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ABSTRACT

Carbon nanotubes have unique properties of interest for applications in aerospace,
electronics, and biotechnology. However, the properties of different batches of carbon
nanotubes can vary considerably depending on chemical purity and the nanotube types present
(e.g., diameter and chirality distribution). Distinguishing the constituents of each nanotube batch
is challenging, with many different techniques used in concert. Thermogravimetric analysis
(TGA) provides one measure of nanotube purity by assessing the material’s thermal stability
(i.e., how it oxidizes with temperature). Unfortunately, however, TGA analysis requires a
relatively large specimen for each measurement (several milligrams), making it inappropriate for
rapid screening of incoming materials. Moreover, the measurement provides only an average
purity for the analyzed sample, and variability can occur on a much finer level. As many
applications will utilize only a small quantity of nanotubes, new approaches are needed to assess
variability for a much smaller specimen size. This paper describes a new analysis method that
uses a quartz crystal as a miniature microbalance for determining mass changes at elevated
temperature. Thin nanotube coatings are spray deposited onto the crystals, and shifts in a
crystal’s resonance frequency are directly correlated with changes in coating mass during heating
due to volatilization of different carbon species. By monitoring the response of the crystal at one
or more temperatures, different nanotube specimens can be directly compared. This paper
demonstrates concept feasibility by comparing quartz crystal results with conventional TGA
analysis and discusses methods for applying the technique in process and quality control settings.

INTRODUCTION

Carbon nanotubes exhibit electrical, mechanical, and thermal properties that make them
attractive for numerous applications, including multifunctional composites, biomedical devices,
drug delivery, and next-generation electronics, among many others'. However, their chemical
and structural characteristics can have a strong influence on material behavior’, making it
important for product developers to be able to rapidly inspect new materials post-synthesis in



order to optimize product performance and ensure quality control. In addition, certain chemical
impurities that result from the various material synthesis processes can affect dispersion stability,
with even a small change in concentration leading to a significant effect on processability.
Finally, purification to remove such impurities can introduce nano- and macro-scale defects
which can alter the interface between the nanotubes and other materials (e.g., a polymer matrix),
again affecting the ability to uniformly apply the nanotubes in a given application. These issues
are further complicated by the fact that most synthesis routes for carbon nanotube manufacture
do not produce a homogeneous material, but instead generate a mixture of nanotube types (i.e.,
different diameters, lengths, and chiral angles), along with potentially large quantities of
carbonaceous and metallic impurities. As a result of this variability, nanotube characterization
remains a key challenge for material manufacturers, application developers, and regulatory
agencies investigating potential health and safety risks.

Thermogravimetric analysis (TGA) is commonly employed to help assess nanotube
purity®*°. This technique analyzes changes in the weight of a specimen in relation to changes in
temperature under given atmospheric conditions. In the case of carbon nanotubes, an oxygen-
containing atmosphere (i.e., air) is typically used, allowing the different forms of carbon present
to oxidize with increasing temperature. This oxidation results in a net weight loss over time. As
weight loss curves only provide the onset temperature for oxidation, it is typical to examine the
derivative of the weight loss versus temperature, with the maximum value corresponding to the
average oxidation temperature. When this oxidation temperature is low, the material is generally
considered to be less pure, allowing one to compare materials from batch to batch to obtain a
relative measure of carbon purity®. The maximum temperature for the measurement is selected
to be sufficiently high as to allow all of the carbonaceous material to oxidize, leaving behind
only residual metal. This metal typically consists of catalytic particles from the synthesis
reactions, as well as impurities introduced during purification or mixing.

TGA analysis does provide a qualitative measure of the carbonaceous species present, as
well as the quantity of residual metal. However, it should be noted that conventional TGA
instruments determine an average purity across a relatively large quantity of bulk nanotubes (i.e.,
several milligrams). Because many applications will utilize these materials in much smaller
quantities, a technique capable of quickly sampling and assessing homogeneity in a small
specimen is needed. This paper describes just such a new measurement approach, based on a
quartz crystal microbalance (QCM) platform. A QCM is a sensing device capable of measuring
small mass changes in real-time by monitoring shifts in the resonance frequency of a thin quartz
crystal (i.e., the frequency of minimum impedance). When the crystal is oscillated, its resonance
frequency will decrease proportionally as a mass is applied to the crystal surface. QCM
sensitivity is extremely high, allowing one to measure changes as small as a few nanograms’. At
present, QCMs are used to monitor film thickness, detect the presence of toxic gases, and
measure the progression of molecular interactions such as moisture uptake in paints®.

In addition to these more conventional applications, advanced measurement systems
based on QCM technology are under development. For example, a new QCM-based calorimeter
has been reported which measures mass changes, heat flows, and viscoelastic damping in thin
films®. The QCM is thermally coupled to a heat sink through a Peltier thermopile used as a heat
flow sensor. The device is placed in an adiabatic thermal environment for stability, and the
QCM is coated with a thin film of the desired test material. As the film undergoes exothermic
reactions (e.g., on exposure to humid air), heat flow is generated and detected as a voltage



change at the thermopile. At the same time, the change in mass associated with water adsorption
is detected at the QCM. By combining data, complete reaction processes can be described.

Here, we utilize an alternative method for analyzing exothermic reactions in carbon
nanotubes. A small quantity of bulk carbon nanotubes is placed directly in the center of a QCM,
shifting the resonance frequency of the crystal in direct proportion to the applied coating mass.
The crystal is then heated to one or more temperatures, resulting in a weight loss due to
volatilization of the nanotubes. This weight loss is registered by a corresponding shift in the
resonance frequency of the crystal, bringing it closer to the original value. By tracking
frequency shifts with temperature, specific points on the TGA curve can be analyzed. The
quantity of tubes sampled by this technique is considerably less than that needed for TGA
measurement (i.e., a few micrograms as compared to a few milligrams). As a result, this
approach can bring to light variations within the material on a much finer scale than possible
with conventional analytical instruments. In addition, because of its simplicity and the small
quantity of material required for each analysis, this method is particularly well suited for rapid
sampling and inspection of a new material in order to quantify its homogeneity.

To demonstrate the validity of this approach, results from elevated temperature QCM
testing are compared with TGA measurements for a series of nanotube specimens. Three
specific temperatures along the carbon volatilization curve were selected for QCM analysis, and
the mass percentages after heating were compared to illustrate the degree of homogeneity in the
material. Recommended standard practices for TGA characterization were followed™ to
maximize repeatability of analytical results.

