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Executive Summary

In October 1998 a NIST-industrial consortium convened to study mechanisms by which
montmorillonite clays afford fire resistance to composites formed from various polymers and
montmorillonite. This committee concluded that a clay-reinforced carbonaceous char is
produced during the combustion of such nanocomposites, and this “barrier layer” protects the
underlying part[1]. Since that time researchers have shown that montmorillonite particles in
polymer-based nanocomposites will aggregate under fire conditions (see Kashiwagi et al.[2] and
Gilman et al.[3]), and Lewin et al. have suggested that the particles may in some cases migrate
to the surface[4]. All of this evidence implies that self-assembly of the nanoparticles is
occurring as the part burns.

The current work explored how choice of surfactant, fire temperature and processing pressure
affect the assembly process for particles in the barrier layer. The underlying assumption was
that the nano-structure of the ceramic portion of the barrier layer would affect flammability,
and this assumption was explored as well.

In the original research plan, the goals in this first year were to compare how self assembly
rates were affected by: (1) Surfactant, (2) Polymer, (3) Initial state of dispersion and (4) Melt
rheology.

Characterization of these structural changes was accomplished using high temperature real-
time X-ray diffraction (HTXRD), a technique available to TTU researchers on a limited basis
through the Oak Ridge National Laboratory User Program. Since access to the aforementioned
instrument was productive but time-restricted, TTU researchers corroborated the XRD results
by investigating a new structure-sensitive detection technique based on gaseous permeability
of the formed barrier layer. In addition some early computational work is presented herein to
test/validate our primary assumption, that structure of the barrier layer affects flammability.

The most important conclusions/results from this year’s work are summarized below:

1. Effect of surfactant on barrier layer structural formation in virgin organoclays.

a. All organoclays up to 800°C exhibited a 16A phase.

b. All organoclays exhibited a temperature-dependent “collapsing” phase.



Thermal stability of the surfactant (TGA) correlated with the onset of the
structural “collapse” (XRD).

Chemical changes (TGA) occur at lower temperatures than structural changes
(XRD).

Nanomer 144.P appears structurally stable up to 800°C, suggesting production of
an aerogel on heating.

2. Effect of pressure on barrier layer formation in virgin organoclays.

a.

b.

In the absence of pressure Nanomer |144.P appeared to produce an aerogel,
while Cloisite 20A did not. Under pressure, however, both organoclays produced
the same collapsed phase.

TEM images of the collapsed phase in Cloisite 20A show an interesting trend
towards a hybrid phase with alternating interlayers, or “staged
heterostructures.”

3. Significance of permeability: a bulk scale test for micron-scale structural changes.

a.

b.
C.

d.

Five composite models all predicted higher relative permeability than
experimentally observed relative peak mass loss rate (RPMLR).

The Cussler model (random arrays) was closest predictor.

Fluxes of Ar through 0.4 mm thickness of organoclay ash averaged 0.140
mol/m?sec.

On heating/pressing, Cloisite 20A an permeability increased. This data is not
consistent with compaction of void spaces, but is consistent with reduced filler
particle aspect ratio.

4. Future Plans

a.

b.

A multidisciplinary team composed of a ceramic/aggregate sintering expert (J.
Biernacki) and a nanocomposite fire performance expert (H. Stretz) will study the
deformation of the organoclay ash. Analog chemistry from aggregate sintering
will aid development of nanocomposite barrier layers with higher mechanical
strength.

Future XRD studies will be enabled by the planned purchase of a P’Analytical XRD
Diffractometer at TTU, installation by summer 2009.

5. Outcomes

a.

One domestic graduate student, Mr. Brent Fox, received his Master’s in Chemical
Engineering, 12-2008, and is now employed with Jacobs Engineering in Houston,
TX.

Presentation: Stretz, H. A., “Nanocomposite Fire Performance: Contribution of

Montmorillonite Barrier Layer,” Samuel Ginn College of Engineering Chemical Engineering
Seminar Series, Auburn University, 10-17-2007, INVITED.



C.

Presentation: Fox, J. B, Stretz, H. A., Payzant, A., Meisner, R., “Aggregation of nanoparticles
using real-time high temperature x-ray diffraction,” Polymer Materials Science and Engineering
Preprints, ACS, 04-2008.

Paper: Fox, B., Stretz, H. A., Payzant, A., Meisner, R., “Formation of Nanostructure During
Gasification of Montmorillonite Organoclays,” in draft for Small.

Paper: Fox, B., Stretz, H. A., “Permeability as an Analog to Flammability in Montmorillonite
Organoclay Ash” in draft for Polymers in Advanced Technology.



1. Introduction

1.1. Overview of experimental timeline
The initial proposal described a set of goals for XRD analysis which required one year’s pursuit.
They were:

-- to compare how nanoparticle self assembly rates were affected by the: (1) surfactant, (2)
polymer, (3) initial state of dispersion and (4) melt rheology.

The projected direction of this work was revised slightly to accommodate the ORNL User
Program queue. Given unscheduled instrument (XRD) downtime, the contingency research
plan was to investigate the validity of using permeability as a detector for nano-structural
changes in the degraded clay using XRD information for corroboration. Research results for
item (1) in the original plan are reported herein. Additional research results from the
permeability studes are reported as well. A no-cost extension of three months was granted.

1.2. Revised goals
The updated goals of the investigation address three questions:

e Does surfactant choice affect the evolution of nanostructure changes in organoclays at
fire temperatures?

e Does processing pressure affect the evolution of nanostructure changes in organoclays
at fire temperatures?

e Do temperature/pressure-induced structural changes in the organoclay correlate with
changes in Ar permeability of the organoclay? If so, do observed mass transport rates
validate the concept that mass loss rate should be reduced by the tortuous path offered

by the forming barrier layer?

