-hydrogentated tallow, which they shbwat the
functionalized clays were able to partially compatibilize gdarariety of polymer blends,
and improved their thermal and mechanical properties. They exgpldued results in
terms of the formation of in-situ grafts on the clay surfasbsch caused the platelets to
segregate to the domain boundaries, thereby reducing the interfacgbn. The
adsorption of incompatible polymers to clay surfaces was lxigiaiaed by Koo et
al.[71] to arise from only partial coverage of the platelet surfacdsebfuhctional groups,
resulting in the hydrophobic and hydrophilic areas.

However, this method of compatibilization has several disadvantdigescation-
exchange reactions used to mass produce the clays functionalthealkyl quaternary
ammonium chlorides involve the use of several toxic chemicald?]4nd the degree of
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surface coverage is not well known. The clays modified with quateamaines are also
known to be incompatible with styrenic monomersthe rapidly growing number of
different bio-mass derived polymers, preventing their exfollmtwhen melt mixed with
this rather large class of materials [31, 72-74, AB]alternate approach to inducing clay
exfoliation is via the adsorption of oligomers into the clay ga&terscreening the charges,
and allowing for a shear-induced exfoliation. In this case, the regemts are that the
oligomers, which are strongly adsorbed to the clay surfacesadhtéavorably with
mostly non-polar polymer matrices, and not be easily displaced wdmapounded in
these matrices. These requirements can be contradictory araltitb satisfy. For
example, organic solvents, such as toluene and xylene, have beeo faattate the
exfoliation of clays in non-polar polymers such as polystyrenmtypropylene [75-77].
Due to the non-polar nature of the oligomers, this method was onlyoasddtallow
functionalized clays and the solvents used were even less thestale than the di-
tallow surfactants, thereby increasing the thermal instability afnilés.

Here we show that resorcinol bis (diphenyl phosphate) (RDP), aonwdigc
phosphate ester, can provide a good solution. The oligomer is a non tedicsehuble
to both non-polar and polar solvents, and be having phosphory groups in its chemical
formula, which can act as a strong hydrogen bonded accepters [78].atdér@ahreport
has shown that it is thermally stable to above 300 degrees, anfhit amcomponent of
some flame retardant formulations, where the content of phosphrous iRORe
oligomers is about 10.7 wt %. Thus, the oligomers have a surfactangé,nadmbining
both polar and non polar moieties. As a result, we will demonstnatetiiey can be
strongly absorbed to the unmodified Na+ clay surfaces, producingf@mntoating.
Using complementary characterization techniques, we will showttibae clays can be
exfoliated, compatibilize blends, and reinforce their mechanical grepdo the same
degree as the clays functionalized with alkyl quaternary ammociilonides. In addition,
we show that these clays can also have the same effestgrenic polymer matrixes in
which the functionalized clays have not been effective. Furthermooe, they are stable
to high temperatures, the addition of RDP clays in where tisesome degree of

exfoliation, the polymers provide enhanced flame retardant properties.
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4.2. Experimental Section

4.2.1. Materials

Cloisite Nd, a montmorillonite (MMT-NJ) clays, and Cloisite 20A (C20A) were
purchased from Southern Clay Inc. The C20A was modified with a surfactant of
dimethyldihydrogenated ammonium chloride. Its surfactant concemiat95 meq/100g.
Polystyrene and poly(methyl methacrylate) (PMMA) were purchased Aldrich
Sigma and Polysciences. Polycarbonate (PC), average Mw= 23K, and pohgsigre
acrylonitrile) (SAN with 24 wt % AN, known as Luran 358N) were obtained from Amco
Plastic Materials Inc. A high impact polystyrene (HIPS) was vecefrom BASF. The
properties of polymers used in this study are tabulated in Table 4.1. A resorcinol
di(phenyl phosphate) (RDP), known as Fyrolflex ® RDP, was used as a non-halogen
flame retardant (FR) kindly provided from ICL-Supresta Inc.

4.2.2. RDP coated MMT-Na+ clays and nanocomposites preparation

In order to obtain the FR clays, the 20 wt% of RDP was first poured into a 200mL
beaker and then the beaker was placed on a hotplate stirrer at a tempe&@t@ of
Once the RDP in the beaker becomes liquid-like, the 80 wt% MMT-Na+ clays were
inserted into the beaker. A mild stirring with a metal stick was perfororetbt20min.at
the temperature in order to soak the clays with the liquid-like RDP effectinelyhen
the beaker was stored in a vacuum oven at 100 °C for 24 hours to completely soak the
RDP onto the MMT-Na+. The final RDP clays were placed in a storage room before
blending with polymers. As for the preparation of nanocomposites, a C.W. Brabender
with two screw roller blades, Type EPL-V501, was equipped with a direct curreat dri
(type GP100), where the heating chamber was used to mix polymers with nanbotays
polymeric pellets were first inserted to the chamber at a rotation sp28dmi at high
temperatures. The nanoclays, such as C20A and RDP clays, were gradualinexde
the chamber and mixed at the same rpm for 2 min. The entire melt mixture Was furt
blended at 100 rpm for 15 min. under nitrogen gas flow, which prevented degradation of
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the mixture from heat-induced oxidation. The mixture was allowed to cool to room
temperature in the chamber, and then using a hot press, small pieces of theweaxeur

molded into different shapes required for various experiments.