EXPERIMENTAL PROCEDURE

Several grams of single-walled carbon nanotubes were received from a commercial
supplier, all of which were produced in a single manufacturing run'*. No purification processes
were employed to remove amorphous carbon or metallic impurities, providing a real-world
specimen with which to evaluate the sensitivity of the two techniques to non-nanotube
constituents. Scanning electron microscopy (SEM) was used to characterize the material upon
receipt, examining specifically the size and quantity of the metal particles present and the degree
to which an amorphous carbon coating encased these particles.

A series of thermogravimetric analyses were performed on the material, including testing
of over twenty five randomly sampled specimens (2-4 milligrams per measurement). To the
maximum extent possible, different regions of the as-received bulk material were sampled to
minimize any effects due to settling and differentiation of the different constituents over time.
Weight loss profiles were obtained in an air atmosphere from near ambient temperature (30 °C)
to a maximum temperature of 800 °C to ensure all of the carbon-containing constituents
oxidized. The remaining weight percentage of the sample at 800 °C was recorded and referred to
as the residual metal content (M,). It should be noted that the final temperature was sufficiently
high as to either partially or fully oxidize the residual metal catalyst remaining in the sample;
therefore, this value is slightly higher than the actual metal content in the as-received material. A
linear heating rate of 5 °C/minute was employed, as suggested by Arepalli, et al.® The derivative
of the TGA weight loss curve with temperature (dm/dT) was used to determine the oxidation
temperature of each sample (i.e., the maximum of the derivate, denoted T,). In certain
specimens, multiple peaks were observed in the derivative curve. These were individually
determined and referred to as oxidation temperature 1, oxidation temperature 2, etc. (e.g., Tou,



To2). As previously mentioned, the oxidation temperature, as determined by TGA, is used by
many researchers as a measure of the material’s thermal stability, with higher oxidation
temperatures typically associated with purer, less-defective carbon nanotubes'?. To assess the
homogeneity of the overall bulk material, the standard deviations of both the oxidation
temperature and the residual mass (ot and om) were determined. Because the initial mass used
for each TGA measurement varied slightly from sample to sample, a coefficient of variance (c,)
was calculated for each parameter, indicating the % of the mean represented by the standard
deviation. The material was considered to be statistically invariable when c, was less than 2 %.

For the elevated temperature QCM measurements, a stable dispersion was first prepared
by mixing approximately 2 milligrams of the bulk carbon nanotubes with approximately fifty
milliliters of trichloromethane (i.e., chloroform). It should be that because of the “fluffy” nature
of the carbon nanotube material, precise weighing at these quantities was not practical; as a
result, the concentration reported is only approximate. The mixture was agitated ultrasonically
for 45 minutes to break up the agglomerates, creating a relatively stable nanotube suspension in
the chloroform. This suspension remained stable for several hours, allowing sufficient time to
prepare coatings from the material. Coatings were deposited by spraying the dispersion onto
masked QCMs with a small-volume spray gun.

The resonant frequency of each QCM was determined before and after the coating was
applied using a standard laboratory impedance analyzer. The QCM devices used for this study
were obtained commercially and possessed a resonance frequency of 10 MHz prior to coating.
Upon applying the coating, the resonance frequency decreased proportionally with the applied
mass, as estimated by the Sauerbrey equation’:

Af=[-2* £ * Am] / [A™* (pg * 1o)™] (1)

where Af = the shift in resonance frequency (e.g., due to applied coating or on heating)
fo = the resonance frequency of the uncoated QCM
Am = the change in mass resulting in the corresponding resonance frequency shift
A = the active area of the quartz resonator (i.e., the electrode area)
pq = the density of quartz, 2.648 glcm®
uq = the shear modulus of quartz, 2.947 x 10" g/cm-s

The coated crystals were then heated to temperatures of 375 °C, 400 °C, and 425 °C
using a small muffle furnace, with a heating rate of 10 °C/minute, a dwell time at temperature of
10 minutes, and a programmed cooling rate of 10 °C/minute. Achieving this cooling rate with
the muffle furnace was difficult as temperature decreased, and the actual cooling rate could not
be easily determined. The temperatures examined were based on initial results from the TGA
analyses, in which the first oxidation temperature was near 375 °C. The resonance frequency of
each QCM was re-measured after the device had cooled to room temperature, and the resulting
shifts in frequency were used to determine the changes in mass due to heating, as previously
described. On heating, the coating mass decreased due to volatilization of a portion of the
carbon-containing components, resulting in an increase in the resonance frequency of the QCM.
Figure 1 shows typical coated QCM devices, illustrating the difference in mass change when
crystals were heated to 375 °C, 400 °C, and 425 °C. Seventy two QCM crystals were
characterized before and after coating and before and after heating (i.e., 24 tests per
temperature). The means, standard deviations, and coefficients of variance were calculated for



375 °C, 400 °C, and 425 °C, and the QCM means were compared with the average results (at
each temperature) from the TGA data.

Figure 1. QCM devices coated with carbon nanotubes (i.e., black coating covering the gold
electrode in the center of each crystal). From left to right: the crystals have been heated to
temperatures of 375 °C, 400 °C, and 425 °C, with significant mass loss occurring at 425 °C. In
this latter case, the underlying gold electrode is clearly visible.

RESULTS

SEM analysis of the as-received carbon nanotube material indicated the presence of a
significant quantity of impurity particles. These particles were determined by Energy Dispersive
Spectroscopy (EDS) to be comprised of nickel and yttrium, likely residual catalyst materials
from the synthesis process. Estimation of particle size using the image analysis capabilities of
the SEM revealed that the particles had an average diameter of approximately 80 nanometers.
Where carbon nanotubes were present, the materials were highly bundled, resulting in long
“ropes” with no visible isolated nanotubes. Both the metallic particles and the nanotube bundles
were encased in amorphous carbon, as shown in Figure 2. Because of the high surface area
associated with the particulates and the extent to which the materials appear coated, it was
anticipated that the amorphous carbon content of the material was relatively high. High contents
of amorphous carbon significantly reduce the thermal stability of the overall material, resulting
in oxidation at a much lower temperature. In addition, the presence of a large concentration of
metallic particles (such as was evident for this material) can catalyze oxidation reactions, further
reducing the material’s thermal stability.

These observations were confirmed through TGA analysis, which revealed a relatively
low onset oxidation temperature (~325 °C), as well as two distinct oxidation peaks in the
derivative curve, as shown in Figure 3. The two peaks in the derivative curve (368.87 °C and
406.04 °C) occurred at significantly lower temperatures than typically observed in purified
specimens (i.e., 500-600 °C'?), confirming the relatively low content of single-walled carbon
nanotubes in the bulk material. In addition, the weight percentage remaining post-analysis was
over 40 %, indicating that the material contained a high metal content.