2. Experimental
2.1. Overview

The materials used in this study benchmark certain novel measurement techniques, and
therefore the choice of materials intentionally matches those reported in selected recent
publications. Two of the novel techniques employed here for detecting nano-scale structural



changes in the forming barrier layer were: high temperature X-ray diffraction (HTXRD) and Ar
permeability of the barrier layer. These two methods are summarized/described below.

XRD experiments were used to assess aggregation of organoclay materials using both parallel

beam geometry and a sample oven which allows the sample to be heated during scanning
without moving or otherwise disturbing the sample. This specialized equipment eliminated the
possibility of certain artifacts expected to arise if the fragile organoclay ash sample had to be
handled between scans. The specialized optics also helped eliminate artifacts due to changes
the sample height during degradation.

Permeability was used to assess for changes in the mass transfer rate of the sample (transport
of gases) due to the presence of a barrier layer. This should correlate to the reduction in the
mass loss rate and therefore correlate structural changes with an improvement in flammability.
This novel method provides us with a multi-scale approach for analyzing the structure of the
barrier layer upon degradation by relating a bulk property (permeability) to a nanoscale
property (XRD response).

2.2. Materials and Processing

All materials were used as received, and are described in Table I.

Four MMT organoclays were used throughout the course of this work. Three of these, referred
to here as Ms(HT), M,(HT),, and M(HT)s;, and were obtained from Southern Clay Products.
These organoclays consist of MMT modified with quaternary ammonium ions with varying
structures as surfactants. Ms(HT) is an experimental MMT organo-modified clay with a
hydrogenated tallow trimethyl quaternary ammonium ion surfactant. Cloisite® 20A (My(HT),) is
a commercial MMT organo-modified clay with a di(hydrogenated tallow) dimethyl quaternary
ammonium surfactant. M(HT); is an experimental organo-modified bentonite clay with a tri
(hydrogenated tallow) methyl quaternary ammonium surfactant. The fourth organoclay,
Nanomer® |-44P, produced by Nanocor Company in Arlington Heights, IL, was donated by Dr.
Menachem Lewin at Polytechnic University, and its surfactant structure was not provided by
the manufacturer.

Petrothene® PP31KKO1 is one of the PP homopolymers used for injection molding, and was
donated by Equistar Chemicals in Houston, TX. The Petrothene® has a melt flow rate of 5g/10
min. Polybond® X5140 was donated by Dr. Menachem Lewin from Polytechnic University in
New York, NY. Polybond® X5140 is a PP homopolymer grafted with 1.5% by weight of maleic
anhydride (MA) created by Crompton Corporation.



Table I: Materials Description

Material Description Manufacturer
Petrothene® PP31KKO01 PP homopolymer Equistar Chemicals
PP w/1.5% by maleic
Polybond® X5140* anhydride by weight Crompton Corporation
Montmorillonite organoclay w/
Nanomer® I-44P* an unknown surfactant Nanocor Company
Montmorillonite organoclay w/
M3(HT) a one-tailed surfactant Southern Clay Products
Cloisite® 20A Montmorillonite organoclay w/
(M2(HT)) a two-tailed surfactant Southern Clay Products
Montmorillonite organoclay w/
M(HT)3 a three-tailed surfactant Southern Clay Products
Nitrogen Compressed N, Airgas Company
Air Compressed air Airgas Company
Argon Compressed Argon Airgas Company
EMbed 812 Four part epoxy Electron Microscopy Sciences

* Materials supplied by Dr. Menachem Lewin at Polytechnic University New York, NY

The pressure experiments were conducted on a Carver 3850 hot press. The samples were
pressed at 250 °C and 6.9 kPa between sheets of aluminum foil and exposed to pressure for one
minute, five minute, and ten minute time periods. After the time elapsed for each sample, they
were promptly removed from the press and placed in a dessicator until they were sent to Oak
Ridge National Labs for XRD analysis.

For nanocomposite samples, the mixing was performed on a DSM 5cm® twin-screw micro
compounder combined with bench-top pneumatic ram injection molding (see figure 1.) Each
nanocomposite was compounded as a batch at 200 rpm and 190 °C for 10 minutes. The
polymer material was then injected into the 45 °C mold and allowed to cool. The parts were
placed in a dessicator. They were milled to approximately 1 mm thickness using a commercial
automatic router, with final thickness that of a dime. The milled samples were kept in a
dessicator until they were examined at ORNL. Milling to leave only the skin of the injection
molded part assured that within that skin the nanostrucuture at the beginning of the XRD
experiment exhibited reproducible net orientation.



Figure 1: DSM Microcompounder for creating injection molded nanocomposite parts with
reproducible initial MMT orientation.

2.3. Characterization

All of the XRD data in this work was obtained at the High Temperature Materials Laboratory
located at Oak Ridge National Laboratory (see figure 2.) For initial samples the Pl and all authors
were present at the time of testing. These samples were analyzed by Dr. R. Meisner on a
Philips X’Pert Pro MPD diffractometer using Cu Kol radiation at 45 kV and 40 mA. The beam
geometry consisted of 0.04 radian soller slits, a parabolic multilayer mirror with a 1/2° fixed slit
on the incident beam side, a multi purpose stage, a parallel-plate collimator (0.09°), and a
miniprop point detector. The geometry and optics used provide a nearly monochromatic and
pseudo-parallel x-ray beam. The pseudo-parallel beam optics make the diffraction scans nearly
insensitive to the displacement of the sample within the chamber. For the unmodified
organoclays, XRD patterns were collected in air from 25 °C to 850 °C with a temperature ramp
of 20 °C per minute and a 30 second hold at temperature prior to initiating the XRD scan. For
the composites that were examined in this study, XRD patterns were collected in air or flowing



N, from 25 °C to 375 °C with a temperature ramp of 20 °C/ minute and a 30 second hold at

temperature prior to initiating the XRD scan.