4.2.3. Small angle X-ray scattering (SAXS)

SAXS was performed with all samples (2 mm in thickness) to aealyz
microstructures of layered silicates. Since the silicatese a relatively rigid objects
compared to the galleries, a strong scattering densities coultttbeved when the
galleries were fully intercalated into the layered siBsatThe extended layered silicates
with the galleries were corresponded to peaks in SAXS, wheredktering vector was
only considered 1-dimensitonal to a normal direction of the incidemhdéecause of
the large density fluctuations from the rigid silicates aw Iscattering regions, which
resulted in a circularly symmetric scattering. In the aaiserganoclays with polymer
chains, the peaks could shift toward a lower scattering vectaon tigepolymer chains
were intercalated into the organoclays. Furthermore, when the @obtmains were more
intercalated, the organoclays could be eventually delaminatedindieidual clay
platelets, which was corresponded to no peaks. Thus, we could determigee@ ole
organoclays in terms of intercalation with polymer chains. The S&XSconducted at a
beam line X10A at National Synchrotron Light Source (NSLS) abBnaven National
Laboratory. The wavelength used in the beam was 1.09 A. The qwasgeom 0.03 to
0.58 A'. The distance between the samples and the detector was 81.20 cm.

4.2.4. Transmission electron microscopy (TEM)

TEM was conducted with the cross sections from the nanocomposites. The
thickness of the cross sections was 70-80 nm, which were cut égleeR-Jung Ultracut
E Ultramicrotome and then were floated on deionized (DI) watdacms. Later, few
cross sections were placed on a coated copper mesh grid. Tiomsseatre directly
viewed from a FEI Tecnail2 BioTwif@EM at 80KV and digital images were obtained
from an AMT XR-60 CCD digital camera system. The RDP agantthe polymer
matrixes were verified by an energy dispersive X-ray spsctpy (EDXS) in the SEM
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(LEO-1550) with a Schottky field-emission gun where the susfafeRDP nanoclays

were coated with a few micrometers of gold in order to make the speciomthsct.

4.2.5. Scanning transmission X-ray microscopy (STXM)

STXM was located at X-1A beam line at National Synchrotron Light Sourc
(NSLS) at Brookhaven National Laboratory (BNL), was used in oaeletermine the
chemical composition of polymer blends. The forced X-ray beam wafned into a
55nm Rayleigh resolution spot using a Fresnel zone plate.[79] Thevibesuable to scan
the cross-sections with 70-80 nm thickness. The cross-sectioncuteifem the bulk
compounds using a Reichert-Jung Ultracut E microtome and then theyifiven coated
copper mesh TEM grids on DI water surfaces. The scanning prae@sperformed
outbound photo energies of components and the zone plate to the cross-sdetae.dis
Hence, the images and spectra were collected at the sameTie images at specific
photon energies were representative to strong absorption of onesafspmdere dark
phases in the images were corresponded to high energy absorption aptidiggd were

obtained at low energy absorption [80].

4.2.6. Atomic force microscope (AFM)

AFM was used to study for the surface morphologies of nanoclays 8iac
clays and the substrates have different electron density funesotn® tip was moved to
the sample surface there was a good electron contrast betve@enTthus, it was clear
enough to observe the surfaces of clays. The AFM images wererext with a
Nanoscope llla from Digital Instruments. The measurements of atoatagles with
different polymer thin films were conducted in the contact model 19i)(substrates were
prepared by a modified Shiraki technique, where small pieces &i thabstrates (0.5 x
0.5 inches) were immersed in a mixture offH,0,/H,SO, (3:1:1 vol.) for 15 minutes
at 100 °C. After that, the Si substrates were washed with deib(idg water and then
etched in HF/HO (1:4 in vol.) for 15 seconds at room temperature. The formation of
monolayer clays were prepared by Langmuir-Blodgett (LBhrigpie. In the previous

study [71], 20 mN/m was used as a surface pressyie ¢rder to obtain a monolayer of
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the clays on the etched Si substraid®e polymer solutions were spun-cast on glass
substrates. The thin films (~100 nm) from the glass substrates fleated on the
surfaces of DI water and then the thin films were lift on theu8strates with monolayer

clays.

4.2.7. Instrumented-indentation

Instrumented-indentation was performed using a nanoindenter (MicreridMat
NanoTest) with a 5 um radius of curvature diamond cone indenter. Deptiol=d
indentations were performed with the maximum depth set to 2Qkax. samples were
mounted with an epoxy adhesive to aluminum sample holders for testiegtoDthe
large variation in char topology, regions were identified usingtd tnicroscope, which
were flat and free of pores. Load-displacement data was obtasieg a constant
loading and unloading rate of 0.1 mN/s. The typical maximum loadkedavere on the
order of 9 — 12 mN. A 5 sec. hold segment was taken at the maxoisplacement
before unloading to take into account creep effects. On each esathpde identical
indentations were performed with a minimum spacing interval of 80 hetween
successive indents to ensure no interaction between residual plefirmations. To
determine elastic modulus of the char material, the si8pef the initial unloading data
in conjunction with the spherical contact area is used in the conventional Oliver and Pharr
method to determine a reduced modulus [98]. The contact radius as arfusicthe

plastic depthlf,) of the char is given as:

a=.2Rh —h

whereR is the radius of the indenterp{®) andh, is the average of the residual and
maximum depth of the indentation. The reduced modiysén be written as:
3 S
4 5 \L/2
4(2rh, —h?)

E

r

whereSis the slope of the unloading curve, d&hds represented by:
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With knowledge of the elastic modulus and Poisson’s ratio of the imdgni;
=1141 GPa, and = 0.07) it is possible to determine the elastic modulus of the diars (
from the reduced modulus, assuming a char Poisson ratia of 0.5, typical for
incompressible materials. Hardnes$) (©f the chars was calculated by the ratio of the
maximum applied loadPg) divided by the contact ared (= 7a%). The reported

material properties of the char surfaces were averaged over thregedisdeatations.

