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Almost all processing of technologically important materials includes a process where 
liquid material is cooled to form a solid, called “solidification.” In order to form a solid 

from an undercooled melt, the formation of crystalline nuclei and growth of these 
nuclei to form a solid are necessary. The process of an atom jumping from the liquid 

to the solid is a diffusive jump with a driving force. The book Solidification is logically 
developed through a careful presentation of the relevant theories and models of 

solidification occurring in a variety of materials. Mathematicians, chemists, physicists, 
and engineers concerned with melting/freezing phenomena will also find this book to 

be valuable.
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Preface

In a solidification process, the material is first heated to melt and then is poured into a cavity of the
mold. When the molten metal is in the mold, it begins to cool. When the temperature drops below the
freezing point (melting point) of the material, solidification starts.

Solidification involves a change of phase of the material and differs depending on whether the mate‐
rial is a pure element or an alloy. A pure metal solidifies at a constant temperature, which is its melt‐
ing point (freezing point). For alloys, the solidification occurs over a temperature range depending
upon the composition.

Similar to the processing of metals and alloys, the thermoplastic processing depends critically on the
ability to melt and process them via different processes. Many polymers do not crystallize but solidi‐
fy when cooled.

Inorganic glasses do not crystallize simply. The melt is ever so often excessively viscous, and the dif‐
fusion is too slow for crystallization to advance during solidification.

The book Solidification is logically developed through a careful presentation of the relevant theories
and models of solidification occurring in a variety of materials. Mathematicians, chemists, physicists,
and engineers concerned with melting/freezing phenomena will also find this book to be valuable.

Section I: Effect of Microalloying Elements on the Heat Treatment Response and Tensile Proper‐
ties of Al-Si-Mg Alloys

Chapter 1 (M.F. Ibrahim, M.H. Abdelaziz, H.W. Doty, S. Valtierra, and F.H. Samuel) investigates the
effects of alloying elements and heat treatment conditions on the microstructure and mechanical be‐
havior of nonmodified and Sr-modified 356- and 357-type alloys by examining several factors.

Section II: Rapid Solidification of Undercooled Melts

In Chapter 2 (Xiaolong Xu, Hua Hou, and Feng Liu), the authors experimentally investigate the mi‐
crostructural evolution of the Ni-20at.%Cu alloys as a function of initial undercooling and the physi‐
cal mechanisms of the grain refinements occurring at low undercooling regimes. In combination with
the current dendrite growth model, they theoretically analyze the dendrite remelting in the under‐
cooled alloys by an extended chemical superheating model for nonequilibrium solidification of un‐
dercooled binary single-phase alloys.

Section III: Coupled Model of Precipitates and Microsegregation during Solidification

In order to understand precipitate behavior during the solidification process of microalloyed steel
containing rare-earth elements, thermodynamic calculation and equilibrium experiments were adopt‐
ed to simulate the solidification process. The experiments and analysis in Chapter 3 (Yandong Li,
Huamei Duan, and Cheng Peng) include FactSage calculations, equilibrium experiments, thermody‐
namic model establishment, precipitate prediction, and dynamic experiments.

Section IV: Physics of Solidification and Microstructure: A Study of AlMg and AlMgSi by Vortex
Method

Chapter 4 (S. Valdez Rodríguez, L. Martínez-Gómez, and M.I-Pech Canul). The microstructure charac‐
teristic is essential for the properties of metallic materials, including binary, ternary, or eutectic alloys.
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Consequently even with significant progress on microstructural evolution, numerous challenges still
exist for making the internal structure to act synergistically with matrix alloy chemical components.

In this chapter, the authors review the correlation between equilibrium and nonequilibrium effects,
surface energy, and chemical potential as the time of the structure formation is probably the key to
solidification that can help to predict the complex of microstructures.

For the case of multiphase solidification, AlMgSi alloy involves thousands of atoms, at the atomic
scale, that transit to microstructures, while the solid-liquid phase transformation occurs. The analysis
outlines the role of physic solidification and the atomic arrangement influencing mechanical hard‐
ness properties and degradation resistance.

Section V: Solidification versus Adsorption for Immobilization of Pollutants in Geopolymeric
Materials

In Chapter 5 (B. I. El-Eswed), the author reviews the latest development in the fields of immobiliza‐
tion of heavy metals, radio-actinides, dyes, and other hazardous wastes in geopolymeric materials.
Two techniques are investigated and compared: the first is solidification and the second is adsorp‐
tion. Geopolymer (GP), as host for solidification and as adsorbent for adsorption, is a class of amor‐
phous three-dimensional aluminosilicate binder material, produced by the reaction of an
aluminosilicate source (metakaolin or fly ash) with a highly concentrated aqueous alkali metal silicate
or hydroxide. The chapter reviews and evaluates solidification and adsorption of different kinds of
pollutants in GP matrix. The two techniques are compared regarding efficiency or capacity of GP,
reversibility of process, mechanism of adsorption or solidification, leaching of contaminants, stability
of the material, cost, energy, and environmental impact.

Section VI: The Application of Carbon Fiber Composites in Cryogenic Fuel Tanks

The applications of carbon fiber composites in liquid hydrogen (LH2) and liquid oxygen (LOX) fuel
tanks are introduced in Chapter 6 (H. Zheng, X. Zeng, J. Zhang, and H. Sun). The materials, process‐
ing, and design of DC-XA LH2 tank, X-33 LH2 tank, SLI LH2 tank, and CCTD program tank are dis‐
cussed. Lockheed Martin LOX tank and Space X Lox tank are introduced by the authors. Technology
development, materials development, and development trend of cryogenic fuel tanks are discussed.
Thin-ply hybrid laminates and out-of-autoclave tanks are projected for future space missions.

Section VII: Clathrate Hydrates

Chapter 7 (J. Lee and J. W. Kenney, III) In this chapter, a brief historical review of the formation,
structure, and uses of clathrate hydrates forms the backdrop for a discussion on modern scientific
investigations of these solids employing spectroscopy, structure determination methods, isotopic
studies, computational-theoretical modeling, and interrogations of guest-host interactions via special
guests. For example, the use of colored halogens in clathrate hydrate hosts enables UV-visible spec‐
troscopic methods to be employed to study the clathrate hydrate structure.

Prof. Dr. Alicia Esther Ares
Materials Institute of Misiones (CONICET–UNaM)

Posadas, Misiones, Argentina
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Abstract

This study was carried out on a series of heat-treatable Al-Si-Mg alloys to determine the 
effects of Fe, Mg, Sr and Be addition on their microstructural characteristics and tensile 
properties. The results showed that the eutectic temperature was reduced by 10°C with 
0.8 wt% Mg addition. The solidification curves and first derivatives of Sr-free alloys with 
high Fe and Mg contents revealed a peak at 611°C consequent to the formation of a script-
like Be-Fe (Al8Fe2BeSi) phase, which was very close to the peak for α-Al. The morphol-
ogy of the β-iron platelets underwent changes due to their dissolution, thinning, necking, 
and fragmentation with increase in solutionizing time. Increased Mg contents are ben-
eficial to the tensile properties unlike the detrimental effect of increasing Fe contents. 
Additions of Be and Sr noticeably improved the properties at the same Fe and/or Mg 
contents, the enhancements being markedly observed at higher Mg contents and reduced 
Fe levels. At high Fe levels, addition of Be is preferable as it neutralizes the deleterious 
effects of Fe in these alloys; however, addition of 500 ppm Be is inadequate for interacting 
with other alloying elements.

Keywords: aluminum alloys, Minitab, scattered plot, intermetallics, Si coarsening

1. Introduction

The main objectives of heat-treating cast Al-Si-Mg alloys include homogenization, stress relief,
improved dimensional stability, and optimization of the strength and ductility parameters.
The T6 heat-treated Al-Si-Mg alloys have an optimum combination of strength and ductility.

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The typical heat treatment specification of a T6 temper consists of solid solution treatment and 
quenching, followed by aging. The main effects of solution heat treatment are the dissolution 
of Mg2Si particles, the homogenization of the casting, and modification of the morphology of 
eutectic silicon through fragmentation and spheroidization at critical temperatures. The rec-
ommended solution temperature for 356 and 357 alloys is 540 ± 5°C [1, 2].

The purpose of quenching is to preserve the solid solution formed at the solution heat 
treatment temperature by rapid cooling to room temperature. The quenching medium and 
rate are the parameters which control the mechanical properties. The highest strength can 
be ensured when the material is subjected to a rapid quenching rate. Aging is the final 
stage of heat treatment in cast Al-Si-Mg alloys. The aging can be natural or artificial. Alloy 
mechanical properties depend on both aging temperature and time. The main objective of 
artificial aging is to heat the as-quenched castings to an intermediate temperature between 
150 and 200°C for 4–8 h in order to precipitate the excess solutes which were supersatu-
rated in α-Al during the solution heat treatment process. The improvement achieved in 
the mechanical properties during artificial aging is due to the precipitation of metastable 
phases from the supersaturated solution. Al-Si-Mg alloys fulfill the following precipitation 
sequence [3]:

SS → needle-shaped GP zones → rod-like β′ precipitates → platelets of Mg2Si.

For Al-Si-Mg alloys, the solubility of Mg and Si in the Al matrix decreases with temperature. 
In order to obtain a maximum concentration of Mg and Si particles in solid solution, the solu-
tion temperature should be close to the eutectic temperature. For the 356 and 357 alloys, the 
solution temperature is 540 ± 5°C. At this temperature, about 0.6% Mg can be placed in solid 
solution. The dissolution of Mg2Si into Mg and Si occurs in the two alloys at 475 and 540°C, 
respectively [4].

An investigation [5] was carried out on the effects of T6 and T4 tempers on the tensile proper-
ties of nonmodified and Sr-modified A356 alloys obtained from permanent mold and sand 
mold castings. The results showed that the yield strength is not appreciably influenced by the 
change in Si-particle characteristics. The ultimate tensile strength (UTS) and %El increases 
significantly with increase in the solution treatment time at 540°C. Also it was observed that 
upon modification with Sr the fracture mode changes from brittle to ductile especially in sand 
castings. Both non-modified and Sr-modified alloys obtained from permanent mold cast-
ing, however, showed ductile fracture mode. All the improvements in the tensile properties 
reported upon were related mainly to the changes which occurred in the Si particle aspect 
ratio and particle size during solution treatment.

Yoshida and Arrowood [6] studied the effects of varying the solutionizing parameters (time 
and temperature) of a T6 traditional treatment on the mechanical properties (i.e., hardness, 
ductility, and ultimate tensile strength) of Sr-modified and nonmodified permanent mold 
cast A356 alloys. The investigated solution treatment times were 2, 4, 8, 16, and 32 h, while 
the solution treatment temperatures were 520 and 540°C, where the aging treatment was kept 
unchanged at 160°C for 6.5 h. The highest hardness was obtained at the shortest solutionizing 
time of 2 h for both the unmodified and modified A356 alloy, while the highest ductility was 

Solidification2

not reached until the samples were solutionized for 8 h at the same temperature. A slight 
change in solutionizing temperature did not cause much variation in hardness, ductility, or 
UTS. It may also be concluded that the Sr-modified samples exhibit higher ductility than the 
unmodified ones under all the heat treatment conditions reported in this study.

A valuable study was carried out by Moustafa et al. [7, 8] on A413. 1 Al-Si eutectic alloys, 
where they reported that alloys with Mg contents suffered reduction in hardness, yield 
strength, and ultimate tensile strength values following the addition of Sr. They explained 
this observation in terms of retarded precipitation of Mg2Si particles during the aging 
treatment owing to longer incubation period preceding the commencement of precipita-
tion, irrespective to the solutionizing time [8, 9]. Also, alloying element additions of Mg 
and Be, resulted in improving the hardness and strength of the base alloy, especially 
in the T6 condition, where adding small amount of Be (∼0.02%) prevented Mg oxida-
tion (i.e., formation of MgO and MgAl2O4 (spinel)) during melting, so that the hardness 
increased slightly.

The main purpose of this study, on Al-Si-Mg type 356 and 357 casting alloys, is to inves-
tigate the effects of alloying elements and heat treatment conditions on the microstruc-
ture and mechanical behavior of nonmodified and Sr-modified 356- and 357-type alloys by 
examining the following factors:

1. The influence of alloying elements on the aging behavior of alloy castings investigated in 
relation to:

a.  Fe content, Sr-modification, grain refining, and addition of Mg and Be; and

b. Solution heat treatment and aging parameters.

2. Microstructural analysis of the precipitated phases during the solidification process.

3. Correlating the results obtained from the tensile testing with the microstructural analysis 
to determine the effects of each alloying element, intermetallic phase, changes in the mor-
phology, solutionizing parameter, and aging condition on the mechanical properties of the 
alloys investigated.

2. Experimental procedure

The chemical composition of the B356.2 alloy used in the present study is shown in Table 1. 
The Mg level of the alloy was increased by adding pure Mg to the alloy melts to obtain Mg 
levels of 0.4, 0.6, and 0.8 wt%. The Fe and Be were added in the form of Al-25% Fe and Al-5% 
Be master alloys, respectively, to the alloy melt to obtain Fe levels of 0.09, 0.2, and 0.6 wt% 
and a Be level of 0.05 wt%. The Sr and Ti were added in the form of Al-10% Sr and Al-5% Ti 
master alloys, for Sr-modification and grain refining purposes, respectively, to the alloy melts 
to obtain levels of 0.02 wt% Sr and 0.15 wt% Ti.
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The typical heat treatment specification of a T6 temper consists of solid solution treatment and 
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not reached until the samples were solutionized for 8 h at the same temperature. A slight 
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The Mg level of the alloy was increased by adding pure Mg to the alloy melts to obtain Mg 
levels of 0.4, 0.6, and 0.8 wt%. The Fe and Be were added in the form of Al-25% Fe and Al-5% 
Be master alloys, respectively, to the alloy melt to obtain Fe levels of 0.09, 0.2, and 0.6 wt% 
and a Be level of 0.05 wt%. The Sr and Ti were added in the form of Al-10% Sr and Al-5% Ti 
master alloys, for Sr-modification and grain refining purposes, respectively, to the alloy melts 
to obtain levels of 0.02 wt% Sr and 0.15 wt% Ti.
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An electrical resistance furnace with a 70-kg crucible capacity was used to prepare 60 kg of 
each alloy. The melt was kept at 750 ± 5°C as the melting temperature at which additions of 
magnesium, iron, beryllium, strontium, and titanium were made. These measured additions 
were added to the melt using a perforated graphite bell. Before casting, the melt was degassed 
using pure and dry argon for 20 min using a graphite impeller in order to clean the melt from 
hydrogen and inclusions. For the purposes of thermal analysis, one sample of each alloy com-
position was prepared using the arrangement shown in Figure 1; moreover, two samplings 
for chemical analysis were also taken from each melt, one before the start of casting and one 
at the end of casting.

The chemical analysis was carried out using arc spark spectroscopy at GM facilities in Milford, 
NH. The actual chemical composition of each of the alloys prepared is shown in Table 2, rep-
resenting average values taken over three spark measurements made for each chemical analy-
sis sample. The alloys A1 through C3B shown in the table represent 18 non-modified alloys 

AA alloy no.* Chemical composition (wt%)**

Si Fe Cu Mg Zn Al

B356.2 7.0 <0.06 <0.025 0.35 <0.001 Bal

*AA, aluminum association.
**Unlisted aluminum or impurities.

Table 1. Chemical composition of the B356.2 alloy (wt%) [8].

Figure 1. Schematic drawing showing the graphite mold used for thermal analysis.
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Alloy code Element concentration (wt%)

Si Fe Mg Cu Mn Ti Sr Be Al

A1* 7.02 0.101 0.376 0.050 0.010 0.143 0.001 — Bal.

B1 7.00 0.203 0.383 0.008 <0.001 0.151 0.001 — Bal.

C1 6.97 0.630 0.372 0.011 0.002 0.174 0.001 — Bal.

A2 6.99 0.113 0.590 0.042 0.008 0.164 0.001 — Bal.

B2 7.03 0.210 0.570 0.009 0.002 0.179 0.001 — Bal.

C2 6.88 0620 0.540 0.010 0.002 0.172 0.001 — Bal.

A3 7.08 0.123 0.760 0.034 0.007 0.192 0.002 — Bal.

B3 7.35 0.226 0.750 0.009 0.002 0.197 0.001 — Bal.

C3 7.07 0.630 0.750 0.010 0.003 0.183 0.002 — Bal.

A1B* 7.33 0.093 0.368 0.052 0.006 0.180 0.001 0.034 Bal.

B1B 6.61 0.197 0.474 0.011 <0.001 0.180 0.001 >0.036 Bal.

C1B 6.89 0.670 0.510 0.011 0.002 0.186 0.003 >0.036 Bal.

A2B 7.26 0.081 0.530 0.006 <0.001 0.173 0.001 >0.036 Bal.

B2B 6.60 0.184 0.710 0.007 <0.001 0.177 0.001 >0.036 Bal.

C2B 6.22 0.680 0.700 0.007 0.002 0.183 0.001 >0.036 Bal.

A3B 6.50 0.127 0.980 0.034 0.006 0.203 0.001 0.026 Bal.

B3B 6.38 0.196 0.960 0.009 0.001 0.210 0.001 >0.036 Bal.

C3B 5.96 0.560 0.920 0.009 0.003 0.221 0.002 >0.036 Bal.

A1S 7.06 0.103 0.338 0.046 0.010 0.139 0.016 — Bal.

B1S 7.18 0.217 0.354 0.014 0.002 0.165 0.019 — Bal.

C1S 7.18 0.660 0.349 0.007 0.002 0.172 0.017 — Bal.

A2S 7.07 0.105 0.520 0.033 0.002 0.156 0.018 — Bal.

B2S 7.26 0.217 0.530 0.009 0.001 0.169 0.015 — Bal.

C2S 7.17 0.640 0.530 0.008 0.002 0.154 0.017 — Bal.

A3S 7.98 0.101 0.820 0.035 0.002 0.152 0.013 — Bal.

B3S 7.26 0.185 0.730 0.030 0.002 0.171 0.009 — Bal.

C3S 6.84 0.710 0.860 0.034 0.005 0.169 0.006 — Bal.

A1BS 6.54 0.122 0.640 0.041 0.007 0.227 0.048 >0.036 Bal.

B1BS 6.12 0.190 0.491 0.009 <0.001 0.217 0.027 >0.036 Bal.

C1BS 7.78 0.810 0.530 0.084 0.012 0.210 0.016 >0.036 Bal.

A2BS 7.64 0.123 0.780 0.010 0.002 0.243 0.024 >0.036 Bal.

B2BS 5.93 0.194 0.730 0.007 <0.001 0.227 0.023 >0.036 Bal.

C2BS 7.06 0.670 0.710 0.007 0.002 0.222 0.022 >0.036 Bal.
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Alloy code Element concentration (wt%)

Si Fe Mg Cu Mn Ti Sr Be Al

A3BS 7.26 0.105 0.950 0.020 0.002 0.188 0.023 >0.036 Bal.

B3BS 6.33 0.194 0.950 0.021 0.002 0.189 0.017 >0.036 Bal.

C3BS 6.21 0.690 0.850 0.033 0.005 0.207 0.014 >0.036 Bal.

Table 2. Average chemical composition (wt%) of the alloys studied.

while their Sr-modified counterparts were coded A1S to C3BS, respectively. The Sr level 
ranged from 0 to 0.02 wt% in these alloys. The codes A, B, C, 1, 2, etc. are explained below.

A = 0.1% Fe, B = 0.2% Fe, C = 0.6% Fe, 1 = 0.4%Mg, 2 = 0.6% Mg, 3 = 0.75% Mg, S = Sr,*B = Be.

The various alloys were used to prepare castings from which test bars were obtained for ten-
sile testing purposes. With this aim in mind, the degassed molten metal was carefully poured 
into an ASTM B-108 permanent mold preheated to 450°C, to obtain castings for tensile testing. 
Figure 2a shows the actual casting obtained whereas Figure 2b shows the dimensions of the 
tensile bars.

Following casting in the ASTM B-108 permanent mold, the tensile bars were divided into 13 
different bundles (5 bars/bundle); each bundle was subjected to certain heat treatment con-
ditions as follows: 1 bundle was kept in the as-cast condition; 1 bundle was solution treated 
at 540°C for 5 h, then quenched in warm water at 65°C, and was kept in the as-solutionized 
condition; another bundle was kept also in the as-solutionized condition, however, after 
solutionizing for 12 h at 540°C followed by quenching in warm water at 65°C; 5 bundles 
were solution heat-treated at 540°C for 5 h, then quenched in warm water at 65°C followed 
by artificial aging at 160°C for 2, 4, 6, 8, and 12 h, respectively; the remaining 5 sets (bundles) 
were solution heat-treated at 540°C for 12 h, then quenched in warm water at 65°C followed 
by artificial aging at 160°C for 2, 4, 6, 8, and 12 h, respectively. The solution and aging 
heat-treatments were carried out in a forced-air Blue M electric furnace equipped with a 
programmable temperature controller, accurate to ±2°C. The aging delay was less than 10 s. 
For each individual heat treatment, five test bars were used.

For each condition, the test bars were pulled to fracture at room temperature at a strain rate 
of 4 × 10−4/s using an MTS Servohydraulic mechanical testing machine. During the course of 
the tensile test, an attachable strain-gauge extensometer was connected to the gauge section of 
the tensile bars to measure the percentage elongation. The reported tensile data were the per-
centage elongation to fracture (%EF), 0.2% offset yield strength, and ultimate tensile strength; 
these data were reported as the average values of five data sets obtained from pulling five 
bars per condition.

Samples for microstructural analysis were taken from both the tensile-tested bars ~10 mm 
below the fracture surface and the as-cast thermal analysis castings, which were sectioned 
to study each alloy condition, that is, for the tensile-tested bars, one sample was used in the 
as-cast condition, while the other two were solution heat-treated (540°C/5 h and 540°C/12 h) 
beside the as-cast thermal analysis sample. The microstructures of the polished sample  

Solidification6

surfaces were examined using an optical microscope linked to a Clemex image analysis sys-
tem, and a Hitachi S-4700 field emission scanning electron microscope (FE-SEM), equipped 
with a standard secondary electron detector (SE), a backscatter electron detector (BSD), and an 
energy dispersive X-ray spectrometer (EDS).

3. Results and discussion

3.1. Eutectic Si particles

Measurements of the dendrite arm spacing (DAS) showed that the DAS was about 24 μm 
in the as-cast tensile bars. The Si particle measurements for the A1 base alloy, containing 

Figure 2. (a) ASTM B-108 permanent mold used for casting tensile test bars and (b) dimensions of the tensile test bar 
(in mm).
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low levels of Mg and low Fe, and modified base alloy A1S, show that the Si particle area 
decreased from 28.4 to 0.67 μm2, the Si particle length decreased from 10.8 to 1.25 μm (as can 
be seen from Figure 3), the aspect ratio decreased from 3.78 to 1.84, while the roundness ratio 
increased from 18.9 to 50.3% upon addition of Sr to the A1 base alloy in the as-cast condition 
[9–14].

The addition of Be in alloy A1B1 resulted in reduced silicon particle area of 10.3 μm2, 
a reduced silicon particle length of 6.6 μm, a lower value of aspect ratio (2.73), and an 
increased roundness ratio up to a value of 35.7%. The mutual addition of Sr and Be 
(alloy A1BS) led to a reduction in silicon particle area (1.31 μm2), silicon particle length 
(1.84 μm), and the aspect ratio (1.94); however the roundness ration increased to 47.6%. 
By increasing the Fe and Mg content (alloy C3), the silicon particle area decreased to 
6.9 μm2, the silicon particle length and aspect ratio reduced to 6.44 μm and 3.01, respec-
tively, while the roundness ratio increased to 24.6%. The combined addition of strontium, 
beryllium, iron, and magnesium (alloy C3BS) reduced the silicon particle area to 1.53 μm2, 
the silicon particle length to 2 μm, the aspect ratio to 1.99 and increased the value of the 
roundness ratio to 46.7%. The aforementioned values of the silicon particle characteris-
tics highlight the modification effect of Sr and the partial modification effect of both Mg 
and Be. However, with increasing Fe levels it seems that most of the Be reacts with the 
Fe forming a Be-Fe phase (Al8Fe2BeSi). The results for the average Si particle length are 
summarized in Figure 3.
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Figure 3. Average length of eutectic silicon particles with different solution heat treatment conditions.
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Figure 4 shows the morphology of the eutectic Si particles in the A1 alloy, deeply etched in 
hydrofluoric acid (HF) solution. As can be seen in Figure 4a, the Si particles precipitated in 
the form of short platelets with sharp angles (white arrow). Solutionizing at 540°C resulted 
in fragmentation of the Si particles as demonstrated by the circled area in Figure 4b. As 
inferred from Figure 4c, there is a large difference in the particle sizes (see arrow) caused 
by dissolution of these particles in the aluminum matrix leading to coarsening of the other 
particles and hence the reported standard deviation (100%). Another observation that could 
be made from Figure 4c is that the new fragments of the Si platelets are still maintaining the 
platelet shape as shown by the more elongated particles in the figure. This process continued 
even after solutionizing for 400 h at 540°C as displayed in Figure 4d–f.

Figure 5 shows the microstructure of A1S alloy. As expected, addition of Sr 160 ppm resulted 
in changing the morphology of the Si particles to fibrous as displayed in Figure 5a. The micro-
structure of the A1S alloy following solutionizing at 540°C for 5 h is presented in Figure 5b. 
Three observations could be made from this figure:

i. Necking of the Si particles-solid arrow

ii. Dissolution of some particles in the matrix-broken arrow, in keeping with the: Ostwald 
ripening mechanism [15] (see Figure 6).

iii. Coarsening of other particles by collision.

Increasing the solutionizing time to 12 h at 540°C led to partial spheroidization as shown 
by the solid arrows in Figure 5c where the new particles are having multiple sides. The 
white area circled in Figure 5c points to particle collision. Figure 5d is an enlarged portion of 
Figure 5c showing the possibility of the fusion of some particles in the background to the left, 
leading to a coarser one. This process of coarsening was observed to continue up to 400 h at 
540°C, Figure 5d–f. It should be noted here that the Si particles are not spherical; rather, they 
possess multiple faces (Figure 5f).

3.2. Precipitation of Mg2Si

Samuel et al. [16] observed that any Sr-modified microstructure is clearly affected when mag-
nesium is present. Microstructural parameters as obtained from image analysis, such as silicon 
particle size and aspect ratio, were found to increase with an increasing Mg content, subse-
quently becoming increasingly inhomogeneous. The reason for the deterioration in modifica-
tion is believed to be the formation of intermetallic phases of the type Mg2SrAl4Si3, where the 
addition of Mg also lowers the eutectic temperature - the eutectic temperature decreases with 
increasing Mg content. It was also reported, however, that a magnesium content of ~1 wt% 
itself acts as a refiner for the eutectic silicon in unmodified Al-Si alloys.

Ibrahim et al. [17] showed that the addition of up to 0.5 wt% of Mg to molten 319 type alloys 
results in the formation of Mg2Si; the Mg-rich phase commonly exists as rounded black parti-
cles close to the eutectic silicon particles. It was also reported that the addition of Mg results in 
remarkable fragmentation/modification of the eutectic silicon particles as well as transforma-
tion of a large portion of the harmful needles of β-Al5FeSi Fe phase into the less detrimental 
Chinese script-like phase with a composition close to Al8Mg3FeSi6.
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nesium is present. Microstructural parameters as obtained from image analysis, such as silicon 
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tion is believed to be the formation of intermetallic phases of the type Mg2SrAl4Si3, where the 
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itself acts as a refiner for the eutectic silicon in unmodified Al-Si alloys.

Ibrahim et al. [17] showed that the addition of up to 0.5 wt% of Mg to molten 319 type alloys 
results in the formation of Mg2Si; the Mg-rich phase commonly exists as rounded black parti-
cles close to the eutectic silicon particles. It was also reported that the addition of Mg results in 
remarkable fragmentation/modification of the eutectic silicon particles as well as transforma-
tion of a large portion of the harmful needles of β-Al5FeSi Fe phase into the less detrimental 
Chinese script-like phase with a composition close to Al8Mg3FeSi6.

Effect of Microalloying Elements on the Heat Treatment Response and Tensile Properties...
http://dx.doi.org/10.5772/intechopen.70665

9



Figure 4. Variation in eutectic Si particles in A1 alloy as a function of heat treatment: (a) as cast, (b and c) after 5 h at 
540°C, (d) after 12 h at 540°C, (e) after 200 h at 540°C, and (f) after 400 h at 540°C. The white arrow in (f) reveals the 
dissolution of fine particles even after the long solutionizing time at 540°C.

Solidification10

Figure 5. Variation in eutectic Si particles in A1S alloy as a function of heat treatment: (a) as cast, (b) after 5 h at 540°C, 
(c and d) after 12 h at 540°C, and (e) after 200 h at 540°C, and (f) after 400 h at 540°C broken arrow in (b) points to the 
presence of very small Si particles, whereas the solid arrow in (e) indicates the complete fusion of a Si particle in a cluster 
of particles.
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The heat treatment for Al-Si-Mg alloy is T6 which consists of solution heat treatment and natu-
ral or artificial aging. A solution treatment between 400 and 560°C, results in the dissolution 
of the hardening phase (Mg2Si) in the aluminum matrix. However, the solutionizing tempera-
ture is limited by the eutectic phase melting temperature. The alloy thereafter is aged at low 
temperature (150–200°C) for precipitation of the hardening compounds which improves the 
mechanical properties of the aluminum matrix [18]. The primary purpose of the long solution 
treatment is to thermally alter silicon particle characteristics [19]. During T6 treatment, the Mg 
and Si which are in solid solution precipitate as Mg2Si during the aging treatment [13].

Figure 7a reveals the precipitation of Mg2Si in the form of Chinese script (black) fol-
lowing the formation of π-Al8Mg3FeSi6 in 356 alloy solidified at 0.8°C/s (A1 alloy). The 
identity of these two phases was confirmed from their corresponding EDS spectra shown 
in Figure 7b and c, respectively. The microstructure of the A1 alloy following solution-
izing at 540°C for 12 h is shown in Figure 8a, revealing the presence of scattered particles. 
These particles have been identified as Si particles [20]. Following aging at 160°C for 12 h 
resulted in the dense precipitation of Mg2Si particles in the form of short rods-Figure 8b. 
Obviously, the density of the Mg2Si precipitation is controlled by the amount of added 
Mg and the presence of Sr [21]. Another parameter to be considered during long soluti-
onizing times is the decomposition of the π-phase into the β-phase as demonstrated in 
Figure 9 [22].

3.2.1. Tensile properties

Tensile properties of reference alloys A1, A3, and C3 in the as-cast and different heat treat-
ment conditions applied are summarized in Table 3. In the as-cast samples, increasing Mg 
content from 0.4 wt% (base alloy A1) to 0.8 wt% (alloy A3) resulted in slightly increasing the 
strength due to the partial modification effect of Mg as well as the transformation of β-phase 
to π-phase, that is, most of the Fe-intermetallic phases precipitated in the form of the π-phase 
in spite of the low Fe content (0.09 wt%), whereas increasing the Fe level up to 0.6 wt% in the 
high Mg-containing alloy A3 i.e. alloy C3 resulted in decreasing the UTS somewhat, because 
of the growing formation of Fe-intermetallic phases. For the three reference alloys, percent 
elongation was decreased.

Figure 6. Schematic diagram showing coarsening of Si particles according to Ostwald ripening mechanism [15].

Solidification12

Applying 5 h solution heat treatment at 540°C appeared in a noticeable increase in the ulti-
mate strength (UTS) values, (59 MPa) for alloys A1 and A3, and (39 MPa) for alloy C3, due 
to the fragmentation and spheroidization of Si particles and spheroidization of undissolved 
π-phases as well as dissolving of Mg2Si in the matrix and the decomposition of the π-phase 
to β-phase which further fragmented during solution heat treatment, thereby improving the 
tensile properties. For both solutionizing times, the elongation values obtained were two 
times or more higher than those observed in the as-cast condition for alloys A1, A3, and C3, 
indicating improved ductility of the solution heat-treated samples. Similar results regarding 
the addition of alloying elements and solution heat treatment parameters have been reported 
in a number of studies [23–30].

The tensile data of the 31 alloys used in the present work was classified into 4 series:

1. Fe-Mg series.

2. Fe-Mg-Be series.

3. Fe-Mg-Be-Sr series.

4. Fe-Mg-Sr series.

Figure 7. Precipitation of Mg2Si and π-Fe in 356 alloy solidified at 0.8°C/s: (a) backscattered electron image, (b) EDS 
spectrum corresponding to Mg2Si phase, and (c) EDS spectrum corresponding to π-phase.
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Figure 8. Backscattered electron images of the precipitation observed in A1 alloy tensile bars: (a) T4 condition and (b) 
T6 condition.

Solidification14

The data was then treated using Minitab software and is presented in Figures 10–12.

Based upon the results presented in these figures, the following observations may be noted:

1. In the as-cast condition, increasing the Mg content leads to further transformation of the 
β-phase platelets to a Chinese script π-phase, regardless of the Fe content, thereby decreas-
ing the harmful effect of the β-phase.

2. Increasing the solution heat treatment time leads to further decomposition of the π-phase, 
fragmentation of the β-phase, and spheroidization of the eutectic Si, resulting in an im-
provement in the alloy tensile properties.

Figure 9. Decomposition of π-phase to β-phase during solutionizing at 540°C for 12 h [22].
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3. Increasing the Fe level decreases the alloy ductility values, whereas the addition of Mg 
increases the % EF-values.

4. Introducing Be, Sr, or both, improves the alloy strength to some extent, regardless of the 
levels of Fe and Mg present.

5. Increasing solution treatment time from 5 to 12 h enhances the UTS and YS values.

6. Increasing the Mg-content results in improving the tensile properties; however increasing 
the iron levels markedly deteriorates these properties.

7. Additions of Be and Sr noticeably improves the mechanical properties of the alloys with 
the same Fe and/or Mg contents; however, these enhancements in mechanical properties 
are markedly observed at higher Mg contents and reduced levels of Fe.

Alloy code Property As-cast SHT
5 h

Aging time (h)—SHT 5 h

2 4 6 8 12

A1 UTS (MPa) 204 262 342 358 361 354 360

YS (MPa) 97 116 237 267 277 282 292

El (%) 6.5 15.9 10 8.7 8.1 6.2 6.5

A3 UTS (MPa) 204 263 343 358 381 383 386

YS (MPa) 114 141 254 292 330 333 347

El (%) 3.4 7.2 5.96 4.3 3.1 2.8 2.0

C3 UTS (MPa) 201 239 320 328 366 366 360

YS (MPa) 116 135 270 297 345 350 357

El (%) 2.6 4.8 1.7 1.0 1.0 0.9 0.7

Alloy code Property As-cast SHT
12 h

Aging time (h)—SHT 12 h

2 4 6 8 12

A1 UTS (MPa) 204 255 340 358 360 362 362

YS (MPa) 97 107 229 273 284 274 280

El (%) 6.5 17.6 12.3 10 8.7 9.5 8.5

A3 UTS (MPa) 204 287 351 368 382 382 384

YS (MPa) 114 154 266 295 321 336 353

El (%) 3.4 9.7 6.5 3.6 4.0 2.7 2.0

C3 UTS (MPa) 201 250 317 334 367 365 364

YS (MPa) 116 152 294 301 317 326 327

El (%) 2.6 4.3 1.0 1.0 0.9 0.7 0.7

Table 3. Tensile properties of reference alloys A1, A3, and C3 in the as-cast and heat-treated conditions.
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3. Increasing the Fe level decreases the alloy ductility values, whereas the addition of Mg 
increases the % EF-values.

4. Introducing Be, Sr, or both, improves the alloy strength to some extent, regardless of the 
levels of Fe and Mg present.

5. Increasing solution treatment time from 5 to 12 h enhances the UTS and YS values.

6. Increasing the Mg-content results in improving the tensile properties; however increasing 
the iron levels markedly deteriorates these properties.