Figure 2: Phillips X’Pert Pro MPD Diffractometer with parallel beam optics, courtesy of Oak
Ridge National Laboratory.

The electron microscope photomicrographs were produced at the Coordinated Instrumentation
Facility at Tulane University by Dr. Jibao He. The samples were embedded in an epoxy matrix
(see Table 1), cured and mailed from TTU to Tulane. Dr. He then microtomed the samples. The
microscope used was a JEOL 2010 Scanning Transmission Electron Microscope (TEM) with a
LaBg filament at an electron accelerating voltage of 180 kV. Several images were taken at
different magnifications ranging from 400 X to 100,000 X.

The TGA instrument was a TA Instruments model SDT 2960 Simultaneous DSC-TGA. The
simultaneous DSC feature was turned off during the running of these experiments. For each
organoclay, TGA was conducted for two runs an air atmosphere. The temperature was
programmed to increase from room temperature at a rate of 10°C per minute to 800°C and
held for 45 minutes. The 40 mL alumina pans were used. The sample pan was filled
approximately halfway and then replaced in the testing chamber for approximately 30 minutes
to stabilize the mass prior to testing.

2.4. Permeability
2.4.1. Test Apparatus

The setup consists of a diffusion cell, mass spectrometer, flow controllers, carrier and diffusing
gases, and track-etched polycarbonate (TEPC) membranes, and these are diagrammed in
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figures 3 and 4. The diffusion cell used in these experiments consists of two chambers
separated by a membrane. Each of the chambers has an inlet and outlet for the flowing gas.
The side in which the carrier gas flows through is designated as the “sample side”, while the
side in which the diffusing gas flows is designated as the “purge side”. A mass-spectrometer
was used to detect the permeate gases; a model MG 2100 Gas Analyzer from Monitor
Instruments Inc., and was attached to a data acquisition system. There were two Fathom
Technologies GR series flow controllers. The flow controller on the purge side, designated as
flow controller #1, was set to 30 SCCM and the flow controller on the sample side, designated
as flow controller #2, was set to 9.5 SCCM. The carrier gas for the experiments was nitrogen.
The diffusing gas for the experimental runs was argon. The membrane supports used in these
experiments are highly permeable TEPC membranes from Sterlitech Corporation in Kent, WA.
The supports are 47 mm in diameter and have holes etched through them that measure 0.03
pm in diameter throughout the surface of the membrane. All of the components of the setup
were connected by 1/8” tubing.

The flow meters that were used in all of the experiments were first calibrated using a bubble
flow meter. For flow controller #1, the flow rate was varied from 20 SCCM to 95 SCCM. The
flow was timed from the point where the bubble was at the cm? line to the 30 cm? line. Flow
controller #2 was varied from 3 SCCM to 9.5 SCCM. The flow for this controller was timed from
the point where the bubble was at 0 cm® to 10 cm”.
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.v
SISSSY Ii

et -

Figure 3: Cross-section of diffusion cell showing detail (not to scale.)
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Figure 4: Diagram of permeability test apparatus setup.

2.4.2. Sample preparation for permeability experiments

The degradation of the organoclays was carried out in a Fisher Scientific Isotemp®
Programmable Furnace Model 497. The Cloisite® 20A samples were placed in an alumina open
topped crucible. The ramp rate for the furnace was set at 20 °C/min up to the operating
temperatures. Both the 250 °C and 850 °C samples were held at their set points for 15 minutes
after which the temperature was ramped back down to room temperature at 20 °C/min.

The pressed organoclay samples for these experiments were pressed on a Carver 3856 hot
press. The temperature was set at 482 °F (250 °C) for both plates. Using a spatula, organoclay
was placed on a piece of aluminum foil approximately 8 cm X 8 cm and spread out evenly.
Another piece of aluminum foil, which was the same size as the previous piece, was placed on
top of the organoclay. The force applied for these analyses was the lowest measureable force on
this press, which is 1500 Ibs (6672 N). Using an area of 900 cm?, the calculated pressure that was
applied to the organoclay was 10.8 psi (74.1 kPa). A timer was started and the samples were
exposed to pressure for ten minute time periods. After the time elapsed for each sample, they
were promptly removed from the press and placed in labeled zip-loc bags in a dessicator. The
ash was later scraped into a metal ring mold in the same manner as the sample preparation of
organoclays for XRD, except the mold was specific to the diameter of the permeability
apparatus. Track etch membranes were used to sandwich the packed ash sample.

12



3. Results and Discussion

As discussed in the introduction, analyses were organized to attempt to answer three

questions. These were:

e How does surfactant affect the evolution of nanostructure changes in organoclays at fire
temperatures?

e How does processing pressure affect the evolution of nanostructure changes in organoclays
at fire temperatures?

e Do temperature/pressure-induced structural changes in the organoclay correlate with
changes in Ar permeability of the organoclays, and if so do observed mass transport rates
validate the concept that mass loss rate should be reduced by the tortuous path offered by
the forming barrier layer?

The results will be presented to resolve these questions about self-assembly of MMT at high
temperatures. Note that formation of the MMT barrier layer exhibits some behaviors quite
similar to the stages seen in sintering/firing of ceramics (such as preparation of fly ash for
aggregate). We believe that a future study involving a multidisciplinary team of experts,
including an expert in the structure formation of aggregate, will help nanomaterials researchers
understand a very important phenomena related to structure and fire performance of
nanocomposites: improving the strength of the barrier layer.