4.2.8. Mechanical and thermal analysis and FT-IR spectroscopy.

Elastic modulus and tan delta of the samples was performed udiheftler
Toledo DMA/SDT 861e in the single cantilever mode. The samples melged into
bars of dimension 10 mm x 10 mm x 2 mm and then measured as @rfuott
temperature. The range of temperatures was from room tenmger@atl80 °C at a rate of
2 °C /min with a frequency of 1 Hz. Thermogravimetric analysis (TGA) eaamducted at
a Mettler-Toledo 2000 analyzer in order to compare the RDP wldlyghe C20A clays
in terms of the rate of mass loss of the clays in theTNe mass of samples (8-10 mg)
were placed into an aluminum crucible. The crucible with the masspwt on the small
dish at the furnace in the TGA and then the temperature vg&sirmom 30 °C to 800 °C
at a rate of 10 °C/min. The FT-IR spectra of RDP and clagee vobtained from
MAGNA-IR 760 spectrometer made by Nicolet. The samples Westemixed with KBr

powder and then were hydraulic-pressed to a pellet for FT-IR spectroscopy.
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4.3. Results and Discussion

4.3.1. RDP coated nanoclays.

4.3.1.1.Morphology and X-ray scattering.

In figure 4.1 we show the scanning force microscopy images d¢@ Baated
MMT-Na+ and uncoated MMT-Na+ clay monlayers which were produnedifting
from the air water interaface onto a Si wafer. In the figueesee the distinct outline of
the platelets both in height and lateral friction scans of the unraddifhe outline of the
platelets is more difficult to observe on the coated samples.uffazas of both types of
clays are relatively smooth topographically. This indicatestteaRDP coating is fairly
uniform. In figure 4.1c and 4.1f we also show a cross sectional sdhe ebated and
uncoated platelets, where we can see that the uncoated ones are in3terght while
the coated ones are 3.52 nm in height. We could then estimate it b RDP
surfactant layer coating the clay surfaces, was about 2.2figute 4.2 we show SAXS
spectra of the coated and uncoated clays. From the figure weideatify the
characteristic peak in the unmodified clays, at q = 0.3pwhich is in agreement with
previously reported results and corresponds to d = 1.25 nm the [001] diréclenge
shift in the characteristics peaks is observed for the RDR,aleyere the [001] peak is
observed at g = 0.282Aand even the secondary [002] peak is observed at q = 1.14nm.
Using the d = 2/g, and substituting q = 0.282*Awe find that the interlayer spacing has
increased to 2.23 nm as in the direction of [001], which is in exca@geement with the
value measured on the scanning force microscope images. For compariatso show
the x-ray scattering data obtained from a Cloisite 20A monol#yed by the same LB
technique from the air/water interface. Here the primary pgaeen to shift to q =
0.2319 A%, which corresponds to an interlayer spacing d = 2.7 nm in the [00t}icire
in good agreement with previously reported data [7jd somewhat thicker than the
RDP layer.
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4.3.1.2.Thermal stability

TGA analysis was performed. From figure 4.3 we can seagmabximately 5 %
of mass loss on unmodified MMT-Na+ clays occurs at around 100 °Ctaulee
vaporizations of moiety molecules unbounded onto the clays. Howevdre icase of
Cloisite 20A, only 2.5 % of mass loss is obtained before the majanyesition
undergoes around 250 °C. This mass loss could be indicative that tHewdirtallecules
are firmly confined into the clays, which could lead to the gfrimeractions between
polymer chains and the surfactants in the direct intercalatipolgmer melt.[14, 81] On
the other hand, the RDP coated MMT-Na+ clays also have the miarsd! loss before the
clays start to decompose at round 300 °C. The higher decomposition temgenald
be mainly contributed to the decomposition of RDP, which degrades at 2@®46at 5
wt% loss) [14]. However, the extra increase of decomposition tetyper(about 12 °C)
may result from a synergic effect, where the RDP coatgs cauld be more stable on
higher temperatures.

The synergic effect on the presence of RDP on the clay ssrieméld be
contributed to the spectra of RDP coated MMT-Na+ in FT-IR dk Wem figure 4.4
we can see that the unmodified clays show typical charaateaissorption bands, 1047
cm?, 3448.27 cnit and 3629.97 cthwhich corresponds to one of Si-O stretching regions,
O-H stretching regions, respectively. In particular, the Si@tching band separates into
the two peaks, 1008 ¢hand 1078 cil when the RDP is incorporated. Yan and Cole
founded that the peak Il (~1080 cm-1), which is out-of plane mode, becaibte
clearly as the content of water or compatiblizer increasedhetaclay interlayers.[83-84]
Thus, it is clearly indicative that the RDP oligomers arercafdated into the clay
galleries. Furthermore, The RDP IR spectrum shows that therg¢har phosphorus-
oxygen double bond stretching (P=0) at ~1300"@nd the phosphorus-oxygen single
bond stretching (P-O) at ~960 ¢miThe absorption band of the P=0 still appears at the
same position in the RDP clays spectrum. However, the P-O absolj@nd might be
shift to at 1008 ¢, which may result from the presence with hydrogen bonding. Since
the phoshoryl group (P=0) in the RDP oligomers are well known a®rgsiccepters

for hydrogen bonding [78], the RDP oligomergs would be self-assenibldte clay
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galleries, which could be biocompatible to bio-mass polymers, sustiaras, which will

be presented in the following report.