7. Additions of Be and Sr noticeably improves the mechanical properties of the alloys with 
the same Fe and/or Mg contents; however, these enhancements in mechanical properties 
are markedly observed at higher Mg contents and reduced levels of Fe.
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2 4 6 8 12
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Figure 11. Variation in the YS values as a function of alloying elements.
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Figure 12. Variation in the % elongation to fracture (EF) values as a function of alloying elements.
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Figure 13. The 3D scattered plot of UTS versus %EF versus aging time: (a) base alloy, (b) all alloys in the T6 condition 
following solutionizing for 5 h at 540°C, and (c) all alloys in the T6 condition following solutionizing for 12 h at 540°C. The 
black arrows indicate the major axis of the oval circles.

Solidification18

It is evident from Figure 13a that Fe is the major element in determining the alloy perfor-
mance. Introduction of Sr or Be or both would help in minimizing the harmful effect of Fe 
but to a limited extent. Increasing the solutionizing time to 12 h improved the alloy ductility 
due to coarsening of the eutectic Si particles. Figure 13b shows the UTS values of all the 36 
alloys used in the present study for a solutionizing time of 5 h. It is clear that most of the T6 
values are falling within a narrow zone represented by the oval circle moving the major axis 
to somewhat higher UTS levels with an increase in the UTS range (arrows). With increase 
in the solutionizing time from 5 to 12 h (Figure 13c), the width of the oval circle increased, 
accompanied by a slight drop in the major axis direction to lower UTS levels.

4. Concluding remarks

The present work was carried out on a series of heat-treatable aluminum-based aeronautical 
alloys containing various amounts of magnesium (Mg), iron (Fe), strontium (Sr), and beryl-
lium (Be). From an analysis of the results obtained, the following concluding remarks may 
be made.

1. The addition of beryllium produces partial modification of the eutectic silicon particles in 
a manner similar to that reported for the addition of magnesium. The eutectic temperature 
was reduced by 10°C as a result of the addition of 0.8 wt% Mg. The solidification curves 
and their derivatives of Sr-free alloys with high Fe and Mg contents showed that there was 
a peak at 611°C consequent to the formation of a Be-Fe (Al8Fe2BeSi) phase, this peak was 
very close to the peak corresponding to the formation of α-Al. The morphology of the Be-
Fe phase was recognized to be a script-like one.

2. Increasing the duration of solution heat treatment enhances the tensile properties of the al-
loys through the decomposition of the π-iron phase into the β-iron phase, fragmentation of 
the β-phase, and change in the geometry of both π-phase and silicon particles (i.e., spheroidi-
zation). Two mechanisms of eutectic Si particle coarsening during solution heat treatment 
were observed to occur: (1) Ostwald ripening in the solution and (2) clustering/collisions of 
the Si particles. Coarsening increases with increased solution heat treatment time.

3. Higher Mg contents are believed to be beneficial to the tensile properties (i.e., ductility, 
ultimate tensile strength, and yield strength) in that they oppose the detrimental effect of 
increasing the Fe content on the same tensile properties. Additions of Be and Sr noticeably 
improve the mechanical properties of the alloys with the same Fe and/or Mg contents; 
however, these enhancements in mechanical properties are markedly observed at higher 
Mg contents and reduced levels of Fe. In the case of high levels of Fe, addition of Be is pref-
erable because it neutralizes the deleterious effects of Fe phases in cast aluminum-silicon 
alloys; though adding 500 ppm of Be, in case of high Fe contents, is inadequate to interact 
with other alloying elements. During the melting process, the possible existence of a Be-
Sr phase (probably SrBe3O4) is believed to consume some of the Be content in the alloy, 
leading to both reduction in the free Be content as well as the alloy mechanical properties.
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Figure 12. Variation in the % elongation to fracture (EF) values as a function of alloying elements.
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Figure 13. The 3D scattered plot of UTS versus %EF versus aging time: (a) base alloy, (b) all alloys in the T6 condition 
following solutionizing for 5 h at 540°C, and (c) all alloys in the T6 condition following solutionizing for 12 h at 540°C. The 
black arrows indicate the major axis of the oval circles.

Solidification18

It is evident from Figure 13a that Fe is the major element in determining the alloy perfor-
mance. Introduction of Sr or Be or both would help in minimizing the harmful effect of Fe 
but to a limited extent. Increasing the solutionizing time to 12 h improved the alloy ductility 
due to coarsening of the eutectic Si particles. Figure 13b shows the UTS values of all the 36 
alloys used in the present study for a solutionizing time of 5 h. It is clear that most of the T6 
values are falling within a narrow zone represented by the oval circle moving the major axis 
to somewhat higher UTS levels with an increase in the UTS range (arrows). With increase 
in the solutionizing time from 5 to 12 h (Figure 13c), the width of the oval circle increased, 
accompanied by a slight drop in the major axis direction to lower UTS levels.

4. Concluding remarks

The present work was carried out on a series of heat-treatable aluminum-based aeronautical 
alloys containing various amounts of magnesium (Mg), iron (Fe), strontium (Sr), and beryl-
lium (Be). From an analysis of the results obtained, the following concluding remarks may 
be made.

1. The addition of beryllium produces partial modification of the eutectic silicon particles in 
a manner similar to that reported for the addition of magnesium. The eutectic temperature 
was reduced by 10°C as a result of the addition of 0.8 wt% Mg. The solidification curves 
and their derivatives of Sr-free alloys with high Fe and Mg contents showed that there was 
a peak at 611°C consequent to the formation of a Be-Fe (Al8Fe2BeSi) phase, this peak was 
very close to the peak corresponding to the formation of α-Al. The morphology of the Be-
Fe phase was recognized to be a script-like one.

2. Increasing the duration of solution heat treatment enhances the tensile properties of the al-
loys through the decomposition of the π-iron phase into the β-iron phase, fragmentation of 
the β-phase, and change in the geometry of both π-phase and silicon particles (i.e., spheroidi-
zation). Two mechanisms of eutectic Si particle coarsening during solution heat treatment 
were observed to occur: (1) Ostwald ripening in the solution and (2) clustering/collisions of 
the Si particles. Coarsening increases with increased solution heat treatment time.

3. Higher Mg contents are believed to be beneficial to the tensile properties (i.e., ductility, 
ultimate tensile strength, and yield strength) in that they oppose the detrimental effect of 
increasing the Fe content on the same tensile properties. Additions of Be and Sr noticeably 
improve the mechanical properties of the alloys with the same Fe and/or Mg contents; 
however, these enhancements in mechanical properties are markedly observed at higher 
Mg contents and reduced levels of Fe. In the case of high levels of Fe, addition of Be is pref-
erable because it neutralizes the deleterious effects of Fe phases in cast aluminum-silicon 
alloys; though adding 500 ppm of Be, in case of high Fe contents, is inadequate to interact 
with other alloying elements. During the melting process, the possible existence of a Be-
Sr phase (probably SrBe3O4) is believed to consume some of the Be content in the alloy, 
leading to both reduction in the free Be content as well as the alloy mechanical properties.
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4. The alloy tensile properties are highly affected by varying the solutionizing and aging 
treatments times. In the 356 base alloy, the main strengthening effects were confirmed to 
be related to the formation of Mg2Si precipitates. The improvements in the yield strength 
values are attributed to higher Mg contents, lower levels of Fe, addition of Be, Sr-modifi-
cation, and solutionizing and aging times. Such enhancements in yield strength values are 
of  great importance to the aeronautical industry because the design considerations in that 
field are mainly influenced by the yield strength.
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Abstract

Rapid solidification and microstructure evolution of deeply undercooled bulk concen-
trated Ni-20%at.Cu and Co-20%at.Pd alloys are strictly and systematically evaluated.
First, thermodynamics of the undercooled melt is discussed. Consideration is provided
for not only the systematic microstructure evolution within a broad undercooling range,
but also the dendrite growth mechanism and the rapid solidification characteristics. The
dendrite growth in the bulk undercooled melts was captured by a high speed camera.
The first kind of grain refinement occurring in the low undercooling regimes was
explained by a current grain refinement model. Besides for the dendrite melting mech-
anism, the stress originating from the solidification contraction and thermal strain in the
first mushy zone during rapid solidification could be a main mechanism causing the
second kind of grain refinement above the critical undercooling. This internal-stress led
to the distortion and breakup of the primary dendrites and was semi-quantitatively
described by a corrected stress accumulation model. It was found that the stress induced
recrystallization could make the primary microstructures refine substantially after
recalescence.

Keywords: rapid solidification, undercooling, grain refinement, alloys, stress,
recrystallization

1. Introduction

Grain refinement is an interesting phenomenon that has an important scientific significance
and has been numerously investigated [1–22]. In order to understand of grain refinement
phenomenon better, numerous studies have been extensively executed and many different
grain refinement mechanisms were suggested separately, such as dynamic nucleation [1],
critical growth velocity [5, 6], kinetics induced growth instabilities [2–4], dendrite fragmenta-
tion [7, 9], dendrite remelting and [8, 9] recrystallization [7]. In 1959, Walker [1–8] had been
firstly investigated the grain refinement event occurring in the rapid solidification of deeply
undercooled pure Nickel melt. He found that the grain size would abruptly refine when the
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initial undercooling ΔT prior to nucleation exceeded a critical value. Thereafter, Powell [5] also
found the existence of a critical undercooling when he investigated the microstructural evolu-
tion of Ag, Cu and Ni based alloys as a function of undercooling. Powell suggested that the
recrystallization process during recalescence and post-recalescence periods would be respon-
sible for the grain refinement at high undercooling ranges [5]. Herlach [6] measured the
dendrite growth velocity in many undercooled melts, and he found that critical undercooling
was correlated to a critical crystal growth velocity, which was about 20 m/s and was the solute
diffusion velocity VD in the undercooled melts. In the recent years, grain refinement occurring
at undercoolings much lower than ΔT* has attracted much attention [10–12]. During the post-
recalescence period, the uniformly massive dendrite breakup will occur though the dendrite
remelting. Karma [8] has proposed a physical mechanism which suggests that the break-up of
dendrites due to remelting brings about the grain refinement both at low and high
undercooling regimes. However, this model only considered the remelting due to liquid/solid
interface tension, ignoring the effect of the chemical superheating [9] during recalescence,
which may also play a much more important role in the dendrite remelting, and has a stronger
influence on the final grain morphology. It is the main subject of the present paper to extend
the current chemical superheating model to non-equilibrium solidification conditions and fully
explain the dendrite remelting mechanism of the grain refinement events.

In the present study, we choose Ni-20at.%Cu alloy and Co-20at.%Pd alloy. The authors exper-
imentally investigated the microstructural evolution of the Ni-20at.%Cu alloys as a function of
initial undercooling and the physical mechanisms of the grain refinements occurring at low
undercooling regimes. In combination with the current dendrite growth model, we theoreti-
cally analyzed the dendrite remelting in the undercooled alloys by an extended chemical
superheating model for non-equilibrium solidification of undercooled binary single phase
alloys.

2. Material and methods

Ni-20at.%Cu (atomic percent) alloy and Co-20at.%Pd (atomic percent) alloy samples each
weighing about 3 g, were prepared by in situ melting pure Ni pieces (99.95% purity) and pure
Cu pieces (99.9 wt.% purity), pure Co pieces (99.99% purity) and pure Pd pieces (99.99 wt.%
purity), under the protection of argon (Ar) atmosphere in a vacuum chamber. Before melting, the
surfaces of the metals were cleaned and grinded off mechanically to remove the surface oxide
layer and were etched chemically in HCl solution diluted by alcohol. A high purity quartz
crucible containing the alloy specimen was placed in the center of an induction coil. The melting
process was conducted in the vacuum chamber. Undercooling experiment was executed by
using of fluxing liquid and high frequency induction heating and thermal cycle under the
protection of argon atmosphere. The vacuum chamber was evacuated and subsequently back-
filled with 99.99% argon gas. Each sample was melted, superheated, solidified and subsequently
remelted in superheating–cooling cycles to obtain various undercoolings. For each of the
alloys, 20–30 undercoolings were made and a natural cooling rate of 20 K/s IS applied in
these experiments. After the high frequency power source was turned off, the alloy sample
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was spontaneously cooled to room temperature, while the cooling curve of the specimen was
monitored by an infrared pyrometer with an accuracy of 5 K and a response time of 10 ms.

3. Solidification process

In the present study, we used a high speed camera to capture the solidification process, i.e., to
capture the heat releasing process upon solidification. It can be seen from Figure 1 that for
ΔT = 95 K (95�C), 160 K (160�C), 200 K (200�C) and 270 K (270�C), the nucleation of the
undercooled melts all started from the interface between the B2O3 glass and the undercooled
melt. However, for a higher enough undercooling, ΔT = 320 K (320�C), the start stage of heat
releasing process was between the walls of the quartz crucible and the undercooled melts. It is
generally considered that the higher of the extent of purification of an undercooled melt, the
higher undercooling could be achieved. In addition, the impurities are mainly in the B2O3 melt
and the interface between B2O3 melt and the undercooled melt. The present experiment
phenomenon proves that the instabilities of the undercooled melts (i.e., nucleation) with
ΔT = 95 K (95�C), 160 K (160�C), 200 K (200�C) and 270 K (270�C) are mainly due to the
impurities absorbed in the interface between the B2O3 melt and the undercooled melt. How-
ever, for the higher undercooled alloy ΔT = 320 K (320�C), the impurities are rather less and the
instabilities of the undercooled melt was in the interface between the quartz crucible and the

Figure 1. The high-speed video pictures of the undercooled Ni-20at.%Cu different undercoolings.
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undercooled melt. Besides, it can be seen that multiple nucleation of solidification occurred.
During rapid solidification of the undercooled melts, such as 95 K (95�C) and 160 K (160�C), it
can be seen that the coarse primary dendrites are growing towards the undercooled residual
melt. However, at high undercoolings such as 200 K (200�C), 270 K (270�C) and 320 K (320�C),
much finer dendrites are growing into the melts. Thus, it can be concluded that the higher the
undercooling of the melt, the finer the growing dendrites would be.

4. Dendrite growth analysis

Firstly, we need to use the BCT model by Boettinger, Coriell and Trividi [13] to calculate the
solidification parameters. According to the models, the initial undercooling ΔT at the dendrite
tip consists of four parts,

ΔT ¼ ΔTr þ ΔTc þ ΔTk þ ΔTt (1)

where ΔTr, ΔTk, ΔTc, and ΔTt are the thermal undercooling, solutal undercooling, curvature
undercooling and interfacial kinetic undercooling, respectively. Details of the BCT model are
referred to Ref. [13].

Using the physical parameters of the Ni-20at.%Cu alloy listed in Table 1, the undercooling
components, the crystal growth velocity and the tip radius at the growing dendrite tip, can be
calculated. The results are illustrated in Figures 2 and 3. It should be clarified that the table is
original and we are using only data from Ref. [11].

It is well known that [13–15], in a single phase alloy, the condition of diffusional equilibrium is
gradually becoming less important with the increase of solidification velocity and undercooling
in front of the dendrite tip. Therefore, solute rejection is reduced and solutal undercooling
decreases as the interface concentration approaches the melt composition. This ultimately causes
partitionless solidification, which is solely controlled by thermal gradient. For Ni-20at.%Cu
alloys (Figure 2), when the initial undercooling ΔT < 35 K (35�C), the solute undercooling ΔTc is
larger than those of other undercooling components, so the dendrite growth in the undercooled
melt is mainly controlled by the solute diffusion in front of the dendrite tip and the crystal
growth velocity is very low, therefore, coarse dendrites can be resultant. As the undercooling
continuously increases, the effect of thermal diffusion on the dendrite growth becomes strong. In
the undercooling range of about 35 K (35�C) < ΔT < 65 K (65�C), ΔTt starts to exceed ΔTc, which
reaches a maximum at ΔT = 55 K (55�C) where the dendrite tip also reaches its maximum and is
the most unstable due to the maximum solute undercooling. In this undercooling range, the
action of solute undercooling ΔTc and thermal undercooling ΔTt is on the same level. When
ΔT > 70 K (70�C), ΔTt increases rapidly and exceeds ΔTc substantially, the dendrite tip radius
accordingly decreases (Figure 3) and the crystal growth rate V increases rapidly (Figure 3). The
increasing action of thermal diffusion results in directionality of dendrites. Solute diffusion is
replaced by the thermal diffusion to predominantly control the dendrite growth process, which
indicates a transition from the equilibrium of a solidification controlled by the solutal gradient
to a thermally controlled growth process owing to a relaxation of diffusional equilibrium at the
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Figure 2. The undercooling constituents as a function of initial undercoolings for Ni-20at.%Cu alloys.

Parameters Value of Ni-20at.%Cu alloys

Heat of fusion ΔHf/kJ mol�1 17,160

Specific heat of the liquid Cp/J
�1 mol�1 K�1 38.5

Dynamic viscosity of the liquid μ/Pas 10�3

Molar volume of the liquid VL
m/m

3 mol�1 8.06 � 10�6

Molar volume of the solid VS
m/m

3 mol�1 7.08 � 10�6

Liquidus TL/K 1680 K (1407�C)

Solute diffusivity in the liquid DL/m
2 s�1 3 � 10�9

Thermal diffusivity αL/m
2 s�1 7 � 10�6

Atomic space a0/m 4 � 10�10

Interfacial energy σS,L/J m
�2 0.29

Speed of sound in the melt V0/m s�1 4000

Equilibrium liquidus slope mL/K (at%)�1 �2.525

Equilibrium solute partition coefficient k0 0.724

Solidification time tf/s 0.1

Size of the mushy zone a/m 0.01

Gibbs–Thomson coefficient Γ 3.25 � 10�7

Solid fraction at the dendrite coherency point fS
coh 0.15

Solidification shrinkage of the primary phase β 0.1215

Atomic diffusive speed VD/m s�1 20

Table 1. Physical parameters used in the calculation [9].
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solid/liquid interface. Therefore, the higher the initial undercooling and the thermal undercooling,
the more convenient it becomes for dissipating of the latent heat at the dendrite tip during the
crystal growth.

5. Structure evolution of undercooled alloys

As the increasing of undercooling, the Ni-20%at.Cu alloys undergo two kinds of grain
refinements: one taking place at low undercoolings, and the other occurring at high
undercoolings. The grain sizes and the corresponding typical microstructures at various
undercoolings are shown in Figure 4. Pioneer investigations [1–11] have shown that as the
initial undercooling increases, the microstructures of the deeply undercooled binary single
phase solid solution alloys evolves as: coarse dendrites ! fine equiaxed grains !coarse
dendrites plus fine equiaxed grains ! fine equiaxed grains. In the present investigation, we
found that the microstructural evolution of the deeply undercooled Ni-20%at.Cu alloys was
basically follows the above law. Subjected to small undercoolings, e.g., at ΔT < ΔT1 = 45 K,
the solidification microstructures were coarse dendrites (Figure 4a and b) with highly devel-
oped secondary dendritic arms. As increasing ΔT, coarse dendrites gradually refined into
granular grains by remelting. For the samples nucleated at undercooling about ΔT1 �
ΔT2 = 90 K, the overall solidification microstructures are occupied by fine grains (Figure 4c)
with a few dendrite skeletons, as shown in the black ellipse marked in Figure 4c. A further
increase of the undercooling leads to the rising of the grain size again. When ΔT > ΔT3 = 110 K,
much finer dendrite beams form because of that the controlling mechanism of dendrite

Figure 3. The variation of dendrite tip radius and growth velocity as a function of initial undercoolings for Ni-20at.%Cu
alloys.
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Figure 4. As-solidified microstructures of Ni-20at.%Cu alloy at small undercoolings: (a) ΔT = 17 K; (b) ΔT = 30 K;
(c) ΔT = 72 K; (d) ΔT = 107 K; (e) ΔT = 158 K; (f) ΔT = 170 K; (g) ΔT = 182 K; (h) ΔT = 261 K.

Rapid Solidification of Undercooled Melts
http://dx.doi.org/10.5772/intechopen.70666

29



solid/liquid interface. Therefore, the higher the initial undercooling and the thermal undercooling,
the more convenient it becomes for dissipating of the latent heat at the dendrite tip during the
crystal growth.
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the solidification microstructures were coarse dendrites (Figure 4a and b) with highly devel-
oped secondary dendritic arms. As increasing ΔT, coarse dendrites gradually refined into
granular grains by remelting. For the samples nucleated at undercooling about ΔT1 �
ΔT2 = 90 K, the overall solidification microstructures are occupied by fine grains (Figure 4c)
with a few dendrite skeletons, as shown in the black ellipse marked in Figure 4c. A further
increase of the undercooling leads to the rising of the grain size again. When ΔT > ΔT3 = 110 K,
much finer dendrite beams form because of that the controlling mechanism of dendrite
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growth has transformed from solute diffusion to thermal diffusion in the melt ahead of the
dendrite tip. Here, ΔT3 is defined as the characteristic undercooling at which there are no
obvious dendrite fragments in the microstructures, and only large dendritic crystals are
found (Figure 4d and e). At undercoolings larger than the critical value ΔT* = 170 K, the
overall microstructures are refined again (Figure 4f and g). As ΔT exceeds 182 K, the
microstructures consist of completely fine equiaxed grains and there are many twins in the
grains, see the black circles in Figure 4h. The formation of annealing twins in fcc metals and
alloys are due to the growth accidents on {1 1 1} propagating steps present on migrating
grain boundaries. As a result of the accidents, Shockley partial dislocations are generated
contiguously to boundaries. These partial dislocations repel each other and glide away from
the boundary to produce a twin.

When an alloy melt solidifies at a small undercooling, e.g., ΔT = 50 K in the case of
undercooled Co-20%at.Pd, the advancement of solid/liquid (S/L) interface is controlled by
solute diffusion ahead of the S/L interface. Solidification of the melt proceeds rather slowly
and results in the formation of well-developed dendritic microstructures (see Figure 5a).
With increasing undercooling, a grain refinement event is observed in the undercooled Co-
20%at.Pd alloy at 50–265 K. The first grain refinement in an undercooled single phase alloy is
generally believed to be caused by the remelting effect during the post-recalescence period.
When ΔT reaches the range of 265–280 K, which is above the hypercooling limit, due to a
zero remelting effect, the dendrite trunks cannot be remelted and therefore can be preserved
in the solidification microstructure, leading to the presence of the elongated grained struc-
ture. The appearance of elongated grained structure in the hypercooled Co-20%at.Pd alloy is
apparently ascribed to the vanished remelting effect in the post-recalescence period. As ΔT is
higher than 280 K, the second grain refinement event occurs. The equiaxed grains with rather
straight grain boundaries (see Figure 5e and f) strongly suggest that the formation of the
solidification microstructure is due to recrystallization. The recrystallized microstructures in
hypercooled alloys have been observed by Willnecker et al. in Co-20%at.Pd alloy and by Lu
et al. in Ni75Pd25 alloy [12, 14]. In the present work, the occurrence of recrystallization in the
hypercooled Co-20%at.Pd alloy with ΔT = 280 K was considered to be induced by the
accumulation of internal strain/stress caused by the dramatic shrinkage stress resulting from
rapid solidification. For rapid solidification taking place at a rather high undercooling, the
advance of the solid/liquid interface proceeds extremely fast. As a consequence, a large
volume contraction owing to rapid solidification will cause a high shrinkage stress develop-
ing in the system.

Three typical temperature profiles corresponding to the solidification of Co-20%at.Pd alloy
melts in different undercooling regimes are shown in Figure 6. It was found that when
ΔT = 265 K, the post-recalescence period presents in the temperature profiles, as seen in the
plateau marked by the plateau duration time (Δtpl) in Figure 3a. The plateau duration time Δtpl
is the time required for the residual liquid to transform into solid after recalescence. Δtpl can be
obtained by subtracting the time point of recalescence from the time point at which the first
derivative of cooling curve after recalescence abruptly changes. When ΔT reaches 265 K, the
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post-recalescence period does not appear, and the maximum recalescence temperature is lower
than the solidus temperature of this alloy (see Figure 3b and c). Since the post-recalescence
period will only vanish when the hypercooling limit of a metal is reached, the hypercooling
limit of the Co-20%at.Pd alloy can be determined as 265 K.

Figure 5. As-solidified microstructures of Co-20at.%Pd alloys undercooled by (a) 20 K, (b) 85 K, (c) 160 K, (d) 265 K, (e)
290 K, and (f) 340 K.
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growth has transformed from solute diffusion to thermal diffusion in the melt ahead of the
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grain boundaries. As a result of the accidents, Shockley partial dislocations are generated
contiguously to boundaries. These partial dislocations repel each other and glide away from
the boundary to produce a twin.

When an alloy melt solidifies at a small undercooling, e.g., ΔT = 50 K in the case of
undercooled Co-20%at.Pd, the advancement of solid/liquid (S/L) interface is controlled by
solute diffusion ahead of the S/L interface. Solidification of the melt proceeds rather slowly
and results in the formation of well-developed dendritic microstructures (see Figure 5a).
With increasing undercooling, a grain refinement event is observed in the undercooled Co-
20%at.Pd alloy at 50–265 K. The first grain refinement in an undercooled single phase alloy is
generally believed to be caused by the remelting effect during the post-recalescence period.
When ΔT reaches the range of 265–280 K, which is above the hypercooling limit, due to a
zero remelting effect, the dendrite trunks cannot be remelted and therefore can be preserved
in the solidification microstructure, leading to the presence of the elongated grained struc-
ture. The appearance of elongated grained structure in the hypercooled Co-20%at.Pd alloy is
apparently ascribed to the vanished remelting effect in the post-recalescence period. As ΔT is
higher than 280 K, the second grain refinement event occurs. The equiaxed grains with rather
straight grain boundaries (see Figure 5e and f) strongly suggest that the formation of the
solidification microstructure is due to recrystallization. The recrystallized microstructures in
hypercooled alloys have been observed by Willnecker et al. in Co-20%at.Pd alloy and by Lu
et al. in Ni75Pd25 alloy [12, 14]. In the present work, the occurrence of recrystallization in the
hypercooled Co-20%at.Pd alloy with ΔT = 280 K was considered to be induced by the
accumulation of internal strain/stress caused by the dramatic shrinkage stress resulting from
rapid solidification. For rapid solidification taking place at a rather high undercooling, the
advance of the solid/liquid interface proceeds extremely fast. As a consequence, a large
volume contraction owing to rapid solidification will cause a high shrinkage stress develop-
ing in the system.

Three typical temperature profiles corresponding to the solidification of Co-20%at.Pd alloy
melts in different undercooling regimes are shown in Figure 6. It was found that when
ΔT = 265 K, the post-recalescence period presents in the temperature profiles, as seen in the
plateau marked by the plateau duration time (Δtpl) in Figure 3a. The plateau duration time Δtpl
is the time required for the residual liquid to transform into solid after recalescence. Δtpl can be
obtained by subtracting the time point of recalescence from the time point at which the first
derivative of cooling curve after recalescence abruptly changes. When ΔT reaches 265 K, the
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post-recalescence period does not appear, and the maximum recalescence temperature is lower
than the solidus temperature of this alloy (see Figure 3b and c). Since the post-recalescence
period will only vanish when the hypercooling limit of a metal is reached, the hypercooling
limit of the Co-20%at.Pd alloy can be determined as 265 K.
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6. Grain refinement mechanism of first refinement

The equilibrium phase diagram shows that the molten fraction of a solid alloy that has been
heated into the solid-liquid binary phase regime is related to the chemical superheating [9].
Here, due to the non-equilibrium effect involved in rapid solidification of undercooled melts, it
is reasonable to speculate that the non-equilibrium kinetic phase diagram can deal with the
remelted fraction of the solid phase more realistically and practically. Then, extension of Li’s
model [9] will give a non-equilibrium chemical superheating model that can predict the
remelted dendrite fraction by the following equation:

f L ¼ k TR � TSð Þ=ΔT0

1� 1� kð Þ TR � TSð Þ=ΔT0
(2)

This model is similar to Li’s model [9], however it is an extended chemical superheating model
considering the relaxation effect in undercooled liquid phase. In this extended model, k is the

Figure 6. The measured average grain size as a function of initial undercooling of (a) Ni-20at.%Cu and (b) Co-20at.%Pd
alloys.
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non-equilibrium solute partition coefficient. TR is the maximum recalescence temperature
corresponding to initial undercooling ΔT, TS is the non-equilibrium solidus temperature
corresponding to the composition CS of the central part in the dendrite stem, and ΔT0 is the
non-equilibrium crystallization temperature range of the alloy with composition CS. The value
of fL shows the extent of the remelting induced breakup of the dendrites, so fL can be used to
evaluate the tendency of remelting.

The remelted fraction of the primary dendrite is shown in Figure 4. The obvious difference
between Li’s model and the present model is that the present model incorporates local non-
equilibrium effect (i.e., the relaxation effect in the undercooled bulk liquid phase) in the model
derivation. Thus, it can be further inferred that the remelted fraction of the primary dendrite of
the present model is mainly influenced by the composition of liquid phase of the present
model, in which the relaxation effect plays an important role [19]. In the present experiments,
the first kind of grain refinement of rapidly solidified Ni-20%at.Cu alloy emerged in the
undercooling range of about 40 K (ΔT2) to 90 K (ΔT3). In consistency with the prediction of
the present extended chemical superheating model, the first kind of grain refinement found in
the experiments lies in the undercooling range which has very strong remelting tendency of
dendrites (Figure 7). Comparing the predicted results of the Li’s model (local equilibrium
condition) and the present model (local non-equilibrium condition), we can see that under
low undercooling ranges, these two model predict similar results. Both model (Figure 7)

Figure 7. Remelted fraction of the primary dendrite at the highest recalescence temperature point in highly undercooled
Ni-20at.%Cu.
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non-equilibrium crystallization temperature range of the alloy with composition CS. The value
of fL shows the extent of the remelting induced breakup of the dendrites, so fL can be used to
evaluate the tendency of remelting.

The remelted fraction of the primary dendrite is shown in Figure 4. The obvious difference
between Li’s model and the present model is that the present model incorporates local non-
equilibrium effect (i.e., the relaxation effect in the undercooled bulk liquid phase) in the model
derivation. Thus, it can be further inferred that the remelted fraction of the primary dendrite of
the present model is mainly influenced by the composition of liquid phase of the present
model, in which the relaxation effect plays an important role [19]. In the present experiments,
the first kind of grain refinement of rapidly solidified Ni-20%at.Cu alloy emerged in the
undercooling range of about 40 K (ΔT2) to 90 K (ΔT3). In consistency with the prediction of
the present extended chemical superheating model, the first kind of grain refinement found in
the experiments lies in the undercooling range which has very strong remelting tendency of
dendrites (Figure 7). Comparing the predicted results of the Li’s model (local equilibrium
condition) and the present model (local non-equilibrium condition), we can see that under
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predicts that the undercooling range of about 40–90 K has a strong dendrite remelting tendency,
thus in this range the dendrites universally break up due to chemical superheating effect. While
at high undercooling range severe discrepancy happens between these two models. As can be
seen from Figure 7 that, when the undercooling exceeds the critical undercooling ΔT*, the
discrepancy becomes more and more severe and achieves a maximum value at the undercooling
value ΔT*(VD), i.e., the undercooling where the dendrite growth velocity exceeds the solute
diffusion speed VD in the undercooled liquid phase. Besides, at the undercooling value ΔT*(VD),
the remelted fraction reaches zero and no chemical superheating induced dendrite remelting
will happen. Thus, as previous study [10–18] showing, the grain refinement above the second
critical undercooling ΔT* is induced by the mechanisms of stress-induced breakup and recrys-
tallization of the rapidly solidified dendrites, rather than dendrite remelting induced by chemical
superheating, which can hardly affect the dendrite breakup in the high undercooling range as
shown in Figure 7. Obviously, the significance of the present extended chemical superheating
model is that it can predict good results in consistency with the experiment observation and the
relaxation effect on non-equilibrium solidification of undercooled melt is clearly illustrated. The
first grain refinement mechanism is also the chemical superheating mechanism and will not be
given here for short. It has been revealed that the stress induced dendrite breakup and recrystal-
lization process mainly occur during and after recalescence period. These two physical processes
should be responsible for the grain refinement at high undercooling regimes [9].

7. Stress induced recrystallization mechanism (ΔT > ΔT*)

Many researches [7–9, 15–17] have revealed that the stress induced recrystallization process
mainly during recalescence period should be responsible for the grain refinement at high
undercooling range. However, few strong and direct evidences have been found to support
this speculation. We also have revealed this phenomenon in hypercooled Co-20at.%Pd alloys
and found strong and direct evidences, see Ref. [13].

When the fraction of the solid phase exceeds about 10% during recalescence, the coherent
dendrite networks are usually established [7, 9]. During rapid recalescence, as the dendrite
fraction increases, the inter-dendritic permeability correspondingly decreases [7, 9]. Conse-
quently the pressure gradient in the first mushy zone (FMZ) increases. The pressure gradient
induces the inter-dendritic flow of liquid phase and therefore stress accumulated in the solid
phase in the FMZ [9]. Considering inter-dendritic flow of melt induced by both solidification
contraction and thermal strain, we will build a corrected stress accumulation model for rapid
solidification of an undercooled melt was established. According to Ref. [9], the liquid volume
flux U(x) among dendrites can be expressed as:

U x!
� �

¼
a
!���
���

tf
βs f sR � f s x!

� �� �h i
(3)

where a
!

is the size of FMZ in which primary growth or recalescence occurs, tf is the total
solidification time of the primary phase, i.e., the recalescence time, βs=(ρl�ρs)/ρs is the
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solidification shrinkage of the primary phase, ρl and ρs are densities of liquid and solid phases
respectively. f sR is the fraction of solid at the maximum recalescence temperature, fs is the

solid fraction during recalescence and x! is the local position in the One-dimensional space
coordinates.

The thermal strain induced inter-dendritic flow of liquid phaseU
0 ðx!Þ in the mushy zone can be

expressed as [22]:

U
0
x!

� �
¼ � 1þ βs

� �
_E x!
� �

(4)

where _E xð Þ is the accumulated strain rate in the dendrites and can be defined as [16]:

_E x!
� �

¼
ð
f s _ε x!

� �
d x! (5)

where _εðx!Þ ¼ ∇vx!ðx
!Þ is the strain rate in the dendrites and _εða!Þ ¼ 0.

According to Eq. (6) in Ref. [7] and Eq. (4), the total volume flow of molten feeding liquid is:

Utotal x!
� �

¼
a
!���
���

tf
βs f sR � f s x!

� �� �h i
þ 1þ βs
� � ð

f s x!
� �

_ε x!
� �

d x! (6)

According to Darcy’s equation, as demonstrated in Ref. [22], the pressure gradient in the liquid
phase can be expressed as [16]:

�∇Pl x!
� �

¼ μ
K
Utotal x!

� �
(7)

where Pl is the pressure in the liquid phase during solidification, μ the dynamic viscosity and K
the permeability of the two phase region as demonstrated in Ref. 17. According to the Carman-
Kozeny relation demonstrated in Ref. 17, K can be expressed as [16]:

K ¼ 1

5Ss�l
V x!

� �2

f l x!
� �3

f s x!
� �2 ¼

λ2
2 x!
� �

80

f l x!
� �3

f s x!
� � (8)

where GLðx!Þ is the temperature gradient ahead of the liquid/solid interface. Ss�l
V ðx!Þ is.

the area of the dendrites in unit volume and Ss�l
V ðx!Þ ¼ 4=

� ffiffiffiffiffiffiffiffiffiffiffi
f sðx

!Þ
q

λ2ðx!Þ
�
, λ2ðx!Þ is the spacing

between secondary dendrite arms [23]. Applying linear micro-segregation model, as demon-
strated in Ref. [23]:

dT=df l x!
� �

¼ ΔT0 (9)
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predicts that the undercooling range of about 40–90 K has a strong dendrite remelting tendency,
thus in this range the dendrites universally break up due to chemical superheating effect. While
at high undercooling range severe discrepancy happens between these two models. As can be
seen from Figure 7 that, when the undercooling exceeds the critical undercooling ΔT*, the
discrepancy becomes more and more severe and achieves a maximum value at the undercooling
value ΔT*(VD), i.e., the undercooling where the dendrite growth velocity exceeds the solute
diffusion speed VD in the undercooled liquid phase. Besides, at the undercooling value ΔT*(VD),
the remelted fraction reaches zero and no chemical superheating induced dendrite remelting
will happen. Thus, as previous study [10–18] showing, the grain refinement above the second
critical undercooling ΔT* is induced by the mechanisms of stress-induced breakup and recrys-
tallization of the rapidly solidified dendrites, rather than dendrite remelting induced by chemical
superheating, which can hardly affect the dendrite breakup in the high undercooling range as
shown in Figure 7. Obviously, the significance of the present extended chemical superheating
model is that it can predict good results in consistency with the experiment observation and the
relaxation effect on non-equilibrium solidification of undercooled melt is clearly illustrated. The
first grain refinement mechanism is also the chemical superheating mechanism and will not be
given here for short. It has been revealed that the stress induced dendrite breakup and recrystal-
lization process mainly occur during and after recalescence period. These two physical processes
should be responsible for the grain refinement at high undercooling regimes [9].