As previously discussed, twenty-five specimens, randomly sampled from the original
bulk material, were analyzed by TGA, resulting in average properties of To; of 369.8 £ 2.4 °C,



T2 0f 403.1 £ 7.2 °C, and M, of 41.9 £ 1.2 %. Coefficients of variation were 1.39 %, 0.64 %,
and 2.78 % respectively. These results indicate that the bulk material is relatively homogeneous,
with only slight variability from specimen to specimen, as evidenced by the uniformity of the
curves in Figure 4. The predominant source of this variability was the difference in residual
metal content, which ranged from 40.52 % to 45.08 % over the course of the 25 experiments.
These values represent oxidized metal, and the extent of oxidation can depend on particle size.
As variations in particle diameter were observed via SEM, the recorded variability in metal
content may attributable in part to differences in oxidation.
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Figure 2. SEM micrographs of the as-received carbon nanotube material. The left image shows the
presence of large nanotube bundles (possibly ropes), as well as a significant quantity of metallic
particles. The right image shows that the particles and ropes are encased in amorphous carbon.
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Figure 3. TGA data showing oxidation of the bulk carbon nanotube material with temperature. The

deflection point in the weight loss curve (left; 327.32 °C) reflects the initial temperature at which the
amorphous carbon begins to oxidize. Peaks in the derivative curve (right; 368.87 °C and 406.04 °C)
represent oxidation of higher order carbons, likely carbon nanotubes.
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Figure 4. Comparison of 25 TGA measurements for the bulk carbon nanotube material.

As anticipated, mass changes in the carbon nanotube material were also observed on
heating using the elevated temperature QCM technique. Characteristic changes in the resonance
frequency of the quartz crystal were observed after application of the carbon nanotube coating
and after heating of the material in air. The addition of mass due to the applied coating
decreased the resonance frequency, while volatilization of material during heating increased the
resonance frequency (i.e., due to mass loss). Because only a fraction of the applied coating was
affected by heating, a difference remained between the final resonance frequency and the initial
resonance frequency (i.e., for the uncoated QCM). This difference can be directly correlated to
the mass remaining after heating to each specific temperature.

Figure 5 shows data for a typical crystal heated to 400 °C. The resonance frequency of
the QCM was initially 9.9889 MHz. Application of the carbon nanotube coating decreased this
frequency to 9.9756 MHz. From this data, the Sauerbrey equation indicates that the applied
coating mass was 22.09 micrograms. Heating the crystal to 400 °C in air increased the resonance
frequency to 9.9799 MHz. Here, a decrease in coating mass of 7.14 micrograms was calculated.
These results indicate that 67.67 % of the initial carbon nanotube mass remained after heating
this particular coating to 400 °C. This result is quite similar to the average value determined by
TGA at this temperature (i.e., 65.45 %).

However, despite the relative similarity of results for this particular coating to the results
obtained by TGA, a comparison of elevated temperature QCM data for over 70 specimens of the
bulk carbon nanotube material indicated a substantial degree of variability not observed in the
TGA measurements. As shown in Table 1, while the average data for the two techniques are
similar, the coefficients of variance differ substantially. For example, after heating to 375 °C the
average mass remaining was 75.88 + 16.26 % using the QCM method, with a coefficient of
variance of 21.42 %. At the same temperature, TGA data indicated an average remaining mass
of 77.90 £ 0.64 %, with a coefficient of variance of only 0.82 %. At all three temperatures
analyzed, the average values were quite close between the two techniques; however, variability
was several orders of magnitude greater for the QCM measurements.  This difference can be
observed visually in the histograms in Figures 6 and 7 for QCM and TGA data respectively.
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Figure 5. Impedance data for typical QCM coated and heated to 400 °C. The resonance
frequency (fo) is defined as the frequency of minimum impedance.

Table 1. Comparison of TGA and QCM results at the three examined temperatures.

375 °C 400 °C 425 °C
TGA QCM TGA QCM TGA QCM
Average 77.90% | 75.88 % 65.45% | 65.62% | 53.38 % 49.77 %
Std Dev. 0.64 % 16.26 % 0.96 % 14.02 % 1.12% 14.55 %
Coeff. Var. 082% | 21.42% 1.47% 21.37 % 2.10 % 29.24 %
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Figure 6. Histogram showing the degree of variability in thermal stability of 22 carbon nanotube
coatings heated to 375 °C using the elevated temperature QCM method. The data for mass
remaining ranged from 43.53 % to 97.37 %, with an average of 75.88 %.
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Figure 7. Histogram showing the degree of variability in thermal stability of 25 carbon nanotube
specimens heated to 375 °C during TGA measurements. The data for mass remaining ranged from
76.25 % 0 79.39 %, with an average of 77.90 %.

DISCUSSION

Several significant differences exist between the TGA and QCM approaches, the most
notable of which is the amount of material investigated by the technique. Approximately 2-4
milligrams of bulk carbon nanotubes were analyzed per TGA run compared to 10-20 micrograms
per QCM measurement. All QCM trials (~70) combined did not require as much material as one
TGA measurement. As a result, the data obtained per TGA trial represents an average purity for
a relatively large quantity of bulk carbon nanotubes. In contrast, each QCM trial represents the
purity of only a small fraction of that same material. At the level probed with the QCM
technique, variations in the size and quantity of residual metal particles, the extent of
encapsulation of these particles with amorphous carbon, and the degree of macroscopic bundling
of the carbon nanotubes into “ropes” can lead to substantial differences in thermal stability.

The aggregate effect of these differences can appear relatively minor, as evidenced by the
apparent homogeneity observed in the repeated TGA analyses. However, when one considers
how the material will be used in applications such as those in microelectronics, biotechnology,
and gas detection, even small variations in material composition can have a profound effect on
electrical and thermal behavior. For example, the role of metallic impurities becomes
pronounced at these levels, due in part to the relatively large size of these particles (i.e., average
of 80 nanometers), their ability to catalyze (i.e., accelerate) certain surface reactions, and their
interference with electrical performance. Additionally, even subtle variations in metal content,
bundling, or encapsulation can have a profound influence on the ease with which the material
can be processed, either into dispersions, films, coatings, or composites. Even if sufficient
properties can be achieved in the final product (e.g., structural reinforcement of polymer
composites), the inability to create a uniform distribution may lead to the use of higher load
fractions of nanotubes, often at a significant cost penalty. These issues illuminate the need to not



only analyze the overall homogeneity of a given bulk specimen, but also to assess the
distribution of its constituents at a level important for product manufacturability.