4.3.1.3.Contact angle measurements

In order to determine the relative affinity for the polymers, RDP coated clays
or the Cloisite 20A clays, films of spun cast PS or PMMAenfiated on top of the LB
monolayers and annealed for times up to 48 hours at T = 180 °C. The results are shown in
figure 4.5. At this temperature the surface tensions of PS andAPd® nearly equaly(
~ 29 mN/m) [85]. and hence differences in the contact angle are mostly due to
differences in the interfacial energy between the polymersttamdurface. Since the
surfactant layers on clays are thin and strongly adsorbed densgan be followed by
Young’s law rather than a Neuman construction [86]. We can as$iahéhé observed
angles correspond to the Young’s contact angle,

YA =7vs COS +vyam (1)

, Whereya andyg are the surface tensiaf the A and B phases, apgg is the interfacial
tension between the A and B phases. From the figure we can see that the ngtedot a
PS on RDP covered clays reaches an equilibrium value of 7.7 dedtere24 hours of
annealing and does not change significantly after additional mmpez another 24
hours. The PMMA film, on the other hand, appears to wet on the ¢daid clay
surfaces and the holes initially formed upon deposition of the PMMAdD not seem to
increase in diameter, nor do droplets form on the surface after 48 hours of annealing.
In order to determine the interfacial tension between the ¢®@ted clays and
the homopolymers we first had to find the surface energy of BOR function of
temperature. This was performed using the Wilhelmy platéadetn a volume of 78
cm®of RDP heated from ambient to 80 °C. The data are shown in fighme where we
derive the equation,y = -0.1082x + 51.203, and from which we can extrapoalee of

31.7 mN/m at 180 °C. Substituting this value farin equation 1 we find thatag is
2.75 mN/m and 2.8 mN/m for RDP with PS and PMMA respectively, wisighown in
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table 4.2. We can now determine whether PS or PMMA will wet b Boated clays at
T= 180 °C, or the conditions used in melt mixing the nanocomposites. pféadsg

coefficient S is given by:

S =YRDP" YPolymer YRDP/Polymer (2)

,where wetting occurs when S > 0. Hence for PS we obtain $.25-< 0 and for
PMMA S = 0 ~ 0, which is consistent with the observation BMMA completely wets
the RDP coated clay surface, whereas PS does not. TherefoRDEheoated clays are
expected to exfoliate in a PMMA matrix, in order to expose moterfaces. This
observation is confirmed in the TEM image shown in figure 4.6b.drcése of PS, the
spreading coefficient is only slightly negative, and the soxf@iation can occur when
shear is applied. TEM images of RDP clay nanocomposites witls ¢ shown in
figure 7, where a high degree of exfoliation is observed.

In figure 4.5 we show the contact angles obtained on Cloisite 20Wlayers.
In this case we find that the angle of PS is rather high, or &€& indicating that a
large unfavorable interfacial tension exists. This is a good agrdgesith the known lack
of exfoliations of the Cloisite 20A in PS matrices. The angtea WMMA, on the other
hand, is only 2 degrees, which is consistent with the known abilRMIA matrices to

exfoliation of the Cloisite clays under shear.

4.3.2. Nanocomposites

4.3.2.1.Homopolymers.

In order to examine the degree of exfoliation of the RDP dlayeermoplastic
polymers, such as a high impact polystyrene (HIPS), poly(acrylerbtitadiene styrene)
(ABS), and polypropylene (PP), we performed SAXS experiments angaceth the
results with TEM images, for polymers which could be cross sesdi at ambient

temperatures.
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From figure 4.7a we show the SAXS data for HIPS nanocomposistesitvier
5% Cloisite 20A or RDP coated clays and we plot the data forthstclays as a
reference point. From the figure we see that in the nanocompotit€loisite 20A the
[001] as well as the [002] scattering peaks are clearlpleisand of comparable intensity
to the peaks of the pure clays. From the shifts in the peaks wéhéihdhe interlayer
spacing has increased further to 4.1 nm, which indicates that mdse aflay are
intercalated, rather than exfoliated, with a layer which is@pprately 1.4 nm thick of
polymer. In contrast, for the HIPS/RDP clays nanocomposite, rttesog peaks are
observed, which is consistent with most of the clays being etddlia’his is further
confirmed by the TEM micrographs shown in figure 4.7c-d. In figuée &ve show a
typical cross sectional image of the HIPS/Cloisite 20A nanoconeposltere we see
large tactoid-like structures, where the clay plateletsnéeecalated with polymers. From
the inserted TEM image we can estimate the mean distancedreplatelets to be 4.2
nm, in a good agreement with the scattering data. In contrast, iffore #.6d we can see
a typical cross sectional image of the HIPS/RDP-Clay nanocastepdiHere mostly
individual platelets are seen, which would not produce diffraction peakstnomgf the
exfoliated nature. These results are consistent with the coamtagbe measurements
shown previously, where the interfacial tension between PS and B&€dcclays was
found to be much smaller than that with the di-tallow coated clagslitéting the
exfoliation of the RDP coated clays during shear mixing.

Exfoliation is also more efficient at modifying the mechanigaiperties, than
intercalation. This is also demonstrated in figure 4.7b where we Ipéotdynamic
modulus and tan delta of HIPS/clay nanocomposites, obtained from DNMaAuneenents
as a function of temperature. From the figure we see that mdasies the addition of
clays does not affect on the melting temperature, which remaigsrae as the HIPS
homopolymer. On the other hand, we see that the addition of RDP clagases the
modulus by nearly a factor of 2 for T<Tg, whereas the additic@laitte 20A slightly
decreases on the modulus, which is consistent with the poor mixthg @floisite clays
with the polymers.

In figure 4.8 we show the SAXS data obtained for another nanocompatite

styrene groups, ABS with 3, 5 and 10 wt % RDP clays. Here wefial$ that the clays
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diffraction peaks are not observed, while the TEM cross sectimagle indicates a good
exfoliation. The storage modulus of the nanocomposites with RDP icleygases by
nearly an order of magnitude compared to that of homopolymer, which caitdym
result from the fully exfoliation of the clays. Since the inseem the rubber fraction did

not seem to affect the degree of exfoliation, we also attehptélend the RDP clays
with polypropylene (PP) homopolymer, another polymer in which numerous authors
have reported difficulties with Cloisite 20A. The SAXS datast®wn in figure 4.9a,
where we find only a small trace peak at the position of the-&& [001] indicating
most of the clays are exfoliated. This is further confirmedhegyDMA data shown in
figure 4.9b, where we see that the storage modulus of the RDPnealagsomposite is

higher than that of the PP homopolymer up to the melting temperature.