7. Stress induced recrystallization mechanism (ΔT > ΔT*)

Many researches [7–9, 15–17] have revealed that the stress induced recrystallization process
mainly during recalescence period should be responsible for the grain refinement at high
undercooling range. However, few strong and direct evidences have been found to support
this speculation. We also have revealed this phenomenon in hypercooled Co-20at.%Pd alloys
and found strong and direct evidences, see Ref. [13].

When the fraction of the solid phase exceeds about 10% during recalescence, the coherent
dendrite networks are usually established [7, 9]. During rapid recalescence, as the dendrite
fraction increases, the inter-dendritic permeability correspondingly decreases [7, 9]. Conse-
quently the pressure gradient in the first mushy zone (FMZ) increases. The pressure gradient
induces the inter-dendritic flow of liquid phase and therefore stress accumulated in the solid
phase in the FMZ [9]. Considering inter-dendritic flow of melt induced by both solidification
contraction and thermal strain, we will build a corrected stress accumulation model for rapid
solidification of an undercooled melt was established. According to Ref. [9], the liquid volume
flux U(x) among dendrites can be expressed as:
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solidification shrinkage of the primary phase, ρl and ρs are densities of liquid and solid phases
respectively. f sR is the fraction of solid at the maximum recalescence temperature, fs is the

solid fraction during recalescence and x! is the local position in the One-dimensional space
coordinates.

The thermal strain induced inter-dendritic flow of liquid phaseU
0 ðx!Þ in the mushy zone can be

expressed as [22]:
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Utotal x!
� �

¼
a
!���
���

tf
βs f sR � f s x!

� �� �h i
þ 1þ βs
� � ð

f s x!
� �

_ε x!
� �

d x! (6)

According to Darcy’s equation, as demonstrated in Ref. [22], the pressure gradient in the liquid
phase can be expressed as [16]:
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where Pl is the pressure in the liquid phase during solidification, μ the dynamic viscosity and K
the permeability of the two phase region as demonstrated in Ref. 17. According to the Carman-
Kozeny relation demonstrated in Ref. 17, K can be expressed as [16]:
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where GLðx!Þ is the temperature gradient ahead of the liquid/solid interface. Ss�l
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where ΔT0 is the solidification interval of the alloy. Using Eqs. (7)–(9) in combination with
Eq. (12) in Ref. [7], the pressure of the mushy zone can be expressed as:

P x!
� �

¼P0 �
160μ� a

!���
���
2
�βs

f sR
� �2tfλ2

2

f s x!
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þ 1

1�f s x!
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1�f coh x!
� �þ2ln
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2
4

3
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320 1þβs
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8><
>:

9>=
>;

(10)

where fcoh is the fraction solid at the dendrite coherency point. The second term in Eq. (10)
considers the liquid flow induced by thermal strain during rapid solidification. We can
describe the thermal strain as:

ε ¼ αther T � Tsð Þ (11)

where αther is a coefficient of thermal expansion. Ts is solidus temperature. Differentiating
Eq. (10), we obtain thermal strain rate:

_ε ¼ αther _T (12)

We define average thermal strain as:

_ε ¼ αther
ΔT
Δt

(13)

In order to estimate the accumulated stress in the dendrites, we consider the one dimensional
case. Then the momentum equation in solid phase is, as demonstrated in Ref. [24]:
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where σsðx!Þ is the x component of the stress in the solid phase and Mτ
s is the interfacial stress

due to interaction with the liquid phase. The interfacial stress exerted upon the solid network
from flowing liquid phase can be given as, as demonstrated in Ref. [24]:
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where Md
s ðx!Þ is the dissipation of stress of interface and can be expressed by Darcy Eq., as

demonstrated in Ref. [24]:
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In combination with Eq. (16), the stress in the dendrite coherency obeys the following
equation [24]:
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At the start of the coherent part of the first mushy zone, which is abbreviated as FMZ, the solid
stress is equal to the hydrostatic pressure, i.e., σs=�P0, where P0 is the pressure in the liquid

phase when the mushy zone starts to form. f sðx
!Þ is the solid fraction of the dendrite coherency.

Integrating Eq. (10), we can obtain:
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where ΔPl=P0�Pl is the pressure drop in the liquid phase. Using Eqs. (10), (13) and (18), the
stress resulted from inter-dendritic liquid flow induced by both solidification shrinkage and
thermal strain is:
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Considering inter-dendritic flow of liquid induced by both solidification contraction and
thermal strain, an analytic model of stress accumulation during rapid solidification of
undercooled melts was established in the present work. According to this model, the stress
accumulated in the dendrite coherency can be calculated by Eq. (19). GS is temperature
gradient of solid phase, respectively. In the current work, it is assumed that λ2=αRtip. Using
the physical parameters listed in Table 1, σs as a function of ΔT can be calculated by Eqs. (19)
and (20), as shown in Figure 8.

It can be seen from Figure 8 that, with increasing ΔT, σs continuously increases. Once σs
exceeds the yielding strength of the alloys, the dendrite networks will be plastically deformed,
leading to dense dislocations and annealing twins and a storage of micro-strain in the
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where fcoh is the fraction solid at the dendrite coherency point. The second term in Eq. (10)
considers the liquid flow induced by thermal strain during rapid solidification. We can
describe the thermal strain as:

ε ¼ αther T � Tsð Þ (11)

where αther is a coefficient of thermal expansion. Ts is solidus temperature. Differentiating
Eq. (10), we obtain thermal strain rate:

_ε ¼ αther _T (12)

We define average thermal strain as:

_ε ¼ αther
ΔT
Δt

(13)

In order to estimate the accumulated stress in the dendrites, we consider the one dimensional
case. Then the momentum equation in solid phase is, as demonstrated in Ref. [24]:

0 ¼ ∇ f s x!
� �

σs x!
� �h i

þMτ
s x!
� �

(14)

where σsðx!Þ is the x component of the stress in the solid phase and Mτ
s is the interfacial stress

due to interaction with the liquid phase. The interfacial stress exerted upon the solid network
from flowing liquid phase can be given as, as demonstrated in Ref. [24]:

Mτ
s x!
� �

¼ Pl x!
� �

∇f s x!
� �

þMd
s x!
� �

(15)

where Md
s ðx!Þ is the dissipation of stress of interface and can be expressed by Darcy Eq., as

demonstrated in Ref. [24]:

Md
s x!
� �

¼
f l x!
� �

μ

K
Utotal x!

� �
¼ �f l x!

� �
∇Pl x!

� �
(16)

Solidification36

In combination with Eq. (16), the stress in the dendrite coherency obeys the following
equation [24]:

�∇ f s x!
� �

σs x!
� �h i

¼ Pl x!
� �

∇f s x!
� �

� f l x!
� �

∇Pl x!
� �

¼ �∇ Pl x!
� �

f l x!
� �h i

(17)

At the start of the coherent part of the first mushy zone, which is abbreviated as FMZ, the solid
stress is equal to the hydrostatic pressure, i.e., σs=�P0, where P0 is the pressure in the liquid

phase when the mushy zone starts to form. f sðx
!Þ is the solid fraction of the dendrite coherency.

Integrating Eq. (10), we can obtain:

σs f s x!
� �h i

¼ 1

f s x!
� � �P0 þ Pl x!

� �
f l x!
� �h i

¼ � P0 þ
f l x!
� �

f s x!
� �ΔPl x!

� �2
4

3
5 (18)
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Considering inter-dendritic flow of liquid induced by both solidification contraction and
thermal strain, an analytic model of stress accumulation during rapid solidification of
undercooled melts was established in the present work. According to this model, the stress
accumulated in the dendrite coherency can be calculated by Eq. (19). GS is temperature
gradient of solid phase, respectively. In the current work, it is assumed that λ2=αRtip. Using
the physical parameters listed in Table 1, σs as a function of ΔT can be calculated by Eqs. (19)
and (20), as shown in Figure 8.

It can be seen from Figure 8 that, with increasing ΔT, σs continuously increases. Once σs
exceeds the yielding strength of the alloys, the dendrite networks will be plastically deformed,
leading to dense dislocations and annealing twins and a storage of micro-strain in the
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microstructures. Figure 9a–c show the dense dislocation networks in the grain of Ni-20at.%Cu
alloy. The white circle in Figure 9d shows an annealing twin in the microstructure. Figure 8e
shows the electron diffraction spots of the annealing twin in Figure 9d. The electron diffraction
spots are typical diffraction spot of twins in a FCC alloy. As is known, the stored micro-strain
will act as the driving force for recrystallization. Further increasing ΔT causes a continuous
increase of the stored micro-strain, resulting in a continuous increase in the extent of deforma-
tion. Once the stored energy due to deformation is high enough to initiate the nucleation, the
recrystallization will take place. Consequently, a refined recrystallized microstructure can be
produced.

Generally, recrystallization is a physical process and consists of two basic processes: the site
saturation nucleation which proceeds by atomic thermal activation and the growth of the new
strain free grains, when being annealed at temperatures above a proper recrystallization
temperature, which is the atomic thermal activation temperature. In order to reveal the recrys-
tallization process in the rapid solidification microstructures of the Ni-20at.%Cu alloys, recrys-
tallization annealing experiments were performed for the quenched and naturally cooled
alloys, see in the reference [14]. Compared to the naturally cooled alloys which did not
undergo recrystallization. However, as a comparison, the recrystallization drives the micro-
structures of the quenched alloys to transform into completely newly formed microstructures.

Figure 8. Calculated stress accumulated in dendrite skeleton during rapid solidification of Ni-20at.%Cu alloys as a
function of initial undercoolings: the dashed line represents yielding strength the alloys.

Solidification38

8. Conclusions

Applying molten glass purification method combined with cyclic superheating method,
non-equilibrium microstructural evolution and grain refinement mechanisms of Ni-20at.%
Cu and Co-20at.%Pd alloy were investigated systematically. The main conclusions are as
follows:

1. Ni-20at.%Cu and Co-20at.%Pd alloy were undercooled by means of fluxing method. Two
grain refinement events of the solidification microstructures were observed. The first grain
refinement was attributed to chemical superheating induced dendrite remelting. The
second grain refinement was ascribed to stress induced recrystallization of the rapidly
solidified dendrites.

2. The relationship between the dimensionless superheating and the undercooling indicates
that the grain refinement occurring at low undercoolings results from the dendrite break-up

Figure 9. TEM bright field image of (a–d) the dense dislocations and (e) annealing twins in the rapidly solidified Ni80Cu20
alloy quenched with a undercooling of about 220 K (220�C).
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owing to the dendrite remelting, but at high undercooling the dendrite remelting effect is
weak.

3. With the help of incorporating the relaxation effect of solute diffusion in bulk undercooled
liquid, an extended chemical superheating model for predicting dendrite remelting was
developed to explain the two kinds of grain refinement events occurring in the low and
high undercooling regimes respectively. It was found that the present dendrite remelting
model could predict relatively good results in consistency with the grain refinement event
observed in the experiments.

4. It can be inferred that the rapid dendrite growth, the dendrite deformation and the stress-
induced dendrite break-up occur during recalescence stage; the solidification of the resid-
ual liquid phase, the remelting of dendrites, the recrystallization and the grain growth
(secondary recrystallization) occur during post-recalescence period.

5. A corrected model was developed to semiquantitatively calculate the stress accumulation
during rapid solidification of undercooled Ni-20at.%Cu alloys. When the undercooling is
larger than a critical value, the stress due to solidification contraction and thermal strain will
cause break-up of the primary dendrites. The strain energy stored in the broken dendrite
pieces will drive recrystallization, leading to a grain refined recrystallization microstructures
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Coupled Model of Precipitates and Microsegregation
During Solidification

Yandong Li, Huamei Duan and Cheng Peng

Additional information is available at the end of the chapter

Abstract

To understand the precipitation behavior and solidification process of micro-alloyed
steel, abundant thermodynamic data of pure substances were incorporated in the
coupled thermodynamic model of inclusions precipitation and solutes micro-
segregation during the solidification of heat-resistant steel containing cerium. The liquid
inclusions Ce2xAl2ySi1�x�yOz where 0 < x < 1, 0 < y < 1�x and z = 1�x�y and their
generation Gibbs free energy were first introduced to the inclusions reactions according
to the Al2O3-SiO2-Ce2O3 phase diagram. Then plant trials, lab experiments and
published work in the literature were taken account to valid the established model.
Also, the difference of calculated results between FactSage and this model were argued.
Finally, the liquid inclusions were found in the samples from experiments in the tube
furnace based on the calculations by this model.

Keywords: liquid inclusions, thermodynamic model, rare earth, heat-resistant steel

1. Introduction

The heat resistant steels containing rare earth elements (RE) have absolute advantages in
mechanical properties and corrosion resistance [1–4]. The oxidation resistance of 253MA steel
at high temperature is dramatically enhanced as alloyed with cerium element. However, the
rare earth elements are used as deoxidizing and desulfurizing agents in the earlier ages owing
to the strong oxidation property [5]. As a result, a large number of inclusions such as Ce2O3

and Ce2O2S with high melting temperature and small size are generated in the molten steel.
During the continuous casting process these inclusions are easily captured by the submerged
nozzle. Then the accumulated inclusions with frozen steel lead to nozzle blocking and the
production process is interrupted [6–9]. As one of the effectual solutions to nozzle blocking
calcium treatment can modify the solid alumina clusters to liquid inclusions which have weak
affinity force with the nozzle inner wall [10–13]. Inspired by the above method, the high

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.72597

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[18] Xu XL, Liu F. Observation of recrystallization upon annealing rapidly solidified micro-
structures of highly undercooled Ni 80 Cu 20 alloys. 2014;597:205-210

[19] Galenko PK, Danilov DA. Physics Letters A. Local nonequilibrium effect on rapid den-
dritic growth in a binary alloy melt. 1997;235:271-280

[20] Xu XL, Hou H, Liu F. Nonequilibrium Solidification, Grain Refinements, and Recrystalli-
zation of Deeply Undercooled Ni-20 At. Pct Cu Alloys: Effects of Remelting and Stress.
Metallurgical and Materials Transactions A: Physical Metallurgy and Materials Science.
2017;1-9

[21] Bhattacharya A, Dutta P. Effect of shrinkage induced flow on binary alloy dendrite
growth: An equivalent undercooling model. International Communications in Heat and
Mass Transfer. 2014;57:216-220

[22] Bhattacharya A, Karagadde S, Dutta P. An equivalent undercooling model to account for
flow effect on binary alloy dendrite growth rate. International Communications in Heat
and Mass. Transfer. 2013;47:15

[23] Thevik HJ, Mo A. The influence of micro-scale solute diffusion and dendrite coarsening
upon surface macrosegregation. International Journal of Heat and Mass Transfer. 1997;
40:2055

[24] Ni J, Beckermann C. A volume-averaged two-phase model for transport phenomena
during solidification. Metallurgical Transactions B. 1991;22:349

Solidification42

Chapter 3

Coupled Model of Precipitates and Microsegregation
During Solidification

Yandong Li, Huamei Duan and Cheng Peng

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72597

Provisional chapter

Coupled Model of Precipitates and Microsegregation
During Solidification

Yandong Li, Huamei Duan and Cheng Peng

Additional information is available at the end of the chapter

Abstract

To understand the precipitation behavior and solidification process of micro-alloyed
steel, abundant thermodynamic data of pure substances were incorporated in the
coupled thermodynamic model of inclusions precipitation and solutes micro-
segregation during the solidification of heat-resistant steel containing cerium. The liquid
inclusions Ce2xAl2ySi1�x�yOz where 0 < x < 1, 0 < y < 1�x and z = 1�x�y and their
generation Gibbs free energy were first introduced to the inclusions reactions according
to the Al2O3-SiO2-Ce2O3 phase diagram. Then plant trials, lab experiments and
published work in the literature were taken account to valid the established model.
Also, the difference of calculated results between FactSage and this model were argued.
Finally, the liquid inclusions were found in the samples from experiments in the tube
furnace based on the calculations by this model.

Keywords: liquid inclusions, thermodynamic model, rare earth, heat-resistant steel

1. Introduction

The heat resistant steels containing rare earth elements (RE) have absolute advantages in
mechanical properties and corrosion resistance [1–4]. The oxidation resistance of 253MA steel
at high temperature is dramatically enhanced as alloyed with cerium element. However, the
rare earth elements are used as deoxidizing and desulfurizing agents in the earlier ages owing
to the strong oxidation property [5]. As a result, a large number of inclusions such as Ce2O3

and Ce2O2S with high melting temperature and small size are generated in the molten steel.
During the continuous casting process these inclusions are easily captured by the submerged
nozzle. Then the accumulated inclusions with frozen steel lead to nozzle blocking and the
production process is interrupted [6–9]. As one of the effectual solutions to nozzle blocking
calcium treatment can modify the solid alumina clusters to liquid inclusions which have weak
affinity force with the nozzle inner wall [10–13]. Inspired by the above method, the high
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melting point inclusions containing rare earth elements may be modified to liquid phase by
some alloys to solve the nozzle clogging issue of heat resistant steel.

Many prediction models of inclusions formation and evolution are reported in the previous
reports. However, the released self-built model mainly involve a few equilibrium reactions of
alloy elements with oxygen or sulfur at 1600�C [14, 15]. And the thermodynamic properties of
complex liquid inclusions, such as Mn-Si-Al-O, Ca-Al-O, Ca-Al-Mg-O, are calculated by the
commercial software [15–19]. Harada assessed the CaO-Al2O3 liquid inclusions formation
setting the fixed ratio of CaO to Al2O3 instead of the whole liquid region [20, 21]. FactSage as
the common software in metallurgical field is strong at the equilibrium calculations of multi
phases, but the FToxide database is short of solution thermodynamic data containing rare
earth and the solidification model is not thoroughly optimized. Liu released one coupling
model of micro-segregation and inclusion formation during solidification process in silicon
steels [22]. However, the number of reactions was restricted and the solution phase was not
considered. Fang proposed a thermodynamic model which includes plenty of formation reac-
tions of rare earth inclusions except the liquid inclusions as a pity [23]. To make up for the
deficiency of previous models [24], the more ampler generation reactions of inclusions espe-
cially the liquid phase coupling with the solute micro-segregation are introduced in the present
model. Then the coupled model was validated by various methods, such as plant trials, lab
scale experiments and released experimental data. Finally, the formation regions of liquid
phases in the predominance diagrams were given. Moreover, the liquid inclusions with sphere
shape and large size were found in the exploitative experiments of lab scale.

2. Modeling process

The coupling model is composed of two parts: the thermodynamic model of inclusions precip-
itation both in liquid and solid and the dynamic model of solute micro-segregation model in
the liquid–solid interface during solidification. The schematic diagram of coupling process is
shown in Figure 1. Considering the kinetic factors such as diffusion rate and atomic size, the
inclusions with large size are formed in the residual liquid phase above the solidus tempera-
ture and the small-size carbonitrides are precipitated in the solidified steel under the liquidus
temperature. All the relevant reactions of inclusions generation both in liquid and solidified
steel are listed in Table 1 [26–33] and Table 2 [34–37], respectively. The activity standard state
of solute elements and inclusions was 1 mass% infinite dilute solution and the pure substance,
respectively. The activity coefficients of solute elements were arranged by Wagner’s relations
expanded to second order interaction coefficient. The solute segregation at liquid–solid inter-
face during solidification was calculated form the Brody-Flemings micro-segregation model
modified by Clyne-Kurz [25]. The more details including the mathematic expressions and
thermodynamic properties of solutes can be consulted from the previous works [24].

The generated liquid inclusions whose activity is 1 can be identified as one isolated phase
(pure liquid phase) out of the solid inclusions (pure solid phase) and solute elements (solutes
in the infinite dilute solution) in the system. As the same as listed in Table 1, the liquid
inclusion in the form of Ce2xAl2ySi1�x�yOz (l, 0 < x < 1, 0 < y < 1�x and z = 1�x�y) is introduced

Solidification44

according to the phase diagram of Al2O3-SiO2-Ce2O3 system. The hard task is the calculation
of standard Gibbs free energy of Ce2xAl2ySi1-x-yOz generation as the following reaction:

x Ce½ � þ 2y Al½ � þ 1� x� yð Þ Si½ � þ z O½ � ¼ Ce2xAl2ySi1�x�yOz lð Þ (1)

The chemical reaction of Eq. 1 can be derived from the following reactions:

2 Ce½ � þ 3 O½ � ¼ Ce2O3 sð Þ (2)

2 Al½ � þ 3 O½ � ¼ Al2O3 sð Þ (3)

Si½ � þ 2 O½ � ¼ SiO2 sð Þ (4)

Ce2O3 sð Þ ¼ Ce2O3 lð Þ ΔGθ ¼ 63086:4� 25:1T J �mol�1 (5)

Al2O3 sð Þ ¼ Al2O3 lð Þ ΔGθ ¼ 110756:7� 46:8T J �mol�1 (6)

Figure 1. The simplified diagram of coupling process (fs—solid fraction).
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Reaction equations in molten steel ΔGθ = A + B � T, J�mol�1

A B

2[Ce] + 3[O] = Ce2O3(s) �1,431,090 360.06

[Ce] + 2[O] = CeO2(s) �854274.7 249.11

[Ce] + [S] = CeS(s) �422,783 120.58

[Ce] + 2[S] = CeS2(s) �131,000 121.4

2[Ce] + 3[S] = Ce2S3(s) �1,074,584 328.24

3[Ce] + 4[S] = Ce3S4(s) �1,493,010 438.9

2[Ce] + 2[O] + [S] = Ce2O2S(s) �1353592.4 331.6

[Ce] + [Al] + 3[O] = CeAlO3(s) �1,366,460 364

[Ce] + 11[Al] + 3[O] = CeAl11O18(s) �7261120.00 2282.36

2[Ce] + [Si] + 5[O] = Ce2SiO5(s) �2077830.00 632.57

4.67[Ce] + 3[Si] + 13[O] = Ce4.67Si3O13(s) �5299450.00 1641.95

2[Ce] + 2[Si] + 7[O] = Ce2Si2O7(s) �2800700.00 909.66

2x[Ce] + 2y[Al] + (1-x-y)[Si] + z[O] = Ce2xAl2ySi1-x-yOz(l) — —

[Ce] + [N] = CeN(s) �401,200 153

[Ce] + 2[C] = CeC2(s) �202,790 125.3

2[Ce] + 3[C] = Ce2C3(s) �224,000 205.8

[Al] + [N] = AlN(s) �267,520 119.54

2[Al] + 3[O] = Al2O3(s) �1,205,090 387.72

[Mn] + [S] = MnS(s) �172676.1 56.07

[Mn] + [O] = MnO(s) �284,420 122.75

[Si] + 2[O] = SiO2(s) �580,550 221.03

6[Al] + 2[Si] + 13[O] = Al6Si2O13(s) �4,758,434 1579.22

4[Cr] + [C] = Cr4C(s) �195,790 218

23[Cr] + 6[C] = Cr23C6(s) �887889.7 1253.96

7[Cr] + 3[C] = Cr7C3(s) �356120.1 417.62

3[Cr] + 2[C] = Cr3C2(s) �182030.1 207.39

2[Cr] + 3[O] = Cr2O3(s) �797,190 349.72

3[Cr] + 4[O] = Cr3O4(s) �94439.9 416.79

[Cr] + [O] = CrO(s) �236,320 113.6

2[Cr] + [N] = Cr2N(s) �141,300 116.82

[Cr] + [N] = CrN(s) �136,250 96.2

[Ni] + [O] = NiO(s) �125,000 136.29

Table 1. The possible reactions and standard Gibbs free energy in liquid.
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SiO2 sð Þ ¼ SiO2 lð Þ ΔGθ ¼ 9581:3� 4:8T J �mol�1 (7)

xCe2O3 lð Þ þ yAl2O3 lð Þ þ 1� x� yð ÞSiO2 lð Þ ¼ Ce2xAl2ySi1�x�yOz lð Þ (8)

where the standard Gibbs free energy of reactions 2, 3, 4 are listed in Table 1. And the
CALPHD technique was used to optimize the Gibbs free energy change of reaction 8. The
Redlich-Kister (R-K) expression was adopted to describe the excess Gibbs free energy of
solution phases in Al2O3-SiO2, Al2O3-Ce2O3 and Ce2O3-SiO2 binary systems. The R-K expres-
sion is written as Eq. 9.

GE ¼ x1x2
Xn

j¼0

Lj x1 � x2ð Þj

¼ x1x2L0

þ x1x2L1 x1 � x2ð Þ
þ x1x2L2 x1 � x2ð Þ2

þ⋯

(9)

where GE is the excess Gibbs free energy of binary system; x1, x2 are the mole fraction of end
members in the binary system; Lj (j = 0, 1, 2…) are the interaction parameters of components in
the binary system. And Lj in Table 3 were obtained by the phase diagram optimization when
the restricted experimental points from literature were employed.

The excess Gibbs free energy of Ce2O3-Al2O3-SiO2 ternary system was derived by the follow-
ing geometric Kohler method [38].

Reaction equations in solid phase(γ) ΔGθ = A + B � T, J�mol�1

A B

[Al] + [N] = AlN(s) �137536.1 34.27

[Mn] + [S] = MnS(s) �176,782 57.91

[Ti] + [N] = TiN(s) �153158.23 6.13

[Ti] + [C] = TiC(s) �143585.84 52.65

[Nb] + [N] = NbN(s) �162730.62 53.6

[Nb] + [C] = NbC(s) �143585.84 56.67

[V] + [N] = VN(s) �182030.1 207.39

[V] + [C] = VC(s) �797,190 349.72

Table 2. The possible reactions and standard Gibbs free energy in solid.
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extra ¼ x1 þ x2ð Þ2GE

12
x1

x1 þ x2
;

x2
x1 þ x2

� �

þ x2 þ x3ð Þ2GE
23

x2
x2 þ x3

;
x3

x2 þ x3

� �

þ x1 þ x3ð Þ2GE
13

x1
x1 þ x3

;
x3

x1 þ x3

� �
(10)

where the first term GE
12

x1
x1þx2

; x2
x1þx2

� �
is the excess Gibbs free energy at x1

x1þx2
; x2
x1þx2

� �
point in the

1–2 binary system. The following two terms in Eq. 10 have similar representation as the first
term. In order to exactly describe the thermodynamic properties of Ce2O3-Al2O3-SiO2 system,

the Gibbs free energy was further modified by the GE
ternary term with the value of -825000xCe2O3

xAl2O3x
2
SiO2

. After the interaction coefficients in Table 3 are imported, the standard Gibbs free
energy of reaction 8 is written as:

ΔGθ
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T

(11)

Li = a + bT/(J�mol�1) L0 L1 L2 L3

Al2O3-SiO2 a 19570.28 14875.48 5640.02 —

b �10.49 �0.71 1.21 —

Ce2O3-Al2O3 a �78839.95 — — —

b �30.23 — — —

Ce2O3-SiO2 a �140979.96 215301.91 547791.07 398115.65

b 78.91 23.60 �202.71 �155.94

Table 3. The optimized coefficients of the binary systems.

Solidification48

When the Gibbs free energy of Eqs. (2)–(8) are introduced, the standard Gibbs free energy of
Eq. (1) is finally written as follows:
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After the standard Gibbs free energy ΔGθ
L of liquid inclusions formation was worked out, the

inclusions compositions (certain x, y values, z = 1�x�y) can be calculated according to the
minimum of Gibbs free energy ΔGL. At the equilibrium status in the molten steel, the Gibbs
free energies of chemical reactions in Table 1 are greater than or equal to zero.

3. Modeling validation

The constructed model was validated by plant trial, lab scale experiments and experimental
data from others work. Moreover, the calculated results by this model were compared with the
popular commercial software FactSage.

The standard chemical compositions of 253MA steel were shown in Table 4. And the indus-
trial samples of 253MA steel were obtained after EAF ! AOD ! LF ! CC process in one
stainless steel plant of China. The obtained samples were machined into column ofΦ = 4 mm

C Si Mn S P N Ni Cr Ce

0.05–0.10 1.40–2.0 ≤0.80 ≤0.030 ≤0.040 0.14–0.20 10.00–12.00 20.00–22.00 0.03–0.08

Table 4. The chemical compositions of 253MA steel (mass fraction, %).
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Li = a + bT/(J�mol�1) L0 L1 L2 L3

Al2O3-SiO2 a 19570.28 14875.48 5640.02 —

b �10.49 �0.71 1.21 —

Ce2O3-Al2O3 a �78839.95 — — —

b �30.23 — — —

Ce2O3-SiO2 a �140979.96 215301.91 547791.07 398115.65

b 78.91 23.60 �202.71 �155.94

Table 3. The optimized coefficients of the binary systems.
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After the standard Gibbs free energy ΔGθ
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inclusions compositions (certain x, y values, z = 1�x�y) can be calculated according to the
minimum of Gibbs free energy ΔGL. At the equilibrium status in the molten steel, the Gibbs
free energies of chemical reactions in Table 1 are greater than or equal to zero.

3. Modeling validation

The constructed model was validated by plant trial, lab scale experiments and experimental
data from others work. Moreover, the calculated results by this model were compared with the
popular commercial software FactSage.

The standard chemical compositions of 253MA steel were shown in Table 4. And the indus-
trial samples of 253MA steel were obtained after EAF ! AOD ! LF ! CC process in one
stainless steel plant of China. The obtained samples were machined into column ofΦ = 4 mm
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Coupled Model of Precipitates and Microsegregation During Solidification
http://dx.doi.org/10.5772/intechopen.72597

49



and then polished by emery paper and polishing cloth to make metallographic specimen.
Then the field emission scanning electron microscope (FE-SEM) and energy dispersive spec-
trometer (EDS) were employed to observe the morphology and analyze the compositions of
inclusions, as shown in Figure 2. It can be seen that the inclusions with the size of 1-2 μm in
the solidification structure of 253 MA steel are mainly Ce2O2S and Ce2O3. CeN maybe exist
as the element N was detected as shown in Figure 2(b). The peaks without labels are matrix
elements Fe, Cr and Ni.

The experiments in laboratory that carefully follows the industrial operations were carried out
in the Si-Mo rod heating furnace protected by argon flow at 1873 K, as shown in Figure 3.
Firstly, the Fe-Cr-Ni alloys with fixed ratio as in the 253MA steel were loaded in the MgO
crucible until completely melted. Then the mass fraction of Si was calculated and added into
the crucible after the oxygen content was first determined. After Si was totally melted, the
oxygen content was determined for the second time and then the melt was alloyed by Ce. The
molten steel was drawn using quartz tube (inner Φ = 4 mm) and immediately quenched into
ice water at 30 min after Ce addition. Therefore, the inclusions formed at 1873 K can be
preserved since the extremely cooling rate of quenching. The quenched samples were
processed and observed as the same as that of industrial samples. It is explicit that the
inclusions are Ce2O2S and Ce2O3 with the size smaller than 2 μm as the analysis results shown
in Figure 4.

Figure 2. SEM images and EDS analysis of inclusions in the solidification structure.

Figure 3. The flow chart of technological process of lab scale experiment.
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The types and amounts of inclusions formed during the solidification of 253MA steel was
calculated by the present model and the results are drawn in Figure 5 which (b) is the zoom
view of the liquid–solid two-phase region (TL = 1713 K). It can be seen that the inclusions types
are mainly Ce2O2S, Ce2O3, CeN and Ce2SiO5. And the calculation results are in agreement
with the industrial experiments except Ce2SiO5. Ce2SiO5 is formed as Ce2O3 is reduced during
solidification as shown in the magnified image of Figure 5(b). Then Ce2SiO5 must be
transformed from Ce2O3 as the increasing Si concentration in the residual liquid phase which
owes to the micro-segregation of solutes at the liquid–solid interface. However, it is very
difficult for the decomposition of Ce2O3 because the extremely fast cooling rate during the
continuous casting process. Therefore, Ce2SiO5 is not found in the industrial samples. What is
more, the formed inclusions are only Ce2O3 and Ce2O2S at 1873 K which is completely
consistent with the results in the laboratory scale experiments.

The types and amounts of inclusions formed during the solidification of 253MA steel was also
calculated by FactSage and the results are drawn in Figure 6. It can be seen that only Ce2O3

and Ce2O2S are formed in the FactSage results where Ce2O2S precipitates at a lower tempera-
ture 1848 K comparing with 1873 K in the present model. However, Ce2SiO5 and CeN are not
present in the FactSage results since the solutes segregation is not considered in FactSage when

Figure 4. SEM images and EDS analysis of inclusions in the laboratory sample.

Figure 5. The precipitation behavior of inclusions during solidification of 253MA steel.
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the normal equilibrium solidification model is selected. The elements activities were further
calculated to understand the lower formation temperature of Ce2O2S in FactSage. The stable
pure substances at standard conditions are adopted by FactSage as the activities standard sate
when 1mass% infinite dilute solution is chosen in the present work. The activities of solutes in
molten steel calculated by the two different standard states can be linked by the following
equation.

aHi wð Þ ¼
100Mi

MAγ0
i
∗aRi (13)

where aHi wð Þ is the activity at the standard state of 1 mass% solution; aRi is the activity when pure

substance is standard state; Mi is the relative atomic mass of solutes; MA is the relative atomic
mass of solvents, that is Fe in this work; γ0

i is the activity coefficient when stable pure
substance is standard state in the Henrian solution. The available activity coefficients are listed
in Table 5 [39] and the activities transformed from FactSage state to 1 mass% solution compar-
ing with that calculated by this model are present in Table 6.

As listed in Table 6, the solutes activities calculated from different standard state are basically
at the same level except P and N elements. The remarkable differences of P and N activities can

Figure 6. The precipitation behavior of inclusions calculated by FactSage.

C Si Mn Ce O

A e0.57 �11763.2 0 �7103.2 �15,280

B 0 0 3.5

Standard state S S L L G

Note: lnγ0 = A/T + B, e: natural constant, S: pure solid, L: pure liquid, G: gas.

Table 5. Optimized Henrian activity coefficients lnγ0.
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owe to the missing γ0
i values of P and N. It can be seen that the sulfur activity calculated by

FactSage is smaller than that calculated by this model because γ0
i of S is not available. It is the

direct explanation why the formation temperature of Ce2O2S is lower in the FactSage results.

Besides the industrial trials and lab scale experiments, the types of inclusions reported in the
steel containing rare earth elements from literature were compared with the model prediction
and the results are present in Table 7. The types of generated inclusions in various grades of
steels reported in others work are almost the same as the results calculated by this model.

All the above comparisons send the message that the accomplished coupled thermodynamic in
this work is precise and it is competent to exactly assess the precipitation behaviors of inclu-
sions during solidification process of various grades of steels containing rare earth elements.

4. Model application

Aluminum was alloyed in the heat-resistant steel imitating the calcium treatment way to solve
the nozzle clogging of 253MA steel. Since the formed inclusions resulting in nozzle clogging
are mainly oxides, the inclusions transformation at different initial oxygen contents was stud-
ied. And the types of inclusions formed before and after aluminum addition are shown in
Figure 7. It can be seen that the stable inclusion at high oxygen content is Ce2Si2O7 in steel
without aluminum. By contrast, the inclusions eventually transform to liquid phase as oxygen
content increases to 0.018% after 0.01mass% aluminum was added in 253MA steel.

In addition, the stable areas of inclusions (predominance area diagram of inclusions or phase
diagram of inclusions) in heat-resistant steel at 1873 K are summarized in Figure 8. The stable

C Si Mn P S N Ce O

This work 4.23E-2 3.10 5.74E-1 2.78E-2 7.15E-4 1.50E-2 2.09E-3 2.82E-4

FactSage 3.08E-2 2.64 5.20E-1 9.30E-5 1.39E-4 13.2 1.24E-3 1.86E-4

Table 6. The activities calculated by this work and FactSage at 1873 K.