This paper describes one proposed approach for screening carbon nanotube materials.
Statistical comparison of the average QCM data (against average data from TGA analyses)
confirmed the validity of the method as an indicator of material quality (see Table 2). Although
considerable variability was observed from coating to coating, the average thermal stability was
statistically the same as that observed by TGA. SEM analysis (Figure 2) confirmed the
variability determined by QCM. Metallic particles represented a large fraction of the bulk
material and varied in both size and distribution. Amorphous carbon was evident throughout the
sample, creating agglomerated, bundled ropes that likely contained a distribution of nanotube
diameters and lengths. Finally, these ropes varied in both size and degree of isolation from the
metal particles. These observations clearly support the data acquired through numerous QCM
trials. Each coating likely possessed subtle differences in composition leading to not so subtle
differences in thermal stability.

Table 2. One sample t-test comparing QCM data to a hypothetical mean (i.e., TGA average).

375 °C 400 °C 425 °C
Number of Trials 22 23 22
Mean 75.88 65.62 49.77
Standard Deviation 16.26 14.02 14.55
Standard Error of Mean 3.47 2.92 3.10
Coefficient of Variance (%) 21.42% 21.37% 29.24%
Variance 264.31 196.60 211.82
Hypothetical Mean (from TGA) 77.90 65.45 53.38
Calculated t -0.58 0.06 -1.16
Critical t value (95% confidence) 2.08 2.07 2.08

However, additional investigation is warranted to develop best practices for using the
QCM approach for carbon nanotube analysis. Although statistical analysis indicated no
differences between the TGA and QCM measurements, minor differences did exist in the time
and extent of thermal exposure of the carbon nanotube material. In the case of the TGA
measurements, a heating rate of 5 °C/minute was used, with no holds at temperature. In the case
of the QCM measurements, a heating rate of 10 °C/minute was used, with a 10 minute soak at
the maximum temperature. Moreover, TGA data were acquired during heating, whereas QCM
data were acquired after the crystal had cooled to ambient temperature. While such differences
are not extensive, they may account for the slight variations in the average thermal stability
recorded for each technique.

In addition to differences in thermal exposure, the study described herein relied on spray
deposited films from non-optimized dispersions using chloroform as the solvent. While the
nanotube suspensions appeared visibly stable, non-uniform deposition was observed for many
films, as shown in Figure 8. In certain instances, droplets were noted, likely due to rapid solvent
evaporation at the nozzle of the spray gun. In other cases, agglomerated metal particles were
clearly visible, some in excess of 5 micrometers in diameter. At the temperatures used for this



study, oxidation of these particles is unlikely. As the particles contribute to the overall mass of
the coating, their relative stability at these temperatures can bias the mass change data resulting
in a decrease in mass loss at a specific temperature. Conversely, such particles can potentially
dislodge from the coating during normal handling and testing of the QCM, resulting in an
increase in mass loss not related to a thermal effect. While it is desirable for any characterization
technique to be insensitive to dispersion conditions, SEM analysis of the applied coatings
suggests that optimizing the dispersion for improved spraying will reduce the uncertainties
associated with the measurement.
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Flgure 8. SEM mlcrographs of dlfferent reglons of a carbon nanotube film. The i image at left shows
several large agglomerates resulting from incomplete dispersion. The image at right illustrates denser
regions likely formed as droplets at the spray nozzle.

CONCLUSIONS

This paper describes a new measurement approach for determining the purity and
homogeneity of small specimens of bulk carbon nanotubes. The method utilizes a quartz crystal
microbalance for thermal analysis of a thin nanotube coating. Validation of this approach was
achieved by comparing results with those obtained by conventional TGA analysis. All
specimens were derived from a single batch of as-produced carbon nanotubes, without additional
purification. TGA data indicated that the raw material contained large fractions of both
amorphous carbon and residual metal catalyst. Despite the lack of purity (i.e., with respect to
single walled carbon nanotubes), repeated TGA measurements indicated that the material was
relatively homogeneous, with only slight variability from specimen to specimen. The
predominant source of this variability was the metal content. Comparison of average QCM data
at 375 °C, 400 °C, and 425 °C with average TGA results at those temperatures indicated no
statistical difference between the two techniques. However, QCM analysis of over 70 specimens
illustrated a substantial degree of variability not observed by TGA. SEM analysis confirmed this
variability. Metal particles varied in size and distribution; highly bundled nanotube ropes were
present; and the entire specimen was encased in a thick amorphous carbon coating. These results
illustrate that the elevated temperature QCM method can serve as an effective screening tool for
assessing the quality of carbon nanotube materials, bringing to light variability at a level not
previously possible with conventional analytical instrumentation.



REFERENCES

1 'W.A. deHeer, “Nanotubes and the Pursuit of Applications,” Materials Research Society
Bulletin, 281-5 (2004).

2 L. Qingwen, Y.H.Z. Jin, and L. Zhongfan, “Dependence of the Formation of Carbon
Nanotubes on the Chemical Structures of Hydrocarbons,” 8" International Conference on
Electronic Materials, IUMRS-ICEM, Xi’an, China, June 10-14, 2002.

® B.P. Ramesh, W.J. Blau, P.K. Tyagi, D.S. Misra, N. Ali, J. Gracio, G. Cabral, and E.
Titus, “Thermogravimetric Analysis of Cobalt-Filled Carbon Nanotubes Deposited by Chemical
Vapour Deposition,” Thin Solid Films, 494, 128-32 (2006).

* G.S.B McKee and K.S. Vecchio, “Thermogravimetric Analysis of Synthesis Variation
Effects on CVD Generated Multiwalled Carbon Nanotubes” J.Phys.Chem. B, 110, 1179-86
(2006).

® B.J. Landi, C.D. Cress, C.M. Evans, and R.P. Raffaelle, “Thermal Oxidation Profiling
of Single-Walled Carbon Nanotubes,” Chem. Mater., 17, 6819-34 (2005).

®S. Arepalli, P. Nikolaev, O. Gorelik, V.G. Hadjiev, W. Holmes, B. Files, and L. Yowell,
“Protocol for the Evaluation of Single-Wall Carbon Nanotube Material Quality,” Carbon, 42
1783-91 (2004).

" D.S. Ballantine, R.M. White, S.J. Martin, A.J. Ricco, E.T. Zellers, G.C. Frye, and H.
Wohtjen, Acoustic Wave Sensors, San Diego: Academic Press, 1997.

® R.F. Schmitt, J.W. Allen, J.F. Vetelino, J. Parks, and C. Zhang, “Bulk Acoustic Wave
Modes in Quartz for Sensing Measurand-Induced Mechanical and Electrical Property Changes,”
Sensors and Actuators B, 76, 95-102 (2001).