4.3.2.2.Polymer blends

Blends of PMMA with either PS or PP: In figure 4.10 we show the SAXS data
from blend samples composed of 30 % PMMA with either 70 % P&réfi0a) or 70 %
PP (figure 4.10b). The scattering peaks of the pure RDP coatedackalso plotted for
comparison. In each case we see no remnant of the clay peaksingdtbat a full
exfoliation has occurred. In the previous paper [37], we claimed th&alpa
compatibilization of the PMMA/PS blend when Cloisite 20A was addedihe SAXS
data indicated the presence of the clay peaks intercalatedheitpolymers. High and
low magnification TEM images of both of these blends are showigumef 4.11a-b.
From the figures we conclude that the absence of the clay jmetlles SAXS data do not
necessarily correlate with compatibilization. In the case of theN?8A blend, the clays
are entirely segregated within the PMMA phase, where they appeaatdoln contrast
to the TEM images of ref.[31], no platelets are observed gidlyener phase interfaces,
and hence no effect of the RDP coated clays can be seen on thatibdimation of this
blend. In the case of the PMMA/PP blend, most of the claystdten the PMMA
domains, where they can also exfoliate, as they do in the homopolyntentrast to the
TEM images for the blend with PS, some of the plateletsesme ® be adsorbed onto the

phase interfaces, which could lead to an increase of the dynawmdulus overall
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temperatures compared to the blend without the RDP coated claysHown in figure
4.10c.

From the contact angle data shown previously we have demonstrated/iiz
wets the surfaces of the RDP coated clays, while PS déveessirfaces. During the melt
mixing process at high temperatures the PMMA chains will peetelly be adsorbed
onto the RDP coated clay surfaces, formingitu grafts composed almost entirely of
PMMA chains. Hence the RDP coated clays will segregatkigxely in the PMMA
domains, and no reduction of the overall energy of the system occurghelserplatelets
are placed at the phase interfaces. Furthermore, the indréaergy between PS and
PMMA, v = 1.2mN/m at 180 °C [85, 87], is lower than either of the interfacredites
(table 4.2) between either of the blend polymers and RDP, no eneadetotage is
obtained through segregation at the interface. Hence the RDP ct@tedre massively
segregated in the PMMA phase, where their interfacialggner minimized, and no
change in the blend compatibility occurs.

In figure 4.11 we show TEM data corresponding to a PP/PMMA blenthisn
case some compatibilization is observed in the lower magndficatages, while some
clays at the blend interfaces are observed in the higher magioifiamage. Since the
interfacial tension between PP/PMMA has been reported that thesvate 4.5 mN/m
[88] at 240 °C and 7.50 mN/m [89] at 200 °C we could calculate the intdrfansion of
blend is ~ 9 mN/m at 180 °C or significantly higher than that betviri2P and PMMA.
As we have shown that the RDP clays exfoliate in PP as welban estimate that the
interfacial tension with PP would be comparable to that with PM&A, hence placing
the RDP clays at the polymer interfaces can reduce the bereayy of the system, and
result in partial compatibilization [31, 37].

PC/SAN24 blend: From figure 4.12a-c we can see TEM images of cross-section
samples of a PC/SAN24 blend. In both cases we find either Cla#teor RDP coated
clays are fairly intercalated rather than exfoliated. Bliservation is consistent with the
SAXS data obtained from these samples, shown in figure 4.12d, wbkeaks @re
observed corresponding to either Cloisite 20A or RDP coated ciayk, large

intergallery spacings corresponding to an intercalated systemaddition, the
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intercalation of RDP coated clays could be stable up to 450 °C in whecpeaks still
remain at the high temperature in figure 4.12e.

We also confirmed that the addition of the RDP clays improved theatdolity
of the polymer blend using the STXM technique. In figure 4.13 we show a STXM images
obtained from a symmetric PC/SAN24 blend mixed without ctays either with 5 %
Cloisite Na+ or 5 % RDP clays, which were cross sectiontat aémoval from the
Brabender. In the figure, PC and SAN24 correspond to the light ard ailaas,
respectively. From the figure we can see that in the absendaysf the domains are
well separated from each other. The addition of Cloisite Na+s dlayher enhances the
phase segregation, probably due to segregation of the clays in the PC phase (figure 4.13b).
However, the addition of 5 % RDP coated clays dramaticallygdsam the morphology
of the blend, where the domains become bicontinous and smaller thegsohgion of
the image (50 nm). This phase segregation can be explained loyizimigi the interfacial
energy of the blend. In order to quantify the energy, we can apphlathes of surface
tension for PC and SAN24, reported in literatures. We found that thiéaciéé tension
for PC/SAN24 blend was ~ 2.8 mN/m [90, 93]. , and the surface tensi@tCfat 200 °C
was 29.1 mN/m [94]. Since we know the temperature dependence offdeedension
for the RDP oligomers we can calculate a value of the sutéarson of RDP is 29.6
mN/m at 200 °C. Hence we can see that the spreading coefff&ierdn RDP clay
surfaces almost is zero without adding the interfacial tensiovekaetPC/RDP. If & = 0,

Yrop/pcis 0.5 mN/m. Although values of the surface tension for SAN24 at @86 Aot
available, The surface tension for SAN24 can be calculated ubmgemperature
dependence of polystyrene /dt = 0.072) [85, 94} san24iS 35.3 mN/m at 200 °C. As
we can see that the spreading coefficieifs on RDP clay surfaces is already negative.