Authors RE addition/% Inclusions found Predicted by this model

Yue [40] 0.016 Rare earth sulfides Ce2S3

Liu [41] 0.044 Rare earth oxysulfides Ce2O2S, CeS

Guo [42] 0.034 Ce2O2S, CeS Ce2O2S, Ce2O3, CeN

Zhai [43] 0.08 Ce2O2S, Ce2O3, CeO2 Ce2O2S, Ce2O3

Factsage 0.04 Ce2O3, Ce2O2S Ce2O3, Ce2O2S, Ce2SiO5, CeN

Present work 0.04 Ce2O3, Ce2O2S, CeN Ce2O3, Ce2O2S, Ce2SiO5, CeN

Table 7. Comparison of inclusions from literature experiments and predicted by this work.
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regions of liquid inclusions are surrounded by the dash line. There is not liquid inclusions
formed when the oxygen content is low (0.005% in this study). And the stable areas of liquid
inclusions are growing as the increasing initial oxygen content. There can be no doubt that

Figure 7. The inclusions types in heat-resistant steel at 1873 K.

Figure 8. The stability areas of inclusions at 1873 K.
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stable areas of liquid phase will be helpful to solve the nozzle clogging issue of steels alloyed
by rare earth elements.

In 2011, Kojola [6] reported that the clogging rate of 253MA steel dramatically decreased when
Al, Si and Ce co-existed in the molten steel. Kojola argued that the small rare earth oxides can
be dissolved after Si addition because of the negative interaction of Si to oxygen. However, no
convincing proof was given. It is clear that the liquid inclusions are formed according to the
prediction by the model in this work. Moreover, based on the calculated stable areas of
inclusions the lab scale experiments following the procedure in Figure 3 were carried out
when Si-Al alloy was chosen instead of pure Si. The FE-SEM image and EDS analysis of found
inclusions were shown in Figure 9(a). The inclusions were complex phases of Ce-Al-Si-O
system with the large size of 15 μm. And the complex inclusions were in the liquid region at
1873 K when be marked in the Al2O3-SiO2-Ce2O3 phase diagram.

5. Conclusions

A coupling model of inclusions generation and solutes micro-segregation during the solidifi-
cation process of steels containing rare earth elements was worked out. The method for
calculating the Gibbs free energy of liquid inclusions was first given. Then the reliability of
mathematical model was validated by the industrial sampling, experiments in lab scale and
inclusions found in literature. The inclusions calculated by FactSage software were different
from this model because of the differences in the activity standard state and the solidification
model. The inclusions are Ce2O3, Ce2O2S and CeN in the solidification structure of 253MA
steel. These small size inclusions containing rare earth elements can be modified to the liquid
inclusions after Al adding and the stable liquid regions increase as the initial oxygen content
increases. Moreover, the complex liquid inclusions of Ce-Al-Si-O system were found in the
preliminary experiments of lab scale. The coupling model is helpful to relieve the nozzle
clogging issue of various grades of steel containing rare earth elements.

Figure 9. The liquid inclusions in heat-resistant.
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Abstract

Physical properties on solidification process deal with the internal atomic arrangement, 
named generally microstructure. The microstructure characteristic is essential for the 
properties of metallic materials, including binary, ternary or eutectic alloys. Thus, despite 
significant progress on microstructural evolution, numerous challenges still exist for 
revealing the internal structure to act synergistically with matrix alloy chemical compo-
nents. It is well known that the internal microstructure of an alloy controls and modifies 
the nature, interaction type and properties of the existing defects and final applications. 
At this point, necessary understanding of the correlation between equilibrium and non-
equilibrium effects, surface energy and chemical potential for the time of the structures 
formation is probably the key to solidification that can help to predict the complex of 
microstructures. For the case of multi-phase solidification, AlMgSi alloy involves thou-
sands of atoms, at the atomic scale, that transit to microstructures while the solid-liquid 
phase transformation occurs. This chapter outlines the role of solidification physics, and 
the atomic arrangement is believed to have in influencing mechanical hardness proper-
ties and degradation resistance.

Keywords: molecular interaction, microstructure, mechanical properties, mass 
transport, cooling rate

1. Introduction

The purpose of this chapter is to underlie the atomistic theory of AlMg alloy solidifica-
tion, emphasizing the aspects that relate to microstructure arrangement with the addition 
of silicon as microalloying. The microstructure characteristic is essential for the properties 
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of metallic materials, including binary, ternary or eutectic alloys. This is a problem of pro-
nounced  real-world significance as structural materials and also touches on some of the 
deepest issues of physics like the atomic transport, expressed here in terms that are acces-
sible to a beginner with no background in quantum mechanics. Even though the microstruc-
ture considered as a different atomic combination, it reduces to a mass equation [1]. With 
this in mind, the chapter treaties with the solidification physics, that related the maturity 
of physically based models of the understanding of AlMg and AlMgSi microstructures. The 
effect of magnesium as microalloying element has a pronounced solid solubility in alumi-
num, which develops a high precipitation-hardening capability [2]. The outstanding attri-
butes to AlMg base alloy can increase the motivation to substitute some ferrous alloys with 
lightweight aluminum-magnesium alloys. Some delicately balanced between experimental 
and the atomistic theory resulting in an alternative to develop technologies more competi-
tive as production process in order to reduce manufacturing costs and improve material 
performance.

To understand the importance of aluminum and aluminum alloys, their valuable engineer-
ing purposes in automotive parts and aircraft components associated with their lightweight 
should be mentioned [3–6]. In addition, the aluminum and their alloys possess a good per-
formance, castability, high mechanical strength properties and attractive resistance to elec-
trochemical surface degradation [7–9]. Many investigators describe these advantages as 
primary kind of light alloys since structural design, architectural applications, to combus-
tion engines, until tribological functions [10–13]. Recently, AlMg alloys have been applied 
as matrix alloy to composite materials due to their low density and high wettability [14, 15]. 
Therefore, the development of AlMg alloys is an important task, and the differences between 
binary, ternary and quaternary alloy make them an important research topic. Interest in 
the addition of silicon, iron, manganese and silver to the aluminum magnesium matrix 
is motivated by the marked effect on their corrosion resistance, mechanical behavior and 
atomic structure arrangement [16, 17]. Thus, despite significant progress on microstructural 
evolution, numerous challenges still exist for revealing the internal structure to act syner-
gistically with matrix alloy chemical components. Moreover, the alloying elements, such 
as silicon, exhibited unique structural arrangement that elevated the mechanical behavior 
reached by precipitation development occurred after thermal treatment [18]. The precipita-
tion in these alloys indicates a several transformation sequences from the supersaturated 
solid solution that relies on the fine precipitation, which strained the crystallographic planes 
of the Al-matrix and improving the specific Young’s modulus, high specific strength, yield 
and creep strengths [19–22]. The silicon and iron microalloying can refine microstructure 
of AlMg alloys due to the formation of Mg2Si and Al2MgC2 phases during the solidifica-
tion process [23, 24]. Interest in the addition of silicon and Sc to the aluminum magnesium 
matrix is motivated by the marked effect on their corrosion resistance, mechanical behavior, 
and atomic structure arrangement [25, 26]. Moreover, various averaging procedures suggest 
that AlMgSi alloys reach up to 90% extruded volume owing to an attractive combination of 
mechanical and chemical properties and an excellent response to surface finishing opera-
tions [27–29]. A gradual increase of extruded pieces continued growth by the 6000 series like 
in automotive, marine and architectural applications [13, 21].
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Thus, despite significant progress on microstructural evolution, numerous challenges still exist 
for revealing the internal structure to act synergistically with matrix alloy chemical  components 
[3]. It is well known that the internal microstructure of an alloy controls and modifies the 
nature, interaction type and properties of the existing defects and final applications [4, 25].

In general, the physical properties on solidification process deal with the evolution of micro-
structures during the solid-liquid phase transformation. Additionally, materials science 
involves the solid-liquid transformation in the manufacturing of metallic alloys, quasicrys-
tal synthesis, composite materials and the new entropic alloy systems [16]. Furthermore, the 
solidification process has been a key factor in modern technologies for obtaining casting parts 
that have been based on physical and mechanical treatment applied to alloys in a molten con-
dition [27, 28]. Therefore, the velocity solidification, related with solute partition, influences 
the solid-liquid interface atomic diffusion [9]. The internal atomic arrangement, named gen-
erally microstructure, as retrieved from the mold, is significant for new materials design and 
new manufacturing process. It seems that with the appropriate chemical alloying, a relevant 
material properties could lead to microstructural influences in the various properties includ-
ing friction and wear, thermal, mechanical, electrical, electrochemical degradation, corrosion 
resistance, formability and welding characteristics. This chapter outlines the role of solidifica-
tion physics, and the atomic arrangement is believed to have in influencing mechanical hard-
ness properties and degradation resistance.

2. Atomistic view of solidification of AlMgSi alloy

One of its main supposed advantages is the conceptual framework, which underlies the atom-
istic or microscopic theory of matter that conveys of atoms building micro and nanostructures 
[14]. In keeping with the research, continues a few practical examples to design engineer 
materials and devices on an atomic scale as well as to predict the structure of new mate-
rials; the flow of current through a nanostructure; their electrical, physical and mechanical 
properties and the rates of chemical reactions [11–13]. Here, we would like to highlight the 
microstructural arrangement that makes major contributions in the condensed matter to the 
development of crystalline and electronic structures correlated with wear life, resistance to 
reactive degradation, novel electronic devices and nonequilibrium entropic alloys [4, 15]. At 
this point, necessary understanding of the correlation between equilibrium and non-equilib-
rium effects, surface energy and chemical potential for the time of the structures formation 
is probably the key to solidification that can help to predict the complex of microstructures.

The multi-phase solidification of AlMgSi alloy or melting this material for small-scale physi-
cal phenomena to incorporate in large-scale models implies a multi-physics nature of solidifi-
cation [26]. The solidification process involves hundreds of thousands of atoms, related with 
their melting point, when nucleation initiates from solid-like regions, of the new phase, on 
the atomic scale until nuclei growths until a crystal during a large fraction of microsecond. 
In the formation of the solid phase, the surface energy contributes to instability of the liquid/
solid interface [27]. At atomic scale, the conjunction of crystals proceeds in a complementary 
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network of grains with heterogeneities like voids, vacancies, dislocations and evidently grain 
boundaries.

2.1. AlMgSi phases

Taking into account our microstructural data material, firstly the AlMg alloy with the phase 
diagram from Figure 1, their essential phase corresponds to the α and β solid phases of Al and 
Mg, respectively, and the presence of intermetallic phases. One can observe regions where

only liquid phase l exists,

only solid phase α exists,

liquid l and solid phase α coexist,

liquid l and solid phase β coexist,

both solid phases α and β coexist.

Taking this last one consideration into account, the growth in that region is also known as 
eutectic solidification. As we can observe in Figure 2, for AlMgSi alloys phase diagram, inter-
metallics and grain boundary phases as consequence of thermal treatment process are identi-
fied. As one of the principal, intermetallic appears with iron-containing intermetallic and MgSi 

Figure 1. Phase diagram (PD) of binary AlMg alloy [30]. When magnesium in AlMg alloy exceeds its solubility in 
aluminum liquid, the excessive magnesium will present as intermetallic phases.
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precipitates, which possess an ambivalent behavior, by the corrosion process for instance. 
Alloys on the ternary system AlMgSi with addition of Cu, Fe, Mn and Cr, among others, pos-
sess a precipitation sequence where supersaturated solid solution is rich in non-equilibrium 
vacancies that enable a passage through a series of metastable precipitates towards the equi-
librium, described as SSSS → clusters → β″ → β´→ β [5, 6].

3. Experimental details

The 6000 series aluminum alloys containing AlMgSi and AlMgSiCu alloys for such a system 
are assumed as potential lightweight and high-performance materials to be used in aero-
space-craft, aircraft and engine parts in automobiles industry [20]. It has to be accounted for 
these kinds of systems that the excess of Si in the simplest case induces a major precipitation 
of MgSi mainly to obtain higher mechanical strength. With this knowledge in mind, and not 
forgetting that the most important microstructures of solidifying castings underlies on crys-
tallographic arrangement interconnected with physical, chemical, and nature of the atomic 
alloying. In the face of these facts, the parameters developed for the solidification sequence 
of AlMgSi alloy have been the cooling rate, chemical nature and concentrations of microal-
loying elements. Fundamental considerations were taken throughout the molten AlMg liquid 
solution in order to vary the contact time between the silicon powder added to the aluminum-
magnesium molten alloy.

Figure 2. Schematic ternary phase diagram of AlMgSi alloy [31].
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3.1. Melting and solidification process details

Either way, the binary and ternary matrix alloys were processed by stoichiometric ratio of 
commercially accessible elemental aluminum and magnesium blocks with 99.8 ± 0.1% purity 
and 10.0 ± 0.02 mm3 size. The heating and melting elements occur inside of alumina cru-
cible kept in a resistance electrical furnace at 720 ± 5.0°C. This temperature was associated at 
overheated of the molten AlMg alloy where an interesting and basic oxidation reaction may 
appear as well as hydrogen dissolution.

With the purpose that compensates certain oxidation losses, two experimental arrangements 
were considered. The first one was taken in excess 3 wt.% Al and 1.5 wt.% Mg to the required 
quantity of these constituents. The second consideration was a flux mixture of ionic liquid 
highly concentrated over the crucible to avoid the contact between metallic melt with the 
environmental atmosphere and the chemical oxidation. Whiskers of silicon carbide with 
small diameter of  5.0 ± 0.01 mm were preheated at 300°C and integrated at melt AlMg binary 
alloy at 1200 rmp via refractory feeder tip directly into the alumina crucible and then was 
stirring 5–7 minutes for an improved homogenization. In order to have a major role in con-
trol of solidification process, the AlMg alloy, firstly, and the ternary AlMgSi melt, secondly, 
have been poured into a cylinder-shaped iron mold at 100 ± 10°C and superheated above the 
aluminum liquidus temperature. Stringent conditions, such as high pressures, high vacuum, 
well-controlled atmospheres or long fabrication times, are not required. Contrary to previ-
ous work, the alloys are manufactured under pressure in a squeeze casting [9] to incorporate 
ceramic particles into aluminum melt generating a homogenate material. From these data, 
we can draw that our method resolve difficulties like silicon wetting, sinking or floating and 
viscosity of molten AlMg alloy added with silicon. In addition, our procedure is low cost and 
relatively readily available [12]. As a consequence, better mechanical properties, microhard-
ness Vickers (MV) particularly, can be achieved by a wider range of silicon addition [13]. This 
lead on behalf of different solubility limit, associated at each alloying element that is present 
in the local distribution.

The nominal chemical composition of tested AlMg and AlMgSi alloys obtained by atomic 
emission spectrometry with a Spectrolab Lax M8-Windows is given in Table 1. Here, we 
would like to highlight certain delicately stoichiometric alloy compositions related to this 
study with regard to the trace or residual levels of certain chemical elements to achieve a 
desired set of properties in high-performance AlMg and AlMgSi alloys. The most important 
recent studies deal with the affinity to certain chemical elements like traces of Fe and P to act 

Material alloy Chemical elements

Magnesium Silicon Aluminum Trace elements

AlMg binary 9.58 ± 0.13 0.11 ± 0.01 Bal. 0.79 ± 0.020

AlMgSi ternary 9.71 ± 0.16 2.3 ± 0.017 Bal. 0.81 ± 0.011

Table 1. Chemical composition in wt.% of AlMg and AlMgSi alloys determined by coupled plasma atomic emission 
spectroscopy.
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synergistically to the base alloying elements enhancing the effects of basic alloy constituents. 
For AlMg alloys, β-Mg17Al12 is an essential phase that plays an important role in strengthening 
crystal boundary. More recent work [28], however, suggests that structural stability mecha-
nism is also explained through the electronic structures. Additional parameter to the trace 
elements on the alloy phases relates with surface energy in nucleation of the new phase; it is 
well known that it exerts influence on solubility of components in the binary solutions and 
contributes to segregation.

3.2. Metallographic analysis

Surface metallographic preparation of the casting AlMg and AlMgSi ingots, cooled at conven-
tional solidification velocity, was obtained for revealing the internal structure arrangement of 
AlMg and AlMgSi alloys. The physical sectioning at small cylinder specimens was cut with a 
diamond wheel cutter to gain valuable data about alloys characteristics. Nevertheless, because 
of the limitation of experimentally detailed solid-liquid interface conditions, the geometry of 
precision parts close to wall mold produce an accurate model of reality. Due to the surface 
energy in melts or liquids not varying with direction on the interface, however when the sur-
face of a liquid increased, some atoms come to the surface from the bulk in order to maintain 
the surface characteristics. For the case of solids, the surface energy differs when the surface is 
increased, like as the alloys are rolled, as at normal temperatures the atoms mobility is limited 
[30]. Although the published studies lack data on metallographic and energy surface, this rela-
tionship is feasible to resolve the comparative surface energies among crystalline solid phases. 
From this perspective, the as-cast specimen was carefully encapsulated in epoxy resin, and a 
basic technique was performed by grinding the samples with SiC from # 400 to # 2000 emery 
papers and mechanically polished with 1 μm Al2O3 power suspension solution in distilled 
water, followed by etching in Keller’s reagent. To prepare the chemical reagent solution, 5 ml 
of HNO3 was mixed with 3 ml of HCl, 2 ml of HF and 190 ml of distilled water; the etched was 
done at room temperature for 30–50 s. Chemical reagent acts on surface sample with remark-
able morphology definition due to the energy relative to the surface energy. Taking to account 
what precedes, the relationship energy fluctuates with temperature. For that case, the tempera-
ture coefficient of surface energy is associated to the surface entropy, which varies from entropy 
in the bulk of the metallic material. The surface entropy is commonly positive. This produces 
the temperature coefficient of surface energy typically negative. Quantitative and qualitative 
metallography has significant contributions for the physical surface energy variable.

3.3. Microstructural observations

The morphologies and arrangement of crystalline phases of the as-cast binary AlMg alloy and 
ternary AlMgSi alloy samples were examined using scanning electron microscopy (SEM) Jeol 
5900 with an accelerating voltage of 25 keV. From Leica line-scanning, results of cross section 
were inspected by electron dispersive spectroscopy (EDS) in order to get the chemical micro-
analysis and X-ray chemical mapping. A specimen was sectioned at superior, average and 
inferior part for its chemical and microstructural analyses. These results represent the average 
of five different analyses in different regions of the surface samples.
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In order to know the crystal structural investigation of AlMg and their alloying, a short wave, 
monochromatic and collimated beam using copper tube of Kα line radiation: λ = 0.15406 nm 
of X-rays directed on the carefully polished and cleaned surface of the alloys by a Siemens 
5000 X-ray diffractometer. The angle of incidence, θ, is observed, as Ι is the intensity of the 
reflected beam graphite monochromator. The crude results are usually presented as a plot of I 
vs. (sinθ)/λ, where λ is the wavelength of the incident beam recorded from 5 to 120° with step 
size 0.02 and 0.6 s time per step.

4. Results and discussions

In order to understand the microstructure evolution of AlMg and AlMgSi alloys, we need to 
analyze their internal structure throughout the growth of complex dendrite. The dendritic 
structure is an arrangement of primary and secondary arms, where the cavities between the 
dendrite branches were occupied by eutectic-type phase. As well as simulations, microstruc-
ture [32] reveals that the side branches are created by the development of instabilities induced 
on the tip of the primary branches. Consequently, the morphology of each phase formed 
has significant effects on the mechanical and material properties of cast alloys. In addition, 
provide support for a wide range of structural parameters, we may know the phases and 
transformations to figure out a new emerging uses that provide the AlMg and AlMgSi alloys, 
which outperform the competition in demanding automotive applications.

Figure 3 shows the chemical composition by EDS of aluminum, magnesium and silicon in 
the grain boundary regions, which could be related with the diffusion solutes into the matrix 
alloy. Hence, the chemical distribution of solute magnesium and silicon is vital for develop-
ment and verification of atomic solidification process. The most important effect of nature 
and quantity of alloy elements influences the morphology of a solidification reaction that 
took place under cooling of a solid transformation; moreover, based on chemical composition, 
impurities and their influence in the melt nucleation state are very complicated with signifi-
cantly crystallization conditions.

Analyzing the solidification structure using charge materials, melting process and cooling 
conditions near to practical foundry situation held a certain time that included the rela-
tionship in the liquid-solid transition region, distribution of chemical compositions, iden-
tification of metastable system or description for forming temperature and composition 
solidification microstructures. Throughout the atomic content in each region of phases, the 
alloy provides the chemical influence on corrosion and mechanical properties. In addition, 
inoculation and even addition of trace elements are associated at thermodynamics reactions 
on solid and liquid region, which is reason why the EDS analysis is required. The exact 
significance of nature and content of magnesium and silicon is reveled in the α-Al solid 
solution with atomic magnesium and silicon dissolved on the gray dark zone. Therefore, 
this type of alloy obtains solutes like magnesium and silicon distributions associated with 
the experimental alloy designed and the limit of solubility based on the equilibrium AlMg 
phase diagram.
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The characteristic structural features under the same basic parameters, such as casting tem-
perature and conventional solidification rate, that microstructure features show an equiaxed 
dendritic morphology observed in a SEM field of back-scattered electrons (BSE) for materials 
like AlMg and AlMgSi alloys. The microstructure of crystal growth morphology demonstrates 
the absence of segregation or impurities, and the images of sample surface by secondary elec-
tron image (SEI) shown in Figure 4 did not show internal fissuring, associated with abnor-
mal microsegregation. The electron interactions with the AlMg and AlMgSi atoms produce 
information about and interdendritic region that can be seen in Figure 4. In past years, many 
studies have reported that microstructure is strongly related with parameters of solidification 
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distance between the walls of mold increase the cooling rate and modified the structure until 
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In order to know the crystal structural investigation of AlMg and their alloying, a short wave, 
monochromatic and collimated beam using copper tube of Kα line radiation: λ = 0.15406 nm 
of X-rays directed on the carefully polished and cleaned surface of the alloys by a Siemens 
5000 X-ray diffractometer. The angle of incidence, θ, is observed, as Ι is the intensity of the 
reflected beam graphite monochromator. The crude results are usually presented as a plot of I 
vs. (sinθ)/λ, where λ is the wavelength of the incident beam recorded from 5 to 120° with step 
size 0.02 and 0.6 s time per step.

4. Results and discussions

In order to understand the microstructure evolution of AlMg and AlMgSi alloys, we need to 
analyze their internal structure throughout the growth of complex dendrite. The dendritic 
structure is an arrangement of primary and secondary arms, where the cavities between the 
dendrite branches were occupied by eutectic-type phase. As well as simulations, microstruc-
ture [32] reveals that the side branches are created by the development of instabilities induced 
on the tip of the primary branches. Consequently, the morphology of each phase formed 
has significant effects on the mechanical and material properties of cast alloys. In addition, 
provide support for a wide range of structural parameters, we may know the phases and 
transformations to figure out a new emerging uses that provide the AlMg and AlMgSi alloys, 
which outperform the competition in demanding automotive applications.

Figure 3 shows the chemical composition by EDS of aluminum, magnesium and silicon in 
the grain boundary regions, which could be related with the diffusion solutes into the matrix 
alloy. Hence, the chemical distribution of solute magnesium and silicon is vital for develop-
ment and verification of atomic solidification process. The most important effect of nature 
and quantity of alloy elements influences the morphology of a solidification reaction that 
took place under cooling of a solid transformation; moreover, based on chemical composition, 
impurities and their influence in the melt nucleation state are very complicated with signifi-
cantly crystallization conditions.

Analyzing the solidification structure using charge materials, melting process and cooling 
conditions near to practical foundry situation held a certain time that included the rela-
tionship in the liquid-solid transition region, distribution of chemical compositions, iden-
tification of metastable system or description for forming temperature and composition 
solidification microstructures. Throughout the atomic content in each region of phases, the 
alloy provides the chemical influence on corrosion and mechanical properties. In addition, 
inoculation and even addition of trace elements are associated at thermodynamics reactions 
on solid and liquid region, which is reason why the EDS analysis is required. The exact 
significance of nature and content of magnesium and silicon is reveled in the α-Al solid 
solution with atomic magnesium and silicon dissolved on the gray dark zone. Therefore, 
this type of alloy obtains solutes like magnesium and silicon distributions associated with 
the experimental alloy designed and the limit of solubility based on the equilibrium AlMg 
phase diagram.
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Figure 4. Microstructure of binary AlMg alloy, which was formed by AlMg solid solution (SS) rich in aluminum with 
dendritic microstructure and revealing the interdendritic morphology.

Figure 5. XRD patterns of the AlMg and AlMgSi alloys.
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In contrast, silicon is commonly identified in interdendritic regions as shown in Figure 3. The 
structure of crystalline solid, from the phase diagram of AlMgSi ternary alloy [21], shows 
the content of magnesium and silicon as solid solute alloying in the aluminum-rich corner. 
It seems, therefore, that solutes comprise a solid solution in aluminum solvent matrix at a 
specific extent. In this respect, the high concentration of magnesium and silicon could made 
that the diffusion as interchange of atoms in limit of solid solubility produced precipitation 
of Mg2Si phase together with a lower concentration of silicon. However, despite all these met-
allurgical characterizations, few works concerning the mechanical behavior of these alloys 
can be found like the research carried out previously [15], where the motion dislocations 
generated slip in a solid by the motion of dislocations possessing internal strains. However, 
it should be born in mind that adequate incorporation of grain refinement into the alumi-
num matrix rise in precipitation due to two physical phenomenal suggestions. The first one 
deal with rapid heterogeneous nucleation of precipitates, whereas the second one relates an 
increased rate of dislocation generated near particles added. Characteristically, alloys with 
precipitates on matrix and refine microstructure age hardening increase the main internal 
strain and hardness is improved. A further discussion of this fascinating phenomenon of pre-
cipitation will be addressed to the corrosion performance, given the fact that the presence of 
phases along the AlMg matrix may expect a galvanic couple decreasing the corrosion resis-
tance in contact with electrolyte.

5. Conclusions

Summarizing the chapter, it may be stated that numerous phenomena assist solidification 
process.

A brief mention of microstructure influence has been described in relationship with AlMg 
and AlMgSi alloys.

The chemical and microstructural details concerning the concentration and distribution of 
solutes in the unmodified aluminum base alloy were exposed.

Microstructural evidence showed the distribution of phases based on low-cost solidification 
and basic casting route.

The AlMg and AlMgSi alloys presented Al-rich solid solution matrix with interdendritic 
regions rich in magnesium and silicon for AlMgSi.
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Abstract

Geopolymer (GP) is a class of three-dimensional aluminosilicate binder, which is supe-
rior to Portland cement materials in acid, heat and fire resistance. GP is produced by
reacting an aluminosilicate source (metakaolin, fly ash or waste) with an alkali metal
hydroxide or silicate. The aim of the present work is to review the latest developments in
three lines of research that deal with application of GP in treatment of pollutants. The
first “intra-solidification” that involves mixing real waste (containing heavy metal
pollutants) with the GP precursors to obtain a high mechanical strength material. The
second type of solidification is “inter-solidification” that involves incorporation of
heavy metals solutions (as simulation of polluted water) during geopolymerization
reaction. The third line of research “adsorption” involves agitating GP with heavy
metals solutions and studying the ability of GP to remove heavy metals from water.
These techniques will be investigated regarding efficiency and mechanism of immobili-
zation, cost and environmental impact. GPs are strong low-cost adsorbents for heavy
metals. In intra-solidification, despite the high mechanical strength of the produced GP-
containing waste, geopolymerization reduces effectively the leaching of heavy metals.
The reverse was observed in the case of inter-solidification which presents a greater
challenge than intra-solidification.

Keywords: solidification, adsorption, geopolymer, heavy metals, fly ash

1. Introduction

Geopolymers (GPs), first named by Davidovits [1], are synthetic aluminosilicates prepared by
reacting a reactive solid aluminosilicate (metakaolin, fly ash or blast furnace slag) with an
aqueous alkaline activating solution that contains alkali (Na+ or K+) hydroxides and silicates
[2, 3]. GPs are composed of tetrahedral silicate and aluminate units linked in a three-
dimensional structure by covalent bonds. The negative charges associated with Al(III)
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tetrahedra is usually balanced by alkali cations [4]. GPs possess many favorable properties
such as high compressive strength, low shrinkage, acid resistance, fire resistance, low thermal
conductivity, rapid hardening and durability [2, 4–6]. The main applications of GPs are low
cost construction materials and protective coatings [6]. Furthermore, GPs have been used for
solidification of toxic wastes especially those containing heavy metals. This is the first aspect
that will be reviewed in the present work. Solidification is a pre-landfill waste treatment in
which the waste is encapsulated in cementing material or any kind of organic or inorganic
polymer to immobilize toxic contaminates and reducing their leachability [7]. The final aim of
solidification is reduction of the overall environmental impact of waste disposal [8].

GPs are X-ray amorphous, however, the formation of some crystalline zeolitic phases was
detected particularly. The transformation of typically X-ray amorphous GP synthesized in
highly concentrated basic solution into zeolite structure provides a very powerful evidence
for the similarity of the zeolitization and geopolymerization reaction mechanisms [9]. Zeolites
are strong cation exchangers and were used extensively to remove heavy metal ions from
polluted water. Thus, this similarity suggested using GP in water treatment for the removal of
heavy metal ions. Adsorption of pollutants, especially heavy metals, on GP is the second
aspect that will be discussed in the present work.

Any material that is rich in Si and Al in amorphous forms can be used as a source material for
synthesis of GP. Natural resources like kaolin and metakaolin (MK, synthesized by
dehydroxylation of phase pure kaolin at 750�C) can be used for GP preparation, as well as a
considerable range of industrial waste, such as fly ash (FA) from coal, blast furnace slag (BFS)
from metallurgical industries, and municipal and medical waste incineration ashes. Since GP
production is mainly based on waste materials, their use could aid waste minimization and
reduces the pressure on current and future limited resources used in ordinary Portland cement
(OPC) and contribute significantly to the lowering of the CO2 emission of the construction
industry [2, 6]. Calcination of kaolin to produce MK is carried out at 750�C, which is lower
than the temperature needed in OPC production (1400–1450�C), [4]. Coal fly ash (FA) is an
industrial waste that is produced from coal electricity plants. The bulk of the FA is made up of
silicon, aluminum and iron oxides, as well as small (type F) or significant amounts of CaO
(type C) [9]. GPs are generally considered to be much more sustainable than OPC, in terms of
reduced production energy requirement, lower CO2 emissions and the inexhausting sources of
wastes [4]. FA appears to be one of the most promising precursors for the production of GP
due to its high workability, low water demand and high mechanical strength [2, 9].

Despite the typical attributes mentioned above, the properties of GP are highly dependent on
Si/Al ratio, hydroxide concentration, alkali cation used and curing conditions [6]. For example,
the compressive strength of MK-based GP was improved by using sodium or potassium
silicate solution instead of hydroxide. This improvement is attributed to the presence of
increased number of SidOdSi bond, which possess higher bond energy compared to
SidOdAl bond [5]. It was observed that the microstructure changed from containing large
to small pores as the Si/Al ratio was increased from 1.15 to 1.90 [9, 10]. The baseline stoichiom-
etries for GP materials participating in the reaction are typically molar Na/Al = 1 and Si/Al = 2.
The amount of water (H2O/Na molar ratio �7) is usually controlled to obtain a thick paste [11].

Solidification78

The mechanism of geopolymerization is out of the scope of the present article, but some points
are discussed here. Dissolution of amorphous aluminosilicates (from MK, FA or BFS) is rapid
at the high pH provided by the alkaline activator, and this quickly creates a supersaturated
solution containing a complex mixture of silicate, aluminate and aluminosilicate species. Then
the oligomers in the aqueous phase form large networks by condensation resulting in gel
formation. After gelation, the system continues to rearrange and reorganize, as the connectiv-
ity of the gel network increases, resulting in the three-dimensional aluminosilicate network of
GP. The Si(IV) and Al(III) in the framework of GP are tetrahedrally coordinated and linked by
oxygen bridges with small amount of terminal hydroxyl groups at the surface of the gel [9].
Although these terminal hydroxyl groups were thought to be insignificant in determining the
mechanical properties of GP, they were thought to be important in immobilization of heavy
metals since they can be coordinated to the heavy metal cations through chemical bonds [12].

The aim of the present work is to review the latest developments in the techniques of immobi-
lization of heavy metals and some organic pollutants in geopolymeric materials. Two tech-
niques will be investigated and compared; the first is solidification and the second is
adsorption. These will be reviewed regarding starting materials used for preparation of GP,
efficiency, mechanism, cost and environmental impact.

2. Methodology and calculations

2.1. Solidification

The first part of the present study is devoted to reviewing published works on solidification of
wastes containing heavy metals in GP matrix. This type of solidification, which will be called
intra-solidification (Figure 1), involves mixing the waste with aluminosilicate-rich precursor
such as MK, FA and BFS. Then an activator composed from sodium or potassium hydroxide
and silicate is added and the produced GP is cured at temperature usually ranges from 40 to
80�C. The prefix “intra” is used because it means “within” and thus intra-solidification means
immobilization of the heavy metals within waste by reaction with GP precursor. The second
type of solidification, which will be called inter-solidification (Figure 1), involves mixing an
aluminosilicate precursor with pure heavy metal salts or solutions added during preparation
of GP. The prefix “inter” is used because it means “between” and thus inter-solidification
means immobilization reaction between heavy metal added and the GP precursors.

Two criteria are usually used to test the efficiency of solidification, the first is mechanical
strength of the GP and the second is the leaching of heavy metals from the GP. Toxicity
characteristic leaching procedure (TCLP) formulated by the US Environmental Protection
Agency (EPA) involves stirring granular solid GP material (containing heavy metal) < 9 mm
with acetic acid solution at pH 3–5 (liquid:solid ratio 20 mL:1.0 g) followed by filtering and
determining the amount of heavy metals [8, 13]. The European Norm EN-12457 test, which is
less aggressive than TCLP test, involves immersing 4.0 g of GP in 40mL deionizedwater [8, 13, 14].
Furthermore, other leaching solutions of different pH and ionic strength were applied by other
authors: H2SO4 solutions (pH 1), 5% (w/w) MgSO4, 5% Na2CO3 solutions [15], 0.1 M HCl,
0.1 M NaCl, 1.0 M NaCl and 0.1 M NaOH [12]. The time of leaching test is highly variable and
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ranges from 1 to 90 days. The efficiency of solidification can be deduced from the concentration
of metal in the leaching solution when compared with the allowed limit formulated by envi-
ronmental organizations. If the concentration of heavy metal in the leaching solution is below
the allowed limit, then it can be concluded that the solidification process is effective.

Another way for evaluating the efficiency of solidification depends on calculating the percent-
age of leaching of heavy metal from GP containing the heavy metal using Eq. (1) [12]:

% leaching of heavy metal ¼ CGPM

Ct
� 100 (1)

where CGPM is the concentration of heavy metal leached out of the GP-containing heavy metal
(mg/L). Ct is the calculated concentration (mg/L) of heavy metal (Eqs. (2) or (3)) expected to
leach out of specific mass (m, in mg) of GP into specific volume (V in liters) of leaching solution
assuming 100% leaching:

Intra� solidification: Ct ¼ mass of heavy metal gð Þ
mass of waste kgð Þ �mass of waste gð Þ

mass of GP gð Þ �m
V

(2)

Figure 1. Intra-solidification, inter-solidification and adsorption processes for immobilization of heavy metals.
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Inter� solidification: Ct ¼ mass of metal salt used in mix design gð Þ
mass of mix desigh of GP gð Þ �m

V

� atomic mass of heavy metal
molar mass of heavy metal salt

(3)

It is worth to mention that the amount of heavy metal reported in the waste material used in
Eq. (2) (in g/kg, Table 1) is problematic because semi-quantitative X-ray fluorescence (XRF)
gives the amount of metal that exist in different forms. Some of these forms may be inert. For
example, as shown in Table 1, the environmentally significant amount of Pb in lead smelting
slag determined by digesting in 2 M HNO3 (14.7 g/kg) was much lower than the amount
indicated by X-ray fluorescence (319.3 g/kg) [14]. Furthermore, many authors reported the %
metal in GP total mix design incorrectly and did not differentiate between % metal and %
metal salt. For example, 0.50% Cu(NO3)2∙3H2O is equivalent to 0.13.% Cu.