3.1. Effect of Surfactant on Evolution of Nanostructure in Organoclay at Fire
Temperatures

High temperature x-ray diffraction (HTXRD) analysis was used to follow the change in the dgo:
spacing during heating of four MMT organoclays. This type of XRD analysis benefited the study
in some important ways. First, the sample is heated in an oven through which the x-rays pass
and the sample is held horizontal and stationary during that heating. Therefore the structure of
the sample is not potentially disturbed by any attempts to transfer it between isotherms.
Secondly, parallel beam optics were used, which prevented alterations or artifacts in the
“fingerprint” of the scan due to a potential change in sample height during
heating/degradation.

Three organoclays were selected in order to study the effect of surfactant structure on the shift
in dgo1 spacing. These surfactants are described in more detail in the experimental section. In

III

summary, M3(HT) has a single hydrogenated tallow “tail” in the quaternary ammonium ion

13



surfactant, Cloisite® 20A, M,(HT), has two tallow “tails”, and M(HT)s has three tallow “tails”.
The remainder of the substituents for all three organoclay surfactants were methyl groups.

The HTXRD scans for M3(HT) are given in figure 5. The initial scan of this organoclay reveals a
single peak corresponding to 18.5 A. Upon heating the single peak is replaced by two peaks.
The peak at 16.1 A remains constant throughout the range of temperatures. As the
temperature increases the second peak at 13.2 A broadens and shifts towards the peak at 9.9 A
seen when the temperature reaches 800 °C, at which point the peak becomes too small and too
broad to resolve. Upon returning to room temperature, only the small peak at 16.1 A remains.

The HTXRD scans for the M,(HT), are given in figure 6. In the initial scan of Cloisite® 20A there
three peaks. The peak at 24.1 A is interpreted to be the 001 reflection. The second and third
peaks are at 16.1 A and 12.2 A respectively. At 200 °C there is only one peak present at 16.1 A
this peak is small but present at all temperatures. At 350 °C two separate peaks are clearly
visible at 16.1 A and at 13.4 A. Heating after this point causes the 13.4 A peak to shift further to
the right to a value of 10.1 A while broadening and disappearing at 750 °C. The final scan, upon
cooling back to 25 °C, reveals only a single peak at 16.1 A.

The HTXRD scans for M(HT)z are shown in figure 7. The initial scan for this organoclay indicates
a 001 reflection at 34.1 A; this peak tails off to the right. There is also a barely resolvable
reflection at about 12.2 A. When the organoclay reaches 350 °C there is only one peak present
at 16.0 A. This peak is again present for all the high temperature scans. At 450 °C another peak
emerges at 14.1 A. At 500 °C a much smaller peak begins to form at 10.1 A. As heating
continues, the peak at 16.0 A remains unchanged, the 14.1 A diminishes, and the peak at 10.1 A
becomes more defined. The final scan upon cooling back to 25 °C shows only the peak at 16.0

o

A.
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Figure 5: M3(HT) HTXRD Data. (a) initial scan at 25 °C (b) 350 °C (c) 500 °C (d) 650 °C (e) 800 °C
(f) final scan, cooled to 25 °C
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Clearly surfactant structure does affect the process by which self-assembly happens, as
comparison shows that the temperature response for these three organoclays is not uniform.
By comparison:

1. All of the organoclays exhibit the 16.1 A peak on final degradation. This is not the

phase one would expect for the fully degraded organoclay, as MMT should display

~10A doo1 spacing.

2. At 350°C both the “one-tailed” and the “two-tailed” organoclays exhibit two phases

or peaks at ~16A and ~13A. As temperature is increased in both cases, the ~134

peak shifts to the right, becoming the expected ~10A phase for fully collapsed MMT.

However, the ~16A phase remains present.

18



3. The “three tailed” organoclay does not appear to exhibit the two phases until 450°C

to 500°C.

It is interesting to compare these changes in nanostructure to information about chemical
degradation of the organic content. When TGA is the “detector” for the onset of chemical
degradation for aliphatic quaternary ammonium ions, a variety of onset temperatures are
observed depending on whether the ammonium ion alone is tested, the organoclay, or a
nanocomposite containing the organoclay. This can range from 180°C for the former case to
temperatures more indicative of the degradation of the polymer (300°C or more) in the latter
case[5, 6]. In the absence of a polymer matrix, the degradation temperatures do increase with
increasing number of tails in the surfactant, indicating that a “three-tailed” surfactant is the
most stable. The TGA evidence for this is given in figures 8, 9 and 10. Comparison with the XRD
information indicates that structural changes happen at temperatures above the TGA-based
degradation temperature of the organoclay for all three organoclays. However, the order of
stability seems to be supported, since the TGA-“stable” organoclay, the “three-tailed” material,
exhibited a XRD structural change onset at a higher temperature than the other two.
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Figure 9: Cloisite 20A, M,(HT),, “two-tailed” organoclay TGA data, 2 replicates. Mass fraction
remaining = 0.61. Degradation onset = 205°C.
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A fourth organoclay was also characterized by HTXRD to attempt to benchmark our results to
results published by Tang and Lewin [7]. These authors used a maleated
polypropylene/organoclay composite annealed in 12.5% air in N, at various temperatures from
200°C to 300°C. They did transfer the material from an oven to the XRD.  They showed a
temperature dependence of interlayer distance, with the dgo; increasing from ~3 nm up to 4 nm
with increasing temperature, and then formation of a phase at 1 nm upon further heating to
300°C. The organoclay utilized was Nanomer 1.44P.