Thus, when the SAN24 polymer melts dewets, and a valugz@$san24 would be

higher than that offpc/san2a Therefore, the maximization of reducing the interfacial

energy could occur when all of RDP coated clays segregdtee anterfaces, while
increasing the compatibility.

Furthermore, we could also confirm the blend on the compatibility kairobg a
single Tg. From figure 4.14a we can see that the blendwtaslistinct glass transition
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temperatures in which one is about 127 °C for SAN24 and the other is abdi@@ 1510
PC. When the MMT-Na+ clays are added, the two Tqg still etisear the positions. As
expected, when the addition of Cloisite 20A clays are added th& gwmecomes the
single Tg, about 128°C. We also measure the Tg of the blend with B&iPdcclays.
From the figure we can see that the addition of RDP coated olatains a single Tg,
which is about 122 °C. Thus, the formation of single Tg could result fromcaease of
the compatibility, which is a good agreement with both the TEM antiBimages. In
addition, the measurements of dynamic modulus as a function of teampecauld
explain that the RDP coated clays act as a compatibilizem Ene figure 4.14b we can
see that in the case of RDP coated clays the storage maglalisally decreases as
temperature increases compared to the others clays, whestothge modulus are
constant up to 95 °C. This difference on the modulus could result fronxtfze RDP
oligomers in the clay galleries. It could lead to an increase of loss matiuing heating.
Therefore, the addition of RDP coated clays could make the polgragix ductile,
which may increase impact toughness of the polymer blend.
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4.4. Application

4.4.1. Cone calorimetry

As has been discussed in several previous publications [37,reflering
polymer blends flame retardant can pose a significant challéRge. combustion
behaviors of polymers involve a complex sequence of condensed and gas phasereacti
In blends, the additional phase segregation during heating furtmaplicates the
situation, and degrades the resistance to combustion. We have prestuwsty that the
addition of Cloisite clays can stabilize blends against phagegaions and catalyze
reactions which lead to chars formation. In the case where a&tidalioccurred in at least
one of the components, the addition of organoclays was observed tasgetite heat
release rate (HRR) and mass loss rate (MLR) [37, 64].

Here we will compare the flame retardant properties of blevitsre the RDP
clays have been added, rather than the Cloisite organoclaysuta figl5a-b we show
the HRR and MLR of the PC/SAN24 blends performed in nitrogeosghere. From the
figure we find that the addition of Cloisite 20A only decreasesntiagimum HRR
slightly but has nearly no effect on the MLR. In fact, a adlasemination of the time
dependence shows that Cloisite 20A degrades the performaneenef fétardancy and
decreases the total heat loss and mass loss time, which iwlsatn@®nsistent with the
previous reports that the di-tallow coating of the organoclays is cdibleysand can
decrease the time to ignition in nanocomposites [37, 64]. The addition of MM THNe
improves the performance, but the addition of RDP coated MMTeNgs indicates a
major improvement on the HRR and the MLR. From the figure we findthigapeak
HRR is decreased by more than a factor of 2, and the MLRcreaked by 30%, while
the total combustion time is nearly the same amount in the PQ&ANeNnd. This
behavior also appears to be correlated to the characteristibe ghars, which can be
seen in video clips obtained during the gasification test.{see the sugpypam
materials}. PC is known to be a good char former even though sty@piclgmers such
as SAN are not. All blends, with and without clays are observéarito chars, and the

amount of carbonaceous chars were calculated after subtracting the inoogapanents,
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which is listed in table 4.3. From the table we can see thattbest amount of char
residues is found in the unfilled blend, while the addition of clays esdtite total

carbonaceous chars by more than 45 %, regardless of the typaysf idence the
difference in the flame retardant performance with the add@farlays is not strictly a
function of the ability to form char.

In figure 4.16 we show still images of the samples obtained finenvitieo clips.
From the figure we find that the char forms very quickly and thegins to swell with
the gases from thermal decomposition of the blend, finally build up the pressure mside. |
the case of the unfilled blend, and that containing RDP clayscraase in both MLR
and HRR is observed when the char becomes thick enough to contgasteand a
“mushroom” structure is formed. In the case of the blend containioigit€ 20A, the
char collapses very quickly with the gases build up and no mushroomsiiilatures is
formed. As a result, the thermal decomposition progresses very garulgo reduction
in the MLR and the HRR is observed.

The morphology of the chars was further studied using SEM and EDWX.
figure 4.17 we show the chars formed in the blend without clay. Theiboifies the
location where EDAX analysis was performed. In the EDAX spettwve find primarily
carbon, which is expected in the char. The morphology image at 20 micron
magnifications shows that the char is fairly uniform, while itn@ge at 100 micron
magnification shows with what appear to be “vent holes” type ofdbams. Some of
these “vents” are covered with membranes, while others have rupt@edranes, or
membranes blown away. This morphology is consistent with the “musfirobserved
to form in the optical images. As the mushroom forms, the ratgasés released
decreases, but is not completely stopped. The SEM images show timéorm char
layer is formed, but the gases can still escape from the.hke chars from the blends
with RDP or MMT clays have similar morphologies, with what appedre membrane
covered vent holes. The high magnification images show a uniformust&uwhich the
EDAX spectra indicate that the membrane is mostly carbonaceaisrimh The
Si/Mg/Al peaks, which are characteristic of the clays, arg small in comparison to the
C peak, from the char. Since the clay platelets do not decomposeeasiill in the char
the EDAX spectra indicate that they must either be in theiantef the chars or remain
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dispersed within the surface layer (at the 5 % level) allowtimg carbonaceous “skin” to
form. Not surprisingly the appearance of this “skin” is simitarthat observed in the
blend without clays.