% A.L. Smith, “Mass and Heat Flow Measurement Sensor,” US Patent 6,106,149 (2000).
19 See http://www.msel.nist.gov/Nanotube2/Carbon Nanotubes Guide.htm.

1 Carbolex, Broomall, PA, see www.carbolex.com. *** Certain commercial equipment,
instruments, or materials are identified in this paper to foster understanding. Such identification
does not imply recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment identified are necessarily the best
available for the purpose.

2p Hous, C. Liu, Y. Tong, S. Xu, M. Liu, and H. Cheng, “Purification of Single-Walled
Carbon Nanotubes Synthesized by the Hydrogen Arc-Discharge Method,” J.Mater.Res., 16,
2526-9 (2001).




	CD-ROM Opening Screen
	Introductions
	Table of Contents
	Meeting Leadership
	Meeting Program Guide
	CESP Issue Information
	About ACerS
	Tips for Using CD
	Search
	Acrobat Help
	Mechanical Properties and Performance of Engineering Ceramics and Composites III,
	PROCESSING
	Synthesis and Characterization of Ba 3 Co 2 Fe 24 O 41 and Ba 3 Co 0.9 Cu 1.1 Fe 24 O 41 Nanopowders and Their Application as Radar Absorbing Materials
	Microwave Enhanced Anisotropic Grain Growth in Lanthanum Hexa Aluminate-Alumina Composites
	Oxyfuel Combustion Using Perovskite Membranes
	Synthesis of SiC Nanofibers with Graphite Powders
	Influence of Additional Elements on Densification Behavior of Zirconia Base Amorphous Powders

	SILICON-BASED CERAMICS
	The Intergranular Microstructure of Silicon Nitride Based Ceramics
	Ultrafine Powders Doped With Aluminium in SiCN System

	PROPERTIES OF MONOLITHIC CERAMICS
	Modulus and Hardness of Nanocrystalline Silicon Carbide as Functions of Grain Size
	Stoichiometric Constraint for Dislocation Loop Growth in Silicon Carbide
	Effects of Si:SiC Ratio and SiC Grain Size on Properties of RBSC
	Electrical Properties of AlN-SiC Solid Solutions with Additions of Al and C

	FIBER-REINFORCED CMCs
	Effects of Frequency on Fatigue Behavior of an Oxide-Oxide Ceramic Composite at 1200°C
	Post Creep/Dwell Fatigue Testing of MI SiC/SiC Composites
	Time-Dependent Response of MI SiC/SiC Composites Part 1: Standard Samples
	Time-Dependent Response of MI SiC/SiC Composites Part 2: Samples with Holes
	Effects of Environment on Creep Behavior of an Oxide-Oxide Ceramic Composite with ±45° Fiber Orientation 
	Assessments of Life Limiting Behavior in Interlaminar Shear for Hi-Nic SiC/SiC Ceramic Matrix Composite at Elevated Temperature
	Architectural Design of Preforms and Their Effects on Mechanical Property of High Temperature Composites
	Design Factor Using a SiC/SiC Composites for Core Component of Gas Cooled Fast Reactor. 2: Thermal Stress
	Development of Novel Fabrication Process for Highly-Dense and Porous SiC/SiC Composites with Excellent Mechanical Properties
	Effects of Interface Layer and Matrix Microstructure on the Tensile Properties of Unidirectional SiC/SiC Composites
	Tensile Properties of Advanced SiC/SiC Composites for Nuclear Control Rod Applications

	PARTICULATE-REINFORCED AND LAMINATED COMPOSITES
	Influence of the Architecture on the Mechanical Performances of Alumina-Mullite and Alumina-Mullite-Zirconia Ceramic Laminates
	Fabrication of Novel Alumina Composites Reinforced by SiC Nano-Particles and Multi-Walled Carbon Nanotubes
	Effect of Carbon Additions and B 4 C Particle Size on the Microstructure and Properties of B 4 C - TiB 2 Composites
	Electro-Conductive ZrO 2 -NbC-TiN Composites Using NbC Nanopowder Made by Carbo-Thermal Reaction
	High Temperature Strength Retention of Aluminum Boron Carbide (AlBC) Composites

	ENVIRONMENTAL EFFECTS
	Corrosion Resistance of Ceramics in Sulfuric Acid Environments at High Temperature
	Analyzing Irradiation-Induced Creep of Silicon Carbide
	Physico-Chemical Reactivity of Ceramic Composite Materials at High Temperature: Vaporization and Reactivity with Carbon of Borosilicate Glass
	Irradiation Effects on the Microstructure and Mechanical Properties of Silicon Carbide
	Oxidation of ZrB 2 -SiC: Comparison of Furnace Heated Coupons and Self-Heated Ribbon Specimens
	The Role of Fluorine in Glass Formation in the Ca-Si-Al-O-N System
	Wetting and Reaction Characteristics of Al 2 O 3 /SiC Composite Refractories by Molten Aluminum and Aluminum Alloy

	NDE AND TEST METHODS
	Evaluation of Oxidation Protection Testing Methods on Ultra-High Temperature Ceramic Coatings for Carbon-Carbon Oxidation Resistance
	Nondestructive Evaluation of Silicon-Nitride Ceramic Valves from Engine Duration Test
	Model of Constrained Sintering

	FRACTURE
	Study of the Factors Affecting the Lengths of Surface Cracks in Silicon Nitride Introduced by Vickers Indentat
	Strength Recovery Behavior of Machined Alumina by Crack Healing
	Modeling Crack Bifurcation in Laminar Ceramics
	Delayed Failure of Silicon Carbide Fibers in Static Fatigue at Intermediate Temperatures (500-800°C) in Air
	Fracture-Toughness Test of Silicon Nitrides with Different Microstructures Using Vickers Indentation
	Self-Crack-Healing Ability of Alumina/ SiC Nanocomposite Fabricated by Self-Propagating High-Temperature Synthesis
	Through-Life Reliability Management of Structural Ceramic Components Using Crack-Healing and Proof Test

	JOINING AND BRAZING
	Joining Methods for Ceramic, Compact, Microchannel Heat Exchangers
	Glass-To-Metal (GTM) Seal Development Using Finite Element Analysis: Assessment of Material Models and Design Changes
	Integrative Design with Ceramics: Optimization Strategies for Ceramic/Metal Joints
	Diffusion Bonding of Silicon Carbide for MEMS-LDI Applications
	Effect of Residual Stress on Fracture Behavior in Mechanical Test for Evaluating Shear Strength of Ceramic