The results of our benchmark study are shown below, using the same Nanomer [.44P and
maleated polypropylene as that used by Tang and Lewin (H. Stretz visited the laboratory at
Polytechnical University and obtained these materials directly from Lewin.) The results do not
match those reported by Tang and Lewin. In fact, as shown in figures 11 and 12, no change in
the XRD scan was seen at all for either air or nitrogen environment. As the samples were not
disturbed between the degradation step and the scan step in the current studies, an aerogel-
type structure is assumed to be formed on undisturbed heating. Examples of montmorillonite
clay aerogels have been reported by Bandi et al, and others.[8, 9] Clearly the organic portion in
the barrier layer must have degraded, but as shown in the last section, degradation of the

21



organic material as measured by TGA and changes in structure do not occur at the same
temperature.

2 3 4 &5 6 7 & 9 10 M1 12

Figure 11: Polybond X5140/Nanomer 1.44P 5% (w/w), heated in air.
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Figure 12: Polybond X5140/Nanomer 1.44P 5% (w/w), heated in nitrogen.

The pristine organoclay was also submitted to this type of in-situ heating (stepped) followed by
XRD analysis. The results are shown in figure 13 below. Even at very high temperatures, the
organoclay shows no structural changes.

A comparison of the organic content of Nanomer 1.44P to the Southern Clay materials by XRD is
shown in figure 14 below. Paul et al. [10] have shown that the dgo; can be predicted by the
volume of the organic content in the organoclay. Experimental XRD dgo; values from the
current study for Southern Clay organoclays compare well with values as predicted by the
published model. However, the Nanomer 1.44P values do not fall on this predicted line,
indicating some structural difference in the virgin (unheated) organoclays (compared to the
Southern Clay materials). This difference might have led to the eventual production of an
aerogel layer on heating.

To further explore the differences, the next section in this study discusses results of constant
temperature, variable pressure experiments.
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Figure 13: Nanomer |.44P Organoclay XRD analysis heated in air.
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Figure 14: Comparison of experimental dgo; to predicted dpo;. Experimental data is solid,
predictions are unfilled. Dotted line is a guide for the eye.
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4.1. Effect of Processing Pressure on Evolution of Nanostructure in
Organoclay at Fire Temperatures

Processing pressure has been postulated to be an important factor in the dispersion of
organoclays during compounding. Given this information, researchers have postulated that the
pressure at which materials were processed prior to XRD testing may have caused a difference
in the XRD results seen by Tang and Lewin[7] versus results seen in figures 11 and 12. To test
this hypothesis, the Cloisite 20A organoclay was first exposed to moderate pressure (~7 kPa)
between the heated plates of a Carver press at typical polymer processing temperatures for a
varying amount of time, and the evolution of the collapse of the layer spacing was documented
by XRD (see figure 15). This study is also a benchmark, as a similar study has been reported by
Yoon et al.[11]

These scans are shifted vertically for clarity. The unpressed sample has a peak for the 001
reflection at 24.9 A and a smaller peak at 12.1 A which is interpreted as the dgp,. Pressing the
sample for one minute yielded a less intense 001 reflection, which was shifted slightly to 25.9 A.
The second peak is also shifted slightly to 12.7 A. The scan for material pressed for five minutes
reveals that both peaks are shifted even further to 29.3 A and 13.5 A, respectively. The 001
reflection becomes less intense, while the second peak begins to increase in intensity. The
sample that was pressed for ten minutes also has two peaks present: the 001 reflection at 37.2
A and a second peak now at 14.0 A. These peaks continue the trend that is shown in the
previous samples.

Since the XRD behavior at high temperature was different for Cloisite 20A and Nanomer 144.P,
the shift in phase behavior with pressure seen for Cloisite 20A can be compared at these low
temperatures to that seen for the Nanomer material in figure 16. Note that under pressure,
the Nanomer organoclay behaves the same essentially as Cloisite 20A. The deo: in the
unmagnified scan is at 36.9 A. The smaller peak is at 16.1 A. After pressing, a new phase is
formed with a characteristic d-spacing of 13.8 A, and the intercalated phase has disappeared.
Thus if both pressure and heat are applied simultaneously, even at low temperatures, the
Nanomer clay particle structure collapses just as Cloisite 20A did in the absence of pressure. It
is concluded that even very moderate pressure is an important factor in the development of
barrier layer structure. We have only identified one organoclay which apparently is responsive
to pressure, Nanomer 144.P. The difference between the virgin Nanomer organoclay and the
other three organoclays tested is likely related to the surfactant.
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Figure 15: XRD scans of pressed (~7kPa, 250°C) Cloisite 20A: (a) unpressed (b) 1 min (c) 5 min
(d) 10 min.
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Figure 16: XRD scans of pressed Nanomer 144.P organoclay: (a)unpressed (b) pressed. Scan on
left is magnified version.

To extend this work, we have obtained TEM photomicrographs of the Cloisite 20A, which

showed a change in structure before and after pressing. These are presented in figures 17 and
18.
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Figure 18: TEM image of pressed Cloisite 20A.

Clearly the XRD showed another phase being formed during pressing, but no gross changes can
be observed in the TEM images. A very interesting “fine-scale” phenomenon can be noted,
however, in the top photomicrograph in figure 18. Here a hybrid type of stacking occurs, with
alternating distances between the plates. While we do not have enough TEM data yet to
corroborate; changes in the XRD and this change in the TEM appear to be correlated, and the
effect presents an intriguing possibility for future studies. A diagram of this effect is shown in
figure 19. Note that these regularly alternating interlayers have been reported in synthetic
fluorohectorites as early as 1996 by Pinnavaia et al.[12-15] In graphite alternating structures
such as this are referred to as “staged heterostructures.”

——

Figure 19: Diagram showing possible structural effects of bulk pressure. (a) Equal d-spacing
between MMT platelets in stack before and (b) unequal d-spacing afterwards.

I—
]

The observations related to surfactant structure are summarized in Table Il below.

Table Il: Summary of XRD Results

Experimental Does the organoclay
Organoclay Surfactant Structure Conditions show a collapse in dgo;?