2.2. Adsorption

GP was used as an adsorbent for the removal of heavy metals from polluted water (Figure 1).
Adsorption involves agitating specific amount of GP (m, in g) with specific volume (V in L) of
standard aqueous solution (Ci) of heavy metal (simulating polluted waste water) for different
contact times. The concentration of heavy metal in solution decreases until it reaches steady
value (Ce) at a time called equilibration time. The mount of heavy metal adsorbed at equilib-
rium (Qe, mg/g) is determined from Eq. (4):

Qe ¼
Ci � Ce

m
� V (4)

Langmuir model (Eq. (5)) is the most widely used in the studies reviewed in the present article.
This model is used to fit the equilibrium adsorption data that results from determining Ce and
Qe at different Ci values at constant temperature (adsorption isotherm).

Qe ¼
Qm � KL � Ce

1þ KL � Ceð Þ (5)

whereQm is the maximum adsorption capacity (mg/g) and KL is the Langmuir affinity constant
related to the energy of binding sites on the surface of GP (L/mg) [16].

For analysis of kinetics adsorption data, pseudo-second order model (Eq. (6)) was the most
frequently used in the works reviewed in the present article:

dQt

dt
¼ k2 Qe �Qtð Þ2 (6)

where k2 is the second-order reaction constant (g mg�1 min�1), Qe and Qt are the amount of
metal ions adsorbed per unit mass of GP at equilibrium and time t, respectively. The model is
usually used to determine the rate constant k2 [17].
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2.3. Cost calculations

The cost of GP used in solidification and adsorption of wastes was calculated depending on the
cost values of the constituents of GP given by McLellan et al. [18]. The approximate cost of MK,
FA, sodium hydroxide, sodium silicate solution, kaolin, zeolite and BFS used in calculation
was 200, 50, 400, 200, 100, 100 and 50 US $/t, respectively. Water and industrial waste solidified
were assumed to have negligible cost if solidification is to be applied in the site of production
of waste.

3. Immobilization of pollutants in geopolymeric materials

3.1. Intra-solidification of waste in geopolymer

Heavy metals exist in many types of wastes: coal fly ash, carbon steel electric arc furnace dust,
lead smelting slag, chromite ore-processing residue, aluminum production waste, municipal
solid waste incineration fly ash and medical waste incineration fly ash. The heavy metal
content in some of these wastes was given in Table 1. Because of their toxic heavy metals
content, regulations prohibit disposal of these wastes in landfill [19]. For solidification of these
wastes in GP matrix, these wastes are usually mixed with MK, FA or BFS and then with alkali
activator to get solid GP after curing.

3.1.1. Coal fly ash waste

Bankowski et al. investigated solidification of brown coal type C fly ash {30.6, 2.4, 1.2} in MK
{0.1, 49.3, 35.0}-based GP using sodium hydroxide and sodium silicate as activators. The TCLP
test (Table 2, I-1) indicated that geopolymerization reduces the leaching of some metals such
as As, Ba, Se and Sr (0.002, 0.07, 0.130 and 5.500 mg/L) relative to the unreacted fly ash (0.012,
0.270, 0.740 and 31.200 mg/L). Other metals which exist in trace amounts (like Zn, Mn, Ni and
Mo) in fly ash did not respond to solidification due to error in measurements of low concen-
trations of these metals. It is worth to mention that best immobilization efficiency was obtained
when ≤40% (w/w) of the fly ash was incorporated in the mix design of GP [19]. Similarly, Arioz
et al. studied solidification of FA (F-type, low calcium) in GP without addition of any other
source of aluminosilicate and using sodium hydroxide and silicate activators. TCLP leaching
results indicated that heavy metals like As and Hg were immobilized effectively in GP while
Zn, Pb and Cd were not (Table 2, I-2). The compressive strength of the produced GP ranged
from 20 to 50 MPa [20]. The results in Table 2 (I-1 and I-2) indicated that leaching of both
unreacted FA and solidified FA-GP gives low concentrations of heavy metals.

3.1.2. Metal industry waste

Solidification of 20% (w/w) carbon steel arc furnace dust {8.60, 6.21, 2.0} in OPC and type-F FA
{3.94, 63.91, 21.51}-based GP was studied using variable activators (sodium and potassium
hydroxides and silicates). The compressive strength of the produced GP ranged from 10 to
40 MPa compared to 2.5 MPa in the case of OPC. TCLP leaching test (acetic acid buffer at pH 3)
indicated that the leached amounts of Zn, Pb, Cr and Cd from OPC system were less than 1%
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2.3. Cost calculations

The cost of GP used in solidification and adsorption of wastes was calculated depending on the
cost values of the constituents of GP given by McLellan et al. [18]. The approximate cost of MK,
FA, sodium hydroxide, sodium silicate solution, kaolin, zeolite and BFS used in calculation
was 200, 50, 400, 200, 100, 100 and 50 US $/t, respectively. Water and industrial waste solidified
were assumed to have negligible cost if solidification is to be applied in the site of production
of waste.

3. Immobilization of pollutants in geopolymeric materials

3.1. Intra-solidification of waste in geopolymer

Heavy metals exist in many types of wastes: coal fly ash, carbon steel electric arc furnace dust,
lead smelting slag, chromite ore-processing residue, aluminum production waste, municipal
solid waste incineration fly ash and medical waste incineration fly ash. The heavy metal
content in some of these wastes was given in Table 1. Because of their toxic heavy metals
content, regulations prohibit disposal of these wastes in landfill [19]. For solidification of these
wastes in GP matrix, these wastes are usually mixed with MK, FA or BFS and then with alkali
activator to get solid GP after curing.

3.1.1. Coal fly ash waste

Bankowski et al. investigated solidification of brown coal type C fly ash {30.6, 2.4, 1.2} in MK
{0.1, 49.3, 35.0}-based GP using sodium hydroxide and sodium silicate as activators. The TCLP
test (Table 2, I-1) indicated that geopolymerization reduces the leaching of some metals such
as As, Ba, Se and Sr (0.002, 0.07, 0.130 and 5.500 mg/L) relative to the unreacted fly ash (0.012,
0.270, 0.740 and 31.200 mg/L). Other metals which exist in trace amounts (like Zn, Mn, Ni and
Mo) in fly ash did not respond to solidification due to error in measurements of low concen-
trations of these metals. It is worth to mention that best immobilization efficiency was obtained
when ≤40% (w/w) of the fly ash was incorporated in the mix design of GP [19]. Similarly, Arioz
et al. studied solidification of FA (F-type, low calcium) in GP without addition of any other
source of aluminosilicate and using sodium hydroxide and silicate activators. TCLP leaching
results indicated that heavy metals like As and Hg were immobilized effectively in GP while
Zn, Pb and Cd were not (Table 2, I-2). The compressive strength of the produced GP ranged
from 20 to 50 MPa [20]. The results in Table 2 (I-1 and I-2) indicated that leaching of both
unreacted FA and solidified FA-GP gives low concentrations of heavy metals.

3.1.2. Metal industry waste

Solidification of 20% (w/w) carbon steel arc furnace dust {8.60, 6.21, 2.0} in OPC and type-F FA
{3.94, 63.91, 21.51}-based GP was studied using variable activators (sodium and potassium
hydroxides and silicates). The compressive strength of the produced GP ranged from 10 to
40 MPa compared to 2.5 MPa in the case of OPC. TCLP leaching test (acetic acid buffer at pH 3)
indicated that the leached amounts of Zn, Pb, Cr and Cd from OPC system were less than 1%
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of the amount leached from GP. Furthermore, the amounts of metals leached from GP were
higher than USEPA limit (Table 2, I-3, I-4). This was explained by the high alkalinity of OPC
leachate (pH 11.2–11.8) compared to neutral pH of GP leachate (pH 5.2–6.7). However, less
aggressive EN leaching test (deionized water) showed much lower leaching concentration for
GP samples and much higher leaching concentrations for OPC [8, 21]. This reflects the effect of
leaching solution on efficiency of immobilization.

Ogundiran et al. studied solidification of lead smelting slag in (2, 1 w,w) FA (6.03, 48.9, 27.8}-
and BFS {42.0, 37.2, 11.8}-based GP using potassium silicate as activator. The compressive
strength was remarkably high 80–100 MPa. TCLP leaching test indicated that Pb, Zn, Cr and
Ba leaching concentrations were below the recommended limit (Table 2, I-5). Many mecha-
nisms were suggested for solidification of Pb in GP. The first, Pb is a network forming element
replacing Si, the second, Pb(II) ions balance the negatively charge Al tetrahedra and the third,
insoluble Pb(OH)2 be encapsulated in the GP structure [14].

Perna and Hazlicek solidified semi-liquid red waste {24.76, 13.45, 13.88} and gray slag {1.17,
0.01, 54.55} from aluminum production in GP matrix. The geopolymerization of the low
silicate waste was carried out with addition of silicon-rich fired clay dust {0.14, 50.28, 4.99}
and potassium silicate activator to obtain SiO2/Al2O3 and K2O/Al2O3 molar ratio of 2.96 and
0.73, respectively. The mechanical strength of the produced GP was 30–40 MPa. Foamed GP
products with thermal conductivity 0.169 Wm�1 K�1 were prepared. The high porosity of the
foamed GP could be used in insulation and passive house construction and it has fire and
elevated temperature resistance advantage over polystyrene [22].

Salihoglu et al. investigated solidification of 25% (w/w) antimony waste slag in FA {4.65, 51.84,
24.68}-based GP with OPC, clay, BFS and gypsum additives and using sodium hydroxide and
silicate activators. The EN leaching concentration ranged from 0.83 to 3.29 mg/L in the case of
Arsenic (As) and from 3.91 to 8.10 mg/L in the case of antimony (Sb). These concentrations were
higher than the regulatory limit 2.5 and 0.5 mg/L in the case of As and Sb, respectively [23].

Rao and Liu reviewed literature (dated to 2015) on the potential of using geopolymerization
reactions in solidification of mine and oil sands tailings which contain aluminosilicate mate-
rials. The review showed conflicting conclusions in the geopolymerization processes regarding
for instance the suitable Na/Al and Si/Al ratios, the function of metal cations such as sodium
and potassium, and the effect of calcination (for removal of organic content) [24].

Chromite ore-processing residue (COPR) was a target for solidification in several studies. Sun
et al. solidified 12% (w/w) COPR {34.27, 6.46, 8.15} in MK {0.05, 46.58, 37.02}-based GP in the
presence of Na2S (reducing agent) and using sodium hydroxide and silicate activators. The
mechanical strength of the produced GP was 40–60 MPa. The TCLP leaching test indicated that
the concentration of leached Cr from GP was below the allowed limit (5 mg/L) when the S2�/
Cr molar ratio > 6 compared to 45 mg/L when Na2S was not used. The effect of geopoly-
merization on the efficiency of solidification was remarkable because the leaching of total Cr
from of unreacted COPR was 279.84 mg/L. The suggested mechanism of solidification was that
S2� anion reduces anionic Cr(VI) in COPR to cationic Cr(III) which balances the negatively
charged Al tetrahedra in the GP [25]. Huang et al. studied solidification of COPR {0.69, 6.19,
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11.4} in BFS {40.43, 10.77, 30.18}-based GP using sodium hydroxide and silicate activators. The
mechanical strength was found to decrease from 50.4 to 13.4 MPa and the TLCP leaching
concentration increases only from 0.027 to 1.553 mg/L (Table 2, I-6) when the % (w/w) COPR
in GP increased from 10 to 60%. This indicated that 60% (w/w) COPR could be effectively
solidified with leaching concentration of Cr below the recommended limit (5 mg/L) [26].

Antunes Boca Santa et al. solidified the waste solution of plating printed circuit boards in MK
{0.06, 47.4, 37.9} and bottom ash {1.71, 57.3, 23.7} GP, and using sodium hydroxide and silicate
activators. The mechanical strength of the produced GP ranged from 5 to 25 MPa. The concen-
trations of metals in the TCLP leachate were below the recommended limit for Pb, Cu, Cr, Sn,
Fe, Ni and Zn (Table 2, I-7). The results indicated that increasing the concentration of NaOH
activator from 8 to 12 M causes increase in the concentration of heavy metals in the leachate
and thus reduces the efficiency of solidification [27].

3.1.3. Municipal solid waste incineration fly ash

Lancellotti et al. studied solidification of 20% (w/w) of municipal solid waste incineration fly
ash {10.46, 5.63, 2.10} in MK-based GP using sodium hydroxide and sodium silicate activators
(Si/Al and Na/Al molar ratios of 2 and 1, respectively). EN leaching test revealed that the
release of heavy metals from GP is low compared to unreacted waste, consequently, indicating
efficient solidification (Table 2, I-8). The % leaching for Cu, Pb and Cd was 1.8, 0.7 and 0%,
respectively. The effective immobilization of these heavy metals was ascribed to formation of
metal hydroxides in the high alkalinity medium of GP preparation. On the other hand, the
failure in Cr immobilization was ascribed to the effect of high Cl content of fly ash (26.40%)
which promotes dissolution of Cr [28].

Zheng et al. investigated the effect alkaline dose of sodium hydroxide and silicate (Na/fly ash
and Si/Al molar ratios) on geopolymerization of municipal solid waste incineration fly ash
{28.8, 15.4, 7.2} without addition of extra aluminosilicate source. Using HNO3 leaching solu-
tion (pH 4 with liquid/solid ratio 20), the % leaching of Cr, Zn, Cu was low: 11–16, 0.7–1.2 and
9–13, respectively (Table 2, I-9). However, the concentrations of metals in the leaching solution
were higher than the TCLP allowed limits. The high Si/Al molar ratio (2.5) was found to reduce
leaching of Cr and Cu because this ratio decreases depolymerization during leaching since Si-
O-Si bond has higher strength than Si-O-Al bond. An intermediate alkaline dosage (2.4 mol
Na/kg FA) favored immobilization of Cr, Cu and Zn [29].

Luna Galiano et al. studied solidification of municipal solid waste incineration fly ash {44.7,
26.8, 12.0} in GP prepared using FA (type F) mixed with kaolin or MK, BFS and different
sodium and potassium hydroxides and silicates activators. The leachate pH (TCLP test) was
inferred to be the most important variable on immobilization of metals. The results indicated
that Zn, Co, Ni, Cu and Sn were the best immobilized, while elements forming oxyanions like
Sb, Mo, V and Cr were the least immobilized in GP (Table 2, I-10) [13].

Guo et al. solidified 10% (w/w) municipal solid waste incineration fly ash {30.7, 17.7, 4.59} in
type C fly ash {13.6, 40.2, 17.0}-based GP using sodium hydroxide and silicate as activators to
obtain Na2O/SiO2 molar ratio of 0.7. The compressive strength of the produced GP was 50 MPa
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of the amount leached from GP. Furthermore, the amounts of metals leached from GP were
higher than USEPA limit (Table 2, I-3, I-4). This was explained by the high alkalinity of OPC
leachate (pH 11.2–11.8) compared to neutral pH of GP leachate (pH 5.2–6.7). However, less
aggressive EN leaching test (deionized water) showed much lower leaching concentration for
GP samples and much higher leaching concentrations for OPC [8, 21]. This reflects the effect of
leaching solution on efficiency of immobilization.

Ogundiran et al. studied solidification of lead smelting slag in (2, 1 w,w) FA (6.03, 48.9, 27.8}-
and BFS {42.0, 37.2, 11.8}-based GP using potassium silicate as activator. The compressive
strength was remarkably high 80–100 MPa. TCLP leaching test indicated that Pb, Zn, Cr and
Ba leaching concentrations were below the recommended limit (Table 2, I-5). Many mecha-
nisms were suggested for solidification of Pb in GP. The first, Pb is a network forming element
replacing Si, the second, Pb(II) ions balance the negatively charge Al tetrahedra and the third,
insoluble Pb(OH)2 be encapsulated in the GP structure [14].

Perna and Hazlicek solidified semi-liquid red waste {24.76, 13.45, 13.88} and gray slag {1.17,
0.01, 54.55} from aluminum production in GP matrix. The geopolymerization of the low
silicate waste was carried out with addition of silicon-rich fired clay dust {0.14, 50.28, 4.99}
and potassium silicate activator to obtain SiO2/Al2O3 and K2O/Al2O3 molar ratio of 2.96 and
0.73, respectively. The mechanical strength of the produced GP was 30–40 MPa. Foamed GP
products with thermal conductivity 0.169 Wm�1 K�1 were prepared. The high porosity of the
foamed GP could be used in insulation and passive house construction and it has fire and
elevated temperature resistance advantage over polystyrene [22].

Salihoglu et al. investigated solidification of 25% (w/w) antimony waste slag in FA {4.65, 51.84,
24.68}-based GP with OPC, clay, BFS and gypsum additives and using sodium hydroxide and
silicate activators. The EN leaching concentration ranged from 0.83 to 3.29 mg/L in the case of
Arsenic (As) and from 3.91 to 8.10 mg/L in the case of antimony (Sb). These concentrations were
higher than the regulatory limit 2.5 and 0.5 mg/L in the case of As and Sb, respectively [23].

Rao and Liu reviewed literature (dated to 2015) on the potential of using geopolymerization
reactions in solidification of mine and oil sands tailings which contain aluminosilicate mate-
rials. The review showed conflicting conclusions in the geopolymerization processes regarding
for instance the suitable Na/Al and Si/Al ratios, the function of metal cations such as sodium
and potassium, and the effect of calcination (for removal of organic content) [24].

Chromite ore-processing residue (COPR) was a target for solidification in several studies. Sun
et al. solidified 12% (w/w) COPR {34.27, 6.46, 8.15} in MK {0.05, 46.58, 37.02}-based GP in the
presence of Na2S (reducing agent) and using sodium hydroxide and silicate activators. The
mechanical strength of the produced GP was 40–60 MPa. The TCLP leaching test indicated that
the concentration of leached Cr from GP was below the allowed limit (5 mg/L) when the S2�/
Cr molar ratio > 6 compared to 45 mg/L when Na2S was not used. The effect of geopoly-
merization on the efficiency of solidification was remarkable because the leaching of total Cr
from of unreacted COPR was 279.84 mg/L. The suggested mechanism of solidification was that
S2� anion reduces anionic Cr(VI) in COPR to cationic Cr(III) which balances the negatively
charged Al tetrahedra in the GP [25]. Huang et al. studied solidification of COPR {0.69, 6.19,
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11.4} in BFS {40.43, 10.77, 30.18}-based GP using sodium hydroxide and silicate activators. The
mechanical strength was found to decrease from 50.4 to 13.4 MPa and the TLCP leaching
concentration increases only from 0.027 to 1.553 mg/L (Table 2, I-6) when the % (w/w) COPR
in GP increased from 10 to 60%. This indicated that 60% (w/w) COPR could be effectively
solidified with leaching concentration of Cr below the recommended limit (5 mg/L) [26].

Antunes Boca Santa et al. solidified the waste solution of plating printed circuit boards in MK
{0.06, 47.4, 37.9} and bottom ash {1.71, 57.3, 23.7} GP, and using sodium hydroxide and silicate
activators. The mechanical strength of the produced GP ranged from 5 to 25 MPa. The concen-
trations of metals in the TCLP leachate were below the recommended limit for Pb, Cu, Cr, Sn,
Fe, Ni and Zn (Table 2, I-7). The results indicated that increasing the concentration of NaOH
activator from 8 to 12 M causes increase in the concentration of heavy metals in the leachate
and thus reduces the efficiency of solidification [27].

3.1.3. Municipal solid waste incineration fly ash

Lancellotti et al. studied solidification of 20% (w/w) of municipal solid waste incineration fly
ash {10.46, 5.63, 2.10} in MK-based GP using sodium hydroxide and sodium silicate activators
(Si/Al and Na/Al molar ratios of 2 and 1, respectively). EN leaching test revealed that the
release of heavy metals from GP is low compared to unreacted waste, consequently, indicating
efficient solidification (Table 2, I-8). The % leaching for Cu, Pb and Cd was 1.8, 0.7 and 0%,
respectively. The effective immobilization of these heavy metals was ascribed to formation of
metal hydroxides in the high alkalinity medium of GP preparation. On the other hand, the
failure in Cr immobilization was ascribed to the effect of high Cl content of fly ash (26.40%)
which promotes dissolution of Cr [28].

Zheng et al. investigated the effect alkaline dose of sodium hydroxide and silicate (Na/fly ash
and Si/Al molar ratios) on geopolymerization of municipal solid waste incineration fly ash
{28.8, 15.4, 7.2} without addition of extra aluminosilicate source. Using HNO3 leaching solu-
tion (pH 4 with liquid/solid ratio 20), the % leaching of Cr, Zn, Cu was low: 11–16, 0.7–1.2 and
9–13, respectively (Table 2, I-9). However, the concentrations of metals in the leaching solution
were higher than the TCLP allowed limits. The high Si/Al molar ratio (2.5) was found to reduce
leaching of Cr and Cu because this ratio decreases depolymerization during leaching since Si-
O-Si bond has higher strength than Si-O-Al bond. An intermediate alkaline dosage (2.4 mol
Na/kg FA) favored immobilization of Cr, Cu and Zn [29].

Luna Galiano et al. studied solidification of municipal solid waste incineration fly ash {44.7,
26.8, 12.0} in GP prepared using FA (type F) mixed with kaolin or MK, BFS and different
sodium and potassium hydroxides and silicates activators. The leachate pH (TCLP test) was
inferred to be the most important variable on immobilization of metals. The results indicated
that Zn, Co, Ni, Cu and Sn were the best immobilized, while elements forming oxyanions like
Sb, Mo, V and Cr were the least immobilized in GP (Table 2, I-10) [13].

Guo et al. solidified 10% (w/w) municipal solid waste incineration fly ash {30.7, 17.7, 4.59} in
type C fly ash {13.6, 40.2, 17.0}-based GP using sodium hydroxide and silicate as activators to
obtain Na2O/SiO2 molar ratio of 0.7. The compressive strength of the produced GP was 50 MPa
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and the leaching concentrations of Zn, Pb, Cu and Cr were much less than the recommended
limits (Table 2, I-11) [30].

Tzanakos et al. investigated solidification of bottom ash {27.77, 39.74, 5.16} and fly ah {89.20,
6.00, 0.00} generated from incinerated medical waste in MK-based GP using sodium hydroxide
and silicate activators. The TCLP leaching test indicated that the concentrations of Cr, Ni, Zn,
Cd, Ba and Pb in the leachate were lower than the permitted limits and lower than the amounts
leached out of unreacted bottom and fly ash (Table 2, I-12). The mixing of bottom, fly ash and
MK with CaCO3 was shown to improve the mechanical strength of the produced GP without
affecting the leachability of heavy metals [7]. Thus, both the works of Guo et al. [30] and
Tzanakos [7] reflects the positive effect Ca on immobilization of heavy metals in GP matrix.

3.1.4. Exhausted adsorbents

Xu et al. reported an interesting study on solidification of zeolite A {0.54, 54.6, 27.8} loaded
with 90Sr radionuclide in MK {0.13, 45.25, 43.92}-based GP using sodium silicate as activator.
The performance of solidification in GP was compared with that in OPC. The mechanical
strength of the produced GP was about 40 MPa compared with 11 MPa in the case of OPC.
Furthermore, the GP was found to have better leaching resistance than OPC in different
leaching solutions: deionized water, H2SO4 solution at pH 1, 4% (w/w) MgSO4 solution and
acetic acid solution at pH 3.6. This study proved that solidification in GP is complementary to
adsorption process where the exhausted adsorbents containing pollutants could be solidified
in a form with high mechanical strength and low leachability for construction purpose or
landfill [31].

3.1.5. Nuclear waste

The solidification of nuclear waste by GP was reviewed by Vance and Perera and will not be
discussed here. It was concluded that GP can have significant advantage over other cements:
fire resistance, good immobilization and lake of freeze-thaw problem. There has been actual
disposal of low level nuclear waste in GP on an industrial scale in the Slovak Republic [11].

3.2. Inter-solidification of pollutants in geopolymer

The present section reviews literature on immobilization of highly soluble metal salts
(Cu(NO3)2, Pb(NO3)2, Cd(NO3)2, etc.) in aluminosilicate-rich sources like FA (type F), MK and
BFS, etc. The heavy metal nitrates are usually introduced during the synthesis of GP and can
be added either to the aqueous activator (sodium hydroxide and sodium silicate solution)
or added to solid aluminosilicate precursor (Figure 1). This technique can be applied for
solidification of waste water contaminated with heavy metals. As will be discussed in the
forthcoming paragraphs, the effect of incorporation of heavy metal nitrates on the mechanical
strength of the produced GP and the % leaching of heavy metals from the GP matrix are the
two major criteria for evaluating the efficiency of solidification. Other microstructural proper-
ties of GP (revealed by XRD, SEM and FTIR) are not usually affected by incorporation of heavy
metals.
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3.2.1. Alkali and alkaline earth metals

Lee et al. investigated the effect of incorporation of inorganic salts (0.18 mol/kg FA) KCl, CaCl2,
MgCl2, K2CO3, CaCO3, MgCO3, Ca(OH)2 and Mg(OH)2 on the mechanical strength of GP
prepared from type F FA {3.5, 50.0, 28.0} and kaolin {0.2, 54.5, 29.4}. Two systems of alkali
activators were employed: the first contained 15 M NaOH and the second contained 20 M
NaOH in addition to sodium silicate. The first system was found to have higher mechanical
strength. Ca(OH)2 and Mg(OH)2 did not exert any negative effect on the mechanical strength,
KCl, CaCl2, MgCl2 decreased the mechanical strength and K2CO3, CaCO3, MgCO3 increased
the mechanical strength of GP. The conclusion was that chloride contamination and excessive
alkalinity in the activating solution should be avoided in GP synthesis [32].

Li et al. demonstrated that FA {63.86, 21.87, 4.33}-based GP are more effective hosts for 133Cs(I)
than ordinary Portland cement (OPC). 133Cs(I) was incorporated (2% w/w) into GP and OPC,
separately. The concentration of Cs(I) leached out of the GP was found to be 5.4 and 9% of the
leaching concentration of OPC when deionized water and MgSO4 solutions were used as
leaching reagents, respectively. This was ascribed to the fact that GP has much lower porosity
than OPC. On the other hand, when H2SO4 was used as leaching reagent, Cs(I) leaching from
GP was comparable to leaching from OPC. The high extent of leaching in H2SO4 leaching
reagent (30 times that of deionized water) was ascribed to dissolution of Ca(OH)2 from GP and
OPC. The GP-containing Cs(I) was superior to OPC in many properties like higher mechanical
strength, thermal stability and acid resistance. The mechanical strength of GP was 57.15 MPa
compared with 33.73 in the case of OPC. The GP block can retain a compressive strength of
30 MPa after 2 h calcination at 1000�C. The mass loss of GP after 60 days in acetic acid/acetate
buffer (pH 3.6) was 7.1% that of OPC [33].

3.2.2. Pb(II), Cu(II), Cd(II), Cr(III)

Van Jaarsveld et al. studied solidification of Cu(II) and Pb(II) nitrates (0.1% w/w) in GP
prepared from FA {8.2, 50.1, 28.3} and either MK or kaolin additives and using sodium
hydroxide activator. The concentrations of Cu and Pb in the TCLP leaching solutions were
higher than the allowed limit (Table 3, I-1). Furthermore, the % leaching was relatively high
(23–65%) [34]. The compressive strength of Pb-containing GP samples (33.7 MPa) was found to
be slightly higher than Cu-containing GP samples (28.1 MPa). Two basic mechanisms for
immobilization of heavy metals in GP matrix were proposed. The first is physical: positively
charged metal Pb(II) or Cu(II) ions balance the negatively charged Al tetrahedra of GP. The
second is chemical: metal ions are bonded to the silicate chain through oxide and/or hydroxide
links [35].

Phair et al. incorporated 0.5% w/w Pb(II) and Cu(II) nitrates in FA-based GP. The FA {6.1, 48.5,
29.6} was either used alone or mixed with kaolin {0.1, 52.4, 28.6}, MK or K-feldespar {0.21, 67.1,
17.6} additives using sodium hydroxide and/or silicate activators. The efficiency of immobili-
zation of Pb(II) followed the order: FA-GP > FA/kaolin-GP > FA/feldspar-GP > FA/MK-GP as
indicated by TCLP leaching tests (Table 3, I-2). The concentrations of heavy metals were higher
than the TCPL limit and the % leaching were relatively high. There was no correlation between
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and the leaching concentrations of Zn, Pb, Cu and Cr were much less than the recommended
limits (Table 2, I-11) [30].

Tzanakos et al. investigated solidification of bottom ash {27.77, 39.74, 5.16} and fly ah {89.20,
6.00, 0.00} generated from incinerated medical waste in MK-based GP using sodium hydroxide
and silicate activators. The TCLP leaching test indicated that the concentrations of Cr, Ni, Zn,
Cd, Ba and Pb in the leachate were lower than the permitted limits and lower than the amounts
leached out of unreacted bottom and fly ash (Table 2, I-12). The mixing of bottom, fly ash and
MK with CaCO3 was shown to improve the mechanical strength of the produced GP without
affecting the leachability of heavy metals [7]. Thus, both the works of Guo et al. [30] and
Tzanakos [7] reflects the positive effect Ca on immobilization of heavy metals in GP matrix.

3.1.4. Exhausted adsorbents

Xu et al. reported an interesting study on solidification of zeolite A {0.54, 54.6, 27.8} loaded
with 90Sr radionuclide in MK {0.13, 45.25, 43.92}-based GP using sodium silicate as activator.
The performance of solidification in GP was compared with that in OPC. The mechanical
strength of the produced GP was about 40 MPa compared with 11 MPa in the case of OPC.
Furthermore, the GP was found to have better leaching resistance than OPC in different
leaching solutions: deionized water, H2SO4 solution at pH 1, 4% (w/w) MgSO4 solution and
acetic acid solution at pH 3.6. This study proved that solidification in GP is complementary to
adsorption process where the exhausted adsorbents containing pollutants could be solidified
in a form with high mechanical strength and low leachability for construction purpose or
landfill [31].

3.1.5. Nuclear waste

The solidification of nuclear waste by GP was reviewed by Vance and Perera and will not be
discussed here. It was concluded that GP can have significant advantage over other cements:
fire resistance, good immobilization and lake of freeze-thaw problem. There has been actual
disposal of low level nuclear waste in GP on an industrial scale in the Slovak Republic [11].

3.2. Inter-solidification of pollutants in geopolymer

The present section reviews literature on immobilization of highly soluble metal salts
(Cu(NO3)2, Pb(NO3)2, Cd(NO3)2, etc.) in aluminosilicate-rich sources like FA (type F), MK and
BFS, etc. The heavy metal nitrates are usually introduced during the synthesis of GP and can
be added either to the aqueous activator (sodium hydroxide and sodium silicate solution)
or added to solid aluminosilicate precursor (Figure 1). This technique can be applied for
solidification of waste water contaminated with heavy metals. As will be discussed in the
forthcoming paragraphs, the effect of incorporation of heavy metal nitrates on the mechanical
strength of the produced GP and the % leaching of heavy metals from the GP matrix are the
two major criteria for evaluating the efficiency of solidification. Other microstructural proper-
ties of GP (revealed by XRD, SEM and FTIR) are not usually affected by incorporation of heavy
metals.
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3.2.1. Alkali and alkaline earth metals

Lee et al. investigated the effect of incorporation of inorganic salts (0.18 mol/kg FA) KCl, CaCl2,
MgCl2, K2CO3, CaCO3, MgCO3, Ca(OH)2 and Mg(OH)2 on the mechanical strength of GP
prepared from type F FA {3.5, 50.0, 28.0} and kaolin {0.2, 54.5, 29.4}. Two systems of alkali
activators were employed: the first contained 15 M NaOH and the second contained 20 M
NaOH in addition to sodium silicate. The first system was found to have higher mechanical
strength. Ca(OH)2 and Mg(OH)2 did not exert any negative effect on the mechanical strength,
KCl, CaCl2, MgCl2 decreased the mechanical strength and K2CO3, CaCO3, MgCO3 increased
the mechanical strength of GP. The conclusion was that chloride contamination and excessive
alkalinity in the activating solution should be avoided in GP synthesis [32].

Li et al. demonstrated that FA {63.86, 21.87, 4.33}-based GP are more effective hosts for 133Cs(I)
than ordinary Portland cement (OPC). 133Cs(I) was incorporated (2% w/w) into GP and OPC,
separately. The concentration of Cs(I) leached out of the GP was found to be 5.4 and 9% of the
leaching concentration of OPC when deionized water and MgSO4 solutions were used as
leaching reagents, respectively. This was ascribed to the fact that GP has much lower porosity
than OPC. On the other hand, when H2SO4 was used as leaching reagent, Cs(I) leaching from
GP was comparable to leaching from OPC. The high extent of leaching in H2SO4 leaching
reagent (30 times that of deionized water) was ascribed to dissolution of Ca(OH)2 from GP and
OPC. The GP-containing Cs(I) was superior to OPC in many properties like higher mechanical
strength, thermal stability and acid resistance. The mechanical strength of GP was 57.15 MPa
compared with 33.73 in the case of OPC. The GP block can retain a compressive strength of
30 MPa after 2 h calcination at 1000�C. The mass loss of GP after 60 days in acetic acid/acetate
buffer (pH 3.6) was 7.1% that of OPC [33].

3.2.2. Pb(II), Cu(II), Cd(II), Cr(III)

Van Jaarsveld et al. studied solidification of Cu(II) and Pb(II) nitrates (0.1% w/w) in GP
prepared from FA {8.2, 50.1, 28.3} and either MK or kaolin additives and using sodium
hydroxide activator. The concentrations of Cu and Pb in the TCLP leaching solutions were
higher than the allowed limit (Table 3, I-1). Furthermore, the % leaching was relatively high
(23–65%) [34]. The compressive strength of Pb-containing GP samples (33.7 MPa) was found to
be slightly higher than Cu-containing GP samples (28.1 MPa). Two basic mechanisms for
immobilization of heavy metals in GP matrix were proposed. The first is physical: positively
charged metal Pb(II) or Cu(II) ions balance the negatively charged Al tetrahedra of GP. The
second is chemical: metal ions are bonded to the silicate chain through oxide and/or hydroxide
links [35].

Phair et al. incorporated 0.5% w/w Pb(II) and Cu(II) nitrates in FA-based GP. The FA {6.1, 48.5,
29.6} was either used alone or mixed with kaolin {0.1, 52.4, 28.6}, MK or K-feldespar {0.21, 67.1,
17.6} additives using sodium hydroxide and/or silicate activators. The efficiency of immobili-
zation of Pb(II) followed the order: FA-GP > FA/kaolin-GP > FA/feldspar-GP > FA/MK-GP as
indicated by TCLP leaching tests (Table 3, I-2). The concentrations of heavy metals were higher
than the TCPL limit and the % leaching were relatively high. There was no correlation between
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GP matrix Code Leaching test Mass %
of metal
solidified

Cu(II) Pb(II) Cr(VI) Cd(II) Cr
(III)

Ni
(II)

Ref.

