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Preface 

Contributions from two Symposia and two Focused Sessions that were part of the 
35th International Conference on Advanced Ceramics and Composites (ICACC), in 
Daytona Beach, FL, January 23-28, 2011 are presented in this volume. The broad 
range of topics is captured by the Symposia and Focused Session titles, which are list-
ed as follows: Focused Session 1 - Geopolymers and other Inorganic Polymers; Fo-
cused Session 2 - Computational Design, Modeling Simulation and Characterization 
of Ceramics and Composites; Symposium 10—Thermal Management Materials and 
Technologies; and Symposium 11—Advanced Sensor Technology. 

Focused Session 1 on Geopolymers and other Inorganic Polymers was the 9th con-
tinuous year that it was held. It continues to attract growing attention from interna-
tional researchers (USA, Belgium, Jordan, Germany, France, Czech Republic, and 
Greece) and it is encouraging to see the variety of established and new applications 
being found for these novel and potentially useful materials. Nine papers are included 
in this year's proceedings. 

Focused Session 2 was dedicated to design, modeling, simulation and characteri-
zation of ceramics and composites. 28 technical papers were presented regarding the 
prediction of crystal structure and phase stability; the characterization of interfaces 
and grain boundaries at the atomic scale; optimization of electrical, optical and me-
chanical properties; modeling of defects and related properties; design of materials 
and components at different length scales; as well as application of novel computa-
tional methods for processing. Three papers from this particular focused session are 
included in this issue. 

Symposium 10 discussed new materials and the associated technologies related to 
thermal management. This included innovations in ceramic or carbon based materials 
tailored for either high conductivity applications (e.g., graphite foams) or insulation 
(e.g., ceramic aerogels); heat transfer nanofluids; thermal energy storage devices; 
phase change materials; and a slew of technologies that are required for system inte-
gration. Five papers were submitted for inclusion in this proceedings issue. 

Symposium 11 addressed advances related to sensor technologies based on ceram-
ic materials. The research scope ranged from advanced materials development, mi-

ix 



cro-fabrication technologies, sensor design, sensors and sensor networks, to packag-
ing. The symposium included researchers from disciplines such as physics, chemistry, 
materials science, electronics, and instrumentation; as well as those who use sensors 
in energy, bio, space, buildings and etc, to highlight the latest developments and fu-
ture challenges in this exciting interdisciplinary research field. Three papers were sub-
mitted and accepted for publication. 

The editors wish to thank the symposium organizers for their time and labor, the 
authors and presenters for their contributions; and the reviewers for their valuable 
comments and suggestions. In addition, acknowledgments are due to the officers of 
the Engineering Ceramics Division of The American Ceramic Society and the 2011 
ICACC program chair, Dr. Dileep Singh, for their support. It is the hope that this vol-
ume becomes a useful resource for academic, governmental, and industrial efforts. 

WALTRAUD M. KRIVEN, University of Illinois at Urbana-Champaign, Urbana, 
Illinois, USA 

ANDREW GYEKENYESI, NASA Glenn Research Center, Cleveland, Ohio, USA 
JINGYANG WANG, Institute of Metal Research, Chinese Academy of Sciences, CHINA 
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Introduction 

This CESP issue represents papers that were submitted and approved for the pro-
ceedings of the 35th International Conference on Advanced Ceramics and Compos-
ites (ICACC), held January 23-28, 2011 in Daytona Beach, Florida. ICACC is the 
most prominent international meeting in the area of advanced structural, functional, 
and nanoscopic ceramics, composites, and other emerging ceramic materials and 
technologies. This prestigious conference has been organized by The American Ce-
ramic Society's (ACerS) Engineering Ceramics Division (ECD) since 1977. 

The conference was organized into the following symposia and focused ses-
sions: 

Symposium 1 Mechanical Behavior and Performance of Ceramics and 
Composites 

Symposium 2 Advanced Ceramic Coatings for Structural, Environmental, 
and Functional Applications 

Symposium 3 8th International Symposium on Solid Oxide Fuel Cells 
(SOFC): Materials, Science, and Technology 

Symposium 4 Armor Ceramics 
Symposium 5 Next Generation Bioceramics 
Symposium 6 International Symposium on Ceramics for Electric Energy 

Generation, Storage, and Distribution 
Symposium 7 5th International Symposium on Nanostructured Materials 

and Nanocomposites: Development and Applications 
Symposium 8 5th International Symposium on Advanced Processing & 

Manufacturing Technologies (APMT) for Structural & 
Multifunctional Materials and Systems 

xi 



Symposium 9 Porous Ceramics: Novel Developments and Applications 
Symposium 10 Thermal Management Materials and Technologies 
Symposium 11 Advanced Sensor Technology, Developments and Applica-

tions 
Symposium 12 Materials for Extreme Environments: Ultrahigh Tempera-

ture Ceramics (UHTCs) and Nanolaminated Ternary Car-
bides and Nitrides (MAX Phases) 

Symposium 13 Advanced Ceramics and Composites for Nuclear and Fu-
sion Applications 

Symposium 14 Advanced Materials and Technologies for Rechargeable 
Batteries 

Focused Session 1 Geopolymers and other Inorganic Polymers 
Focused Session 2 Computational Design, Modeling, Simulation and Charac-

terization of Ceramics and Composites 
Special Session Pacific Rim Engineering Ceramics Summit 

The conference proceedings are published into 9 issues of the 2011 Ceramic Engi-
neering & Science Proceedings (CESP); Volume 32, Issues 2-10, 2011 as outlined 
below: 

• Mechanical Properties and Performance of Engineering Ceramics and Com-
posites VI, CESP Volume 32, Issue 2 (includes papers from Symposium 1) 

• Advanced Ceramic Coatings and Materials for Extreme Environments, Vol-
ume 32, Issue 3 (includes papers from Symposia 2 and 12) 

• Advances in Solid Oxide Fuel Cells VII, CESP Volume 32, Issue 4 (includes 
papers from Symposium 3) 

• Advances in Ceramic Armor VII, CESP Volume 32, Issue 5 (includes papers 
from Symposium 4) 

• Advances in Bioceramics and Porous Ceramics IV, CESP Volume 32, Issue 6 
(includes papers from Symposia 5 and 9) 

• Nanostructured Materials and Nanotechnology V, CESP Volume 32, Issue 7 
(includes papers from Symposium 7) 

• Advanced Processing and Manufacturing Technologies for Structural and 
Multifunctional Materials V, CESP Volume 32, Issue 8 (includes papers from 
Symposium 8) 

• Ceramic Materials for Energy Applications, CESP Volume 32, Issue 9 (in-
cludes papers from Symposia 6, 13, and 14) 

• Developments in Strategic Materials and Computational Design II, CESP 
Volume 32, Issue 10 (includes papers from Symposium 10 and 11 and from 
Focused Sessions 1, and 2) 

The organization of the Daytona Beach meeting and the publication of these pro-
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ceedings were possible thanks to the professional staff of ACerS and the tireless 
dedication of many ECD members. We would especially like to express our sincere 
thanks to the symposia organizers, session chairs, presenters and conference atten-
dees, for their efforts and enthusiastic participation in the vibrant and cutting-edge 
conference. 

ACerS and the ECD invite you to attend the 36th International Conference on 
Advanced Ceramics and Composites (http://www.ceramics.org/daytona2012) Janu-
ary 22-27, 2012 in Daytona Beach, Florida. 

SUJANTO WlDJAJA AND DlLEEP SlNGH 
Volume Editors 
June 2011 
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EFFECT OF EXTERNAL AND INTERNAL CALCIUM IN FLY ASH ON GEOPOLYMER 
FORMATION 

Kiatsuda Somna 
Faculty of Engineering and Architecture, Rajamangala University of Technology Isan, 
Nakornratchasima, Thailand, 30000 

Walairat Bumrongjaroen 
Vitreous State Laboratory, The Catholic University of America, Washington, DC, USA, 20064 

ABSTRACT 
Calcium in fly ash can be present as a glass component or as a free lime. The presence of calcium in 
fly ash glass so called "internal calcium" can have effect on the leaching of the glass and consequently 
the availability of Si and Al for geopolymer product formation. Whereas, the presence of calcium as a 
free lime in fly ash so called "external calcium" would have indirect effect on leaching as this fly ash 
contains higher Si and Al contents. In addition to the effect of calcium on the leaching, the source of 
calcium can have effect on the product formation. To study these two effects, the synthetic fly ash 
glasses with low and high calcium content were prepared to be used for leaching test and for 
formulating geopolymer. The specimen with external calcium was prepared by adding CaO to the 
geopolymer made with synthetic fly ash with low calcium. The specimen with internal calcium was 
prepared by using synthetic fly ash with high calcium content in the geopolymer mix. Synthetic fly ash 
was used instead of real fly ash to control the glass composition in fly ash and to avoid the effect of 
calcium from mineral phases. Synthetic fly ash glasses were prepared from lab grade chemical oxide as 
a starting material for geopolymer matrices. The mole ratio of Si:AI was kept at 1.84:1. The fly ash 
glass was ground and then mixed with NaOH solution. The products were characterized by FTIR 
technique to study the polymerization of the gel. The presence of calcium composite gel was 
determined by the difference in FTIR pattern before and after acid leaching which is specific for 
calcium composite gel. The compressive strength of geopolymer was investigated to study the 
contribution of these gels to strength. The percentage of C-S-H gel and N-A-S-H gel formed were 
determined and correlated with the compressive strength of geopolymer. It was found that the type of 
glass and the source of calcium have effect on geopolymer product formation. The geopolymer made 
from low calcium fly ash and external calcium has higher compressive strength than the one made 
from high calcium fly ash. This can be due to the leaching of the glass as the leaching result shows that 
low calcium glass can provide more Si and Al content for N-A-S-H and other zeolite formation. As for 
the effect of the source of calcium on the product formation, the FTIR analysis shows that the internal 
calcium in the high calcium glass forms more CSH gel than the external calcium in the low calcium 
glass. This could be because the external calcium might precipitate in high pH solution while the 
internal calcium does not. 

INTRODUCTION 

Geopolymer or inorganic polymer is aluminosilicate framework. The term of geopolymer was 
first applied by Davidovids, 20081. Reaction of geopolymer is called geopolymerization which 
involves a chemical reaction in a highly alkali such as sodium hydroxide, potassium hydroxide and/or 
sodium silicate, potassium silicate solution with aluminosilicate reactive material such as metakaolin, 
fly ash. Under strong alkali solution, aluminosilicate materials are rapidly dissolved to form free 
tetrahedral of Si and Al (Si04 and АЮ4)· In geopolymerization, water gradually splits out and 
tetrahedral of Si and Al are linked alternatively to yield polymeric precursors by sharing all oxygen 
atoms between two tetrahedral units . In term of geopolymer, it was proposed that geopolymer is 
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Effect of External and Internal Calcium in Fly Ash on Geopolymer Formation 

formed by geopolymerization of individual aluminate and silicate spicies1. The major difference 
between geopolymer and Portland cement is the presence of calcium in their structure. Calcium silicate 
hydrate (CSH) is the major product of Portland cement while calcium is not essential in any 
geopolymerization product. Many starting material of geopolymer composed of calcium such as Class 
С fly ash, and furnace slag. 

Class F fly ash is a good candidate for starting material of geopolymer as it can provide alumina 
as well as silica to the geopolymer process. It is composed of 60-80% amorphous phase and some 
crystalline phase such as quartz, mullite, hematite and maghetite2"4. Class С fly ash as it contains 
higher calcium content can provide calcium in addition to silica and alumina to the matrix. The 
dissolved calcium can participate in three processes. First, it can be hold in the matrix inside the 
geopolymer product5. This calcium can interfere with geopolymer process and have effect on the 
property. Second, under strong alkali solution of geopolymer mix, the calcium hydroxide would 
precipitate as it has low solubility in water at high pH. Third, the remaining of calcium can form CSH 
gel when the alkalination induces the cleavage of siloxane link (Si-O-Si) that react with Ca(OH)2 to 
form Ca-Di-siloxonate tobermorite or CSH gel1'6"7. Some researchers found that, calcium in fly ash 
improves mechanical property of geopolymer. It accelerates the hardening process and increases the 
strength8"9. Some groups found that adding Ca(OH)2 to geopolymer mixture can improve mechanical 
property6,10. Notice that this property is the combined property of Ca-geopolymer, CSH gel and 
geopolymer gel. No work has been done to distinguish the ratio of these products. The source of 
calcium might have effect on the formation of these products. External calcium is the calcium that is 
added in to the mix while internal calcium is the intrinsic calcium in the fly ash glass. It is believed that 
the external calcium is more readily available than the internal calcium as the internal calcium inside 
the glassy phases might not dissolve all out at early age. Thus, the system with external calcium would 
have more calcium products than the system with internal calcium. Alonso, Palomo, Yip and Kumar 
found that both internal and external calcium can produce CSH gel, САН and CASH gel9' . 

In this research, the effect of fly ash glass type and the source of calcium on geopolymer 
production formation were studied. The fly ash with external calcium was prepared by synthesizing fly 
ash glass with low calcium and adding Ca(OH)2 to obtain the same Ca(OH)2 content as fly ash with 
high calcium, so called, internal calcium. The fly ash glass was synthesized from the chemicals in 
order to control the chemical composition. The products of geopolymer were characterized by FTIR, 
XRD and salicylic acid with methanol (SAM solution) leaching test. The compressive strength of 
geopolymer was also measured and related with other properties. 

TECHNICAL APPROACH 

Synthesizing fly ash glass 
The fly ash glass was batched by lab grade chemical oxide. The glasses with low and high 

calcium were named SFALC and SFAHC, respectively. The mixture was melted at 1550°C in electric 
furnace. Fly ash glass was ground and sieved under 45 μηι. The chemical composition of fly ash glass 
was determined by XRF technique. The mineralogy of glass was characterized by XRD technique. The 
molecular structure of fly ash glass was characterized by FTIR technique. 

Reactivity Test 
The glass samples were hydrated in 14 M NaOH to determine the reactivity. Initially about 1 g 

of glass was placed in contact with 100 ml of a 35 °C alkaline solution, leading to a glass surface area 
to solution volume (S/V) ratio at the beginning of the test of 100 cm"1. The glass powder was hydrated 
up to 7 days at 35 °C. At the end of the leaching period the samples was filtered and then dried at 
room temperature before measuring the weight difference. The remaining fly ash was determined the 
chemical composition by XRF technique. 

4 ■ Developments in Strategic Materials and Computational Design II 
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Synthesizing geopolymer paste 
The geopolymer paste with internal calcium was prepared by mixing SFAHC with 14 M NaOH 

solution while that of external fly ash was prepared from the mix of SFALC with Ca(OH)2 and 14 M 
NaOH solution. The mole ratio of Si:AI was 1.84:1. Calcium hydroxide 13.2 wt% was added into 
SFALC mixture to maintain the same molar content of Ca2+ in both mixtures. Both were continuously 
stirred for 5 minutes and, casted in cylindrical mold (30 mm in diameter and 60 mm in height). They 
were cured at 60°C for 2 hours. The hardened paste was demolded and kept at 36°C until the test age. 
The compressive strength of these specimens was tested at the age of 3, 7 and 28 days. The tested 
samples were ground and characterized by FTIR, XRD and SAM solution leaching. 

Salicylic acid with methanol (SAM solution) leaching test 
This test was first introduced by Takashima who used this technique to dissolve alite and belite in 

Portland cement. The solution of salicylic acid with methanol was prepared from 7 grams of salicylic 
acid and 40 ml of methanol. It was used to dissolve calcium bearing phase in geopolymer paste and 
report as the percentage of mass dissolved13. 

This leaching test was modified to study product of geopolymer pastes made from fly ash with 
high and low calcium content (GHC-internal and GLC-external in shorthand). The geopolymer pastes 
were ground and stirred for 3 hours. Then, it was filtered and dried at 100°C. Part of insoluble residue 
of geopolymer pastes after SAM solution leaching was characterized by XRF, FTIR and XRD to 
determine the product formed in geopolymer pastes. The soluble part was used to study the percentage 
of mass dissolved including calcium compound and new phases of GHC-internal and GLC-external by 
weight loss. 

FTIR technique 
Fourier transform infrared spectroscopy was chosen to study the gel products of geopolymer. 

FTIR was obtained from PerkinElmer instrument. The specimen was prepared by 0.001 mg of sample 
in 0.04 mg of KBr. Spectra analysis was performed over the range 4,000-400 cm"1 at the resolution of 
4 cm"1. 

Steps to determine the product of geopolymer are as follows. 
1. Synthetic fly ash glass was characterized by FTIR. 
2. GHC-internal and GLC-external were characterized by FTIR and subtracted with FTIR spectra of 
fly ash glass. The possible products found in resultant FTIR spectra are calcium silicate hydrate gel 
(CSH gel), calcium aluminate silicate hydrate gel (CASH gel), geopolymer gel (NASH gel) and 
Zeolite as shown in Eq.(l) 

Geopolymer Pastes - Unreacted Fly Ash Glass = CSH gel + CASH gel + NASH gel + Zeolite (1) 

3. Insoluble residue of GHC-internal and GLC-external after SAM solution leaching was characterized 
by FTIR. They were subtracted with FTIR spectra of their fly ash glass. The possible products found 
from FTIR spectra are NASH gel and Zeolite as shown in Eq. (2) 

Insoluble Residue after SAM SoP - Unreacted Fly Ash Glass = NASH gel + Zeoliite (2) 

Developments in Strategic Materials and Computational Design 1 1 - 5 
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4. FTIR spectra of CSH gel and CASH gel was obtained by subtracting FTIR spectra obtained from 
Eq. (1) and Eq. (2) as shown Eq. (3). 

CSH gel + CASH gel = (CSH gel + CASH gel + NASH gel + Zeolite) - (NASH gel + Zeolite) (3) 

XRD technique 
The XRD pattern was obtained using Thermo-Fisher X-TRA with CuK radiation. Specimens were 
scanned at 2Θ from 5° to 80° as 0.02° step side at the rate of 2 sec per step. This data was used to 
provide fundamental information of GHC-internal, GLC-external and insoluble residue of GHC-
internal and GLC-external after SAM solution leaching at the age of 28 days. 

RESULT AND DISCUSSION 

Properties of Glass 
Fly ash glass was synthesized in order to control the glass composition in fly ash, particle size 

distribution and avoid inert particle of mineral phases. The chemical composition of glass was 
analyzed by XRF as shown in Table 1. The high calcium Class F fly ash (SFAHC) has Si02 + A1203 + 
Fe203 of 82.72% and CaO of 14.35%. The low calcium Class F fly ash (SFALC) has Si02 + A1203 + 
Fe203 of 92.55% and CaO of 4.04%. They are considered to be Class F fly ash as described by ASTM 
C61814. Particle size distributions of synthetic fly ashes (SFAHC and SFALC) are shown in Fig.l. 
SFAHC and SFALC were ground and sieved to pass 45 urn sieve. Geopolymer prepared from fine fly 
ash and strong alkali solution is expected to have high performance. Fig. 2 presents XRD pattern of 
SFALC and SFAHC, respectively. There are amorphous silica peaks around 20 to 30° at 2Θ. There is 
no evidence of crystalline phase. FTIR spectra of SFAHC and SFALC glasses are shown in Fig. 3. The 
major broad peak of SFALC at 1074 cm"1 is associated with Si-0 asymmetric stretching vibration Q3 
units. The main spectra peak of SFAHC shifts to lower wavenumber at around 970 cm"1, typical of Si-
OQ2 units15. 

Table 1 The chemical composition of low and high calcium fly ash glass 

ID 

SFAHC 

SFALC 

A1203 

22.98 

25.87 

CaO 

14.35 

4.04 

Fe203 

12.30 

13.70 

K20 

1.65 

1.84 

MgO 

0.626 

0.70 

Na20 

0.544 

0.732 

Si02 

47.44 

52.98 
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100 

0.1 1 10 100 
particle size (micron) 

Figure 1 Particle size distribution of SFALC and SFAHC 

1000 

Figure 2 XRD patterns of SFAHC and SFALC 
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400 800 1200 1600 2000 2400 2800 3200 3600 4000 
wavenumber (cm-1) 

Figure 3 FTIR of synthetic fly ash glasses; SFAHC and SFALC 

Reactivity of Fly Ash 

The chemical analysis of the hydrated fly ash glass is shown in Table 2 below. The result 
shows that there is high percentage of Na in the solid part which was not present in the initial fly ash 
glass. This suggests that the sodium product was formed. The XRD patterns of both hydrated glasses 
indicate the presence of Na2C03. Since sodium was not present in initial glass, all of the sodium 
content in the composition of hydrated glass can be removed. By subtracting the percentage of Na20 
out, the remaining is the composition of the hydrated glass. As Si is the main network component of 
the glass, the percentage of Si removal from glass is used as a measure of fly ash reactivity. The result 
is shown in Table 2. SFAHC glass is 14.4% reactive while SFALC glass is 28.7 % reactive. 

Table 2 Normalized composition of SFAHC and SFALC without Na and the percentage of Si removal 

ID 

SFAHC-N 

SFALC-N 

AI2O3 

16.57 

18.38 

CaO 

20.80 

8.00 

Fe203 

19.63 

31.58 

K2O 

1.72 

2.69 

MgO 

0.86 

1.58 

Na20 

0 

0 

Si02 

40.42 

37.77 

%Si 
removal 

14.4 

28.7 
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FTIR analysis 

500 1500 

wavenumber (cm-1) 

GHC-internal 

28 days 
14 days 
7 days 

3 days 

1 day 

OH of Ca(OH)2 

(a) 

2000 3000 3500 4000 

wavenumber (cm-1) 

GLC-external 

; Si-O in Q2 units 
;С03 group 

500 

OH ofCa(OH)2 

1500 

wavenumber (cm-1) 

3000 3500 4000 

wavenumber (cm-1) 

(b) 
Figure 4 FTIR spectrum of geopolymer pastes after subtract by FTIR spectra of fly ash glass 

(a) GHC-internal and (b) GLC-external 

FTIR spectra of GHC-internal and GLC-external with time are shown in Fig. 5 (a) and Fig. 5 (b), 
respectively. In this research, 14.4% of SFAHC and 28.7% of SFALC are reactive. Thus 85.6% of 
SFAHC and 71.3% of SFALC in fly ash spectra intensity was used to subtract to geopolymer paste 
spectra in order to remove the unreacted fly ash glass spectra from the geopolymer spectra. After 
subtracted by FTIR of unreacted fly ash glass, the remaining FTIR spectra is the spectra of geopolymer 
products i.e. CSH gel, CASH gel, NASH gel and Zeolite. 

The spectrum shows a main narrow band at around 966 cm"1 at the early age (1 day) as a result of 
Al effect which changes Si-O-Si into Si-O-Al linkage. It causes the broadening of the band around 970 
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increasing Si leached out of fly ash, typical of the Si-0 asymmetric stretching vibration generated by 
Q2 units . There is also sharp peak at 3640 cm"1 in GLC-external, corresponding to Ca(OH)2, which 
came from both calcium in CSH product and crystalline Ca(OH)2. So CH peak cannot be used to 
support the formation of the CSH gel. The narrow band is also visible at around 1400 - 1450 cm"1, 
typical of СОз group is attributed to CaC03 or Na2C03 from reaction between Ca(0H)2 or Na20 and 
CO2 in the atmosphere7. 

GHC-internal 

. Si-O Q3 units 

GLC-e*ternal 

28 days 
14 days 

7 days 
3 days 

1 day 

C03
2" group C 0 3 " group 

500 1000 

wave 1 

1500 2000 500 1000 

(a) 

GHC-internal GLC-external 

28 days 

14 days 

1500 

(cm-1) 

2000 

3000 3500 4000 

wavenumber (cm-1) 
(b) 

3000 3500 4000 

wavenumber (cm-1) 

Figure 5 FTIR spectra of insoluble residue of geopolymer after SAM solution leaching and 
subtracted by FTIR spectra of fly ash glass 
(a) GHC-internal and GLC-external at low wavenumber (400 - 2000 cm"1) 
(b) GHC-internal and GLC-external at high wavenumber (3000 - 4000 cm"1) 

Fig. 5 (a) and Fig. 5 (b) show FTIR spectra of insoluble residue of GHC-internal and GLC-
external after SAM solution leaching and subtracted by FTIR spectra of 85.6% and 71.3% of fly ash 
glass at low wavenumber (400 - 2000 cm"1) and high wavenumber (3000-4000 cm"1), respectively. 
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In our work, it was found that SAM solution can dissolve Ca-compound such as CSH gel, CASH 
gel, Ca(OH)2 and some Na compound such as remaining NaOH and Na2C03. This procedure is based 
on the formation of a soluble calcium complex with Ca in CSH gel CASH gel and Ca(OH)2. СаСОз 
cannot be dissolved by SAM solution due to its less solubility in water. It is extremely stable as a solid 
and water doesn't have sufficient solvating capability to cause the ions to separate and come into 
solution. In addition, both NASH gel and Zeolite is complex structures, SAM solution cannot attack 
their structure. Consequently, the resultant FTIR spectra of insoluble residue of geopolymer after SAM 
solution leaching and subtracted by FTIR spectra of fly ash glass could be the spectra of NASH gel and 
Zeolite. 

There is a broad band appearing in high wavenumber at around 1000 cm"1, indicating Si-O-Si 
stretching vibrations of geopolymerization17. It is possible be NASH gel occurring in the geopolymer. 
The intensity of the major peak (around 1000 cm"1) slightly increased as the curing age increased. At 
28 days, GLC-external has higher intensity at 1000 cm"1 than GHC-internal due to high Si and Al 
content in SFALC. As such, the GLC-external could produce more NASH gel than GHC-internal. 
There is the band characteristic of carbonate group at around 1450 cm"1. It was supposed to be СаСОз 
from reaction between Ca(OH)2 and C02 in atmosphere which cannot be dissolve by SAM solution 
due to low solubility properly. 

In addition, Fig.6 presents XRD pattern of GHC-internal, GLC-external and insoluble residue of 
GHC-internal and GLC-external after SAM solution leaching at the age of 28 days. Crystalline phase 
of Zeolite was found in both XRD pattern of geopolymer pastes and XRD pattern of insoluble residue 
geopolymer paste after SAM solution leaching in form Na2O.Al203.1.7Si02.1.7H20. Zeolite is 
alumino-silicate mineral which possibly came from the amorphous geopolymeric products when the 
reaction condition is suitable18. It should be noted that SAM solution can not dissolve NASH gel and 
Zeolite due to both the structure of NASH gel and Zeolite have Si-0 in Q3 units (tetrahedral). 

N = Sodalite S = Laumontite P = Portlandite M = Periclase 
С = Sodium Silicate A = Aluminum Hydroxide 

Figure 6 XRD pattern of GHC-internal, GLC-external and insoluble residue of GHC-internal and 
GLC-external after SAM solution leaching 
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Figures 7 FTIR spectra resulting from subtracting the spectra in Figure 5 from Figure 4 
(a) GHC-internal and GLC-external at low wavenumber (400 - 2000 cm"1) 
(b) GHC-internal and GLC-external at high wavenumber (3000 - 4000 cm"1) 

Fig. 7 shows the FTIR spectra resulting from subtracting the spectra insoluble residue (Figure 5) 
from geopolymer (Figure 4). The resultant FTIR spectra in this part are the spectra of CSH gel and 
CASH gel. 

The major peak of this part is shift to lower wavenumber at around 970 cm"1, corresponding to 
the Si-0 asymmetric stretching bands in Q2 units, typical of CSH gel15. Both GHC-internal and GLC-
external have peak of at 970 cm"1 at the early age to 28 days. At the early age, GHC-internal has higher 
intensity at 970 cm'1 than GLC-external. This could be because SFAHC released Si and Ca more 
rapidly to form CSH gel at the early age while SFALC released Si slowly to react with the external 
calcium that was readily available outside the glass. Some external calcium might precipitate as 
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evidenced from Ca(OH)2 band in its FTIR spectra. At the age of 28 days, GHC-internal has higher 
intensity at 970 cm"1 than GLC-external because high Ca content in glass could produce more CSH gel 
or CASH gel than GLC-external sample that Ca was added in the mix. It was also found peak at 
around 3640 cm"1 which attributed to Ca(OH)2 from both CSH gel and crystalline Ca(OH)2. It supports 
the presence of CSH gel in both samples. In addition, the peak at 1450 cm"1 corresponds to carbonate 
group (СОз) which could be Na2C03- This sodium salt can be dissolved by SAM as it has weak ionic 
bond and high solubility in water. SAM solution cannot dissolve СаСОз as it has stronger bond and is 
more stable as solid phase. Thus, SAM solution can dissolve calcium compound including CSH gel, 
CASH gel and Ca(OH)2 and sodium compounds including sodium silicate and Na2C03. 

In summary, the products of GHC-internal and GLC-external can be determined by FTIR spectra. 
NASH gel and Zeolite were found by FTIR spectra of insoluble residue of geopolymer after SAM 
solution. By measuring the intensity of major peak at around 1000 cm"1 which is the sign of NASH gel 
and Zeolite, GLC-external has higher NASH gel than GHC-internal. This can be because SFALC has 
high Si and Al content for the formation of NASH and Zeolite. The CSH gel and CASH gel can be 
determined from FTIR spectra of the part of gel dissolve by SAM solution. The relative amount of 
CSH and CASH gel is determined from the intensity of major peak at around 970 cm"1. It was found 
that GHC-internal has higher CSH gel or CASH gel than GLC-external due to the high calcium content 
in SFAHC. 

Analysis of C-S-H, C-A-S-H gel by SAM solution 

Figure 8 Percentage of mass dissolved by SAM solution (a) Percentage of mass dissolved, (b) 
Percentage of calcium compound 

The percentage of mass dissolved by SAM solution of GHC-internal and GLC-external 
geopolymer are shown in Fig. 8(a). The percentage of mass dissolved in both GHC-internal and GLC-
external is around 50-60%. The analysis of mass dissolved by SAM solution was intended to determine 
the CSH and CASH gel content in the geopolymer pastes. To determine the major elements in the 
product dissolved from the matrix, the soluble part was analyzed by XRF. High percentage of Na20 
around 45 to 60% was found in soluble part. Thus the percentage of mass dissolved by SAM solution 
cannot be used to determine CSH and CASH gel. To confirm that NASH gel cannot be dissolved by 
SAM solution, the synthetic NASH gel was prepared by sol-gel method by mixing 1 M of 
Al((NO)3)3.9H20 for aluminum with 1 M of sodium metasilicate for sodium and silica. Aluminum 
nitrate was dissolved in water and slowly added into sodium silicate solution. NASH gel was 
characterized by FTIR and measured the mass loss after SAM solution leaching. It was found that 
NASH gel and Zeolite cannot be dissolved by SAM solution. Insoluble residue of NASH gel after 
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SAM solution leaching was also characterized by FTIR and found both FTIR spectra of NASH gel and 
insoluble residue of NASH gel after SAM solution present Si-0 Q3 units, typical geopolymer or 
Zeolite form. Thus, the Na compound that was dissolved out can be the remaining NaOH and Na2CCb 
or the new Na phase formed in the reaction. It also shows that not all Na participates in 
geopolymerization of NASH gel. The percentage of Na was subtracted by percentage of mass 
dissolved to obtain the percentage of Ca compound as shown in Fig. 9(b). There are small amount of 
Ca compound dissolved. It was found that the dissolved calcium from GHC-internal is higher than that 
of GLC-external. It cannot be concluded from this result that GHC-internal has higher CSH gel as the 
Ca(OH)2 can be dissolved by SAM solution also. 

Compressive Strength 

1 2000 

a 1000 
E 

-GLC-external 

-GHC-internal 

14 21 

curing age (days) 

35 

Figure 9 Compressive strength of GHC-internal and GLC-external 

Fig. 9 shows the compressive strength of GHC-internal and GLC-external. The data of 
compressive strength was correlated with intensity of FTIR spectra products of GHC-internal and 
GLC-external as shown in Fig. 5 and Fig.7. The compressive strength of GLC-external is higher than 
that of GHC-internal. According to FTIR of GLC-external, it has higher intensity of NASH product 
than GHC-internal while GHC-internal has higher intensity of CSH gel. It could be because this Class 
F fly ash with low calcium (SFALC) released more silica and alumina to produce NASH gel than that 
of GHC-internal as shown in FTIR spectra (Fig.5 (a)). Theoretically, this SFALC fly ash should 
dissolve Si, Al slowly as this glass contains high Si and Al which are network former of the glass. 
However, it is evidently shown that the geopolymer made from SFALC fly ash has higher strength and 
higher intensity of NASH gel. This shows that it can release more Si and Al for geopolymer reaction. 
The additional strength at the early age could be the contribution from CSH gel which was formed 
from the reaction between dissolved silica and external calcium. Its compressive strength then 
increased at later age as the geopolymer reaction continued to proceed. The compressive strength of 
GHC-internal was lower than that of GLC-external at all ages although it has higher intensity of CSH 
gel and CASH gel. This can be because it has lower Si and Al content to form NASH gel. GHC-
internal which has calcium in fly ash glass can form CSH gel and NASH gel, simultaneously as 
evidenced by CSH gel and NASH gel in FTIR spectra at early age. 
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SUMMARY 
FTIR was used together with XRD and SAM leaching to identify the product of geopolymer i.e. 

CSH gel, CASH gel, NASH gel and Zeolite. Both of GHC-internal and GLC-external have CSH gel 
CASH gel, NASH gel and Zeolite. Both glass type and calcium source have the effect on geopolymer 
product formation. The low calcium fly ash (GLC-external) has higher Si removal percentage in alkali 
solution than the high calcium fly ash (GHC-internal). This dissolved silica can react with Na or Ca 
that are available in the solution to form NASH or CSH gel respectively. The geopolymer made of 
GLC-external has higher strength than the one made of GHC-internal. This is because its glass has 
higher silica and alumina that can release out to form NASH gel. It is not because of CSH gel as the 
FTIR analysis shows that GLC-external system has lower intensity of CSH gel than GHC-internal even 
though it has calcium added to the system. The added calcium might precipitate in this high pH 
solution and does not form CSH gel. In GHC-internal sample, its internal calcium was more readily 
available to react with silica. Thus, the dissolved silica was consumed by this calcium to form CSH 
gel. This indicates that the presence or location of calcium designates the formation of CSH gel in 
geopolymer. In conclusion, both glass components and the source of calcium has an effect on the 
formation of geopolymer products in which the low calcium (high Si and Al) glass has higher Si 
removal percentage than the high calcium (low Si and Al) glass and the internal calcium can react with 
dissolved Si to form more C-S-H gel than external calcium. 
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ABSTRACT 
This work concerns the use of fly ash (coming from the power station at Megalopolis, Greece), as 

raw material for the synthesis of inorganic polymers and it is part of a research project concerning the 
exploitation of Greek minerals and by-products in geopolymer technology. Taguchi experimental 
designing model was applied in order to study the synergetic effect of selected synthesis parameters on 
the compressive strength development of fly ash based geopolymers. The experimental design 
involved the variation of three control factors in three levels. The selected factors and the 
corresponding level range were: i) the alkali to aluminum ratio in the starting mixture, 0.8<R/A1<1.2, 
ii) thejcind of alkali ion, 0<Na/(Na+K)<1.0 and iii) the concentration of silicon in the activation 
solution, 1.0< [Si]/R2O^2.0. The above design procedure led to the conduction of 9 experiments. The 
compressive strength of geopolymers was measured and the final products were also examined by 
means of XRD. In addition, the thermal behavior of geopolymer pastes and mortars was evaluated on 
the basis of dimensional, mass and compressive strength changes after thermal treatment at 
temperature up to 800°C. 

As it is concluded, the optimal synthesis conditions were R/A1=1.0, Na/(Na+K)=1.0 and 
[Si]/R2O=1.0, while the factor having the highest impact on the development of compressive strength 
was the [Si]/R20 ratio. The samples experienced significant strength loss after thermal treatment at 
600°C, while at higher temperature, the initially amorphous structure was replaced by nepheline and 
gehlenite 

INTRODUCTION 
The need for construction materials that possess improved fire-resisting properties led professor 

Joseph Davidovits to the synthesis of new materials which he named geopolymers1. 
Geopolymerisation concerns the reaction of an aluminosilicate mineral and a silicate solution in a 
highly alkaline environment. The synthesis and chemical composition of geopolymers are similar to 
those of zeolites, but their microstructure is amorphous to semi-crystalline2. Theoretically, any 
aluminosilicate material can undergo geopolymerisation under certain circumstances. Previous works 
have reported the formation of geopolymers from natural minerals 2"5, calcined clays 6'7, industrial by-
products 8"n or a combination of them 12"16. 

The formation of geopolymers involves a chemical reaction between an aluminosilicate material 
and sodium silicate solution in a highly alkaline environment. The exact mechanism of this reaction is 
not yet fully understood, but it is believed to be a surface reaction consisting of four main stages: (1) 
the dissolution of solid reactants in an alkaline solution releasing Si and Al atoms, (2) the diffusion of 
the dissolved species through the solution, (3) the polycondensation of the Al and Si complexes with 
the added silicate solution and the formation of a gel and (4) the hardening of the gel that results to the 
final polymeric product. Stages (2) to (4) cannot be monitored since the procedures cannot be stopped 
and the products cannot be isolated. Any parameter that can affect any of the above mentioned stages 
can also affect the properties of the synthesized geopolymers. Many researchers studied the parameters 
affecting the synthesis and properties of the final products 51718. 

Factors, such as the curing conditions and the ratios of starting materials, strongly affect the 
structure and strength development of geopolymers 1 "̂ 1. Both the curing temperature and the curing 
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time are considered to influence the properties of the produced geopolymers since the synthesis of 
geopolymers depends on the temperature of polycondensation and the time that the formatted gel 
remains in this temperature. In low temperatures amorphous or glassy structures are formed resulting 
in poor chemical properties. Temperatures from 35°C to 85°C lead to the formation of amorphous to 
semi-crystalline structures that possess good physical, thermal and mechanical properties while curing 
in temperatures higher than 100°C results to semi-crystalline structures that have excellent properties 
22,23. The effect of the concentration of silicon in the alkali activating solution has been investigated on 
systems based both on fly-ash 24 and metakaolin 6'25 as solid aluminosilicate sources. In addition, the 
kind of the alkali cation is also found to affect the reactivity of the raw material and the incorporation 
of Al in the geopolymeric matrix 26. Usually, the effect of synthesis parameters is studied by changing 
one factor at a time. However geopolymerization is a complicated and dynamic process and the 
synthesis parameters seem to have a combinational effect. In this work the Taguchi experimental 
designing model was applied in order to study the synergetic effect of selected synthesis parameters on 
the strength development of fly ash based geopolymers. 

Due to their ceramic-like properties, geopolymers are believed to possess good resistance to 
elevated temperatures. Published research in fly ash- based geopolymer in the area of fire resistance 
and exposure to elevated temperatures is of great interest and quality, but it is limited and there is a 
disagreement in many cases 2 '28. 

The objective of this work is, by using a geopolymer synthesis that possess good mechanical 
properties in room temperatures, to examine its behaviour to elevated temperatures as well as to assess 
the effect of the addition of sand on the thermal stability of the synthesised geopolymer- aggregate 
composites. The raw material used for the conduction of the experimental is fly ash. The development 
of fly ash based geopolymers can contribute to the exploitation of fly ash and its transformation into 
high added value product. Besides, it is believed that geopolymer binders can in general deliver 80% 
or greater reduction in CO2 emission and consume 60% less energy, compared to OPC 17,29'30, 

EXPERIMENTAL 
Fly ash used for geopolymer synthesis comes from the power station at Megalopolis, Greece and 

its chemical composition is presented in Table I. This material consists mainly of quartz (Si02) and 
feldspars (NaAlSi308) while cristobalite, anhydrite, ghelenite and maghemite are found in smaller 
quantities. Fly ash was previously ground and its mean particle size (d5o) was approximately 22 μπι. 
This is a typical fineness of fly ash when used in construction technology (as main constituent in 
blended cements). 

Table I. Chemical composition of fly ash (% w/w) 
Si02 
54.18 

AI2O3 
15.92 

Fe203 
7.94 

CaO 
7.08 

MgO 
6.08 

K2O 
0.94 

Na20 
2.26 

S03 
0.64 

L.O.I. 
1.93 

The implementation of the Taguchi experimental designing model allows the investigation of the 
synergetic effect of the selected parameters, conducting the minimum number of experiments. The 
factors selected to be investigated were those determined by previous study31 as the most influential on 
the development of the compressive strength of geopolymers, namely the molar ratios R/Al, 
Na/(Na+K) and the Si content of the activation solution [Si]/R20 (R: Na or K). The experimental 
design involved their variation in three levels, while their variation extent was selected according to 
physical and chemical restrictions. The variation levels of the selected parameters are presented in 
Table II. 

18 · Developments in Strategic Materials and Computational Design II 



Synthesis and Thermal Properties of Fly-Ash Based Geopolymer Pastes and Mortars 

Table II. Investigated parameters and variation levels 
Parameters 

Alkali to aluminum ratio (R/Al) 
Alkali kind Na/(Na+K) 

Content of soluble silica into sol gel [Si]/R20 

Level 1 
0.8 
0.0 
1.0 

Level 2 
1.0 
0.5 
1.5 

Level 3 
1.2 
1.0 
2.0 

The geopolymer samples were prepared using an aqueous activation solution containing sodium 
and/or potassium hydroxide and commercial water silica solution (50% w/w). The activation solutions 
were stored for a minimum of 24 h prior to use, to allow equilibrium. The raw material and the 
activation solution were mechanically mixed to form homogenous slurry which was transferred to 
cubic moulds and mildly vibrated. In all mixtures the ratio msoiids/miiqUids was kept to 2.5. The 
specimens were left for 2 h at ambient temperature before they were cured at 70°C for 48 h. These 
curing conditions were found to be optimal in a previous work 32. Their compressive strength was 
measured after 7 days and their structure was examined using XRD. 

The second part of the experimental concerns the thermal stability of geopolymer pastes and 
geopolymer/aggregate composites. The synthesis conditions were those defined as optimal in the first 
part of this work. The sand used for the synthesis of the composites was calcareous sand of domestic 
origin. The specimens were subjected to temperatures of up to 800°C at a gradual incremental rate of 
approximately 3°C/min from room temperature. As soon as the target temperature was attained, the 
specimens were left for an additional 2 h before the furnace was shut down to allow the specimens in 
the furnace to cool down to room temperature. In the meantime, a set of the reference specimens were 
left undisturbed at room temperature for comparative study. After the thermal treatment, the mass and 
volume changes were recorded and the compressive strength of the specimens was measured. The 
ultrasonic pulse velocity test (apparatus: 58-E48, Controls Testing Equipments Ltd) was used as a 
measure of internal soundness of the samples. The measurements were carried out before and after 
each thermal treatment. Mass, volume, strength and ultrasonic pulse velocity measurement, presented 
in this work, are the average of three specimens. 

The structural changes were investigated by means of XRD. X-ray powder diffraction patterns 
were obtained using a Siemens D-5000 diffractometer, CuKai radiation (λ= 1.5405Ä), operating at 
40kV, 30mA. 

RESULTS AND DISCUSSION 
Optimization of synthesis conditions 

Table III shows the synthesis parameters as defined by Taguchi model and the compressive 
strength of the corresponding geopolymers. 

Table III. Synthesis conditions and compressive strength of geopolymers 

Experiments 

Experiment 1 
Experiment 2 
Experiment 3 
Experiment 4 
Experiment 5 
Experiment 6 
Experiment 7 
Experiment 8 
Experiment 9 

R/Al 

0.8 
0.8 
0.8 
1.0 
1.0 
.1.0 
1.2 
1.2 
1.2 

Na/(Na+K) 

0.0 
0.5 
1.0 
0.0 
0.5 
1.0 
0.0 
0.5 
1.0 

[Si]/R20 

1.0 
1.5 
2.0 
1.5 
2.0 
1.0 
2.0 
1.0 
1.5 

Compressive 
strength (MPa) 

34.0 
39.5 
37.4 
33.7 
32.8 
58.7 
28.0 
46.3 
45.1 
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The impact of each factor on the development of compressive strength was defined through the 
Taguchi mathematical processing and is presented in Table IV. The effect of each parameter on the 
development of compressive strength is presented in Figure 1. 

Table IV: Contribution of the studied parameters to the development of the 
Parameter 

Contribution (%) 
R/Al 
6.3 

Na/(Na+K) 
58.7 

[Si]/R2Q 
compressive strength 

35.0 

The parameter that seems to have the greatest impact on the development of the compressive 
strength is the kind of alkali ion. As it can be seen, Na-geopolymers possess better properties than 
those containing К or a mixture of К and Na. The second important parameter is the silicon content in 
the alkaline solution. The optimal value of this parameter is 1 and any further increase up to 2 induces 
a negative effect on the geopolymers' compressive strength. The R/Al ratio seems to have a marginal 
effect on the mechanical properties of the specimens. Nevertheless, the increase of the R/Al ratio from 
0.8 to 1.0 improves the compressive strength of geopolymers. Further increase of the R/Al ratio has a 
negative effect on the development of the compressive strength. The optimum synthesis conditions for 
this type of fly ash, as it arises by the Taguchi mathematical processing and can be seen in Figure 1 is: 
R/A1=1, [Si]/R20=l andNa/(Na+K)=l. 

R/Al Na/(Na+K) fSil/R20 

1.2 0 0.5 1.0 

parameters level 

1.0 1.5 2.0 

Figure 1. Effect of the studied parameters on the development of the compressive strength 

Geopolymerization involves mainly two simultaneous reactions: the Si and Al dissolution from the 
raw material and the reorganization of these species into a three-dimensional amorphous network 33. 
All parameters that affect these two reactions also affect the properties of the final product. The role of 
the alkalis during the synthesis is dual: they provoke the dissolution of Si and Al species from the raw 
material and they also participate in the formation of the aluminosilicate network playing a charge-
balancing role. In the case of this type of fly ash, which has elevated calcium content, besides the Na 
and/or К species, Ca also moves into the solution, complicating the geopolymerization process. 
Calcium can react with the silicate or the aluminate species, participating in the formation of either the 
geopolymeric network or the C-S-H phases (as in the case of slag) . As it is concluded by the study of 
the leaching behavior of fly ash, the increase of alkalinity does not induce an increase of the leaching 
ability of fly ash 32. This is probably the reason that the R/Al ratio has only a limited effect on fly ash 
geopolymerisation. 

20 ■ Developments in Strategic Materials and Computational Design II 



Synthesis and Thermal Properties of Fly-Ash Based Geopolymer Pastes and Mortars 

The presence of sodium instead of potassium leads to the formation of geopolymers with higher 
compressive strength. The type of alkali ion is connected to the extent of dissolution as well as the 
polycondensation of the geopolymeric gel. The leaching behaviour of fly ash is not affected by the 
kind of alkali, therefore the observed effect of alkali ion is rather connected with the polycondensation 
process 32. According to our experience, the effect of alkali ion is strongly related to the kind of fly ash 
and especially its chemical composition. 

As it was concluded by previous studies, the presence of an adequate amount of initially dissolved 
silica is crucial for the development of the compressive strength of geopolymers. The absence or 
limited presence of dissolved silica seems to favor the appearance of zeolites within the geopolymers 
matrix while the presence of excess silica inhibits the dissolution of the raw material 19. In this study, 
in order to avoid the appearance of zeolitic phases due to low silicon content, the [Si]/R20 ratio varies 
from 1.0 to 2.0. The absence of zeolitic phases in all geopolymer samples can be confirmed by the 
XRD patterns. As it can be seen in Figure 1, increase of the initially dissolved silica leads to a decrease 
of their compressive strength. The presence of high amounts of initially dissolved silica leads to 
almost saturated solutions, inhibiting further dissolution of Si and Al from the raw material. In this 
case, the dissolution reaction of fly ash shifts to the left, leaving unreacted material and affecting the 
microstructure of the geopolymers as it was also confirmed in our previous studies 19. 

The XRD patterns of geopolymers do not indicate significant differences, as far as their mineral 
composition is concerned. The XRD patterns of Na-geopolymers are presented in Figure 2. As it is 
seen, the increase of Na content in the activation solution (experiment 9) leads to the formation of 
natrite. 

Figure 2: XRD patterns of Na-geopolymer pastes synthesised 
(1: quartz, 2: gehlenite, 3: cristobalite, 4: calcite, 5: maghemite, 6: feldspars, 7: natrite, 8: anhydrite, 

9: lime) 

As it can be seen in Figure 2 the geopolymer matrix of all geopolymers contain only some of the 
crystalline phases of the raw material: quartz, feldspars, cristobalite, ghelenite and maghemite. The Ca-
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containing phases of lime and anhydrite of the fly ash pattern disappear in the case of geopolymers, 
accompanied by the appearance of the new phase of calcite. The peaks attributed to calcite are more 
obvious and better crystallined in the case of K-geopolymers, while in Na-geopolymers only traces of 
calcite can be detected. 