	Advanced Ceramic Coatings and Interfaces II,
	THERMAL AND MECHANICAL PROPERTIES OF THERMAL BARRIER COATINGS
	Thermal and Mechanical Properties of Zirconia Coatings Produced by Electrophoretic Deposition
	Elastic and Inelastic Deformation Properties of Free Standing Ceramic EB-PVD Coatings
	Thermal and Mechanical Properties of Zirconia/Monazite-Type LaPO 4 Nanocomposites Fabricated by PECS
	Corrosion Behavior of New Thermal Barrier Coatings

	MICROSTRUCTURAL CHARACTERIZATION OF THERMAL BARRIER COATINGS
	Monitoring the Phase Evolution of Yttria Stabilized Zirconia in Thermal Barrier Coatings Using the Rietveld Method
	Thermal Imaging Characterization of Thermal Barrier Coatings
	Examination on Microstructural Change of a Bond Coat in a Thermal Barrier Coating for Temperature Estimation and Aluminum-Content Prediction
	Quantative Microstructural Analysis of Thermal Barrier Coatings Produced by Electron Beam Physical Vapor Deposition
	Investigation of Damage Prediction of Thermal Barrier Coating

	ENGINEERING OF THERMAL PROPERTIES OF THERMAL BARRIER COATINGS
	Effect of an Opaque Reflecting Layer on the Thermal Behavior of a Thermal Barrier Coating
	Optimizing of the Reflectivity of Air Plasma Sprayed Ceramic Thermal Barrier Coatings
	Thermal Conductivity of Nanoporous YSZ Thermal Barrier Coatings Fabricated by EB-PVD

	COATINGS TO RESIST WEAR, EROSION, AND TRIBOLOGICAL LOADINGS
	Reduction of Wear by a TiBN Multilayer Coating
	Characteristics of TiN/CrN Multilayer Coatings with TiCrN and CrTiN Interlayer
	Development of a Duplex Coating Procedure (HVOF and PVD) on TI-6AL-4V Substrate for Automotive Ap
	Novel Coatings of Cemented Carbides by an Improved HVOF Spraying Process
	Fracture Mechanics Analysis of Coatings under Contact Load

	COATINGS FOR SPACE APPLICATIONS
	Heat Treatment of Plasma-Sprayed Alumina: Evolution of Microstructure and Optical Properties
	Porous Ceramic Foam Catalysts for N O-Based Satellite Microthrusters

	MULTIFUNCTIONAL COATINGS, NANOSTRUCTURED COATINGS, AND INTERFACE PHENOMENA
	Development of Multi-Layered EBC for Silicon Nitride Ceramics
	Reactive Bonding of Sapphire Single Crystal to Tungsten-Copper Metal Composite Using Directed Vapor Deposition Process
	Protective Coating on Metals Using Chromium-Free Organic-Inorganic Silica Hybrid Aqueous Solution
	An Energy Model of Segmentation Cracking of SiOX Thin Film on a Polymer Substrate
	Effect of Withdrawal Speed on Thickness and Microstructure of 8MOL%Yttria Stabilized Zirconia Coatings on Inorg


	Advances in Solid Oxide Fuel Cells III,
	TECHNICAL OVERVIEW
	Worldwide SOFC Overview from a Scandinavian and a European Perspective

	CELL AND STACK DEVELOPMENT/PERFORMANCE
	Development of Metal Supported Thin Film SOFCs at ICPET/NRCC
	Fabrication and Optimization of Micro Tubular SOFCs for Cube-Type SOFC Stacks
	Electrochemical Evaluation of Micro-Tubular SOFC and Module for Advanced Ceramic Reactor
	Development of Fabrication Technology for Honeycomb-Type SOFC with Integrated Multi Micro-Cells
	Development of Honeycomb-Type SOFC Integrated with Multi Micro Cells: Concept and Simulations
	Micro Solid Oxide Fuel Cell for Remote Power Applications
	Reducing Degradation Effects in SOFC Stacks Manufactured at Forschungszentrum Jülich – Approaches and Results
	Application of Lanthanum Gallate Based Oxide Electrolyte in Solid Oxide Fuel Cell Stack
	Reversible Solid Oxide Cells
	Regenerative Operation of the NASA Symmetrical Support Solid Oxide Fuel Cell

	PROCESSING/FABRICATION
	Electrophoretic Deposition and Sintering of Tubular Anode Supported Gadolinium Doped Ceria Solid Oxide Fuel Cel

	CHARACTERIZATION/TESTING
	Determination of Anode-Pore Tortuosity from Gas and Current Flow Rates in SOFC’s
	Photoelectron Microscopy Study of the Surface Chemistry of Operating LSM-YSZ SOFC Cathodes
	In Situ X-Ray and Electrochemical Studies of Solid Oxide Fuel Cell / Electrolyzer Oxygen Electrodes

	ELECTRODES
	Electrochemical Characterization of Modified LSM Cathodes
	Fabrication and Characterization of Dense La 0.85 Sr 0.15 MnO 3-Ce 0.9 Gd 0.1 O 1.95 Composite Electrodes
	Evaluation of Ruddlesden-Popper Nickelate Cathodes for Higher Temperature SOFC
	Microstructure Control of Cathode Matrices for the Cube-Type SOFC Bundles
	Niobium-Doped Strontium Titanates as SOFC Anodes
	Controlled Thermal Expansion Anode Compositions with Improved Strength for Use in Anode Supported SOFC’s

	OXIDE CONDUCTORS
	Oxygen Diffusion Mechanisms in Two Series of Oxide Ion Conductors: BIMEVOX and Brownmillerite Materials

	INTERCONNECTS AND PROTECTIVE COATINGS
	Synthesis and Sintering Behavior of Lanthanum Chromite Doped with Strontium and Cobalt for SOFC Interconnect A
	Anodic Electrodeposition of Mn-Co-O Spinel Coatings on Stainless Steel Substrates
	The Effect of Surface Treatment on the Oxidation Behavior of Ferritic Steel Interconnects for Solid Oxide Fuel Cells
	Corrosion Behavior of Interconnect Candidate Alloys under Air//Simulated Reformate Dual Exposure Conditions
	Degradation of SOFCs in Contact with E-Brite®
	Stability and Performance of Silver in an SOFC Interconnect Environment

	SEALS
	Properties of Particle–Filled Glass Composites Used for Sealing Solid Oxide Fuel Cells (SOFC)
	Self Healing Behavior of Glasses for High Temperature Seals in Solid Oxide Fuel Cells
	Copper Based Braze for Robust Sealing of Planar Solid Oxide Fuel Cells