Nanomer® |- dimethyl, bis-di(hydrogenated tallow) unpressed, composite

no
44p ammonium (two-tailed)* in air, composite in N,

- pressed yes

trimethyl hydrogenated tallow
M3(HT) . . unpressed yes
ammonium (one-tailed)

Cloisite® 20A, dimethyl, bis-di(hydrogenated tallow) unpressed, pressed,

es
M,(HT), ammonium (two-tailed) TEM y
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methyl, tri(hydorgenated tallow)
M(HT); . ) unpressed yes
ammonium (three-tailed)

4.2. Permeability: A Novel Test Method for Following Evolution of
Nanostructure of Degraded Organoclays

The reason for the permeability studies was to develop an alternative analytical technique to
corroborate XRD information. Here we use permeability of the organoclay ash as a bulk-scale property
to detect micron-scale structural changes in the stacking of MMT platelets. This novel method
provides us with a multi-scale approach for analyzing the structure of the barrier layer upon
degradation, relating a bulk property (permeability) to a nanoscale property (XRD response).

The composite models will predict how structural changes on the micron scale relate to
permeability changes on the bulk scale. These models also allow a guide for better
interpretation of the experimental results. In this section three types of information are
presented. First, the models are reviewed. Second the model predictions for relative
permeabilities are compared to actual relative mass loss rates. The experimental values used
were taken from the literature and represented a typical polyolefin based nanocomposite. By
comparing theoretical transport rates to actual, we address the question:

“can restriction of the flow of gases be responsible for the reduced mass loss rate seen in
nanocomposite flammability tests?”

Finally experimental determinations of the steady state mass flux for MMT clay and ash are
presented. These fluxes are then compared to answer a second question:

“is permeability a technique which is sensitive to micron-scale structural change?”

4.2.1. Overview of composite models for permeability

Various models for composite permeability as they relate to nanocomposites have been
reviewed recently by Paul and Robeson[16].

The simplest way to model any composite property is to use a rule of mixtures approach.
Polymer nanocomposite properties, however, do not generally follow this rule. Instead, fillers
with high aspect ratio particles will influence the permeability of gases through the matrix more
than filler particles with lower aspect ratios. Alignment/orientation of the filler particles (with
respect to the axis of gas permeation) also plays a significant role in bulk permeability. Five
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models are briefly described in the following section. Predictions from these models are later
compared to experimental mass loss rates.

4.2.1.1. Nielsen Model: This model describes the maximum decrease in permeability

that can be expected for the addition of a filler material to a polymer based on tortuosity
arguments alone. There are a few key assumptions in this model. The particles in this model are
assumed to be impermeable, which results in the diffusing molecules having to go around the
filler particles. Conceptually the molecules have a longer, more tortuous path to travel, thus
resulting in a longer time required for diffusion across the membrane. This idea is illustrated in
figure 20.

re
v v

*--------ﬂ
tf---------------0

Figure 20: Illustration of gas molecule path through a virgin matrix (left) versus a composite
(right).

The filler is assumed to be of the same size uniformly and completely dispersed in the
composite matrix parallel to the surface of the composite. Finally, the matrix properties are not
affected by the presence of filler. Incomplete dispersion, voids, and non parallel alignment of
particles would result in higher permeabilities than predicted by this model. The relative
permeability is given as:

1-¢ (1)

where P is the permeability of the composite, Py is the permeability of the neat polymer, ¢ is
the volume fraction of the filler, and a is the aspect ratio of the filler particles given by equation

2).
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a =W (2)

Here w is the intermediate dimension of the particle and t is the smallest dimension of the
particle.[17]

4.2.1.2. Bharadwaj Model - Like the Nielsen model, the Bharadwaj model is based strictly

on tortuosity arguments. The main difference is the consideration of the orientation and
alignment of the particles. Where the Nielsen model assumed that the particles were perfectly
aligned perpendicular to the gas flow, the Bharadwaj model makes no such assumption. The
Bharadwaj model for the relative permeability of a composite is given by equation (3),

P 1-¢

P19 (2 ) (s + 1)

where P, Py, @, and a retain the previous definitions, and S is the order parameter given by

(3)

equation (4),

S =%<300320—1> (4)

where 8 is the angle between the direction of preferred orientation and the sheet normal unit
vectors. The brackets represent an average over the entire set of particles within the system.
The order parameter ranges in value from =/ to 1. A value of =) represents an orthogonal
orientation for the particles in the composite. A value of 1 indicates a perfect alignment of the
particles perpendicular to the gas flow. This value of S causes the model to collapse to the
Nielsen model. A value of O for the order parameter indicates a random orientation.[18] A
diagram of the meaning of the orientation factor is given in figure 21.

S=1r2 s=0 S=1
| Ill I| ,.;/_j,\| — - = T
T NN | T

Figure 21: Orientation of particles corresponding to orientation factor, S.
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4.2.1.3. Fredrickson and Bicerano Model - In this model the filler particles are disk

shaped, whereas in the previous two models the particles are assumed to be ribbon-like. These
plate-like particles are impermeable with net orientation of the plates, but there is not
positional order for the plates, which creates a nematic phase. This model focuses on dilute and
semi-dilute regimes (i.e. the volume fraction of particles is small). It is assumed that the
permeability of the polymer is not influenced by the presence of particles in the matrix. The
final equation given by Fredrickson and Bicerano is equation (5),

P 1 1Y
FO_%(1+81KCZ¢+1+8.2KCX¢J )

where P, Py, @, and a retain their previous definitions, and « is a geometric factor. In this case
the aspect ratio is the ratio of radial dimension of the disk to the thickness. The geometric
factor, k, for this model is given by equation(6).