Thermal behavior of fly ash based geopolymers 
A visual assessment of the thermally treated samples was performed. All geopolymer specimens 

either pastes or mortars showed a significant change of color from black to dark grey and finally light 
brown. As temperature increased to more than 400°C, macro cracks were observed on the specimens' 
surface. However, the initial cracking temperature seems to be related to the presence of the sand as 
follows: over 600°C for geopolymer pastes and 400°C for sand to fly ash ratios equal to 1.0. In the 
case of geopolymer mortars, the initial cracking temperature is decreased as a result of thermal 
incompatibility between the geopolymer matrix and the sand. 

Figure 3 presents the % mass loss of geopolymer pastes and mortars after their thermal treatment. 
As it can be seen, all geopolymer samples either pastes or mortars experienced considerable mass loss 
as temperature increases. Geopolymer pastes showed a sharp mass reduction of 25% at 300°C. Above 
300°C and up to 600°C, mass loss continued to increase in a slower rate, while above this temperature 
the mass almost stabilized. The geopolymer mortars exhibit a similar behaviour up to 600°C, with 
lower values of mass loss, due to the lower content of geopolymeric matrix. Unlike geopolymer 
pastes, the geopolymer mortar specimens exhibit a rapid mass decline above 600°C, because of the 
starting dissociation of limestone. It must be noted that at 800°C the mass loss is the same for both 
pastes and mortars as the lower mass loss of geopolymeric matrix is counter balanced with the mass 
loss of aggregates. 

200 400 600 
Temperature (°C) 

-pastes —A-

800 1000 

-mortars 
Figure 3. % Mass loss of specimens in relation to the exposure temperature. 

Figure 4 presents the average volume reduction of geopolymer specimens in relation to the 
temperature of thermal treatment. Unlike the mass loss that is almost stabilized above 400°C, the 
shrinkage of the geopolymer specimens continues to increase, reaching an almost 20% of volume 
reduction at 800°C. There is a similar trend in the geopolymer mortar specimens but the shrinkage 
level is significally lower (approximately 7% volume reduction at 800 °C). 
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200 400 600 
Temperature (°C) 

— · — pastes —±- mortars 

800 1000 

Figure 4. Volume reduction of specimens in relation to the exposure temperature 

Figure 5 presents the compressive strength of the geopolymer pastes and geopolymer mortars after 
their thermal treatment. As it can be seen, the incorporation of aggregates lowers the initial 
compressive strength of geopolymers. The exposure of the mortars to elevated temperatures results to a 
continuous decrease of their compressive strength. The pastes retain 94% and 65% of their initial 
strength after thermal treatment at 200 and 500°C, respectively, but at higher temperature a rapid 
decline of the pastes' compressive strength is observed, leading to the total collapse of their structure at 
800°C. It must be noted that mortar specimens at this temperature retain their cohesiveness. 
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Figure 5. Compressive strength of specimens in relation to the exposure temperature 
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The ultrasonic pulse velocity was measured before and after each thermal treatment. The decrease 
of the ultrasonic pulse velocity indicates the formation of microcracks in the interior of the specimens. 
Figure 6 shows the ultrasonic pulse velocity of the specimens, in relation to the temperature of thermal 
treatment. The observed changes are in accordance with the mass loss and the strength measurements. 
The pastes showed a sharp decrease of ultrasonic pulse velocity up to 300°C, while the mortars exhibit 
a continuous decrease through the whole temperature range. 

Figure 6. Ultrasonic pulse velocity in relation to the exposure temperature 

Figures 7 and 8 present the XRD patterns of geopolymer pastes and geopolymer mortars, 
respectively, before and after their thermal exposure to 200°C, 400°C, 600°C and 800°C. 

As it can be seen from Figure 7, the thermal treatment of pastes up to 600°C does not cause any 
significant changes as far as the mineral composition is concerned. The only observed difference is the 
gradual reduction of the hump between 20 and 35° which is attributed to the amorphous 
aluminosilicate product of the geopolymerization. The specimen treated at 800°C contains more 
gehlenite and the new aluminosilicate phase of nepheline. It seems that as the geopolymeric matrix 
decomposes, the aluminosilicate species react with the released alkalies and calcium to form crystalline 
phases (nepheline and gehlenite, respectively). 

The XRD patterns (Figure 8) of the geopolymer/aggregate composites confirm the formation of 
gehlenite and nepheline after exposure at 800°C. This sample contains also portlandite coming from 
the decomposition of the calcareous aggregates. 
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Figure 7: XRD patterns of geopolymer pastes in relation to the exposure temperature 
(1: quartz, 2: cristobalite, 3: feldspars, 4: gehlenite, 5: maghemite, 6: nepheline, 7: natrite, 8: calcite) 

Figure 8: XRD patterns of geopolymer mortars in relation to the exposure temperature 
(1: quartz, 2: cristobalite, 3: feldspars, 4: gehlenite, 5: maghemite, 6: nepheline, 7: natrite, 8: calcite, 

9: portlandite) 
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All the above measurements are in good accordance with each other. The geopolymer pastes 
showed a high mass loss up to 300°C, accompanied by sharp shrinkage, internal microcracking and 
strength loss. All these indicate rapid migration and removal of bound water. After that, a more or 
less stabilized condition is observed up to 500°C, but at higher temperature the strength is sharply 
decreased and the specimens are totally collapsed at 800°C. XRD measurement confirmed that at high 
temperatures the amorphous geopolymenc matrix is gradually replaced with crystalline aluminosilicate 
phases and the consequent volume changes are probably the reason for the total collapse of the 
specimens. 

The geopolymer binder in the geopolymer mortars obviously behaves in the same way as the 
geopolymer paste. The presence of the aggregates leads to the reduction of the shrinkage effect as well 
as the mass loss, leading to a smoother and continuous strength loss over the whole temperature range. 
However, the thermal incompatibility between the geopolymer matrix and the sand accelerates the 
surface cracking of the specimens. 

CONCLUSIONS 
The optimal conditions for the synthesis of geopolymers having as raw material fly ash originating 

from Megalopolis are: R/A1=1.0, Na/(Na+K)=1.0 and [Si]/R2O=1.0 (R: Na,K). The parameter having 
the higher impact on the development of compressive strength is the kind of alkali ion. Higher strength 
is achieved when Na is used, while the gradual substitution of Na by К lowers the compressive 
strength. The second important parameter is the silicon content in the alkaline solution. The optimal 
value of this parameter is 1.0 and any further increase up to 2.0 induces a negative effect on the 
geopolymers' compressive strength. The R/Al ratio seems to have a marginal effect on the mechanical 
properties of the specimens. 

Fly ash based geopolymers possess rather low thermal stability. The pastes retain 94% and 65% 
of their initial strength after thermal treatment at 200 and 500°C, respectively, but at higher 
temperature a rapid decline of the pastes' compressive strength is observed, leading to the total 
collapse of their structure at 800°C, where the initially amorphous structure was replaced by nepheline 
and gehlenite. The exposure of the geopolymer mortars to elevated temperatures results to a continuous 
decrease of their compressive strength. 
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ABSTRACT 
Geopolymers are an emerging class of ceramic materials that have great potential in several 

industries. The scientific literature reported significant benefits when using fibers such as glass, 
carbon, and boron as reinforcement for geopolymer mixtures. The use of these fibers within a 
geopolymer mixture will add significant benefits through increased ductility, flexibility, and impact 
strength. However, in high alkalinity environments, these benefits are significantly reduced. 

The paper will prove that Poly-Vinyl Alcohol (PVA) microfibers are stable under high alkaline 
conditions, which will improve the compressive strength, bending strength and ductility of 
Geopolymers. The goal of this paper is to improve the mechanical response of geopolymers by using 
low cost, high strength, low density PVA microfibers. The objectives of this paper are to improve: (1) 
compressive strength; (2) bending strength; and (3) ductility of the geopolymer paste by adding 0.5%, 
1.0% and 1.5% per total volume of PVA microfibers. This paper describes how the -geopolymer paste 
was synthesized using fly ash, how the fibers were incorporated, the mechanical testing performed and 
the results obtained. 

This work demonstrates that RECS7 microfibers yielded the best compressive and bending 
strengths. This work also reveals that the best ductility was obtained using the RECS15 microfibers. 

INTRODUCTION 
Geopolymers are an emerging class of ceramic materials that have great potential in several 

industries1'2. During the past years several research groups have explored their properties for a possible 
alternative to Ordinary Portland Cement and for the development of a new green cementating material. 
It is known that geopolymers can be synthesized from heat-treated kaolin clay or from byproducts such 
as fly ash and blast furnace slag. 

Geopolymer pastes show some desirable engineering properties such as high early compressive 
strength, thermal stability, low curing temperature and resistivity to acid attack3. However, as is the 
case with many ceramic materials, geopolymer pastes are brittle. To over come this deficiency the field 
of Geopolymers has followed many of the techniques used in the concrete industry. For example, 
cement is mixed with different aggregates and fibers to overcome brittleness. In this paper microfibers 
were mixed into geopolymer paste to enhance its ductility. In the case of fibers, is generally accepted 
that the high alkalinity of the paste can damage the fibers, thus hindering the types of fibers that can be 
incorporated. 

The hypothesis of this paper will prove that Poly-Vinyl Alcohol (PVA) microfibers are stable 
under high alkaline conditions, which will improve the compressive strength, bending strength and 
ductility of Geopolymers. This preliminary research looks at improving the mechanical response of 
geopolymers by using low cost, high strength, low density PVA microfibers. The objectives of this 
paper are to improve: (1) compressive strength; (2) bending strength; and (3) ductility of the 
geopolymer paste by adding 0.5%, 1.0% and 1.5% per total volume of PVA microfibers. 

This paper describes how the geopolymer paste was synthesized using fly ash, how the fibers 
were incorporated, the mechanical testing performed and the results obtained. 
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BACKGROUND 
According to the American Coal Ash Association4 136 million tons of Coal Combustion 

Residues (CCR) were produced in the US in 2008. Approximately 50% of this amount corresponds to 
Fly Ash. CCR are a significant environmental problem and researchers are looking for beneficial uses 
for these residual materials. For example blending fly ash with clinker has proven successful as an 
alternative raw material in the Portland Cement Industry. This technique allows up to 70% substitution 
of clinker content without adverse effects in the performance of the cement5 . Today geopolymer 
researchers are exploring fly ash as the primary raw material for the synthesis of Geopolymer pastes 
and concretes, especially for large scale applications. In this research F type Fly Ash was donated by 
Boral Materials Technology and used as the primary source of reactive alumina and silica for the 
geopolymer paste. F type fly ash was selected for this research because it proved to be highly reactive 
and low cost with manageable rheology. 

This research uses PVA microfibers as reinforcement for the geopolymer paste because they 
have low density, high tensile strength and high modulus of elasticity as shown in Table 1. 

Table 1. Mechanical properties of PVA fibers 
Fiber 

RECS7 
RECS15 

Diameter 
(mm) 

0.027 
0.04 

Cut length 
(mm) 

6 
8 

Specific 
Gravity 

1.3 
1.3 

Tensile 
Strength, GPa 
(Ksi) 

1.6(232) 
1.6(232) 

Modulus of 
Elasticity, 
GPa 
(Ksi) 
39 (5656.4) 
40(5801.5) 

Source: http://www.kurarav-am.com/pvaf/fibers.php 

Additionally, PVA fibers tend to develop very strong chemical bonds due to the presence of 
hydroxyl groups in its molecular chains6. This characteristic to form strong bonds without any further 
treatment of the microfibers may be desirable under the high alkali conditions normally found in 
geopolymer pastes. The use of PVA microfibers in concrete materials has been pioneered by Victor С 
Li. He found that by adding up to 2% by total volume of these microfibers ductility was increased by 
approximately four fold in reinforced concrete load bearing members7. This improvement in ductility 
is created by the crack bridging effect of the randomly dispersed fibers. 

METHODOLOGY 
In this work F type fly ash, Na base alkaline solution and two types of PVA microfibers were 

used as raw materials. The samples were prepared by adding the microfibers into the reactant mix such 
that their volumes represented 0.5%, 1.0% and 1.5% of the total volume. The mechanical responses of 
the samples were tested after 28 days. This procedure is described in detail in the following sections. 

Raw Materials 
Class F type fly ash from Boral Material Technologies was used as the primary source of 

reactive silica and alumina. Table 2 presents the chemical composition of the fly ash used as provided 
by the supplier. 

Table 2. Chemical composition in terms of oxides of Boral Material Technologies high performance 
Fly Ash as provided by supplier. 
Oxide 
Percentage 

Si02 
55.4 

AI2O3 
27.6 

Fe203 
7.2 

K2O 
2.7 

CaO 
1.2 
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An alkali activating solution was prepared by using E type sodium silicate (PQ Corporation), a 
40% NaOH solution (Brainerd Chemical Company) and distilled water. The ingredients were mixed 
and slowly stirred to yield a solution with molar ratios of Si02/Na20 of 1.2 and H20/Na20 of 14, after 
this the solution was left to mature for 1 hour. Two types of Poly-Vinyl Alcohol (PVA) fibers 
(Kuraray America) named RECS7 and RECS15 as described in Table 1 were used to enhance the 
mechanical response of the geopolymer. Figure 1 presents the physical differences and dimensions 
between both types of fibers. 

Figure 1. Top picture depicts the RECS7 fiber and Bottom picture depicts the RECS15 fiber. 

Sample Preparation 
To prepare the base samples F Type fly ash was slowly added to the activating solution until a 

2:1 mass ratio was achieved using a high shear mixer until the paste looks homogenous. The paste was 
then poured into the 1x1x6 inch molds and vibrated for 10 minutes. 

To prepare the reinforced samples the F type fly ash was mixed with the PVA microfibers in a 
rotary mill for 10 minutes and then followed the procedure mentioned above. The volume of the PVA 
microfibers added represented 0.5 %, 1.0% and 1.5% of the total volume of the reinforced geopolymer. 

The samples were left to mature at room temperature for 1 hour. After this, the samples were 
cured using steam for 24 hours. After curing, the samples were removed from the molds and let to 
mature in the laboratory for 28 days, after which they were mechanically tested. 

Mechanical testing 
A MTS model 45IG Universal Testing machine was used for mechanical testing. For 

compressive testing the 1x1x6 inch molded beams were cut into cubes of 1x1x2 inch. For the bending 
testing, a 1x1x6 inch molded beam was placed in a three point bending fixture leaving a 4 inch span 
between the adjustable supports. The speed of the crosshead was kept constant at 0.02 in/min for all 
tests. Since this is a preliminary study this work used small size specimens, therefore ASTM standards 
were not followed. 
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RESULTS AND DISCUSSION 
Figure 2 presents the results of the compressive and bending tests for the base geopolymer 

samples. Three beams were used for bending testing while three cubes were used for compressive 
testing. 

Figure 2. The left figure depicts the compressive stress-strain diagrams while the right figure depicts 
the bending stress-deflection diagramfor the three samples of base geopolymer. 

Figure 2 shows that the average compressive strength is 3900 Psi (26.9 MPa) and the average 
bending strength is 1220 Psi (8.4 MPa). The failure mode of the bending samples was observed to be 
similar to that of brittle materials. 

Figure 3 presents the average results of the adition of the PVA fibers to the base samples. Three 
samples were used to obtain these averages. 

Figure 3. The left figure presents the average compressive strength results as a function of microfiber 
volumes. The right figure presents the bending strength as a function of microfiber volumes. 

Figure 3 reveals that the average compressive strength in the samples with RECS7 microfibers 
decreased from 6,380 Psi (43.9 MPa) to 5,480 Psi (38.8 MPa) when the microfiber volume was 
increased from 1.0 % to 1.5% of the total volume. The samples with RECS15 microfibers did not 
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display this annomaly, which continued to increase to 6,434 Psi (44.3 MPa) at 1.5% of the total 
volume. The researchers believe that this effect might have been caused by the difficulty associated 
with homogeneusly mixing the RECS7 microfibers at 1.5% volume with the available equipment. 
Additionally the researchers believe that differences in surface areas at this volume played a significant 
role in the mechanical response. This anomaly will be investigated in future studies. 

Figure 3 also reveals that the average bending strength in the samples with RECS7 microfibers 
was significantly higher than the samples with RECS15 microfibers reaching a maximum of 4,470 Psi 
(30.8 MPa) at 1.0% volume. As previously stated, the researchers were unable to verify if this 
mechanical response was caused by the inhomogeneity of the microfibers in the samples. This will be 
investigated in future studies. 

Figure 4. Fracture surface of a microfiber reinforced Geopolymers at low magnification (left) and high 
magnification (right). 

Figure 4 reveals that at low magnification there exists a slanted micro-crack, which is 
associated with ductile materials. The microfibers are shown bridging the micro-crack. At high 
magnification one can see that the microfibers are not in tension and did not break during the passing 
of the micro-crack. 

Figure 5 shows that a ductile material was developed by the addition of the microfibers. 

Figure 5. Ductility comparison among base Geopolymers, Geopolymers with 1% of RECS7 fibers and 
Geopolymers with 1% of RECS15 fibers using a three point bending test. 

Developments in Strategic Materials and Computational Design II - 3 3 



Mechanical Response of Discontinuous Filament PVA Fiber Reinforced Geopolymers 

Figure 5 reveals that a ductile material was achieved in the sample using the RECS15 
microfibers. This represents an enhancement in ductility of approximately 5 times compared with the 
base Geopolymers sample. The stress-strain response for the sample using the RECS7 microfibers 
shows a similar saw-tooth behavior found by Li in PVA micro fiber reinforced concrete8. 

CONCLUSIONS 
This preliminary research evaluated the mechanical response of geopolymers by using low 

cost, high strength, low density Poly-Vinyl Alcohol (PVA) microfibers. This work proves that PVA 
microfibers are stable under high alkaline conditions, which improved the compressive strength, 
bending strength and ductility of Geopolymers. 

This work shows that the best compressive and bending strengths were obtained with the 
RECS7 microfibers. This work also reveals that the best ductility was obtained using the RECS15 
microfibers. 

Future work will include a study of the dispersion of the microfibers within the Geopolymers 
and the evaluation of the bonding characteristics of the microfibers to the Geopolymers. 
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ABSTRACT 
The feasibility of using microwave energy to dry and fire pre-cured geopolymers was 

experimentally demonstrated, and supported by analysis of published microwave dielectric data for 
geopolymers. Dielectric loss tangents and half power microwave absorption depths were calculated 
from published room temperature dielectric constant and loss values of various geopolymer 
compositions. The published data indicated that geopolymers would heat at room temperature with 
microwave energy. Several laboratory experiments were performed to test the heating behavior of 
sodium and potassium based geopolymer compositions. Experiments demonstrated more vigorous 
microwave heating with sodium geopolymers than with potassium geopolymers. Both compositions 
were dried in less than 10 minutes with pure microwave heating. Further heating with pure microwave 
energy resulted in non-uniform, rapid heating, or "thermal runaway", with localized melting of the 
geopolymer. Hybrid microwave heating with susceptors resulted in uniformly fired geopolymers, 
without melting. 

INTRODUCTION 
Interest in geopolymers has accelerated in recent years due to their possible use in structural 

applications, dentistry, and hazardous waste stabilization, while maintaining a trivial environmental 
impact compared to traditional building materials. Many useful geopolymer compositions are 
fabricated by low temperature chemical reaction based curing processes1"3. Some recent research has 
been reported for using microwave energy to enhance curing and drying4'5. Other research has 
focused on high temperature firing of geopolymers, which can develop stronger glass-ceramic 
materials6"8. In situations where heat is required, as in drying and firing, microwave energy provides 
an energy efficient alternative in place of conventional heating. Traditional radiant heating methods 
rely on thermal conduction to deliver heat throughout a material. Microwaves generate heat 
throughout the volume of the material, allowing faster, more uniform heating to occur. Volumetric 
microwave heating helps to overcome sluggish endothermic phase transitions, such as evaporation of 
water or decomposition of kaolin to metakaolin through the loss of hydroxides. Both drying and 
dehydration occur in the firing of geopolymers. In traditional heating, these reactions often require 
slow heating, as the endothermic reaction prevents heat from progressing into the product until the 
reaction completes first at the surface. Microwaves can generate heat throughout the part despite an 
endotherm9. 

When microwave energy is the sole source of heat, a material that absorbs microwave energy 
will heat volumetrically, but cool from the surface. This situation creates an "inverse temperature 
profile" in which the sample is warmer inside and cooler at the surface during heating. This is 
opposite of traditional radiant heating where the material will be cooler in the center. In some 
materials, the inverse temperature profile can lead to thermal runaway - where the hotter center heats 
better than the cooler surface, and in turn heats better in the microwave. The thermal runaway can lead 
to molten centers with unfired surfaces. 
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The most practical way to prevent thermal runaway is through hybrid microwave heating. 
Hybrid heating combines a radiant heat source with microwave energy, providing a uniform 
temperature profile throughout the sample as heat is generated at the interior while heat conducts from 
the exterior. This combination results in a uniform temperature profile and in turn improved 
properties. Two types of hybrid heating are susceptors, and Microwave Assist Technology (MAT). 
Susceptors function like wireless microwave heating elements, efficiently converting microwave 
energy into heat. When used with insulation thermal packages, susceptors can be used to fire ceramics 
even in standard kitchen microwaves10. MAT is based on traditional kilns and uses gas or electric 
radiant heat, which is controlled independently of the microwave energy11. MAT generally requires 
less microwave power, which reduces equipment costs and simplifies scale-up12. 

Dielectric Properties 
The effectiveness of microwave heating for materials is generally determined by the dielectric 

properties at the microwave frequency. Two values represent the dielectric properties of a material, 
dielectric constant, ε', and dielectric loss, ε". Dielectric constant represents the ability for ions and 
dipoles within a material to polarize in response to an alternating electric field, and also determines the 
wavelength of the microwave energy within the material. The dielectric loss represents the degree to 
which an alternating field is converted to heat energy. From these two values can be derived the loss 
tangent, tan δ, and the half-power depth. A loss tangent between 0.01 and 1 generally indicates that a 
material will heat well with microwave energy. Below 0.01, materials tend to be microwave 
transparent, while above 1 materials become reflective13. The half power depth measures the distance 
at which 50% of the microwave energy passing through a material is dissipated. The equations for loss 
tangent (1) and half power depth (2) are expressed below. In equation 2, DHp is the half power depth, с 
is the speed of light, ω is the angular frequency (2ττί), and ε0 is the permittivity of free space. 

"r 2ωε( 

Tan(ö) = — 

c(ln2)| : 

Vl + i ta in^-lV 

(1) 

(2) 

Published room temperature dielectric data was obtained from Jumrat et al5. From this data, loss 
tangent and half-power depth could be calculated to determine support for microwave heating from 
room temperature. Geopolymers are composed significantly of both free water and hydroxides 
surrounding charge balancing alkali cations. These structures suggest strong likelihood for 
geopolymers to heat well with microwave energy, with mobile water dipoles and ions. The Jumrat 
paper presented just ε' and ε", and data was measured as a function of curing time. As the geopolymer 
cured, the dielectric loss and dielectric constant both decreased, suggesting reduced mobility of polar 
groups as curing progressed. Ceralink selected two of the data sets to calculate the loss tangent and 
half power depths. These calculations strongly supported microwave heating of geopolymers from 
room temperature (Figure 1). 
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Figure 1 : A) Loss tangents calculated for two representative sodium-based geopolymer compositions 
reported by Jumrat, et al. В) Half-power depth for the two geopolymer compositions. 

The loss tangent values determined by the present authors from Jumrat's data were between 0.1 
and 1.0, indicating that these geopolymer materials will heat very well in microwave, at least from 
room temperature. The half-power depth indicates that the microwave energy transmits farther into the 
material as curing completes. This heating is likely due to the presence of water molecules within the 
crystal lattice and the charge balancing cations, in this case sodium. At elevated temperatures after 
drying, the cation is likely the greatest contributor to suspecting action, as water and hydroxides are 
thermally removed from the geopolymer structure by approximately 400 °C, as shown by Bell, et al7. 
In order to understand microwave heating above room temperature, high temperature dielectric 
measurements will be required. These will be investigated in future studies. 

This study investigated experimental microwave heating of geopolymers with sodium and 
potassium charge balancing cations. The effect of the alkali cation used in the geopolymer was studied 
through the laboratory experiments. Microwave firing of a potassium based geopolymer with basalt 
fiber reinforcement was also studied. Microwave heating was explored with microwave as the only 
source of heat to the geopolymer, and also with a hybrid susceptor-based method. 

EXPERIMENTAL PROCEDURE 
Pre-cured sodium and potassium-based geopolymer samples were weighed and dimensions 

measured before being placed in an alumina fiber thermal package for heating experiments. Some of 
the potassium-based geopolymer samples were reinforced with 7 wt % chopped basalt fibers. The 
thermal package was made of 2.5 cm thick Unifrax Duraboard 2600® insulation cylinder, with 4 cm 
thick base and lid, and 8 cm inner diameter. The geopolymer sample was placed on a bed of alumina 
powder in an alumina crucible in the center of the thermal package. The thermal package allowed 
room for adding two 25 gram silicon carbide (SiC) susceptors (Research Microwave Systems 
"Thermcepts") for hybrid susceptor-assisted heating studies. Figure 2 (A and B) shows schematics of 
these set-ups without and with susceptors, respectively, compared to photographs of the set-ups as used 
for experimentation (Figure 2 С and D). The geopolymer composites here examined were prepared and 
studied by Rill et al. and the findings were published elsewhere.14 
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Figure 2. Schematics of A) Alumina fiber thermal package without suscepting material, used for 
"pure" microwave heating. B) Alumina fiber hybrid thermal package with two 25 g SiC susceptors 
positioned on either side of sample and setter. C) Photograph of thermal package without SiC 
susceptors. D) Photograph of thermal package with susceptors. Both set-ups used A15-S.G. alumina 
powder contained within an alumina crucible as a setter. A thermocouple was extended through the 
lid, and positioned approximately 1.5 cm above the sample. 

Four experiments (Table I, 1-4) were performed to study the feasibility of drying sodium and 
potassium based geopolymers via direct heating, i.e. without the use of suscepting material (Figure 2A 
and C). Samples were arranged within a Research Microwave Systems Therm Wave 1.3 microwave 
system (2.45 GHz, 900 W maximum power) chamber and microwave energy was applied for 15 
minutes, ranging from 20% power (180 W) to 50%) (450 W), with the same power-time profile for 
each sample. Temperature within the chamber was recorded via the thermocouple. Once the samples 
were cooled, final weight and dimensions were measured. 

Four experiments were used to study the firing of potassium-based geopolymer with basalt 
fiber reinforcement. Direct microwave heating was used in one experiment, while experiments 6-8 
employed SiC susceptors within the thermal package (Figure 2B). Target firing temperatures for 
samples 6, 7, and 8 were 800, 900, and 1000 °C, respectively and were weighed, measured, and cross-
sectioned vertically to observe the interior structure once cooled. The temperature within the chamber 
was recorded via the thermocouple. An optical pyrometer with an emissivity setting of 0.90 was used 
after heating to determine the actual sample temperature after the microwave power was stopped. 
Sample descriptions are provided below in Table I. 
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Table I: Descriptions of geopolymer (GP) microwave heating experiments for drying and firing 
sodium and potassium based geopolymers. 
Experiment 

No. 

1 

2 

| 3 

4 

5 

6 

7 

8 

Experiment 
Purpose 
Drying, 

self-heating 
Drying, 

self-heating 
Drying, 

self-heating 
Drying, 

self-heating 
Firing, 

self-heating 
Firing with 
susceptors 
Firing with 
susceptors 
Firing with 
susceptors 

Geopolymer Sample 
Composition 

Na-based geopolymer 

Na-based geopolymer 

K-based geopolymer 

K-based geopolymer, 
Basalt fiber reinforced 
K-based geopolymer, 
Basalt fiber reinforced 
K-based geopolymer 

Basalt fiber reinforced 
K-based geopolymer 

Basalt fiber reinforced 
K-based geopolymer 

Basalt fiber reinforced 

Geopolymer 
Mass (g) 

2 

16 

16 

16 

16 

16 

16 

16 

Heat Treatment 
Temperature (°C) 

114 

209 

143 

123 

560 

800 

900 

973 

RESULTS AND DISCUSSION 
Geopolymer Microwave Drying Experiments 

Heating curves for drying experiments are provided in Figure 3. The drying experiments 
revealed the difference in heating ability for sodium and potassium based geopolymers. The sodium 
composition heated much faster than the potassium based sample of equal mass, reaching over 70 °C 
higher temperature in the 15 minute experiment. This may be due to a higher mobility of the smaller 
sodium ion than the potassium ion. Dielectric property measurements of these two compositions 
would be extremely interesting to determine how these cations affect the properties of the 
geopolymers. 

Another effect observed in the drying experiments was a mass effect, in which 16 grams of 
sodium geopolymer, heated the thermal package much more than a 2 gram sample.. This mass effect is 
unsurprising, as the geopolymer was the only source for heating in the thermal package volume. 

The basalt fiber reinforced, potassium based geopolymer heated more slowly than the 
unreinforced sample. Basalts have a wide range of chemical compositions, and therefore a range of 
microwave heating ability. In this case, the basalt appeared to heat less than the geopolymer, resulting 
in the slower microwave heating. 

The sodium geopolymers had an average mass loss of 12%, while the unreinforced potassium 
geopolymers lost 13%. The reinforced potassium geopolymer, meanwhile, lost only 5.4% mass, 
despite reaching higher temperatures than the unreinforced sodium sample. Minor cracking was 
observed in some of the dried samples, however all samples remained intact. 
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Figure 3: Heating curves for samples 1-4. All samples were ramped uniformly from 20% to 50% 
power. These temperatures were measured by the thermocouple positioned 1.5 cm above the 
geopolymer sample. 

Geopolymer Microwave Firing Experiments 
The microwave heating profiles from the firing experiments of K-based geopolymers with 7 

wt% basalt fiber reinforcement are provided in Figure 4. One sample was heated with microwave-only 
heating. This sample reached 200 °C in approximately 20 minutes, after which the heating rate 
accelerated quickly for 1-2 minutes prior to an arc. The electrical discharge (arc) provided a basis for 
terminating the experiment. The remaining samples were heated with susceptors to 800, 900, and 
1000 °C, without any incidence of arcing. 

Figure 4: Heating profiles for the microwave firing experiments. All samples were K-based with 7% 
basalt-fiber reinforcement. 

The self heated sample only registered temperature at the thermocouple of up to approximately 
550 °C immediately prior to arcing. However, upon examination of the sample (Figure 5), it was 
found that significant thermal runaway had occurred. The interior of the sample had melted, resulting 
in glassy bubbles and flow of the molten geopolymer, down into the alumina setter-powder. The 
molten region indicated that temperatures in excess of 1160 °C (the highest temperature achieved on 
susceptor fired materials, at which no melting was observed) had been achieved within the sample. 
Despite this intense internal heating, the top and side surfaces of the sample appeared as though they 
had not been fired. A cross-section of this sample revealed a dramatic example of an inverse 
temperature profile, leading to thermal runaway. This experiment lead to speculation that the dielectric 
loss and loss tangent of this geopolymer increases substantially as temperature increases. A shift to 
higher dielectric loss with increasing temperature would direct more microwave energy into the hotter 
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material. The hotter regions, then would heat faster, meanwhile the less absorbing, cooler sample 
surfaces lose heat to the cold environment in the thermal package. This situation of "thermal runaway" 
has been observed and reported by several authors with microwave heating of many other materials 
systems15"17. The literature on thermal runaway supports the assumption of increasing dielectric loss, 
as well as the use of hybrid heating (e.g. susceptors) to prevent runaway. High temperature 
measurements of the dielectric properties of these materials are planned as future work to confirm this 
assumption. While melting and a non-uniform cross section were not desired, this experiment strongly 
demonstrated the feasibility of rapidly heating geopolymers to firing and melting temperatures using 
microwave heating. 

It is also worthwhile to point out that geopolymers are nanoporous having 41 voi % porosity, 
with an average pore size of 3.4 nm radius and the porosity is closed rather than interconnected18'19. 

Figure 5: Photograph of microwave self-heated potassium geopolymer with 7 wt% basalt fiber 
reinforcement, after cross sectioning. The cross section shows dramatic evidence of the thermal 
runaway, in which the center of the sample melted and flowed down into the alumina powder bed. The 
exterior view of the sample shows essentially unfired geopolymer over most of the surface, with bulges 
at the centers of the sample faces resulting from the bubbles in the molten geopolymer. A schematic of 
the inverse temperature profile is shown below the cross section photograph. 

The remaining samples 6-8 were fired with susceptors, in order to prevent thermal runaway. 
Hybrid firing with susceptors resulted in significantly more uniform cross sections than were seen with 
pure-microwave heating. Furthermore, the susceptor heated samples did not appear to contain any 
molten regions. Sample 8 was fired to the highest temperature, reaching 973 °C at the thermocouple. 
The sample temperature was measured to be 1160 °C by the optical pyrometer, immediately after the 
end of the microwave power application. This sample appeared to have the least cracking, the greatest 
shrinkage, and was noted to be more resistant to cutting than the samples fired at lower temperatures. 
The cross section and exterior of the susceptor fired geopolymer sample are shown below in 
Figure 6. 
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Figure 6: Photograph of A) exterior and B) cross section of Sample 8 after hybrid microwave-
susceptor firing to a surface temperature of 1160 °C. 

CONCLUSION 
Loss tangent and half-power depth where shown from the dielectric constant and loss of fly-ash 

based geopolymers. These dielectrics support the use of microwave energy for heating geopolymers to 
significant temperatures, as successfully demonstrated by laboratory experiments. Four geopolymer 
compositions were heated with pure microwave energy and achieved temperatures over 100 °C in less 
than 10 minutes time. In comparing geopolymers with similar mass but varying cation, an ion effect 
was observed where the smaller sodium ion resulted in faster heating than did potassium. Pure 
microwave energy was utilized to rapidly heat a K-based, basalt-reinforced geopolymer to significantly 
above its glass-ceramic transition temperature, with an inverse temperature profile. The dielectric 
properties of the K-based geopolymer were predicted to increase rapidly and dramatically above -500 
°C. Three additional samples of the same composition were fired to thermocouple temperatures of 
800, 900, and 973 °C with the inclusion of susceptors to provide a radiant heat source. Hybrid heating 
was shown to produce uniform temperatures throughout the samples, preventing thermal runaway and 
resulting in uniformly appearing samples. 
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ABSTRACT 
This work presents the results of a study on reusing red mud (RM), an abundant alumina 

refinery waste produced by the Bayer process, and rice husk ash (RHA), a major waste from 
combustion of rice husk, as raw materials for the production of geopolymers that are environmentally 
friendly and only require low energy to make and have diverse potential applications. A wide range of 
parameters in the geopolymerization reaction, consisting of RHA to RM weight ratio, different particle 
size of RHA, and variable concentrations of sodium hydroxide solution, were examined to understand 
their influence on the compressive strength of the end products - RM&RHA-based geopolymers. The 
composition of RM, RHA, and RM&RHA-based geopolymers was characterized by X-ray diffraction. 
Moreover, the results of unconfmed compression testing indicate that the compressive strength of the 
studied RM&RHA-based geopolymers is in the range of 3.2 to 20.5 MPa, which is comparable with 
that of almost all Portland cements. In addition, the utilization of RM&RHA-based geopolymers in 
practice is able to bring both environmental and economic advantages. The findings suggest that these 
two plentiful wastes, RM and RHA, can be reused to make geopolymers that can find applications in 
civil infrastructure constructions. 

INTRODUCTION 
Red mud (RM) is the major industrial waste produced by the Bayer process for the extraction 

of alumina from bauxite ores,1 which is characterized by strong alkalinity and high water content.2 In 
general, RM includes mainly iron oxide (mostly hematite), alumina, and some heavy metals. 
Depending on the quality and purity of the bauxite ore, the quantity of RM generated varies from 55-
65% of the processed bauxite.3 According to recent US Geological Survey reports,4'5 bauxite ore mined 
globally amounts to 202 million tons (MT) in 2007, 205 MT in 2008, and 201 MT in 2009. Hence it is 
estimated that the worldwide production of RM is approximately 120 MT annually. In fact, utilization 
of RM is a first-priority issue for all alumina plants. In the past, RM was disposed of either directly 
into the sea or onto the land in waste ponds. At present, the way of sea disposal has been prohibited all 
over the world due to stricter environmental constraints.6 Although extensive research on RM 
utilization has been conducted in the past decades,7"12 a widely accepted technology that can be 
employed for the recycle of RM is still not available at present. Thus, the way of dumping it in the 
waste ponds is mainly used by alumina plants currently. According to Hungarian Ministry of Foreign 
Affairs (20IO),13 a RM spill occurred in Hungary on October 4, 2010 due to the levee breach of the 
giant RM pond. This tragedy killed at least 8 people, seriously harmed hundreds of residents and the 
environment, which was the worst ecological disaster in Hungary. Figure 1 illustrates a contaminated 
village in this RM spill. The disaster demonstrates that the current RM disposal method that is widely 
used globally is not reliable and safe. Thus, new trustworthy and environmentally-friendly disposal 
methods are urgently needed. 
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Figure 1. A contaminated village in the RM spill in Hungary 

Rice is one of the major crops grown throughout the world,14 sharing equal importance with wheat as 
the principal staple food and a provider of nourishment for the human beings around the world.15 Rice 
milling generates a by-product known as husk, which is the hard protecting covering of grains of rice. 
Finally, rice husk ash (RHA) is obtained by burning the rice husk in the boiler, which is collected from 
the paniculate collection equipment attached upstream to the stack of rice-fired boilers.16 Per a RHA 
market study in 2003,17 approximately 600 MT of rice paddy is produced globally each year. On 
average 20% of the rice paddy is husk, giving an annual total production of 120 MT. Juliano (1985) 
pointed out that rice husk is one of the most intractable agricultural wastes since its tough, woody, and 
abrasive nature along with high silica content has made disposal very difficult.18 Moreover, rice husk is 
unusually high in ash compared to other biomass fuels, about 20%, which is influenced by the variety, 
climatic conditions, and geographical location.19"20 Thus, it is estimated that about 24 MT of RHA is 
formed worldwide every year. RHA is highly porous and lightweight with a very high external surface 
area and contains amorphous silica in high content (usually 90 - 95 wt.%). In addition, Costa et al. 
(1999) stated that the most common method of disposal of RHA is dumping on waste land, thus 
creating an environmental hazard through pollution and land dereliction problems.21 Therefore, 
effective and environmentally-friendly ways of disposal of RHA are also urgently needed due to the 
immerse amount of RHA generated annually. 

Nowadays, geopolymerization technology has attracted more and more attention as a solution 
of utilizing solid waste and by-products, which provides a mature and cost-effective solution to many 
problems where hazardous residue has to be treated and stored under critical environmental 
conditions.22 Geopolymerization is to react silica-rich and alumina-rich solids with a high alkaline 
solution to form amorphous to semi-crystalline aluminosilicate polymers, which exhibit excellent 
physical and chemical properties and hence have a series of applications in many fields such as 
insulation materials, construction materials, and waste containment. In general, any materials that 
contain mostly silica (Si02) and alumina (A1203) in amorphous form are a possible source for the 
production of geopolymer.21 In fact, geopolymerization of RM and RHA takes the advantage of their 
characteristics: strong alkalinity (NaOH) and amorphous alumina (AI2O3) in RM and the presence of a 
great amount of amorphous silica (Si02) in RHA. This work was to investigate the potential utilization 
of RM and RHA as raw materials for the production of geopolymers that can be used in civil 
infrastructure constructions. 
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MATERIALS AND METHODS 

Materials 
The raw materials used for geopolymer synthesis include RM slurry (Gramercy Alumina, LLC, 

USA), RHA (Agrilectric Power, Ine, USA), sodium hydroxide (purity quotient: 99%, Sigma-Aldrich 
Co., USA), and deionized water. The RM slurry has a pH 11.9 and contains mainly water with 
dissolved Na-aluminate (NaAlCy and sodium hydroxide (NaOH) as liquid phase, and hematite 
(БегОз) and alumina (AI2O3) as solid phase (Table I). The slurry was air-dried, homogenized, and 
pulverized to a powder until all solids passed a #60-mesh sieve, in order to facilitate geopolymerization 
and minimize the influence of compositional variation on the geopolymers. The RHA mainly contains 
silica, potassium oxide, and carbon (Table I). 

TABLE I. Chemical composition and concentrations (wt.%) of RM and RHA 
Material 

Si02 
A1203 
Fe203 
NaOH 

NaA102 
CaO 
MgO 

S 
K2O 
T1O2 
MnO 

С 
Total 

Red mud 
1.2 

14.0 
30.9 
20.2 
23.0 
2.5 
-
-
-

4.5 
1.7 
-

98.0 

RHA 
91.5 

-
-
-
-
-
-
-

2.3 
-
-
6 

99.8 ] 

Methods 
Geopolymer synthesis started with dry mixing the powders at a selected RHA to RM weight 

ratio (RHA/RM), followed by adding sodium hydroxide solution with different concentrations to the 
powder mixture (containing both RM and RHA) at a solution/solid = 1.2. The mixture was then stirred 
for > 15 minutes to ensure sufficient reaction (e.g., dissolution) between the powder and solution, 
resulting in the formation of geopolymer precursor paste. The precursor was then poured into 
cylindrical molds with an inner diameter of 2 cm and height of 5 cm (i.e., an aspect ratio of 2.5 to 
minimize the end effects), followed by curing in an ambient environment (e.g., room temperature) for 
14 days (Although high curing temperature can enhance the properties of final geopolymeric products, 
it is difficult to apply in practice). The specimens were then demolded, followed by prolonged curing 
in exposed conditions. In this study, RHA was used as an alternative of sodium silicate that was 
usually used when synthesizing geopolymers since it contains plenty of amorphous S1O2 (Table 1). In 
this work, general geopolymer samples were made with parameters of RHA/RM = 0.4, regular size of 
RHA, and 4 M sodium hydroxide solution. Samples with different parameters were also synthesized to 
investigate their influence on the compressive strength of the resulting geopolymeric products. In 
addition, unconfined compression tests were performed on cured cylindrical specimens using an 
automated GeoTAC loading frame (Trautwein Soil Testing Equipment, Inc., USA) at a constant strain 
rate of 0.5%. 
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RESULTS 

Compressive Strength 

Figure 2. Influence of curing time on the compressive strength of RM&RHA-based geopolymers. 

Figure 2 plots the compressive strength (erf) against curing time for RM&RHA-based geopolymer 
samples with aforementioned parameters (e.g., RHA/RM = 0.4, regular size of RHA, and 4 M sodium 
hydroxide solution). It is clear that σ^ increases initially with curing time, and then reaches a constant 
value for even prolonged curing. The strength stabilizes at 11.9 MPa after 35 days curing, suggesting 
that the RM&RHA-based geopolymers can achieve complete curing in 35 days. To ensure complete 
curing and minimize the undesired influence of incomplete curing on the compressive strength, all 
geopolymer samples discussed in the following sections were cured for 60 days. 

Figure 3. Influence of variable synthesis parameters on the compressive strength of RM&RHA-based 
geopolymers: (a) RHA particle size; (b) RHA/RM ratio and sodium hydroxide solution concentration. 

In order to understand the factors affecting the compressive strength of RM&RHA-based geopolymers, 
Figure 3a and 3b illustrate the influence of RHA particle size and the influence of RHA/RM ratio and 
sodium hydroxide solution concentration, respectively. To examine the influence of one specific 
parameter, only the studied parameter was changed while other parameters remained unchanged. As 
seen in Figure 3a, geopolymer samples synthesized with finer size of RHA has higher cr{ (16.1 MPa) 
than the ones made with regular size of RHA (11.9 MPa), suggesting that finer RHA particle size 
causes positive effect on the geopolymerization of RHA and RM. As seen in Figure 3b, the 
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compressive strength of geopolymer samples increases with RHA/RM ratio (i.e., from 0.3 to 0.5) 
initially, then decreases with it (i.e., from 0.5 to 0.6), indicating the optimum RHA/RM ratio for the 
synthesis is 0.5. Moreover, crf of geopolymer samples decreases with the increase of concentration of 
sodium hydroxide solution at a linear relationship. 

XRD Analysis 

Figure 4. XRD patterns of RM, RHA, and RHA-RM GP (H= hematite, С = 
calcite, Q = quartz, Ca = carbon). 

Figure 4 displays the XRD patterns of RM, RHA, and cured RM&RHA-based geopolymers. RM 
shows some unidentified peaks and a few sharp peaks that are mainly from hematite and calcite, but no 
observable broad humps, suggesting that the amorphous phases are not present at large quantity. By 
comparison with its chemical composition (Table 1), alumina mainly presents as amorphous phases. 
Thus, red mud provides mainly Al (in the form of amorphous A1203 or dissolved NaA102) and NaOH 
but little Si to geopolymerization. RHA shows 2 huge and broad humps at 5-15 and 15-30 °20, 
respectively, indicating the presence of amorphous phases. A few sharp peaks also indicate the 
presence of crystalline phases such as quartz and carbon. By comparison with its chemical composition 
(Table I), silica in RHA are present as both amorphous and crystalline (quartz) phases. Furthermore, 
the overwhelming majority of silica is in amorphous form, which agrees with the previous studies.23"25 

The pattern of RM&RHA-based geopolymers shows a huge, broad, and nonsymmetrical hump 
between 5 - 4 0 °2#with a few sharp peaks from crystalline phases, suggesting that amorphous phases 
are present in RM&RHA-based geopolymers, which coincides with a currently common agreement 
that aluminosilicate polymers are amorphous to semi-crystalline.26"28 The presence of sharp peaks of 
crystalline phases from parent material confirms that the crystalline phases are not reactive or involved 
in geopolymerization, but simply present as inactive fillers in geopolymer network.1 

DISCUSSION 
There are actually three parent materials involved in the synthesis of RM&RHA-based 

geopolymers: RM, RHA, and sodium hydroxide solution. As discussed above, only amorphous phases 
in raw materials participate in geopolymerization reaction. Among the three raw materials, RM 
provides NaOH, A1203, and NaA102; RHA provides amorphous Si02; sodium hydroxide solution 
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provides NaOH. According to the XRD results, the final geopolymeric products are not pure 
geopolymer matrix, but the composites consisting of neoformed geopolymer structure and crystalline 
phases from parent materials, which is consistent with previous study. 

The compressive strength (бг£) of the studied RM&RHA-based geopolymers ranges from 3.2 to 
20.5 MPa, comparable to that of all Portland cement (9 - 20.7 MPa) except Type III (24.1 MPa) 
Portland cement.29 As such, RM&RHA-based geopolymers can be used as a cementitious material to 
replace Portland cement in certain engineering applications, such as civil infrastructure constructions, 
which also brings both environmental and economic advantages. First, two of the three raw materials, 
RM and RHA, used in the synthesis of RM&RHA-based geopolymers are abundant industrial and 
agricultural wastes. Geopolymerization technology may provide an effective and environmentally-
friendly way to disposal of them. Thus, geopolymerization of RM and RHA can save not only the 
expenses for waste disposal and long-term monitoring and maintenance of waste containment 
facilities, but also the costs for manufacturing of Portland cement. Second, recycle of the two abundant 
wastes can minimize the potential damage of the waste to the environment and human health. Third, 
the hematite in the geopolymer network is actually highly absorptive for heavy metals, which can act 
as a reactive barrier to filter the contaminants transported through percolating inside the geopolymer 
matrix. Finally, the elimination of Portland cement usage can save the energy associated with cement 
production and reduce the CO2 emission caused by firing carbonates.2 Based on the previous 
literature,22'30 the geopolymer composites have the ability to immobilize toxic chemical and radioactive 
waste within their own structures. Thus, RM&RHA-based geopolymers could also be used in other 
potential applications such as waste containment. 

As the results suggested, complete curing duration of RM&RHA-based geopolymers is 35 
days, much longer than that of geopolymers synthesized with other parent materials such as metakaolin 
or fly ash, which is sometimes too long for certain applications. Therefore, further research is desired 
to investigate how to accelerate the curing time of RM&RHA-based geopolymers, which will 
definitely improve the feasibility of application of RM&RHA-based geopolymers in practice. Actually, 
the prior research has pointed out that geopolymers can exhibit a wide variety of properties and 
characteristics depending on the raw material selection and processing conditions and addition of fly 
ash can make the geopolymer more durable and stronger.2 Additionally, the properties of RHA are 
firmly associated with variety, climatic conditions, and geographical location of rice paddy and 
combustion conditions such as burning duration and burning temperature.24"25 Therefore, addition of 
fly ash and using different type of RHA are two superior points to investigate in the further research to 
have a better understanding of factors affecting the properties and characteristics of RM&RHA-based 
geopolymers so that the ones with improved properties can be produced. 