	MECHANICAL PROPERTIES
	Processing, Phase Stability and Mechanical Properties of 10 mol% Sc 2 O 3 - 1 mol% CeO 2 -ZrO 2 Ceramics
	NiO-10Sc1CeSZ Anode: Structure and Mechanical Behavior
	Effect of Temperature and Environment on the Mechanical Properties of LSFT-CGO Membranes
	Fracture Failure Criteria of SOFC PEN Structure

	MODELING/SIMULATION
	Determination of Chemical Expansion Coefficient and Elastic Properties of Non-Stoichiometric GDC 
	2D Digital Reconstruction of Realistic Microstructures of Porous Cermets Used in Solid Oxide Fuel Cells

	FUEL REFORMING
	CH 4 Reactivity of Apatite Systems of Relevance to Solid Oxide Fuel Cell Applications


	Advances in Ceramic Armor III,
	GENERAL/OVERVIEW
	Research in Sweden on Dwell in Ceramics
	The Influence of Tile Size on the Ballistic Performance of a Ceramic-Faced Polymer
	Static and Dynamic Indentation Response of Fine Grained Boron Carbide
	Hierarchy of Key Influences on the Ballistic Strength of Opaque and Transparent Armor
	Concepts for Energy Absorption and Dissipation in Ceramic Armor
	Some Practical Requirements for Alumina Armor Systems

	GLASSES AND TRANSPARENT CERAMICS
	Limit Analyses for Surface Crack Instantaneous Propagation Angles in Elastic Hertzian Field
	Dynamic Failure of a Borosilicate Glass Under Compression/Shear Loading
	Ballistic Performance of Commercially Available Saint-Gobain Sapphire Transparent Armor Composites

	OPAQUE CERAMICS
	Synthesis of Ceramic Eutectics Using Microwave Processing
	Hot Pressing of Boron Carbide Using Metallic Carbides as Additives
	Spatial Distribution of Defects in Silicon Carbide and its Correlation with Localized Property Measurements
	Silicon Carbide Microstructure Improvements for Armor Applications
	The Effect of Si Content on the Properties of B 4 C-SiC-Si Composites

	DAMAGE AND TESTING
	Preliminary Investigation of Damage in an Armor-Grade B 4 C Induced by Quasi-Static Hertzian Indentation
	In-Situ Fragment Analysis with X-Ray Computed Tomography, XCT
	Ballistically-Induced Damage in Ceramic Targets as Revealed by X-Ray Computed Tomography
	On Continuing the Evolution of XCT Engineering Capabilities for Impact Damage Diagnostics
	Elastic Property Mapping Using Ultrasonic Imaging


	Nanostructured Materials and Technology,
	Fractionation of Nanocrystalline TiO 2 by Coagulation of the Hydrosols
	Synthesis of Nanocrystalline Forsterite (Mg 2 SiO 4 ) Via Polymer Matrix Route
	Deformation Mechanisms of Natural Nano-Laminar Composites: Direct TEM Observation of Organic Matrix in Nacre
	Photocatalytically Sensitive Materials for Water Splitting
	Biomimetic Synthesis of Hierachically Porous Materials and Their Stabilization Effects on Metal Nanoparticles
	Electrospinning of Alumina Nanofibres
	Carbon Nanotube (CNT) and Carbon Fiber Reinforced High Toughness Reaction Bonded Composites
	Investigations on the Stability of Platinum Nanostructures on Implantable Microelectrodes – A First Approach
	Growth of Barium Hexaferrite Nanoparticle Coatings by Laser-Assisted Spray Pyrolysis
	Crack Extension Behavior in Nano-Laminar Glass/Metal Composite
	Self Assembled Functional Nanostructures and Devices
	Composition-Structure-Properties Correlation in the SiO 2 -P 2 O 5 Sol-Gel Films Obtained with Different Precursors
	Preparation of Zeolite/Carbon Composites via LTA Zeolite Synthesis in the Macropores of Unmodified Carbon Supports
	Rapid Inspection of Carbon Nanotube Quality
	Continuous Production and Harvesting of Inorganic-Ceramic Nanoparticles
	Preparation and Characterization of Submicrometer-Sized Zinc Oxide
	Porous and Dense Perovskite Films
	Microporous ZrO 2 Membrane Preparation by Liquid-Injection MOCVD
	Photodecomposition of Acetone on ZrO x -TiO 2 Thin Films in O 2 Excess and Deficit Conditions
	Design, Fabrication and Electronic Structure of Oriented Metal Oxide Nanorod-Arrays

	Advanced Processing and Manufacturing Technologies for Structural and Multifunctional Materials,
	Slurry Characterization by Stress Relaxation Test for Tape Casting Process
	Preparation of Stable Nano-Sized Al 2 O 3 Slurries Using Wet-Jet Milling
	Design of Mold Materials for Encapsulating Semiconductors Using Epoxy Compounds
	Evaluation of an Environmentally Friendly Plasticizer for Polyvinyl Butyral for Use in Tape Casting
	Mutual Linkage of Particles in Ceramic Green Bodies Through Reactive Organic Binders
	Drying Dinetics of Slip Cast Body by Microwave Heating
	Microwave Sintering Techniques - More Than Just a Different Way of Heating?
	The Effect of the Electrical Properties on the Pulsed Electric Current Sintering Behavior of ZrO 2 Based Ceramic Composites
	Smart Processing Development on 3D Ceramic Structures for Terahertz Wave Applications
	Fabrication of New Dielectric Fractal Structures and Localization of Electromagnetic Wave
	Micro-Fabrication and Terahertz Wave Properties of Alumina Photonic Crystals with Diamond Structure
	Texture Development of Bi 4 Ti 3 O 12 Thick Film Promoted by Anisotropic Shrinkage
	Anisotropic Properties of Al Doped ZnO Ceramics Fabricated by the High Magnetic Field
	Porous Anatase Titanium Dioxide Films Prepared in Aqueous Solution
	Preparation of Micro/Mesoporous Si-C-O Ceramic Derived from Preceramic Route
	Porous Alumina Ceramics by Novel Gelate-Freezing Method
	New Production Approaches for Large and Very Complex Shapes of Silicon Nitride and Silicon Carbide Cerami
	Fabrication and Mechanical Properties of Porous Silicon Nitride Materials
	Application of Taguchi Method in the Optimization of Process Parameters for Conicity of Holes in Ultrasonic Drilling of Engineering Ceramics
	Simulation of Material Removal Rate in Ultrasonic Drilling Process Using Finite Element Analysis and Taguchi Method