K=—ro (6)

The values for a; and a; are [2-sqrt (2)]/4 and [2+sqrt (2)]/4, respectively. (See Fredrickson and
Bicerano for details.) [19]

4.2.1.4. Cussler Model - All of the assumptions from the Nielsen model remain in the
Cussler model except for the regularity of the array. The Cussler Model for relative permeability
of a composite with monodisperse particles in a regular array is given by equation (7)

1-¢

S )
R 1-g+a’s’

where a is the aspect ratio of the particle given by equation (8),

a=R{ (8)

and Ris % the intermediate dimension of the filler particle and t is the smallest dimension of
the filler particle. The Cussler model for relative permeability of a composite with
monodisperse particles in a random array is given below.[20]

P__1-¢ (9)
P (1+%a¢)2
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4.2.1.5. Gusev and Lusti Model - The Gusev and Lusti model is derived from a computer
simulation. This allows more variables to be taken into account than the previous models. This
model accounts for the geometric factors associated with the increased tortuosity as well as the
changes in the permeability of the polymer matrix on the molecular level. The Gusev and Lusti
model for the relative permeability of a composite is given in equation (10),

%: exp{—(a% ﬂ (10)

where xg and [ are constants determined by a regression on computer generated data. The
values given by Gusev and Lusti for the constants are $=0.71 and x,=3.47.[21]

4.2.2. Comparison of model permeability predictions to relative mass loss
rate

The current theories for the flammability reduction describe a barrier layer that forms on the
surface of the degraded nanocomposite [2-4, 7, 22]. This layer is composed of aligned, high
aspect ratio, impermeable platelets and acts as an obstacle to the transfer of heat and mass
between the bulk polymer and its environment. In order to confirm this theory, experimental
data for the relative peak mass loss rate (RPMLR) of a polymer nanocomposite will be
compared to that of the relative permeability of the nanocomposite. If these two numbers are
similar in scale this should indicate that tortuous path arguments are a potential contribution to
the often noted reduction in mass loss rate (MLR). It should be noted that these calculations are
based on the contribution of only the filler particles, and do not account for the influence of
char formation.

The data that will be used for this comparison comes from Gilman et al.[23] This work contains
data for the peak MLR of neat polypropylene (PP) and polypropylene/montmorillonite
(PP/MMT) nanocomposites. The two PP/MT composites in this work contain 2 percent and 4
percent by weight of filler. The RPMLR is calculated by dividing the peak MLR of the composite
material by the peak MLR of the neat polymer. The comparison of the RPMLR to the relative
permeabilities calculated by the models is shown in table Ill (all relative permeabilities were
calculated using an aspect ratio of a=50 [24].) The model that most closely predicts the
observed RPMLR is the Cussler model [20] (with a random array) for both volume fractions of
filler examined.

Upon examination of the data in Table Ill, clearly the predicted relative permeability is always
greater than the experimentally observed RPMLR (note for 2% (v/v) MMT, the experimental
value is 0.34). However, the predicted values are always of the same magnitude as the
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experimental ones. This observation is a necessary though insufficient proof that the
permeability and the mass loss rate are related, supporting the theories that mass transport
limitations are responsible for the flammability reduction of a nanocomposite material.

Table I11- Predicted Relative Permeabilities

¢ =0.02 ¢ =0.04
Observed Relative Peak Mass Loss Rate* (RPMLR) 0.34 0.28
Neilsen Model 0.65 0.48
Bharadwaj Model
*S=-1/2 0.98 0.96
S=0 0.84 0.72
S=1 0.65 0.48
Fredrickson and Bicerano Model 0.67 0.50
Cussler Model
Monodisperse 0.55 0.35
Polydisperse 0.80 0.49
Gusev and Lusti Model 0.66 0.51

* Calculated from data given by Gilman et al.[23]

* S refers to filler orientation

4.2.3. Sensitivity of experimental flux of Ar to micron-scale structural
change in organoclay ash

Currently there is no data available for the permeability of MMT clay or its degraded ash when
it forms a barrier layer. This permeability is determined in this work through the use of a
diffusion apparatus. The details of the experimental setup and procedure were given earlier.
Note that the formed ash membranes are mechanically fragile, and, as a result, the ash was
sandwiched between two highly permeable layers consisting of track etched polycarbonate
(TEPC) membranes with 0.03 um holes to give it structural stability in the diffusion apparatus
and allow the edges of the sample to seal. The high permeability of these membranes allows
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the permeability of the MMT to be seen without significant resistance from the membranes
themselves. The diffusing gas in these experiments was argon for convenience, though fluxes of
other gases more representative of degrading polymers is planned for future tests. The data
that was obtained from these experiments is presented in figure 22. The plateau
concentrations in figure 22 can be used to calculate steady state fluxes, as the plateau
represents a steady state condition in which gas is moving through the ash or organoclay at a
constant rate. The molar flux of Ar, J*,,, was calculated using equation (11).

-V
3, = (11)

Here ca, is the molar concentration of Argon on the sample side, Vy; is the volumetric flowrate
of the carrier gas, and A is the cross-sectional area of the membrane. The relevant fluxes
corresponding to data in figure 22 are given in Table IV. The mass fluxes, jar, in this table are
calculated by multiplying the molar fluxes by the molecular mass of argon. Note that in this
particular experimental setup, a concentration gradient is driving diffusion, not a pressure
gradient. This corresponds to the case found in a burning polymer sample, in which the gas
produced inside the nanocomposite is at atmospheric pressure, the backside of the sample is at
atmospheric pressure, and the flux of volatile organics towards the fire is driven by
concentration.
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Figure 22: Permeability of Ar gas through Cloisite 20A Organoclay, pristine and ashed samples.
For structural integrity, the organoclay/ash was sandwiched between two polycarbonate track
etched membranes (TEPC).
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Table IV - Fluxes Calculated from Permeability Data

Experiment Membrane car (mol/L) J*, [mol/(m*-s)] iar [8/(M*-s)]
A TEPC single 0.0279 0.162 6.49
B TEPC double 0.0260 0.152 6.06
Cloisite 20A
C (unpressed) 0.0238 0.139 5.54

Cloisite 20A (heated
to 250 °Cin air, 15
D min) 0.0247 0.144 5.74

Cloisite 20A (heated
to 850 °Cin air, 15

E min) 0.0240 0.140 5.59
Cloisite 20A
(pressed at 250 °C
F 74.1 kPa, 10 min) 0.0259 0.151 6.03

*Area for all membranes is 9.78 x 10 m?, and carrier gas flowrate on the sample side was 9.5 sccm. The
purge side was 30 sccm of pure Ar.