CONCLUSIONS 
This paper presents an experimental study that investigates the potential reuse of RM, an 

industrial waste from alumina refining, and RHA, an agricultural waste from combustion of jice husk, 
via geopolymerization reactions with sodium hydroxide solution, the only non-waste material. A wide 
variety of parameters involved in the synthesis, including RHA/RM ratio, RHA particle size, and 
concentration of sodium hydroxide solution, were examined to understand their influence on the 
compressive strength of the RM&RHA-based geopolymers. The results indicate that the σ^ of the final 
products vary significantly with different synthesis conditions. RM&RHA-based geopolymers 
synthesized with finer size of RHA, RHA/RM = 0.5, and 2M sodium hydroxide solution should have 
the best mechanical performance (i.e., highest <jf). For the studied RM&RHA-based geopolymers, they 
exhibit a compressive strength of 3.2 - 20.5 MPa, comparable with that of all Portland cement (9 - 20.7 
MPa) except Type III (24.1 MPa) Portland cement. Therefore, this study demonstrates that both RM 
and RHA can be reused via geopolymerization and the end products, RM&RHA-based geopolymers, 
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are a viable, promising cementitious material with potential utilization in civil infrastructure 
constructions. 
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ABSTRACT 
A geopolymerization process was developed by activating local raw kaolinite with quartz and tuff 

fillers and alkaline sodium hydroxide solution. The new geopolymers were cured at 80 °C for 24 hr. 
The effect of addition of pozzolanic tuff on the physical and chemical properties of the geopolymers 
was investigated. The results have indicated that the replacement of 50% sand by pozzolanic tuff lead 
to an increase in compressive strength after 14 days curing time under dry and wet conditions. The 
geopolymers' mechanical strength increase upon heat treatment till 500 °C before it drops down to 14 
MPa at 900 °C. The mechanical performance remarkably increases after a heat treatment above 900 °C 
and reaches its maximum (68.3 MPa) at 1100 °C before the collapse of the geopolymer as a result of 
melting in the furnace at 1200°C and vitrification/crystallization upon cooling. Crystalline sodium 
and/or calcium aluminum silicate phases are responsible for the high compressive strength. Heating the 
geopolymer at 1100°C for 24 h did not show a collapse of the texture and this is an important 
indication of refractoriness. 

The high strength, heat resistance, low production cost, low energy consumption, and low C0 2 
emissions suit the use of the geopolymers as a green construction material. 

INTRODUCTION 
Geopolymer technology has recently attracted researchers because the products are non-combustible, 
heat-resistant, formed at low temperatures, fire resistant and have environment friendly applications [1; 
2; 3 and 4]. Such products could be useful as construction materials [5 and 6]. Geopolymers have been 
proposed as an alternative to traditional Ordinary Portland Cement (OPC) for use in construction 
applications, due to their excellent mechanical properties [7]. Their physical behavior exceeded that of 
Portland cement in respect of compressive strength, resistance to fire, heat and acidity, and as a 
medium for the encapsulation of hazardous or low/intermediate level radioactive waste [4; 8; 9 and 10]. 

Stabilization techniques of clay material include mechanical, physical, and chemical stabilization. 
Physical stabilization utilizes compaction on its texture that changes its density, mechanical strength, 
compressibility, permeability and porosity. 
Chemical stabilization changes the properties of the material through adding fillers or chemicals. 
Physico-chemical reactions take place between the components and/or new phases that bind or coat the 
components. Kaolinite could be hardened and transformed into aluminosilicate polymers through 
chemical polymerization reactions. 

Clay minerals (calcined clay), mining wastes, and slag are considered as a good source of 
aluminosilicate precursor. Geopolymers consist of three-dimensional mineral phases resulting from 
the polymerization of two dimensional sheet-like aluminosilicates in an alkaline solution. The exact 
mechanism of geopolymerization is not known precisely until now. The structure maintains electrical 
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neutrality as a result of aluminum substitution for silicon in the tetrahedral layer and the compensation 
of the negative charge by the available cations such as Na+ [1; 2; 11 and 12]. 

Inexpensive functional fillers like silica sand and zeolitic tuff were used in different proportions to 
help in stabilizing the produced geopolymers [6].The excellent mechanical properties of the 
geopolymers have attracted the researchers to focus on the effect and application of different raw 
materials on the compressive strength, chemical impurities, and the effect of the chemical composition 
of the alkali activating solutions [13]. New low temperature functional geopolymeric materials were 
prepared exhibiting adsorption capacity for pollutants [8 and 16]. 
In this work the kaolinite will not be calcined before the geopolymerization. This even further reduces 
the greenhouse gas emissions. 

The following work will focus on evaluating the influence of adding volcanic (pozzolanic) tuff as 
filler to the kaolinitic mixture to improve its mechanical properties and to evaluate its effect on 
efflorescence. The mechanical performance, stability, thermal behavior (up to 1200°C) and phase 
transformation of the low temperature geopolymers will be evaluated. 

MATERIALS AND TECHNIQUES 
Materials: 

Jordanian kaolinitic clay (as a source of aluminum silicate) from El-Hiswa deposit with a purity of 
60% was used. The kaolinitic clay deposits are located in the south of Jordan about 45 km to the east 
of Al-Quweira town [8:17]. Preparation of the Jordanian kaolinite samples involved crushing, 
grinding and sieving of an oven dried sample (at 105 °C) to obtain a grain size less than 425 μπι. Then 
the samples were mixed in a 50 L plastic drum for several times for homogenization. The plasticity 
limit of El-Hiswa kaolinite was measured according to the ASTM D4318 [9] and was found to be 22%. 

Silica sand with 99% quartz content was used as a filler to provide high mechanical properties. The 
sand was washed with distilled water and sieved to obtain a grain size between 100 and 400 μηι. 

Volcanic tuff (pozzolana) from north east Jordan was used as filler to substitute for quartz in the 
mixture to minimize the efflorescence effect [4; 10]. Figure shows the size range of the powdered tuff 
between 40 nm and 25 μιη. 

Figure 1. SEM photomicrograph of the particle size of the powdered tuff 

NaOH (Grade 96 %) was used as an alkaline activator for the dissolution of the aluminoslicate 
precursor. Water was the reaction medium and the optimum water content was close to the plasticity 
limit. The optimum curing time at 80°C was determined to be around 24 hours [4, 14]. The optimal 
ratios of the mixture were determined depending on the best compressive strength, the optimal curing 
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temperature and time for the geopolymer specimens [4, 14]. The composition of the optimized 
mixture to produce geopolymers is given in Table 1. In the text the samples will be named according to 
the % of tuff as filler, thus 50% tuff is sample S3. 

Table 1. Composition in grams of the geopolymer mixtures (cured at 80 ° 
Series 

SI 
S2 
S3 
S4 
S5 

Clay (Raw 
Kaolinite) 

100 
100 
100 
100 
100 

Sand 

100 
75 
50 
25 

0 

Pozzolanic 
Tuff 

0 
25 
50 
75 

100 

NaOH 
(Solid purity 
96%) 
16 
16 
16 
16 
16 

С for 1 day). 
Distilled 
Water 

22 
22 
22 
22 
22 

Fabrication of geopolymer specimens: 
Homogeneous mixtures were prepared (Table 1) using a controlled speed mixer (mixing speed was 

107 rpm for 2 min followed by 198 rpm for 10min). Good mixing is important to obtain homogeneous 
and comparable specimens and to avoid the agglomeration of the mixture. Each mixture (series) was 
divided into specimens (50 g each). The mixture was molded immediately after weighing to avoid 
drying and decrease of the workability of the mixture. The paste was molded in a stainless steel 
cylinder (diameter of 25mm and height of 45mm) at a pressure of about 15 MPa (Carver hydraulic 
laboratory press). The molded specimens of each series were cured by placing them uncovered in a 
ventilated oven (Binder-EDl 15) at 80 °C for 24 hr. The compressive strength for the five geopolymer 
series was measured after 1,7, 14 and 28 days using CONTROLS testing machine (Model T106 
modified to suit with standard testing). The displacement rate was 2 mm/min. The geopolymer with the 
composition 50 % tuff (series 3) gave the highest compressive strength and was chosen to study the 
thermal effect. 
After curing, the specimens were cooled down and stored (aged) at room temperature. Wetting-drying 
test was used to determine the resistance of specimens to repeated wetting and drying cycles. Wet 
samples were aged for 1, 7, 14, and 28 days. The specimens were submerged in distilled water at room 
temperature and then dried in an oven at 40 °С for the next 24h. 
The specimens were tested for physical properties. The density, water absorption and electrical 
conductivity (Ec) of the immersed specimens were measured [4, 14]. The electrical conductivity is 
measured on the immersion solution (three samples/point). The Electrical conductivity (EC) was 
measured (using WTW multi-line P4, pH and EC meter) as a function of time; until they become 
constant (complete leaching of water-soluble salts is achieved). 

Analytical techniques: 
The zero measurements (reference) were recorded immediately after curing at 80°C for 24 hours 

(1 day). For density measurements, the specimens were weighed using an electronic balance 
(SPE2001, Scout Pro) and their dimensions were measured using a digital micrometer (electronic 
digital caliber, 0.155mm).The plasticity limits were determined according to the ASTM D4318 [15]. 
The effect of adding pozzolanic tuff on the mineral phases of the geopolymers (the five series) was 
studied by using X-ray diffraction techniques. Random preparations (packed powder with no 
orientation) were made to identify the crystalline phases of the materials. Representative portions of 
the ground heated geopolymers were X-rayed using Philips 2KW model, Cu Κα radiation (λ= 1.5418 
Ä) with a scan rate of 2°/min. X-ray diffractograms were recorded for the five mixtures to identify the 
phase changes. 
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The geopolymer specimens (50 % tuff) were heated in the furnace up to 100, 200, 300, 400, 500, 600, 
700, 800, 900, 1000, 1100 and 1200 °C (25°C /minute). After heating for 24 hours (soak time), the 
specimens were brought back to ambient temperature before further testing. The compressive strength 
for the fabricated heated geopolymer specimens (series 3) up to 1200 °C was measured using the above 
mentioned testing machine. 
The phase changes of the heated geopolymers (50 % tuff, series 3) were studied by using the above 
described X-ray diffraction techniques. X-ray diffractograms were recorded for powdered geopolymers 
at 80 up to 1200 °C to detect the phase changes. 

SEM/EDX was also used for obtaining mineralogical, chemical and textural details for the five 
geopolymer mixtures and the heated geopolymer specimens after 24 hours. The platinum coated 
geopolymer samples were scanned using high-energy beam of primary electrons in a raster scan 
pattern using model FEI- INSPECT-F50 of SEM/EDX. 

RESULTS AND DISCUSSION 
The chemical composition of the added pozzolanic tuff is given in Table 2. The composition is 

equivalent to basalt (18). The alkali content is about 4.5 % and CaO is about 8.7 %. The tuff sample 
was obtained from Al Rajhi Cement Factory and is used in industry as additive to produce pozzolanic 
Portland cement. 
Figure 2 shows the relationship between the plastic limit and the tuff %. The plasticity limits are 
important to optimize the amount of water needed for the specimens' preparation. The amount of 
distilled water was determined according to the plasticity limit for the mixture of kaolinite, sand and 
tuff. The figure indicates that the higher the amount of tuff the lower is the plastic limit is this logic 
since the tuff, like sand does not show plastic properties. 

Table 2: Chemical composition of the pozzolanic tuff (XRF results of Al Rajhi Cement Factory), 
Oxide CaO S1O2 АЬОз Fe203 MgO SO3 K2O Na203 T1O2 

% 8.74 44.63 14.17 13.21 9.48 0.09 1.41 3.12 2.42 

Figure 3 illustrates the effect of addition of tuff as a filler to substitute for quartz in the mixture on the 
compressive strength. The replacement of 25 to 75% sand by pozzolanic tuff as filler has in general 
improved the compressive strength of the samples after 1, 7, 14, and 28 days. The compressive 
strength is however again on the initial level with the 100% substitution of sand by tuff. Remark that 
after one day the strength of the 100% tuff sample is clearly lower than the 100% sand sample, 
probably indicating a less availability of dissolved silica (100% tuff means no quartz as filler). In 
general, as indicated in figures 3 and 10, the presence of pozzolanic tuff as a substitute of quartz 
indicates higher reactivity causing rapid setting when cured at 80 °C, leaving behind undissolved tuff 
(anorthite and diopside). The compressive strength of the immersed samples shows the same trend 
namely the series with 25- 75% tuff have an increased compressive strength. Ageing has improved the 
compressive strength gradually. 
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Figure 2. The relationship between plastic limit and tuff %. The line is drawn as a guide to the eye. 

Figure 3 (a-d). The effect of pozzolanic tuff and ageing (1,7, 14, and 28 days at room temperature) on 
the compressive strength. 

Figure 4 illustrates that the use of 100% tuff as filler improves the compressive strength (from 25 to 30 
MPa) with ageing (after 28 days). It indicates a possible further chemical reaction and crystallization of 
the amorphous phases that act as a binding material. The same trend appears also with the immersed 
specimens. 
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Figure 4. The effect of ageing on compressive strength 

The electrical conductivity of the water in which the geopolymer specimens were immersed was 
measured. The results are plotted in Figure 5. The plot illustrates also the effect of ageing after 1,7, 14 
and 28 days. The figure indicates that the higher the tuff %, the higher is the Ec values as a result of the 
release of dissolved alkalis. The increased electrical conductivity of the immersed samples could be 
related to water-soluble salts, that cause the efflorescence problem. Efflorescence is the result of 
carbonation of residual NaOH, since the end geopolymer products contain sodium carbonate as major 
water-soluble salt. 
A not expected result is that the electrical conductivity increases with ageing time of the specimens. 
The lowest solubility is measured after one day ageing and for longer times of ageing and thus less 
reactivity and higher electrical conductivity could be related to the increase of quartz (Figure 5). In the 
presence of quartz as a filler (less tuff), less reactivity, more dissolved solids, and higher Ec is 
indicated. This means that more material can be dissolved in the water after longer reaction time 
(ageing). No explanation was found for this particular behavior and further investigation is ongoing. 

Figure 5. The effect of tuff % and ageing on electrical conductivity 

Figure 6. The effect of ageing on electrical conductivity (adding 100% tuff) 
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The effect of tuff % on the density of the geopolymers is illustrated in Figure 7. The density is at 
maximum as a result of adding 25 and 50% tuff. The figure indicates that the maximum reaction with 
tuff takes place by adding 50 % tuff. The higher is the reactivity with tuff; the lower is the porosity 
(higher density) as a result of polymerization. The same trend appears with the immersed specimens,. 
The addition of 25% and 50 % tuff produces higher density geopolymers than other concentration. 

Figure 7. The effect of tuff % on the density of the geopolymers after 7 days 

Figure 8. The effect of tuff % on water absorption after 7 days 

The effect of tuff % on water absorption is illustrated in Figure 8 and Figure 9. Water absorption 
increases with the increase of tuff % after 7 days Figure 8. 
The maximum water absorption with the increase of tuff % is due to the presence of voids and a 
smaller amount of crystalline fraction in the matrix of the geopolymers as will be shown later. 

Figure 9. The effect of tuff % on water absorption after 28 days 

The X-ray diffraction results of the produced geopolymers from the different series (Table 1) are 
illustrated in Figure 10. The X-ray diffraction patterns of the five geopolymer mixtures are compared 
with the added kaolinite and tuff to indicate any phase changes. 

Developments in Strategic Materials and Computational Design II - 5 9 



The Effect of Addition of Pozzolanic Tuff on Geopolymers 

The most important mineral phase of the produced geopolymer from series 1 to 4 (up to 75% ruff) at 
80°C is sodalite. The same results were obtained by other researchers working on Jordanian kaolinite 
[4; 10]. As identified by XRD, the mineral phases of the geopolymer cured at 80 °C (series 1,0% 
tuff) are mainly composed of kaolinite, muscovite-illite, quartz and Na-Al silicate phases (sodalite). 
Sodalite as the new geopolymer phase stays in all the mixtures (0-100 % tuff). Kaolinite peaks became 
weaker in the different series as a result of the chemical attack during the geopolymerization. The X-
ray diffraction results (Figure 10) indicate the presence of residual kaolinite as a result of incomplete 
reaction with Na (OH). The diffraction peaks of the mineral phases in the tuff mostly disappeared. The 
alkaline solution reacts with tuff to produce amorphous and crystalline phases of Na-Ca-Al silicates 
similar to phillipsite and nepheline. 

Figure 10. The X-ray diffraction results of the produced geopolymers from the different series. 

Figure 11 to Figure 15 illustrate selected SEM photomicrographs of the different series cured at 80 °C 
after 24 hours. The figures indicate the presence of residual kaolinite in the different series. Residual 
kaolinite shows reaction rims, embayment and etching. New Na-Al-silicate phases as indicated from 
EDX data are embedded in the matrix (Figure 11). 
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Figure 11. SEM photomicrograph of the first series (0% tuff). 

Figure 12. SEM photomicrograph of the second series (25 % tuff). 

Figure 12 illustrates also the new phases in the matrix after adding 25 % tuff. The figure illustrates the 
formation of idiomorphic quartz. Crystalline and amorphous sodium potassium calcium aluminum 
silicate phases are also retrieved in the matrix. 
Figure 13 illustrates the SEM photomicrograph after the addition of 50% tuff. The figure shows 
geopolymerized crystalline and amorphous matrix. 
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Figure 13. SEM photomicrograph of octahedral zeolite phases growing at the expense of amorphous 
polymerized phases (50% tuff). 

Figure 14 illustrates the formation of new amorphous and crystalline phases in the matrix at the 
expense of kaolinite and tuff. The addition of 75 % tuff indicates higher solubility of the tuff and the 
formation of amorphous material. 

Figure 14. SEM photomicrograph of amorphous and crystalline polymerized phases (75% tuff). 

Figure 15 illustrates the formation of new amorphous and crystalline phases in the matrix with the 
addition of 100% tuff. Zeolite phases grow at the expense of the amorphous gel-like matrix. 
In general, the SEM photomicrographs indicate better geopolymerization and crystallization with the 
increase of tuff % as a result of its reactivity towards NaOH. 
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Figure 15. SEM photomicrograph of zeolites growth from gel (100% tuff). 

Figure 16 illustrates the effect of high temperatures up to 1200°C on the compressive strength of the 
geopolymers' specimens from series (3) with 50 % tuff. The effect of the increase of temperature on 
the compressive strength has indicated the lowest values at 900 С (14 MPa) and the highest values 
(68.3 MPa) at 1100 C. At 1200 С the geopolymer specimen has almost completely melted. 

Figure 16. The effect of high temperatures up to 1200°C on the compressive strength of the 
geopolymer (series with 50% tuff). 

The figure illustrates that the compressive strength increases up to 56 MPa with the increase of 
temperature to 500°C under dry conditions. Afterwards, the compressive strength decreases with the 
increase of the temperature up to 900°C (14.2 MPa). The mechanical performance remarkably 
increases again above 900 °C and reaches its maximum (68.3 MPa) at 1100°C before the geopolymer 
starts flowing out at 1200°C. 

The XRD traces of geopolymers cured at 80 °C showed that the mineral phases are mainly 
kaolinite, muscovite, quartz and Na-Al silicate phases (Na- phillipsite and natrolite structures) [4; 10; 
current work].Figure 17 shows the effect of increase of temperature on mineral phases. Kaolinite major 
peaks (7 À and 3.5 À) disappear at 600°C as a result of dehydroxylation and change into metakaolinite. 
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The drop in the compressive strength values at a temperature higher than 600°C is related to the 
dehydroxylation of kaolinite and the disappearance of unstable Na-Al - silicate phases possibly as a 
result of melting and/or recrystallization (Figure 19). At 700°C the dehydroxylation of kaolinite is 
complete forming a poorly crystalline metakaolinite. Products produced at this temperature can act as a 
pozzolanic material. 

At 1000°C amorphous phases are formed which undergo a transformation, with mullite 
recrystallizing in an amorphous glass at temperatures above 1100°C. 
The increase in the compressive strength values above 800°C is related to the devitrification of 
amorphous fractions, healing the cracks formed due to the thermal treatment. Afterwards, these glassy 
phases can recrystallize (see appearance of sodalite and mullite). Sodalite is the result of reaction 
between metakaolinite and NaOH at high temperature. Heating the geopolymer at 1000°C for 24 h did 
not show a collapse of the texture and this is an empirical indication of refractoriness. The presence of 
sodalite and mullite refractory phases should at 1000°C made these geopolymers sufficiently refractory 
for continuous use up to this temperature. Figure 18 shows a heated specimen at 200°C with zeolites 
polymerized in the porous matrix. Residual collapsed amorphous kaolinite flakes and zeolite-rich 
matrix are present up to 900°C. At 900°C the material is partly vitreous, much less porous and the Na 
is held more strongly in the glassy and crystalline (nepheline - sodalite) phases (Figure 19). This 
explains the mechanical behavior. At 1000°C, 1100°C and 1200°C zeolitic and vitreous less porous 
textures are observed (Figure 20 - Figure 22). 
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Figure 17. X-ray diffractograms illustrating the effect of temperature on mineral phases (series with 
50% tuff). 
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Figure 18. SEM photomicrograph of heated specimen at 200°C (50% tuff) illustrating zeolite growth 
from amorphous matrix. 

Figure 19. SEM photomicrograph of heated specimen at 900°C (50% tuff) illustrating porous 
crystalline and vitreous texture. 
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Figure 20. SEM photomicrograph of heated specimen at 1000°C (50% tuff) illustrating porous 
crystalline and vitreous texture. 

Figure 21. SEM photomicrograph of heated specimen at 1100°C (50% tuff) illustrating porous 
crystalline (zeolitic) and vitreous texture. 

Figure 22. SEM photomicrograph of heated specimen at 1200°C (50% tuff) illustrating compact 
crystalline and vitreous texture. 
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CONCLUSIONS 
Natural kaolinite with tuff and quartz fillers satisfies the criteria to be used as a precursor for the 

production of inexpensive and durable construction materials. 
The specimens with 25% to 75 weight% pozzolanic tuff, replacing sand as filler, have maximum 

reaction with NaOH and have increased the compressive strength after 14 days to 47 MPa for dried 
samples and 21 MPa for immersed samples. The alkaline solution reacts with tuff to produce 
crystalline phases of Na-Al silicates and Na-Ca-Al silicates and low density products. The physical 
properties, SEM and XRD results have confirmed that the reaction with kaolinite, tuff and quartz cured 
at 80 °C for 14 hours was not complete. Zeolite phases grow at the expense of the amorphous gel-like 
matrix. The lower densities of the geopolymers obtained by the addition of 50 % tuff enable their use 
as an insulating material. Therefore, they can be used as insulating material and for applications where 
fire safety is required. 

The effect of the increase of temperature on the compressive strength has indicated the lowest 
values (14.2 Mp) at 900 С and the highest values (68.3 Mpa) at 1100 С The remarkable increase in 
compressive strength at 1100 С is related to the devitrification process of the molten part. 

The SEM and XRD results have indicated the effect of increase of temperature on mineral phases, 
compressive strength and texture. The geopolymers' specimens exhibit maximum mechanical strength 
at 500 °C before it has dropped down to 14.2 MPa at 900 °C. The mechanical performance remarkably 
increased at a temperature higher than 900 °C and reached its maximum (68 MPa) at 1100 before the 
geopolymer has melted and recrystallized at 1200°C. 
The presence of sodalite and mullite refractory phases should at 1100°C made these geopolymers 
sufficiently refractory for continuous use up to this temperature. 
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ABSTRACT 
The feasibility of geopolymer synthesis using incinerator bottom ash as the source of Si- and 

Al- containing phases was tested in the present study. Alkaline activation at moderate temperatures 
was used to force the rearrangement of the alumino-silicate matrix resulting in the production of a 
geopolymeric material. Different mixtures were investigated for geopolymer production, which 
differed in the Si/Al ratio (obtained upon addition of sodium silicate and metakaolin at varying 
proportions) and the NaOH concentration in the alkaline medium. The obtained geopolymeric 
materials were characterized in terms of physical and mechanical properties, mineralogical and 
microstructural characteristics as well as chemical durability. Wide variations in the main 
characteristics of the obtained products were observed, indicating a significant influence of the process 
variables on the evolution of the geopolymerization reactions. While the physical and mechanical 
properties correlated well with the Si/Al ratio, no clear trend was found with the NaOH concentration; 
however, although the strength development upon geopolymerization was clear, the experimental data 
suggested that the optimal Si/Al ratio was probably beyond the investigated range. SEM, FT-IR, TG 
and leaching test data showed that, although the onset of the geopolymer-formation reactions was 
clear, the degree of matrix restructuring was relatively poor, indicating the need for further 
investigation to promote the development of the geopolymerization reactions. 

INTRODUCTION 
Bottom ashes (BAs) from waste incineration are generated in relatively large amounts (> 90% 

of the total solid residues mass) and account for 15-25% by mass of the original waste. BAs are also 
the residues with technical properties most suited for utilization. The similarities in physical 
characteristics and major composition of granular construction materials and BA make this residue 
virtually suited for recycling as a substitute for natural aggregate; construction and building materials 
are the primary utilization route for BAs in Europe1. All the mentioned utilization options rely on the 
implicit assumption of the predominantly inert characteristics of BA, however, the chemical reactivity 
of BA under natural conditions has also been widely assessed. Thus, advantage may be taken from the 
presence of reactive compounds in В A to improve the materials' properties for utilization. Different 
processing methods have been investigated to improve the mechanical properties of BA in view of 
engineering applications, which are mostly based on preliminary activation of the material by means of 
mechanical, chemical or thermal methods (or a combination of the three). 

In our previous studies2"6 we applied a number of processes of different nature to transform 
incinerator BA in a valuable material for various applications. Namely, the studies focused on the 
production of: 1) sintered ceramics to be used for manufacturing of tiles and linings for pipes and ducts 
or as an aggregate material; 2) zeolitized materials for the treatment of high-strength industrial 
wastewaters; 3) pozzolanic materials for the formulation of blended cements. In the present work, we 
intend to gain insights into the feasibility of production of geopolymeric materials from incinerator 
BA, considering that the material is known to be composed of amorphous and vitreous phases, the 
most abundant constituents being Ca-, Si- and Al-containing minerals. While other kinds of inorganic 
industrial wastes (coal/lignite fly ash7"15, biomass ash16, coal bottom ash9,17, blast furnace slag18,19, air 
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pollution control ash from waste incineration and wastewater sludge ) have been investigated in 
previous studies for similar applications, to the authors' knowledge no specific study on geopolymer 
production from incinerator BA has been conducted so far. 

MATERIALS AND METHODS 
Waste incinerator BA from an Italian grate-type RDF incinerator was used as the starting 

material for geopolymer synthesis. Fresh В A was sampled at the quenching unit outlet, homogenized 
by quartering and characterized for elemental composition and anion content. The elemental 
composition was determined using a Perkin-Elmer 303OB atomic absorption spectrometer after 
triplicate alkaline digestions at 1050 °C in platinum crucibles using lithium tetraborate as the melting 
agent. Anions were analyzed using a Metrohm 761 Compact 1С ion chromatographer after dissolution 
according to the Italian UNI 8520 methods. Microstructure was investigated with a Philips XL-30 
SEM analyzer, operating at 25 kV with a spot size of 200 nm, a tilt angle of 35°, a take-off angle of 
61.34° and equipped with an ED AX DX-4 energy-dispersive spectrometer operated at a count rate of 
1200 cps and a live time of 50 s. Samples were first impregnated with an ultra-low viscosity resin, then 
polished and carbon-coated under vacuum. 

BA pre-treatment involved ball-milling the dried as-received material to a final mean particle 
size < 425 μιη. The alkaline activator used for geopolymerization included a sodium silicate solution 
(Si02 = 26.91%, Na20 = 8.68%; Si02/Na20 = 3.1 w/w) and an NaOH solution (10-15.5 M), which 
were mixed in different proportions to provide the desired reacting medium. Metakaolin (MK) was 
used to adjust the Si/Al ratio in the desired range of values; metakaolin was obtained from commercial-
grade kaolin (Al203-2Si02-2H20; CAS no. 1332-58-7; > 95% kaolinite content) by calcination at 
800°C for 2 hours in air. Milled BA was mixed with the alkaline activator at a solid-to-liquid (S/L) 
ratio of 4 kg/1 except for pastes with the highest metakaolin content, where additional water was 
required to ensure a suitable workability, resulting in a S/L ratio of 3.3. 

Different pastes were tested for the geopolymerization process by varying the Si/Al molar ratio 
(1.28-2.29) and the NaOH concentration (5-9 M) in the alkaline medium, as reported in Table I 
(sample codes include the values of the two parameters in each mixture). The paste preparation 
procedure involved hand-mixing of the dry В A and metakaolin for 2 minutes, followed by hand-
mixing for additional 7 minutes of the resulting dry mixture with previously blended Na silicate and 
NaOH solutions. The resulting pastes were cast in 20-mm diameter, 45-mm height cylindrical steel 
moulds, manually compacted with a piston and de-moulded afterwards. The cylindrical specimens 
were transferred to an oven where they were heated at 75 °C for 24 hours; such operating values were 
selected on the basis of the results from preliminary tests. After the heat treatment the specimens were 
wrapped in parafilm foils and cured at room temperature for 7 days. 
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Table I. Composition of pastes used for the geopolymerization experiments 
Mixture components Final values 

Sample 
code 

S-2.29-5 
S-1.69-5 
S-l.28-5 
S-2.29-6 
S-1.69-6 
S-1.28-6 
S-2.29-7.5 
S-1.69-7.5 
S-l.28-7.5 
S-2.29-9 
S-l.69-9 
S-l.28-9 

BA 

(g) 
16 
12 
5.2 
15.8 
11.7 
4.6 
16 
12 
5.2 
16.2 
12.3 
5.7 

MK 

(8) 
4 
8 

14.8 
4.2 
8.3 
15.4 
4 
8 

14.8 
3.8 
7.7 
14.3 

Na silicate sol. 

(ml) 
2.5 
2.5 
3 
3 
3 

3.5 
2.5 
2.5 
3 
2 
2 

2.5 

NaOH sol. 

(M) 
10 
10 
10 
15 
15 

14.5 
15 
15 
15 
15 
15 

15.5 

(ml) 
2.5 
2.5 
3 
2 
2 

2.5 
2.5 
2.5 
3 
3 
3 

3.5 

S/L 
ratio 

(g/ml) 
4 
4 

3.3 
4 
4 

3.3 
4 
4 

3.3 
4 
4 

3.3 

Si/Al 

(mol/mol) 
2.29 
1.69 
1.28 
2.29 
1.69 
1.28 
2.29 
1.69 
1.28 
2.29 
1.69 
1.28 

NaOH 

(M) 
5 
5 
5 
6 
6 
6 

7.5 
7.5 
7.5 
9 
9 
9 

Na/Al 
(mol/mol) 

0.50 
0.33 
0.25 
0.57 
0.38 
0.29 
0.69 
0.46 
0.35 
0.82 
0.55 
0.42 

After 7 days, the products were tested for physical, mechanical, mineralogical, microstructural and 
leaching properties. Such a curing time was selected on the basis of preliminary experiments, which 
evidenced a gain in mechanical strength from 1 to 7 days also accompanied by a reduction in variance 
of measured data, while a remarkably lower increase on a longer term. Of course, however, the main 
gain in strength was caused in the short term by the alkaline treatment applied. Physical and 
mechanical characterization involved triplicate measurements of bulk density (volume displacement 
principle), total porosity (pycnometric measurement) and unconfined compressive strength (UCS). 
Mineralogy and microstructure were investigated through SEM/EDAX, FT-IR and TGA/DTA 
analyses; while SEM observations were carried out on specimen fragments obtained from mechanical 
testing, the other analytical techniques were applied on powdered samples. SEM analyses were 
conducted as already described above. FT-IR absorbance spectra were collected with an Impact 420 
Nicolet instrument in the wavenumber range 400-4000 cm-1 with a resolution of 4 cm-1 on pellets with 
KBr. Simultaneous TGA/DTA analyses were performed on a Netzsch STA 409 C/CD instrument at a 
heating rate of 10 °C/min in static air over a temperature range of 20-1000 °C. The EN 14429 (acid 
neutralization capacity, ANC) leaching test was applied after mechanical strength testing on ball-
milled (<425 μιη) specimens to assess the chemical durability of the materials. 

RESULTS AND DISCUSSION 
Chemical, microstructural and mechanical characterisation 

The elemental composition of the В A used is reported in Table II. The major constituents of the 
untreated bottom ash are: Ca (27.5% dry wt), Si (15.0% dry wt) , soluble chloride (5.4% dry wt.) and 
Al (4.1% dry wt.). Appreciable amounts of trace metals were also detected in the material, the highest 
contents being displayed by Cu (5900 mg/kg), Pb (1400 mg/kg) and Zn (6200 mg/kg). 
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Table II. Concentrations (average values ± standard error) of major elements, trace metals and anionic 
species in the untreated BA 

Element/Anion 

__ 
As 
Ca 
Cd 
Cr 
Cu 
Fe 
К 
Mg 
Mn 

Concentration 
(mg/kg) 

41200 ±2% 
3.4 ±6% 

270000 ± 7% 
8 ±15% 

390 ± 4% 
5900 ±16% 
29400 ± 3% 
3870 ±2% 
18900 ±4% 
710 ±5% 

Element/Anion 

Mo 
Na 
Ni 
Pb 
Sb 
Si 
Zn 
CI-
SC^2" 

Concentration 
(mg/kg) 
30 ± 4% 

17500±1% 
170 ±22% 

1400 ±12% 
140 ±15% 

150000 ±3% 
6200 ± 6% 
54000 ± 5% 
4100 ±5% 

The grain size distribution of the milled BA was as follows: 250 μπι < Φ < 425 μνη = 37%, 150 μιη < 
Φ < 250 μηι = 21%, 100 μπι < Φ < 150 μπι = 15%, 75 μηι < Φ < 100 μιη = 17%, 63 μηι < Φ < 75 μιη 
= 7.5%, 38 μπι < Φ < 63 μηι = 1.8%, Φ < 38 μηι = 0.7%. The SEM micrograph (100 magnification) 
of the untreated milled В A is shown in Figure 1, which indicates a microstructure with loose particles 
with large areas characterized by a dark gray level intermixed with lighter gray zones of more limited 
extension. Both areas were analyzed for elemental composition through ED AX analyses. Dark gray 
areas mainly contained Ca (16 mol%), Si (13.5 mol%) and Al (5.4 mol%), which could roughly be 
described by the presence of CaO, S1O2 and AI2O3 at molar ratios of 6:5:1; lower contents of С (4.6 
mol%), Na (3.7 mol%), Cl (1.9 mol%) and Mg (1.3 mol%) were also detected. Light gray zones 
mainly contained Si (24.4 mol%), Na (9.8 mol%) and Ca (7.3 mol%), with smaller concentrations of С 
(3.9 mol%), Al (2.8 mol%) and Mg (1.4 mol%). 
The results from mechanical characterization are reported in Figure 2 in terms of UCS values and 
associated standard deviation. Depending on paste composition, large variations in the mechanical 
properties were observed, with values ranging from a minimum of < 0.1 MPa for sample S-1.28-7.5 to 
a maximum of 7.4 MPa for sample S-2.29-7.5. The influence of the Si/Al and Na/Al ratios on UCS is 
depicted in Figures 3 a) and b). An increase in both the Si/Al and Na/Al ratios appeared to improve 
compressive strength, although at fixed values of the Na/Al ratio an increase in the NaOH 
concentration in the alkaline reaction medium seems to exert a negative effect on mechanical strength. 
For the Si/Al ratio, the results shown in Figure 3 a) appear to indicate that the optimum for mechanical 
strength development should lie beyond the investigated range. While the measured UCS values were 
relatively weak at the operating conditions tested, the trend reported in Figure 3 a) suggests that 
improved mechanical characteristics may be obtained when increasing the Si/Al molar ratio above 
2.29. Previous studies of geopolymerization of waste materials7"21 have shown that a very wide range 
of mechanical strength values can be obtained depending on the initial material composition and 
processing conditions. 
As for the relative contribution of BA and MK to strength development, although with the available 
experimental data it was not possible to derive any specific conclusion, it appears that UCS benefited 
from an increase in the bottom ash content in the mixtures (data not reported graphically here), 
indicating the reactivity of the material in the alkaline medium. However, a minimum amount of MK 
was also found to be required for the investigated mixtures to attain suitable mechanical properties. 
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Figure 1. SEM micrographs of polished surfaces for untreated В A. 

Figure 2. Results of UCS testing on geopolymerized materials (error bars are drawn at one standard 
deviation of values). 

Figure 3. Relationship between UCS and (a) Si/Al and (b) Na/Al ratio. 
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For a more detailed physical and mineralogical/microstructural characterization and to gain knowledge 
on the microstructure-mechanical strength relationship, four samples were selected among those 
displaying the best and worst mechanical behaviour; these included S-2.29-7.5 (UCS = 7.38 ± 1.29 
MPa), S-2.29-5 (UCS = 4.52 ± 0.59 MPa), S-l.69-7.5 (UCS = 1.18 ± 0.45 MPa) and S-l.28-7.5 (UCS 
< 0.1 MPa), which differed in the Si/Al ratio and the NaOH concentration. The unit weight and total 
porosity values for such samples are reported in Table III. Unit weight was found to vary from 10.5 to 
15.6 kN/m3, while total porosity ranged from 40.2 to 66.5%, and both parameters displayed a good 
correlation with mechanical strength data. 

Table III. Results of physical characterization for selected samples (mean values ± standard deviation) 
UCS Unit weight Porosity 

Sample code (MPa) (kN/m3) (%) 
S-2.29-7.5 7.38 ±1.29 14.96 ±0.12 42.8 ±1.2 
S-2.29-5 4.52 ±0.59 15.57 ±0.15 40.2 ±0.5 
S-l.69-7.5 1.18 ±0.45 12.02 ±0.21 58.9 ±0.9 
S-l.28-7.5 <0.1 10.54 ±0.24 66.5 ±1.2 

The SEM micrographs (200 magnification) of polished fragments for samples S-2.29-7.5 and S-2.29-
5 (Figure 4) suggest that individual unreacted particles of different size were still present in the 
material and were surrounded by a layer of small sheets of reacted solids. This effect has been also 
observed in geopolymers produced using plasma vitrified incinerator air pollution control residues20. In 
the present case, it is apparent that the external layer of reacting material filled the original pores and 
acted by forming bridges and interconnections between the original grains (Figure 4). The fact that 
geopolymerization reactions had occurred within the material appears to be indicated by the relatively 
low pore volume and small void size visible in SEM pictures. Visual observation of the amount and 
size of pores in the investigated samples also appears to confirm the results from total porosity 
measurements which indicated that sample S-2.29-7.5 was more porous than sample S-2.29-5. EDAX 
spot analyses conducted on the 10-μπι square areas indicated in Figure 4 showed the main presence of 
Si (20.9 and 18.0 mol% for samples S-2.29-7.5 and S-2.29-5, resp.) and Al (19.8 and 15.7 mol% for 
samples S-2.29-7.5 and S-2.29-5, resp.), corresponding to Si/Al molar ratios of 1.05 and 1.15. The 
Si/Al ratio for these samples thus decreased from 2.29 mol/mol to a final value of-1.0 mol/mol, which 
may be explained considering that polysialate-type geopolymers, having an Si/Al ratio of l22, were 
formed under the treatment conditions applied. 

Sample S-2.29-5 was also found to have a significant Na content (10.8 mol%), which was also 
appreciably higher than that of sample S-2.29-7.5. 
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Figure 4. SEM micrographs of fracture surfaces for samples a) S-2.29-7.5 and b) S-2.29-5. 

The results of infrared spectroscopy characterization are reported in Figure 5 a) for the untreated BA 
and the four BA-based geopolymeric materials mentioned above. Six main adsorption bands can be 
identified in the FT-IR spectra of treated materials, namely: a band at 450-470 cm-1 associated to in-
plane bending vibration of Si-O-Si23'26 (referred to as peak 1), a second band of low intensity at 710-
730 cm-1 related to symmetric stretching vibration of Si-O-Si or Si-O-Al bonds, a main band at 980-
1040 cm-1 associated to asymmetric stretching vibrations of Si-O/Al-0 bonds23"26 (peak 2), a band at 
-1450 cm-1 due to the presence of O-C-O stretching vibration in carbonate groups7'23'24, (peak 3), 
two broad bands at 1640-1660 cm-1 and 3440-3460 cm-1 related to stretching and deformation 
vibrations of OH and H-O-H groups9'23'27'28 (peaks 4 and 5). For the untreated BA, a sharp band 
(although of low intensity) at -3640 cm-1 was also identified (peak 6) and associated to O-H stretching 
in the Ca(OH)2 structure29. 

According to previous literature studies23"26, the peaks centered at 980-1040 cm-1 and 450-470 
cm-1 were assumed as the main molecular vibration fingerprints of geopolymeric materials. While the 
latter was not present in the original BA and was visible in the treated products, the former appeared in 
the treated materials with a different shape and intensity if compared to the untreated ash. The 
absorption characteristics in the range of peak 2 suggest that FT-IR spectra display broad and 
asymmetric curves, which likely result from the overlapping of several characteristic vibrational 
bands30; it is thus possible that not only stretching vibrations of Si-O/Al-O bonds were associated to 
the observed IR peaks, but that additional vibration modes were also hidden in the spectra. However, a 
quantitative derivation of such additional characteristic bands has not been performed in the present 
study. Considering the main peak identified as peak 2, its position tended to shift from wavenumbers 
of 1020-1040 cm-1 (samples S-l.69-7.5 and S-l.28-7.5) towards lower values in the range 985-1007 
cm-1 (samples S-2.29-5 and S-2.29-7.5), which may be taken as an indication of the increase in the 
degree of geopolymerization associated to the inclusion of tetrahedrally-coordinated Al in the Si-O-Si 
skeletal structure7'12'24'30'31. The presence of Al in the silicate network may also be confirmed by the 
appearance of a shoulder in the FT-IR spectra at -1200 cm-1, which has been related to aluminosilicate 
structures32. On the other hand, according to Lecomte et al.33, the occurrence of a band at around 
710-730 cm-1 may provide an indication of the fact that a relatively poorly polymerized structure was 
formed in the investigated materials, since this band has been associated to silicooxygen rings with a 
low number of structural members. It may thus be hypothesized that in the investigated materials an 
aluminosilicate network possibly coexisted with C-S-H or C-A-S-H type phases, as indicated by 
numerous studies on the effects of Ca on the structure of geopolymeric materials34"36. These phases 
may have been formed from the reaction of Ca originating from BA with dissolved Si and Al; the 
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disappearance of some reactive Ca from the original material may be confirmed by the fact that the 
peak at -3640 cm-1 in the FT-IR curve associated to Ca(OH)2 could not be detected in the treated 
material, indicating possible reactions of Ca to form (alumino)silicate phases. 

Figure 5. FT-IR spectra (a) and comparison of relative peak intensities (b) for BA-based geopolymers. 

A comparison between the intensities of FT-IR peaks for the four BA-based geopolymers is provided 
in Figure 5 b). Data for each sample were calculated as relative intensities of the peaks of interest 
normalised to the intensity of peak 3, assuming that the degree of carbonation was the same for all 
samples tested, so that the carbonate peak should have the same height. The most evident difference in 
peak height could be observed for peak 2, with samples S-2.29-5 and S-2.29-7.5 displaying higher 
peak intensities than the other two samples, in agreement with the higher strengths measured; however, 
the fact that sample S-2.29-7.5 showed a higher UCS than the former could not be related to the 
information provided by FT-IR data. In general, FT-IR data showed that sample S-2.29-5 displayed 
higher peak intensities than the other samples. The fact that the height of peak 5, associated to 
absorbed water, followed the same trend already noted for peak 2 may be considered as an indication 
of the higher degree of hydration attained for samples S-2.29-5 and S-2.29-7.5, as opposed to the other 
materials investigated. 

Another interesting feature noted in the FT-IR spectra was "the fact that a small peak appearing 
at -800 cm-1 for the raw BA, which was attributed to Si-O-Al vibration23, disappeared in the treated 
materials and was replaced by several weaker bands at lower wavenumbers, ranging from 700 to 800 
cm-1. This may be interpreted assuming that decomposition of Al-containing chemical structures 
occurred during geopolymerization and that the resulting AI was afterwards incorporated in alumino-
silicate structures indicated by peak 2. 

The thermal analysis results are reported in Figure 6. The thermograms displayed basically four 
regions characterized by different amounts and rates of mass loss in the following ranges: 20-240 °C, 
240-380 °C, 380-700 °C and >700 °C. Within the first region, a major weight loss occurred, 
accounting for 58-75% of the total weight loss recorded over the temperature range investigated. As 
outlined by numerous studies7'12'37"40, a large endothermic peak was observed at temperatures of 120-
130 °C, which was related to sample dehydration, with loss of absorbed and loosely bound water. As 
reported in Table IV, the weight loss associated to the first temperature region ranged from 4.4 to 5.3% 
and it was larger for samples S-l.69-7.5 and S-1.28-7.5, for which a poorer geopolymerization degree 

78 · Developments in Strategic Materials and Computational Design II 



Bottom Ash-Based Geopolymer Materials: Mechanical and Environmental Properties 

was also indicated by the other characterization analyses. 

Figure 6. TGA and DTA results for BA-based geopolymers. 

Further weight decrease was recorded, although at a lower rate (as also noted by other 
investigators '40), in the second temperature region and was associated to sample dehydroxylation7,37; 
the mass loss values ranged from 1.4 to 1.8%. However, in the DTA patterns of samples S-1.69-7.5 
and S-1.28-7.5, an exothermic peak was identified at about 330 °C, with an associated weight loss of 
1.6 and 1.4%, respectively, which indicates the presence of a different phase for such samples if 
compared to the other materials investigated. Based on the information available, however, no tentative 
association with any specific phase, the occurrence of which could reasonably be expected only in 
samples S-l.69-7.5 and S-l.28-7.5, could be made. If the weight loss associated to the decomposition 
of this unknown phase is subtracted from the overall weight decrease in the temperature region 240-
380 °C, net mass loss values are obtained, as shown in Table IV, which suggested a higher degree of 
hydration for samples S-2.29-7.5 and S-2.29-5, possibly confirming the larger geopolymerization 
degree attained for such materials. 

An additional, much slower, mass loss was observed between 380 and 700 °C, which mirrors a 
more stable thermal behaviour of the materials at temperatures above 380 °C and confirms the results 
obtained from other studies38,41. Finally, a small weight gain (-1%) was observed in the fourth 
temperature region (> 700 °C), which may be due to oxidative transformations, although the 
identification of the species involved has not been possible. 

Table IV. Weight loss for different temperature regions as derived from the TGA curves in Figure 6 

Temperature range 
0-240 °C 
240-380 °C 
240-380 °C (net) 
380-700 °C 
700-1000 °C 

S-2.29-7.5 
4.42 
1.38 
1.38 
1.36 

-0.33 

Sample 
S-2.29-5 

4.57 
1.45 
1.45 
1.74 
0.05 

:code 
S-l.69-7.5 

4.81 
1.83 
0.21 
1.50 

-0.56 

S-l.28-7.5 
5.27 
1.57 
0.19 
1.24 

-1.03 

Chemical durability 
The ANC curves of the untreated BA and the BA-based geopolymers are shown in Figure 7. 
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Significant changes in the buffering capacity were observed in comparison to the raw ash and between 
the geopolymerized samples. Due to the high alkali amount added to the mixtures, the natural pH of 
the original BA (11.84) was found to increase by almost two units in the BA-based geopolymers, 
reaching values in the range 13.02-13.33. The different mineralogical composition of the untreated and 
treated materials is mirrored by the different shapes of the titration curves: while the raw В A displayed 
a sort of plateau in the pH range 10-12, the curves of the treated materials were steeper in this pH 
range, indicating no significant buffering by mineral phases. The acid buffering capacity of the treated 
material was generally lower than that of the original В A within the whole range investigated: for the 
purpose of comparison, while the ANC to pH 8 was 3.2 meq H+/g for the raw В A, it was reduced to 
1.6 meq H+/g (sample S-1.28-7.5) - 2.9 meq H+/g (sample S-2.29-7.5). Furthermore, samples S-2.29-5 
and S-2.29-7.5 displayed similar ANC curves in the entire pH range investigated and showed stronger 
buffering capacities with respect to the other two samples; these also appreciably differed from each 
other, with sample S-1.28-7.5 displaying the steepest curve. The lower buffering capacity of samples 
S-1.28-7.5 and S-1.69-7.5 is assumed to confirm the lower degree of geopolymerization reactions 
occurred for these materials as indicated by the previous analyses. 