	Advances in Electronic Ceramics,
	ADVANCED DIELECTRIC, PIEZOELECTRIC AND FERROELECTRIC MATERIALS
	Lead Strontium Zirconate Titanate (PSZT) Thin Films for Tunable Dielectric Applications
	Nanosize Engineered Ferroelectric/Dielectric Single and Multilayer Films for Microwave Applications
	Construction and Characterization of (Y,Yb)MnO 3 /HfO 2 Stacking Layers for Application to FeRAM
	Temperature Dependence on the Structure and Property of Li 0.06 (Na 0.5 K 0.5 ) 0.94 NbO 3 Piezoceramics
	Polar Axis Orientation and Electrical Properties of Alkoxy-Derived One Micro-Meter-Thick Ferro-/Piezoelectric Films
	Processing of Porous Li 0.06 (Na 0.5 K 0.5 ) 0.94 NbO 3 Ceramics and Their Piezoelectric Composites with Hetero-Crystals
	Electric-Field-Induced Dielectric, Domain and Optical Phenomena in High-Strain Pb(In 1/2 Nb 1/2 ) 1-x Ti x O 3 
	Effects of Electric Field on the Biaxial Strength of Poled PZT
	Piezoelectric Ceramic Fiber Composites for Energy Harvesting and Active Structural Control
	Dielectric Property of Resin-Based Composites Dispersing Ceramic Filler Particles
	The Effect of Sintering Conditions and Dopants on the Dielectric Loss of the Giant Dielectric Constant Perovskite CaCu 3 Ti 4 O 12

	ELECTROCERAMIC MATERIALS FOR SENSORS
	Multifunctional Potentiometric Gas Sensor Array with an Integrated Heater and Temperature Sensors
	Prussian Blue Nanoparticles Encapsulated Within Ormosil Film
	Gas-Sensing Property of Highly Selective NO x Decomposition Electrochemcial Reactor
	The Structure, Electrical and CO-Sensing Properties of Perovskite-Type La 0.8 Pb 0.2 Fe 0.8 Cu 0.2 O 3 Ceramic
	NiCr 2 O 4 and NiO Planar Impedance-No x Sensors for High Temperature Applications

	THERMOELECTRIC MATERIALS FOR POWER CONVERSION APPLICATIONS
	The Development of Thermoelectric Oxides with Perovskite-Type Structures for Alternative Energy Technologies
	Power Generation of p-Type Ca 3 Co 4 O 9 /n-Type CaMnO 3 Module
	Thermoelectric Properties of Pb and Sr Doped Ca 3 Co 4 O 9
	Thermoelectric Properties of Mix-Crystal Compound Mg 2 Si-Mg 3 Sb 2
	Thermoelectric Performance of Doped SrO(SrTiO 3 ) n (n = 1, 2) Ruddlesden-Popper Phases
	Growth of BiCa 2 Co 1.69 O x Cobaltite Rods by Laser Floating Zone Method
	Growth and Characterization of Germanium-Based Type I Clathrate Thin Films Deposited by Pulsed Laser Ablation
	Synthesis and Characterization of Chalcogenide Nanocomposites
	Anomalous Thermal Conductivity Observed in the Na 1-x Mg x V 2 O 5 Single Crystals
	Physical Properties of Hot-Pressed K 8 Ge 44 2

	TRANSPARENT ELECTRONIC CERAMICS
	Advanced Indium Tin Oxide Ceramic Sputtering Targets and Transparent Conductive Thin Films


	Developments in Porous, Biological and Geopolymer Ceramics,
	POROUS CERAMICS
	Hierarchical Porosity Ceramic Components from Preceramic Polymers
	Electrophoretic Deposition of Particle-Stabilized Emulsions
	Application of Porous Acicular Mullite for Filtration of Diesel Nano Particulates
	Microstructural Development of Porous β -Si 3 N 4 Ceramics Prepared by Pressureless-Sintering Compositio
	Compositional Design of Porous β -Si 3 N 4 Prepared by Pressureless-Sintering
	Aligned Pore Channels in 8mol%Yttria Stabilized Zirconia by Freeze Casting
	Preparation Of a Pore Self-Forming Macro-/Mesoporous Gehlenite Ceramic by the Organic Steric Entrapment (PVA) Technique
	Nonlinear Stress-Strain Behavior Evaluation of Porous Ceramics with Distributed-Micro- Crack Model
	Thermal Shock Behavior of NITE-Porous SiC Ceramics
	Optimization of the Geometry of Porous SiC Ceramic Filtering Modules Using Numerical Methods
	Weibull Statistics and Scaling Laws for Reticulated Ceramic Foam Filters
	Effect of Test Span on Flexural Strength Testing of Cordierite Honeycomb Ceramic

	BIOCERAMICS
	Biomaterials Made with the Aid of Enzymes
	Use of Vaterite and Calcite in Forming Calcium Phosphate Cement Scaffolds
	Deposition of Bone-Like Apatite on Polyglutamic Acid Gels in Biomimetic Solution
	Surface Structure and Apatite-Forming Ability of Polyethylene Substrates Irradiated by the Simultaneous Use of Oxygen Cluster and Monomer Ion Beams
	Conversion of Borate Glass to Biocompatible Phosphates in Aqueous Phosphate Solution
	Fabrication of Nano-Macro Porous Soda-Lime Phosphosilicate Bioactive Glass by the Melt-Quench Method
	Pores Needed for Biological Function Could Paradoxically Boost Fracture Energy in Bioceramic Bone Tissue Scaffolds
	Novel Routes to Stable Bio-Templated Oxide Replicas

	GEOPOLYMERS
	Role of Alkali in Formation of Structure and Properties of a Ceramic Matrix
	Will Geopolymers Stand the Test of Time?
	New Trends in the Chemistry of Inorganic Polymers for Advanced Applications
	Influence of Geopolymer Binder Composition on Conversion Reactions at Thermal Treatment
	Laser Scanning Confocal Microscopic Analysis of Metakaolin-Based Geopolymers
	Synthesis and Characterization of Inorganic Polymer Cement from Metakaolin and Slag
	Recent Development of Geopolymer Technique in Relevance to Carbon Dioxide and Waste Management Issues
	Aqueous Leachability of Geopolymers Containing Hazardous Species
	Practical Applications of Geopolymers
	Geopolymer-Jute Composite: A Novel Environmentally-Friendly Composite with Fire Resistant Properties
	Design, Properties, and Applications of Low-Calcium Fly Ash-Based Geopolymer Concrete
	Rate of Sulphuric Acid Penetration in a Geopolymer Concrete
	Corrosion Protection Assessment of Concrete Reinforcing Bars with a Geopolymer Coating




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