FA/MK I-1 TCLP, pH 3,
24 h

0.1 22 (55) 23 (58) [34]

FA/kaolin 26.1 (65) 9.1 (23)

FA/kaolin I-2 TCLP, 28 days 0.5 85.7 (43) 8.5 (43) [36]

FA/MK 101 (51) 17.5 (9)

FA/feldspar 116 (58) 11 (6)

FA 113 (57) 7.5 (4)

MK/FA I-3 TCLP, pH 3,
24 h

0.1 17 (125) 17 (68) [37]

HCl solution,
pH 3

8 (59) 3 (12)

Kaolin/FA TCLP, pH 3,
24 h

9 (67) 7 (28)

HCl solution,
pH 3

17 (125) 10 (40)

FA/MK I-4 TCLP 0.1 0.0075 0.0025 0.020 0.001 [38]

BFS/MK(1:1) I-7 TCLP, 24 h 0.1 0.176 (0.44) 0.292 (0.73) [42]

0.2 0.384 (0.48) 0.864 (0.72)

0.3 0.396 (0.33) 0.192 (0.16)

FA I-5 H2SO4, pH 1,
90 days

0.5 (0.4) (88) (37) [15]

5% MgSO4,
90 days

(0.0) (75) (0.02)

5% Na2CO3,

90 days
(0.1) (78)

Water, 90 days (0.004) (80) (0.04)

MK, sodium
silicate
activator

I-8 Deionized
water, L/S
ratio 6

0.1 22.1 (28.4) 10.3 (4.10) 20.5 (14.82) [12]

0.1 M HCl 15.0 (21.04) 7.5 (2.71) 10.7 (7.28)

0.1 M NaCl 11.3 (15.51) 4.7 (1.81) 7.7 (4.89)

1.0 M NaCl 7.4 (0.82) 18.1 (7.71) 10.0 (6.16)

0.1 M NaOH 14.3 (21.22) 7.1 (2.52) 7.7 (5.01)

Ferronickel
slag

I-9 TCLP, pH 3 24 h 0.5
nitrates

25.5 (4) 7.9 (0.5) 0.3 34.7 [44]

0.5 sulfate 46.6 (7) 9.0 (0.5) 0.1 47.3

FA I-6 EN-12457-2
deionized
water, 28 days

0 1.0 [40]

0.5 4.0 (0.8)

1.0 7.0 (1.4)
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the efficiency of immobilization and the compressive strength where the order of mechanical
strength was FA/kaolin-GP > FA/MK-GP > FA/feldspar-GP > FA-GP

The efficiency of immobilization of Cu was lower than that of Pb. An interesting conclusion
withdrawn from this study was that Cu and Pb are less labile to leaching from bulky poly-
silicates of GP than from their mono-silicates and hydroxides [36]. In a similar study, van
Jaarsveld et al. compared the effect of addition of 15% (w/w) kaolin or MK to FA-based GP on
solidification of 0.1% (w/w) Pb(NO3)2 and Cu(NO3)2. The FA used was of type F {8.2, 50.1,
28.3), sodium hydroxide was used as activator and the Si/Al molar ratio was 1.5. The results
are given in Table 3, I-3. MK was shown to be preferred over kaolin as additive to FA when
high resistance to HCl leaching solution (pH 3.3) is required [37].

Xu et al. solidified Pb(II), Cd(II), Cu(II), and Cr(III) nitrates in GP prepared from FA {1.88,
47.42, 30.90} and MK {0.13, 53.3, 41.8} additive using potassium hydroxide and silicate activa-
tors. TCLP leaching tests (Table 3, I-4) indicated negligible leaching concentrations of heavy
metals ≤0.02 mg/L (% leaching <1%) which are much lower than the TCLP limits. Except for Cr

GP matrix Code Leaching test Mass %
of metal
solidified

Cu(II) Pb(II) Cr(VI) Cd(II) Cr
(III)

Ni
(II)

Ref.

Mechanically
activated FA

0 0.5

0.5 0.9 (0.2)

1.0 1.0 (0.2)

FA I-10 0.5 126 (25) [46]

1.0 338 (34)

2.0 735 (37)

Mechanically
activated FA

0.5 44 (9)

1.0 219 (22)

2.0 530 (27)

USEPA TCLP
allowed limit
(mg/L)

5 5 1 5

MK: metakaolin; FA: fly ash; BFS: blast furnace slag. L/S ratio: liquid leaching solution (mL) to solid geopolymer (g).

Table 3. Leaching of heavy metals (mg/L) from geopolymer matrix containing solidified heavy metal nitrates—
intersolidification (values in brackets give calculated % leaching).

FA-GP FA/kaolin-GP FA/feldspar-GP FA/MK-GP

% leaching of Pb 7.5 8.5 11 17.5

Mechanical strength (MPa) 7.7 32.7 13.9 26.8
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GP matrix Code Leaching test Mass %
of metal
solidified

Cu(II) Pb(II) Cr(VI) Cd(II) Cr
(III)

Ni
(II)

Ref.

FA/MK I-1 TCLP, pH 3,
24 h

0.1 22 (55) 23 (58) [34]

FA/kaolin 26.1 (65) 9.1 (23)

FA/kaolin I-2 TCLP, 28 days 0.5 85.7 (43) 8.5 (43) [36]

FA/MK 101 (51) 17.5 (9)

FA/feldspar 116 (58) 11 (6)

FA 113 (57) 7.5 (4)

MK/FA I-3 TCLP, pH 3,
24 h

0.1 17 (125) 17 (68) [37]

HCl solution,
pH 3

8 (59) 3 (12)

Kaolin/FA TCLP, pH 3,
24 h

9 (67) 7 (28)

HCl solution,
pH 3

17 (125) 10 (40)

FA/MK I-4 TCLP 0.1 0.0075 0.0025 0.020 0.001 [38]

BFS/MK(1:1) I-7 TCLP, 24 h 0.1 0.176 (0.44) 0.292 (0.73) [42]

0.2 0.384 (0.48) 0.864 (0.72)

0.3 0.396 (0.33) 0.192 (0.16)

FA I-5 H2SO4, pH 1,
90 days

0.5 (0.4) (88) (37) [15]

5% MgSO4,
90 days

(0.0) (75) (0.02)

5% Na2CO3,

90 days
(0.1) (78)

Water, 90 days (0.004) (80) (0.04)

MK, sodium
silicate
activator

I-8 Deionized
water, L/S
ratio 6

0.1 22.1 (28.4) 10.3 (4.10) 20.5 (14.82) [12]

0.1 M HCl 15.0 (21.04) 7.5 (2.71) 10.7 (7.28)

0.1 M NaCl 11.3 (15.51) 4.7 (1.81) 7.7 (4.89)

1.0 M NaCl 7.4 (0.82) 18.1 (7.71) 10.0 (6.16)

0.1 M NaOH 14.3 (21.22) 7.1 (2.52) 7.7 (5.01)

Ferronickel
slag

I-9 TCLP, pH 3 24 h 0.5
nitrates

25.5 (4) 7.9 (0.5) 0.3 34.7 [44]

0.5 sulfate 46.6 (7) 9.0 (0.5) 0.1 47.3

FA I-6 EN-12457-2
deionized
water, 28 days

0 1.0 [40]

0.5 4.0 (0.8)

1.0 7.0 (1.4)
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the efficiency of immobilization and the compressive strength where the order of mechanical
strength was FA/kaolin-GP > FA/MK-GP > FA/feldspar-GP > FA-GP

The efficiency of immobilization of Cu was lower than that of Pb. An interesting conclusion
withdrawn from this study was that Cu and Pb are less labile to leaching from bulky poly-
silicates of GP than from their mono-silicates and hydroxides [36]. In a similar study, van
Jaarsveld et al. compared the effect of addition of 15% (w/w) kaolin or MK to FA-based GP on
solidification of 0.1% (w/w) Pb(NO3)2 and Cu(NO3)2. The FA used was of type F {8.2, 50.1,
28.3), sodium hydroxide was used as activator and the Si/Al molar ratio was 1.5. The results
are given in Table 3, I-3. MK was shown to be preferred over kaolin as additive to FA when
high resistance to HCl leaching solution (pH 3.3) is required [37].

Xu et al. solidified Pb(II), Cd(II), Cu(II), and Cr(III) nitrates in GP prepared from FA {1.88,
47.42, 30.90} and MK {0.13, 53.3, 41.8} additive using potassium hydroxide and silicate activa-
tors. TCLP leaching tests (Table 3, I-4) indicated negligible leaching concentrations of heavy
metals ≤0.02 mg/L (% leaching <1%) which are much lower than the TCLP limits. Except for Cr

GP matrix Code Leaching test Mass %
of metal
solidified

Cu(II) Pb(II) Cr(VI) Cd(II) Cr
(III)

Ni
(II)

Ref.

Mechanically
activated FA

0 0.5

0.5 0.9 (0.2)

1.0 1.0 (0.2)

FA I-10 0.5 126 (25) [46]

1.0 338 (34)

2.0 735 (37)

Mechanically
activated FA

0.5 44 (9)

1.0 219 (22)

2.0 530 (27)

USEPA TCLP
allowed limit
(mg/L)

5 5 1 5

MK: metakaolin; FA: fly ash; BFS: blast furnace slag. L/S ratio: liquid leaching solution (mL) to solid geopolymer (g).

Table 3. Leaching of heavy metals (mg/L) from geopolymer matrix containing solidified heavy metal nitrates—
intersolidification (values in brackets give calculated % leaching).

FA-GP FA/kaolin-GP FA/feldspar-GP FA/MK-GP

% leaching of Pb 7.5 8.5 11 17.5

Mechanical strength (MPa) 7.7 32.7 13.9 26.8
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(III), It has been found that heavy metals improve the compressive strength of GP. Further-
more, immobilization of Pb(II) and Cr(III) were better than Cu(II) and Cd(II). Increasing the %
sodium hydroxide from 2 to 6% in GP mix design was found to result in decreasing of the
concentration of Cu(II) and Cd(II) in the leaching solution [38]. The high efficiency of immobi-
lization of heavy metals compared the work of Van Jaarsveld [34, 35, 37] may be due to the use
of two sodium silicate in addition to sodium hydroxide.

Zhang et al. investigated solidification of 0.5% (w/w) Pb(II) and Cd(II) nitrates in FA {5.1, 46.4,
28.3}-based GP prepared using sodium hydroxide and silicate activators. H2SO4 (pH 1), 5%
(w/w) MgSO4 and 5% Na2CO3 leaching solutions were used. H2SO4 leaching solution showed
the highest % leaching. Pb(II) resist leaching using all these leaching solution and Cd(II) also
showed similar behavior except in the case of H2SO4 leaching solution (Table 3, I-5). The
mechanism of immobilization suggested was that heavy metal ions undergo chemical bonding
either with the GP gel or with the low solubility silicate or aluminate phases. Another possible
mechanism was that the soluble salts of heavy metals may undergo some chemical conversion
in the highly alkaline conditions of GP synthesis and then trapped in the GP matrix [15].

Guo et al. studied solidification of 0.025% (w/w) Pb(NO3)2 in FA {20.0, 38.0, 19.0}-based GP
using sodium hydroxide and silicate activators (mass ratio, 5 NaOH:35 sodium silicate:60 FA).
Incorporation of Pb induced slight reduction in compressive strength. The leaching concentra-
tion of Pb was 0.003 mg/L and the % leaching was 0.024%. The shift of FTIR OH stretching to
lower frequency in the case of GP-containing heavy metal compared with GP-blank [39]
suggests binding of nonbridging SidOH and AldOH to heavy metal.

Nikolic et al. studied the effect of mechanical activation of FA {5.67, 62.13, 17.20} on the efficiency
of immobilization of Pb(II) nitrate in FA-based GP. Mechanical activation involves milling FA
before reacting with sodium hydroxide and silicate activators. EN leaching test indicated that Pb
(II) was more effectively immobilized in mechanically activated FA-based GP (the leaching
concentration is less than the allowed limit) than untreated FA-based GP (Table 3, I-6). This
was ascribed to the fact that mechanical activation of FA reduces the porosity, increase the
compactness (as reflected by SEM) and increase the mechanical strength of the GP [40].

Guo et al. investigated solidification of up to 8% (w/w) of three Pb compounds (PbO, PbSO4

and PbS) in FA {7.6, 52.1, 23.5}-based GP using sodium hydroxide and silicate activators (Si/Al
molar ratio 2.3). The three compounds have variable solubility: PbO is soluble in acetic acid
and NaOH, PbSO4 is insoluble in acetic acid and soluble in NaOH, and PbS is insoluble in both
solutions. Incorporation of PbO was found to increase the mechanical strength of GP while
PbSO4 and PbS have the reverse effect. The % leaching was very low (<1%), but the leached Pb
concentration (6–27 mg/L) was higher than the TCLP limit [41].

MK and BFS-based GP received less attention than FA-based GP as hosts for highly soluble
heavy metal salts. However, some studies will be discussed here. Yunsheng et al. investigated
solidification of Pb(II) and Cu(II) in GP prepared from (1:1, w:w) MK {0.6, 62.97, 26.91) and
BFS {41.7, 34.20, 14.20} using sodium hydroxide and silicate activators. TCLP tests (Table 3, I-7)
indicated that MK/BFS-based GP can very effectively immobilize Cu (II) and Pb(II) with %
leaching less than 1% and concentrations of heavy metals in leaching solution less than the
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TCLP limit. Kinetics of leaching revealed that the heavy metals rapidly leached out the GP and
reach steady concentration after 4 h. The mechanical strength of the produced GP was high
and slight reduction in mechanical strength (from 72.68 to 70.28 MPa) was observed when the
heavy metal dosage increases from 0.1 to 0.3% [42]. Perera et al. showed that heating of MK-
based GP containing 1% (w/w) Pb(NO3)2 from 200 to 800�C, resulted in an increase of the
leached Pb concentration from 2.8 to 14.8 mg/L [43]. El-Eswed et al. studied immobilization of
Pb(II), Cd(II) and Cu(II) in MK {0.4, 50.62, 46.21}-based GP using sodium silicate activator
either alone (Na/Al molar ratio 1) or mixed with sodium hydroxide (Na/Al molar ratio 2). The
Si/Al molar ratio used was 2 for both cases. In most cases, one and two activators have similar
immobilization performance which suggests that the high alkalinity is not the limiting factor
for immobilization of heavy metals. The % leaching and the concentrations in the leaching
solutions are given in Table 3, I-8. The concentrations of Pb and Cd were higher than the
allowed limit. When water was used as leaching solution, the efficiency of immobilization was
Pb(II) > Cd(II) > Cu(II) which is consistent with the order of decreasing ionic radius. An
interesting observation was that the efficiency of immobilization of total ions (revealed by
conductivity measurements) increases with increase in efficiency of immobilization of heavy
metals, which excluded the mechanism those heavy metals cations were exchanged with the
alkali metals in the Al tetrahedra. Evidences for the presence of nonbridging SidOH and
AldOH in the GP were obtained from infrared study which may be the active sites for
complexation with heavy metal ions [12].

Komnitsas et al. investigated solidification of (0.5% w/w) Pb(II), Cu(II) Cr(III) and Ni(II)
nitrates and sulfates in ferronickel slag {3.73, 32.74, 8.32} using potassium hydroxide and
sodium silicate activators (mass ratio, 82 slag:6H2O:3KOH:9 sodium silicate). The results
(Table 3, I-9) reflected that the efficiency of immobilization was very high >90%. The GP
undergo 70% reduction in mechanical strength when 3% PbSO4 was incorporated. Except in
the case of Cr(III), the metal concentration leached in the case heavy metal sulfates were more
than nitrates [44]. El-Eswed et al. studied solidification of 200–1000 ppm solutions of Pb(II), Cu
(II), Cd(II) and Cr(III) nitrates solutions by mixing with zeolite, kaolin and NaOH (1:7:7:1 mass
ratio) followed by pressing under 15 MPa. The mechanical strength of the obtained GP was
about 18 MPa. The % leaching of Pb ranged from 25 to 50 depending on the leaching solutions
used; deionized water, 0.1 M NaCl, 1.0 M NaCl, 0.1 M HCl and 0.1 M NaOH leaching
solutions. The worst immobilized heavy metals were Pb(II) and Cu(II) and the most effectively
immobilized were Cd(II) and Cr(III) [45].

3.2.3. Cr(VI) anions

Zhang et al. investigated solidification of 0.5% Cr(VI) (Na2CrO4) in FA {5.1, 46.4, 28.3}-based
GP prepared using sodium hydroxide and silicate activators. Cr(VI) was not effectively
immobilized where the % leaching ranged from 75 to 88% [15]. Guo et al. studied solidification
of 0.025% (w/w) Cr(VI) (CrO3) in FA {20.0, 38.0, 19.0}-based GP using sodium hydroxide and
silicate activators (5 NaOH:35 sodium silicate:60 FA). The leaching concentration of Cr was
0.015 mg/L and the % leaching was 12% [39]. To improve efficiency of immobilization, solidi-
fication of Cr(VI) (K2CrO4) in mechanically activated FA was investigated. Although
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(III), It has been found that heavy metals improve the compressive strength of GP. Further-
more, immobilization of Pb(II) and Cr(III) were better than Cu(II) and Cd(II). Increasing the %
sodium hydroxide from 2 to 6% in GP mix design was found to result in decreasing of the
concentration of Cu(II) and Cd(II) in the leaching solution [38]. The high efficiency of immobi-
lization of heavy metals compared the work of Van Jaarsveld [34, 35, 37] may be due to the use
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28.3}-based GP prepared using sodium hydroxide and silicate activators. H2SO4 (pH 1), 5%
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and PbS) in FA {7.6, 52.1, 23.5}-based GP using sodium hydroxide and silicate activators (Si/Al
molar ratio 2.3). The three compounds have variable solubility: PbO is soluble in acetic acid
and NaOH, PbSO4 is insoluble in acetic acid and soluble in NaOH, and PbS is insoluble in both
solutions. Incorporation of PbO was found to increase the mechanical strength of GP while
PbSO4 and PbS have the reverse effect. The % leaching was very low (<1%), but the leached Pb
concentration (6–27 mg/L) was higher than the TCLP limit [41].

MK and BFS-based GP received less attention than FA-based GP as hosts for highly soluble
heavy metal salts. However, some studies will be discussed here. Yunsheng et al. investigated
solidification of Pb(II) and Cu(II) in GP prepared from (1:1, w:w) MK {0.6, 62.97, 26.91) and
BFS {41.7, 34.20, 14.20} using sodium hydroxide and silicate activators. TCLP tests (Table 3, I-7)
indicated that MK/BFS-based GP can very effectively immobilize Cu (II) and Pb(II) with %
leaching less than 1% and concentrations of heavy metals in leaching solution less than the
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TCLP limit. Kinetics of leaching revealed that the heavy metals rapidly leached out the GP and
reach steady concentration after 4 h. The mechanical strength of the produced GP was high
and slight reduction in mechanical strength (from 72.68 to 70.28 MPa) was observed when the
heavy metal dosage increases from 0.1 to 0.3% [42]. Perera et al. showed that heating of MK-
based GP containing 1% (w/w) Pb(NO3)2 from 200 to 800�C, resulted in an increase of the
leached Pb concentration from 2.8 to 14.8 mg/L [43]. El-Eswed et al. studied immobilization of
Pb(II), Cd(II) and Cu(II) in MK {0.4, 50.62, 46.21}-based GP using sodium silicate activator
either alone (Na/Al molar ratio 1) or mixed with sodium hydroxide (Na/Al molar ratio 2). The
Si/Al molar ratio used was 2 for both cases. In most cases, one and two activators have similar
immobilization performance which suggests that the high alkalinity is not the limiting factor
for immobilization of heavy metals. The % leaching and the concentrations in the leaching
solutions are given in Table 3, I-8. The concentrations of Pb and Cd were higher than the
allowed limit. When water was used as leaching solution, the efficiency of immobilization was
Pb(II) > Cd(II) > Cu(II) which is consistent with the order of decreasing ionic radius. An
interesting observation was that the efficiency of immobilization of total ions (revealed by
conductivity measurements) increases with increase in efficiency of immobilization of heavy
metals, which excluded the mechanism those heavy metals cations were exchanged with the
alkali metals in the Al tetrahedra. Evidences for the presence of nonbridging SidOH and
AldOH in the GP were obtained from infrared study which may be the active sites for
complexation with heavy metal ions [12].

Komnitsas et al. investigated solidification of (0.5% w/w) Pb(II), Cu(II) Cr(III) and Ni(II)
nitrates and sulfates in ferronickel slag {3.73, 32.74, 8.32} using potassium hydroxide and
sodium silicate activators (mass ratio, 82 slag:6H2O:3KOH:9 sodium silicate). The results
(Table 3, I-9) reflected that the efficiency of immobilization was very high >90%. The GP
undergo 70% reduction in mechanical strength when 3% PbSO4 was incorporated. Except in
the case of Cr(III), the metal concentration leached in the case heavy metal sulfates were more
than nitrates [44]. El-Eswed et al. studied solidification of 200–1000 ppm solutions of Pb(II), Cu
(II), Cd(II) and Cr(III) nitrates solutions by mixing with zeolite, kaolin and NaOH (1:7:7:1 mass
ratio) followed by pressing under 15 MPa. The mechanical strength of the obtained GP was
about 18 MPa. The % leaching of Pb ranged from 25 to 50 depending on the leaching solutions
used; deionized water, 0.1 M NaCl, 1.0 M NaCl, 0.1 M HCl and 0.1 M NaOH leaching
solutions. The worst immobilized heavy metals were Pb(II) and Cu(II) and the most effectively
immobilized were Cd(II) and Cr(III) [45].

3.2.3. Cr(VI) anions

Zhang et al. investigated solidification of 0.5% Cr(VI) (Na2CrO4) in FA {5.1, 46.4, 28.3}-based
GP prepared using sodium hydroxide and silicate activators. Cr(VI) was not effectively
immobilized where the % leaching ranged from 75 to 88% [15]. Guo et al. studied solidification
of 0.025% (w/w) Cr(VI) (CrO3) in FA {20.0, 38.0, 19.0}-based GP using sodium hydroxide and
silicate activators (5 NaOH:35 sodium silicate:60 FA). The leaching concentration of Cr was
0.015 mg/L and the % leaching was 12% [39]. To improve efficiency of immobilization, solidi-
fication of Cr(VI) (K2CrO4) in mechanically activated FA was investigated. Although
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mechanical activation of fly ash improved immobilization of Cr, the leaching concentration
was much more than the allowed limit (Table 3, I-10). Thus Cr(VI) is not easy to be
immobilized effectively in FA-based GP. GP has a limited capacity for heavy metals and the
% leaching of Cr increases from 8.84 to 26.5% by increasing dosage of Cr from 0.5 to 2.0%
(w/w) [46]. The addition of Cr to the GPmatrix did not affect the mechanical strength of GP [46].

Chen et al. [47, 48] effectively solidified highly soluble K2Cr2O7 in MK-based GP using sodium
hydroxide and silicate activators by addition of Fe2+ reducing agent. The mass ratio of MK,
sodium silicate solution and NaOH were set to be 6:5:1. The compressive strength of GP
containing 0.1% (w/w) Cr(VI) was 60 MPa which decreased to 31 MPa when the amount of
Cr(VI) increased to 0.8% (w/w) (keeping the Fe2+/Cr(VI) molar ratio 4). The concentration of Cr
leached using TCLP test decreased from 20.05 to 0.42 mg/L when the amount of FeCl2∙4H2O
increased from 0.5 to 3% (w/w) keeping the 0.1% Cr (w/w) constant. On the other hand, the
concentration of Cr leached increased only from 0.0135 to 0.42 mg/L when the % Cr (VI)
increased from 0.1 to 0.8% (w/w) keeping Fe2+/Cr(VI) molar ratio = 4. The mechanism of
immobilization suggested was that Fe2+ reduced Cr(VI) to Cr(III) which could attached to the
negatively charged Al tetrahedra of the GP framework [47]. Chen et al. showed that the
concentration of Cr leached out of GP containing 0.1% (w/w) Cr(VI) dropped from 47 to
0.69 mg/L when Fe2+ was added to GP during reaction of the MK with the alkali activator.
However, the drop was more (0.0942 mg/L) if Fe2+ was added to Cr(VI) in water first [48].

3.2.4. As(IV) anions

Fernandez et al. studied solidification of 1% (w/w) NaAsO2 in MK {0.0, 49.85, 36.34} and FA
{4.39, 51.51, 27.47}-based GP, separately, using sodium hydroxide and silicate activators in the
former and sodium hydroxide activator in the latter. The mechanical strength of MK-GP
(4 MPa) was less than that of FA-GP (7.6 MPa). The % leaching of As from MK-GP and FA-
GP was high (67.6 and 49.2%, respectively) and and the concentrations of As leached were
higher than the TCLP limit. Interestingly, the low level of Si and Al leached (about 1%) showed
that the GP matrix is stable in the aggressive leaching solution of acetic acid buffer at pH 3
(TCLP test) [49].

3.2.5. Solidification of organic pollutants

Few works were reported on solidification of organic pollutants in GP. Gokhale reported a
technique for removal of phenols from aqueous solution using natural zeolite (clinoptilolite)
followed by encapsulation in FA {1.7, 55.0, 28.4}-based GP. The mass ratio of precursors was 10
FA:1 kaolin:1.2 potassium hydroxide:2.2 sodium silicate:1.6 water. The mechanical strength of
GP containing 1% (w/w) phenol and chlorophenol was 35 and 40 MPa, respectively. The TCLP
leaching concentration of phenols was less than 2 mg/L and the corresponding % leaching
about 40% [50]. Shvarzman studied solidification of 0.3% (w/w) phenol in FA {0.0, 47.04, 29.37}
and MK {0.0, 52.18, 43.36}-based GPs, separately, with Si/Al molar ratio of about 3 and using
sodium hydroxide and silicates activators. The compressive strength of FA-GP and MK-GP
was 90 and 50 MPa, respectively, which was not influenced by addition of phenols. The
concentration of phenol leached out of the FA-GP and MK-GP (using distilled water as
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leaching reagent, liquid/solid ratio 40 mL/g) was 12 and and 2.9 mg/L, respectively. The
corresponding % leaching was 16 and 4%, respectively [51].

Cantarel et al. solidified liquid oil (simulating radioactive oil waste from nuclear industry) in
MK {0.3, 54.4, 38.4}-based GP using sodium hydroxide and silicate activators with Si/Al and
Na/Al molar ratios 3.8 and 1.0, respectively. The compressive strength of GP containing oil
ranged from 22 to 31 MPa depending on the oil fraction (from 7 to 20% (v/v)). The % leaching
was less than 0.19% using water leaching solution (the increased alkalinity during leaching
was neutralized with HNO3). The mechanism suggested for immobilization of oil was that the
alkali from the aqueous activator reacts with alkanoic acids in the oil producing surfactants
which reduces the interfacial tension between the oil and the aqueous phase [52].

3.3. Adsorption of pollutants onto geopolymer

The chemical structure of GP is composed of a negatively charged aluminosilicate framework
balanced by alkali metals (such as Na+ and K+). The latter can be exchanged with heavy metals
cations in aqueous solution and thus GP could be used for the removal of heavy metal cations
from water. It is worth to mention that in all the reviewed studies below, the prepared GP
adsorbent was extensively washed with distilled water (until neutral pH 7 is achieved) to
remove excess alkali used in preparation of GP. This was an essential step to avoid precipita-
tion of heavy metal hydroxides which result in overestimation of the calculated adsorption
capacity of GP.

3.3.1. Fly ash-based geopolymeric adsorbents

Many studies indicated that FA-based GP is a potential adsorbent for heavy metals ions. Some
results of these studies are summarized in Table 4. Some of the values of adsorption capacity
(Qm, mg/g)) were 99 (Cu(II)) [53], 134.95 Pb(II) [54] and 98.84 Cu(II) [55], 69.85 (Cu(II) [56] and
50.03 (Co(II)) [57]. The affinity constants (KL, L/mg) were 0.0607 (Pb(II)) [54] and 0.061 (Cu(II))
[55]. Interestingly, the adsorption capacity of Cu(II) on the different FA-based GPs reviewed in
this section (Table 4) is 98� 12 and the affinity constant KL is 0.08� 0.03 which reveals that the
values of adsorption parameters is somewhat independent on the FA source, GP preparation
conditions and adsorption conditions. The adsorption rate constants (k2, mg/g min) were of the
same order; 1.8�10�2 (Cu(II)) [55], 2.8�10�2–1.5�10�2 (Cu(II)) [56], 5.4�10�2–4.2�10�2 (Co
(II)) [57]. However, the adsorption process was reported sometimes to be slow (30 h equilibra-
tion time) [53] and sometimes fast (30 min [54] and 15 min) [55]. The adsorption capacity Qm

obtained for GP was much higher than the fly ash itself (0.1 mg/g), which revealed the
efficiency of geopolymerization in creating new sites for adsorption. Furthermore,
geopolymerization increases the surface area from 8.4 m2/g in FA to 56.0 m2/g in GP [53].

The work of Muzek was distinguished from others in studying the amounts of Na, K, Ca, Mg,
Al and Si leached out of the GP as a result of adsorption of Cu(II) and Co(II). The total amount
of ingoing heavy metals was found to be higher than the amount of Na+ outgoing, indicating
that the adsorption of Cu(II) and Co(II) is not only ion exchange with Na+ (balancing the
negatively charged Al tetrahedra). The amounts of Si and Al leached (<3%) were small because
of the stability of GP [58].
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mechanical activation of fly ash improved immobilization of Cr, the leaching concentration
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immobilized effectively in FA-based GP. GP has a limited capacity for heavy metals and the
% leaching of Cr increases from 8.84 to 26.5% by increasing dosage of Cr from 0.5 to 2.0%
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Chen et al. [47, 48] effectively solidified highly soluble K2Cr2O7 in MK-based GP using sodium
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sodium silicate solution and NaOH were set to be 6:5:1. The compressive strength of GP
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(4 MPa) was less than that of FA-GP (7.6 MPa). The % leaching of As from MK-GP and FA-
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higher than the TCLP limit. Interestingly, the low level of Si and Al leached (about 1%) showed
that the GP matrix is stable in the aggressive leaching solution of acetic acid buffer at pH 3
(TCLP test) [49].

3.2.5. Solidification of organic pollutants

Few works were reported on solidification of organic pollutants in GP. Gokhale reported a
technique for removal of phenols from aqueous solution using natural zeolite (clinoptilolite)
followed by encapsulation in FA {1.7, 55.0, 28.4}-based GP. The mass ratio of precursors was 10
FA:1 kaolin:1.2 potassium hydroxide:2.2 sodium silicate:1.6 water. The mechanical strength of
GP containing 1% (w/w) phenol and chlorophenol was 35 and 40 MPa, respectively. The TCLP
leaching concentration of phenols was less than 2 mg/L and the corresponding % leaching
about 40% [50]. Shvarzman studied solidification of 0.3% (w/w) phenol in FA {0.0, 47.04, 29.37}
and MK {0.0, 52.18, 43.36}-based GPs, separately, with Si/Al molar ratio of about 3 and using
sodium hydroxide and silicates activators. The compressive strength of FA-GP and MK-GP
was 90 and 50 MPa, respectively, which was not influenced by addition of phenols. The
concentration of phenol leached out of the FA-GP and MK-GP (using distilled water as
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leaching reagent, liquid/solid ratio 40 mL/g) was 12 and and 2.9 mg/L, respectively. The
corresponding % leaching was 16 and 4%, respectively [51].

Cantarel et al. solidified liquid oil (simulating radioactive oil waste from nuclear industry) in
MK {0.3, 54.4, 38.4}-based GP using sodium hydroxide and silicate activators with Si/Al and
Na/Al molar ratios 3.8 and 1.0, respectively. The compressive strength of GP containing oil
ranged from 22 to 31 MPa depending on the oil fraction (from 7 to 20% (v/v)). The % leaching
was less than 0.19% using water leaching solution (the increased alkalinity during leaching
was neutralized with HNO3). The mechanism suggested for immobilization of oil was that the
alkali from the aqueous activator reacts with alkanoic acids in the oil producing surfactants
which reduces the interfacial tension between the oil and the aqueous phase [52].

3.3. Adsorption of pollutants onto geopolymer

The chemical structure of GP is composed of a negatively charged aluminosilicate framework
balanced by alkali metals (such as Na+ and K+). The latter can be exchanged with heavy metals
cations in aqueous solution and thus GP could be used for the removal of heavy metal cations
from water. It is worth to mention that in all the reviewed studies below, the prepared GP
adsorbent was extensively washed with distilled water (until neutral pH 7 is achieved) to
remove excess alkali used in preparation of GP. This was an essential step to avoid precipita-
tion of heavy metal hydroxides which result in overestimation of the calculated adsorption
capacity of GP.

3.3.1. Fly ash-based geopolymeric adsorbents

Many studies indicated that FA-based GP is a potential adsorbent for heavy metals ions. Some
results of these studies are summarized in Table 4. Some of the values of adsorption capacity
(Qm, mg/g)) were 99 (Cu(II)) [53], 134.95 Pb(II) [54] and 98.84 Cu(II) [55], 69.85 (Cu(II) [56] and
50.03 (Co(II)) [57]. The affinity constants (KL, L/mg) were 0.0607 (Pb(II)) [54] and 0.061 (Cu(II))
[55]. Interestingly, the adsorption capacity of Cu(II) on the different FA-based GPs reviewed in
this section (Table 4) is 98� 12 and the affinity constant KL is 0.08� 0.03 which reveals that the
values of adsorption parameters is somewhat independent on the FA source, GP preparation
conditions and adsorption conditions. The adsorption rate constants (k2, mg/g min) were of the
same order; 1.8�10�2 (Cu(II)) [55], 2.8�10�2–1.5�10�2 (Cu(II)) [56], 5.4�10�2–4.2�10�2 (Co
(II)) [57]. However, the adsorption process was reported sometimes to be slow (30 h equilibra-
tion time) [53] and sometimes fast (30 min [54] and 15 min) [55]. The adsorption capacity Qm

obtained for GP was much higher than the fly ash itself (0.1 mg/g), which revealed the
efficiency of geopolymerization in creating new sites for adsorption. Furthermore,
geopolymerization increases the surface area from 8.4 m2/g in FA to 56.0 m2/g in GP [53].

The work of Muzek was distinguished from others in studying the amounts of Na, K, Ca, Mg,
Al and Si leached out of the GP as a result of adsorption of Cu(II) and Co(II). The total amount
of ingoing heavy metals was found to be higher than the amount of Na+ outgoing, indicating
that the adsorption of Cu(II) and Co(II) is not only ion exchange with Na+ (balancing the
negatively charged Al tetrahedra). The amounts of Si and Al leached (<3%) were small because
of the stability of GP [58].
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Muzek et al. found that the adsorption behavior of FA-based GP was similar to zeolite NaX
[57]. Furthermore, Liu et al. showed that FA-based GP is similar in adsorption properties to
faujasite zeolite. The GP was prepared first and then turned into faujasite via in situ

Adsorbent Precursors {%
CaO, %SiO2, %
Al2O3}

Alkali
activator

Adsorption
conditions

Parameter Cu(II) Pb(II) Cs(I) Ref.

FA-GP FA {1.6, 55.0, 29.0} Sodium
hydroxide

Ci: 100–250 mg/
L, pH 7, solid/
liquid = 0.15 g/L

Qm 99 [53]

KL 0.13

k2 2.8�10�5

FA-GP FA {1.75, 50.73,
28.87}

Sodium
hydroxide

Ci: 10–140 mg/L,
pH 5–6, solid/
liquid = 1.4–2.0/
L

Qm 96.84 134.95 [54]

KL 0.061 0.0607

k2 1.8�10�2

FA FA {5.14, 29.12,
51.39}

Sodium
hydroxide
and sodium
silicate

Ci: 100–
1000 mg/L,
pH 3, solid/
liquid = 4.0 g/L

Qm 53.47 [59]

KL 0.1769

k2 3.4�10�4

FA-GP Qm 111.1

KL 0.6429

k2 2.7�10�3

Faujasite
from FA-GP

Qm 142.86

KL 0.2966

k2 1.3�10�3

Mesoporous
FA/BFS-GP

FA {4.79, 57.0, 21.0}
BFS {47.7, 32.4,
11.5}

Sodium
hydroxide
and sodium
silicate

Ci: 10–150 mg/L,
pH 6, solid/
liquid = 4.4 g/L

Qm 15.244 [61]

KL 0.1816

k2 3.03�10�4

Porous FA/
iron ore
tailing- GP

FA {5.21, 29.47,
51.72} Iron ore
tailing {7.63, 34.72,
16.22}

Sodium
silicate

Ci: 100–200 mg/
L, pH 6, solid/
liquid = 3.0/L

Qm 113.41 [62]

KL 0.073

Ci: 100–200 mg/
L, pH 5, solid/
liquid = 3.0/L

Qm 100.81

KL 0.069

Ci: 100–200 mg/
L, pH 4, solid/
liquid = 3.0/L

Qm 79.31

KL 0.064

MK: metakaolin; FA: fly ash; BA: bottom ash; BFS: blast furnace slag.