Figure 7. ANC curves for BA-based geopolymers as compared to the untreated В A. 

CONCLUSIONS 
In the present work, a number of mixtures obtained from В A with the addition of metakaolin, 

sodium silicate and sodium hydroxide were subjected to a low-temperature thermal treatment in order 
to induce the formation of geopolymeric materials. Physical, mechanical, microstructural and 
mineralogical analyses were applied in order to derive information about the influence of the Si/Al 
ratio and the amount of added NaOH on the main properties of the obtained products. Depending on 
the process conditions adopted, wide variations in the main characteristics of the materials were 
observed, indicating a significant influence of the selected process variables on the evolution of the 
geopolymerization reactions. While the physical and mechanical properties were found to be well 
correlated with the Si/Al ratio, no clear trend was found with the NaOH concentration in the alkaline 
medium. Mechanical strength data also suggested that further investigation on the Si and Al content is 
required to identify the optimal range of values for inducing the highest possible mechanical 
properties. SEM, FT-IR, TG and chemical durability (ANC) data showed that, although the onset of 
the geopolymer-formation reactions was clearly confirmed, the degree of matrix restructuring was 
relatively poor, in agreement with the suggestions provided by the analysis of the mechanical 
properties. 
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ABSTRACT 

Three Jordanian raw materials, namely Jordanian Hiswa kaolinite, Jordanian volcanic tuff and 
Jordanian smectite rich clay, are investigated on their potential for use as an alkali activated cement. A 
dissolution study of these materials already indicates that the tuff sample reacts slower than the two 
clay materials. DSC shows that the kaolinite is the most reactive material followed by the smectite rich 
clay. The tuff is much less reactive. The kaolinite is chosen for producing geopolymer specimens. The 
optimal amount of NaOH to be added is found to be 16 parts by weight compared to the kaolinite. 
These specimens have a compressive strength of 33 MPa under dry conditions, after curing for 24h at 
80°C. TGA can be used for checking how much kaolinite remains after the geopolymerization. 

INTRODUCTION 
Since more than 25 years, effort has been carried out at Vrije Universiteit Brussels to produce 

construction materials, starting from local raw materials. A technique often used to obtain concrete like 
materials is alkali activation "6. With this technique for instance geopolymers can be produced7,8. 
Geopolymers have the benefit that they have a smaller environmental impact than does concrete9, but 
also the main raw material, for instance kaolinite, is often locally available10'11. To further minimize 
the production cost and the CO2 emission, the kaolinite will be used as such and thus not be 
dehydroxylated. This is in contrast to what is normally done for geopolymers were a thermally 
activated aluminosilicate such as metakaolinite or fly ash is used12. 

The research in this paper is in the framework of a water harvesting project with Jordan, 
moreover to find out which local raw materials can be used (reactive and filler) as a substitute for 
Portland cement for instance to produce bricks or tiles. 

In this paper the choice of the raw material will be discussed. The reactivity of three materials 
towards NaOH solutions is tested via a dissolution process. The amount of Si and Al in solution is 
monitored and the solid residues are characterized. From these raw materials, Hiswa kaolinite is 
chosen to prepare geopolymer samples. The mechanical and thermal properties of the resulting 
geopolymer will be investigated. 

Another part of this research is presented in the work of H. Khoury et al, entitled 'The Effect of 
Addition of Pozzolanic Tuff on Geopolymers' at this same conference. 
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EXPERIMENTAL 
Materials 

The different Jordanian raw materials are: Jordanian Hiswa kaolinite, smectite rich clay, and 
volcanic tuff. To check the reactivity the samples were sieved to <63 μιη. The materials used for 
fabrication of the geopolymer specimens are: Jordanian Hiswa kaolinite (JHK), Jordanian smectic clay, 
Jordanian volcanic tuff and Jordanian silica sand as a filler material (JSS), NaOH pellets from Merck 
with 99 % purity to prepare the alkaline solution with distilled water. Preparation of the geopolymer 
specimens was done as follows. Kaolinite and sand were mixed using a laboratory mixer. The NaOH 
solution was added gradually to the kaolinite/sand mixture and mixed for 10 minutes to get an 
optimum homogeneity. The mixture was divided into 3 stainless steel cylinder moulds (50 height x 25 
mm diameter) and compacted with a pressure of 16 MPa by using a hydraulic compressor then de-
moulded and weighed. The specimens were cured in a ventilated oven at 80 °C for 24 hours. Four 
series were prepared using different mass ratios of NaOH (8, 12, 16 and 20) and 100 kaolinite, 50 sand, 
and 22 H2O, parts in mass. 

Techniques 
The extent of dissolution of all materials in an alkaline medium was determined by mixing 5 g 

of each material with 200 ml of a 10 M NaOH solution at room temperature (25 °C). After 5, 24 and 
168 h the material was filtered. An Atomic Absorption spectrophotometer (AAS) AAS Analyst 100 
from PerkinElmer was used to determine the Al and Si concentrations from the filtered solutions. The 
solid residue was studied by TGA. 

The compressive strength of the geopolymer specimens was measured by using a CONTROLS 
testing machine (Model T106 modified to suit standard testing), where the load was applied and 
increased at a displacement rate of 3 mm/min. An average of three specimens per measurement was 
taken. 

The reactivity was studied with a Mettler DSC 822e using reusable high pressure stainless steel 
sample pans. The scan rate was 5°C/min. 

For thermogravimetric analysis a TGA Q5000 from ТА Instruments was used, purged with N2. 
The sample size was about 10mg and the scan rate 10°C/min. 

RESULTS AND DISCUSSION 
The different raw materials were subjected to a leaching procedure in a 10 M NaOH solution. 

Fig 1 shows the amount of Si and Al in solution after 7 days. These amounts were related to the total 
amount of the element in the raw material. It is clear that for the kaolinite and for the smectite rich clay 
more than 30% of the initial Si and Al went into solution. For the tuff the values were lower, especially 
for Al. This indicates a lower reactivity. The kaolinite and smectite rich clays mainly contained 
kaolinite and quartz14. Since quartz is much more stable than kaolinite, it is obvious that the Si in the 
solution originated from the break-down of kaolinite. 

Fig. 2 shows the weight loss of the Jordanian Hiswa kaolinite till 1000°C. A small amount of 
adsorbed water is present (about 2wt%). The step at about 500°C is due to the dehydroxylation of 
kaolinite. Comparing the height of this step (9.5wt% between 300 and 800°C) to the weight loss found 
for pure kaolinite in the same temperature interval (13.76%12) shows that the Jordanian Hiswa 
kaolinite contained about 69wt% of kaolinite by weight. If the amount of Si leached out is related only 
to the kaolinite, then the amount of kaolinite dissolved would be approximately 45wt%. Thus 
according to this leaching test the residual sample would still contain 24wt% of kaolinite after 7 days 
in 10M NaOH solution. 
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Fig. 1 Extent of dissolution of Si and Al in solution after leaching of kaolinite (K), smectite rich clay 
(Sc) and volcanic tuff (Vt) in 10M NaOH for 7 days at 25°C 
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Fig.2 TGA thermograms of Jordanian Hiswa kaolinite before (top, fresh) and after leaching (bottom) 
for 7 days in lOMNaOH 

The weight loss of the residue after the leaching consists of two well separated steps. The first 
step at about 100°C is due to free water. The second step consists of some overlapping phenomena. 
The first starts around 300°C and counts for 2wt%. It is probably due to new phases formed. The next 
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step lies in the temperature ranges of the dehydroxylation of kaolinite, although a tail at the high 
temperature side is remarked. If this step were only due to the dehydroxylation of remaining kaolinite, 
this amount can be calculated. The height of the step is 8.8%. The remaining kaolinite is therefore 
estimated to be more than 60%. This value is much higher than expected, since according to the 
leaching test only 24wt% of kaolinite remains. This weight loss step is thus also due to other new 
phases than kaolinite. 

The fact that new phases are formed during the leaching process implies that the concentrations 
measured in the solution (Fig. 1) do not give a complete picture of the chemical break down of the 
mineral. The concentration in the solution will be lowered by the precipitation of the new phases. The 
nature of these phases is elaborated elsewhere14 and also in the work of H. Khoury et al, 'The Effect of 
Addition of Pozzolanic Tuff on Geopolymers' at this same conference. As a result it can be stated that 
some zeolite-like materials such as hydroxysodalite, Na-phillipsite and natrolite are formed in an 
amorphous matrix. 

The leaching out of Si and Al is the first step of the geopolymerisation15'16. At least the first part 
of the DSC thermogram (Fig. 3) is thus due to this process. The height of the DSC signal reflects the 
reaction rate (heat released per unit of time). The smaller reactivity of the tuff is clear from these data. 
The tuff only starts to react visibly above 100°C where the kaolinite (JHK) already reacts from 80°C. 
The smectite-rich clay also starts reacting at 80°C but shows a smaller reactivity below 100°C. 

0 100 200 

Temperature (°C) 

Fig. 3 DSC thermograms of tuff, Jordanian Hiswa kaolinite and Jordanian smectite rich clay with 10 M 
NaOH 

It can also be remarked that the reactivity of these clays is much smaller compared to the 
reactivity of thermally treated clays such as metakaolinite or fly ash12. DSC can also be used to 
determine the optimum mixing ratio between the two components as was done in previous work7. 
However, this maximum in enthalpy does not necessarily correspond to the maximum mechanical 
strength (Fig. 4). 

Fig. 4 indicates that an optimum compressive strength is obtained for an amount of 16 parts of 
NaOH to 100 parts of kaolinite by weight. Fig. 5 shows the TGA analysis of this sample. After the loss 
of some absorbed water, a step between 300 and 700°C, in the neighborhood of the dehydroxylation of 
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kaolinite, is observed. This step counts for 4wt%, which can be related to 30wt% kaolinite that is 
remaining in the sample after reaction. It is however not sure that this step is solely due to kaolinite, 
since from the previous results (Fig.2) it was clear that other new phases with weight loss in the same 
temperature range can be formed. 
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Fig. 4 Compressive strength of geopolymers with different amounts of NaOH (in parts/100 parts of 
Hiswa kaolinite). 
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Fig. 5 TGA/DTA thermogram of a geopolymer sample (16 NaOH, 22 Water, 100 JHK) 
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CONCLUSIONS 
The dissolution procedure of minerals in an alkaline solution can give an indication of the 

reactivity of the minerals. However, since precipitation occurs, even if only 25g of mineral in IL of 
solution is used, the concentrations in the solution do not tell exactly how much Si or Al has been 
leached out. In the case of dissolution of kaolinite containing minerals, it is clear that precipitation of 
hydrated phases occurs. The kaolinite- and smectite-rich clays dissolve at a comparable rate. The tuff 
sample dissolves slower. This order is confirmed by DSC. DSC also shows that the reaction starts at 
about 80°C for the kaolinite- and smectite-rich clay. Since the reactivity at room temperature of the 
kaolinite/NaOH system is rather low, the materials need to be produced at a higher temperature. This is 
in contrast to geopolymers produced from metakaolinite, which set in a few hours time at room 
temperature. For this reason the specimens were cured at 80°C for 24h. The optimum compression 
strength was found for a mixing ratio of 16g NaOH/lOOg kaolinite. The mechanical properties of the 
geopolymers formed from the Jordanian Hiswa Kaolinite are good enough for the construction of 
water ponds but also for other small constructions. 
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ABSTRACT 

Chemically bonded phosphate ceramics/cements (Ceramicrete™ for Mg-phosphate 

compositions) are room temperature-setting inorganic materials with high strength, low porosity, 

and good durability. These characteristics are similar to alumino-silicate geopolymers. Studying 

their structure, this author speculated in the annual meeting of the American Ceramic Society in 

2004 that they may be considered as a class of geopolymers. Subsequently, Joseph Davidovits in 

his book on Geopolymers (2008) proposed chemistry and structure of phosphate and phospho-

silicate geopolymers based on compositions developed in Argonne. His analysis gives key 

understanding of the amorphous phase found in these materials that is responsible for their high 

strength and dense structure. We propose here that the microstructure of phospho-silicate 

geoplymers consists of a network of crystalline phosphate minerals connected by phospho-silicate 

geopolymeric amorphous materials. Evidence is provided with X-ray diffraction studies, 

microstructural studies and strength properties on the presence of amorphous binding phase. We 

present evidence of such phosphate geopolymers from archeology on the passivation layer on a 

wrought iron Delhi pillar, which has shown no sign of corrosion despite its antiquity of 1600 

years. We also propose for further research that because of more than normal abundance of 

phosphates in the Nile delta, possibly phospho-silicates might have played a minor binding role in 

the blocks used in the Egyptian pyramids. 

INTRODUCTION 

Chemically bonded phosphate ceramics are room or warm-temperature-setting [1-3] 

ceramics that were developed in Argonne National Laboratory. They are produced by reaction of 

a sparsely soluble oxide or an oxide mineral and an acid phosphate. 

In an earlier presentation in one of the American Ceramic Society meeting [4], we proposed 
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that these ceramics may be considered as phosphate geopolymers. After some initial hesitancy 

over introducing ortho phosphates as the building blocks of a geopolymer that were considered to 

be made of tetrahedral silicates and aluminates only, the concept was accepted by none other than 

Davidovits [5] in his book, Geopolymer Chemistry and Applications, by including 

orthophosphates generalized geopolymers. We discuss the similarities and the difference between 

the conventional and phosphate geopolymers (C-geopolymers and P-geopolymers) by 

investigating the structure and synthetic routes employed in forming them, provide some examples 

of how P-geopolymers existed in ancient India and possibly in Egypt, and how the art of 

synthesizing them has been reinvented in our work. 

GENERALIZED GEOPOLYMERIC STRUCTURES 

Figure 1 illustrates the basis of generalized geopolymeric structures, which are tetrahedra of 

silicon and phosphorous formed with oxygen bonds. Silicon is surrounded by oxygen for charge 

neutralization, but the net charge of the tetrahedron unit is -1. The same on phosphate tetrahedron 

is -3/4. Otherwise the two structures are similar, in that they form long chains to form inorganic 

polymers and hence may be considered as components of generalized geopolymers. 

As illustrated by Davidovits [4], the building blocks of C-geopolymers are silicates. To 

these we now add phosphates. The two fundamental structures are shown in Figure 1. 

We use these building blocks to produce various structures as presented in Figure 2, in which 

the building blocks of silicon and aluminum connect to form siloxo and sialate structures. In a 

similar manner, phosphorous can form phosphate structures. These three basic structures can 

connect to form various chains of geopolymers. Just the way siloxo and sialate groups connect to 

form various C-geopolymers, phosphate also forms phospho-siloxo or phospho-sialate chains of 

P-geopolymers . 

From Table 1, one may infer that the best formulations of P-geopolymers are when they are 

formed with oxides and phosphate-siloxo or phosphate sialate structures. Such compositions 

mimic natural minerals of phosphates such as hydroxyapatite, which also contain aluminates or 

silicates in natural minerals. The X-ray diffraction pattern shown in Figure 3 is a good example of 

this, in which there is not only the basic crystal structure of magnesium potassium phosphate, but 

also there exist hydroxyapatite and calcium hydrophosphate and calcium silicate phases. This is 
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also true with alumino silicate based geopolymers that mimic natural durable minerals. 

Figure 1. Basic building blocks of phosphate and silicate geopolymers 

It should be noted that the P-geopolymers are not limited to these reactions only, but in most 

cases, they are formed using an oxide or an oxide mineral. For example, the most common 

compound used as the binders are either magnesium potassium phosphate or calcium phosphate, in 

which magnesium or calcium oxides are used as the precursors. As we shall see in detail later, 

these generally tend to give crystalline structures, but when a source of amorphous silica such as 

fly ash or wollastonite (CaSiCb) is added, amorphous (or glassy or structures with short range 

disordered) phases are formed in them. This may be seen from the X-ray diffraction patterns in 

Figure 3. Thus, as in organic polymers, if we were to develop inorganic polymers as the materials 

containing glassy or phases with short range disorders, the use of amorphous silica is a key 

ingredient. There exist other methods of producing such short range disorders, which are 

proprietary. One commercial product that uses these amorphous structures will be described in 

Section VI in connection with phosphate geopolymeric coatings. Table 1 summarizes some of the 

most common P-geopolymers commercially used. 

DIFFERENCE IN ROUTES OF SYNTHESES OF P- AND C-GEOPOLYMERS 

In spite of the structural similarities discussed above, there exists a major difference between 

the syntheses of P- and C-geopolymers. In both, aqueous solubility of the components is the key 

to the syntheses. It is necessary to have some dissolved components in the solution for an aqueous 
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based reaction. 

Figure 2. Generalized geopolymeric structures including phosphate geopolymers 

Figure 3: X-ray diffraction pattern of root canal cement developed in 

Argonne using wollastonite as the source of chemically 

available silica. One may notice amorphous hump indicating 
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polymeric or amorphous structure and also presence of 

hydroxyapatite in the product. 

The role of the solubility may be better understood from Figure 4. Silica, which is the major 

component of C-geopolymers, has a high solubility only in an extreme alkaline region and its 

solubility is very poor in the pH range of 0-10. This requires that all syntheses be carried out in the 

alkaline region. Distinct from this, P-geopolymers are synthesized by an acid-base reaction 

between an acid phosphate in the pH range of 3-5 with a sparsely soluble oxide or oxide mineral in 

the range of 8 - 11, thus producing a product in the neutral pH range of 7 - 9. This difference has 

several practical implications. With a wide range of oxides with sparse solubility in the near 

neutral pH, it has been possible to produce a range of formulations using almost all divalent metal 

oxides such as MgO, CuO, CdO, FeO and so on. When the solubility is too low in the near neutral 

range as in AI2O3, we have been able to heat the mixture slightly, enhance the solubility and 

produce ceramics. In the case of the most insoluble iron oxide (РегОз, hematite), we have been 

able to chemically reduce it slightly and produce Fe304 during the reaction and then produce its 

geopolymer. The same is the case with some of the sparsely soluble minerals such as calcium 

silicate (CaSi03, wollastonite) or silicate minerals in fly ash. This freedom has allowed us to 

stabilize a range of contaminants from hazardous and radioactive waste streams to pass acceptable 

criteria, and to produce several products that are environmentally safe due to their near neutral pH 

(or slightly alkaline pH that mimics nature). Details may be found in reference [5]. 

POLYMERIC STRUCTURES AND PROPERTIES OF P-GEOPOLYMERS 

When we first synthesized P-geopolymers with MgO reacting with KH2P04, we obtained a 

highly crystalline structure as may be seen in Figure 5(a) that had a compressive strength of 

approximately 3000 psi and a porosity of 10-15%. However, once we added a source of 

amorphous or chemically available source of silica such as Class С fly ash or wollastonite, the 

product was fully dense and we could obtain a compressive strength of 12,000 psi. Such a product 

came to be known as "Ceramicrete™." Figure 5(b) shows the amorphous (glassy) phase binding 

the cenosphere of fly ash. This glassy phase is also responsible for the broad hump seen in the X-

ray diffraction pattern shown in Figure 3 for a sample produced with addition of wollastonite. 

This glassy or amorphous phase provides the polymeric (non crystalline) structure to P-
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geopolymers as much as silicate phases give the polymeric structure to C-geopolymers. 

Table 1. Some examples of phosphate geopolymers, their uses and structures [6] 

Major compound 

Magnesium 

potassium phosphate 

Berlinite ceramic 

Iron phosphate 

Calcium phosphate 

Zinc phosphate 

Ceramicrete1M 

Applications 

Radioactive waste immobilization, 

Binder in Ceramicrete products. 

High temperature applications 

Possible applications are corrosion 

protection, gamma ray shielding 

Natural apatite, Additive in dental 

cement, One of the major 

components in Ceramicrete 

Dental cement. Very effective 

with silicates and aluminates 

Rapid-setting cements, Oil well 

cements, Road repair materials, 

neutron and gamma ray shields, 

Radioactive waste immobilization 

Structure and phases 

Highly crystalline (see Figure 3). 

MgKP04'6H20 with excess MgO. 

Crystalline alumina bonded by 

A1P04 binder 

Highly amorphous, bonded by 

FeHP04nH20, and Fe2(HP04)3 

Forms amorphous phases with 

aluminates and silicates 

Ζη3(Ρθ4)2*4Η2θ as the main phase 

Magnesium and calcium phosphor 

silicate amorphous structure. 

Dense and extremely hard. 
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Figure 4. Solubility characteristics of different oxides and 

acidity/alkalinity of phosphate ions 

This polymeric structure is the most important of the structural aspects of P-geopolymers. It 

gives better compressive and flexural strength, superior durability and hence has found a wide 

range of applications. As an example, we will describe its role in the development of paints and 

coatings in the next Section. 

Figure 5 : SEM micrographs of magnesium potassium phosphate and its analog when fly ash is 

added. Without fly ash, the structure is mainly crystalline, but fly ash provides 

amorphous silica to the reaction, which converts it into a dense geopolymer. 
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TWO EXAMPLES FROM ARCHEOLOGY 

As Davidovits followed the trail of archeology to discover that the geopolymers were used 

by ancient Egyptians in building pyramids, and he learnt more about geopolymers from studying 

the structure of the rocks that make the pyramids, so too we tracked the ancient history of India to 

understand some of the mysteries that were unresolved till now. 

Here we discuss two examples, one the case of a rust proof Delhi iron pillar and the other 

that of pyramids by revisiting the most recent work on their mystery. While the first case guided 

us in developing a corrosion protection coating, which we will discuss in the next section, the 

second one only adds on to what has been confirmed about the geopolymeric structure of rocks in 

pyramids. 

The Delhi iron pillar 

The Delhi iron pillar, shown in Figure 6 is one of the scientific mysteries in India. It is a 

1600 year old pillar made of wrought iron, which has developed a passivation film of corrosion 

resistant material by which it does not show any deterioration to the extent that the inscriptions on 

it are intact. 

Figure 6. Delhi iron pillar and inscriptions on it 

Dating back to the 4th century A.D., the pillar bears an inscription which states that 
it was erected as a flagstaff in honor of the Hindu god, Vishnu, and in the memory of 
the Gupta King Chandragupta II (375-413). 7.3 m tall, with one meter below the 
ground, the diameter is 48 centimeters at the foot, tapering to 29 cm at the top, just 
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below the base of the wonderfully crafted capital; it weighs approximately 6.5 tonnes, 
and was manufactured by forged welding [Reference 8]. 

Recently, Balasubramanyam and Kumar [7] conducted a detailed analysis of this film and 

determined that the presence of phosphorous and left over slag from the extraction of iron from the 

iron ore are responsible for the passivation layer. Initial corrosion resulted in the formation of el-

and 5-FeOOH. This enhanced phosphorous concentration on the surface. The enhancement of 

phosphorous on the surface, which catalyzed and formed a compact of amorphous δ-FeOOH next 

to the surface of the substrate, thereby acting as a passivation layer on the surface of iron. 

Mossbauer spectroscopy also showed presence of iron phosphate FeP04'2H20. The golden hue of 

the pillar when viewed in certain orientations is considered to be due to the presence of iron 

phosphates. 

Using the phosphate geopolymer formulations, we recreated this (or similar) layer in developing a 

corrosion protection layer for iron, which is described in the next section. 

PHOSPHATE GEOPOLYMERS IN PYRAMIDS ? 

The next example is that of the pyramids of Giza in Egypt. A controversy over the structure 

of the blocks that are stacked to construct the pyramids has grown over decades, since ever 

Davidovits [9] suggested that they were cast using geopolymers . This controversy has been 

settled for the time being after the detailed analyses of samples of these rocks by Barsoum et al 

[Ю]. 

Barsoum and his colleagues' analysis shows that in addition to high content of calcium, 

magnesium and silicon, the samples that they analyzed using EDS also contain phosphorous, 

though inhomogeneously in the range of 0.6 - 1.1 atom %. They attribute it to the presence of 

hydroxyapatite (Са5(Р04)з'Н20), which in fact is a product of our phosphate geopolymer that is 

formed during reaction and aging (see Figure 3). Taking the observed atomic percentage of 

phosphorous in reference 9, we calculated the amount of possible hydroxyapatite in the sample, 

which amounts to in the range of 3.16 - 5.8 wt.%, which for a binding phase is significant. In the 

presence of high amounts of calcium, magnesium, and silica in samples, C-geopolymer is certainly 

the major phase, but a secondary phase can be P-geopolymer. 

Developments in Strategic Materials and Computational Design II - 9 9 



Phosphate Geopolymers 

PRACTICAL APPLICATION: CORROSION PROTECTION COATINGS 

The lesson learnt from the Delhi iron pillar has been most useful in developing corrosion 

protection coatings during my work with EonCoat, LLC. Using the phosphate geopolymer 

formulations, we developed corrosion protection coatings both for ambient and high temperature 

applications. Details of the products may be found on the website www.EonCoat.com, but here 

we have summarized the science behind it. 

EonCoatings are formed by use of oxides of magnesium, aluminum or iron along with a 

source of silica in the form readily available for reaction (such as fly ash) and reacted with an acid-

phosphate in solution. The two components (one mixture of the oxides and the silica source in a 

wet mixture, and acid solution as the other component) are sprayed plurally on the substrates that 

need corrosion protection. The two streams mix at the nozzle during spraying and react with the 

metal substrate to form an intimate bond to protect the substrate from not only ambient 

atmosphere, but also from saline, acidic, and other chemical environments. High temperature 

formulations have also been produced to withstand a temperature > 800 °C. 

Figure 7, reproduced with permission from theEonCoat™ webpage with permission, shows 

a comparison between the performance of EonCoat™ and conventional coating. The figure is 

self-explanatory. It shows superior performance of EonCoat's phosphate geopolymer coating 

compared to the conventional organic polymer coatings. 

Figure 8 is the X-ray diffraction pattern of magnesium phosphate geopolymeric coating on 

steel. As one may notice, there are very broad peaks in the pattern and also a general broad hump 

at the base, indicating glassy or amorphous structure of the grains. This is distinct from the 

magnesium phosphate ceramics produced for structural materials applications that are 

comparatively sharp. Such an amorphous structure is very much needed for paints and coatings to 

be flexible and tolerant to stresses produced during aging. In fact, these coatings exhibit excellent 

wear resistance, strong bonding to the substrates, and can withstand complete and repeated 

flexural stresses on the substrate. 
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Figure 7. Comparison ofthe rate of rusting with EonCoat™ and conventional 

paint on steel in salt spray chamber 

Figure 8. X-ray diffraction pattern of magnesium phosphate coating 

showing broad peaks and a general hump indicating amorphous 

(polymeric) structure 

The important aspect here is the micro structural similarity between the rust on the Delhi iron 

pillar and P-geopolymer coatings. As mentioned before, detailed analysis conducted on the Delhi 
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iron pillar rust shows a passivation layer containing FeOOH, and FeP04. We found that 

EonCoat™ is most effective when the surface of the steel is left slightly rusted to retain oxides of 

iron prior to spraying. Once sprayed, the oxides react with the phosphate geopolymeric 

compositions and form two layers. The first layer is rich in FeOOH with traces of FeP04 or 

FeHP04 type of minerals and the second layer is that of a fully hardened (or polymerized) dense 

coating which protects the first layer from the surrounding corrosive atmosphere. Details of this 

study will be published as a research paper elsewhere. The result is an excellent coating that has 

shown performance superior to conventional coatings in various tests. Considering the similarities 

between the phases found on the passivation layer of Delhi iron pillar and the first layer on 

EonCoat™, we may anticipate a prolonged protection of steel from corrosion using EonCoat™. 

CONCLUSIONS 

The concept of geopolymers may be generalized by introducing bonds between ortho 

phosphate tetrahedra and those of silicate and aluminates. This broadens the field of geopolymers 

enormously as may be seen from the work done in Argonne National Laboratory and its 

applications found by the industry and DOE sites [6]. 

Phosphate geopolymers are user-friendly and adaptable compared to C-geopolymers. This is 

because phosphate geopolymers are formed by an acid-base reaction, which is distinct from 

conventional geopolymers that are formed at very high pH. Thus, selecting a working pH range 

around neutral pH, it is a lot easier to produce a product instead of using extreme pH. This is the 

biggest advantage of P-geopolymers even when compared to conventional concrete. 

Active research in P-geopolymers has been only during last 17 years and this period is short 

compared to conventional C-geopolymers. Thus, the basic chemistry and crystallographic studies 

in P-geopolymers have not been as wide and deep as they have been in C-geopolymers. It is 

hoped that the basic scientific research in this field will be taken up by the academic community, 

which eventually may find many new avenues in geopolymer research. 
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ABSTRACT 
Recent advances in integrated circuits and aerospace systems have led to the generation of high 

heat fluxes which require very efficient heat dissipation. Highly conductive graphitic foams are being 
considered for such heat sink applications because these foams have excellent thermal properties. In 
this paper, the thermal and flow properties of a graphitic carbon foam is characterized by numerical 
simulation using the FLUENT software. This analysis is based on a true 3-D model of the foam, which 
is obtained through x-ray tomography. A solid model of the foam is then developed by reconstructing 
the surface from the x-ray images. Simulation results with this cell level model of the foam incorporate 
the effect of the 3-D geometry on the thermo-mechanical properties of the foam. 

INTRODUCTION 
Graphitic foams can be produced with a wide range of properties, which make them especially 

suitable for use as thermal management materials. For example, heat sinks can be fabricated based on 
flow through graphitic foams in a manner similar to the classical heat sinks based on flow over finned 
surfaces. The advantage of using graphitic foams in such application comes from the fact that the foam 
possesses a higher surface-to-volume ratio, which leads to a large enhancement in the convective heat 
flux. Graphitic foams can also be used with phase change materials to provide energy storage. 

Open cell graphitic carbon foams were synthesized at the Air Force Research Laboratory 
(AFRL, Dayton, OH) in 1990's using mesophase pitch precursors. The process includes foaming, 
followed by carbonization at about 1000°C which produces a low thermal conductivity foam. The final 
step consists of a graphitization step at temperatures of about 2700°C1. 

Two classical approaches have been used to analyze foams; these are fundamentally different 
from the true 3-D cell level model that is used in the present study. The first is a macro-approach 
which consists of averaging the effects of the pores over a representative volume in order to obtain the 
foam properties. The second approach is a cell level model using an idealized foam model2. These two 
approaches are discussed below. 

Bauer3 and Gibson and Ashby4 used semi-empirical approaches to define the bulk thermal 
conductivity on the basis of the relative density of the foam: 

Here кь is the bulk thermal conductivity of the foam, ks is the ligament thermal conductivity, 
keff is the non-dimensional thermal conductivity, pb is the bulk density of the foam, ps is the solid phase 
density and q is an exponent characterizing the effect of the geometry on the path of heat flow. 

Alam & Maruyama5 used an exponent 1/n to represent the Equation (1): 
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In the above equation φ represents the porosity of the foam, and n represents the effectiveness 
of the foam microstrucrure because the bulk thermal conductivity increases as n increases, the 
maximum value being achieved for n = 1. The exponent n may be called a "density exponent" or "pore 
conduction factor" and takes values between 0.5 and 1 for majority of foams2. 

Gibson and Ashby4 determined that most metal foams have the density exponent ranging from 
0.555 to 0.625: 

_JLY555<, <(i-*-Y 
100J eJJ У ÌOOJ (3) 

Klett et al.6 found that, for carbon foams there is the need to add the modifier β=0.734 to 
Equation (2) in order to account for pore shape. 

When the thermal transport take place in both fluid and solid phases the macro-approach of 
volume averaging has been used, which consists in averaging the heat transfer and fluid flow quantities 
over a representative elementary volume consisting of both the fluid and solid porous material7. Two 
energy equations are used and the temperatures can be averaged separately for solid and fluid phase8. 
The model is often simplified in order to obtain an analytical solution by making a thermal equilibrium 
assumption. This macro-approach of volume averaging requires the permeability and the inertial 
coefficient of the foam as inputs. 

An example of this volume averaging is the study by Hunt and Tien9 to analyze the steady state 
mass and momentum conservation equations for incompressible flow in porous materials: 

V » = 0 (5) 

±(и.?м) = -Ч(р)'+^ш-±(ш)-£&Щн) (6) 

In the above equations ( ) represents the volume averaging symbol, и is the fluid velocity 
vector, p represents the fluid pressure, p is the fluid density, μ is the fluid viscosity, φ is the porosity, 
К is the porous media permeability and c/ is the inertial coefficient. 

In order to obtain an analytical solution, Equations (5) and (6) have been simplified by 
assuming steady state, fully developed flow, without the effect of boundary walls. After applying these 
approximations, we obtain the Darcy-Forchheimer equation: 

In Equation (7) UD is the Darcy velocity: 

m 

мГ (8) 
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Furthermore, in Equation (7), dx represents the length of porous media, m is the mass flow 
rate, ACh is the cross-sectional area of the channel that contains the porous media. The "modified" 
Reynolds number10 is defined by taking the square root of the permeability as the length scale: 

R e i = ^ ^ (9) 
μ 

Darcy-Forchheimer equation can be used to obtain permeability К and inertial coefficient c/ of 
the porous media from experimental or numerical simulation results. Beavers and Sparrow10 and Paek 
et al.11 unified the pressure drop properties for various porous materials by introducing the 
dimensionless friction coefficient as: 

^ V F 
/ = м-г- do) 

Beavers and Sparrow10 combined Equations (7), (9) and (10) to obtain the following: 

/ = C '+Se7 ( U ) 

Paek et al.11 found that the experimental data for permeability of aluminum foams can be 
described by: 

/ = 0 . l05 + - i - (12) 
Re* 

Vafai and Tien7 found a similar equation for a high porosity foam (Foametal): 

/ = 0 . 0 5 7 + - L - (13) 

Several idealized cell level models have been developed by approximating the foam by an 
idealized geometry in order to reduce the geometrical complexity, and therefore the computational 
requirements for an accurate representation of the 3-D foam geometry2. Metal foams and silicon 
carbide foams have been approximated as sets of ligaments. However, due to its geometrical 
complexity, graphitic foam has been represented by many different models. Sinn and Roy12 proposed a 
unit cell obtained by subtracting four spheres from a tetrahedron. Druma et al.13 used a body centered 
cubic (BCC) structure, and horizontal and vertical ellipses to approximate the carbon foam geometry. 
Yu et al.14 constructed the unit cell by subtracting a pore at the center of a cube. Li et al.15 used a 
tetrakaidecahedral unit cell for the purpose of representing the carbon foam geometry. These idealized 
pore-level models are then used to find surface area, porosity, density exponent, fluid flow and thermal 
transport quantities. 

The complex and random geometry of graphitic carbon foams makes it difficult to develop 
accurate 2-D models, specially for fluid flow. In this study, the analysis is based on a true 3-D cell 
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level model of the foam, which is obtained through x-ray tomography carried out at the Air Force 
Research Laboratory (AFRL, WPAFB, Ohio). A solid model of the foam is then developed by 
reconstructing the surfaces from the x-ray images, and the solid geometry is meshed and thermal 
conductivity is determined by numerical simulations. Simulation of coolant through the foam is also 
performed using the FLUENT software. 

TRUE 3D MODEL RECONSTRUCTION 
The 3-D models of two graphitic foams were reconstructed. The first is a foam with the bulk 

density рь = 0.37 g/cm3 (i.e. porosity φ = 83.2 %), and the second is a foam with pb = 0.10 g/cm3 (i.e. 
porosity φ =95.5 %). The 3-D digital geometry was reconstructed using images obtained through x-
ray tomography carried out at the Air Force Research Laboratory (AFRL, WPAFB, Ohio). Bernsdorf 
et al.16, Anghelescu17, Fiedler et al.18, and Hugo et al.19 have used x-ray tomography to obtain 3-D 
models of foams in order to obtain the thermal and flow characteristics based on the real 3-D 
microstrucrure of the foam. This approach has been discussed and compared with the averaging model 
or a simple pore geometry model approach by Alam et al.2. 

In this approach, the images are first obtained by x-ray tomography; these consist of slices of 
the physical foam separated in z direction by a voxel size. The voxel size used in the imaging process 
is 10 ц т for each foam sample. During the preparation of the sample for the x-ray tomography, the 
outside edges of the samples tend to be damaged since some ligaments are crushed as shown in Figure 
1(a). Therefore, in order to obtain a 3-D model which will replicate the original geometry of the 
physical foam with minimum error, only a sub-domain is selected from the middle of the foam for 
further processing; this sub-domain is highlighted in Figure 1(a) and expanded in Figure 1(b). The 
domains are segmented by setting a threshold value which will transform the grayscale pictures into 
binary representation of two phases. In order to obtain a good result, care must be taken to avoid (i) 
"orphan bubbles" and (ii) "passive islands" (shown in Figure 1(b)) which are either physically 
implausible, or produce numerical errors. 

(a) (b) 

Figure 1. (a) A 2D micro-slice of the foam obtained by X-ray CT scan (foam with рь = 0.37 g/cm3); 
(b) 2D slice after the trimming operation, showing an "(i) orphan bubble, and a (ii) passive island. 
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The second operation is called labeling and is done using the commercial 3-D data 
visualization, analysis and modeling software Avizo produced by Visualization Sciences Group (VSG, 
Burlington, MA). The purpose is to attach labels to pixels in order to identify each subdomain (phase) 
of the foam. After that, a surface reconstruction operation is carried out. This starts with a triangulation 
process in which Avizo produces a triangle representation of the boundary between the solid phase and 
the void using the labels defined in the previous step. Next the software Geomagic Studio20 is used to 
fit Non-Uniform Rational B-Spline Surfaces (NURBS) through the points defined by the triangulated 
surface. The triangulated surface is partitioned into regions defined by high curvature lines, and each 
of these partitions is further divided into a number of four-sided patches. A grid is attached to each 
quadrilateral patch and NURBS are fitted using the control points defined by the patches. 

The final step consists in obtaining the solid model of the foam and of the fluid in the cells 
using the NURBS representation of the boundary. This step was done using the commercial finite 
element pre-processor software HyperMesh21. The NURBS are imported into HyperMesh and the solid 
model of the foam is obtained from the closed shell of surfaces. The solid foam is then inserted into a 
parallelepiped fluid channel to produce the model of the fluid flowing through the foam cells. 
HyperMesh is used to generate the mesh for the 3-D model. 

THERMAL CONDUCTIVITY NUMERICAL SIMULATION USING THE TRUE 3-D MODEL 
Anghelescu17, Fiedler et al.18 and Alam et al.2 have used real 3-D models of foams in order to 

obtain the bulk thermal conductivity. Anghelescu17 used the real geometry of a 90% graphitic carbon 
foam produced at AFRL, and performed finite element analysis to find the bulk thermal conductivity. 
Fiedler et al.18 conducted Lattice Monte Carlo simulations using true 3-D models obtained by x-ray 
tomography to find the thermal conductivity of two aluminum foams. 

In order to determine the bulk thermal conductivity, the method presented by Anghelescu17 is 
used in this study. The model consists of a graphitic foam placed between two plates, with perfect 
thermal contact between plates and foam. The top plate is subjected to a heat flux which generates a 
temperature gradient in the foam that is modeled by the steady state conduction heat transfer equation: 

к 1 = 0 / = 1,2,3 (indexnotation) (14) 
dxt у dxf 

In Equation (14), Г represents the temperature and к is the thermal conductivity. In order to 
simplify the model the following assumptions are made: the foam properties do not change with 
temperature variation, and the effect of the convection and radiation heat transfer on the bulk 
conductivity is negligible. 

The boundary conditions used for setting up the simulations are described as follows: 
• The top surface of the upper plate is subject to uniform heat flux; 
• The bottom surface of the lower plate is maintained at a constant temperature; 
• The contact interface between the plates and the foam is assumed perfect (no thermal 

contact resistance); 
• All other surfaces are considered to be insulated. 

The bulk thermal conductivity is found using the temperature gradient given by the numerical 
simulation in Fourier's law as follows: 

ax Ax 
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In the above equation qx represents the heat flux, A T is the temperature difference between the 
top and bottom surface of the foam and Ax is the thickness of the graphitic foam. Because the solid 
phase thermal conductivity ks is often not known, a non-dimensional bulk thermal conductivity keff is 
calculated: 

Kff=f- (16) 

FLUID FLOW IN THE TRUE 3-D MODEL 
The fluid flow simulations at the cell level of true 3-D geometry uses the fluid flow equations 

and do not require the permeability and inertial coefficients. Bernsdorf et al.16 used lattice Boltzmann 
(BGK) automata on a true 3-D representation in order to find the pressure drop through the media. In 
their case the 3-D computer tomography data can be used directly as the geometry for the lattice 
Boltzmann simulation, without additional processing. Hugo et al.19 conducted fluid flow simulation 
using the Computational Fluid Dynamics software called StarCCM+. They used a true 3-D 
representation of aluminum foam obtained by x-ray tomography, and the iMorph software to obtain the 
solid digital model of the foam. 

This study uses the method presented by Anghelescu17 and Alam et al.2. The flow 
characteristics are calculated via direct simulation of flow through a real 3-D digital model in the CFD 
software Ansys FLUENT22. 

The mass conservation and Navier-Stokes equations for momentum conservation for an 
incompressible, steady state, laminar flow of a Newtonian fluid are: 

du 
— L = 0 / = 1,2,3 (index notation) (17) 

ÖU: dp d 

pu—ι- = -—ΐ— + μ — 
дх, ох, дх; 

f * \ du, 

KÖXJJ 

hj = 12,3» (18) 

In the above equations, Uj represents the fluid velocity vector,/? is the pressure of the fluid, μ is 
the fluid viscosity and p is the fluid density. In order to reduce the computational effort, the fluid 
properties are considered to be constant and body forces are neglected. 

The boundary conditions used for setting up the fluid flow simulations are: 
• Inlet with uniform fluid velocity; 
• Outlet with constant value of known fluid pressure; 
• No-slip condition at the foam-fluid interface; 
• Symmetry condition on top, bottom and sides of the model. 

RESULTS 
The 3-D geometry model of two foams reconstructed using the method presented above are 

shown in Figures 2-3. These solid models provided good agreement with the measured density 
provided by the producer of the foam as can be seen from Table I. 
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Figure 2. (a) 3-D Geometry of the 83.2% porous foam; (b) 3-D Geometry of the 95.5% porous foam 
(both models are 3 x 3 x 3 mm) 

Figure 3. (a) 3-D Geometry of the 83.2% porous foam and fluid; (b) 3-D Geometry of the 95.5% 
porous foam and fluid 

Table I. Porosity of the real and reconstructed graphitic carbon foams 

Foam sample 

High density sample 
Low density sample 

Bulk density (g/cm3) 

0.37 
0.10 

Porosity (%) 
Actual foam 

83.2 
95.5 

3-D model 
82.3 
94.5 
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The solid models obtained in the previous step were used for thermal and fluid flow 
simulations. Figure 4 shows the temperature distribution in the 83.2% porous foam, which confirms 
that, because of the applied boundary conditions, the heat transfer is approximately one dimensional. 
The results of the thermal analysis for both foams are presented in Table II along with results from 
other studies. The numerical simulations performed on real geometries yields lower thermal 
conductivities compared with the results given by simulations based on idealized pores3. The values 
obtained by simulations on real geometries shows good agreement with the experimental results 
presented by Klett et al.6. Fiedler et al.18 has also shown that the analytical formulas over-predict the 
numerical and experimental results for thermal conductivities. 

Figure 4. Temperature profile in the 83.2% porous graphitic foam 

Table II. Thermal conductivity results 

Foam 

s o 

<N 

CO 

00 

Source 

Bauer (1993) 

Klett et al. (2004) 

Present analysis 

Bauer(1993) 

Klett et al. (2004) 

Present analysis 

Type of analysis 

Analytical 
(spherical pores) 

Experimental 

FEM on true foam geometry 

Analytical 
(spherical pores) 

Experimental 

FEM on true foam geometry 

kef/ 
(% of solid phase) 

9.926 

5.780 

5.380 

1.802 

0.882 

0.789 

n 

0.77 

0.63 

0.61 

0.77 

0.65 

0.64 

In the next step of the numerical study, fluid flow simulations for inlet velocities between 0.01 
m/s and 1.5 m/s were carried out with air flow at 20°C. Figure 5 shows the fluid flows pathlines 
colored by the velocity magnitudes. The presence of the carbon foam inside the channel decreases the 
cross-section area of the channel and therefore the fluid velocity increases. As it can be seen from 
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Figure 5, the maximum velocity increases approximately by 4.2 times in the case of 83.2% porous 
foam and by 3 times in the case of the 95.5% porous foam. 

Figure 5. (a) Fluid flow pathlines colored by velocity magnitude for an inlet fluid velocity of 1.5 m/s 
(φ = 83.2%); (b) Fluid flow pathlines colored by velocity magnitude for an inlet fluid velocity of 1.5 

m/s (φ = 95.5%). 

The results of the numerical simulations showed that the fluid flow through these two graphitic 
samples can also be represented by the dimensionless friction coefficient equation (Equation (12)), 
with the inertial coefficient of about 0.20 to 0.28, which makes the frictional losses higher than the 
metal foams represented by Equations (12) and (13). The higher pressure drop is expected due to the 
complex cell geometry of these graphitic foams. 

CONCLUSIONS 
The 3-D digital models of two graphitic carbon foams with different porosities have been 

reconstructed from images obtained by x-ray tomography. The reconstructed models are validated by 
the good agreement between the porosity of the real physical foams and the porosity of the numerical 
models. The 3-D models were used for analyzing the porous materials in terms of heat transport and 
fluid flow. In this approach, the transport equations are applied directly to the 3-D reconstructed 
geometry instead of using an averaged or idealized model. 

The simulation values obtained for the thermal conductivity shows good agreement with the 
experimental data available in literature. The fluid simulations can be used to visualize the flow 
patterns and to find the flow behavior through the foams. This approach can be used to develop 
thermal and flow parameters to characterize the foam. 
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ABSTRACT 
Thermal energy storage using phase change materials have been widely investigated for 

concentrating solar power applications. The system efficiency in concentrating solar power 
applications is affected significantly by the storage temperature, while 70% of the total cost of solar 
power arises from the material costs of the thermal storage devices. Hence, increasing the operating 
temperature and decreasing the size of the storage materials can reduce the cost of solar energy. Molten 
salts (such as carbonate eutectics) have melting points between 200°C and 600°C and are stable up to 
600°C. They are also reasonably cheap and environmentally safe. However, the specific heat of the 
molten salts are low (< 2 J/gK) compared to other conventional thermal storage materials. In this study, 
silica and magnesia nanoparticles were doped in various carbonate and chloride eutectic mixtures of 
Ba, Na, Ca, Li and K. Specific heat measurements were performed using a differential scanning 
calorimeter. The specific heat of the eutectics in both solid and liquid phase were enhanced 
dramatically (greater than ~ 6% - 20%) on addition of nanoparticles of silica and magnesia, at only 1-
1.5% mass concentrations. Materials characterization studies showed that the nanoparticles induced 
nano-scale phase transformations in the solvent phase. 

INTRODUCTION 
In concentrating solar power (CSP) systems, solar thermal energy is collected from a large area 

and focused by mirrors or lenses into a small area in order to obtain thermal energy at high temperature. 
This high quality thermal energy is then transferred by a heat transfer fluid (HTF) and utilized through 
thermodynamic cycles, such as Rankine or Stirling cycles, in order to generate electricity. Since the 
solar energy is available only in the daytime, solar thermal energy storage (TES) is used to store solar 
thermal energy, which is then utilized during periods of peak demand or for generating electricitywhen 
solar energy is not available (such as at night or on a cloudy day). Contemporary TES materials 
include mineral oil, fatty acid, or paraffin wax.1 These contemporary TES materials are thermally 
stable up to 400 °C and current CSP, therefore, are limited to operational temperatures that are at 
400 °C or lower. 

Typically, efficiency of the thermodynamic cycle relies on the temperature difference between 
the source temperature (such as TES temperature) and the sink temperature (condenser, cooling tower, 
etc.). Since it is very costly to decrease the condenser temperature, the most practical way to enhance 
the thermodynamic efficiency is to raise the source temperature (which is ~ 400 °C in contemporary 
CSP systems). Assuming the condenser temperature is 40 °C, increasing the source temperature from 
400 °C to 500 °C can enhance the theoretical Carnot efficiency from 53 % to 60 %. However, very few 
materials are compatible at such high temperatures. 