The baseline flux in Table IV is 0.162 mol/m?-sec for a single TEPC membrane with a thickness
of approximately 0.01 mm. For two TEPC membranes, this values is reduced to 0.152 mol/m?*
sec. This data is consistent with theory; the flux should go down as the thickness of the sample
goes up.

In the next experiment, Cloisite 20A organoclay was formed into a monolith using a handheld
apparatus consisting of an aluminum ring and a matching ram. The monolith was then
deposited between two TEPC membranes and installed in the permeability chamber. Thus the
Ar must transport through two layers of TEPC and one layer of Cloisite 20A of approximately 0.4
mm thickness. Given the additional resistance offered by the Cloisite 20A, the flux should go
down from experiment B to experiment C, and it does.

In experiment D, the Cloisite 20A has now been degraded by heating to 250 °C. The flux goes up
by a small value, perhaps indicating a structural change. If indeed there was degradation of the
organic material in the organoclay, which is expected at that temperature, there would likely be
void spaces produced during degradation. An increased flux is consistent with this idea.
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In experiment E, the Cloisite 20A was degraded by heating at 850 °C, and the flux is nearly what
it was in the case of the unheated organoclay. These small changes in flux may in fact represent
only the reproducibility for this technique. Experiments C, D, and E, in fact, all exhibit the same
permeability given this definition of reproducibility.

In experiment F, where the Cloisite 20A was pressed during heating, the flux is considerably
higher than any of the previous three values. This cannot be explained by the expected increase
in density of a compacted sample. The flux changes can; however, be explained by structural
changes such as lowering of the filler particle aspect ratio.

5. Conclusions

The work described here was the result of a collaboration between researchers at Tennessee
Technological University (H. A. Stretz, J. B. Fox) and Oak Ridge National Lab (A. Payzant, R.
Meisner). The materials tested were primarily virgin organoclays. Researchers have explored:
the effect of surfactant on barrier layer structural formation by high temperature in-situ x-ray
diffractometry (HTXRD) as well as corroborating characterizations, the effect of pressure on
barrier layer structure formation, and the use of permeability as a bulk scale technique for
detecting structural changes in barrier layers of MMT.

Regarding the effects of surfactant, the following conclusions were reached.

a. All organoclays up to 800°C exhibited a 16A phase, which is not the dgp

expected of a fully degraded MMT (e.g. ~ 104).

b. All organoclays exhibited a “collapsed/collapsing” phase, ranging in doo; from

13A to 104, whose spacing depended on temperature.

c. Thermal stability of the surfactant (TGA) correlated with the onset of
development of the “collapsing” phase identified in 1.b (XRD). Both MsHT and
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d.

e.

M,(HT), showed onset of this phase at ~350°C, while for M3(HT) onset appeared
at 450-500°C.

Chemical changes (TGA) appear to occur at lower temperature than structural
changes (XRD).

Differences were seen for a plot of mog/Mmmmr versus doo: for Nanomer-1.44P
versus Cloisite 20A (M,(HT),). These differences correlate to differences in
structural stability. Nanomer 144.P appears structurally stable up to 800°C,
suggesting production of an aerogel on heating.

Regarding the effects of pressure, the following conclusions were noted.

a.

b.

Cloisite 20A and Nanomer 144.P structural changes were compared by XRD at
two conditions: high temperature (800°C) and room pressure versus low
temperature (250°C) and 7 kPa of pressure. In the absence of pressure Nanomer
144.P appeared to produce an aerogel, while Cloisite 20A did not. Under
pressure, however, both organoclays produced the same collapsed phase.

TEM images of the collapsed phase in Cloisite 20A show an interesting trend
towards formation of “twins” within the stacks.

Regarding the significance of permeability as a bulk scale test for micron-scale changes

in barrier layer structure, the following aspects were studied.

a.

For five theoretical models examined, relative permeability predictions were
always greater than experimentally observed relative peak mass loss rate
(RPMLR).

The Cussler model with random arrays was closest predictor of experimental
RPMLR.

Predicted values of permeability were of the same magnitude as RPMLR,
supporting mass transport limitation theories for nanocomposite reduction in
flammability.

Fluxes of Ar through 0.4 mm thickness of organoclay ash averaged 0.140
mol/m?*sec.

Structural changes of heated/pressed Cloisite 20A as verified by XRD correlate to
an increase in permeability of Ar through the ash. This data is not consistent
with compaction of void spaces in the ash, but is consistent with structural
change leading to lower filler particle aspect ratio.

2. Future Plans

a.

A multidisciplinary team composed of a ceramic/aggregate sintering expert (J.
Biernacki) and a nanocomposite fire performance expert (H. Stretz) will study the
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deformation of the ash. This team seeks analogs from aggregate sintering
chemistry/physics which will lead to new in-situ formation of barrier layers with
higher mechanical strength.

b. Future XRD studies will be enabled by the planned purchase of a P’Analytical XRD
Diffractometer at TTU, installation by summer 2009.
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