The images of the char with the Cloisite 20A clays are shown in figure 4.1@ wher
a sharp contrast is immediately observed. The high magnificatiage shows that the
structure of the char is almost entirely composed of compactgdpldelets. This is
confirmed by the EDAX image, where the Al/mg/si peaks predomaradeonly a small
C peak is observed. These images indicate that upon heating tlseéeCRIA clays
segregates to the surfaces of the sample, possibly due tadkeul#avorable energy
with the matrix. In contrast to the previously reported resut®PMMA, where the
polymer did not form a char, and the clay “char” was the only mefpeeventing heat
and mass loss, in this case, the PC/SAN blend does form a good chelayBh&ppear to
interfere with this char layer. The large magnificationgsahows that the morphology
of this resultant char is very porous, as opposed to the char of thblpnds. The high
degree of porosity is consistent with the inability of this cleel to contain the
combustion gases, resulting in the poor flame retardant behavior.

Another factor which may impede the formation of the “mushroom’tsira is
the hardness and the elastic modulus of the chars. In order for theoomasstructure to
expand, while containing the gases, the material must be refatihastic; otherwise the
internal pressure will produce cracks, which release the gasesegldrate combustion.
We therefore used nanoindentiation to measure both the elastic maddltise hardness
of the chars (shown in figure 4.18). The results of the nanoidentastsrare shown in
figure 4.19. From the figure we can see that the modulus of threfatmed by the
unfilled blend is the smallest, E' = 1.3 GPa, while its hardnesstésmediate. The
unfilled blend is able to form an intumescing char, but the largeinbas to modulus
ratio indicates that it is somewhat brittle and, as can be isethie images, unstable.
Hence the flame retardant performance is not satisfactoryadtiéon of Cloisite 20A
deteriorates the performance even further. Here we can sdbdhabdulus, as well as
the hardness, is nearly 400 % larger than for the other mstena the mushroom-like
structures are unable to form altogether. The modulus that weuree&'= 4.9 GPa is
larger than E’= 2.3 GPa of the Cloisite Nar the RDP clays filled system, but still
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smaller than that of pure montmorillonite clays E'= 14 GPa [96-Bidicating that
despite the high concentration of clays, there may be other depbgies polymer char
left. The chars formed by the Cloisite Nand RDP clays have similar hardness and
modulii, where the modulii are larger than that of the pure blend, butatiness is
lower, indicating more elastic behavior. In both cases, the mushroorstiiketures are
able to form which contain the gases. We can only postulate, therefore, therdiaae
retardant responses of the blends containing the RDP clays ovectimaming the Na
clays, may be the presence of the adsorbed RDP on the diagesywhich catalyzes the

reactions needed for further reduction of the HRR and MLR.

4.5. Conclusion

The absorption of resorcinol di(phenyl phosphate) (RDP) oligmoerslayn ¢
surfaces has been proposed as a replacement for di-tallow molesoie®nly used in
functionalizing clays. Using SAXS, we showed that RDP can ls®rbdd on the
surfaces of sodium montmorillonite clays, thereby increasingntedayer spacing from
1.25 nm to 2.23 nm. We then demonstrated, using SAXS and TEM that thesednodif
clays can be exfoliated in styrenic polymers: HIPS and ABS| as in PP. We also
produced single layers of the clays, using the LB technique aadured the contact
angle of polymers on the surface, which were consistent withbility #0 exfoliate. We
found that the contact angle for between PS/RDP clays s@bstaat~ 2.5°, whereas the
angle for PS/Cloisite 20A clays substrate was ~ 32°. Thexetbe RDP coated clays
were more compatible to the styrene groups compared to the €ldasyts, which could
lead to the exfoliation of HIPS and ABS.

The ability of RDP coated clays to compatibilize polymer blenas also probed.
We showed that RDP coated clays segregated to the intetbatesen the phase
domains in the PC/SAN24 blend, while they segregated inside the Pdékhains in the
PS/PMMA blend. This different morphology between the two blends dmulkekplained
by the interfacial energy. Since the interfacial tensioreftbrer PMMA/RDP or PS/RDP
clays (~ 2.8 mN/m at 180 °C) was higher than that for PS/PMiMifaces (~ 1.2 mN/m
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at 180 °C) the segregations of RDP coated clays could not reduiceettiacial energy
of the system. However, the interfacial energy for PC/SAN2Adble- 2.8 mN/m at
200 °C) was much higher than the interfacial tension for PC/R®RB ¢~ 0.5 mN/m if
S=0). Hence segregation of the RDP clays to the interfacaftesksn a significant

reduction of the overall energy and increased compatibilization.

We also compared the effects of RDP coated clays on the ftataedant
properties of the PC/SAN24 blend; We found that the addition of B¢ &ays could
reduce the heat release rate (HRR) and mass loss rate (diLiRe blends in which they
were interfacial active. In contrast, the Cloisite clays, which wisteiaterfacially active,
were shown to deteriorate the flame retardant responses. In additstebility against
phase segregation, the quality of chars is another importariamifor flame retardance.
We show that elasticity is an important consideration in intumgsdiars, which have to
expand in order to contain the gases formed by the advancingrbeat TEM images
indicated that the Cloisite clays segregated to the surf#ct® chars, while the RDP
coated clays remained in the interior. Nanoindentation measurenmanted that the
clay rich surface crust resulted in the chars of the nanocompasintaining Cloisite
20A to be 400 % more brittle than those resulting from the compoundsh&ifRDP or
Na' clays. These results show that surfaces, as well asaititdrenergies have to be
considered in engineering the optimal properties of nanocompasitesirthermore, that
clays treated with non-halogen (FR) oligomers can be an alivegnfor replacing the