Alkali-carbonate, alkali-nitrate, alkali-chloride, or eutectic of those are termed as "molten salts" 
and they are stable up to 700 °C.2 Using the molten salts as TES material (or HTF) has several 
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benefits: (1) High temperature stability of the molten salts allows CSP to operate higher temperature, 
which can enhance the thermodynamic efficiency of the system (i.e., reduction in the cost of 
electricity). (2) Low cost of the molten salts can significantly reduce the cost of electricity. (3) The 
molten salts are environmentally safe in comparison with other TES materials. This can also reduce the 
potential cost of disposal of these non-hazardous TES materials. However, these molten salts suffer 
low thermal conductivity and low specific heat capacity (typically less than 2 J/g°C).2 

Solid materials doped with nanoparticles are termed as "nanocomposites." Doping minute 
concentration of nanomaterials into a solid has been frequently reported for anomalously enhanced 
thermal properties especially with addition of carbon nanotube (CNT). Song and Youn3 reported 
100 % enhanced thermal conductivity of epoxy by adding CNT for 1.5 % concentration by weight. 
Haggenmueller et al.4 reported 700 % enhanced thermal conductivity of high density polyethylene by 
adding single-walled CNT for 20 % concentration by volume. Wang et al. reported 30 % 
enhancement in thermal conductivity of polymers by adding CNT for 1 % concentration by weight. 
Haggenmueller et al. proposed that the anomalously enhanced thermal properties of nanocomposites 
results from the formation of percolation network by interconnected CNTs.4 Similar to the thermal 
conductivity of nanocomposites, their specific heat capacity can also be enhanced by doping with 
nanomaterials. However, few research studies have been performed to explore the change in specific 
heat capacity of nanocomposites. Also, only a few studies have been reported in the literature for 
enhanced specific heat capacity of liquids doped with nanoparticles (which are termed as 
"nanofluids").6'8 

In this study, we synthesized a new nanocomposite by adding nanoparticles into a molten salt 
eutectic for TES application in CSP. The new nanocomposite is expected to have higher specific heat 
capacity, which will significantly reduce the size requirement of TES devices (i.e., reduction in the 
cost of electricity). Si02 nanoparticles were chosen as nanomaterial additives for comparison with 
previous studies.6"8 Eutectic of chloride (BaCl2-CaCl2-LiCl-NaCl (15.9:34.5:29.1:20.5 by molar ratio) 
was chosen as the molten salt. The melting point of the particular molten salt was reported to be ~ 
378 °C.9 The specific heat capacity of the nanocomposite was measured by using a differential 
scanning calorimeter (DSC). Experimentally obtained specific heat capacity was then compared with 
theoretical specific heat capacity model (This will be discussed later in this study). Transmission 
electron microscopy (ТЕМ) was employed to measure the size of Si02 nanoparticles in the molten salt 
eutectic as well as to verify minimal agglomeration of nanoparticles during the measurement. 

EXPERIMENTAL SETUP 
- S1O2 (1% mass concentration) was dispersed into the eutectic of BaCl2-CaCl2-LiCl-NaCl 

(15.9:34.5:29.1:20.5 by molar ratio) to synthesize the nanocomposite by using a two step liquid 
solution method. Si02 nanoparticles were procured from Meliorum Technologies, Inc. BaCl2, CaCl2, 
LiCl, and NaCl were procured from Spectrum Technologies, Inc. The detail procedure of the two step 
liquid solution method is illustrated in the schematic in Figure 1. The protocol for preparing the pure 
molten salt eutectic and the nanocomposite are as follows: First, 2.000 mg of SiC^ nanoparticle, 68.490 
mg of BaCl2, 79.206 mg of CaCl2, 25.520 mg of LiCl, and 24.784 mg of NaCl were mixed in the dry 
state. The mass concentration of Si02 nanoparticle is thus 1%. The salt eutectic is thus 
15.9:34.5:29.1:20.5 by molar ratio. The dry mixture was dissolved in 20 ml of distilled water and the 
water solution was ultra sonicated by an ultra sonicator (Branson 3510, Branson Ultrasonics 
Corporation) for ~ 100 minutes to ensure homogeneous dispersion of nanoparticles in molten salt 
eutectic. The water solution was then placed on a hot plate (C-MAG HP7, IKA) at 150 °C to evaporate 
water from the solution. After three hours, water was visually evaporated and the hot plate temperature 
was set to 300 °C for another 2 hours to remove any remaining water molecules, which could be 
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chemically bonded to the nanocomposite. The pure eutectic was also synthesized in the same manner 
without the addition of S1O2 nanoparticles. 

S1O2, BaCb, CaCb, LiCI, NaCl 

distilled 
water и 

ultra sonication boiling 
Figure 1. General procedure for preparing the nanocomposite (two step liquid solution method) 

The specific heat capacity of the pure eutectic and the nanocomposite were experimentally 
measured using a differential scanning calorimeter (DSC; Q20, ТА Instruments, Ine). Standard 
aluminum hermetic pan and lid (ТА Instruments, Ine) were used to mount a sample in the DSC cell in 
order to prevent possible weight loss of the sample. The specific heat capacity measurement was 
performed in accordance with a standard test method (ASTM-E1269). The temperature of the sample 
was raised at a fixed rate of 20 °C / minute and the heat transfer from the DSC cell to the sample was 
monitored as a function of temperature. The test was cycled for 4 times to verify the repeatability of 
measurement. A sapphire standard, whose specific heat capacity is known (1 J/g-°C), and an empty 
pan - was tested in the same manner. The specific heat capacity of the sample was computed by 
comparing the differential heat transfer of the sample and the weight of the sample (using the empty 
pan as the baseline) - to those of the sapphire standard. 

The specific heat capacity measured in the experiment was compared with theoretical model 
(thermal equilibrium model), which is given by:10 

c„-
.™npCp,nP+mbCp,b 

(1) 

RESULT AND DISCUSSION 
The specific heat capacity of the pure eutectic (BaCb-CaCb-LiCl-NaCl) and the Si02 

nanocomposite (at 1% concentration by weight) are shown in Figure 2 and 3. The detailed data from 
the specific heat capacity measurement are listed in Table 1. The specific heat capacity of the pure 
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eutectic and the nanocomposite (1.0 % mass concentration of nanoparticles) are 0.79 J/g°C and 0.84 
J/g°C, respectively. The enhancement in specific heat capacity is 6 ~ 7 % and this value is above the 
measurement uncertainty (0.5 ~ 2.0 %). Estimate by the theoretical model (Model 1) for the 
nanocomposite is 0.79 J/g-°C. Since the concentration of S1O2 nanoparticles is extremely small (1.0 %), 
the prediction by the model do not significantly deviate from the specific heat capacity of the pure 
eutectic (Figure 2). It implies that the observed enhancement in the specific heat capacity of the 
nanocomposite cannot be explained by existing macroscopic heat transfer theories. 

Figure 2. Variation of the specific heat capacity of pure eutectic and nanocomposite with temperature 
from 155 °C to 315 °C. Theoretical specific heat capacity model is drawn in the figure for comparison. 

Possible explanations for the anomalous enhancement observed in these experiments include: (1) 
Enhancement in the specific heat capacity of nanoparticles contributes to the increase in specific heat 
capacity of nanocomposite. Literature study shows specific heat capacity of a nanoparticle increases 
with decrease in the size of nanoparticle. Wang et al.1 reported specific heat capacity of a nanoparticle 
can be enhanced by -25 % in comparison with a bulk solid. Wang et al.12 theoretically proved that 
specific heat capacity of a nanoparticle can be increase with decrease in the size of the nanoparticle. (2) 
The specific surface area (or interfacial area) per unit mass or unit volume of the nanoparticle is 
enhanced considerably - resulting in high contact area between the nanoparticle and the adhering salt 
molecules - which can act as additional thermal energy storage mechanism. The interfacial area 
between a nanoparticle and surrounding salt eutectic is extraordinarily large due to exceptionally large 
surface area to volume ratio of the nanoparticle. Due to the large increase in the interfacial area, the 
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effect of interfacial interaction of vibrational energies between nanoparticle atoms and the interfacial 
salt molecules cannot be neglected in nanocomposite and consequently it can act as additional 
transport mechanism for thermal energy storage. 

Moreover, a transmission electron microscopy (ТЕМ; Jeol JEM-2010) was performed in this 
study. Since nanoparticles tend to agglomerate and precipitate under a certain pH, it is necessary to 
verify if the nanoparticles are not agglomerated in the nanocomposite. Figure 4 and 5 show Si02 
nanoparticles in the nanocomposite before and after the specific heat capacity measurement, 
respectively. It was observed that the nanoparticles did not show any significant agglomeration during 
the thermal cycling in the DSC. 

Figure 3. Comparison of the specific heat capacity of the pure eutectic and the Si02 nanocomposite. 

CONCLUSION 
A molten salt eutectic (BaCl2-CaCl2-LiCl-NaCl) was investigated as a TES material in CSP 

application. Minute concentration of Si02 nanoparticles was doped into the salt eutectic in order to 
enhance the specific heat capacity. Si02 nanoparticles were measured to have a nominal size of ~ 30 
nm and the mass concentration of the nanoparticles was fixed at 1%. Two step liquid solution method 
was employed to synthesize the nanocomposite. Specific heat capacity was measured experimentally 
by using a differential scanning calorimeter (DSC). The specific heat capacity of the pure eutectic and 
the nanocomposite was found to be 0.79 J/g°C and 0.84 J/g°C, respectively. The corresponding 
enhancement in the specific heat capacity is 6-7 % and this value is higher than the measurement 
uncertainty, 2 %. 
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Table 1. Average 
deviation). 

Repeat#l 

Repeat#2 

Repeat#3 

Repeat#4 

Average 

Enhancement 

E 

specific heat capacity of the pure eutectic and the nanocomposite (ε: standard 

Base material#l 

0.76 

0.76 

0.77 

0.79 

0.77 

-

0.01 

Base material#2 

0.79 

0.81 

0.82 

0.82 

0.81 

-

0.02 

Nanocomposite#l 

0.84 

0.84 

0.85 

0.85 

0.84 

7 % 

0.01 

Nanocomposite#2 

0.78 

0.83 

0.85 

0.88 

0.83 

6% 

0.04 

Figure 4. ТЕМ image of S1O2 nanoparticle in the nanocomposite before repeated thermal cycling in the 
DSC. The nominal size of S1O2 nanoparticle is ~ 30 nm. 
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Figure 5. ТЕМ image of S1O2 nanoparticle in the nanocomposite after repeated thermal cycling in the 
DSC. The average diameter of S1O2 nanoparticles is ~30 nm. 

The theoretical model (Equation 1) failed to predict the enhancement in the specific heat 
capacity. Since the mass concentration of S1O2 nanoparticle was exceptionally small (1%), the 
analytical estimate for the specific heat capacity of the nanocomposite did not significantly deviate 
from the specific heat capacity of the pure salt eutectic. This implies that the anomalous enhancement 
observed in the experimental measurements for the specific heat capacity of the nanocomposite cannot 
be explained by existing theories. Two independent thermal transport mechanisms were proposed to 
explain the enhanced specific heat capacity of nanocomposite. (1) Enhanced specific heat capacity of 
nanoparticles contributes to the enhancement in specific heat capacity of nanocomposite. (2) 
Additional thermal storage mechanisms were postulated to exist due to the interfacial interaction of the 
vibration energies between nanoparticle atoms in contact with the salt molecules. Furthermore, 
transmission electron microscopy (ТЕМ) was employed to observe nanoparticles in the nanocomposite 
before and after the measurement and no significant agglomeration of nanoparticles was observed. The 
authors expect that this finding will be beneficial in designing novel thermal energy storage 
applications in concentrating solar power systems. 
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ABSTRACT 
The specific heat of nitrate salt eutectic (KNO3: NaN03 in 60:40 molar ratio) was observed to 

be enhanced on addition of minute concentration of mica nanoparticles. The measurements were 
performed using a differential scanning calorimeter (DSC). The specific heat measurements were 
performed for a temperature range of 150°C-500°C. The melting point of nitrate salt is 220°C. Hence, 
the specific heat of nitrate salts with low mass concentration of mica nanoparticles was investigated in 
solid and liquid phase. The experiments were performed for different mass concentrations of mica 
nanoparticles, which ranged from 0.5% to 2%. The specific heat capacity of the nitrate eutectic in the 
solid phase was found to be enhanced by as much as 13-15% on addition of the mica nanoparticles. 
Furthermore, the specific heat values in liquid phase were observed to be enhanced by 13-19%. The 
implications of these results are in reduced cost of solar thermal energy due to the reduction in material 
costs for thermal energy storage. Thermal energy storage and the associated material costs are the most 
dominant factors that contribute to the total cost of solar thermal energy. Hence, application of these 
mica nanoparticles to nitrate salts can be quite effective in reducing the cost of solar thermal energy 
since nitrate salt eutectics are typically used as conventional materials for solar thermal energy storage. 

INTRODUCTION 
Concentrating solar power (CSP) systems are used to generate electricity using the thermal 

power from insolation. These systems use lenses or mirrors to focus the solar energy collected from a 
large area to a central receiver. The receiver tube is filled with a fluid which could be oil, molten salt or 
other materials to capture the incoming thermal radiation. This hot liquid is then used to convert water 
into steam using a suitable heat exchanger and the generated steam is used to drive a turbine (and 
generator) for generating electricity. In concentrating solar power systems, one of the advantages is 
that the heated fluid can be stored economically. In concentrating solar power systems, nitrate molten 
salts and their eutectics are usually used as materials for Thermal Energy Storage (TES) systems and 
are also being explored as heat transfer fluid (HTF). If the thermo-physical properties of heat transfer 
fluid are enhanced, the resulting operational efficiencies can be increased and the operating costs can 
be reduced in concentrating solar power systems leading to cheaper solar power. One strategy for 
improvement of the thermo-physical properties is to use nanofluids which are colloidal solvents doped 
with low mass concentration of nano particles. 

Nanofluids are colloidal suspensions of dispersed nanoparticles with very low mass 
concentration in liquids or solvents [1"4]. A number of literature reports have shown the enhancement of 
thermo-physical properties of nanofluids compared to those of the pure base fluid (i.e., the neat 
solvent). Nanofluids were proposed for applications in various heat transfer applications such as in 
cooling systems [5]. Nanofluids obtained from carbonate and chloride salt eutectics are also being 
explored for thermal energy storage (TES) for solar thermal power conversion systems [6' 13"24]. 

A number of literature reports have shown the anomalous enhancement of thermal conductivity 
of nanofluids through experimental investigation as well as theoretical investigation [1]. However, the 
study of specific heat of nanofluids has been little reported. Only a limited number of experimental 
investigations were reported for the measurement of specific heat of aqueous nanofluids. Vajjha and 
Das (2009) [7] measured the specific heat of three nanofluids containing aluminum oxide (A1203), zinc 
oxide (ZnO), and silicon dioxide (Si02) nanoparticles in a base fluid such as deionized (DI) water as 
well as ethylene glycol and DI water mixture (EG/DI water: 60:40). The results have indicated that the 
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specific heat of aqueous nanofluids decreases with an increase in volume concentration of 
nanoparticles. 

However, Nelson et al. (2009)t8] reported an experimental study for oil-based nanofluids where 
the specific heat of nanofluids was found to be enhanced dramatically. In this study, the poly alpha 
olefm (РАО) solvent was used as base fluid. Exfoliated graphite nanoparticles (EG) was dispersed in 
РАО solvent with 0.6% mass concentration. Surprisingly, the specific heat of the РАО-based nanofluid 
was enhanced by 50% at 0.6% mass concentration of EG nanoparticles. The other thermo-physical 
properties of the РАО-EG nanofluid were also enhanced dramatically at this minute mass 
concentration. Forced convective heat transfer experiments were also conducted using the PAO-EG 
nanofluid. The forced convective heat transfer of the nanofluid was enhanced by -10% compared to 
that of the neat РАО solvent for experiments performed using a pin-fin cooler apparatus. Recently, 
Shin and Banerjee (2009) [6] observed that the specific heat capacity of alkali carbonate eutectic was 
enhanced by -25-100% at 1-2% mass concentration of silica (S1O2) nanoparticles. 

In this study, nanofluids were synthesized by dispersing mica nanoparticles in nitrate salt 
eutectic where consisted of a mixture of potassium nitrate and sodium nitrate (60:40 in molar ratio). 
This nitrate salt eutectic can be used as HTF and/or TES in CSP. The specific heat values of pure 
nitrate salt eutectic were measured for a temperature range of 150 °C - 500 °C using a differential 
scanning calorimeter (DSC). A simple analytical model was developed to predict the specific heat of 
nanofluids and the predictions from the model were compared with the experimental measurements. 

EXPERIMENTAL INVESTIGATION 
In this study, potassium nitrate and sodium nitrate mixture (60:40 in molar ratio) was used as 

the base fluid (neat solvent). This paper presents specific heat measurements of nitrate-based 
nanofluids containing mica nanoparticles. The measurements were performed using a differential 
scanning calorimeter (DSC). Measurements were performed over a temperature range of 150°C-500°C. 
To formulate nitrate-based nanofluids, potassium nitrate and sodium nitrate were procured from 
Spectrum Inc. The mica nanoparticles also were procured from Spectrum Inc. The nominal size of the 
mica nanoparticles was -45 μιη (or 325 mesh) according to manufacturer's specification. However, the 
actual size of the nanoparticles was measured by the authors and was observed by transmission 
electron microscopy (ТЕМ) images to vary from a few nano-meters to a few micro-meters as shown in 
Figure 1. 

Figure 1. ТЕМ images of the mica nanoparticles 
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The synthesis protocol for the nitrate-based nanofluids is explained next. Initially, potassium 
nitrate and sodium nitrate mixture (60:40 in molar ratio) and mica nanoparticles were put into a glass 
vial of 25ml volume. The total mass of the mixture was 200 mg.The vial was then filled with 20ml of 
distilled water. To ensure homogenous dispersion of the nanoparticles, the suspension was placed in an 
ultrasonication bath for 3 hours. The aqueous solution was then placed on a hot plate at 100°C to 
evaporate the water from the solution. After the evaporation was completed, the nitrate-based eutectic 
with mica nanoparticles was scraped off. Using this protocol, nitrate-based nanofluids were 
synthesized with 0.5%, 1%, and 2% mass concentration of mica nanoparticles. These nanofluids were 
characterized using scanning electron microscopy (SEM) images as shown in Figure 2. 

Figure 2. SEM images of the mica/nitrate salt eutectic nanofluid: 
(a) Secondary electron image (b) backscattered electron image 

Figure 3. EDS analysis from SEM 
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SEM images show that the mica nanoparticle was enveloped with nitrate salts. From energy 
dispersive X-ray spectroscopy (EDS) analysis, the existence of mica nanoparticle was confirmed as 
shown in Figure 3. 

To measure the specific heat of the samples, a standard protocol for differential scanning 
calorimeter (DSC) testing (ASTM-E1269) was employed. Standard T-zero hermetic pan and lid (ТА 
instruments, Ine) were used to prevent weight loss of samples of nanofluids during repeated thermo-
cycling. Before putting into the hermetic pans, the samples were heated at 150°C for 2 hours to remove 
any chemically adsorbed water molecules. Specific heat values were measured using a differential 
scanning calorimeter (ТА Instrument, Model: Q20). To calculate the specific heat values by the ASTM 
method, heat flow measurements were performed using an empty pan and the same pan containing a 
sapphire standard disc, prior to performing the heat flow measurements for the sample (which was 
placed in the same pan and was hermetically sealed in the final step). The specific heat of the sapphire 
standard was used as a calibration step in order to calculate the specific heat of the sample of nanofluid 
for every experiment. A ramping rate of 20°C/min was used during the thermo-cycling - which was 
repeated 5 times for each sample of nanofluid. The thermo-cycles were repeated to verify if the 
nanoparticles were stable in the nitrate salt eutectic. 

RESULTS AND DISCUSSTION 
The measurements of specific heat of the nitrate-based nanofluids were performed for samples 

with 0.5%, 1%, and 2% mass concentrations of mica nanoparticles. Specific heat of pure nitrate salt 
eutectic was measured to compare with nitrate-based nanofluids by the ASTM method. Table I shows 
the measurement result of specific heat of pure nitrate salt eutectic. The temperature range of 
measurement is from 150°C-500°C. The specific heat value in solid phase is the average value for a 
temperature range of 160°C-200°C and the specific heat value in liquid phase is the average value for a 
temperature range of 250°C-495°C. The measurement uncertainty in the pure nitrate salt eutectic is 
estimated to be 3-4%. 

Table I. Measurement of specific heat of pure nitrate salt eutectic 

Sample No S p e d f l C H e a t ( J / g ' K ) S p e d f l C H e a t ( J / g _ K ) 
p in solid phase in liquid phase 
1 1.251 1.408 
2 1.098 1.255 
3 1.211 1.258 
4 1.297 1.471 
5 1.153 1.254 
6 1Л41 L244 

Average 1.191 1.315 
STD 0.0746 0.099 

The average value of the specific heat of the pure nitrate salt eutectic was measured to be 1.191 
J/g-K in the solid phase with a standard deviation of 0.0746J/g-K (6.26%) and 1.315J/g-K in the liquid 
phase with a standard deviation of 0.099J/g-K (6.13%). The average specific heat values for each 
thermo-cycle obtained from the DSC measurements for the samples of nanofluids are shown in Tables 
II, III and IV. These results are also plotted in Figures 4 where the specific heat is plotted as a function 
of temperature by averaging the measurement results from each thermo-cycle. The measurement 
uncertainty in the samples of nanofluids is estimated to be 0.13-1.1%. 
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Table II. Measurement of specific heat of nitrate-based nanofluid with 0.5% mass concentration of 
mica nanoparticles 

Thermo-cycle 

1st run 
2nd run 
3rd run 
4th run 
5th run 

Average 
Enhancement 

STD 

Table III. Measurement of specific 
nanoparticles 

Thermo-cycle 

1st run 
2nd run 
3rd run 
4th run 
5th run 

Average 
Enhancement 

STD 

Table IV. Measurement of specific 
nanoparticles 

Thermo-cycle 

1st run 
2nd run 
3rd run 
4th run 
5th run 

Average 
Enhancement 

STD 

Specific Heat (J/g-K) 
in solid phase 

1.384 
1.358 
1.362 
1.370 
1.375 
1.370 
15% 

0.010 

Specific Heat (J/g-K) 
in liquid phase 

1.527 
1.477 
1.477 
1.479 
1.483 
1.488 
13.2% 
0.021 

heat of nitrate-based nanofluid with 1% mass concentration of n 

Specific Heat (J/g-K) 
in solid phase 

1.385 
1.326 
1.324 
1.318 
1.314 
1.333 
11.9% 
0.029 

Specific Heat (J/g-K) 
in liquid phase 

1.576 
1.502 
1.495 
1.484 
1.482 
1.508 
14.7% 
0.039 

heat of nitrate-based nanofluid with 2% mass concentration of n 

Specific Heat (J/g-K) 
in solid phase 

1.347 
1.342 
1.341 
1.340 
1.338 
1.342 
12.7% 
0.003 

Specific Heat (J/g-K) 
in liquid phase 

1.556 
1.559 
1.562 
1.557 
1.562 
1.559 
18.6% 
0.003 

The results show that the specific heat values of nitrate-based nanofluids with mica 
nanoparticles are enhanced compared to pure nitrate salt eutectic for enhancement range of 13-15% in 
solid phase and 13-19% in liquid phase. In liquid phase, the specific heat values are slightly increased 
with mass concentration of mica nanoparticles. However, the results indicate that the specific heat 
values of the nitrate-based nanofluid are less sensitive to the variation of the mass concentration of the 
mica nanoparticles. 
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Figure 4. Specific heat values of nitrate-based nanofluid with mica nanoparticles as a function of 
temperature: (a) specific heat values in solid phase, (b) specific heat values in liquid phase 

The mechanism of specific heat enhancement in nitrate-base nanofluid with mica nanoparticles 
is explained with two aspects. First of all, specific heat values of pure mica nanoparticles are higher 
than pure nitrate salt eutectic for a temperature range of 150°C-500°C. Figure 5 shows the 
measurement results of specific heat of pure nitrate salt eutectic and pure mica nanoparticles in solid 
and liquid phase. Especially, the specific heat values of mica nanoparticles are much higher than the 
pure nitrate salt eutectic in liquid phase. 

Figure 5. Specific heat values of pure nitrate salt eutectic and mica nanoparticles: 
(a) specific heat values in solid phase, (b) specific heat values in liquid phase 

Another mechanism of specific heat enhancement is liquid layering at solid-liquid interface. At 
solid-liquid interfaces semi-crystalline ordering of liquid molecules has been reported in a number of 
literature reports leading to the formation of a "compressed layer" with a thickness of- lnm. Using a 
high-resolution transmission electron microscopy (HRTEM) liquid layering was observed at the 
interface with sapphire by Oh et al. (2005)[9]. This semi-crystalline layer was observed to be adhering 
to the solid surface as if the liquid molecules were virtually an extension of the underlying crystalline 
lattice structure and thus had a mass density higher than the liquid phase (Oh et al., 2005) [9T This layer 
with a higher density can be termed as the "compressed layer" [1(л A number of reports for molecular 
dynamics (MD) simulation have shown that the liquid molecules are observed to form a semi-
crystalline ordering of liquid molecules with lower inter-molecular spacing - thereby forming a layer 
on the surface of the solid with a higher density due to Van der Waals type of inter-molecular 

132 · Developments in Strategic Materials and Computational Design II 



Enhancement of Heat Capacity of Nitrate Salts using Mica Nanoparticles 

interactions. Hence, the liquid molecules adhering to the nanoparticle surface are expected to form a 
compressed layer in nanofluids. This layer behaves much like a solid phase [1M2]. 

The existence of compressed layer could be confirmed by measurement of specific heat of 
nitrate-based nanofluid in solid phase with phase change and without phase change. In the case of 
phase change, the specific heat was measured for a temperature range of 150°C-500°C. The melting 
point of nitrate salt eutectic is around 220°C. Thus, phase change is obtained by repeated thermo-
cycling. In the case of non-phase change, the specific heat was measured for a temperature range of 
150°C-200°C. Because the measurement range is below melting point, the phase change does not 
occur in this case. Figure 6 indicates that specific heat values in solid phase for each case. The results 
show that the specific heat values of nanofluids with phase change are higher than those without phase 
change in solid phase. 

Figure 6. Specific heat values of nanofluids with mass concentrations in solid phase with phase change 
and without phase change. 

Based on these mechanisms, a simple analytical model for prediction of specific heat values of 
nanofluids was developed by Jung et al. (2010)[10]. The model considers the contribution to the total 
specific heat of nanofluid by compressed layer formed at solid-liquid interface. Figure 7 shows the 
schematic representation of the model. Considering a nanofluid with a total mass of M with a mass 
concentration of the nanoparticles defined as x, the specific heat of nanofluid was expressed as 

[MKCpJ + [—maCpJ + [{M-MK-^-me)CPti] 

">> total M (1) 

where СР)П, CP;S and Срд are the specific heat of nanoparticle, compressed layer and the liquid phase, 
respectively. The mass of a spherical nanoparticle of diameter (Dnp) can be expressed as 
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Figure 7. Schematic for the compressed layer along with the void space enveloping a nanoparticle. 

mn = pnVn = p n 

(2) 

where pn and Vn are the density and volume of nanoparticle, respectively. The mass of compressed 
layer surrounding a single nanoparticle can be expressed as: 

4 
^+*+«u - R ^ 

(3) 

where ps and Vs are the density and volume of compressed phase, respectively. Void space (dsi) and 
thickness of compressed layer (δ) are shown in Figure 7. 

To calculate the specific heat value of mica/nitrate salt eutectic nanofluids using the simple 
analytical model, the thermo-physical properties of the pure nitrate salt eutectic, the compressed layer, 
and the mica nanoparticles are summarized in Table V. 

Table V. The thermo-physical property values of the pure nitrate salt eutectic, the compressed layer, 
and the mica nanoparticles as well as the thickness of the compressed layer and the void space. 

Nanofluid 

Mica/Nitrate 

Pn 
(kg/m3) 

986 

Ps 
(kg/m3) 

2770.5 

(J/g-K) 

1.55 

^p, s 
(J/g-K) 

131.5 

Cp,i 
(J/g-K) 

1.315 

dsi (nm) 

0.3 

6(nm) 

1 

The molecules in the compressed layer surrounding the nanoparticle surface are reported to 
behave like a solid phase [1M2]. Currently there is no available experimental or numerical data for 
predicting the thermo-physical properties of the compressed layer. In this study, density of compressed 
layer is assumed to be 50% higher than pure nitrate salt eutectic in liquid phase. The specific heat of 
compressed layer is assumed to be 100 times of specific heat of the pure nitrate salt eutectic. In a 
number of molecular dynamics (MD) simulations, the liquid molecules were found to represent a 
disordered structure observed in the liquid phase at a distance greater than ~lnm from the nanoparticle 
surface. Based on these results, the thickness of the compressed layer is assumed to be lnm. The void 
space between the nanoparticle surface and the first molecule in the compressed layer is estimated to 
be 0.3nm. The calculation results are compared with the experimental results as shown in Figure 8. 
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Figure 8. Calculation results of specific heat values and the experimental results 

The calculation results from the simple analytical model for the specific heat values of 
mica/nitrate salt eutectic nanofluids are found to be in close agreement with the experimental results. 
In the case of nanofluid with 2.0% mass concentration, calculation results are much higher than the 
experimental result. Based on the analytical model, specific heat value of well-dispersed nanofluid is 
much higher than one of the nanofluid with agglomerated nanoparticles. It is possible that at higher 
mass concentrations the interactions between the nanoparticles caused rapid agglomeration and thus 
lower values of the specific heat (than the values expected from the analytical predictions). Thus, the 
synthesis protocol needs to be adjusted to obtain perfectly dispersed nanoparticles in order to match the 
experimental results with the analytical predictions for nanofluids with higher mass concentrations. 

SUMMARY/CONCLUSION 
Experimental results show that the specific heat values of nitrate-based nanofluids with mica 

nanoparticles are enhanced by 13-15% in solid phase and 13-19% in liquid phase compared to pure 
nitrate salt eutectic in 60:40 molar ratio. The enhancement in the specific heat values in the liquid 
phase increases with the increase of mass concentration. However the specific heat values in the solid 
phase do not show a similar trend. The main reason for the specific heat enhancement is assumed to be 
due to the layering of the solvent molecules at solid-liquid interface on the nanoparticles. The evidence 
for this hypothesis is that from the experimental results - the specific heat values in solid phase of the 
samples undergoing phase change are much higher than that of the samples without phase change. 
Furthermore, the specific heat of mica nanoparticles is higher than the pure nitrate salt eutectic in the 
temperature range of 150°C - 500°C. The calculation results using the simple analytical model for 
prediction of the specific heat of nanofluids with the effect of compressed layer are in good agreement 
with the experimental results. The model indicates that well-dispersed nanofluids have higher 
enhancement of specific heat values compared to nanofluids with nanoparticle agglomeration. 
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ABSTRACT 
The viscosity of aqueous silica (S1O2) nanofluids was measured using a parallel-disk rotational 

rheometer. The silica nanoparticles had a nominal diameter of-10 nm. The mass concentration of the 
silica nanoparticles was varied in this study from 0.1% - 20%. Each nanofluid sample was sonicated in 
an ultra-sonication bath for the same duration. A convection oven within the test section was used to 
investigate the variation of the viscosity as a function of temperature for the aqueous silica nanofluids. 
The viscosity measurements were also performed by increasing the shear rate. The pH of the 
nanofluids was maintained at a fixed value for each sample. The results show that the viscosity of the 
nanofluids follows a shear thinning behavior since the viscosity decreased as the shear rates were 
increased. This shear thinning behavior was more acute at higher temperatures. The viscosity of the 
nanofluids was found to increase with increase in the concentration of the nanoparticles, where the pH 
was maintained at a constant value. 

INTRODUCTION 
Solvents doped with a stable suspension of nanoparticles are termed as nanofluids. In these 

suspensions the nanoparticle size is usually smaller than 100 nm. Conventional fluids such as water 
and ethylene glycol were employed as the solvent in various studies1. Various studies reported 
anomalous enhancement in the thermal conductivity and diffusivity of nanofluids2"6. Pool boiling of 
nanofluids were also enhanced dramatically7"10. For example, critical heat flux (CHF) of aqueous 
nanofluids was enhanced by up to 3 times - compared to that of pure water7'8. 

Due to these enhanced thermal properties, nanofluids are considered to be attractive for a wide 
range of heat transfer applications in electronics, automotive, and energy applications. Furthermore, 
enhanced characteristics of the nanofluids associated with mass transfer and antibacterial activity 
makes it attractive for prospective applications like transportation and medical devices. In order to 
determine the feasibility of using nanofluids for these applications, their rheological behaviors and 
properties should be characterized. Nevertheless, only few data have been reported in the literature for 
the viscosity of nanofluids. In 2006, Kang et al. performed viscosity measurements with various 
nanofluids, including water-silver, water-silica, and ethylene glycol (EG)-diamond nanofluids11. They 
reported that the viscosity was increased by -30 % in aqueous nanofluids and by ~ 50% for the EG-
diamond nanofluid. In 2008, Nguyen et al. performed experiments to examine the effects of 
temperature and particle volume concentration on the dynamic viscosity using water-alumina 
nanofluids12. The same year another study reported that for aqueous nanofluids obtained by dispersing 
T1O2 or AI2O3 nanoparticles in water the viscosity was enhanced by ~80%13. This was consistent with 
prior experimental studies reported by Wang and collaborators14. Xia et al. performed experimental 
measurements of the viscosity of EG-based nanofluids and aqueous nanofluids, and they reported that 
the viscosity enhancements of EG-based nanofluids were smaller than those of aqueous nanofluids15. 

Even though a few experimental measurements for the nanofluid viscosity have been reported, 
they are not adequate to provide a comprehensive description of the rheological behaviors of 
nanofluids and to develop proper theoretical models. The aim of the present study is to add to the 
database for the rheological property data for nanofluids and to provide experimentally measured data 
for the viscosity of aqueous nanofluids by dispersing silica (SÌO2) nanoparticles with a nominal mean 
diameter of -10 nm. The rheological behavior of the aqueous silica nanofluid was recorded using a 
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rotational parallel-disk rheometer. The effect of particle concentrations on the viscosity of the 
nanofluid was investigated for six different mass concentrations ranging from 0.1% - 20%. In order to 
maintain homogeneous dispersion of the nanoparticles, pH values of each nanofluid were maintained 
at a fixed value. Additionally, the viscosity was measured at 4 temperature values ranging between 
30 °C and 60 °C. 

EXPERIMENTS 

Synthesis of nanofluids 
Water-based silica (S1O2) nanofluids samples used in this study were prepared by diluting a 

commerciali available stock solution of the nanofluids. The stock solution of the aqueous silica 
nanofluid was available commercially at a mass concentration of 30% (procured from Alfa Aesar) 
which consisted of spherical silica (S1O2) nanoparticles with a nominal diameter of-10 nm. Figure 1 
shows the Transmission Electron Microscopy (ТЕМ, JEOL 2010) images of the silica nanoparticles 
from the stock solution. The ТЕМ images (Figure 1) showed that the diameter of the silica 
nanoparticles was not exactly 10 nm, but the mean diameter of the particles was measured to be close 
to 10 nm or were slightly larger. As shown in Figure 1, the nanoparticles were approximately spherical 
in shape. 

Figure 1. ТЕМ images of silica nanoparticles 

In order to explore the rheological behavior of the aqueous nanofluids, the nanoparticle 
concentrations were varied, and the measurements were performed for six different mass 
concentrations of 0.1%, 1%, 5%, 10%, and 20%). Nanofluid samples for each concentration value was 
synthesized by diluting the stock solution of the nanofluid. Usually pH values are controlled by 
introducing additives to obtain stable suspension of the nanoparticles. In fact, the pH value of the stock 
solution of the nanofluid was set to stabilize the silica nanoparticles in the suspensions. However, on 
diluting the stock solution the pH values would be changed drastically - especially for the samples 
containing the low concentration of nanoparticles. Hence, the pH values of diluted nanofluids were 
maintained at a fixed value to correspond to the same pH as the stock solution. The pH value of the 
stock solution was measured to be 10.3. However, on dilution of the stock solution the pH value was 
decreased. For instance, the pH of the nanofluid was measured to be 8.9 for mass concentration of 
0.1%. Hence to change the pH of the diluted samples to 10, Ammonium Hydroxide (NH4OH) was 
added. However, for the nanofluids with mass concentration of 10% and 20% the pH was found to be 
almost unchanged at a value of-10.3 upon dilution; hence ammonium hydroxide additive was not 
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required. The pH variation of the six nanofluids (before using the ammonium hydroxide additive) are 
summarized in Table 1. 

Table 1. Initial and controlled pH values of each nanofluids 

Concentration 
[wt. %] 

0.1 
1 
5 
10 
20 

Initial pH 

8.86 
9.69 
10.12 
10.26 
10.32 

pH (after addition 
of ammonium 

hydroxide) 
10.21 
10.24 
10.23 
N/A 
N/A 

Ultrasonication was performed in a sonication bath for 1 hour to ensure homogenous dispersion 
of the silica nanoparticles. As shown in Figure 2, the silica nanofluids ranged from a faded milky white 
dispersion which became denser as the mass concentration was increased. Nevertheless, no 
sedimentation were observed in the vials of all the nanofluid samples - showing that a stable 
dispersion was obtained. In addition, each sample was sonicated for 30 minutes immediately prior to 
performing the experiments in the rheometer. This was performed to minimize the effect of 
nanoparticle agglomeration on the viscosity measurements of the nanofluids. 

Figure 2. Images of silica nanofluids 

Experimental Procedure 
A parallel-disk rotational Rheometer (AR-2000ex, ТА Instrument) was employed to measure 

viscosity of the nanofluids. Disposable aluminum plates with 40 mm diameter were used and the gap 
distance between two plates was 500 μπι in this study. Shear viscosity of the nanofluids was measured 
by steady-state mode (steady rate-sweep test) from 100-1000 [1/s] where the shear rate was increased 
logarithmically in 10 steps. 

First of all, viscosity of pure water (distilled water) was measured between 30 °C and 60 °C in 
increments of 10 °C to compare with literature values and to verify the accuracy of the experiments. 
Temperature values were measured from the bottom of a lower plate and was regulated by external 
convection heaters installed in the rheometer. We varied the gap distances to identify the optimal value 
of the gap distance. Finally, we decided 500 ц т as the optimal value for the gap size in this study. 
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After completing baseline tests using water, the viscosity of the nanofluids were measured for the same 
temperature range. The viscosity of the silica nanofluids at the shear rate of 1000 [1/s] was compared 
with that of pure water (obtained from the literature). 

RESULTS 

Viscosity of pure water 
Figure 3 displays the viscosity behaviors of pure water at four different temperatures. As 

mentioned above, the viscosity of pure water was determined by averaging measured viscosity 
between 100 and 1000 [1/s]. As shown in Figure 3, viscosities of pure water measured in the present 
study decreased with an increase in temperature, which was consistent with data reported in the 
literature. Moreover, once a 500 μιτι as a gap distance was employed, the viscosities of pure water were 
found to be in good agreement over this temperature range. The maximum error was up to 4.3 % at 
60 °C. 

Figure 3. Viscosity of pure water as temperature varies: effect of gap size 

Figure 4. Viscosity of silica nanofluids: effect of particle concentrations 
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However, it was found that even though the same trend was observed, viscosities of pure water was 
shifted down when using 350 цт.ав the gap between two parallel plates (probably due to dominance of 
the surface tension effects). Overall behavior in the measurements were very similar with the results 
from 500 ц т gap distance, but lower values were obtained with this experimental condition. Therefore, 
we fixed the gap at 500 μπι for the nanofluids experiments. 

Viscosity of nanofluids 
Viscosities of the silica nanofluids were measured under the same experimental conditions. 

Figure 4 shows the viscosity of the nanofluids as temperatures and concentrations were varied. In this 
figure, the viscosity of the nanofluids indicates the value observed at the shear rate of 1000 [1/s] and 
the literature data for pure water was also plotted. From Figure 4, it is observed that the viscosity of the 
solvent was enhanced by adding silica nanoparticles. At relatively lower concentrations like 0.1, 1, and 
5%, the viscosity was not significantly increased, especially in low temperature. However, the 
viscosity of the nanofluids was remarkably elevated at nanoparticle concentrations over 5%. At the 
largest concentration of 20%, the viscosity was enhanced by -300 %. The measured viscosities of 
water and the nanofluids are summarized in Table 2. 

Table 2. Measured viscosity of water and water-based silica nanofluids 

Temperature [°C] 
Pure watera 16 

Pure waterb 

0.1 wt. % 

1 wt. % 

5 wt. % 

10 wt. % 

20 wt. % 

Viscosity [ x 10"4 

30 

8.00 

7.70 

8.06 

8.29 

8.61 

10.9 

18.6 

Pas] 

40 

6.53 

6.34 

6.72 

7.51 

7.77 

10.1 

17.0 

50 

5.46 

5.36 

6.13 

6.82 

7.23 

9.63 

16.1 

60 
4.64 

4.84 

6.02 

5.86 

6.66 

8.90 

13.9 

: literature values , : measured values 

Figure 5. Enhancements in viscosity of silica nanofluids 
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The enhancements in the viscosity of the nanofluids were found to be larger at higher 
temperature. At 1% mass concentration, for instance, the viscosity of the nanofluid were increased 
from 3.7 % at 30 °C to 26.3 % at 60 °C. Both the concentration effect and the temperature effect are 
shown in Figure 5. The enhancements were more significant both for higher temperature and higher 
nanoparticle concentration. 

DISCUSION 
We observed that the viscosity of the solvent was increased by adding nanoparticles. As 

described above, the enhancement in the viscosity was more significant at higher temperature and 
particle concentrations. However, our observation about larger enhancements at higher temperature is 
controversial. Compared with a prior study by Namburu et al.17, the viscosity enhancement of silica 
nanofluids in which mixture of water and ethylene glycol was used as a base fluid was slightly 
decreased with increasing temperature. Regarding this controversy between literature and our 
measurements, the difference in the instruments used in both studies might result in that difference 
trend in the viscosity enhancements. Actually, the parallel-disk type Rheometer was employed in this 
work and the external convection heaters played a role to maintain the temperature uniformly during 
the measurements. Therefore, suspension has to be exposed to surrounding so that it is possible for the 
base fluid to evaporate. At relatively high temperature in our temperature conditions, it is more likely 
for the fluid to be vaporized faster and the suspension was probably not covering the whole disk as 
shown in Figure 6 (B). Reduced area of the suspension between two plates could result in an elevated 
viscosity. Since we performed these measurements where the sweeping shear rates were varied from 
100 to 1000 [1/s], the effect of area shrinkage would be more dominant at the high shear rates. 

Figure 6. Configurations of test section: (A) Ideal case, (B) Dehydration of test material, and (C) Effect 
of surface tension of water. 

In previous studies, it was shown that addition of nanoparticles changed the viscosity behavior 
of solvents to non-Newtonian (Shear-thinning fluid) 17'18. Figure 6 (C) shows the schematic 
configuration of a test section which illustrates the influence of surface tension of water. Surface 
tension affects the fluctuations in viscosity of water and water-based nanofluids. We also tested 
ethylene glycol from 0.1 to 1000 to verify our facility. Ethylene glycol showed a more uniform 
viscosity over a wide range of shear rate. In spite of that, its viscosity was fluctuating at low shear rate 
less than 10. We concluded that small torque resulted in extremely high values for the measured 
viscosity values. Similarly, the fluctuations and the huge values in water were also observed for small 
values of the imposed torques. Thus, we chose the narrow shear rate from 100 to 1000 [1/s]. For this 
reason, we could not examine shear-thinning behavior of the nanofluids in this study. Even though the 
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small range in shear rates was selected, inconsistent viscosity (non-Newtonian feature) was obtained 
from the nanofluids and its intensity was increased with nanoparticle concentrations. 

CONCLUSION 
In this study, viscosity of the silica nanofluids was measured using a rotational parallel-disk 

Rheometer. Silica (S1O2) nanofluids samples with six different mass concentrations were prepared by 
diluting a nanofluid with a stock solution of 30% mass concentration. Due to some limitations in the 
facility used, the viscosity was measured in a narrow range of shear rate from 100 to 1000 [1/s]. In 
order to examine the effect of particle concentration on the rheological property, the six concentrations 
were tested and compared with pure water. Temperature was also varied between 30 °C and 60 °C by 
using external convection heaters. 

The experiments showed that adding nanoparticles enhanced the viscosity of water by up to 
200 % for 20% mass concentration. In relatively low mass concentrations (0.1% and 1%), the increase 
of the viscosity was not significant, but large enhancements were obtained from high concentration 
nanofluids (higher than 5%). Moreover, the enhancements were higher with increase in temperatures. 
To summarize, throughout this study, viscosity enhancements were observed in aqueous nanofluids. 
Additionally, the effects of both the concentration and temperature were also examined in this study. 
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ABSTRACT 
The torque (proportional to the pumping power) of nanofluids containing 2.2 vol. 

% 29-nm and 4.0 vol.% 90-nm SiC nanoparticles in a 50/50 mixture of ethylene 
glycol/water have been measured in the turbulent flow regime at 30±1°C. The results 
confirm the theoretical calculations of pumping power suggesting that the nanofluid can 
be treated as a single-phase material in a pumping system with elbows, expanders, and 
straight pipes. They also confirm the experimental finding that the torque for larger 
particles is smaller than for smaller particles, which is in agreement with the experimental 
result on the nanofluid viscosity decreasing with increase in the particle sizes. 

INTRODUCTION 
One of the obstacles to practical application of nanofluids is that addition of 

nanoparticles to a fluid increases its viscosity1. The increased viscosity results in an 
increase in the power required to pump the nanofluid at the same velocity as the base 
fluid, as has been reported for 5 vol. % of А120з, CuO, and diamond nanoparticles in 
water2. Therefore, the increase in heat removal, resulting from the enhanced thermal 
conductivity and heat transfer coefficient of nanofluids that could result in a decrease in 
the size of the heat exchanger and the accompanying increase in fuel efficiency for a 
vehicle, might be offset by the increase in power required to pump the nanofluid. We 
have, therefore, built a fluid pumping system to measure the torque required to pump 
nanofluids. The experimental results are compared to calculations based on the friction 
factors in the system. 

EXPERIMENTAL 
The SiC nanoparticles dispersed in a 50/50 ethylene glycol/water (EG/W) mixture 

have been well characterized3 with respect to volume concentration and particle sizes 
(16-90 nm). Additionally, the viscosity, thermal conductivity, and heat transfer 
coefficient have been measured and correlated with concentration and particle size. The 
conclusion ofthat work was that, at the same volume concentration, the viscosity is lower 
in suspensions with larger particles, and the viscosity increases due to the addition of 
nanoparticles while it decreases with temperature. Thus the viscosity of the 4 vol. % 90-
nm SiC nanofluid is nearly equal to that of the base fluid at about 75°C while the 
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viscosity of the 66-nm nanoparticles equals that of the base fluid at about 100°C. The 
heat transfer enhancement of the 4 vol. % 90-nm SiC is -15% whereas the smaller 
particles result in a lower enhancement3. 

A schematic of the experimental apparatus is shown in Fig. 1. It is typical of 
vehicle pump systems containing heat exchangers. The torque meter (not shown in the 
figure) is mounted on the pump shaft. For measuring torque, valves 3,5, and 7 are shut. 
The non-contact torque meter is manufactured by Advanced Telemetries (Spring Valley, 
Ohio) using a wireless transmitter. The flow rate is measured by an electromagnetic flow 
meter (Proline Promag ЮН) manufactured by Endress+Hauser (Greenwood, Indiana). 
Both the flow and the torque meters were calibrated, the former by measuring the fluid 
volume flow for a predetermined time, the latter by the manufacturer. Flow velocities are 
in the range of 20-28 1/min (1400-1800 RPM) corresponding to Reynolds numbers (Re) 
of-7000, representing the turbulent flow regime. 

Figure 1. Schematic of the torque apparatus. Torque meter and data logger are not 
shown. A photograph of the actual apparatus appears in ref. 4. 

Torque measurements were made continuously over a period between 10 and 40 
minutes at each flow velocity and were the average values of hundreds of measurements 
with each data point representing 4 seconds of accumulation. The data were collected by 
a PC using Lab View software. The deviation of the torque at a given flow rate for the 
SiC nanofluids or the pure EG/W mixture was less than ± 3%. The pumping speed 
(RPM) of the pump was measured optically. 