Table 4. Langmuir adsorption capacity (Qm, mg/g) and affinity constant (KL, L/mg) and pseudo second order rate
constant (k2, g/mg min) parameters for adsorption of heavy metal on FA-based GP.
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hydrothermal method (by soaking in 1.0 M NaOH solution at 70�C). Interesting trends about
specific surface area and adsorption capacity were obtained (Table 4).

The authors concluded that both GP and faujasite have the same adsorption mechanism
because they have similar adsorption behavior. However, GP was distinguished in that it has
the highest KL (affinity constant) and k2 (rate constant) [59].

In order to improve the adsorption behavior further, Novais et al. prepared a porous GP using
FA {36.72, 25.34, 6.05} and MK {0.10, 54.4, 39.40} as precursors (1:2, w:w), sodium hydroxide as
activator and different amounts of H2O2 foaming agent. In this basic medium, H2O2 is
decomposed to water and oxygen gas. As the amount of H2O2 increases from 0.30 to 1.2% (w/
w), the total porosity increases from 52.0 to 78.4% and the apparent density decreases from
0.98 to 0.44 g/cm3. However, the maximum adsorption capacity of Pb(II) was low (6.34 mg/g)
and the adsorption capacity of Pb(II) was not directly related to the porosity of GP [60]. A
similar study was conducted by Lee et al. for the adsorption of Cs(I) on mesoporous GP. The
GP was prepared from (4:1) FA {4.79, 57.0, 21.0} and BFS {47.7, 32.4, 11.5} as precursors and
sodium hydroxide and silicate as activators. The XRD of the prepared GP was found to have
zeolites peaks and the cation exchange capacity was 202.04 cmolc/kg which close to those of
zeolites. One disadvantage was that the mesoporous GP was unstable in acidic environment at
pH 2. However, the adsorption capacity of Cs(I) was low 15.244 mg/g at pH 6. The adsorption
process was slow where 24 h is required to reach equilibration time, however, for pulverized
samples, the equilibration time was 30 min. This was an indication that considerable time is
required for diffusion of Cs(I) through the bulk of mesoporous GP. The adsorption mechanism
was assumed to be ion exchange and electrostatic adsorption of Cs(I) cations on the negatively
charged Al tetrahedra in the GP matrix [61].

Duan et al. studied adsorption of Cu(II) on porous GP prepared from FA {5.21, 29.47, 51.72}
and iron ore tailing {7.63, 34.72, 16.22} precursors, sodium silicate activator and H2O2 foaming
agent. The total porosity of the prepared GP ranges from 56.9 to 74.6%. The adsorption
capacity of the porous GP was high (Table 4) and about three times that of reference
(nonporous) GP [62]. As in the nonporous GP [54, 55, 59], the adsorption process was found
to be endothermic and the positive value of entropy indicated that entropy is increasing by
desolvation of Cu(II) ion as a result of adsorption on GP. The results for the effect of pH on the
adsorption capacity Qm are shown in Table 4. When the pH increases from 4 to 6, the
adsorption capacity of Cu(II) Qm increases from 79.31 to 113.41 mg/g [62]. This strong pH
dependence, which was observed by other researchers [54, 59], may reveal that pH sensitive
sites like SidOH and AldOH similar to those found in kaolin may contribute to adsorption by
complexation mechanism (chemisorption) [63].

Faujasite GP FA

Specific surface area (m2/g) 174.35 20.48 16.45

Qm (mg Pb(II)/g) 142.86 111.11 53.47

KL (L/mg) 0.2966 0.6429 0.1769

k2 13.5�10�4 26.73�10�4 3.418�10�4
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Muzek et al. found that the adsorption behavior of FA-based GP was similar to zeolite NaX
[57]. Furthermore, Liu et al. showed that FA-based GP is similar in adsorption properties to
faujasite zeolite. The GP was prepared first and then turned into faujasite via in situ
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conditions

Parameter Cu(II) Pb(II) Cs(I) Ref.

FA-GP FA {1.6, 55.0, 29.0} Sodium
hydroxide

Ci: 100–250 mg/
L, pH 7, solid/
liquid = 0.15 g/L

Qm 99 [53]

KL 0.13

k2 2.8�10�5

FA-GP FA {1.75, 50.73,
28.87}

Sodium
hydroxide

Ci: 10–140 mg/L,
pH 5–6, solid/
liquid = 1.4–2.0/
L

Qm 96.84 134.95 [54]

KL 0.061 0.0607

k2 1.8�10�2

FA FA {5.14, 29.12,
51.39}

Sodium
hydroxide
and sodium
silicate

Ci: 100–
1000 mg/L,
pH 3, solid/
liquid = 4.0 g/L

Qm 53.47 [59]

KL 0.1769

k2 3.4�10�4

FA-GP Qm 111.1

KL 0.6429

k2 2.7�10�3

Faujasite
from FA-GP

Qm 142.86

KL 0.2966

k2 1.3�10�3

Mesoporous
FA/BFS-GP

FA {4.79, 57.0, 21.0}
BFS {47.7, 32.4,
11.5}

Sodium
hydroxide
and sodium
silicate

Ci: 10–150 mg/L,
pH 6, solid/
liquid = 4.4 g/L

Qm 15.244 [61]

KL 0.1816

k2 3.03�10�4

Porous FA/
iron ore
tailing- GP

FA {5.21, 29.47,
51.72} Iron ore
tailing {7.63, 34.72,
16.22}

Sodium
silicate

Ci: 100–200 mg/
L, pH 6, solid/
liquid = 3.0/L

Qm 113.41 [62]

KL 0.073

Ci: 100–200 mg/
L, pH 5, solid/
liquid = 3.0/L

Qm 100.81

KL 0.069

Ci: 100–200 mg/
L, pH 4, solid/
liquid = 3.0/L

Qm 79.31

KL 0.064

MK: metakaolin; FA: fly ash; BA: bottom ash; BFS: blast furnace slag.

Table 4. Langmuir adsorption capacity (Qm, mg/g) and affinity constant (KL, L/mg) and pseudo second order rate
constant (k2, g/mg min) parameters for adsorption of heavy metal on FA-based GP.
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hydrothermal method (by soaking in 1.0 M NaOH solution at 70�C). Interesting trends about
specific surface area and adsorption capacity were obtained (Table 4).

The authors concluded that both GP and faujasite have the same adsorption mechanism
because they have similar adsorption behavior. However, GP was distinguished in that it has
the highest KL (affinity constant) and k2 (rate constant) [59].

In order to improve the adsorption behavior further, Novais et al. prepared a porous GP using
FA {36.72, 25.34, 6.05} and MK {0.10, 54.4, 39.40} as precursors (1:2, w:w), sodium hydroxide as
activator and different amounts of H2O2 foaming agent. In this basic medium, H2O2 is
decomposed to water and oxygen gas. As the amount of H2O2 increases from 0.30 to 1.2% (w/
w), the total porosity increases from 52.0 to 78.4% and the apparent density decreases from
0.98 to 0.44 g/cm3. However, the maximum adsorption capacity of Pb(II) was low (6.34 mg/g)
and the adsorption capacity of Pb(II) was not directly related to the porosity of GP [60]. A
similar study was conducted by Lee et al. for the adsorption of Cs(I) on mesoporous GP. The
GP was prepared from (4:1) FA {4.79, 57.0, 21.0} and BFS {47.7, 32.4, 11.5} as precursors and
sodium hydroxide and silicate as activators. The XRD of the prepared GP was found to have
zeolites peaks and the cation exchange capacity was 202.04 cmolc/kg which close to those of
zeolites. One disadvantage was that the mesoporous GP was unstable in acidic environment at
pH 2. However, the adsorption capacity of Cs(I) was low 15.244 mg/g at pH 6. The adsorption
process was slow where 24 h is required to reach equilibration time, however, for pulverized
samples, the equilibration time was 30 min. This was an indication that considerable time is
required for diffusion of Cs(I) through the bulk of mesoporous GP. The adsorption mechanism
was assumed to be ion exchange and electrostatic adsorption of Cs(I) cations on the negatively
charged Al tetrahedra in the GP matrix [61].

Duan et al. studied adsorption of Cu(II) on porous GP prepared from FA {5.21, 29.47, 51.72}
and iron ore tailing {7.63, 34.72, 16.22} precursors, sodium silicate activator and H2O2 foaming
agent. The total porosity of the prepared GP ranges from 56.9 to 74.6%. The adsorption
capacity of the porous GP was high (Table 4) and about three times that of reference
(nonporous) GP [62]. As in the nonporous GP [54, 55, 59], the adsorption process was found
to be endothermic and the positive value of entropy indicated that entropy is increasing by
desolvation of Cu(II) ion as a result of adsorption on GP. The results for the effect of pH on the
adsorption capacity Qm are shown in Table 4. When the pH increases from 4 to 6, the
adsorption capacity of Cu(II) Qm increases from 79.31 to 113.41 mg/g [62]. This strong pH
dependence, which was observed by other researchers [54, 59], may reveal that pH sensitive
sites like SidOH and AldOH similar to those found in kaolin may contribute to adsorption by
complexation mechanism (chemisorption) [63].

Faujasite GP FA

Specific surface area (m2/g) 174.35 20.48 16.45

Qm (mg Pb(II)/g) 142.86 111.11 53.47

KL (L/mg) 0.2966 0.6429 0.1769

k2 13.5�10�4 26.73�10�4 3.418�10�4
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3.3.2. Metakaolin-based geopolymeric adsorbents

Cheng et al. studied adsorption of Pb(II), Cu(II), Cr(III) and Cd(II) on MK {0.2, 41.5, 19.6}-based
GP synthesized using sodium hydroxide and silicate as activators. Some of the results are
given in Table 5. The adsorption selectivity order deduced by the authors, depending on the
calculated Qm values in mg metal/g adsorbents, was

Depending on this trend, the authors deduced that metals with large hydrated ionic radii have
greater affinity for water and so they tend to remain in the aqueous phase and consequently
will be weakly adsorbed on the GP. However, the correct order of selectivity should depend on
Qm values in mmol metal/g adsorbent

This order does not support the same conclusion. The mechanism for adsorption onto GP was
assumed to be ion exchange rather than specific chemical adsorption because the adsorption
process was found to be endothermic. However, the desorption of Cr(III), Pb(II), Cu(II) and Cd
(II) from GP loaded with maximum capacity was almost negligible (after 48 h) 14.7, 5.9, 1.9 and
2.1%, respectively, which suggests specific rather than electrostatic interaction [64].

A similar study was conducted by Lopez et al. for adsorption of Cs(I), Pb(II), Cu(II), Zn(II), Ni
(II) and Cd(II) (Table 5) on MK {0.2, 52.0, 42.8}-based GP with variable Si/Al molar ratio. As the
Si/Al ratio ranged from 1 to 5, the surface area decreased from 27.5 to 2.1 m2/g and the bulk
density increased from 0.8 to 1.23 g/cm3. The GP with Si/Al ratio of 2 was found to have the
highest adsorptivity toward Pb(II). The high selectivity for adsorption of large size atoms like
Cs(I) and Pb(II) as well as the fact that adsorption process was independent on ionic strength
which indicates that the adsorption process has non-electrostatic mechanism [65].

Luukkonen et al. investigated adsorption of As(III) and Sb(III) onto MK {0.06, 53.1, 40.3}-based
GP and compared the results with adsorption of the same heavy metals onto BFS {38.5, 27.2,
8.4}-based GP. The specific surface area increases significantly upon geopolymerization of MK
and BFS from 11.5 to 22.4 m2/g and from 2.79 to 64.5 m2/g, respectively. The adsorption
properties are shown in Table 5. The adsorption capacity of the GP samples was, in general,
higher than the corresponding precursors (MK and BFS), which revealed the importance of
geopolymerization in generation of new active sites for metal ions. However, the adsorption
capacities were low, may be because As(III) occurs primarily as arsenite and arsenate and Sb

Pb(II)> Cd(II)> Cu(II)> Cr(III)

Qm (mg metal/g adsorbent) 147.06 67.57 48.78 19.94

Hydrated ionic radius (Å) 4.01 4.26 4.19 4.61

Cu(II)> Pb(II)> Cd(II)> Cr(III)

Qm (mmmol metal/g adsorbent) 0.768 0.710 0.6011 0.383
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3.3.2. Metakaolin-based geopolymeric adsorbents

Cheng et al. studied adsorption of Pb(II), Cu(II), Cr(III) and Cd(II) on MK {0.2, 41.5, 19.6}-based
GP synthesized using sodium hydroxide and silicate as activators. Some of the results are
given in Table 5. The adsorption selectivity order deduced by the authors, depending on the
calculated Qm values in mg metal/g adsorbents, was

Depending on this trend, the authors deduced that metals with large hydrated ionic radii have
greater affinity for water and so they tend to remain in the aqueous phase and consequently
will be weakly adsorbed on the GP. However, the correct order of selectivity should depend on
Qm values in mmol metal/g adsorbent

This order does not support the same conclusion. The mechanism for adsorption onto GP was
assumed to be ion exchange rather than specific chemical adsorption because the adsorption
process was found to be endothermic. However, the desorption of Cr(III), Pb(II), Cu(II) and Cd
(II) from GP loaded with maximum capacity was almost negligible (after 48 h) 14.7, 5.9, 1.9 and
2.1%, respectively, which suggests specific rather than electrostatic interaction [64].

A similar study was conducted by Lopez et al. for adsorption of Cs(I), Pb(II), Cu(II), Zn(II), Ni
(II) and Cd(II) (Table 5) on MK {0.2, 52.0, 42.8}-based GP with variable Si/Al molar ratio. As the
Si/Al ratio ranged from 1 to 5, the surface area decreased from 27.5 to 2.1 m2/g and the bulk
density increased from 0.8 to 1.23 g/cm3. The GP with Si/Al ratio of 2 was found to have the
highest adsorptivity toward Pb(II). The high selectivity for adsorption of large size atoms like
Cs(I) and Pb(II) as well as the fact that adsorption process was independent on ionic strength
which indicates that the adsorption process has non-electrostatic mechanism [65].

Luukkonen et al. investigated adsorption of As(III) and Sb(III) onto MK {0.06, 53.1, 40.3}-based
GP and compared the results with adsorption of the same heavy metals onto BFS {38.5, 27.2,
8.4}-based GP. The specific surface area increases significantly upon geopolymerization of MK
and BFS from 11.5 to 22.4 m2/g and from 2.79 to 64.5 m2/g, respectively. The adsorption
properties are shown in Table 5. The adsorption capacity of the GP samples was, in general,
higher than the corresponding precursors (MK and BFS), which revealed the importance of
geopolymerization in generation of new active sites for metal ions. However, the adsorption
capacities were low, may be because As(III) occurs primarily as arsenite and arsenate and Sb

Pb(II)> Cd(II)> Cu(II)> Cr(III)

Qm (mg metal/g adsorbent) 147.06 67.57 48.78 19.94

Hydrated ionic radius (Å) 4.01 4.26 4.19 4.61

Cu(II)> Pb(II)> Cd(II)> Cr(III)

Qm (mmmol metal/g adsorbent) 0.768 0.710 0.6011 0.383
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(III) occurs as antimonite and antimonate (oxyanions) in aqueous solutions. The equilibration
time for adsorption of heavy metals on MK and BFS GP was 24 and 6 h, respectively [66].

Kara et al. studied adsorption of Zn(II) and Ni(II) on MK {0.0, 52.9, 41.9}-based GP. The GP was
prepared with SiO2/Al2O3 and Na2O/Al2O3 molar ratios of 3.2 and 0.7, respectively. The
adsorption capacity Qm (mg/g) of Zn(II) and Ni(II) was found to follow the order

Thus, GPs were thought to be more effective than traditional adsorbents like zeolite and
kaolinite [67]. An interesting observation on this study was the high values of KL (Table 5)
which reflects high affinity of GP sites to interact with heavy metals.

In order to increase the surface area of MK-based GP adsorbents, Tang et al. prepared porous
MK {0.0, 56.91, 42.35}-based GP in the presence of sodium dodecyl sulfate foaming agent with
Si/Al and Na/Al molar ratios 1.6 and 1, respectively. The prepared GP was found to have
surface area 53.95 m2/g (which is much higher than that of ordinary MK-GP (20–30 m2/g
[65, 66]) and bulk density 0.79 g/cm3. The adsorption data (Table 5) showed that the adsorp-
tion capacity of porous GP toward Cu(II) is less than that of ordinary MK-based GP, which
indicated that the employment of foaming agent may decrease surface active sites on the GP.
Furthermore, the adsorption process was slow where 36–50 h is required to reach equilibration
time which reflects diffusion limitations [68]. Similarly, porous MK-based GP was prepared by
Yuanyuan, using H2O2 and sodium dodecyl sulfate as foaming agents. The adsorption prop-
erties are shown in Table 5, where the adsorption capacity of Cu(II) on the porous GP was
52.63 mg/g, which is comparable to ordinary MK-based GP (Table 5). However, the adsorption
process was slow and needed 36 h to reach equilibration time. Furthermore, the adsorption
capacity increased significantly from 1.02 to 38.55 mg/g as the pH increased from 2 to 5 [69],
which indicated that the pH dependent sites are responsible for adsorption of Cu(II).

Medpeli et al. studied adsorption of As(V) as HAsO4
2� oxyanions onto MK-based GP. The

prepared GPwas found to have surface area 75 m2/g which increases to 298 m2/g after impregna-
tionwith iron (hydr)oxide nanoparticles. The highest adsorption capacity obtainedwas 0.950mg/
g which is very low compared to the values in Table 5. Thus, the authors concluded that fabricat-
ing media of high specific surface area and high iron hydroxide content does not necessarily give
highest adsorption capacity because much of the iron hydroxide may not be accessible for sorp-
tion due to pore clogging during impregnation [70]. However, like the work of Luukkenon et al.
[66], it seems that adsorption of metals that form oxyanions like arsenic onto GP is difficult.

3.3.3. Zeolite-based geopolymeric adsorbents

Adsorption of Cu(II), Pb(II), Ni(II), Zn(II) and Cd(II) onto kaolin-/zeolite-based GP was inves-
tigated. The GP was made from low cost natural kaolin and zeolite (phillipsite) using sodium

MK-GP> Zeolite> Kaolinite

Zn(II) 74.53 18.66 7.20

Ni(II) 42.61 1.98 1.69

Solidification100

hydroxide as activator. The adsorption capacity of GP (61.31 mg/g for Pb(II)) was higher than
that of natural kaolin (9.61 mg/g) and zeolite (40.19 mg/g) [71–73]. The rate constant of
adsorption (k2) of GP samples was found to be less than that of natural kaolin due to the
kinetic limitations imposed by formation GP network [73]. Furthermore, Andrejkovicova et al.
investigated adsorption of Pb(II), Zn(II), Cu(II), Cd(II) and Cr(III) onto GP made from MK
{0.10, 54.39, 39.36}, zeolite-clinoptilolite {3.38, 70.61, 12.06} and sodium hydroxide and silicate
as activators. The adsorption data revealed the following order of adsorption capacity Qm [74]

3.3.4. Adsorption of organic pollutants on geopolymeric adsorbents

Few works were reported for adsorption of organic pollutants on GP. Li et al. studied adsorp-
tion of methylene blue and crystal violet on FA {1.6, 55.0, 29.3}-based GP using sodium
hydroxide as activator. The adsorption capacity (Qm) was 32.0 and 40.8 mg/g, respectively, the
affinity constant (KL) was 105 and 4.53 L/mg, respectively, and the rate constant (k2) was
3.76�10�3 and 2.29�10�5 g/mg min, respectively. The adsorption capacities on GP were much
higher than that on unreacted FA, while the rate constants of GP were much lower than those
of unreacted GP [75]. Less adsorption capacity was obtained in the case of zeolite-/kaolin-
based GP which was 26 mg/g [72]. However, the effect of alkali activator on methylene blue
and crystal violet should be investigated since it has been reported that these dyes are hydro-
lyzed in the highly basic medium [76].

3.4. Cost

Solidification technologies are attracting great interest from mining and energy industries to
solve waste disposal problems. According to many authors, green chemistry geopolymer-
ization can be applied to a variety of waste sources at low cost and low energy demand and
environmental impact yielding added value products [36, 77]. However, this claim must not be
taken for granted and should be analyzed in this section.

The annual production of coal FA waste was estimated to be about 500 million t from which
16% is used. The disposal of the unused FA has become a series of environmental problem [78].
Although considerable research has been published on FA-based GP technology, application of
this technology is not yet widespread [4]. China and Australia have less restricted regulation
about the use of alternative concrete than Europe in this regard [79]. Currently, there is a
commercial GP concrete producer in Australia, namely The Zeobond Group, founded by Prof.
van Deventer. One of their products is E-Crete™ made from FA (the by-product of burning
coal at power stations) and BFS (the by-product of steel manufacturing). E-Crete™ is now used
in footpaths, driveways, house-slabs, in-situ pours, etc. Its performance is superior to OPC in
chemical, salt and fire resistance [80]. Furthermore, the CO2 emission due to production of GPs
is generally reported to be 60–90% less than OPC [4, 79].
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(III) occurs as antimonite and antimonate (oxyanions) in aqueous solutions. The equilibration
time for adsorption of heavy metals on MK and BFS GP was 24 and 6 h, respectively [66].

Kara et al. studied adsorption of Zn(II) and Ni(II) on MK {0.0, 52.9, 41.9}-based GP. The GP was
prepared with SiO2/Al2O3 and Na2O/Al2O3 molar ratios of 3.2 and 0.7, respectively. The
adsorption capacity Qm (mg/g) of Zn(II) and Ni(II) was found to follow the order
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MK-GP> Zeolite> Kaolinite

Zn(II) 74.53 18.66 7.20

Ni(II) 42.61 1.98 1.69

Solidification100

hydroxide as activator. The adsorption capacity of GP (61.31 mg/g for Pb(II)) was higher than
that of natural kaolin (9.61 mg/g) and zeolite (40.19 mg/g) [71–73]. The rate constant of
adsorption (k2) of GP samples was found to be less than that of natural kaolin due to the
kinetic limitations imposed by formation GP network [73]. Furthermore, Andrejkovicova et al.
investigated adsorption of Pb(II), Zn(II), Cu(II), Cd(II) and Cr(III) onto GP made from MK
{0.10, 54.39, 39.36}, zeolite-clinoptilolite {3.38, 70.61, 12.06} and sodium hydroxide and silicate
as activators. The adsorption data revealed the following order of adsorption capacity Qm [74]

3.3.4. Adsorption of organic pollutants on geopolymeric adsorbents
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based GP which was 26 mg/g [72]. However, the effect of alkali activator on methylene blue
and crystal violet should be investigated since it has been reported that these dyes are hydro-
lyzed in the highly basic medium [76].

3.4. Cost
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ization can be applied to a variety of waste sources at low cost and low energy demand and
environmental impact yielding added value products [36, 77]. However, this claim must not be
taken for granted and should be analyzed in this section.

The annual production of coal FA waste was estimated to be about 500 million t from which
16% is used. The disposal of the unused FA has become a series of environmental problem [78].
Although considerable research has been published on FA-based GP technology, application of
this technology is not yet widespread [4]. China and Australia have less restricted regulation
about the use of alternative concrete than Europe in this regard [79]. Currently, there is a
commercial GP concrete producer in Australia, namely The Zeobond Group, founded by Prof.
van Deventer. One of their products is E-Crete™ made from FA (the by-product of burning
coal at power stations) and BFS (the by-product of steel manufacturing). E-Crete™ is now used
in footpaths, driveways, house-slabs, in-situ pours, etc. Its performance is superior to OPC in
chemical, salt and fire resistance [80]. Furthermore, the CO2 emission due to production of GPs
is generally reported to be 60–90% less than OPC [4, 79].
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The most critical reagent in the cost of GP preparation is the alkali activator. However, the
amount of activator is usually kept minimal in the FA-GP preparation (less than 10% of the
total mix design). For the above reviewed works, the cost of GP adsorbent was calculated from
their mix design used in synthesis of GP adsorbent (Section 3.3). The calculated costs of MK-
based GP adsorbents prepared in Refs. [64, 66, 67] are US $218/t, 205/t and 190/t, respectively.
The cost reduced to US $141/t in the case FA-based GP adsorbents [59]. Thus, GP adsorbents
have much lower cost than granular activated carbon and peanut hulls used in water purifica-
tion which is about US $2000/t, but comparable to natural zeolite (US $120/t) and coconut shell
charcoal (US $250/t) [81]. The unreacted NaOH remained after geopolymerization reaction (or
Na2CO3 due to absorption of CO2 from atmosphere) may be useful because it can be utilized in
precipitation of high concentrations of heavy metals in water treatment.

The cost of GP prepared from industrial waste for the purpose of solidification of heavy metal
pollutants already present in the waste can also be calculated from the total mix design
compositions reported in the above reviewed works (intra-solidification, Section 3.1). The
obtained values obtained assuming negligible cost for waste transportation are US $122/t GP
in the case of coal FA [19], US $91/t GP in the case of carbon steel arc furnace dust [8], US $79–
194/t in the case of municipal solid waste incineration fly ash [13, 28–30], US $176–192/t GP in
the case of chromite ore processing residue [25, 26] and US $200/t GP in the case medical waste
incineration fly ash [7]. However, the cost ranges from US $400 to 4000/t waste, because the %
waste in the GP is low (6–30%). Thus, it may not be wise to use the prepared GP in landfill and
so it will worthy to use the prepared GP for construction and insulation purposes [82].

4. Conclusions

1. The present review differentiates between three lines of research that deals with application
of GP in treatment of pollutants: intra-solidification, inter-solidification and adsorption.

2. Adsorption line of research has the most consistent results. Fly ash and metakaolin-based
GP adsorbents, which have much lower cost than activated carbon, seems to be very
effective adsorbents for heavy metal ions like Pb(II), Cd(II), Cu(II) and Zn(II). However,
they are poor adsorbents for heavy metals forming oxyanions like As(III) and Sb(III).
There are strong evidences that geopolymerization reaction generates new adsorption
sites for heavy metals. The adsorption performance of geopolymers is similar or better
than zeolites and to some extent independent on the nature of raw material and prepara-
tion conditions of GP. Note that GP has more acid resistance than zeolites. The observa-
tions that adsorption is pH dependent and ionic strength independent and the
irreversibility of adsorption process all support specific rather than electrostatic interac-
tion between heavy metal and GP sites. Strangely, increasing the porosity of GP does not
lead to improvement of its adsorption capacity.

3. Intra-solidification of waste: Despite the high mechanical strength of the produced GP-
containing waste, geopolymerization reduces the leaching of heavy metals from GP
matrix. The concentrations of heavy metals leached are lower than the allowed limit and
the % leaching is low. A number of studies reflect the positive effect Ca on immobilization
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of heavy metals present in waste in GP matrix. Pb, Cu Zn are the best immobilized, while
elements forming oxyanions like Sb, Mo, V and Cr are the least immobilized in GP. There
were no conclusive results on the effect of Si/Al ratio, alkali activator dose and the nature
of leaching solution on the efficiency of immobilization.

4. Inter-solidification presents a greater challenge because highly soluble heavy metals salts
are usually incorporated in the GP preparation. On the other hand, in intra-solidification,
heavy metals may exist in less soluble oxide form. In many works reviewed, the concen-
trations of heavy metals in the leaching solution are higher than the allowed limit and the
% leaching is high. The counter ions associated with the heavy metal in inter-solidification
such as sulfate and chlorides present greater difficulties in immobilization than nitrates.
Fly ash-based GP is an efficient host for heavy metals nitrates if sodium silicates are used
in addition to sodium hydroxide activator. Pb(II), Cu(II), Cd(II) and Cr(III) salts are much
more effectively immobilized than heavy metals salts forming oxyanions like As(IV) and
Cr(VI). However, addition of reducing agents makes immobilization of Cr (VI) very
effective because of reduction of oxyanion Cr(VI) to cationic Cr(III). GP has a limited
capacity up to 0.5% (w/w) in the GP mix design. The leaching of heavy metals is fast and
reaches steady state after 4 h.

5. Two criteria must be applied to evaluate the efficiency of immobilization. The first is the
concentration of heavy metal in the leaching solution, which should be less than the
allowed limit. The second is that the % leaching should be small. These two criteria may
give contradicted conclusions in some cases about the efficiency of immobilization.

6. The target of adsorption should be water contaminated with relatively low heavy metals
concentrations (up to 100 mg/L). On the other hand, the target of solidification is water
contaminated with high heavy metals concentrations up to 10,000 mg/L (assuming 0.5%
w/w heavy metal in mix design of GP and 50% water content). Adsorption techniques
have some advantages over solidification, for example, the purified water is useful. How-
ever, adsorption has disadvantages such as the adsorbent loaded with heavy metals could
not be safely disposed by landfill. On the other hand solidification has many advantages
such as utilization of water polluted with heavy metals in making construction materials.

7. Both solidification and adsorption processes can be used in an integrative manner. After
removal of pollutants by adsorption on zeolite, kaolin or any aluminosilicate material, the
adsorbent material can then be introduced into solidification (geopolymerization) process
for final disposal in the environment or for construction purposes.

8. The relatively high cost and the high mechanical strength of the solidified GP products
containing waste necessitates that the product should be used in outdoor applications like
insulation, roads, tsunami walls, etc.
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tions that adsorption is pH dependent and ionic strength independent and the
irreversibility of adsorption process all support specific rather than electrostatic interac-
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lead to improvement of its adsorption capacity.
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more effectively immobilized than heavy metals salts forming oxyanions like As(IV) and
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6. The target of adsorption should be water contaminated with relatively low heavy metals
concentrations (up to 100 mg/L). On the other hand, the target of solidification is water
contaminated with high heavy metals concentrations up to 10,000 mg/L (assuming 0.5%
w/w heavy metal in mix design of GP and 50% water content). Adsorption techniques
have some advantages over solidification, for example, the purified water is useful. How-
ever, adsorption has disadvantages such as the adsorbent loaded with heavy metals could
not be safely disposed by landfill. On the other hand solidification has many advantages
such as utilization of water polluted with heavy metals in making construction materials.
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To meet the design goal for lightweighting the next-generation launch vehicles, carbon 
fiber reinforced polymeric-based composites are being explored for cryogenic fuel tank 
applications. The applications of carbon fiber composites in liquid hydrogen (LH2) and 
liquid oxygen (LOX) fuel tanks were introduced in this chapter. The materials, process-
ing, and design of DC-XA LH2 tank, X-33 LH2 tank, SLI LH2 tank, and CCTD Program 
tank were discussed. Lockheed Martin LOX tank and Space X LOX tank were introduced. 
Technology development, materials development, and development trend of cryogenic 
fuel tanks were discussed. Thin-ply hybrid laminates and out-of-autoclave tanks are pro-
jected for future space missions.
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1. Introduction

Carbon fiber reinforced resin matrix composite materials (CFRC) are being used in the 
aerospace industry as a means of reducing vehicle weight. CFRC have advantages in high 
strength-to-weight and high stiffness-to-weight ratios. For future heavy lift launch vehicles 
and space exploration structures, advanced lightweight composites will be fully utilized in 
order to minimize vehicle weight, and CFRC in space applications requires rigorous develop-
ment to demonstrate robustness, durability, and high factors of safety.
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1. Introduction

Carbon fiber reinforced resin matrix composite materials (CFRC) are being used in the 
aerospace industry as a means of reducing vehicle weight. CFRC have advantages in high 
strength-to-weight and high stiffness-to-weight ratios. For future heavy lift launch vehicles 
and space exploration structures, advanced lightweight composites will be fully utilized in 
order to minimize vehicle weight, and CFRC in space applications requires rigorous develop-
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The future heavy lift launch vehicles require extremely high propellant mass fractions to achieve 
the designed performance. This drives the designers to incorporate lightweight materials  
in as many structures as possible. Propellant fuel tanks account for a large proportion in the 
launch vehicles, both of structural mass and geometric space. Approximately 60% of the dry 
mass of a launch vehicle is the fuel and oxidizer tanks. The implementation of composite 
cryogenic propellant fuel tanks (cryotank) for future heavy lift launch vehicles could greatly 
reduce the vehicle’s weight by replacing the identically sized cryotanks constructed of metal-
lic materials. United States’ Committee on Materials Needs and R&D Strategy for Future 
Military Aerospace Propulsion Systems reported that composites offer the potential for the 
greatest mass reduction of all of the materials for tank [1–3].

For the case of Delta IV heavy lift launch vehicle, as shown in Figure 1, compared to Li-Al 
fuel tank, the weight saving of upperstage composite cryotanks were 43 and 26%, respec-
tively [1].

In addition, composite design could reduce fabrication cost. Delta II faring, Delta III faring, 
and interstage production data have shown that composite launch vehicle structures are less 
expensive than metal ones [2].

Graphite-epoxy composite cryogenic tank development began at Boeing (then McDonnell 
Douglas) in 1987 and continues today, primarily for reusable launch vehicles (RLV) and 
heavy lift vehicles.

2. LH2 cryotank

The cryogenic tanks are the dominating components of the vehicle structure. To achieve 
weight reduction of the next-generation launch vehicles, carbon fiber reinforced polymeric-
based composites are being explored for cryogenic liquid fuel tank. A composite cryotank 
structure can save 30% by weight than lithium aluminum alloy.

Cryogenic composite tank development began in 1987. First, most of the effort has been 
devoted to liquid hydrogen tanks mainly because liquid hydrogen tanks are larger than liquid 

Figure 1. Delta IV heavy.
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oxygen tanks, lightweight materials would provide a proportionately greater weight reduc-
tion. The other reason was a common assumption that organic composite materials could not 
be used in LOX tanks [4].

NASA has been exploring advanced composite materials and processes to reduce the overall 
cost and weight of liquid hydrogen (LH2) cryotanks while maintaining the reliability of exist-
ing designs.

Composite liquid hydrogen tank development in NASA went through the National 
Aerospace Plane (NASP) program, the Single-Stage-to-Orbit (SSTO) vehicle X-33 program, 
and the recent second generation RLV applications under the Space Launch Initiative (SLI) 
and the Composite Cryotank Technology Demonstration Project (CCTD) (2011–2014) [5]. The 
fundamental issues for composite liquid hydrogen tanks are the hydrogen permeability and 
cryogenic mechanical properties of the composite material.

2.1. DC-XA composite LH2 cryotank

Liquid hydrogen is an essential but highly volatile fuel used in launch vehicles. It must be 
stored and used at −253°C, a temperature that causes most materials to become quite brit-
tle. Liquid hydrogen also has an extremely fine molecular structure, which allows it to seep 
through the tiniest gaps. Therefore, liquid hydrogen tanks present an extreme challenge in 
engineering materials because of hydrogen permeability and cryogenic properties [2, 3].

Work in composite cryogenic tank development at McDonnell Douglas (MDA) began in 1987. 
MDA solved the problem of hydrogen permeation and cryogenic properties of composites suc-
cessfully, and the composite LH2 tank for DC-XA was designed, developed, and fabricated. 
The tank was 8 feet (2.43 m) in diameter, 16 feet long (4.88 m) [6], constructed with IM7/8552 
toughened epoxy material from Hercules. Automated fiber placement (AFP) was employed 

Figure 2. DC-XA composite LH2 cryotank.

The Application of Carbon Fiber Composites in Cryotank
http://dx.doi.org/10.5772/intechopen.73127

113



The future heavy lift launch vehicles require extremely high propellant mass fractions to achieve 
the designed performance. This drives the designers to incorporate lightweight materials  
in as many structures as possible. Propellant fuel tanks account for a large proportion in the 
launch vehicles, both of structural mass and geometric space. Approximately 60% of the dry 
mass of a launch vehicle is the fuel and oxidizer tanks. The implementation of composite 
cryogenic propellant fuel tanks (cryotank) for future heavy lift launch vehicles could greatly 
reduce the vehicle’s weight by replacing the identically sized cryotanks constructed of metal-
lic materials. United States’ Committee on Materials Needs and R&D Strategy for Future 
Military Aerospace Propulsion Systems reported that composites offer the potential for the 
greatest mass reduction of all of the materials for tank [1–3].

For the case of Delta IV heavy lift launch vehicle, as shown in Figure 1, compared to Li-Al 
fuel tank, the weight saving of upperstage composite cryotanks were 43 and 26%, respec-
tively [1].

In addition, composite design could reduce fabrication cost. Delta II faring, Delta III faring, 
and interstage production data have shown that composite launch vehicle structures are less 
expensive than metal ones [2].