functionalized clays treated with the di-tallow molecules.
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Figure 4. 1. AFM images of uncoated MMT-Na+ and RDP coated MMT-Na+: (a)
Height and (b) friction, and (c) cross-section of uncoated MMT-Na+ , (d) Hght and
(e) friction, and (f) cross-section of RDP coated MMT-Na+.
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Figure 4. 2. SAXS spectra of Nanoclays.
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Figure 4. 3. TGA Curves of Nanoclays.
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Figure 4. 4. FTIR spectra of Nanoclays: RDP — (blue line), RDP coated CliesNa+
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Figure 4. 5. The Contact Angles on polymer thin films on clays; (a) PS/C20A arid)
PS/RDP clays after 24 hours annealing (c) PS/RDP clays after 48 hours annealing.
(d) PMMA/C20A and (e) PMMA/RDP clays after 24 hours annealing (f)
PMMA/RDP clays after 48 hours annealing.
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Figure 4. 6. (a)the surface tensions of RDP as a function of temperature. (fhe
TEM image of a cross-section from PMMA/RDP Clays nanocomposite.
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Figure 4. 7. (a) SAXS spectra of HIPS/Nanoclays nanocomposites, (b) Storage
modulus and Tan delta of HIPS/RDP clays nanocomposite (the inserted age).
TEM images of HIPS/Nanoclays composites: (c) HIPS/C20A- highly intercaled
and (d) HIPS/RDP Clays — exfoliated.
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Figure 4. 9. PP/RDP clays nanocomposites: (a) SAXS spectra, (b) Storage modu
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Figure 4.10. SAXS spectra: (a) PS/IPMMA/RDP coated clays (70/30/5 wt%), (b)
PP/PMMA/RDP coated clays (70/30/5 wt%) nanocomposites, and (c ) Storage
modulus of PP/PMMA/RDP coated clays.
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Figure 4. 11. TEM Images: PS/IPMMA and PP/PMMA with the RDP clays.
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Figure 4. 12. TEM Images: (a) PC/SAN24/C20A (50/50/5 wt%), (b) PC/SAN24/RDP
clays (50/50/5 wt%) - Low magnification, and (c) PC/SAN24/RDP clays (50/50/5
wt%)-High magnification. SAXS spectra: (d) PC/SAN24/RDP clays and
PC/SAN24/C20A, and (e) PC/SAN24/RDP clays as a function of temperature.
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Figure 4. 13. STXM Images: (a) PC/SAN24 (50/50 wt%), (b) PC/SAN24/Cloisite
Na+ (50/50/5 wt%), and (c) PC/SAN24/RDP clays (50/50/5 wt%). The Images were
taken at 286.70 eV. (Dark regions are the rich SAN 24 phases)
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Figure 4. 14. PC/SAN24 nanocomposites: (a) Tan delta and (b) Storage
modulus.
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PC/SAN24 PC/SAN24/Cloisite Na+ PC/SAN24/Cloiste 20A PC/SAN24/RDP Clay

Figure 4. 16. Aselected video images at 30, 100, 230, and 300 seconds from the
gasification tests: PC/SAN24 (50/50 wt%) — the first column, PC/SAN24/Chiie
Na+ (50/50/5 wt%) — the second column, PC/SAN24/Cloisite 20A (50/50/5 wt%) —
the third column, and PC/SAN24/RDP Clay (50/50/5 wt%)- the fourth column
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Figure 4.17. The SEM images and EDAX spectra from the residues: (a-b)
PC/SAN24 (50/50 wt%) (c-d) PC/SAN24/Cloisite Na+ (50/50/5 wt%), (e-f)
PC/SAN24/RDP Clay (50/50/5 wt%), and (g-h) PC/SAN24/Cloisite 20A (50/50/5
wit%).
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Figure 4. 18. The images of residues left after the gasification test: (aF/SAN24
(50/50 wt%) (b) PC/SAN24/Cloisite Na+ (50/50/5 wt%), (c) PC/SAN24/Cloisite 20A
(50/50/5 wt%), and (d) PC/SAN24/RDP Clay (50/50/5 wt%).
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Figure 4. 19. The hardness and elastic modulus of the residues from the gasifion
test.
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Polymer MW or Grade Manufacturer
Polystyrene 280k Aldrich Sigma
Poly(methyl methacrylate) for melt blendin 120k Aldrich Sigma
Poly(methyl methacrylate) for spun-castin 75k Polymer Science
Polycarbonate Mitsubishi Engineering Plastic
23k
Corp
Poly(styrene-co-acrylonitrile;
Visty y ) Luran ®358N BASF
High Impact Polystyrene
[¢] P ysty 5300 BASE
Acrylonitrile butadiene styrene (ABS) Terluran® GP-35 BASF

Polypropylene

3825WZ

TOTAL PETROCHEMICALS

Table 4.1. Polymers were used in this study.
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. Interfacial Interfacial
Polymer iunrs?gﬁ tension tension
‘YPolymer/Polymer YRDP/Polymer
(mN/m) (mN/m) (mN/m)
PS 29.2 - 2.75
PMMA 28.9 2.8
PSIPMMA 1.2
PP/PMMA 9
pC 29.1 0.5 (if S=0)
SAN24 35.3 _
PC/SAN24 28

Table 4.2. Polymer surface and interfacial tensions.
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Nanocomposite Carbonaceous chars yield
PC/SAN24 19 %
PC/SAN24/MMT 10 %
PC/SAN24/Cloisite 20A 10 %
PC/SAN24/RDP coated MMT 11 %

Table 4.3. The yield of carbonaceous chars for PC/SAN24 with clays in air.
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Nanocomposite Carbonaceous chars yield

8 %

PC/SAN24/MMT
PC/SAN24/Cloisite 20A 8%
PC/SAN24/RDP coated MMT 39

Table 4.4. The yield of carbonaceous chars for PC/SAN24 with clays in air.
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