The torque τ and the angular velocity ω, measured directly, are used to calculate 
the shaft power Pshaft, which can be expressed as a function of the pumping power 

Pshaft=™=PpumPingll ( 1 ) 

In the above equation, the pumping power for a fluid with density p and viscosity μ can 
be expressed as the product of the volumetric flow rate Q and the pressure drop Ap 
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Ppumping=Qbp (2) 

where the volumetric flow rate can be expressed as a function of velocity V through the 
cross section area A or the circular tube diameter d 

Q = AV = (mi2/4)V (3) 

For a continuously flowing system, the pressure drop usually includes the static 
head as a function of vertical position h (Apstatic = pgh ), the friction pressure drop as a 

function of the friction factor / and the tube length L (Ap = 2pV2(L/d)f), and other 
pressure losses due to elbows, expansions, contractions, and a variety of other 
components. By expressing the component pressure losses in terms of the component 
inlet velocity Vt, the shaft power for a turbulent fluid flow5 can be expressed as 

QAP {nd2/W[pgh + 2pV2(L/d)f + 1КД/2)рУ2] 
Pshaft =^— = ! (4) 

η η 

where the pressure loss coefficient Kt is determined by the nature of a pressure loss 
component and the Fanning friction factor / depends on the flow conditions and can be 
estimated through the Reynolds number Re by the Blasius equation6 for a turbulent fluid 
flow as 

/ = 0.0791 Re-0 25 = 0.079 l(pVd/ß)-°25 (5) 

A simplified flow model was developed for the system shown schematically in 
Fig. 1 consisting of a straight smooth pipe (2 m in length), five small elbows with 90° 
radius, and two abrupt expansions. These eight components were used as the model for 
calculating the pressure drop through the system per Eq. 4. The pumping power of a 
nanofluid was calculated from the the pressure drop and the volumetric flow rate, and the 
the ratio was taken of the pumping power of the nanofluid to the base fluid at the constant 
velocity for all cases. That ratio was rather insensitive to the simplicity of the flow model 
of the experimental system. For example, doubling the pipe length in the model (a 
marked deviation from reality) produced almost no measurable changes in the pumping 
power ratio prediction. Therefore, the simplified model adequately describes the actual 
pumping system. 

RESULTS 
The torque measured for the 4 vol. % 90-nm SiC nanoparticles in a 50/50 mixture 

of EG/W is shown in Fig. 2 where the data are compared to the pure 50/50 mixture of 
EG/W. The two linear regression lines are approximately parallel over the entire range of 
velocities used. Therefore we arbitrarily choose V - 25 1/min to compare the relative 
torques тп//ть/ where nf represents the fluid containing the nanoparticles and bf 
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represents the base fluid, 50/50 mixture of EG/W. The results for the two SiC nanofluids 
are given in tabular form in Table 1 below. The comparison of the experimental and 
calculated values shows good agreement well within the uncertainty of the data. 

Figure 2. Measured torque of the fluid containing 4 vol. % 90-nm SiC nanoparticles 
compared to the pure base fluid at the constant velocity. 

Table 1. Comparisons of the calculated and experimental relative percent increase in 
torque. 

Volume % SiC 
(particle size) 

2.2 (29 nm) 
4.0 (90 nm) 

Relative % increase in 
torque - Calculated 

8.7±0.3 
6.5±0.3 

Relative % increase in 
torque - Experimental 

9.3±0.3 
5.3±0.3 

DISCUSSION 
There are two important observations. The first is that the calculated relative 

percent increase in torque and the experimental values agree within the uncertainties. 
This is consistent with the previous results published for water-based nanofluids of Torii2 

and Williams and Buongiorno7 using an AbCVwater-based nanofluid4. However, the 
previously cited work was performed on water-based systems using straight tubes only. 
We have preformed these experiments using a system that more closely approximates a 
complete vehicle system using a higher viscosity-base fluid, 50/50 mixture of EG/W. An 
important result is that one can calculate the torque (pumping power) in the turbulent 
region by considering the nanofluid as a single phase fluid. 
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The second observation is that the torque of the nanofluid containing the larger 
nanoparticles is lower than that of the nanofluid containing smaller particles. This was to 
be expected as the viscosity of the fluid containing the 90-nm SiC is lower at all 
temperatures than that of the 29-nm SiC nanofluid3. This observed behavior is contrary 
to the classical Einstein-Bachelor equation for hard non-interacting spheres that predicts 
that the viscosity is only a function of the volume particle concentration. The fact that 
the viscosity is dependent on particle size has been attributed to the difference in structure 
and thickness of the diffuse fluid layers around the nanoparticles in various base fluids 
that affects the effective volume concentration3. 

Finally, it should be noted that fluids containing larger nanoparticles have higher 
heat transfer rates than those containing smaller nanoparticles as a consequence of lower 
surface area for the same volume concentration of nanoparticles3. Smaller area of 
solid/liquid interface in nanofluids results in a smaller negative contribution of the 
interfacial thermal resistance and higher thermal conductivity of the fluids with larger 
nanoparticles. 

It is also worth noting that because the viscosity of the 66- and 90-nm 
nanoparticles becomes equal to that of the base fluid at 100°C and 75°C, respectively, the 
pumping power losses for nanofluids will be eliminated at the operating temperatures of 
many vehicle heat exchangers. 

CONCLUSIONS 
Torque required to pump a nanofluid in the turbulent flow region in vehicular 

systems can be calculated from the pressure drop and the volumetric flow rate (assuming 
constant pump efficiency) by considering the nanofluid as a single phase fluid. The 
increase in pumping power for the nanofluids with larger SiC nanoparticles in EG/W at 
heat exchanger operating temperatures will be insignificant compared to the EG/W alone. 
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ABSTRACT 
The fabrication process of bi-layer ceramics requires a temperature change from sintering to 

room temperature. Residual stresses created as a result of thermal expansion coefficient mismatch 
may be sufficiently large to influence failure. Theoretical models predict residual stress as a function 
layer thickness. The scale and to some extent the geometry changes during the firing process. In the 
case of complex geometries like dental crowns, micro-X-ray tomography is a unique non-destructive 
technique for layer thickness measurement. A method of developing a finite mesh model of real 
components involving complex geometries has been developed through the use of X-ray micro-
tomography. This method computes the minimum distance between two triangulated surfaces 
constructed from tomography data. For each vertex of one surface, it computes the closest point on the 
other surface. The veneer layer thickness distribution was combined with residual stress curves 
advancing our understanding of the lower limit threshold of thickness in dental restoration design. An 
important observation is the significant range in predicted residual stress in the veneer top surface from 
a tensile stress of 80 MPa to a compressive stress of -70 MPa as the thickness increased to 0.5 mm. 

INTRODUCTION 
A wide range of industrially important materials, from aircraft engine parts to dental crown 

ceramics, are made of bi-layer or multi layer structures. The application of layered ceramics or metal 
ceramic components is challenged by thermal expansion coefficient mismatch that creates curvature 
effects and residual stress [1,2]. Timoshenko fist derived a general solution for bi-layer bending due to 
residual stresses [3]. Considerable efforts [4,5,6] have been devoted to analyzing residual stresses for 
multilayer systems because of their wide application as microelectronic, optical, and structural 
components. Residual stress in the interface of a bi-layered material is a function of layer thickness 
[7]. In the case of a dental crown, the bi-layer is not thin compared with the curvature radius of the 
surface, but the state of residual stress can be estimated from the local thickness of zriconia and 
porcelain layers. 

Here we focus on ceramic dental crowns. The base layer almost has a constant thickness, 
typically around 0.5 mm, and the thickness of porcelain is varied to create the aesthetic and functional 
geometry of the crown. Micro X-ray tomography slides have been used to reconstruct the geometry of 
crowns for finite element analysis [8,9,10] Here in this paper we will explain a method that utilizes 
tomography data to reconstruct the 3D structure of the crown followed by finite element surface 
meshing to calculate the minimum distance between nodes on surfaces. Thickness measured using this 

* Corresponding author; e-mail: jay.hanan@okstate.edu; phone: 918-594-8238. 

155 

Developments in Strategic Materials and Computational Design II
Edited by Waltraud M. Kriven, Andrew L. 

Gyekenyesi and Jingyang Wang 
Copyright © 2011 The American Ceramic Society 



Characterization of Non Uniform Veneer Layer Thickness Distribution 

method can be coupled by bi-material bending equations to approximate the state of residual stress at 
different locations of the crown. 

METHOD 
Micro-Computed Tomography data, collected by H. A Bale and J. С Hanan [10], was 

used for 3D reconstruction of a bi layered zirconia porcelain. The following discusses a method 
used to calculate the local thickness of the porcelain layer. There are two surface functions, for 
zirconia fz(x,y) and for porcelain fp(x,y), obtainable from X-ray tomography, as illustrated in 
Figure 1. Because fz(x,y) and fp(x,y) are two locally variant curved functions, the distance 
between them is not well defied. It is possible to calculate the shortest surface-to-surface 
distance for the grid points laying on one of the surfaces. Here we are interested to measure the 
shortest distance between each point on fz(x,y), the base surface, relative to the outside of the 
porcelain layer, fp(x,y) surface. Therefore, the zirconia upper surface is considered a reference 
surface, and the minimum distance to the porcelain surface at each point is desired. If 
coordinates are selected as shown in Figure 1, we are dealing with two real valued function 
fz(x,y) and fp{x,y) that satisfy fz{xy) <fP(x,y) for all point on the domain offz(x,y). This is a z-
simple geometry because the region is described in a simple way, using z as a function of x and 
y. This means, for each pair of "x, y" there is one unique corresponding "z" value. 

Figure 1 Graphical rendering of tomography from a bi-layer dental crown made of ceramic base covered by 
porcelain. 
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Three dimensional data visualization and finite element triangular surface meshing was 
carried out in Amira 3.1.1. A customized Matlab code was developed to extract the nodes that 
belong to fz(x,y) and fP(x,y). For a better visualization, nodes for the upper surface of the 
porcelain layer are colored green in Figure 2, and nodes for the interface surface of zirconia and 
porcelain are determined with a red color (this appears darker in black and white). 

The minimum distance for a point i on the interface surface that has a coordinate of 
Xi=(xhyu(Mxi> Уд) o n t n e domain [az\,bzi\< [Xi,yi]< [а&Ьа] is defined as, 

d(xl9yitzt) = ттфхгХ;)2+(угу^2+(/г(х,У1)-/Р(^> ^)) 2 ]} ; for all possible]} (1) 

Where j is the index for a point j on the interface surface (zirconia surface) that has a 
coordinate of Xj=(Xj,yj,(fp(Xj, yj)) on the domain of [0,0]< [Xpyj\< [av2,bv2]- The distance φτ/,^,ζ;) 
is always positive real number and is equal to zero at intersecting points or overlapped regions. 
A histogram of the distance measurement is illustrated in Figure 3. 

Figure 2 a) Triangular surface meshing of tomographed crown b) Extracted surface nodes. 

Because the density of nodes in a certain area is a function of surface fluctuation, nodes 
are randomly distributed on the interface and veneered surface. The region with more surface 
fluctuation has more density of nodes in comparison with flat regions. This has not affected the 
accuracy of the minimum distance measurement for a particular node but introduces an error in 
the histogram of distance distribution, because we are not sampling the domain with equal 
probability. 
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Figure 3 Histogram of minimum distance measurement 

Corrections on Minimum Distance Calculation Using 3D Interpolation 

Increasing the number of nodes relatively decreases this error and increases computing 
time. Although computation time is reducible by applying a constraint on the searching area to a 
ball with radius of r0 instead of global searching for minimum distance, increasing the number of 
nodes does not guarantee equal probability of node distribution; and sharp edges and regions 
faced toward z direction will have more contribution. 

Figure 4 a) Randomly distributed nodes (blue markers) with a 3D interpolated surface (black lines), b) Generated 
regular nodes with an illustration of the area covered by nodes in a relatively flat and a sloped region. 

A simple solution to this is applying 3D interpolation between the nodes to create a 
regular mesh mapped on the surface. Using the same method, new sets of nodes can be created 
for the porcelain surface as well. The result of 3D interpolation for interface surface and a new 
set of nodes, selected as the edge of a grid that covers up the surface, are illustrated Figure 4a 
and b, respectively. These two new sets of nodes are distributed with equal density on their 
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projection to the x-y plane. In 3D space the area covered by each node is depend on the slope of 
the tangent plane to the node. In result, nodes located on the walls of the crown will cover more 
surface area in space. If we multiply the minimum distance calculated for each node by a 
unitless weight, corresponding to the area that the node covers, the resulting histogram of the 
weighted distance distribution is corrected from the prior node distribution error. In fact, 
decomposing the surface between the nodes is an implementation of Voronoi tessellation 
decomposition of the surface with the seeds located at the nodes. The surface area corresponding 
to a node located in a point Xf=(xuyu(fz(xi, уг)) can be approximated by the average of four cross 
product absolute values, if we have the coordinate of the tetragon vortex that contains the node. 
These required coordinates are labeled with А, В, С and D in Figure 4b and are computed using 
3D interpolation. 

SC^^/zC*^) )^ (2) 

The shortest surface-to-surface distance along the interface surfaces, and the area 
belonging to the node S{xuyu{fz{xu yd), were calculated for each node using a Matlab code. 

The profile of a calculated Voronoi cell area for nodes along the cross section is 
illustrated in Figure 5 There are two peaks at both sides of the profile corresponding to the wall area of 
crown which has more slope and less density of nodes. The flat region between two sharp peaks is related 
to the top surface of the crown which has greater areal density of nodes. 

Figure 5 Profile shows the area corresponding to the nodes. 
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In order to better visualize the effect of the nodes distribution density on thickness 
calculations, a contour plot of the area belonging to the individual nodes is shown in Figure 6a. 
Figure 6b is the histogram corresponding to the contour plot. It can be seen, most of the areas 
belonging to the top portion of the crown have the same range, but values are much higher for 
the walls, which confirm the importance of the node distribution correction. 

Figure 6 Contour plot (top view) and histogram of area covered by nodes 

For weighted by area nodes, we cannot simply plot the histogram, but it is possible to 
calculate the Probability Density Function (PDF), which here is a function that describes the 
relative likelihood for the thickness of a layer, as a variable, to occur at a given point in the 
observation space. The PDF of minimum distance weighted by node area is shown in Figure 7. 
This PDF thickness distribution is independent of node density distribution. 

Figure 7 Probability Density Function (PDF) for thickness of porcelain layer in typical porcelain covered zironia 
base dental crown. 
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Using the model previously described by the authors [7], it is possible to predict the 
effect of the porcelain layer thickness (here for a fixed zirconia layer at 0.5 mm) on residual 
stress in particular positions of interest for the bottom of the zirconia layer, interface of the 
zirconia side, interface of the porcelain side, and top surface of the porcelain; as shown in Figure 
8a. 

Figure 8 a) Residual stresses in the interface and top and bottom surface as a function of porcelain thickness, b) The 
locations A, B, C, and D with respect to the bi-layer geometry and 'z' indicates the thickness of zirconia and 

porcelain, c) Histogram of minimum distance measurement before and after correction 

Histogram of minimum distance measurement (Figure 8c) was corrected using PDF 
information. Comparing histogram of thickness distribution before and after this correction 
reveals a considerable change at thin thickness region (less than 0.2 mm). Error in distribution 
introduced mostly in thin regions, because locations with thin porcelain layer thickness have 
more complexity in geometry variation. In general meshing software dedicates more number of 
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nodes to maintain the geometry variations in complex geometry regions which later caused the 
error in thickness distribution. Using described technique correct thickness distribution was 
measured. 

CONCLUSIONS 
A method of generating surface meshing for finite elements using micro X- tomography 

of dental crowns was utilized to extract node coordinates on the surface of real crown geometry. 
The result of this method was used to calculate the thickness of the porcelain layer in a zirconia-
porcelain bi-layer ceramic crown. A histogram of the thickness distribution was combined with 
a beam bending model residual stress prediction for bi-layer ceramics keeping the thickness of 
the zirconia layer constant. Combining the model with the thickness measurement suggests 
development of crowns with controlled porcelain thickness in order to minimize residual stress. 
Over all, locations where the thickness of the porcelain relative to the zirconia layer is small 
(<0.2 mm) should be avoided. This is generally the case for the observed crown as only 3.3% of 
the porcelain was below this thickness. 53% was above 1 mm, which appears a safer thickness 
when considering the predicted residual stresses. It was found that for this typical molar crown, 
the thickness of the porcelain layer changed from 0.05 mm to 2.5 mm, and the most probable 
43% thickness was around 1±0.2 mm. 
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ABSTRACT 
In this paper, we present computational results for the response of piezoelectric materials with 6mm 

symmetry when subjected to shock loads. The governing equations are based on a second-order theory 
of piezoelectricity for the 6mm crystal class formulated in a Lagrangian reference configuration. These 
equations represent the fully coupled nonlinear rnultiphysics response. Numerical solutions of these 
equations are first verified using analytical solutions for wave propagation in linear piezoelectric media. 
The effects of the nonlinear coupling introduced by higher order elastic, dielectric and piezoelectric 
coupling coefficients are then examined. The wave speed is shown to be lower than the bar velocity 
predicted by linear piezoelectricity for large strains. 

INTRODUCTION 
The direct piezoelectricity effect in which a mechanical load generates an electric charge was first 

discovered by the Curie brothers in 1880. The inverse effect where an electric field generates a me-
chanical response was predicted by Lippmann in 1881 and subsequently confirmed by the the Curies1. 
Subsequently, the behavior of piezoelectric materials in non-structural applications has been investi-
gated extensively though these investigations almost exclusively employ linear constitutive relations. 
Piezoelectricity is currently enjoying a great resurgence in both fundamental research and technical.. 
applications2"6. Investigations in the nonlinear basic theory for piezoelectricity though have been lim-
ited. Nelson7, Toupin8 and Tiersten9 studied the nonlinear theory of dielectrics. Norwood et al.10, 
Kulkarni and Hanagud11 used a Neo-Hookean constitutive relation to model the response of piezoelec-
tric ceramics. Pai et al.12 considered the dependence of the piezoelectric strain parameters upon the 
strain in formulating a plate theory of piezoelectric laminates. Joshi13 considered the nonlinear constitu-
tive relations for piezoelectric materials, where a concise expression was given. Tiersten14 investigated 
the nonlinear problems of thin plates subjected to large driving voltages. However, most of these stud-
ies still only considered the case of small deformations, and second-order effects were often neglected. 
Later on, based on the theory of invariants, from invariant polynomial constitutive relations, Yang and 
Barra15 investigated the second-order theory for piezoelectric materials with symmetry class 6mm and 
class mm2. Feng, et al.16, using results from Kiral arid Eringen17, developed the relations for symmetry 
classes 6mm and 3m. In this paper, we present these equations in a form suitable for numerical solution. 
These equations are then specialized for ID. The resulting equations are first verified by comparison 
with solutions obtained using numerical inverse Laplace transform techniques. Finally, the response of 
the full nonlinear equations to step pressure representative of a shock is shown and discussed. 

THEORY 
For a continuous body, the 3D equation of motion in the current (Eulerian) configuration is given by 

Malvern18 

where p is the material density, Ъ\ is the body force, щ is the particle acceleration, and Tkt is the total 
stress. Lower case Latin subscripts indicate quantities are referred to the current (Eulerian) configu-
ration while upper case Latin subscripts indicate quantities are referred to the reference (Lagrangian) 
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configuration with subscripts ranging from 1—3. The total stress, Tki, can be written15 

Ты = T% + EQÈkÈi - -e0ÈmÈmokl . (2) 

Tc is the Cauchy stress and the remaining terms are the Maxwell stress expressed in the current (Eule-
rian) configuration19 where εο is the electric permittivity of free space, È is the electric field, and 8ki is 
the Kronecker delta. The equations of motion in the reference (Lagrangian) configuration are obtained 
from (1) with appropriate transformations. First, the equivalence of the divergence in different reference 
frames is given by 

(Gkih = j(JFKkGkilK , (3) 

where G is an arbitrary second rank tensor. The Cauchy stress, Tkl, is expressed in terms of the second 
Piola-Kirchoff stress, TKL by 

г 1 
Tk[ = -ХкхТк&и : (4) 

and the electric field and polarization transform via20 

4 = XK,kEK = F-k
lEK (5) 

К = -fux^K = jFkKUK (6) 

where E is the electric field in the reference configuration and P and П are the polarization in the current 
and reference configurations, respectively, and Fkx = хк,к is the deformation gradient. It is worth noting 
that researchers have used different transformations for Pk

2l>22. Using the relations F^ 1 = XKk, Jp = p0 

where po is the density referred to the reference configuration with [3-6], the equation of motion is 

(TKW±)jc + (JFKkfoFMkFm - 2e°FMmFNmdki)EMEN).K + Pobi = рощ . (7) 

Similarly, starting with Gauss's law, 
(A0,*=O , (8) 

where D is the electric displacement, and using the constitutive relationship Dk = £0Ek +Pk , (8) becomes 

№рырйкЕм + Пк)х = ° · (9) 
The Euler-Piola-Jacobi identity, {JE^k

l)x = 0, is used to simplify (9) to 

(nK).K + e0JF-k
l(F-lEM),K = 0 . (10) 

Equations (7) and (10) are the equation of motion and Gauss's law in the reference configuration. Closed 
form solutions to (7) and (10) are not readily obtained. Consequently, solutions are sought using the 
weak form. This is obtained by premultiplying the governing equations by suitable test functions and 
adding. Accordingly, (7) and (10) can be expressed in the weak form as23 

- / [TKLxi± + {JFKk\£QFMlFN^ --£QFMllFN^òki)EMEN))vLKd£ÌQ+ pobwdClo 

- [ poümdSlo + / (TKLxLL + (JFKk
l(£QF-l

kFm
x - \еоР^Р^8к1)ЕмЕ^)пК^аГ0 ( 

- f (nK + £QJFKk\FM
l
kEM))<bxdQ.Q+ f (nK + eoJF-k

l(F-k
lEM))nK<t>dr0 = 0 

166 ■ Developments in Strategic Materials and Computational Design II 



Computational Study of Wave Propagation in Second-Order Nonlinear Piezoelectric Media 

where v/ and Φ are an arbitrary displacement and scalar electric potential test functions, respectively, 
Ωο is the domain of the reference configuration with boundary Го, and пк is the outward normal on the 
boundary. Assuming the response is magnetostatic, the electric field, E, can be expressed as the gradient 
ο ί Φ 

E = - У Ф . 

The variational statement can therefore be written 

- / poündüo + / (TKLxlìL + (JF^ieoF-lF-i - iεoF^F-J4^)Φ,мΦ,iv))^v/ örΓo (12) 

JCìo JrQ
 ζ 

- [ (YlK-eoJF-^F-^M^KdQo^ f (nK-eoJF-k
l(F-^M))n^dr0 = О . 

For small electric fields, (12) reduces to 

- / TKLxiiLviiKdQ0 + / pobividQ.0 - / p0üividQ0 - / Ί1κΦίΚαΩο 

+ / TKLxLLnKvtdr0+ [ ПкпкФаГо = 0 . (13) 
TKL and ПА: are related to the strains and the electric field by appropriate constitutive relations. These 

relations are obtained from 

TKL = д = - (14) 
UK = жк · ( 1 5 > 

where Σ is the free energy density function. Expressions for Σ are lengthy. Feng et al.24, and Kiral and 
Eringen17 provide explicit expressions. In ID, these expressions reduce to 

T = aT-eE+l-CY2-l-QE2-gYE , (16) 

П = er + £E + -gT2 + -i}E2 + QTE (17) 

where a is the second order elastic stiffness coefficient, e is the piezoelectric coupling coefficient, ε is 
the dielectric permittivity, С is the third order elastic coefficient, Q is electrostrictive coefficient, g is the 
third order piezoelectric coupling coefficient, and η is the third order dielectric permittivity. Г is the 
finite strain measure. It is given by 

_\ дщ duj дикдик 
Гц-2{дх] + Щ + Жэ^) ' (18) 

which in ID reduces to 
_ du 1 ,дих1 
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Table I: Material Properties for Quartz and PZT 
Material 

Name 
Elastic stiffness (GPa) 

Piezoelectric coupling (C/m1) 
Dielectric constant (ευ) 
3rd Order elastic (GPa) 

3nd Order piezoelectric (ε° m/V) 
Electrostrictive (ευ F/m) 

3rd Order dielectric (F/V) 
Density (kg/m5) 

Quartz28 

Present 
a 
e 
£ 

С 

8 
Q 
1 
P 

D&G 
CE 
C 3 3 
еъъ 
fc33 

Чзз 
1 
2 ^ijklm 
/ззз 
fc333 

Value 
8.6736 x 10ш 

0.171 
4.40 

-300.0 x IO9 

-1.31 
-4.40 

O ( - 3 . 5 x l 0 - 1 7 ) 
2651 

p Z T 2 b 

11.541 x l 0 l u 

15.08 
663.2 

7500 

Restricting the deformation to ID, neglecting the Maxwell stress and body force terms, the final weak 
form expression is given by 

(-Τ(1+4ίΖ)ν,ζ-τΐΦίΖ+Ροαν)αΧ + 7 χ ζ ν | ' 0 + Π Φ | ' 0 = 0 . (20) 
Jo 

Equation (20) was solved for the ID case using the COMSOL Multiphysics analysis software25. The 
generalized a method was used for the time dependent solver. As this solver is only A-stable, it exhibits 
spurious high frequency ringing when subjected to a step loading26. To address this issue, artificial 
Rayleigh damping was incorporated by adding an additional weak term in the form27 

f <9vr д du, w 
dR = ~jVRaTx

[Tt^dx ■ (21) 

to the LHS of (20) where VR is an adjustable parameter used to minimize the oscillations in the solution. 
MATERIALS PROPERTIES 

From (16) and (17) it is seen that eight material properties are required. Three of these are the 
typical elastic moduli, a, piezoelectric coupling term, e, and the dielectric constant, £. However, the 
remaining five coefficients are not always readily available. Davison and Graham28 present 3rd order 
elastic coefficients for several materials. However, they only have 3rd order piezoelectric constants for 
lithium niobate and quartz. These constants can also be estimated, with appropriate assumptions, using 
pressure derivatives as discussed by Clayton22 if such data is available. While this approach could be 
used, for the purposes of this paper, it is sufficient to recognize that when the response is restricted to ID 
that the distinction between different crystal classes is not relevant. Accordingly, the coefficients of X-cut 
quartz for which these properties have been experimentally determined have been used. The properties 
are shown in Table I. The linear values for PZT are also shown. Both quartz and PZT were used in 
verifying the numerical implementation by comparing the predicted response with exact solutions to the 
linear equations. 

RESULTS 
The solution of equation (20) was verified by comparing with exact solutions obtained by using a 

modified Dubner-Abate-Crump (DAC) algorithm for numerically inverting the Laplace transform29 of 
the linear piezoelectric equations for a simple disk of unit cross-sectional area and unit thickness. The 
poling direction was aligned with the axial direction of the disk. In the first verification, a short circuit 
solution was obtained for a step voltage with the boundary conditions listed in Table II. The voltage 
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Table Π: Boundary Conditions 
Location 

x = 0 
x = t 

Step Voltage 
0=Я(О,Г = О 

ф=0,Т = 0 

Resonance 
<f)=01T = sin((üt) 

ф=0,Т = 0 

Step Pressure 
φ=0,Τ = Τ0Η(ή 

ф=0,и = 0 

Figure 1: Transient stress history (at x=2.15 mm) in a 4.3 mm thick PZT-4 disk subjected to a Heaviside 
step voltage. 

drop was one volt across the thickness, t. In the second verification, an oscillatory pressure boundary 
condition was applied. The frequency, ω, was chosen to be close to the axial resonance frequency of the 
disk. 

Figures [1] and [2] show COMSOL numerical results to a step voltage for PZT-4 and quartz, respec-
tively. Figure [1] shows the stress response at the location x — L/2 for PZT-4. It is seen that the analytic 
solution obtained via the modified DAC techniques and the weak form solution compare very favor-
ably. Also, the response shown agrees qualitatively with experimental results obtained by Stuetzer30 for 
PZT-4. The effect of adding artificial damping is clearly evident as the Rayleigh damping completely 
eliminates the spurious oscillations. Similarly, the modified DAC algorithm and COMSOL numerical 
results for the response of a quartz disk subjected to a unit step voltage are in excellent agreement. In 
the case of quartz, however, the numerical oscillations due to the solver response to step loadings is 
more pronounced. While, the inclusion of the numerical damping completely eliminates these oscilla-
tions there is a loss of accuracy at the step transitions as a larger value of the damping parameter vR was 
required to fully damp the solver oscillations. 

Finally, the implementation was verified by comparing the resonance response, Figure [3]. As sinu-
soidal loading is reasonably smooth, solver oscillations are not induced. It is seen that the numerical and 
analytical solutions are again in excellent agreement. The effect of the numerical damping is also clearly 

Developments in Strategic Materials and Computational Design II · 169 



Computational Study of Wave Propagation in Second-Order Nonlinear Piezoelectric Media 

Figure 2: Transient stress history (at x=2.15 mm) in a 4.3 mm thick quartz disk subjected to a Heaviside 
step voltage 

seen in the reduction in the peak stresses of each loading cycle. 
With the numerical solution technique verified by comparison with solutions obtained with the modi-

fied DAC algorithm solutions, several cases were studied corresponding to a step pressure load applied at 
the JC = 0 endpoint location. The boundary conditions are given the third column of Table Π. The stress 
response is normalized in order to highlight the effect of pressure on the response. The 1 GPa-linear 
curve represents the exact solution of the linear piezoelectricity equations to a 1 GPa step pressure. The 
numerical solution of the nonlinear equations is indistinguishable for this load and is therefore not shown 
in Figure [4]. It is seen that the 5 GPa-compression result is also almost the same as the 1 GPa-linear re-
sult. The principal differences are that the normalized peak stress is approximately -2.25 compared with 
the peak value of -2.0 for the linear result. The wave speed is nearly the same for these loads as indicated 
by the coincidence of the step changes in the response as the stress wave reflects from the boundaries. 
Similarly, the 5 GPa-tension and 10 GPa-compression curves also retain the same basic form as the linear 
response. However, the wave speed for these two cases, while different from the linear response, are the 
same. This indicates that the wave speed is not symmetric with respect to the loading level. Furthermore, 
the wave speed is slower for the 10 GPa compressive load than the linear response. This is in contrast 
with the linear theory which predicts that the wave speed should increase with increasing compression 
load level. 

An expression for the effective wave speed, c, can be obtained by substituting (16), (17) and (19) into 
the ID form of equation of motion, (7). This leads to 

2 _ {a^CY-gE){\+u,z)
2 + {aT-eE + \CT2-\QE2-gTE) 

Po · ( 2 2 ) 

If terms arising in (22) related to nonlinear affects are dropped, then the expression for c2 agrees with 
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Figure 3: Resonance response (at x=2.15 mm) in a 4.3 mm thick quartz disk subjected to an harmonic 
voltage, ω = 666 kHz 

Figure 4: Transient stress histories (at x=2.15 mm) in a 4.3 mm thick quartz disk subjected to various 
Heaviside step stress loadings 
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Figure 5: Normalized wave speed squared ac2/p vs. finite strain 

classical results31. Figure [5] plots c2 normalized by the linear elastic bar velocity versus the finite strain 
measure Г. At Г = 0, the wavespeed is the same as classical elasticity. For slightly compressive strains, 
Г < —2.67%, the wave speed increases. However, for higher strain levels, the wave speed decreases. 
Also, for large finite strains, in either compression or tension, the wave speed is imaginary which could 
represent the transition to standing waves. Whether this is correct or simply represents a constraint on 
the range of validity of the theory is currently being investigated. 

CONCLUSIONS 
A second order theory for the behavior of piezoelectric materials has been presented. It has been 

shown that the presented theory reproduces to the same results as linear piezoelectricity for small strains. 
The effects of the nonlinear terms have been shown by computing the response of quartz to various 
levels of pressure which are realistic for shock loading. In these cases, the theory predicts that for large 
enough compressive or tensile pressures that the wave speed will decrease. This is in contrast to linear 
piezoelectricity where the wave speed always increases with increasing compressive stresses. Finally, 
the second order theory predicts that governing equations will change behavior at large absolute values 
of the finite strain. Whether this represents a real phenomena or is simply a restriction on the range of 
applicability of the theory is currently being investigated. 
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ABSTRACT 

It is well known that failure of a material is a locally driven event. In the case of ceramic matrix 
composites (CMCs), significant variations in the microstructure of the composite exist and their 
significance on both deformation and life response need to be assessed. Examples of these variations 
include changes in the fiber tow shape, void content within tows, tow shifting/nesting and voids within 
and between tows. In the present work, the effects of many of these architectural parameters and 
material scatter of woven ceramic composite properties at the macroscale (woven RUC) will be studied 
to assess their sensitivity. The recently developed Multiscale Generalized Method of Cells 
methodology is used to determine the overall deformation response, proportional elastic limit (first 
matrix cracking), and failure under tensile loading conditions. The macroscale responses investigated 
illustrate the effect of architectural and material parameters on a single RUC representing a five 
harness satin weave fabric. Results shows that the most critical architectural parameter is the weave 
void content with other parameters being less in severity. Variation of the matrix material properties 
was also studied to illustrate the influence of the material variability on the overall features of the 
composite stress-strain response. 

INTRODUCTION 

Multiscale modeling has been applied to both laminated and woven composites in the past. 
Although nomenclature in the literature varies, typically a multiscale modeling analysis will follow 
length scales shown in Figure 1 for continuum modeling. These scales, progressing from left to right in 
Fig. 1, are the microscale (constituent level; fiber, matrix, interface), the mesoscale (tow), the 
macroscale (repeating woven unit cell), and the global/structural scale. Traditionally, one traverses 
(transcends (moves right) or descends (moves left)) these scales via homogenization and localization 
techniques, respectively (Fig. 1 and 2a); where a homogenization technique provides the properties or 
response of a "structure" (higher level) given the properties or response of the structure's 
"constituents" (lower scale). Conversely, localization techniques provide the response of the 
constituents given the response of the structure. Figure 2b illustrates the interaction of homogenization 
and localization techniques, in that during a multiscale analysis, a particular stage in the analysis 
procedure can function on both levels simultaneously. For example, during the process of 
homogenizing the stages represented by X and Y to obtain properties for the stage represented by V, X 
and Y should be viewed as the constituent level while V is on the structure level. However, during the 
process of homogenizing V and W to obtain properties for U, V is now on the constituent level (as is 
W). Obviously, the ability to homogenize and localize accurately requires a sophisticated theory that 
relates the geometric and material characteristics of structure and constituents. 

With the recent development of multiscale generalize method of cells (MSGMC), one can now 
ascertain the influence of architectural parameters, such as volume fraction, weave geometry, tow 
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geometry, etc., at each associated length scale, for composites, particularly woven and braided 
composites. This enables the determination of which effect/parameter, at a given length scale, is 
impactful/relevant at higher length scales. For example, matrix elastic modulus is a microscale effect, 
changing this value will have a direct effect at the next largest length scale (e.g., mesoscale), but its 
effect at the macro or structural scale cannot necessarily be assumed. Similarly the tow fiber volume 
fraction, which is a mesoscale effect, should have a direct impact on the response at the macroscale, 
yet its effect at the global scale is difficult to deduce a priori. Furthermore, experimental investigations 
have shown that in typical composite (particularly woven) materials there exist significant variations in 
the meso and macroscale architectural features. Yet most analyses performed (until now) assume an 
idealized or pristine material and architecture at every length scale. Such an assumption was required, 
up until now, to avoid the computationally exhaustive multiscale modeling of every minute variation in 
architecture at every length scale, via the finite element method. The objective of this paper is to 
perform a preliminarily yet truly multiscale1 investigation to study lower length scale effects and 
determine their significance at the macro and structural scale. 

Figure 1 Illustration of associated levels scales for woven/braided composite analysis. 

Figure 2 (a) Homogenization provides the ability to determine structure level properties from 
constituent level properties while localization provides the ability to determine 
constituent level responses from structure level results, (b) Example tree diagram. 

1 Here the term multiscale refers to an analysis in which at least 3 levels of scales are accounted for, wherein at 
least two homogenizations/localizations are required. 
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MULTISCALE GENERALIZED METHOD OF CELLS 

Overview 

Analysis of woven fabric composites can be generalized into several relevant length scales 
(from largest to smallest): macro, meso, and micro. The macroscale weave refers to the RUC of the 
weave, for a 5-harness satin fabric, see Figure 3. The mesoscale represents the RUC of the fiber tow, 
this represents a bundle of fibers (typically 700-1000 for ceramic matrix composites). The smallest 
length scale is the microscale, which represents the fundamental constituent materials, such as the 
monofilament fiber and matrix itself. 

This multiscale analysis uses the recently developed Multiscale Generalized Method of Cells 
(MSGMC) methodology1. At the macroscale, each fabric composite (e.g., plain or 5HS, see Figure 3) 
was discretized into NA,NB,Nrsubcells, wherein for example a subcell used to represent a fiber tow, 
is further represented at the mesoscale by Νβ,Νγ subcells, wherein each of these, are represented by 
the constitutive properties of the fiber and matrix at the microscale. This recursive methodology 
(wherein the generalized method of cells (GMC), see Paley and Aboudi2 and Aboudi3, is called within 
GMC) is shown in Figure 4, and can be accounted for by attaching the superscript bgΑΒΤβγ to each. 
There are several architectural parameters at the meso, macro, and structural level required to fully 
define the discretized subcell geometries. At the mesoscale, both tow volume fraction and tow packing 
are required, while at the macroscale, weave architecture, weave volume fraction, tow aspect ratio and 
ply nesting are required. At the structural level, the spatial distribution of the macroscale RUCs are 
required, i.e., uniform - each subcell is associated with the same macroscale RUC or random -
subcells are associated with a uniform distribution of macroscale RUCs. It has been of recent interest 
to study the effects of these parameters and understand what the driving factors for both elastic and 
inelastic response are. 

Figure 3 Five Harness Sating Macroscale RUC. 
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Figure 4 Multiscale Methodology with Architectural Effects being varied shown at four Length 
Scales considered. 

Microscale (Constitutive Modeling) 

The Multiscale Generalized Method of Cells (MSGMC) is used to represents the woven fabric 
composite starting with its constituent materials, i.e. the fiber (monofilament) and matrix and progress 
up the various length scales. The microscale is the only length scale where explicit constitutive models 
are applied to the various phases (e.g. fiber and matrix). Stress states and tangent moduli for larger 
length scales are determined through the Generalized Method of Cells (GMC) triply-periodic 
homogenization procedure developed by Aboudi3. The monofilament fibers are modeled using a linear 
elastic relationship, i.e. Hooke's Law, and the matrix material is represented by a damage mechanics 
type relationship based on a tangent modulus relationship. Details for the damage model can be found 
in the following sections. All microscale constituent parameters (i.e., modulus, failure strength, etc.) 
were assumed to be deterministic in this analysis. The stresses in any subcell in the microscale can be 
determined from the following equation. The stiffness cbgAmßr is determined from the given material 
parameters and the strains £bgABTßr are determined from localization from the mesoscale. This is 
possible through a concentration matrix, A, determined by GMC, which is a function of the subcell 
geometry and stiffness matrix. 

^gABTßy _ j^bgABYßYQbgABVß7 £bg ABVßy / J 4 

gbgbBTßr _ ^bgABTßr£bgABT /j) 
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Mesoscale (Tow) 

The mesoscale is used to represent the periodic structure of a fiber tow. At the mesoscale, there are 
two significant architectural parameters: fiber packing and tow volume fraction. Both of these parameters 
govern the mesoscale subcell geometries. The response of the mesoscale is subject to these parameters as 
well as the material variation at the microscale. The continuous fiber tows are assumed to be represented by 
a doubly-periodic RUC of dimensions h by / consisting of constituents from the microscale. An example of 
such an RUC discretized for GMC is shown in Figure 4, where the inner region (shown in grey) denotes 
the fiber tow and the outer region (shown in white) is the matrix. The RUC is discretized in such a manner 
that it is composed οϊΝβ χ Νγ rectangular subcells, with each subcell having dimensions hß χ ly. From this 
point forward, superscripts with lowercase Greek letters denote a specific subcell at the microscale, 
superscripts of uppercase Greek letters denote a specific subcell at the macroscale and superscripts with 
lowercase Roman letters denotes macroscale variables. Fiber tow packing and volume fraction typically 
govern the architecture of the mesoscale RUC but must be in accordance with the previously described 
RUC microstructural parameters. The resulting stress in the fiber tow can be determined from the GMC 
homogenization process, where in GMC, the current stress and current tangent moduli of a particular fiber 
tow at a point are determined through a volume averaging integral over the repeating unit cell. This process 
is represented by the summation in the following equations, producing the first homogenization in the 
multiscale modeling framework. In these equations, σ denotes the Cauchy true stress, A denotes the strain 
concentration matrix, and С denotes the stiffness matrix2'3. The microscale subcell stresses and tangent 
moduli needed to complete the summation are determined through the applied constitutive models for each 
constituent based on their current strain state. The mesoscale strains, which are used as the boundary 
conditions for the GMC analysis, are determined from the through thickness (tt) homogenization at the 
macroscale. The subscripts tt in the concentration matrix in Eq. 5 denote the 2nd portion of the two step 
homogenization process discussed later. 

Г λ Νβ N. Y g A B r ( 3 ) 

^ Ш β=ι ι̂ J 

( \ X^ tABr (4) 
Cb*ABr= — Y^Dß7CßYAßYhßlY 

[ M /Ы γ=1 J 
£bgAET _ ^bgABT£bgBr /54 

σ ^ΑΒΓ _ cbgABTgbgABT /£4 

Macroscale (Weave) 

At the macroscale the RUC for the weave fabric is modeled. At this scale, the architecture is 
governed by the overall volume fraction, tow geometry (aspect ratio, width and thickness), and overall 
fabric thickness, wherein the subcell "constituent" response is obviously dependent on the mesoscale 
and microscale responses. The weave requires a triply-periodic RUC representation, of size D*H*L 
and discretized into NA* NB * Nr parallelepiped subcells, with each subcell having dimensions 
Z)A x # B

 x Lr . At this length scale, a two step homogenization procedure was employed to determine 
the stiffness and macroscale stresses. This is to overcome the lack of shear coupling inherent to the 
GMC formulation5. The first step involves a through thickness homogenization and the second step is 
an in-plane homogenization, where subscripts tt and ip denote through thickness and in-plane 
respectively. Details for the subcell geometry and RUC information can be found in Refs. 5 and 6. 
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Through thickness homogenization 

f -, NA \b8BT 

abgBT = 1 Ä 
D 

£bgB] 
f 1 Ä 
-y\A^CADA 

ΒΓ _ ^bgBT£bg 

bgBT _ s-ibgBT bgBT £bgBT £bi 

(7) 

(8) 

(9) 

(10) 

In-plane homogenization 

i Hi-Si. 

tlL· B=1 r = 1 

HL B=1 r=1 

ε* =AUS£ 

Gbg = Cbg£bg 

(11) 

(12) 

(13) 

(14) 

MODELING CERAMIC MATRIX COMPOSITES WITH MSGMC 

Weave Repeating Unit Cell 

Figure 5 Five Harness 
Satin Repeating Unit Cell 

For this particular study, a five harness satin weave is 
considered. In this idealization of the architecture, the repeating unit 
cell is assumed to be representative of the entire structure. A picture of 
the fabric with the repeating unit cell outlined is shown in Figure 6. To 
create a RUC suitable for analysis, the weave is discretized into several 
sub volume cells. There are two types of materials comprising all the 
subcells: fiber tows and interweave matrix. This final 3D discretization 
is shown in 

Figure 6, in addition with the multiscale analyses of the voids, 
tows and tow voids. In the figure, fiber tows are indicated through the 
lined subcells. The lines indicate the direction of orientation. The blank 
subcells represent the interweave matrix. This results in a 10x10x4 
sized RUC of dimensions shown in Eq. 15. In this equation w is the tow 

width and delta can be determined from Vf ■ : Z V 
(w+S) f-' 

The proper overall fiber volume fraction 

and tow width is enforced by back calculating the tow spacing. Due to the chemical vapor infusion 
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process used to manufacture the woven fabric composites, there exists high levels of porosity, as 
shown in Figure 4, that cannot be neglected. 

Figure 6 Discretized 5-Harness Satin Subcell Configuration 

Voids are accounted for in the RUC in one of three ways: 1) void content is neglected; 2) voids 
are assumed to be evenly distributed through the weave; or 3) voids are localized to critical areas 
determined from optical inspection (microscopy). Figure 7 illustrates the three types of void modeling 
at the macroscale. The first figure shows no voids accounted for anywhere, the second figure depicts 
voids evenly distributed in the weave matrix (yellow), and the third figure shows high density void 
regions in red and low density void regions in blue. The voids are accounted for at a smaller length 
scale by analyzing a separate RUC homogenizing those properties. This is done for two primary 
reasons. First, modeling of voids in GMC will tend "eliminate" an entire row and column due to the 
constant strain field assumptions within a subcell. By performing a separate analysis, this effect is 
dampened. Secondly, this allows for a faster, more accurate representation of void shape and 
distribution then explicitly modeling voids at this length scale. 

D = \t/4,t/4,t/4,t/4} 

H = \S,w,S, w, S, w, S, w, δ, w} 

L = j£,w,£,w,£,w,£,w,£,w} (15) 

Figure 7 Three Types of Void Distributions 

Tow Repeating Unit Cell 

The fiber tow bundles are modeled using a doubly periodic (continuously reinforced) 4x4 
repeating unit cell consisting of three materials: fiber, fiber coating/interface, and matrix. In Figure 8, 
the black denotes the fiber, the hatched area represents the interface, and white represents the matrix. 

Developments in Strategic Materials and Computational Design II · 181 



Impact of Material and Architecture Model Parameters on the Failure of Woven CMCS 

At this level there are also voids due to the CVI process. The voids at 
this level appear to be more evenly distributed than at the weave level 
and thus are represented by evenly distributing the void content in the 
tow areas (see tow insert in Figure 4). Each matrix subcell in the RUC 
will call a separate void analysis, just as described in the weave RUC 
section. For each fiber tow bundle, the orientation is carefully computed 
such that the undulation is properly accounted for and the failure criteria 
can be applied in the local coordinate system. 

Void Modeling 

Figure 8 Fiber Tow 
Bundle RUC 

Figure 9 3D Void RUC 

Voids are modeled through computation of a triply periodic 
(discontinuously reinforced) 2x2x2 RUC as shown in Figure 9. The 
hatched subcell represents the void portion while the white represents the 
matrix. The relative size of the void cell is what determines the overall 
void content in both the fiber tow bundles and the weave. As mentioned 
previously, modeling of voids as a separate GMC analysis has many 
advantages. The overall RUC of the weave will remain constant 
regardless of the shape and distribution of the voids, i.e. no 
rediscretization is required. Consequently, the void location, quantity, 
and geometry can be quickly changed. Lastly, the strength and stiffness 
degradations and stress concentrations can be captured through GMC 
without reducing the accuracy of the analysis at the macroscale. 

(16) 

CONSTITUTIVE AND FAILURE MODELING 

Matrix Damage Modeling 

The matrix material, in both the weave and tow, is modeled through a damage mechanics 
constitutive model based on the first invariant of the stress tensor. This constitutive model represents 
the cracks and brittle failure often seen in these CMCs. A damage scalar, φ, which varies between 
zero (no damage) and one (complete failure/damage), scales the elastic portion of the stiffness tensor 
and is employed directly in the stress strain relationship, shown in Eq. 16. 

а = (\-ф)Се 

To determine the damage scalar, first a damage rule is defined as: 

/ = 3 V * - 0 - . , = o ( l 7 ) 

In this potential, n represents the damaged normalized secant modulus and К represents the 
instantaneous tangent bulk modulus. This potential uses an equivalent stress and strain as defined by 
the invariants of the respective tensors. This is shown in the following equations. 

^=(о-1 1+<т2 2 + а3 3)/3 = / 1 ( а ) 

^ = ( ^ 1 1 + ^ 2 2 + ^ З з ) / 3 = / 1 ( е ) (18) 

The damage rule in (17) is only applicable after a critical stress criteria has been reach, i.e. it is only 
valid when aeq ><Jdam. Equation 16 can be rewritten in incremental form with z' + ldenoting the next 

increment (V+1 = έ + δεΜ ) . 

/ = пЗК1&ед
м-оаед

м=0 
(19) 
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This can be converted to a strain based function by substituting the following relationship in for the 
stress increment: 

V ' = 3 ( Ì W V + ( Ì : W - Ì , ) C ) (20 ) 

Resulting in: 
ηΚ°δε^ -(*'♦'&,»' +{K'* - * ' ) C ) = 0 ( 2 1 ) 

where K° represents the initial bulk modulus. The instantaneous tangent bulk modulus can be related 
back to the damage scalar through: 

K Ψ } (22) 
Substitution of (22) into (21) and simplification yields a formulation for the damage scalar. 

(δε^'+ε^) (23) 

Where the initial value, φ°, is zero. 

Fiber Failure Modeling 

The fiber is model through a simple linear elastic constitutive model, but employs a Hashin 
type failure criterion. This criterion determines the catastrophic failure of the fiber based on the axial 
and shear strengths. When the failure criterion exceeds 1, the stiffness matrix is degraded to a minimal 
value. A key assumption made in this analysis is that the fiber interface will fail simultaneously with 
the fiber and does not present its own failure modes. The failure stress levels presented later are an in-
sita failure stress considering the interface. 

<*aJ τ ^ ,3 п) (24) 
RESULTS 

Problem Description 

For this study, a five harness satin weave with a CVI-SiC matrix and iBN-Sylramic fiber 
(silicon carbide fiber coated with boron nitride) were chosen, due to the availability of experimental 
data for correlation. An approximate overall fiber volume fraction of 36% was determined along with a 
tow width of 10mm and thickness of 2.5mm, see actual micrograph inserts in Fig. 4. The properties 
and necessary material parameters are displayed in the table below, most properties were determined 
between either published values or discussions with colleagues. 
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Table 1. Fit 
Name 

Modulus 
Poisson's 

Ratio 

Axial Strength 
Shear Strength 

эег Properties 
iBN-Sylramic 

400 GPa 

0.2 
2.2 GPa 
900 MPa 

Table 2. Matrix Properties 
Name 

Modulus 
Poisson's 

Ratio 

Gdam 

n 

CVI-SiC 
420 GPa 

0.2 

180 MPa 
0.04 

Table 3. Interface Properties 
Name 

Modulus 
Poisson's 

Ratio 

Boron Nitride 
22 GPa 

0.22 

Table 4. Weave Properties 
Type 

Fiber Volume Fraction 
Tow Volume Fraction 

Tow Width 
Tow Spacing 

Thickness 
Matrix 

5HS 
36% 
78% 

10mm 
2.78mm 
2.5mm 

CVI-SiC 

Table 5. Tow Properties 
Tow Fiber Volume Fraction 

Tow Packing Structure 
Fiber 

Matrix 
Interface 

46% 
Square 

IBN-Sylramic 
CVI-SiC 

BN 

Typical Results 

A typical response curve of an experimental, on-axis, tensile test is shown in Figure 10, taken 
from Morscher7, and is overlaid with a baseline prediction using the localized void model (see Fig. 7c). 
The predicted response shows good correlation with the experimental curve, approximately capturing 
the first matrix cracking and failure stress. In Figure 11, the underlying mechanisms causing 
nonlinearity (which is subtle in some places), are denoted; the four primary events being: inter-tow 
matrix damage, inter-weave matrix damage (in the low stress and also in the high stress region) and 
fiber failure. The multiple damage initiation points are due to two reasons. First, different regions of 
the weave RUC will initiate damage at different times. Secondly, different subcells of a tow within a 
given region initiate damage at different times. It is useful also to look at the instantaneous secant 
elastic modulus, which degrades due to matrix damage as shown in Error! Reference source not found.. 
It is easier to understand the degradation effects due to the matrix by directly looking at the stiffness 
effects. In a typical tensile response curve, there are four significant events that are useful for 
characterizing the material; these are: 1) initial modulus 2) point of nonlinearity 3) damaged modulus 
and 4) failure point. The subsequent parametric study will focus on the impact that material and 
architectural parameters have on these four significant measures. 

Furthermore, it is critical to understand the underlying mechanisms governing these events. In 
the case of the initial modulus, it is clear that the individual constituents' stiffness matrices and the 
weave architecture are primary drivers, along with possible microcracking of the matrix constituent. 
The fact that some damage occurs before the first major point of nonlinearity, is substantiated by the 
experimental acoustic emission results in Ref. 7. Similarly, the model attributes this initial cracking to 
damage in the intertow matrix and to damage in the high void density region of the interweave matrix 
(known as the high stressed region). The second event (i.e., the first major point of nonlinearity) occurs 
at approximately 0.075% strain, for the CMC examined, is said to be "first matrix cracking". This 
point is taken to reflect a significant crack (or coalescence of microcracking) occurring in either the 
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tow or weave matrix. Correlating model results to that of the typical response (see Fig. 7), the model 
predicts that cracking occurs in both the tow and weave, at first matrix cracking. Thirdly, the slope of 
the post first matrix cracking curve (damage modulus) is determined by the response of the matrix 
material (i.e., the behavior after damage initiation) and corresponding constitutive model and weave 
architecture. Again, the experimental acoustic emission results (of Ref 7) also show some damage 
gradually occurring after first matrix cracking within this region. This is most likely a combination of 
all previous damage growing as well as the onset of new damage in the high stressed regions. This 
damage progression continues with continuous local stress redistribution until the final failure point is 
determined by the failure strength of the fiber. Note, although not considered here, MSGMC can 
incorporate statistical fiber breakage by modeling multiple fibers within the Tow RUC. 

Figure 10 Typical Experimental Response Curve7 
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Figure 11 Typical Simulated Response Curve 
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High Stress Region Interweave 
Matrix Damage Initiation 
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Strain 

Figure 12 Typical Simulated Secant Modulus 

Effects of Material Properties 
To understand the influence of constituent material variation; three of the parameters for the 

constitutive model of the matrix material (i.e., the modulus, n, and caam) were varied to understand 
their effect on the overall macro response. Note, the properties were varied a significant amount from 
the baseline so that their effect could be clearly seen. For example, the modulus was increased by 50%, 
n by 200%) and Odam was increased by 100%. Considering the results in Figure 11, one would expect 
that changing the matrix modulus should correspond to changing the initial weave modulus and post 
first matrix cracking modulus. This is in agreement with the results shown in Figure 13.. In addition to 
the stiffness changing, the onset of first matrix cracking is also affected; resulting in a higher stress 
level (approximately 10%) and lower strain to failure (approximately 10%). Next changing only the 
parameter n from that of the baseline, one would expect the post first matrix cracking modulus to be 
primarily impacted, as verified in Figure 13, with a corresponding change in failure stress (e.g., 
increased 10%) and failure strain (e.g., decreased 12%). Finally, increasing Odam caused the first matrix 
cracking onset to be delayed (approximately 110 MPa) resulting in higher overall failure stresses and a 
lower failure strain level of 0.0031. Note that the modulus and post first matrix cracking modulus are 
nearly unchanged, in this case. The fiber failure stresses were not varied due to the straightforward 
effect if linearly increasing the failure point. 
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Figure 13 Variation of Matrix Constituent Material Properties 

Effects of Architecture 

To study the effects of architectural variation on the macroscale response, a full factorial set of 
numerical simulations were conducted. The parameters varied are shown in Table 6 and depicted in 
Figure 4. The three tow architectural parameters varied were: a) tow fiber volume fraction, b) tow 
aspect ratio, and c) tow void volume fraction. In addition, three weave void location cases were 
examined to illustrate the influence of voids due to manufacturing as well. All other parameters in the 
analysis were kept constant. There are additional architecture effects that the authors did not 
investigate that could possibly have an effect. These include interplay nesting, fiber packing structure, 
coating thickness, fiber tow shifting and others. Future work will determine which parameters are the 
most significant. The tow fiber volume fraction and void volume fraction are both considered a 
mesoscale effect because their geometrical properties are involved in the mesoscale concentration 
matrix (Eq. 2). Whereas, the tow aspect ratio is considered a macroscale property because it is taken 
into account in the macroscale concentration matrices (Eqs. 5 and 11). The tow volume was varied 
over a range indicative of the experimental variation: 0.46, 0.48, and 0.50. These three values were-
chosen based on common experimental values obtained for CMCs. Similarly, realistic tow aspect 
ratios were chosen, i.e., 8, 10 and 12, where a value of 10 is typical for CMCs and three different fiber 
void volume fractions were used; 0.01, 0.05, and 0.07. 

Table 6 Varied Parameters 

Architectural Parameter 
Tow Fiber Volume Fraction y^j 

Tow Void Volume Fraction 
Tow Aspect Ratio (AR) 

Weave Void Distribution 

Relevant Length Scale 
Meso 
Meso 
Macro 
Macro 

Values 

0.46,0.48,0.50 
0.01,0.05,0.07 

8,10,12 
None, Even, Localized 

First a plot showing the effects of weave void distribution will be discussed. In Figure 14, there 
are three line plots each corresponding to a type of analysis for voids discussed earlier. Two cases, no 
void modeling and evenly distributed voids, both do not capture the correct overall response. The 
initial modulus is too stiff, and the failure stress levels are too high. This is a result incorrect local 
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failure modes and stress distribution. This demonstrates that an accurate analysis must contain 
localized void distributions in the correct configuration in order to properly capture the overall 
deformation and failure response. 

Figure 14 Effects of Weave Void Distribution 

The remaining parametric cases were all computed using the localized void model. However, it 
is important to note that the tow fiber volume fraction and weave void volume fraction are coupled and 
cannot be decoupled within the analysis, since when the fiber volume fraction within the tow increases, 
the tow spacing must increase in order to maintain continuity of the overall fiber volume fraction and 
thickness. This therefore creates a large volume domain for voids to fill, thus increasing the overall 
void content. Correspondingly, the effect of increasing void content and tow volume fraction are 
coupled together. The total variation in stress - strain response for all cases are shown in Figure 15. 
Clearly, the overall response characteristic is very similar, irrespective of the value of the individual 
parameters, with variations in the initial modulus being relatively minimal and ultimate tensile stress 
for all practical purposes identical. However, the post first matrix cracking modulus and therefore final 
failure strain are affected, e.g. the maximum difference being 25%. The configuration providing the 
stiffest response is composed of a tow volume fraction of 46%, aspect ratio (AR) equal to 12 and tow 
void fraction of 1%, whereas the most compliant response is generated using a tow volume fraction of 
50%, aspect ratio (AR) equal to 8 and tow void fraction of 7%. 

In Figures 16 through 18 the various responses are arranged so as to enable identification of 
parameter sensitivities. Figure 16 shows the effect of tow void content on the overall response; where 
it can be seen that increasing the void content within the tow causes the response curve to be more 
compliant with generally an effect of increasing the strain to failure. Figure 17 shows the effect of tow 
aspect ratio; where increasing the aspect ratio has the effect of stiffening the response curve and 
lowering the failure stress. Figure 18 displays the influence of tow fiber volume fraction, which 
appears to be minimal at first glance. Although this trend is possible, as mentioned previously, it is 
strongly coupled with the overall weave void volume fraction and thus these two effects could be 
working in opposition to one another. Consequently, it is impossible to deduce from these graphs, the 
overall effect of tow fiber volume fraction. 

Comparing all parameters, the weave void locations, tow void content, tow fiber volume 
fraction and tow aspect ratio, one can assess the severity of these effects. For example, it is clear from 
Figure 14, that the location (and shape - not shown here) of voids at the macroscale is a critical driving 
parameter. This far outweighs all other parameters. Similarly, the effect of interply tow nesting could 
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also be a critical/primary driving factor, yet this effect has been left for future work. Besides the weave 
void content (i.e., location and shape), the tow void content has the strongest effect on post first matrix 
cracking stiffness and the tow aspect ratio has the strongest effect on failure strain. The tow fiber 
volume fraction appears to have a minimal effect. 

Figure 15 All Simulated Cases 

Figure 16 Effects of Tow Void Content 
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Figure 17 Effects of Aspect Ratio 
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Figure 18 Effects of Tow Volume Fraction 

CONCLUSION 

This paper presents a detailed investigation into several architectural and material parameter effects 
on the macroscale deformation response of woven CMCs. The recently implemented Multiscale 
Generalized Method of Cells methodology was employed to model the nonlinear damage driven 
response of a five harness satin woven composite fabric, where three separate material scales were 
considered. At the microscale, the influence of constituent material properties was investigated. At the 
mesoscale, the tow fiber volume fraction and the void content within a tow were varied; whereas at the 
macroscale the influence of the tow aspect ratio and weave void content were investigated. For each 
permutation of these effects, the tensile response was analyzed; wherein the modulus, first matrix 
cracking, post damage modulus, and ultimate failure strain were examined. Analyzing the macroscale 
response, it was determined that the weave void content at the macroscale was the most impactful 
parameter. It is critical that this effect be captured and correctly reflected in the model to ensure 
accurate deformation and failure response. Second to this, tow void content had the largest effect on 
the initial and post stiffness and the tow aspect ratio greatly affected the failure strain levels. The 
general variation was observed to be less than that of a previous polymer matrix composite study and 
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as such one can deduce that the relatively low mismatch in properties within a CMC is the cause of 
this. Structural scale analysis parameter sensitivity along with tow nesting will be a topic of future 
work. 
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KINETIC MONTE CARLO SIMULATION OF OXYGEN AND CATION DIFFUSION IN YTTRIA-
STABILIZED ZIRCONIA. 

Brian Good, Materials and Structures Division, NASA GRC, Cleveland, Ohio. 

ABSTRACT 
Yttria-stabilized zirconia (YSZ) is of interest to the aerospace community, notably for its application as 
a thermal barrier coating for turbine engine components. In such an application, diffusion of both 
oxygen ions and cations is of concern. Oxygen diffusion can lead to deterioration of a coated part, and 
often necessitates an environmental barrier coating. Cation diffusion in YSZ is much slower than 
oxygen diffusion. However, such diffusion is a mechanism by which creep takes place, potentially 
affecting the mechanical integrity and phase stability of the coating. In other applications, the high 
oxygen diffusivity of YSZ is useful, and makes the material of interest for use as a solid-state 
electrolyte in fuel cells. 

The kinetic Monte Carlo (kMC) method offers a number of advantages compared with the more 
widely known molecular dynamics simulation method. In particular, kMC is much more efficient for 
the study of processes, such as diffusion, that involve infrequent events. 

We describe the results of kinetic Monte Carlo computer simulations of oxygen and cation diffusion in 
YSZ. Using diffusive energy barriers from ab initio calculations and from the literature, we present 
results on the temperature dependence of oxygen and cation diffusivity, and on the dependence of the 
diffusivities on yttria concentration and oxygen sublattice vacancy concentration. We also present 
results of the effect on diffusivity of oxygen vacancies in the vicinity of the barrier cations that 
determine the oxygen diffusion energy barriers. 

INTRODUCTION 
Zirconia-based materials are of interest for a variety of technological applications. Pure zirconia exists 
in a monoclinic structure below about 1100C, a tetragonal structure between 1100C and 2300C, and a 
cubic structure between 2300C and the melting point [1]. Because the high-temperature phases are not 
stable at room temperature, the utility of pure zirconia for high-temperature applications is limited, 
especially in applications that involve thermal cycling. 

However, the tetragonal and cubic phases can be stabilized via substitutional cation doping, with 
aliovalent ions such as Y3+ or Ca2+ replacing Zr4+ ions. The cubic phase can be fully stabilized via 
doping with Y3+, such that the resulting yttria-stabilized zirconia (YSZ) remains in the same phase 
from room temperature to the melting point. YSZ's thermal stability and low thermal conductivity 
make it suitable for high-temperature applications such as thermal barrier coatings for turbine engine 
components. 

When zirconia is cation-doped, additional compensating oxygen vacancies are formed so as to 
maintain overall electrical neutrality. Because oxygen conductivity in these materials occurs via 
diffusive oxygen ion hopping among vacancy sites, increasing the concentration of such vacancies 
tends to increase the oxygen diffusivity and ionic conductivity, making such materials of interest for 
use as oxygen sensors, or as solid electrolytes for fuel cells. However, the oxygen diffusivity does not 
increase monotonically with Y3+ concentration; it increases at low concentrations, but reaches a 
maximum between 0.08 and 0.15 Y2O3, mole fraction, and decreases at higher concentrations [2]. 
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In addition to oxygen diffusion, YSZ also exhibits cation diffusion, which occurs via cation hopping 
among vacancy sites on the cation sublattice. While such diffusion is orders of magnitude slower than 
oxygen diffusion, it is a mechanism responsible for creep, and thus of interest where high temperature 
mechanical properties and phase stability of the material are of concern. 

In this work we investigate both oxygen and cation diffusion in yttria-stabilized zirconia using a 
kinetic Monte Carlo (kMC) computer simulation procedure [3-5]. We discuss the effects on oxygen 
diffusivity of Y ion concentration and temperature, and also describe speculative simulations on the 
effects, on oxygen diffusivity, of the presence of oxygen vacancies in nearest neighbor configurations 
with respect to Zr or Y barrier cations. We also discuss the dependence of cation diffusivity on Y2O3 
concentration, oxygen vacancy concentration, and temperature, and compare the oxygen and cation 
diffusion results. 

YSZ exists in a cubic fluorite structure in which the Zr and Y cations are located at sites on a face-
centered cubic sublattice, while the oxygen ions are located in a simple cubic sublattice whose lattice 
constant is one-half that of the cation sublattice. Both oxygen and cation diffusion take place via the 
hopping of ions to nearest-neighbor vacancies on their respective sublattices. 

In view of the range of potential applications, considerable experimental and theoretical effort has 
gone into understanding the behavior of YSZ, and, in particular, oxygen diffusion in YSZ and related 
materials. Of interest here, computer simulations using a variety of techniques have been performed. 

Schelling et al. [6] have investigated the cubic-to-tetragonal phase transition using molecular 
dynamics simulation, and have correctly predicted the experimentally-observed stabilization due to 
yttrium doping of Zr02- Similar work has been carried out by Fabris et al. [7]. Fevre et al. have 
investigated the thermal conductivity of YSZ using both Monte Carlo [8] and molecular dynamics [9] 
techniques. Krishnamurthy et al. have performed kinetic Monte Carlo (kMC) simulations of oxygen 
diffusion in YSZ [10] and similar compounds [11], and have produced diffusivities in reasonable 
agreement with experiment. 

A number of other computational studies of oxygen diffusion in YSZ have been performed, including 
molecular dynamics studies by Kahn et al. [12], Okazaki et al. [13], Perumal et al. [14] and Shimojo et 
al. [15]. 

Cation diffusion in YSZ is less widely studied, but a number of studies do exist. Kilo et al. [16] 
analyze Zr diffusion from creep data, dislocation loop shrinkage data, and Zr tracer diffusion data to 
identify the defect(s) responsible for cation diffusion. They identify diffusion involving single cation 
vacancies as the most likely mechanism. However, measurements of activation enthalpies remain 
problematic; the relative ordering of the enthalpies for Zr and Y diffusion are not consistent among 
various studies. 

Kilo et al. [17] perform simulations of cation diffusion in YSZ (as well as doped lanthanum gallates), 
using NPT molecular dynamics and a Buckingham-plus-Coulomb potential. They consider the hopping 
of cations via vacancy sites, introduced in the form of Schottky defects, at a mole fraction of 0.004, for 
yttria mole fractions of 0.11, 0.19 and 0.31. They find that the diffusion coefficients for Y and Zr are 
significantly different, with Y diffusion 3-5 times faster than Zr diffusion. They report calculated 
enthalpies, for YSZ having ytrria mole fraction 0.11, of 4.8eV (Y) and 4.7eV (Zr). These differ in both 
magnitude and ordering from experimental results from Kilo et al. [16], who report 4.6eV (Y) and 
4.2eV (Zr). The molecular dynamics results also show that cation diffusivities are independent of Y2O3 
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concentration, or slightly increasing with increasing Y2O3 concentration, in contrast with experiment, 
which shows cation diffusivity to decrease with increasing Y2O3 concentration. 

KINETIC MONTE CARLO METHOD 
Kinetic Monte Carlo simulation differs from typical Metropolis Monte Carlo simulation in that it is 
explicitly aimed at the simulation of the dynamical evolution of a system at the atomic level. As such, 
it complements the more widely-used molecular dynamics (MD) method. While MD can produce a 
detailed trajectory for each particle in the simulation, accurately representing atomic vibrations in such 
simulations requires that the numerical integration of the equations of motion be carried out using a 
time step on the order of femtoseconds. 

This restriction means that MD can be very inefficient when used to study so-called "infrequent 
events," notably the diffusive hopping of atoms among vacancy sites of interest here. In an MD 
simulation of a system containing only a small fraction of vacancies, a computational cell of 
reasonable size will experience a relatively small number of diffusive hops, with most of the 
computational resources spent computing the trajectories of atoms between the infrequent hops. By 
contrast, the kinetic Monte Carlo method allows one to concentrate on the events of interest, and to 
effectively consider only the average behavior of the system between such events, while giving up 
information on the detailed trajectories of all atoms in the simulation. 

Briefly, the kMC process involves the creation of a catalog of all possible events (in this case, diffusive 
hops) accessible to the system, along with the corresponding event probabilities. One of the hopping 
events is chosen stochastically and executed. The event catalog is modified to reflect the new position 
of the hopping vacancy and the corresponding new events accessible to the system, and new event 
probabilities are computed. Finally, the simulation clock is advanced stochastically. The process is 
repeated until a sufficient number of events have occurred to generate statistically useful information 
on the properties of interest. 

In more detail, it is known that a diffusive hop typically takes place on a time scale much slower that 
the typical period of atomic vibration, so that the system effectively loses any memory of the details of 
the hop, i.e. which of the vacancy's neighbor atoms was involved in the most recent hop. Each such 
hop may therefore be considered to be an independent event. The probability per unit time that a 
vacancy will undergo a hop is constant, and the survival probability is given by a decreasing 
exponential. It can be shown that the probability distribution of the time of first escape is given by 
p(t) = ktot Qxp(-ktott), and the average time of first escape т is given by 

τ = J tp(t)dt = 1 / ktot .Because all hopping events are independent, the effective total rate constant is 
0 

just the sum of rate constants for all possible paths, with each rate constant determined by the height of 
the migration energy barrier in the direction of the hop: 

When the migration barrier energies are known, the hopping rates may be computed from 
VAB = v°exp(-£WквТ) in which VAB and E AB are the hopping rate and migration barrier energy for a 
hop between oxygen or cation sites A and В respectively, and v° is the frequency factor. v° is typically 
assigned a value between 1012 and 1013 for these materials; given that the measured diffusivities (both 
oxygen and cation) from different experimenters can differ substantially, we assume a value of 1013 
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with the understanding that the values of the difmsivities presented here involve considerable 
uncertainty. For each possible hop, the hopping probability can be computed from the hopping rate, 
with PAB = VAB/T, where Г is the sum of hopping rates for all possible hops in the computational cell. 
A catalog of all possible hops, and the corresponding hopping rates and probabilities, is created. 

During the kMC process, one of the possible events (that is, a hop defined by the hopping ion and the 
target vacancy site) is chosen probabilistically from the catalog and executed. Hopping rates for all 
possible hops involving the new vacancy location are computed and added to the catalog, while rates 
involving the vacancy's previous location are deleted, and the sum of the hopping probabilities is 
updated. Finally, the simulation clock is advanced by a stochastically-chosen time step 
At = - \n(R) IГ where R is a random number greater than zero and less than or equal to unity. 

When the simulation has run long enough to accumulate statistically useful information, the mean 
square displacement, averaged over all vacancies, is computed. The vacancy diffusivity Dv is obtained 
from the Einstein relation (R2 ) = 6Dvt, and the ionic diffusivity Д is obtained by balancing the 
number of vacancy and ionic hops: 

D. C~ " 
\-Cv

 v 

where Cv is the concentration of vacancies on the oxygen sublattice. 

The most energetically favorable hopping paths are in the [100] direction (oxygen), and [110] direction 
(cation). In the case of oxygen diffusion, this has been confirmed by ab initio calculations [10], while 
for cation diffusion, the direction is consistent with the MD simulations of Kilo [17]. 

As an initial test, we show results for the mean square vacancy displacement as a function of time 
(represented by the number of Monte Carlo steps) in Figure 1 for both oxygen and cation diffusion. 
Because the kMC process incorporates a random walk, the mean square displacement is expected to be 
linear in time (and in the number of diffusive steps), and this behavior is evident in the results. 
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Figure 1. Mean square displacement versus kMC diffusive steps. 

OXYGEN DIFFUSION 
We have performed kMC simulations of oxygen diffiisivity in YSZ for yttria mole fractions ranging 
from 0.01 to 0.25, and temperatures ranging 1500K to 2750K. The energetically-favored hopping path 
is in the [100] direction on the oxygen sublattice with the hopping oxygen ion passing between two 
barrier cations, as shown in Figure 2. 

Figure 2. Oxygen ion hopping path (blue arrow). The two barrier cations are indicated by the red 
arrow. 
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Barrier energies were computed with the Abinit plane wave pseudopotential density functional code 
[23], using a 2x2x2 periodic supercell of fixed lattice constant, in which the atomic positions were 
fully relaxed. The barrier energies for all possible two-atom barriers are shown in Table 1, along with 
barrier energies for earlier kMC simulations computed using Car-Parinello molecular dynamics. 

Table 1. Oxygen diffusion barrier energies 
Authors 
Krishnamurthy [10] 
Krishnamurthy [11] 
This work 

Method 
Car-Parinello MD 
Car-Parinello MD 
DFT 

s, eV. 
Zr-Zr Barrier 
0.58 
0.473 
0.706 

Zr-Y Barrier 
1.29 
1.314 
1.214 

Y-Y Barrier 
1.86 
2.017 
1.941 

MD calculations have yielded activation energies of 0.37 eV [12] and 0.2-0.8 eV [24]. A tracer 
diffusion study finds a value of 0.44 eV [25], while results from bulk conductivity and ac impedance 
spectroscopy give values of 0.79-1.12 eV [26-28]. 

Diffusivities over the above temperature range for different Y3+ concentrations are shown in Figure 3. 
In all cases, at low concentrations the difflisivity increases with concentration, reaches a maximum at 
about 0.08-0.15 mole fraction Y2O3, and decreases at higher concentrations. This behavior is similar to 
that observed by Krishnamurthy using a similar kMC method [10], and qualitatively consistent with 
experimental results [25]. In addition, the absolute values of diffusivity in this work are in reasonable 
agreement with experiment. Finally, the fact that the maximum occurs at higher Y concentrations at 
higher temperatures is consistent with observation. 

Figure 3. Oxygen diffusivity versus yttria concentration. 
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Arrhenius plots of the same data are shown in Figure 4, for a variety of Y2O3 concentrations. The 
slopes of the plots of our results are in reasonable agreement with experiment [13, 15, 24, 25], and 
with other simulations [12]. It can also be seen that the activation energies obtained from our data 
increase with increasing Y concentration, consistent with the inclusion of a greater number of higher-
energy Zr-Y and Y-Y barriers. 

Figure 4. Temperature dependence of oxygen diffusivity. 

CLUSTERING 
There is evidence for the existence of various defect clusters in YSZ; at high Y3+ concentrations, 
complex defect configurations that may be considered as non-stoichiometric regions may be observed, 
but these are beyond the scope of the present work. At low Y3+ concentrations, the clusters of interest 
are simpler, for example, an oxygen vacancy lying on the oxygen sublattice in a nearest-neighbor or 
next-nearest-neighbor configuration with respect to a Zr or Y ion. If such an ion is a barrier ion, the 
value of the energy barrier may be affected by the presence of the neighboring vacancy. 

We have performed density functional calculations to determine whether the presence of an oxygen 
vacancy in a nearest-neighbor position with respect to a Zr or Y barrier cation modifies the energy 
barrier to a significant degree. We have compared the energetics of a computational cell in which an 
oxygen vacancy exists as a nearest neighbor of a barrier cation (referred to as the "clustered" 
configuration) with those of a cell in which the oxygen vacancy is relatively far from the ion. 

It should be noted that the 2x2x2 computational cell does not allow the vacancy to be very far from the 
ion (or its periodic image), so that the numerical value of the difference in energies may change 
somewhat when computed using a larger cell. However, the qualitative ordering of the energies is 
likely correct. We have examined four configurations, as shown in Table 2: oxygen vacancies adjacent 
to Zr barrier cations in Zr-Zr and Zr-Y barrier pairs, and adjacent to Y cations in Zr-Y and Y-Y pairs. 
Barrier energies for cases where oxygen vacancies are adjacent to both barrier cations are currently 
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being computed, but these configurations are relatively rare. The barrier energies for the clustered 
configurations are reduced by six to fifty percent. 

Table 2. Effects of neighboring oxygen vacancies on barrier energies 
Barrier Configuration 
Zr-Zr, no vacancy 
Zr-Zr, nn vacancy 
Zr-Y, no vacancy 
Zr-Y, Zr-nn vacancy 
Zr-Y, Y-nn vacancy 
Y-Y, no vacancy 
Y-Y. Y-nn vacancy 

Barrier Energy, eV 
0.706 
0.479 
1.314 
0.593 
1.14 
1.941 
1.64 

These results have been used in kMC runs in which the probabilities of the unclustered and clustered 
configurations are chosen consistent with the composition. Diffusivities for T=2250K are shown in 
Figure 5, for clustered and unclustered configurations, as a function of yttria concentration. The 
diffusivities for the clustered configurations are larger than those for the unclustered configurations in 
each case, except for the Cytma = 0.01 results, where the diffusivities are approximately equal. The 
magnitudes of the differences range from approximately zero to eighteen percent (ignoring the 
unclustered value at Су«па = 0.18, which appears to be an outlier), with the larger differences occurring 
at larger yttria concentrations. The increases in diffusivity in the clustered cases is consistent with the 
reduction of the corresponding barrier energies. 

Figure 5. Oxygen diffusivity, T=2250K, effects of barrier reduction due to the presence of neighboring 
oxygen vacancies. 
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CATION DIFFUSION 
Similar kMC simulations have been carried out for cation diffusion. The nearest-neighbor cation hop is 
in the [110] direction, through a barrier consisting of two oxygen ions, as shown in Figure 6. The DFT 
energies were computed with the position of the hopping ion held fixed at the presumed saddle point 
while all other atoms were allowed to relax. The resulting barrier energies, when incorporated into 
kMC calculations, produce cation diffusivities that are considerably too small. There is some evidence 
that the actual saddle point is not the one suggested by symmetry alone, and we are currently 
performing reaction path DFT calculations to investigate the issue. 

Figure 6. Cation hopping path (blue arrow). The two barrier oxygen ions are indicated by the red 
arrow. 

In view of this difficulty, we have made use of two sets of barrier energies. One set (Set 1) includes 
barrier energies of 3.7eV (Y) and 3.62eV (Zr), obtained by fitting to experimental results from Kilo 
[16], with the energies in the same proportion as MD energies from MD simulation[17], so as to give 
results consistent with experiment at Суипа=0.1, Ccati0n vacany=0.004, and T=2000K. The other set (Set 
2) includes energies of 4.8eV (Y) and 4.2eV (Zr), taken from experimental results of Kilo [16]. Both 
of these sets of values, along with other energy and enthalpy results from experiment and simulation, 
are shown in Table 3. It should be noted that there is considerable variation, both in the values, and in 
the ordering, in the results from different researchers. 
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Table 3. Cation migration enthalpies and barrier energies form experiment, simulation and theory. 

Authors 
Solmon[151 
Gomez-Garcia [16] 
Chien and Heuer [17] 
Dimos and Kohlstedt [18] 
Kilo [13] 
Mackrodt[181 
This work, Set 1 (fitted) 
This work, DFT 
This work, Set 2 (expt) 

Temperature Range, С 
1300-1700 
Above 1500 
1100-1300 
1400-1600 
1125-1460 

Energies, eV 
4.8-4.95 
5.5-6.0 
5.3 
5.85 
4.4-4.8 
2-7 
3.7 (Y), 3.62 (Zr) 
6.55 (Y), 6.16 (Zr) 
4.8 (Y), 4.2 (Zr) 

As previously mentioned, earlier studies of oxygen diffusion in YSZ, using similar methodology 
[10,11] found that the behavior of the diffiisivity as a function of Y concentration was the result of a 
competition between the increased oxygen vacancy concentration that corresponds to an increase in Y 
concentration, and the increase in higher-energy hopping energy barriers due to the increased presence 
of Zr-Y and Y-Y barrier pairs. 

The situation for cation diffiisivity is somewhat different. The oxygen vacancy concentration is again 
tied to the concentrations of Y3+ cations as well as cation vacancies; in both cases, substituting a Y3+ 

cation or a cation vacancy for a Zr4+ cation requires additional oxygen vacancies to be created. As the 
cation vacancy concentration increases, there are two effects on cation diffiisivity. First, the diffiisivity 
will increase as the number of available vacancy sites available for hops increases. Second, the 
resulting increase in oxygen vacancies means the there is a larger number of oxygen barrier pairs in 
which one or both oxygen ions are replaced with vacancies. Initial DFT calculations suggest that even 
a single vacancy in the barrier pair lowers the barrier energy substantially, which will increase the 
diffiisivity. However, the cation vacancy concentration is typically much smaller than the Y3+ 

concentration, so that the effect of increasing the cation vacancy concentration on vacancy population 
in the barriers will be small, and we neglect the effect in these simulations; all barriers are assumed to 
be fully populated, without vacancies. The result is that the dependence of the diffiisivity on cation 
vacancy concentration is dominated by the increase in available hopping sites, with the result that the 
diffiisivity should increase with cation vacancy concentration. This behavior is exhibited by our KMC 
simulations, as shown in Figure 7, where the cation diffiisivity is seen to increase linearly with cation 
vacancy concentration. 

The dependence of cation diffiisivity on Y3+ concentration is more complicated, and results of other 
researchers are ambiguous. As the Y3+ concentration increases, the concentration of oxygen vacancies 
increases, resulting in more vacancy-containing barrier pairs, as described above. However, because 
the Y3+ concentration is typically much larger than the cation vacancy concentration, the effect in this 
case is not necessarily negligible. If the barrier energies are lowered significantly by the presence of a 
vacancy at one of the barrier sites, the effect on diffiisivity may be significant. We are performing DFT 
calculations of vacancy-containing barriers with the aim of resolving the issue. Given the difference in 
ionic radii between oxygen and the two cations, it is expected that even a single-vacancy barrier will 
yield a significantly smaller barrier energy, so that cation diffiisivity at large Y3+ concentrations may 
be enhanced. The calculation of accurate energies in such a reduced-symmetry situation will likely 
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require the same reaction path approach discussed previously. Our current simulations to not 
incorporate the effect. 

In addition, increasing the Y3+ concentration also increases the ratio of Y to Zr cation hops, and the 
effect of this on the diffusivity is not clear due to the uncertainty in the barrier energies, and their 
ordering. Regardless, it is likely that the difference in energy barriers for Zr and Y hops is relatively 
small, so that the direct effect of Y3+ concentration on diffusivity is probably small. Depending on the 
relative sizes of the barriers, increasing the Y3+ concentration may have either the same, or the 
opposite, effect as increasing the cation vacancy concentration, so that either a weak increase or a weak 
decrease in diffusivity with increasing Y3+ concentration is plausible. Because we have yet to compute 
barrier energies for vacancy-containing barriers, 

KMC simulations have been performed for a range of compositions, with a Y3+ mole fraction of 0.1. A 
range of cation mole fractions from 0.001 to 0.01 is considered, and the concentration of oxygen 
vacancies is adjusted in each case to guarantee cell neutrality. 

Figure 7 Cation diffusivity versus cation vacancy mole fraction, T=2250K. 

The temperature dependence of cation diffusivity is shown in Figure 8, along with experimental 
results. Two results from the current work are shown, using the two energy sets shown in Table 3. 
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Figure 8. Temperature dependence of cation diffusivity. 

Because the diffusive energy barriers in Set 1 were chosen to duplicate one experimental result at 
2000C, the agreement between this work and experiment is not unexpected. The slope of the line from 
our KMC calculations is less than that of the experimental results shown, although it differs from the 
results of Chien et al. by less than ten percent. Our results using Set 2 energies are smaller than 
experimentally observed diffusivities, though the slope of the line is consistent with most other results. 
It may be the case that when the effect of vacancies in the barriers is understood, these energies may 
yield results in better agreement with experiment. 

Other barrier energies show a slope more consistent with other experimental results, although, as 
described above, the absolute values of the diffusivity are smaller. In any event, the reasonable 
agreement between simulation and experiment of the slopes of the ln(D) versus 1/T suggests that the 
KMC simulations capture the fundamentals of the diffusion process. 

CONCLUSIONS 
We have performed kinetic Monte Carlo computer simulations of oxygen and cation diffusion in yttria 
stabilized zirconia. Cation diffusivities computed here are several orders of magnitude lower than 
oxygen diffusivity in the same materials, qualitatively consistent with experimental observation, and 
with molecular dynamics results. Oxygen diffusivities computed using barrier energies from DFT 
calculations are consistent in magnitude with results from experiment and from other simulations. The 
temperature dependence of the diffusivity is also consistent with experiment, and activation energies 
show the expected increase with increasing yttria concentration. 

The presence of an oxygen vacancy is a nearest neighbor to one of the two cation barrier ions reduces 
the barrier energy and tends to increase the oxygen diffusivity. Additional configurations are being 
investigated, as are the effects of larger complexes of these clusters. 
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Our initial DFT cation hopping barrier energies produce diffusivities that are too large. In order to 
produce cation diffusivities consistent with experiment, we have used two sets of hopping barrier 
energies that are within the range of experimental values, one of which includes energies that are 
towards the smaller end of the range of experimental numbers. The temperature dependence of the 
kMC results is in reasonable agreement with experiment, as is the qualitative dependence on cation 
vacancy concentration. 
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ABSTRACT 
The aim of this study is to develop a robust field deployable portable nano-calorimeter sensor 

for detection of explosive vapors, typically emanating from Improvised Explosives Devices. The 
microcantilever sensors are composed of two layers: 400 nm Au film on a 600 nm SÌ3N4 substrate. The 
microcantilever bends in response to induced thermal stresses arising from temperature changes and 
the dissimilar Thermal Coefficients of Expansion (bimetallic actuator). The differences in bending 
response of the sensor arrays to adsorption and combustion reactions (catalyzed by the gold surface) 
are reported in this study. Different combustible materials such as alcohol or acetone were tested for 
detection by the sensor arrays. Numerical models were developed to predict the bending response of 
the microcantilevers in different environmental conditions. Joule-heating in the resistive heating 
element (Au) was coupled with the gaseous combustion at the heated surface to obtain the temperature 
profile and therefore the deflection of a microcantilever by calculating the thermo-mechanical stress-
strain relationships. The sensitivity of the threshold current of the sensor that is used for the specific 
detection and identification of individual explosives samples - is predicted to depend on the reaction 
rates and the vapor pressure. 

INTRODUCTION 
Miniaturized microfabricated calorimeters have enormous potential in transduction of physical 

or chemical properties of very small length scales (i.e. nano-meter range) or quantities/ volumes (i.e. 
pico-liter range). Microcantilever based sensors have been widely used for chemical and biological 
detection applications. Other applications for the microcantilever sensors include pH sensing, pathogen 
sensing, and sensing by means of DNA hybridization [1]. There are two primary modes of operation of 
microcantilever sensors: static and dynamic modes [2-3]. In static mode, static response due to bending 
induced by differential surface stress is monitored. In dynamic mode the change in resonant frequency 
upon mass uptake are monitored. The adsorption/ desorption of molecules on the surface of 
microcantilevers causes the changes in surface stress (i.e. compressive or tensile stresses), which 
results in variations of harmonic or static responses. 

Traditionally, in civilian and military operations, trained dogs are used to detect explosive 
materials. In military operations other trained animals/ insects (such as dolphins and bees) have also 
been used for explosives detection (in exotic environments such as in marine environments). To 
obviate practical issues concerning the usage of animals to detect explosives, automated procedures 
involving multiple types of electronic sensors ("electronic-nose" for air borne sensors and "electronic-
tongue" for water based sensors) have been designed to replace the trained animals. Various electronic 
noses include the usage of fiber optics and beads, polymeric films, gold nanoclusters, surface acoustic 
waves (SAW), and micro-electrochemical systems (MEMS) [3]. In this study, micro-electrochemical 
systems were used as an electronic nose to detect explosives. This idea comes from the endeavor to 
mimic bomb-sniffing dogs, so we usually refer to the technology as electronic or artificial "noses". An 
electronic nose is typically composed of an electrical power system, a chemical sensing system, and a 
response detection system. 

Sensor arrays based on this system have multiple advantages such as their extremely small size, 
fast response time, very low detection threshold, and multiple component analysis capability [1-5]. 
Microcantilever-based explosive gas sensing is usually performed by utilizing different strategies, 
which include: (1) detecting adsorption of molecules of interest on surface of the microcantilevers; (2) 
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recognizing molecules by the measurement of changes in bending response (or changes in surface 
shear stress); or (3) changes in resonance frequency (or changes in mass). 

The sensor used in this study is based on a microfabricated array of bimorph microcantilever 
(ActivePen™ purchased from Nanoink Inc.). This product is fabricated by the thermal compression 
bonding at high temperature {-300 °Q of Au film of 400 nm deposited on Si wafer by evaporation at 
low pressure (2 ~ 7 χ IO'7 torr) and SÌ3N4 microcantilever of 600 nm made by etching and 
metallization on oxidized Si wafer. The bi-morph cantilever array is heated individually by an array of 
gold microheaters that are microfabricated in-situ at the base of each cantilever. The microcantilever 
provides a structural response (i.e. bending motion) to the variations in thermal stress at the surface, 
caused by Joule heating (i.e., on supplying different amounts of electrical power to the micro-heaters). 

In this study we report the design analysis of the performance of the nano-calorimeter platform 
by utilizing electrically pre-heated microcantilever arrays for absorption, catalytic oxidation or surface 
reaction with specific volatile and combustible gases. The deflection is experimentally measured using 
optical detection method by tracking the light spot reflected from the microcantilever surface. We 
additionally conducted a numerical analysis to verify the measurements. 

NUMERICAL MODELING 
Computational model development and simulations were performed using a commercial finite 

element analysis (FEA) tool (Ansys®). The computational model was used to perform a parametric 
study of the coupled electro - thermo - mechanical analyses of the microcantilever platform used in 
this study. Proper estimate for the temperature profile of the microcantilevers is a key factor in our 
nano-calorimeter platform for chemo-mechanical sensing of explosives. However, the thermal 
response to chemical reactions is not available in the FEA tool (Ansys®). Our chemo-mechanical 
model predicts the mechanical deflection for a change in bimorph temperature. So, we demonstrate the 
procedure of electro - thermo - structural modeling by coupling of a Computational Fluid Dynamics 
(CFD) tool (Fluent®) with an FEA tool (Ansys®), as shown schematically in Figure (1). The thermal 
data obtained from the chemical reaction model (using Fluent®) is mapped onto each Finite Element 
(FE) node, which serves as the initial condition for the structural dynamics simulation using Ansys®. 

Joule Heating 
(UDF) 

CFD (FLUENT®) 

Catalytic Surface 
Oxidation 

+ 
Species Transport & 
Gaseous Oxidation 

CFD (FLUENT®) 
> . 

CFD/FEA Thermal 
Mapping (UDF) 

Static Structural 

FEA (ANSYS®) 

Figure 1. Schematic of a complete model of an electro-thermally actuated microcantilever 

Computational Fluid Dynamics (CFD) 
The volumetric Joule heat generation, q, by electric current through resistive heating element 

can be calculated from Ohm's Law as follows: 

Q = IiR = Iip 
I 

v (1) 
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where / is the applied current [A], p is the resistivity [urn], A is the cross-sectional area [w/], and / is 
the length of resistive element [m]. Fluent® does not provide the solution for joule heating, so we 
implemented the user-defined function (UDF) code into the Fluent® case file. In our UDF code, the 
electrical conductivity value is defined as the diffusivity of the solid phase potential in the solid zones. 
Then we perform the thermal analysis for the catalytic oxidation based on species transport and gas 
phase as well as surface oxidation models. The Au catalysis used in this study enables ultra lean 
oxidation, which means it is available to detect the gas vapor of very low concentrations. It is also 
expected that the gas-phase combustion occurs in a "flameless" mode near the heating element [6]. 

Simulations were performed at a constant gas mole (or mass) fraction in a testing chamber. The 
vapor-liquid equilibrium (VLE) mole fraction is determined from an evaporation pressure at a room 
temperature (298 K). In Fluent®, concentrations of reactants need to be specified on the basis of mass 
fractions. The 'Laminar finite-rate model' was selected in Fluent®, which is of the following form: 

* = 47Aexp^-iL) (2) 

where, Ar is the pre-exponential factor [s'1], ßr is the temperature exponent, Er is the activation energy 
for the reaction [J/kmol], and R is the universal gas constant [J/kmol-K\. The complete oxidation 
reaction of VOC is highly exothermic and the global oxidation models of different gases (that were 
used for numerical simulations) are summarized in Table I. 

Table I. Global one-step reaction models of Acetone and Isopropyl Alcohol 

Gases 

Acetone 
(CH3)2CO 

Isopropyl Alcohol 
C3H7OH 

Combustion Model 

(CH3)2CO + 402 ->3CO 2 +3# 2 0 

2C3H7OH + 9<92 -> 6C02 + Ш20 

Heat of Combustion 

-1761 kJ/mol 
(-303.2xl05J/kg) 

-1907kJ/mol 
(-317.3xl05J/kg) 

The gas phase reaction scheme is taken from various literatures, which was modeled based on 
1st order homogeneous reactive flow proportional to the volumetric concentrations of species. 
Basically, in the gas phase reactions of VOC, Hydrogen abstraction leads to the formation of C02 or 
H20 as the results of deep (or complete) oxidation. Also, especially at low temperature, VOC is 
oxidized to the intermediate products (i.e. Acetone: COI IPA: CO, C3H6 or C3H60). The multiple-step 
combustion model as shown in Table II gives a more optimized value as opposed to the "global" one-
step reaction model. 

In general, the catalytic oxidation by surface reaction depends on the surface coverage of 
explosives. The surface reaction rate for VOC over the catalytic surface deposited with Au catalyst is 
calculated by using Equation (3), proposed by Hayes and Kolaczkowski [10]. 

^ = 7 7 A e x p ^ - J p J ^ (3) 

The effectiveness factor in Equation (3), η, addresses the diffusion effect of reactants in the 
catalyst, which can be calculated by Equation (4) and (5), as derived as [10]. 

tanh(d) 

Ф 
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Ф = к M- (5) 

where ф is the Thiele modulus, Lc is the thickness of the catalyst, ks is the rate constant based on 
catalyst surface area [kg/m2s], and De/f is the effective diffusion coefficient [m2/s]. 

Table II. Chemical Kinetic Parameters for Gas Phase Reaction of Acetone and Isopropyl Alcohol 

Reaction 

2C3H60 + 502 -> 6CO + 6H2O [7-8] 

2H2 + O2 -+ 2H20 [7-8] 

2CO + O2 -> 2C02 [7-8] 

CO + H20 -* C02 + H2 [7-8] 

C3H7OH -> C3H6 + H20 [9] 

C3H7OH + I/2O2 -> C3H60 + H20 [9] 

C3H6 + 9/202 -► 3C02 + 3H20 [9] 

C3H60 + 40 2 -> 3C02 + 3H20 [9] 

Ar 

1.9 x 10й 

2.37 x IO'3 

3.55 x IO5 

1.2 x IO8 

3.73 x l(f 

8.32 x 7Ö7 

4.58 x 7tf7 

6.75 xitf9 

1.39 x 7020 

ßr 

-LO 

-0.5 

-1.5 

-LO 
-LO 

0.0 

0.0 

0.0 

0.0 

Er 

2.09 x IO8 

8.79 x IO7 

8.79 x IO7 

1.74 x IO8 

2.06 x 70* 

S.77 x IO7 

7.16 x 7#7 

9.57 x 7tf7 

2.703 x IO8 

In catalytic combustion reactions at elevated temperatures, the overall rate of reaction becomes 
limited by diffusion in the catalyst [10]. The effective diffusion coefficient is theoretically determined 
as follows: 

A* A. (7) 

where Dab is the bulk diffusion coefficient and Dkn the Knudsen diffusion coefficient respectively, 
which are given by [11] 

0.00143Г1 

A*=-

Μ,+Μ, 

?[v™ + v}' 

4 RT 

(8) 

(9) 

where Mi and A/2 are the molecular weight of component 1 and 2 [kg/mol], Vi and V2 are the molar 
volume of component 1 and 2 with the pressure p and temperature T [m3/mol], and dp is average 
micropore diameter of adsorbent [m]. The surface reaction of VOC and those chemical kinetics 
parameter values are listed in Table III. Numerical simulations are performed based on the 3-D, 
laminar, species transport, gas phase as well as surface reaction, and steady-state simulation techniques. 
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Hexagonal and gradient meshing techniques are used. Since the testing chamber is closed, evaporation 
occurs at a state of dynamic equilibrium. Figure (2) shows the solid model generated in Gambit® 
software for thermal analysis with Fluent®. 

Table III. Chemical Kinetic Parameters for Surface Reaction of Acetone and Isopropyl Alcohol 

Reaction 

C3H60 + 40 2 -> 3C02 + 3H20 [12] 

C3H7OH + О.5О2 -+ C3H60 + Η20 [13] 

As 

7.63 x 1013 

1.8 x 107 

Es 

2.38 x IO7 

1.6 χ IO6 

Figure 2. Geometry of the control volume for simulation. 

Finite Element Analysis (FEA) 
The Computational Fluid Dynamics (CFD) tool provides a powerful and flexible numerical 

framework for modeling fluid flow and performing associated convection heat transfer calculations, 
but does not have built-in advanced solid mechanics analysis capabilities for performing thermo-
mechanical stress analysis. On the other hand, the Finite Element Analysis (FEA) tool provides the 
advanced solid mechanics analysis capabilities. To calculate the mechanical deflection by the thermal 
stress at the surface of microcantilevers, we implement UDF code for CFD/FEA thermal mapping into 
Fluent® calculation. The meshing and scaling of the models should be consistent in both Fluent and 
Ansys®, as shown in Figure (3). 

Figure 3. Solid Model of Microcantilever in (LEFT) Gambit® and (RIGHT) ANSYS( 
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After mapping of the solid temperature data from Fluent , we calculate the mechanical 
deflection using FEM software Ansys® Multiphysics vl2. The temperature data should be imported 
before determining the solver type and boundary conditions. The simulations were performed on three-
dimensional FE models of the cantilevers that re assumed to be under linear and static conditions. The 
FE models were meshed by SOLID226 elements. 

EXPERIMENTAL MEASUREMENT 
The experimental setup consists of an air-tight acrylic chamber, a platform to support and 

control the movement of the laser, a platform for the microcantilever beam, and a piece of paper to 
mark the location of the reflected laser beam spot. The experimental apparatus is placed inside an 
environmental control chamber, which is constructed from rectangular acrylic walls with a hinged door 
made from V2" thick acrylic sheets as shown in Figure (4). In order to render the chamber airtight, 
silicone was used to seal the edges inside the box and a tape insert was used to seal the edges along the 
exterior of the box. Weather-stripping was used as a sealant between the door and the front wall of the 
chamber. Inside the chamber, a low-power laser (1 mW, 635 nm) was affixed to a semi-automated 
stage with 4 axes of motion (assembled from Newport components). The Newport stage system 
(Figure 4) supports the laser and can be actuated remotely for laser beam alignment with the cantilever 
axes in the nano-calorimeter apparatus. In addition to altering the position of the laser, the remote 
control can also be used to rotate the cantilever array within the xy-plane. Hence, laser alignment and 
cantilever positioning can be accomplished without disturbing the chamber environment. 

Figure 4. Experimental Apparatus for Explosive Detection 

Each experiment was performed in two separate steps: a control experiment (baseline) was 
performed in ambient atmospheric conditions, and a second experiment was performed in the presence 
of the explosive vapor at equilibrium vapor concentration. The deflection response of the 
microcantilever (as a function of actuation current) in uncontaminated air environment was compared 
to that of air saturated with the explosives vapor. As shown in Figure (4), the laser beam incidenton the 
microcantilever surface is reflected by the gold coating on to the screen (paper). The actuation current 
(for heating the microheaters and therefore for actuating the microcantilever beam) is increased from 0 
to 20 mA at 2 mA intervals. It was observed that at actuation current values exceeding 30mA - the 
bending response diverged from the control experiments. For each 2 mA increment, the resulting 
deflection of the microcantilever beam is tracked by measuring the location of the laser beam spot 
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reflected on the screen (paper) attached to the chamber wall. The deflection is expected to be 
proportional to the change in the location of the reflected laser spot, whichis measured by noting the 
difference in vertical location of the laser spot centroid from a reference position (in this case, the laser 
beam position at 0 mA actuating current). The resistance of the gold filament is also recorded at each 
current increment. Once the data is collected for the control experiment, the liquid explosive is poured 
into a small bowl and placed inside the chamber. The liquid remains in the chamber for approximately 
thirty minutes to ensure saturation with explosive vapor. Subsequently, the experiment is repeated in 
the presence of vapor samples. The results are then recorded and compared to the results obtained from 
the control experiments. 

RESULTS AND DISCUSSION 
Oxidation of Volatile Organic Compounds (VOC) with air is numerically studied at specific 

initial concentrations in a finite control volume. The chemical kinetics expressed in an Arrhenius form 
as written in Equation (2) are used to model the temperature dependence of reaction rate and activation 
energy for oxidation. The higher surface area to volume ratio at the nano-scale is expected to expedite 
the kinetics of the area-limited catalytic reactions, which means the chemical reactions only occur on 
the catalyst surface provided by the gold coatings on the microcantilevers [6]. The catalytic reaction on 
the surface of the microcantilevers depends on the core temperature of the heating element. Figure (5) 
shows the surface temperature range of electrically pre-heated microcantilevers in air. These results 
can be easily obtained from the electro-thermo coupling simulation in Ansys®. 

Figure 5. Temperature range of microcantilever heated in air. 

However, to estimate the variations of surface temperature after oxidation on the pre-heated 
catalyst surface, we should simultaneously solve the mass and heat transfer problems with chemical 
reaction and resistive heating together. Since the mapping of temperature data from Ansys® to Fluent® 
is not supported, so we implement the UDF code for resistive heating into the chemical reaction model. 
To verify the UDF code, we compare the temperature profile calculated by UDF for Ohmic-heating in 
Fluent® with the results of electro-thermo multiphysics in Ansys®. 
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(a) (b) 
Figure 6. Temperature profile of bimorph microcantilever due to ohmic-heating 

(a) UDF in FLUENT® (b) Multiphysics in ANSYS® 

Figure (6) represents the comparison of numerical simulation when we use the two different 
simulation tools. We use the same values for geometrical and material properties of microcantilevers 
as summarized in Table IV. Also, the temperature dependence of specific heat (Figure (7)) and 
enthalpy values (Table V) of VOC are considered to obtain more accurate estimate for the results. 

Table IV. Material properties used in this stud1 

Property 

Thermal Conductivity (k) 
[W/rnK] 

Thermal Expansion Coefficient (a) 

lie'] 
Elastic Properties 

E: Young's Modulus [GPa] 1 
v: Poisson's Ratio 

Electrical Resistivity (R) 
[Qm] 

Silicon Nitride 
(Si3N4) 

1.7 [Щ 

0.3E-06 [14] 

224.6 [14] /0.253 [17] 

1E+10 [19] 

У 
Gold 
(Ли) 

150 [15] 

14.6E-06 [16] 

74.5/0.35 [18] 

2.214E-08 [20] 

Figure 7. Temperature dependence of specific heat (Cp) of acetone and isopropyl alcohol 

216 ■ Developments in Strategic Materials and Computational Design II 



Nano-Calorimeter Platform for Explosive Sensing 

Table V. Initial concentration based on evaporation pressure and enthalpy for phase change of VOC 
samples used in this study 

VLE mole Fraction [5] 
(Evaporation Pressure) 

Standard State Enthalpy [21] 

Standard State Entropy [22] 

Acetone 
(CH3)2CO 

0.2 [mole] 
(186 [mmHg]) 

-2.19x10s 

[J/kgmol] 

200,400 
[J/kgmol-K] 

Isopropyl Alcohol 
C3H7OH 

0.04 [mole] 
(33 [mmHg]) 

-2.73x10s 

[J/kgmol] 

180,580 
[J/kgmol-K] 

Oxidation of VOC proceeds with the formation of oxidation products carbon dioxide (CO2) and 
water vapor (H2O) as summarized in Table I. The initial conditions for concentration and the enthalpy 
for phase change are listed in Table V. Figure (8) shows the concentration profiles for reaction 
products for catalytic oxidation of acetone and isopropyl alcohol over the microcantilevers for an 
actuation current of 20 mA. At the applied current of 20mA, as shown in Figure (6a) the maximum 
surface temperature is 572 [K] that is below the ignition temperature (e.g. Acetone: 738 [K\/ 
Isopropanol: 672 [K\) reported for macro-scale. 

Figure 8. Surface temperature profile and coverage of species for nano-scale combustion reactions on 
the surface of the microcantilevers (a) Acetone (b) Isopropanol. 

So, during the oxidation of acetone and isopropanol complete oxidation products such as C02 

and H2O are formed - as well as intermediate products such as CO are formed due to partial oxidation. 
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However, since the evaporation pressure of acetone is higher than that of isopropanol, it is observed 
that the oxidation was more active in the case of Acetone. Accordingly, the surface temperature 
increased by oxidation is more significant in Acetone. Figure (8) also shows the surface temperature of 
microcantilevers obtained from the simulations for the nano-scale combustion reactions. The 
temperature is increased by the presence of heat generation that is formed due to the oxidation 
reactions. Accordingly, the microcantilevers have a downward bending response, as shown Figure (9). 
Finally, the change in surface temperature due to combustion of VOC vapors contributes to the 
differences in deflections caused by the bimetallic effect. 

Figure 9. Simulation of the resultant deflection changes due to nano-scale combustion at 20 mA 
actuation current (a) Air (b) Acetone (c) Isopropyl Alcohol 
(d) Comparison of deflection between air and explosives. 

The nano-calorimeter was tested by performing experiments using Alcohol and Acetone as the 
sources for pure vapor. Figure (10) shows the results for the change in height of the reflected beam as a 
function of actuation current for four explosive materials. In the low current region, the 
microcantilever bending response in the presence of the combustible vapors is almost the same as the 
bending angles measured in air. As the electric current increases, the temperature of the bimorph 
microcantilever structure is increased causing additional bending of the beam and the incident laser ray 
is reflected from the microcantilever begins to deflect upwards causing the reflected light beam to 
move upwards. The presence of the vapor causes more vigorous oxidation on the surface of the 
microcantilever at elevated temperatures due to higher actuation current. The value of the actuation 
current at which the change in deflection deviates from the control experiments (performed in air) is 
called the threshold current. The values are used for uniquely detecting and indicating the specific 
explosives. For solid explosives, the threshold current can be estimated from the self-ignition 
temperature for a particular combustible vapor. 

In addition, since Acetone or Isopropanol is highly volatile, their ignition temperatures as well 
as vapor pressures are key factors for predicting the threshold current. Their vapor pressures are 
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summarized in Table V. The response to chemical reaction is well occurred at the lower temperature 
region than the self ignition temperature value due to those volatile property. The vapor pressure (186 
mrriHg) of Acetone is much higher than that (33 mmHg) of Isopropyl alcohol. So, the combustion 
reaction of acetone is activated at lower actuation currents. Additionally, the activation energy (301.1 χ 
106 [J/kgmol]) of isopropanol is higher than that (137.7 χ 106 [J/kgmol]) of Acetone, which means the 
combustion reaction of Isopropyl Alcohol requires higher energy (or temperature). It is observed that 
the deflection characteristics in VOC show the same tendency (downward bending response) from the 
numerical and experimental results. 

(a) (b) 
Figure 10. Experimental results of microcantilever deflection in explosive sensing (a) Acetone (Self 

Ignition Temperature = 738.15 [K]) (b) Isopropanol (Self Ignition Temperature = 672.15 [K]) 

SUMMARY AND CONCLUSION 
In this study the static response of a microcantilever in the presence of explosive or 

combustible vapors were characterized experimentally and by performing numerical simulations. To 
explore the bending response, we experimentally measured the change in deflection of the 
microcantilevers caused by bimetallic effect - as a function of actuation current. Additionally, we 
performed the numerical analysis based on electro-thermo-mechanical coupling model by using UDF 
in Fluent® and Ansys®. The sensor sensitivity can be enhanced by specifically coating the high thermal 
conductivity materials onto the micro-cantilever surfaces (e.g. using Dip-Pen Nanolithography: DPN). 
Ultimately, this approach can be implemented into a portable detection platform or integrated 
instrument for remote monitoring and real-time detection of explosives. 
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ABSTRACT 

Electropolymerization of aniline is reported within nano-structured network of organically 
modified sol-gel glass (ORMOSIL) matrix. Three important redox mediators viz., 
tetracyanoquinodimethane (TCNQ), tetrathiafulvalene (TTF) and ferrocene were encapsulated within 
ormosil film at the surface of indium tin oxide (ITO) electrodes and used for electropolymerization of 
aniline. In order to study the effect of electrocatalyst together with the redox-mediator during the 
electropolymerization of aniline, palladium was also introduced within nano-structured network of 
ormosils. Polyaniline (PAni) with excellent electrochemical behavior was grown within these modified 
electrodes and the process of electropolymerization was found as a function of redox mediators' 
characteristics. The presence of palladium within ormosil matrix dramatically altered the 
electropolymerization process and the electrochemistry of PAni as well. The resulting polymers were 
analyzed by cyclic voltammetry and scanning electron microscopy and the results again provided 
remarkable dependence on the property of redox mediators and palladium content justifying similar 
conclusion. The polyaniline obtained as PAni-TCNQ and PAni-TCNQ-Pd composites has been 
utilized for fabricating the modified electrodes to study the electrochemical sensing of 
acetylthiocholine. The results based on cyclic voltammetry and amperometry justify that the electrode 
material exhibit excellent electrocatalytic activity for the oxidation of acetylthiocholine with major 
findings as compared to control: (1) acetylthiocholine undergo direct oxidation with considerable 
increase in both anodic and cathodic peak currents and (5) an increase in the sensitivity of 
acetylthiocholine analysis to the order of 5 fold for the modified electrodes. 

INTRODUCTION 

Polyaniline has been widely studied because of its potential applications in electrorheological 
fluids1'2, sensors3, electrostatic discharge 4, and anticorrosion coatings . Accordingly several routes of 
aniline polymerization in both aqueous and non-aqueous solvents with varying media compositions are 
available 6'9. 

The electrochemical oxidation of aniline has typically been carried out in aqueous medium 
galvanostatically10' n , potentiostatically 6'7'12, or through cycling of the potential (potentiodynamic) of 
the substrate anode between suitable potential range versus Ag/AgCl or saturated calomel electrode 
(SCE)7"9' 13' 14. We have studied in details the potentostatic and potentiodynamic mode of 
electropolymerization of aniline6'7 in which several conventional electron transfer mediators showed 
reversible electrochemistry. In solution, the coupling of reversible redox electrochemistry together 
electrochemistry of aniline polymerization is difficult to observe due to fast dynamics of polymeric 
intermediates and redox couple of the electron transfer relays. On the other hand if redox mediators 
could be confined within nano-geometry of solid-state matrix i.e., organically modified sol-gel glass 
matrix (ORMOSIL) within which electropolymerization of aniline is triggered, it might be feasible to 
record such finding if the redox mediators are stable within selected potential range. 

Earlier studies on the formation of conducting polymers together sol-gel glasses have been 
reported by Cox et al15'16 and others17"23 following three different approaches. In first one, chemically 

221 

Developments in Strategic Materials and Computational Design II
Edited by Waltraud M. Kriven, Andrew L. 

Gyekenyesi and Jingyang Wang 
Copyright © 2011 The American Ceramic Society 



Polyaniline-Silica Nanocomposite: Application in Electrocatalysis of Acetylthiocholine 

prepared polymers were dissolved and mixed with a sol that was subsequently processed into a solid 
material1 '18. Second, the silica precursor was organically modified with a monomer; subsequent to the 
gelation, the polymerization was performed either chemically or electrochemically 19"21. The third 
general method was to form a thin film of silica on an indium tin oxide electrode, immerse the system 
in a solution that contains the monomer, and perform the polymerization electrochemically22,23.From 
the past few years, efforts have been made to combine the physical strength, chemical stability, and 
optical properties of certain sol-gels with the electrical properties of conducting polymers for wide 
range of electrochemical applications. Additionally, encapsulation of electron transfer mediators17"21 

having reversible redox electrochemistry within ormosil films might facilitate charge-transfer process 
required for probing chemical / biochemical interaction taking place within or outside the nano-
structured domains of solid-state and may prove as potential template for the electropolymerization of 
aniline. Earlier studies on the formation of PAni together sol-gel glasses have been reported by Cox et 
al 22' 23 and others24"29 following three different approaches. In the first one, chemically prepared 
polymers were dissolved and mixed with a sol that was subsequently processed into a solid material24" 

. Second, the silica precursor was organically modified with a monomer; subsequent to the gelation, 
the polymerization was performed electrochemically26. The third general method was to form a thin 
film of silica on an indium tin oxide electrode, immerse the system in a solution that contains the 
monomer, and perform the polymerization electrochemically22'27. 

The polymers synthesized under these conditions introduce electrocatalysis when used in 
electrochemical sensor's design. Further, many amperometric electrochemical sensors incorporate the 
participation of redox mediator for availing selective and sensitive detection of targeted analytes. 
Accordingly, the redox- mediated synthesis of PAni involving the participation of electron transfer 
relays may lead to promising materials for electrochemical sensors development. Additionally if the 
redox couple of the mediator has affinity toward the oxidation products of aniline, the resulting 
material may add facilitated electrocatalysis during sensing process. Such investigation has not been 
studied in sol-gel glasses manipulated with an electron transfer mediator together with metal catalyst 
which has been undertaken in this contribution. Here in the present manuscript the electrocatalytic 
properties have been utilized to study the oxidation of acetylthiocholine (АТС). 

Determination of acetylthiocholine (АТС) is of great interest since one of the products of 
acetylcholinesterase (AChE) mediated hydrolysis of acetylthiocholine is thiocholine and its detection 
can be used to assess the activity of AChE, a biomarker of the effect of pesticides (organophosphates 
(OPs) and carbamates) which inhibit cholinesterases28. Analysis of acetylthiocholine is, therefore, of 
great importance, particularly in the development of electrochemical sensors for detection of 
environmental pollutants such as OPs and carbamates29. 

Thus, in the present article, we report the electropolymerization of aniline within organically 
modified sol-gel glass (ORMOSIL) matrix derived through sol-gel process. It has been observed that 
the rate of electropolymerization was very slow within such matrix with poor electroactivity of the 
resulting polymer. Accordingly, it was planned to incorporate redox mediators along with metal 
catalyst within the ormosil matrix to enhance the rate of charge transfer process during 
electropolymerization of aniline. And finally utilizes the electrocatalytic properties of these materials 
in the electrochemical detection of acetylthiocholine. 

EXPERIMENTAL 

Materials 

Aniline, 3-Aminopropyltrimethoxysilane, 3-Glycidoxypropyltrimethoxysilane, 
Tetracyanoquinodimethane (TCNQ), Tetrathiafulvalene (TTF), Ferrocene (Fc), Palladium chloride, 
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graphite powder (particle size 1-2 μτή) and Nujol oil (density 0.838) were obtained from Aldrich 
Chemical Co. 2-(3, 4-Epoxycyclohexyl) ethyltrimethoxysilane was obtained from Fluka. 
Acetylthiocholine was purchased from Sigma. All other chemicals employed were of analytical grade. 
Aniline was distilled under vacuum prior to use. The aqueous solutions of acetylthiocholine was 
freshly prepared in triply-distilled water before each experiment. Experiments were performed at room 
temperature. 

Ormosil Films Preparations 

A typical ormosil film was prepared by adding alkoxysilane precursors, TCNQ, TTF, Fc, 
hydrochloric acid and distilled water in the composition shown in Table 1. The mixture was vigorously 
stirred for 5 min. An aliquot of 10 цЬ of the suspension was layered on the indium tin oxide (ITO with 
surface resistance ~ 30 Ω) electrodes, and the electrodes were air-dried for 8-10 hours to ensure 
complete hydrolysis and gelation resulting into ormosil film. 

Electrochemical Synthesis of Polyaniline Over Modified Electrodes 

Polyaniline was synthesized electrochemically using single compartment cell equipped with 
three electrodes viz. ITO plate as working electrode, Ag/AgCl (Orion, Beverly, MA, USA) as 
reference electrode and Pt plate as the counter electrode. All the electrochemical work was done with 
an Electrochemical Workstation Model 660B, CH Instruments Inc., TX, USA. Polyaniline was 
deposited potentiodynamically over ormosil modified ITO electrodes from 1 M HC1 with typical 
concentration of 0.1 M aniline by cycling the potential between -0.2 to 1.0 V versus Ag/AgCl. 
Electrochemical characterization of PAni films deposited over ITO electrodes was performed through 
cyclic voltammety by cycling the potential between -0.2 to 1.0 V versus Ag/AgCl in 1 M HC1 at 
various scan rates viz. 0.01, 0.02, 0.05, 0.10 and 0.20 V/s. SEM studies of PAni films were performed 
using a FEI Quanta 200F Scanning electron microscope. 

Modification of Graphite Paste Electrodes Through Composite Material 

Polyaniline synthesized within TCNQ and TCNQ-Pd encapsulated ormosil matrix was 
extracted from ITO electrodes and suspended in tetrahydrofuran (5 mg in 1 ml THF) followed by 
sonication for 15 minutes. Then the resulting solution was then kept in oven at 60 °C for 1 hr. After 
complete evaporation of THF the dried material was used to modify graphite paste electrodes. The 
electrode body used for the construction of modified electrode was obtained from Bioanalytical 
Systems (West Lafayette, IN; (MF 2010)). The well was filled with an active paste of composition 
given in Table 2 (paste-1, paste-2 and paste-3). The desired amount of PAni-TCNQ and PAni-TCNQ-
Pd composites was thoroughly mixed with graphite powder (particle size 1-2 μπι) in a blender 
followed by addition of Nujol oil. After homogenization the mixture was stored into stoppered glass 
vial at room temperature when not in use. The paste surface was manually smoothened on a clean 
butter paper. 

RESULTS AND DISCUSSION 

Role of Nano-Structured Domains of Ormosil During Electropolymerization of Aniline 
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The current research program concerns to justify the role of nano-structured network, during 
electropolymerization of aniline. The nano-structured network may be readily introduced/controlled 
within organically modified silicate (ORMOSIL) matrix. Accordingly, it was planned to understand 
the process of electropolymerization on the surfaces of bare ATO electrode and ormosil-modified ATO 
electrode without redox mediator under similar experimental conditions. The results are shown in Fig. 1 
and they lead to following conclusions; (i) the process of electropolymerization is relatively much 
faster on bare electrode surface as compared to that on ormosil-modified electrode, (ii) the number of 
potentiodynamic cycles for detectable polymer properties on bare ITO is 20 whereas the same on 
ormosil-modified electrode is 100; (iii) The redox behavior of the polymer made on bare ATO surface 
is much poorer (Fig.la) as compared that of ormosil-modified electrode (Fig.lb). These findings 
suggested that incorporation of nano-structured domains during electropolymerization process 
generates patterned polymeric structure with excellent redox behavior basically due to controlled 
growth of polyaniline domains within nano-structured network. Further, the effect of pore size over the 
polymerization of aniline within the silica matrix has been performed in detail by Cox et al16 and 
demostrated that the size of the pores apparently limited the polymerization. 

Role of Redox-Mediators And Metal Catalyst in the Electropolymerization of Aniline 

Since the sol-gel glass itself is not an intrinsic conductor, the primary redox process, i.e., the 
oxidation of aniline, does not occur at the boundary between the outer layer of the silica and the liquid 
phase. The residual water with its dissolved acidic electrolyte that is present in sol-gel pores provides 
an environment for the coupled chemical reactions such as polymer formation inside the sol-gel pores; 
although poor conductivity under such condition may delay the polymer growth. This is well supported 
with the result of polymerization in sol-gel without mediator since the resulting polymer in this case 
took one hundred cycles to exhibit good redox behavior. Thus, to enhance the rate of polymerization of 
aniline and to understand the effect of redox mediators, PAni was grown within ormosil matrix 
encapsulating three-types of redox-transfer relays that essentially differ in their 
hydrophobicity/hydrophilicity. The organic redox mediators were TCNQ and TTF, well known redox 
components of organic metal and ferrocene was used as organometallic redox mediator. The results 
recorded on electropolymerization of aniline within ormosil network encapsulating TCNQ, TTF and 
Fc are shown in Fig. 2. 

It is important here to discuss the role of ormosil-encapsulated redox mediators during 
electropolymerization of aniline. In order to understand such event the dynamics of ormosil-
encapsulated redox mediator becomes crucial. The rotational degree of freedom of redox mediators 
within the ormosil matrix is fixed. Hence, the homogeneous mediation associated to oxidation of 
aniline monomers is not possible in the matrix. However, the results on electropolymerization of 
aniline are greatly influenced by the presence of ormosil-encapsulated mediatiors suggesting that the 
mediators under present conditions are acting as electrocatalyst during the polymerization of aniline. 
Additionally, palladium was also added to the network of sol-gel matrix to understand its effect on the 
polymerization process via interaction of palladium chloride and 3-glycidoxypropyltrimethoxysilane. 
The glycidyl group of 3-Glycidoxypropyltrimethoxysilane is highly reactive. When aqueous solution 
of palladium chloride, which acts as Lewis acid, is added, it opens the epoxide ring of the glycidyl 
moieties and in turn palladium is reduced. The reduced palladium was found coordinated with carbon 
atoms of glycidyl residue which were initially bonded to epoxide linkage24'25. This reduced palladium 
acts as an electrocatalyst in the process of electropolymerization of aniline. The voltammograms 
shown in Fig.2 were recorded for 35 cycles without palladium and 35, 70 and 70 cycles for the systems 
with palladium (Fig. 3). This justifies two different conclusions based on the absence and the presence 
of palladium within nano-structured network. In the absence of palladium all three types of ormosil 
matrices resulted into three major characteristic redox peaks of polyaniline within 35 cycles whereas 
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with palladium dramatic variation took place in the number of cycles required to obtain similar redox 
behavior of polyaniline. In case of palladium encapsulated ormosil, all systems except TCNQ showed 
increase in the number of cycles required to obtain similar redox behavior of PAni. Being a strong Π-
acceptor ligand TCNQ have the capability to coordinate to metal ions and polymers both as neutral 
molecules and radical anions30' 31 and thus forming a stable charge transfer complex. This special 
property of TCNQ might be responsible for all the anomaly observed during the electropolymerization 
of PAni over ormosil matrix. 

Electrochemical Characterizations of PAni Grown Within Ormosil Matrix 

The next stage of investigation is to understand the variable electrochemistry of PAni grown 
within these ormosil-modified electrodes. Cyclic voltammograms of PAni synthesized within ormosil 
matrices in absence of palladium at various scan rates are shown in Fig. 4, whereas the same with 
palladium are shown in Fig. 5. Results leads to following conclusions: (a) The anodic and cathodic 
peak currents are in the order of ferrocene > TTF > TCNQ; (b) the anodic and cathodic currents 
increase after adding palladium within ormosil network in case of ferrocene and TCNQ whereas a 
decrease takes place in case of TTF; (c) TCNQ-enapsulated ormosil showed relatively much better 
redox behavior of PAni in absence of palladium content as compared to all other systems; (d) redox 
electrochemistry of PAni after adding palladium content are relatively much better as compared to that 
of before adding palladium within ormosil network. These observations could be justified from the 
fact; (i) ferrocene is relatively much efficient mediator as compared to that of TTF and TCNQ; (ii) the 
anodic currents of PAni are the function of the efficiency of redox mediators, (iii) TCNQ seems to be 
most compatible mediator within ormosil matrix for rapid growth of PAni due to hydrophobicity and 
anionic behavior that suitably make charge transfer complex with available moieties within ormosil 
matrix. 

Morphology of PAni Synthesized Through Different Ormosil Matrices 

The electrochemical polymerization provides the possibility of controlling the thickness and 
homogeneity of the polymers. Fig. 6 shows the typical SEM images of PAni grown electrochemically 
within silica matrix encapsulating different redox mediators. The images clearly depict that the 
nanostructure domains present in matrix of ormosil acted as a template for the synthesis of polymer. In 
all the cases, uniform interconnected fibrillar network of PAni was seen but in case of TCNQ more 
dense pattern and an ordered geometry of network of PAni was formed again confirms the interaction 
of TCNQ with PAni states leading to better growth of polymer chains. 

Electrochemical Oxidation of Acetylthiocholine Over PAni-TCNQ Modified Electrodes 

Acetylthiocholine (АТС) is electrochemically hydrolyzed into acetic acid and thiocholine 
amongst which thiocholine is electroactive. Direct hydrolysis of АТС over graphite paste electrode 
was previously studied in detail32. The cyclic voltammograms of different paste electrodes in the 
presence of 2 mM of АТС at the scan rate of 2 mV/ sec in phosphate buffer (100 mM, pH=7.0) are 
shown in Fig. 7. The corresponding anodic and cathodic peak currents, when the potential is in 
between -0.2 to 0.6 V versus Ag / AgCl, are found to be 14 μΑ / -9 μΑ, 25 μΑ / -12 μΑ and 37 μΑ / 18 
μΑ for paste-1, paste-2 and paste-3 modified electrodes respectively. The result shows that, both 
oxidation and reduction currents are greater in paste-2 and paste-3 as compare to paste-1 suggests fast 
kinetics of spontaneous hydrolysis of АТС in the presence of electrocatalytic materials. In other words 
the process of hydrolysis facilitates in presence of PAni-TCNQ and PAni-TCNQ-Pd as compare to 
bare graphite paste electrode. 
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Amperometric determination of АТС was obtained by addition of different concentration (0.05 
mM to 10 mM) of АТС in the phosphate buffer (100 mM, pH= 7.0) at working potential of 0.4 V. Fig. 
8 shows the typical amperometric response curve for the three systems. It is very much clear from the 
figure that the response was highest in case of paste-3 followed by paste-2 and paste -1 again 
suggesting the excellent electrocatalytic behavior of composite material towards the hydrolysis of 
АТС. The calibration curves for АТС detection by amperometry at graphite paste electrodes modified 
with paste-1, paste-2 and paste-3 were constructed using average currents recorded at three individual 
electrodes for each concentration point. Fig. 9 shows the calibration curves for АТС for paste-1 (curve 
a), for paste-2 (curve b) and for paste-3 (curve c). The sensitivities towards АТС was found to be 0.14 
μΑ+3 πΑ/mM for paste-1 (curve a), 0.34 μΑ+б пА/тМ for paste-2 (curve b) and 0.67 μΑ+8 пА/тМ 
for paste-3 (curve c) modified electrodes. The inset of Fig. 9 shows the linear range for АТС detection 
from 50 μΜ- 3 mM. A comparison on the performance of present sensor with earlier reported 
analogous systems has been given in Table 3. Since acetylthiocholine is enzymatically hydrolyzed into 
electroactive material thiocholine accordingly, many of the authors have studied acetylcholinesterase 
(AChE)-mediated detection of АТС. The non-enzymatic hydrolysis of АТС conducted in the present 
investigation at relatively lower operating potential with comparable sensitivity justifies the advantage 
of the present system over earlier reports (Table 3). 

CONCLUSIONS 

Electropolymerization of aniline within porous network of organically modified sol-gel glass 
(ormosil) encapsulating redox mediators is reported in the present work. Different types of redox 
mediators viz., TCNQ, TTF, Fc and an electrocatalyst palladium were encapsulated within the ormosil 
film to investigate their role in the rate of polymerization and electroactivity of PAni films formed over 
modified electrodes. The results obtained in this study indicate that the electrochemical performance of 
PAni is improved in the presence of redox mediator encapsulated within ormosil film. The 
encapsulated redox mediators act as a continuous conducting relay within the porous ormosil matrix, 
thereby providing an electronic conduction pathway which improves the process of charge transfer 
through the matrix. Such matrix apparently behaves as an electrocatalyst for aniline oxidation. The 
introduction of the known electrocatalyst together with redox mediators further improves the 
electroactivity of the polymer. Further, the application of these materials was investigated in the 
electrocatalytic oxidation of acetylthiocholine and it was concluded that resulting composite materials 
of PAni with TCNQ and TCNQ-Pd show excellent electrocatalytic behavior towards the oxidation of 
acetylthiocholine. 
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Table-1: Composition of different ormosil-modified electrodes 

System 

Blank sol gel 

TCNQ 

TCNQ-Pd 

TTF 

TTF-Pd 

Fc 

Fc-Pd 

A* 

(μΐ) 

70 

-

-

-

-

-

-

В* 

(μΐ) 

10 

10 

10 

10 

-

-

-

с* 

(μΐ) 

-

70 

70 

-

-

-

-

D* 

(μΐ) 

-

-

-

70 

70 

-

-

E* 

(μΐ) 

-

-

-

-

-

70 

70 

F* 

(μΐ) 

-

-

10 

-

10 

-

10 

G* 

(μΐ) 

-

-

10 

-

10 

-

10 

н* 

(μΐ) 

5 

5 

5 

5 

5 

5 

5 

I* 

(μΐ) 

300 

300 

280 

300 

280 

300 

280 

A* = 3-Arriinopropyltrimethoxysilane, В* = 2-(3, 4-epoxycyclohexyl) ethyltrimethoxysilane, C* = TCNQ in 
3-AmirKpOr̂ ltrimeÖioxysilane (45 mM), D* = TIP in 3-Aminopropyltrimetrtöxysilane (45 mM), E* = Fc in 3-
Aminopropytaimethoxysilane (45 mM), F* = 3<jlyadoxyrjq]fyltiTme^ G* = Palladium Chloride 
(3mg/mL), H* = 0.1 M HC1, I* = Distilled water 

Table- 2: Composition of graphite paste electrodes 

Systems PAni-TCNQ / PAni-TCNQ-Pd Graphite powder Mineral oil 

(% w/w) (% w/w) (% w/w) 

Paste-1 - 70 30 

Paste-2 1 69 30 

Paste-3 1 69 30 
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Table-3: Comparison on the performance of some modified electrodes used in the electrocatalysis of 
acetylthiocholine ^ ^ 
Substrate Modifier pH Operating potential Stability Reference 

(mV) 

Au electrode 

CP electrode 

Au electrode 

GC electrode 

CP electrode 

PAni with AChE 

AChE encapsulated 
Ormosil 

AChE immobilized 
over AuNps 

AChE covalent bonded with 
MWNT cross-linked chitosan 
composite 

7.2 (phosphate buffer) 

6 & 8 (Tris-HCl buffer) 

8 (phosphate buffer) 

7 (phosphate buffer) 

PAni-TCNQ & 7 (phosphate buffer) 
PAni-TCNQ-Pd (without enzyme) 

+400 

+350 

+680 

+800 

+400 

Poor 

Good 

Poor 

Good 

Good 

[33] 

[32] 

[34] 

[35] 

Present work 

Fig. 1. Potentiodynamic electropolymerization of 0.1 M aniline in 1.0 M HCl at the scan rate of 0.05 
Vs"1 over ITO modified with (a) bare ITO; (b) blank sol-gel. 
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Fig. 2. Potentiodynamic electropolymerization of 0.1 M aniline in 1.0 M HCl at the scan rate of 0.05 
Vs"1 over ITO modified with (a) TCNQ; (b) TTF and (c)Fc. 

Fig. 3. Potentiodynamic electropolymerization of 0.1 M aniline in 1.0 M HCl at the scan rate of 0.05 
Vs"1 over ITO modified with (a) TCNQ-Pd; (b) TTF-Pd and (c) Fc-Pd. 
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Fig. 4. Cyclic voltammogram of PAni in 1.0 M HCl over ITO modified with (a) TCNQ; (b) TTF and 
(с) Fc at different scan rates. 

Fig. 5. Cyclic voltammogram of PAni in 1.0 M HCl over ITO modified with (a)TCNQ-Pd; (b) TTF-Pd 
and (c) Fc-Pd at different scan rates. 
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Fig. 6. SEM images of PAni synthesized within ormosil matrix encapsulated with (a) TCNQ; (b) TTF 
and (c) Fc. 
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Fig. 7. Cyclic voltammograms of graphite paste electrodes modified with (a) (1) paste-1, (b) (1) paste-
2 and (c) (1) paste-3; (2) + 2 mM АТС in 100 mM phosphate buffer (pH 7.0) at the scan rate of 0.002 
Vs"1. 
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Time /sec 

Fig. 8. Typical amperometric response curves on the addition of varying concentrations of АТС over 
graphite paste electrode made from (a) paste-1, (b) paste-2 and (c) paste-3 at 0.4 V vs. Ag / AgCl at 25 
°C in 100 mM phosphate buffer (pH 7.0). 
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Fig. 9. Calibration curve for the analysis of АТС over graphite paste modified electrode with (a) paste-
1, (b) paste-2 and (c) paste-3. The inset shows the linear relationship between anodic current and 
concentration of АТС. 
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ABSTRACT 

We hereby report a new conducting polymer composite i.e., polyindole-camphorsulphonic acid 

(PIn-CSA) composite, and its use in the development of dopamine sensor. The processable PIn-CSA 

composite is developed by homogenizing equimolar ratio of chemically synthesized polyindole and 

camphor sulphonic acid in tetrahydrofiiran. The homogenized PIn-CSA composite is cast over the Pt 

disc electrode under ambient conditions and assembled in a homemade electrode body equipped with 

Ag/AgCl reference electrode. The ion sensor exhibits excellent response towards dopamine in presence 

of ascorbic acid over a wide concentration range. The sensor can be used for 1 month without any 

major drift in its sensitivity and limit of detection. 

INTRODUCTION 

The design of chemical sensors for selective detection of a specific analyte is a topic of 

considerable interest, due to their wide ranging application in the broad areas of chemistry and biology 

From the past few years, there has been a considerable effort in the development of voltammetric 

methods for the determination of DA and AA in biological samples1"8. The direct redox reactions of 

these species at bare electrodes are irreversible and therefore require high overpotentials9. Moreover, 

the direct redox reactions of these species at the bare electrodes take place at very similar potentials 

and often suffer from a pronounced fouling effect, which results in rather poor selectivity and 

reproducibility. Thus, to determine DA selectively in presence of AA has been a major goal of 

electroanalytical research. Many workers have utilized electropolymerized films of conducting 

polymers which are uniform and strongly adherent to the electrode surface. Conducting polymers, such 

as polyaniline, polypyrrole and poly (3-methylthiophene) have been reported for DA determination in 

an excess of AA9. The most extensively studied polymer for DA sensing is overoxidized 

polypyrrole10,11 and its derivatives12,13. 

The study of the electrochemical properties of conducting polymers containing nitrogen atoms 

such as polyaniline, polypyrrole, polycarbazole and their substituted derivatives14"16 has attracted 
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considerable attention since these materials can be utilized in interesting applications, such as 

electrochromic devices17, battery electrodes18 and chemical sensors15'18. 

However, in comparison to other conducting polymers mentioned above the study of 

polyindole and its derivatives has only scarcely been investigated19'20. This is because polyindole, 

which is mainly synthesized by chemical oxidation or electropolymerization of indole monomer, has 

low polymerization efficiency21,22. But this polymer and its derivatives appear to be good candidates 

for applications in various fields like electronics and electrocatalysis. 

We report here a new composite of polyindole with camphorsulphonic acid synthesized 

following chemical route and its application in the construction of dopamine sensor. This configuration 

showed advantage over similar sensors reported earlier based on the use of conducting polymer 

composites or a single conducting polymer sensing layer, which is directly in contact with transducer. 

The new dopamine ion sensor shows improved selectivity in the presence of 100 times more 

concentration of AA which has been one of the important requirements of such sensor for practical 

applications. 

EXPERIMENTAL 

Materials and Methods 

Indole and ammonium peroxodisulphate were obtained from Merck, India. Nafion®, a 5 wt. % 

solution in a mixture of lower aliphatic alcohols and 20% water was obtained from Aldrich. 

Camphorsulponic acid (CSA) was obtained from HiMedia, India. Ascorbic acid (AA) and Dopamine 

(DA) were purchased from Sigma Chemicals and used as received. All other chemicals used were of 

analytical grade. Aqueous solutions were prepared with double distilled water. Freshly prepared AA 

and DA were used for all experiments. All the experiments were performed at room temperature. 

Electrochemical experiments were performed on an Electrochemical Workstation Model 

CHI660B, CH Instruments Inc., TX, USA. Cyclic voltammetry of modified electrodes was performed 

with a working volume of 3 mL of 0.5 M sulphuric acid. An Ag/AgCl electrode (Orion, Beverly, MA, 

USA) and a platinum plate electrode served as reference and counter electrode, respectively. All 

potentials given below are relative to the Ag/AgCl reference electrodes. The working electrode in all 

the experiments was a modified platinum disc (2 mm diameter). The composite was cast over platinum 

electrode and cyclic voltammetry was carried out in 0.5 M H2SO4 for scan rates viz. 0.01, 0.02, 0.05, 

0.10, 0.20 and 0.50 Vs"1 to study the electrochemical behavior. The UV-vis spectra of chemically 

synthesized polyindole (Pin) and that of the composite were recorded by dissolving them in dimethyl 
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sulphoxide (DMSO) and tetrahydrofuran (THF) respectively using a Systronics UV-VIS Double Beam 

Spectrophotometer 2201. 

Synthesis of PIn-CSA Composite 

Polyindole was prepared by the oxidative polymerization of indole using ammonium 

peroxodisulphate as described earlier [30]. After purification of the polymer following washing and 

drying steps, the next stage was to mix the polymer with camphorsulphonic acid. Pin was mixed with 

CSA in a mortar pestle in an equimolar ratio. THF was added drop wise to dissolve Pin and CSA 

resulting into a dark brown coloured solution. This solution was stirred well and used for 

characterization as well as in the formation of composite films and sensor application. 

Construction of Modified Electrodes 

An aliquot of 3 \kL of the PIn-CSA solution in THF was cast over Pt disc electrode by solution 

casting method. After solvent evaporation, the composite film was dried in air for 12 hrs. 3 uL Nafion 

was added to this electrode in order to prepare a PIn-CSA-Nafion-modified electrode. The electrode 

was dried in air for 2 hrs. The dried electrodes were used for electrochemical investigations of DA and 

AA. 

Dopamine Voltammetry over Modified Electrodes 

The modified electrodes were used for voltammetric detection of DA and AA in 100 mM 

phosphate buffer (pH 7.4). The cyclic voltammograms were recorded before and after the addition of 

0.1 mM DA and 1 mM A A at the scan rate of 0.01 Vs"1 between the potential range of-0.2 to 0.6 V. 

Differential pulse voltammety (DPV) was performed over the modified electrodes to ascertain the limit 

of detection for DA sensing and sensitivity of the modified electrodes towards DA. DPV experiments 

were performed in a three electrode assembly from -0.2 V to 0.6 V with an amplitude of 0.05 V and 

pulse period of 0.2 s within a concentration range of 0.001 mM to 0.1 mM DA in presence of 1 mM 

AA in 100 mM phosphate buffer (pH 7.4). 

RESULTS AND DISCUSSION 

Cyclic Voltammetry of PIn-CSA Modified Electrode 

Cyclic voltammograms for PIn-CSA were recorded in 0.5 M H2SO4 by modifying Pt disk 

electrode at various scan rates viz. 0.01, 0.02, 0.05, 0.10, 0.20 and 0.50 Vs-1 as shown in Figure 1. In 
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both the cases the insets show the voltammograms obtained at 0.01 Vs-1. Pin showed anodic peaks 

(Epa) at 0.60 and 0.90 V, and cathodic peaks (Epe) at 0.41 and 0.77 V corresponding to change in the 

state of polymer. In PIn-CSA, again there are two redox couples with anodic peaks (Epa) at 0.58 V and 

0.84 V and cathodic peaks (Epe) at 0.34 and 0.74 V. But in this case there is a minor shift in the Epa 

and Epe values to the lower side. This indicates the formation of an electroactive composite of Pin 

with CSA. Also, it is quite clear that in PIn-CSA, the two redox couples can easily be distinguished 

even at higher scan rates indicating that the composite has retained its electroactive behaviour with 

respect to increasing scan rates. 

Figure 1. Cyclic voltammograms of (a) Pin and (b) PIn-CSA in 0.5 M H2S04 at different scan rates 

viz. 0.01, 0.02, 0.05, 0.10, 0.20 and 0.50 Vs-1 (curves from lower to higher scan rates). Insets show the 

voltammograms at 0.01 Vs- . 

UV-vis Studies 

Figure 2 shows the UV-vis spectra of Pin and PIn-CSA. Characteristic peaks of Pin are also 

observed at 320, 367 and 398 nm. The spectrum of the composite is similar to that of Pin, However, a 

broad hump was observed at higher wavelength due to interaction of CSA with polymer chains. 

Figure 2. UV-vis spectra of (a) Pin and (b) PIn-CSA. 
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Cyclic Voltammetry of Dopamine over modified electrode 

The response of DA along in presence of AA was investigated over Pt disc modified with Pln-

CSA-Nafion and the results are shown in Figure 3. Curve a shows the behavior of Pln-CSA-Nafion-

modified electrode. Curves b and с show the voltammograms after addition of 1 mM of AA and 0.1 

mM of DA, respectively. It was observed that the oxidation of AA was suppressed, whereas the 

oxidation of DA was favored over the modified electrode. This result confirmed the role of polymer in 

the selective sensing of DA in presence of AA. The selectivity of modified electrode towards DA is 

attributed to the presence of anionic groups of CSA in the polymer backbone resulting in 

permselectivity for the cations of DA. Also, Nafion, a cation-exchange polymer, whose films are 

highly permeable to cations but almost impermeable to anions, contributes to eliminate the interference 

of A A with DA detection. 

Figure. 3. Cyclic voltammogram of (a) Pt disc modified with PIn-CSA-Nafion film (b) + 0.1 mM AA 

(c) + 1 mM DA in 100 mM phosphate buffer (pH 7.4) at the scan rate of 0.01 Vs"1. 

Differential Pulse Voltammetry of Dopamine over modified electrode 

The differential pulse voltammetric (DPV) response of varying concentrations of DA was 

recorded over modified electrode in presence of 1 mM AA and is shown in Figure 4. Almost negligible 

response could be observed when 1 mM AA was added into the working medium i.e., phosphate buffer 

solution. Also, with an increase in DA concentration (represented by the double headed arrow c) the 

peak current for PIn-CSA-Nafion sites also increased. The inset shows the DPV response of 0.1 mM 

DA (curve c) in presence of 1 mM AA (curve b) over modified electrodes. It is clear that no oxidation 
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peak for AA is present in while a well resolved oxidation peak of DA at 100 times less concentration 

to that of AA occurs at 0.20 V, suggesting the selectivity towards DA over modified electrodes. 

The calibration curves for DA detection by DPV at the modified electrodes were constructed 

using average currents recorded at three individual films for each concentration point. Figure 6 shows 

the calibration curves for DA detection in presence of 1 mM AA for PIn-CSA-Nafion-modified 

electrode. The sensitivity towards DA sensing was found to be 25 + 0.007 μΑ per mM of DA 

concentration for the modified electrode. Further, the limit of detection for DA sensing was found to be 

1.5 μΜ. The enhanced sensitivity and improved linear response for DA detection of PIn-CSA-Nafion-

modified electrode proves its superiority over earlier work related to polyindole [5]. Such large 

amplification in DA sensing could be explained from following considerations. Nafion is also 

permselective for cations as PIn-CSA thus, the combination of selectivity of both facilitates the 

diffusion of DA cation into the polymer matrix. 

Figure 4. Differential pulse voltammograms of (a) GCE modified with PICA-Nafion film (b) + 1 mM 

AA (c) repeated additions of DA from 0.1 μΜ to 0.1 mM in presence of 1 mM AA in 100 mM 

phosphate buffer (pH 7.4). The inset shows DPV of (b) 1 mM AA (c) + 0.1 mM DA. 
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Figure 5. Calibration curve for the analysis of 0.1 μΜ to 0.1 mM DA over GCE modified with (a) 

PICA-Nafion (b) PICA-TCNQ-Nafion films. The inset shows the linear relationship between anodic 

current and concentration of DA. 

Lifetime and Stability 

The prepared electrode's analytical usefulness time was tested by measuring characteristic 

slopes i.e., sensitivity systematically, usually every 5 days. The drift in the limit of detection of the 

Pln-CSA-Nafion-modified electrode was also studied. This was found to be in the order of 3-4 μΜ in 

30 days. In addition a small drift in the sensitivity shows the potential application of the composite film 

for the construction of DA sensor suitable for practical application. The life time for a typical sensor is 

shown in Table I. 

Table I. Life time and drift in the response of a typical DA sensor 

Days Limit of Detection Sensitivity 

(μΜ) (μΑ/mM) 

"ì ì l 25.0 ±0.007 
10 1.9 23.8 ±0.009 

20 3.0 22.9 ±0.008 

30 4.8 21.6 ±0.007 
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CONCLUSIONS 

The present investigation relates to the electrochemical sensing of dopamine (DA) over 

processable polyindole-camphor sulphonic acid (PIn-CSA) composite. The composite was synthesized 

following facile chemical method and characterized using various tools for its structural and 

electrochemical properties. The processable electroactive composite was utilized for the construction 

of a highly sensitive, low cost, user friendly dopamine sensor using platinum disc electrode. The sensor 

depicted an excellent response for dopamine in a wide range of concentration from 5 μΜ to 0.1 M with 

high stability and reproducibility with negligible drift of the standard potential. The sensitivity was 

calculated to be 25 + 0.007 μΑ per mM of DA. Negligible interference was observed in presence of 

ascorbic acid (AA). The limit of detection for the DA sensor was found out to be 1.5 μΜ with a wide 

range of linearity. 
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