Graphite-epoxy composite cryogenic tank development began at Boeing (then McDonnell 
Douglas) in 1987 and continues today, primarily for reusable launch vehicles (RLV) and 
heavy lift vehicles.

2. LH2 cryotank

The cryogenic tanks are the dominating components of the vehicle structure. To achieve 
weight reduction of the next-generation launch vehicles, carbon fiber reinforced polymeric-
based composites are being explored for cryogenic liquid fuel tank. A composite cryotank 
structure can save 30% by weight than lithium aluminum alloy.

Cryogenic composite tank development began in 1987. First, most of the effort has been 
devoted to liquid hydrogen tanks mainly because liquid hydrogen tanks are larger than liquid 

Figure 1. Delta IV heavy.

Solidification112

oxygen tanks, lightweight materials would provide a proportionately greater weight reduc-
tion. The other reason was a common assumption that organic composite materials could not 
be used in LOX tanks [4].

NASA has been exploring advanced composite materials and processes to reduce the overall 
cost and weight of liquid hydrogen (LH2) cryotanks while maintaining the reliability of exist-
ing designs.

Composite liquid hydrogen tank development in NASA went through the National 
Aerospace Plane (NASP) program, the Single-Stage-to-Orbit (SSTO) vehicle X-33 program, 
and the recent second generation RLV applications under the Space Launch Initiative (SLI) 
and the Composite Cryotank Technology Demonstration Project (CCTD) (2011–2014) [5]. The 
fundamental issues for composite liquid hydrogen tanks are the hydrogen permeability and 
cryogenic mechanical properties of the composite material.

2.1. DC-XA composite LH2 cryotank

Liquid hydrogen is an essential but highly volatile fuel used in launch vehicles. It must be 
stored and used at −253°C, a temperature that causes most materials to become quite brit-
tle. Liquid hydrogen also has an extremely fine molecular structure, which allows it to seep 
through the tiniest gaps. Therefore, liquid hydrogen tanks present an extreme challenge in 
engineering materials because of hydrogen permeability and cryogenic properties [2, 3].

Work in composite cryogenic tank development at McDonnell Douglas (MDA) began in 1987. 
MDA solved the problem of hydrogen permeation and cryogenic properties of composites suc-
cessfully, and the composite LH2 tank for DC-XA was designed, developed, and fabricated. 
The tank was 8 feet (2.43 m) in diameter, 16 feet long (4.88 m) [6], constructed with IM7/8552 
toughened epoxy material from Hercules. Automated fiber placement (AFP) was employed 

Figure 2. DC-XA composite LH2 cryotank.

The Application of Carbon Fiber Composites in Cryotank
http://dx.doi.org/10.5772/intechopen.73127

113



to manufacture the cryotank. The tank was incorporated with lightweight internal insulation 
modeled after the Saturn S-IVB design. The composite tank was 33% lighter than the DC-X tank.

DC-XA provided the first flight tests in real-world operating environments for composite 
liquid hydrogen tank in 1996, as shown in Figure 2. The tank passed the ground and flight 
tests successfully. It experienced approximately 55 pressure cycles throughout the ground 
and flight test program, demonstrated the acceptability of composite liquid hydrogen tank 
for future launch vehicle [7, 8].

2.2. X-33 composite LH2 cryotank

Lockheed Martin Space Systems Company (LM) is one of the world leaders in large cryogenic 
tank technology [9]. The composite LH2 cryogenic tank for X-33 vehicle was designed, devel-
oped, and built by LM and test by NASA. The tank was a conformal, load-bearing, composite 
sandwich structure, consisting of an outer facesheet, honeycomb core, and inner facesheet as 
shown in Figure 3a. The inner and outer facesheets were constructed with IM7/977-2 and the 
core was constructed with KorexTM+3-pcf honeycomb. Figure 3b shows the overall dimen-
sions of the tank. The tank is 28.5 feet in length, 20.0 feet in width, and 14.0 feet in height [10, 11].

The sandwich LH2 tank of the X-33 Demonstrator (see Figure 4) was ground-tested at Marshall 
Space Flight Center on November 3, 1999. It failed this validation test when the outer skin and 
core of the sandwich separated from the inner skin, although the inner skin was undamaged, 
several fractures were observed in the outer skin in the same lobe.

After extensive study, NASA determined that the delaminations were likely caused by a com-
bination of factors. The most probable cause of the failure was determined to be a combina-
tion of the following phenomena [1, 12–14]:

• Microcracking of the inner facesheet with gaseous hydrogen (GH2) infiltration

• Cryopumping of the exterior nitrogen (N2) purge gas

Figure 3. Lockheed X-33 composite LH2 cryotank (a) configuration of honeycomb sandwich structure and (b) tank 
dimensions.
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• Reduced bondline strength and toughness

• Manufacturing flaws and defects

• Infiltration of GH2 into the core, which produced higher than expected core pressures.

This setback did not discourage NASA to further develop composite cryotanks. The X-33 
project was the first of its kind in large-scale composite cryotanks. The tank design was very 
novel with a number of cutting edge technologies. The delamination failure during the test-
ing provided a valuable case study for NASA and Lockhed Martin to continue the composite 
material application in cryotank.

2.3. Space Launch Initiative (SLI) Composite Cryotank Program

Northrop Grumman designed, developed, and fabricated a cylindrical composite LH2 cryo-
tank for Space Launch Initiative Composite Cryotank Program, as shown in Figure 5. The 
tank was constructed as a sandwich structure with carbon fiber composite skins sandwiched 

Figure 4. X-33 vehicle.

Figure 5. North Grumman’s LH2 cryotank [15].
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between nonmetallic honeycomb core. By using thinner carbon fiber laminars and increased 
number of cross laminates, the microcracks in the composite skins were significantly reduced 
by a factor of 16.

Other major innovations in this program included the multifunctional sandwich core and the  
out-of-autoclave process. Taking the advantage of the sandwich structure, hydrogen permeation  
was stopped by a barrier of aluminum foil between the inner skin and the honeycomb core. 
Any hydrogen leakage was vacuumed out through the perforated honeycomb core. In addi-
tion, the core acted as a thermal insulation layer. The cryotank manufacturing avoided the 
expensive autoclave by the novel ultrasonic tape lamination approach. The ultrasonic energy 
provided excellent compaction while depositing the carbon fiber tapes. The final composite 
structure was cured in an oven at ambient pressure.

The testing involved the simulated load cases close to a rocket launch. The composite cryo-
tank, in 1.8 m diameter and 4.5 m long, was filled with liquid hydrogen. The tank was also 
subject to an internal pressure of 827 KPa and an axial load along the vertical axis of a launch 
vehicle. The composite tank was ¼ scaled size of a typical reusable launch vehicle cryotank. 
Further tests were performed to fill, apply internal and external loads, and drain the tank 
repeatedly 40 times, in order to study its structural integrity under cryogenic temperatures 
and its reusability [14–16].

The Northrop Grumman/NASA team proved that a cryogenic fuel tank made from composite 
materials has the structural integrity to withstand the mechanical and thermal stresses associ-
ated with repeated fueling and simulated launch cycles.

2.4. CCTD composite cryotank

The Composite Cryotank Technology Demonstration Project (CCTD) was part of the Space 
Technology Program and the Game Changing Development (GCD) Program for NASA. [17]. 
The program had a clear focus to deliver the proven technologies that would be deployed 
in future space flight demonstration. An extensive full-scale ground-based testing and lab 
experimentations were implemented. The development and demonstrations outlined in the 
CCDT Program were based on the relevant aerospace industrial experience over the last 
20 years. The project successfully designed, manufactured, and tested a full-composite LH2 
cryotank [18, 19]. The composite cryotank reportedly achieved 30% saving in weight and 25% 
in cost, compared with a baseline aluminum alloy cryotank.

NASA worked with four competing industry partners—ATK, Boeing, Lockheed Martin, and 
Northrop Grumman at the design phase of the project with the aim to reduce weight by 30%, 
reduce cost by 25%, and withstand a strain of 0.005 [20]. Four competing conceptual designs 
differing in materials, structures, manufacturing processes were assessed through coupon 
testing and finite element stress analysis.

A sample of the design requirements is shown in Figure 6: an inner tank that could con-
tain pressurized LH2 at cryogenic temperatures, fitted with an outer skirt that could take 
the axial compression loads during launch-vehicle takeoff. All of the phase I concepts 
were required to use Government furnished information (GFI) IM7/977-2 lamina material 
property.

Solidification116

The NASA team developed a metallic aluminum alloy cryotank concept for comparison to 
three industry IM7/977-2 composite concepts with the same overall dimensions: Boeing fluted 
core, Lockheed-Martin externally stiffened, and Northrop Grumman sandwich, as shown in 
Figure 7. The weight comparison for the four concepts is shown in Table 1. All three compos-
ite concepts exceeded the 30% weight reductions also had designs where the laminates were at 
or under the 5000 με strain limit desired by the CCTD Project when compared to the metallic  
cryotank. All of the three tanks were fabricated by automated fiber placement process. A cost 
analysis effort showed that 20–25% cost saving can be achieved by utilizing AFP process.

The results further showed that thin plies (65 or 70 g/m2) are effective in resisting microcracks 
and thereby minimizing LH2 permeation.

Boeing’s design and analyses showed that when designing to a 5000 με limit strain level, a 
39% weight saving over a comparable aluminum-lithium tank designed using mature materi-
als and manufacturing techniques can be realized. A cost analysis effort showed that 20–25% 
cost saving can be achieved by utilizing an automated fiber placement process [20].

Phase II of CCTD involved the design, analysis, fabrication, and testing of large scale (2.4-m 
diameter precursor and 5.5-m diameter demonstrator) composite cryotanks. The two tanks 
incorporated the design features and strain levels that represent a full-scale (8.4-m diameter) 
Space Launch System (SLS) propellant tank. Design features included a one-piece wall design 
that minimized tank weight.

Both tanks were fabricated at Boeing using automated fiber placement on breakdown tool-
ing. The tanks were made of Cytec’s CYCOM 5320-1 out-of-autoclave (OOA) prepreg, hybrid 
laminate was employed, using a combination of thick plies (145 g/m2), which can be placed 
relatively quickly and enable large (up to 10-m diameter) cryotank fabrication, and thin plies 
(70 g/m2), which create a microcrack-resistant laminate that helps prevent hydrogen perme-
ation [21, 22] (Figure 8) .

Figure 6. NASA reference Cryotank geometry and high level requirements [1].
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The 2.4-m diameter all-composite precursor tank was fitted with a laminate skirt that could take 
the axial compression loads during launch-vehicle takeoff and tested on June 25, 2013 at NASA 
MSFC, the tank was successfully pressure tested. The test met all requirements: stepwise fill 

Figure 7. Four Cryotank concepts [1, 19](a) NASA al-Li concept, (b) Boeing fluted core sandwich Wall concept, (c) the 
Lockheed-Martin externally stiffened concept, and (d) Northrop Grumman composite honeycomb sandwich concept.

Company structural concept Weight/lb Weight saving/%

NASA TRL9 metallic baseline 10,925 —

Boeing fluted core 6696 38.7

Lockheed External Box Stiffened 6572 39.8

NGC Honeycomb Sandwich 6252 42.8

Table 1. Comparison of the three industry composite designs to the metallic design from NASA.
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with liquid hydrogen (−223°C) to 90% volume capacity followed by pressurizing the tank to 
931 KPa. The 2.4 m tank was then cycled through 20 pressure/vent cycles, measuring hydrogen 
gas permeation on the tank dome [21] (Figure 9).

NASA Space Launch System (SLS) has an 8.4-m diameter (8.4 m) Ares Vupper stage. NASA 
chose a 5.5-m diameter test article for the second phase of the program. Boeing was the only 
partner to produce and test this size tank with the existing infrastructure. A 5.5-m diameter 
cryotank was of sufficient scale. To prevent the delaminations occurred in X-33 composite 
cryotanks, subscale 5.5-m diameter CCTD demonstrator tank was fitted with an innovative 
fluted-core skirt.

NASA completed a demanding series of tests inside the test stand at MSFC. On March 26, 
2014, the 5.5 m cryotank was subjected to flight loads in combination with pressure loads. 
Structural loads were applied to simulate the stress during a space flight. Liquid hydrogen at 
253°C was filled in the composite tank. At the same time, a cyclic pressure of 138 to 207 KPa 
was applied to the tank.

The 5.5 m tank was pressurized to 400 KPa, reaching a maximum acreage strain of 5136 
microstrain and demonstrating safety factors above 1.5 in the scarf joints. At the 5136 test 
strain, the permeation performance does not meet the CCTD goals, but well within the allow-
able for an upper stage or boost stage composite tank application [21].

Figure 8. 2.4-m diameter tank, a robotic arm applies composite laminate [21, 22].

Figure 9. 5.5-m diameter tank [21, 22].
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NASA completed a demanding series of tests inside the test stand at MSFC. On March 26, 
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253°C was filled in the composite tank. At the same time, a cyclic pressure of 138 to 207 KPa 
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The 5.5 m tank was pressurized to 400 KPa, reaching a maximum acreage strain of 5136 
microstrain and demonstrating safety factors above 1.5 in the scarf joints. At the 5136 test 
strain, the permeation performance does not meet the CCTD goals, but well within the allow-
able for an upper stage or boost stage composite tank application [21].

Figure 8. 2.4-m diameter tank, a robotic arm applies composite laminate [21, 22].

Figure 9. 5.5-m diameter tank [21, 22].
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The hydrogen permeation measured in the CCTD tanks are likely due to the porosity, esti-
mated to be approximately 3%, from the low-pressure curing having facilitated void and 
crack formation, even in the thin plies.

The project confirmed that composite cryotanks can achieve a 33% weight savings compared 
to aluminum-lithium cryotanks, and it demonstrated permeation performance that meets the 
allowable for upper stage and boost stage applications.

This is the first effort to successfully build and test a tank of 5.5-m diameter [21, 22].

There are several accomplishments in CCTD cryotank of phase II:

(1) 5320-1 OoA epoxy resin matrix

Boeing tested a new material-Cycom 5320-1 that does not require expensive autoclave cur-
ing. Cycom 5320-1 is a toughened epoxy prepreg resin system designed for out-of-autoclave 
manufacturing of primary structures. With a lower curing temperature, the resin system is 
suitable for prototyping where low cost tooling or vacuum-bag-only curing is required.

Cycom 5320-1 handles similarly to standard prepreg. The difference is that the vacuum-
bag-only cured composites produce the quality equivalent to the autoclave process, with 
minimum porosity and competitive mechanical properties. It was received as thin sheets of 
B-stage film [23, 30].

(2) Thin ply prepreg-70 g/m2, hybrid laminate

Figure 10. Thin and thick ply.
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To reduce hydrogen permeation levels, hybrid laminate combination of thick plies (145 g/m2), 
which can be placed relatively quickly and thin plies (70 g/m2), which create a microcrack-
resistant laminate that helps prevent hydrogen permeation was used in CCTD tanks.

For further evaluation, hybrid laminates fiber-placed panels were produced at Boeing and 
evaluated at MFSC. The stacking sequence of the laminate was showed in Figure 10. The 
laminates were made up of 12 plies of 5.4 mil and 5 plies of 2.5 mil material. The report noted 
that when thin plies are used and standard laminate consolidation is achieved, permeation 
performance requirements will be met with very large margins.

Thin-ply composite structures offer many advantages in composite tank manufacture. They 
are far more resistant to the formation of microcracks. Also, tougher resins have been devel-
oped that offer protection against microcracks (may be used in conjunction with the thin 
plies). The down-side of the thin plies is that they make manufacturing more difficult. Present 
development efforts are exploring the use of fiber placement equipment to place the thin 
plies. Hybrid laminates are demonstrating the same performance as the thin plies. Excellent 
permeability results are achieved by both methods [25].

(3) Out-of-autoclave cure processing

Figure 11. Out-of-autoclave processing.

Figure 12. Comparison of autoclave and out-of-autoclave processing.
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Autoclave process is the major cost in composite manufacturing. The investment of the large 
size autoclave oven is formidable for any company. Boeing employed OOA resin matrix, and 
the tank exhibited approximately 3% porosity (Figures 11 and 12).

For further evaluation of OOA processing, two-hybrid laminates fiber-placed panels pro-
duced at Boeing and LH2 tested at MSFC. The laminates were made up of 12 plies of 0.137 mm 
and 5 plies of 0.064 mm material. The OOA laminates exhibited approximately 4% porosity. 

Figure 13. Fluted-core skirt.

Figure 14. Four different composite tanks of CHATT project.

Solidification122

Testing with autoclave coupons and the same materials did not show measurable permeabil-
ity. Evaluation of the OOA laminates revealed that microcrack forms in the thin plies, primar-
ily due to the porosity in the laminate. To deduce porosity, and eliminate permeability for 
OOA, it is necessary to increase the number of thin plies and to reduce porosity by improving 
the OOA materials architecture and fiber placement processes.

(4) Robotic AFP

Instead of the gantry-based automated fiber placement (AFP) equipment classically used to 
build large cylindrical parts, Boeing opted to use robotic fiber placement (AFP). Robotic AFP 
system enabled improved capabilities–better reach in the dome areas and lower shaft clearance.

(5) Fluted-core composite skirt

To prevent the delaminations occurred in X-33 composite cryotanks, Boeing opted an innovative 
fluted-core skirt, comprising large trapezoidal members-technically, laminate-angled web mem-
bers with structural-radius fillers between facesheets [24]. The fluted-core skirt was designed to 
take the compressive load during launch and to vent permeated hydrogen. The skirt structure was 
co-cured to eliminate potential de-bonding issues at the working temperature of 253°C (Figure 13).

2.5. CHATT project

The project Cryogenic Hypersonic Advanced Tank Technologies (CHATT) is a part of the 
European Commission’s Seventh Framework Programme and run on behalf of the Commission 
by DLR-SART in a multinational collaboration. The main objective was to investigate carbon 
fiber reinforced composite material for cryogenic fuel tank applications (Figure 14).

Four different subscale CFRP-tanks have been designed, manufactured, and tested. The 
CHATT project contributed to significant progress in the design of composite tanks for cryo-
genic propellant applications in Europe. The European Technology Readiness Level (TRL) of 
such cryotank is in the range between three and four, while the TRL in the US is considerably 
more advanced [25].

3. LOX cryotank

The weight reduction provided by composite Lox tank is too great to disregard. The most dif-
ficult issue for composite Lox tanks is material compatibility. After solving the problems of the 
hydrogen permeation and cryogenic properties of LH2 tank, MDA and NASA investigated 
the compatibility of composite materials and liquid oxygen (LOx). The test results proved that 
composites could be used to fabricate Lox tanks for launch vehicles, and the results sufficiently 
convincing to plan on building and flying composite Lox tanks in X-33 and X-34 vehicles [26].

NASA and Lockheed Martin jointly developed the first composite cryogen tank for liquid 
oxygen storage. Lockheed Martin designed and manufactured a sub-scale LOX cryotank, 
while NASA tested it at its MFSC facility.

The composite tank is approximately 2.7 m in length and 1.2 m in diameter, and weighs less 
than 225 kg, the weight saving is 18% compared to metal tank of similar construction. The 
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Figure 16. The 12-m diameter composite lox tank of space X.

tank passed the initial testing of cyclic liquid oxygen loading. The tank withstood the thermal 
and pressure conditions similar to that on a space launch vehicle. The tank did not permeate 
nor crack after 52 cycles of fill-drain liquid oxygen test, and passed the demonstrated test, as 
shown in Figure 15 [27].

This tank marks a real advance in space technology. No approved standards for composite 
pressure vessels exist; there has not been enough information on them to write standards. So 
the technical data getting from this effort is very valuable [24].

Space X has designed, developed, and fabricated a composite LOx tank, which is a key com-
ponent of interplanetary transport system (ITS). The tank is 12 m in diameter, and passed 
2/3 exploration pressure test successfully in Nov 2016, see Figure 16. The carbon fiber used 
in the tank was provided by Toray. The 12-m diameter tank was the largest vessel ever pro-
duced [27].

Figure 15. Composite lox tank of LM.
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4. Materials

Fiber-reinforced composites can be optimized and tailored with the right amount of fibers 
based on the directions and magnitudes of the stress state. Composite cryotanks can be the 
most efficient isotensoid structure. Yet the challenges remain with carbon fibers particularly 
for manufacturing large-scale cryotank.

IM7 which is manufactured by Hexcel, was used widely in cryogenic tank in NASA. IM600 
which is made by Toho, was used in cryotank in Japan [28]. T800H which is made in 
Toray, its property parameters are equivalent to IM7 and IM600 (Table 2). All of them are 
intermediate modulus fibers, high tensile strength, PAN-based fiber, their properties are 
basically equivalent.

The carbon fiber with intermediate modulus, high tensile strength was used widely in com-
posite cryotank manufacturing. The higher the modulus of carbon fiber, the higher the crystal-
linity of the fiber, this would lead to reduced surface active functional groups and decreased 
the interlaminar shear strength of composites. Low modulus carbon fiber is not good for 

Fiber type Tensile strength/
MPa

Tensile modulus/
GPa

Strain/% Density/g/cm3 Filament 
diameter/μm

Toho IM600 5790 285 2.0 1.80 5.0

Hercules IM7 5300 275 1.8 1.77 5.2

Toray T800H 5490 294 1.9 1.81 5.0

Table 2. Property parameters of carbon fibers.

IM7/5320-1 [31] IM7/977-2 [32–34] IM7/8552 [34]

0°Tensile strength/MPa 2703 2690 2650

0°Tensile modulus/GPa 156 165 168

Poisson’s ratio 0.34 — —

90°Tensile strength/MPa 81 75 —

90°Tensile modulus/GPa 9.7 7.6 —

0°Compressive strength/MPa 1737 1580 1690

0°Compressive modulus/GPa 143 152 150

Short beam shear strength/MPa 119 112 128

CAI/MPa 176 262 234

Open-hole tensile strength/MPa 498 448 —

Open-hole compressive strength/MPa 386 310 —

Table 3. Properties parameters of IM7/5320-1and IM7/977-2 laminates.

The Application of Carbon Fiber Composites in Cryotank
http://dx.doi.org/10.5772/intechopen.73127

125



Figure 16. The 12-m diameter composite lox tank of space X.

tank passed the initial testing of cyclic liquid oxygen loading. The tank withstood the thermal 
and pressure conditions similar to that on a space launch vehicle. The tank did not permeate 
nor crack after 52 cycles of fill-drain liquid oxygen test, and passed the demonstrated test, as 
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in the tank was provided by Toray. The 12-m diameter tank was the largest vessel ever pro-
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Figure 15. Composite lox tank of LM.
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4. Materials

Fiber-reinforced composites can be optimized and tailored with the right amount of fibers 
based on the directions and magnitudes of the stress state. Composite cryotanks can be the 
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Short beam shear strength/MPa 119 112 128

CAI/MPa 176 262 234

Open-hole tensile strength/MPa 498 448 —
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the mechanical properties of composites. Therefore, intermediate modulus carbon fiber was 
employed for cryotank application [29, 30].

Toughened resins were developed primarily for aircraft applications to improve the com-
pression-after-impact strength (CAI) of composite structures. They are also preferred for liq-
uid hydrogen tanks because of greater impermeability after thermo mechanical cycling. For 
example, 8552 epoxy resin, which was made by Hercules, 977-2 and 5320-1resins, which were 
made in ICI, were used widely in LH2 cryotank fabrication.

Toughened resins appeared to be generally more resistant to ignition; therefore, toughened 
resins were used in LO2 tank fabrication. LOx compatibility is another issue that should be 
considered for Lox tank.

CF/977-2 prepreg was used widely in cryogenic applications because of excellent toughness 
and processing, for example, X-33 LH2 tank and 10 m composite demonstrator tank made 
in CCTD phase I [31, 32]. CYCOM 977-2 is a 177°C curing toughed epoxy resin. It is formu-
lated for autoclave or press molding. Unidirectional tape and woven fabric impregnated with 
CYCOM 977-2 resin will retain tack for at least 10 days and has a long mechanical out life 
suitable for fabrication of large structures.

Table 3 showed the properties of IM7/ 5320-1, IM7/977-2, and IM7/8552 laminates. Tensile 
property, compressive property, and shear property of them were basically equivalent, the CAI 
of IM7/ 5320-1 were the lowest. The advantage of 5320-1 is that it requires no autoclave curing.

5. Conclusions

Composites are seen as one of the key components in the drive by NASA and the aerospace 
industry to decrease the weight of future launch vehicles as a means of reducing the cost of 
launching payloads.

NASA and Boeing have made significant progress in the US within the Composite Cryotank 
Technology Demonstration (CCTD) Project in which a large-scale composite liquid-hydrogen 
cryogenic tank has been designed, built, and tested under relevant flight loads.

For future space missions, there is still work to be done in producing out-of-autoclave tanks 
that meet the stringent permeability requirements.
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Abstract

The clathrate hydrates represent a distinctive, unusual, scientifically significant, and prac-
tically important class of solid state materials. Since their discovery in the early nineteenth 
century, their widespread distribution in oceans and permafrost regions and their abil-
ity to trap atoms and small molecules—particularly methane and other small hydrocar-
bons—has led to the realization that they are simultaneously a tremendous energy source 
and, in the face of global warming, a potential greenhouse gas release disaster of unprec-
edented magnitude just waiting to happen. In the twentieth century, it was realized that 
solid methane clathrate hydrate could plug natural gas pipelines and disrupt oil drilling 
processes. On the environmental positive side, clathrate hydrates can store hydrogen and 
sequester carbon dioxide. A brief historical review of the formation, structure, and uses of 
clathrate hydrates forms the backdrop for a discussion of modern scientific investigations 
of these solids employing spectroscopy, structure determination methods, isotopic stud-
ies, computational-theoretical modeling, and interrogations of guest-host interactions via 
special guests. For example, the use of colored halogens in clathrate hydrate hosts enables 
UV-visible spectroscopic methods to be employed to study clathrate hydrate structure.

Keywords: clathrate, clathrate hydrate, guest, host, lattice clathrate, methane clathrate 
hydrate, halogen clathrate hydrate, alkane clathrate, hydrogen bonding network, 
greenhouse gas, enclathration, sequestration, solidification

1. Introduction

Pure water solidifies (i.e., freezes) at 0°C at the normal atmospheric pressure of 1 bar. Pure 
chlorine gas solidifies at −101°C at ambient 1 bar pressure. However, as Humphery Davy [1] 
famously noted in 1811 “the solution of oxymuriatic gas (chlorine) in water freezes more read-
ily than pure water.” It turns out that chlorine-water solutions solidify at temperatures well 
above 0°C. This phenomenon is by no means restricted to chlorine-water solutions. Aqueous 
solutions into which many types of small non-polar or modestly polar gas atoms or molecules 
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famously noted in 1811 “the solution of oxymuriatic gas (chlorine) in water freezes more read-
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are dissolved (e.g., xenon, bromine, iodine, oxygen, nitrogen, carbon monoxide, carbon diox-
ide, methane, ethane) exhibit this enhanced solidification temperature effect also. Application 
of modest pressures further increases the solidification temperatures of these solidified gas-
water solutions. For example, at 50 bar, a methane-water solution solidifies around 8°C. It 
turns out that the gas molecules or atoms become guests encased in a three-dimensional lat-
tice network of water molecules called a clathrate hydrate host. Many clathrate hydrate host 
cage structures, sizes, and geometries are possible. If the guest molecule is methane and the 
host system is water, the solidified guest-host system is called methane clathrate hydrate. The 
interaction between the host cage water molecules in the clathrate hydrate and the guest gas 
atoms or molecules is of the non-covalent van der Waals type. The distinctive and fascinating 
solidification behavior of gas-clathrate hydrate systems is the subject of this chapter.

The scientific history of clathrates dates back to the year 1811 when Sir Humphrey Davy first 
studied and identified clathrates comprised of solidified mixtures of gases, particularly meth-
ane, and water [1]. A distinctive property of these natural gas clathrate hydrates is their capacity 
to remain in the solid state well above the 273.15 K melting point of pure water. A quantitative 
study of the composition of gas clathrate hydrates was later taken up by Michael Faraday [2]. 
After reading Schroeder’s 1927 review of clathrate hydrates [3], Hammerschmidt [4] in the 
mid-1930s came the realization that solidified methane clathrate hydrates were responsible for 
the blocking of natural gas transmission pipelines, a major problem in the petroleum industry. 
From the 1930s to the present, the petroleum industry has expended an enormous amount of 
effort in developing techniques to detect and remove/dislodge solid gas clathrate hydrates 
or prevent their formation. It is now known that massive amounts of methane are seques-
tered in clathrate hydrates in the deep ocean and permafrost regions of planet Earth. This 
enclathrated methane has the potential to be extracted and used as a fuel. On the negative side, 
global warming will increase ocean temperatures and destroy permafrost regions, resulting in 
a potentially catastrophic release of methane – a major greenhouse gas – into the atmosphere. 
It is speculated that clathrate hydrates are widespread in the universe, and possibly exist in 
comets, asteroids, Mars, Pluto, and the moons of Jupiter and Saturn in our Solar System [5].

Clathrates are defined by the IUPAC to be inclusion compounds in which the guest atoms 
or molecules are constrained or trapped in cages formed by the host molecule or by a lat-
tice of host molecules. Host molecules and guest atoms or molecules interact via van der 
Waals or hydrogen bonding forces. The word clathrate comes from the Latin word clatratus, 
which means a lattice or with bars. The traditional use of the word clathrate in science and 
engineering is in reference to materials comprised of hosts that are polymers trapping guests 
that are atoms or molecules. However current use of this word now extends to many other 
molecular host systems such as calixarenes [6], cyclodextrins [7], and even to inorganic poly-
meric systems such as zeolites [8] and chibaites [9]. Hofmann compounds [10] and metal 
organic frameworks (MOFs) [11] can also serve as clathrate hosts for small aromatic guest 
molecules such as carbon tetrachloride, benzene, toluene, and xylene. These types of clath-
rate host systems have the potential to serve as a new class of stationary phases capable of 
achieving heretofore unattainable chromatographic separations. Clathrates may also be sepa-
rated into two general types depending upon how the host molecules encapsulate the guest 
atoms or molecules. In molecular clathrates, each guest atom or molecule is trapped in a 
site located in a single host molecule. Such clathrates are stable in both the liquid solution 
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and solid states. However, in lattice clathrates, the trapping sites for guests are formed from 
multiple host molecules arranged in a lattice or array. Thus, lattice clathrates only exist in the 
solid state since dissolving or melting destroys these intermolecular host lattice trapping sites. 
Perhaps the most famous and well known example of a lattice clathrate is methane clathrate 
hydrate. Each methane guest molecule is trapped in a cage formed from a three-dimensional 
network of hydrogen-bonded host water molecules. It turns out that there are many other 
examples of clathrate host molecules that form hydrogen bonded networks capable of trap-
ping guest atoms and molecules. The compounds hydroquinone, urea, thiourea, and Dianin’s 
compound, (4-p-hydroxyphenyl-2,2,4-trimethyl chroman) are notable examples [12, 13]. The 
clathrate hydrate host lattice can form hydrogen bonded water molecule cages of various sizes 
and geometries capable of trapping a wide variety of guest atoms and molecules. Examples 
of clathrate hydrate guest moieties include a number of small alkanes, hydrogen, the noble 
gases, the halogens, nitrogen, oxygen, and carbon dioxide, carbon monoxide, and ozone.

2. Clathrate hydrate applications and uses

2.1. Petroleum industry

Clathrate hydrate plugs in gas pipelines have been very problematic for energy industries, 
causing significant economic loss and environmental risks. In 2010, the Macondo Project 
Deep Horizon well blew up and created an oil spill of 4.9 million barrels in Gulf of Mexico, 
which simultaneously released large amounts of hydrocarbons [14]. The hydrocarbons that 
were released ended up forming methane clathrate hydrates with surrounding water vapors. 
Unfortunately, the accumulation of methane clathrate hydrates blocked the well caps and 
prevented a 100-ton containment structure from being sealed after the blowout (Figure 1).

2.2. Environmental issues

A long-term concern for natural clathrate hydrates is the slow release of methane gas into 
the atmosphere [15]. For instance, when oil companies drill hot oil through hydrate-bearing 

Figure 1. Recovered gas hydrate plug from a subsea pipeline off the coast of Brazil (courtesy of Petrobras).
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are dissolved (e.g., xenon, bromine, iodine, oxygen, nitrogen, carbon monoxide, carbon diox-
ide, methane, ethane) exhibit this enhanced solidification temperature effect also. Application 
of modest pressures further increases the solidification temperatures of these solidified gas-
water solutions. For example, at 50 bar, a methane-water solution solidifies around 8°C. It 
turns out that the gas molecules or atoms become guests encased in a three-dimensional lat-
tice network of water molecules called a clathrate hydrate host. Many clathrate hydrate host 
cage structures, sizes, and geometries are possible. If the guest molecule is methane and the 
host system is water, the solidified guest-host system is called methane clathrate hydrate. The 
interaction between the host cage water molecules in the clathrate hydrate and the guest gas 
atoms or molecules is of the non-covalent van der Waals type. The distinctive and fascinating 
solidification behavior of gas-clathrate hydrate systems is the subject of this chapter.

The scientific history of clathrates dates back to the year 1811 when Sir Humphrey Davy first 
studied and identified clathrates comprised of solidified mixtures of gases, particularly meth-
ane, and water [1]. A distinctive property of these natural gas clathrate hydrates is their capacity 
to remain in the solid state well above the 273.15 K melting point of pure water. A quantitative 
study of the composition of gas clathrate hydrates was later taken up by Michael Faraday [2]. 
After reading Schroeder’s 1927 review of clathrate hydrates [3], Hammerschmidt [4] in the 
mid-1930s came the realization that solidified methane clathrate hydrates were responsible for 
the blocking of natural gas transmission pipelines, a major problem in the petroleum industry. 
From the 1930s to the present, the petroleum industry has expended an enormous amount of 
effort in developing techniques to detect and remove/dislodge solid gas clathrate hydrates 
or prevent their formation. It is now known that massive amounts of methane are seques-
tered in clathrate hydrates in the deep ocean and permafrost regions of planet Earth. This 
enclathrated methane has the potential to be extracted and used as a fuel. On the negative side, 
global warming will increase ocean temperatures and destroy permafrost regions, resulting in 
a potentially catastrophic release of methane – a major greenhouse gas – into the atmosphere. 
It is speculated that clathrate hydrates are widespread in the universe, and possibly exist in 
comets, asteroids, Mars, Pluto, and the moons of Jupiter and Saturn in our Solar System [5].

Clathrates are defined by the IUPAC to be inclusion compounds in which the guest atoms 
or molecules are constrained or trapped in cages formed by the host molecule or by a lat-
tice of host molecules. Host molecules and guest atoms or molecules interact via van der 
Waals or hydrogen bonding forces. The word clathrate comes from the Latin word clatratus, 
which means a lattice or with bars. The traditional use of the word clathrate in science and 
engineering is in reference to materials comprised of hosts that are polymers trapping guests 
that are atoms or molecules. However current use of this word now extends to many other 
molecular host systems such as calixarenes [6], cyclodextrins [7], and even to inorganic poly-
meric systems such as zeolites [8] and chibaites [9]. Hofmann compounds [10] and metal 
organic frameworks (MOFs) [11] can also serve as clathrate hosts for small aromatic guest 
molecules such as carbon tetrachloride, benzene, toluene, and xylene. These types of clath-
rate host systems have the potential to serve as a new class of stationary phases capable of 
achieving heretofore unattainable chromatographic separations. Clathrates may also be sepa-
rated into two general types depending upon how the host molecules encapsulate the guest 
atoms or molecules. In molecular clathrates, each guest atom or molecule is trapped in a 
site located in a single host molecule. Such clathrates are stable in both the liquid solution 
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and solid states. However, in lattice clathrates, the trapping sites for guests are formed from 
multiple host molecules arranged in a lattice or array. Thus, lattice clathrates only exist in the 
solid state since dissolving or melting destroys these intermolecular host lattice trapping sites. 
Perhaps the most famous and well known example of a lattice clathrate is methane clathrate 
hydrate. Each methane guest molecule is trapped in a cage formed from a three-dimensional 
network of hydrogen-bonded host water molecules. It turns out that there are many other 
examples of clathrate host molecules that form hydrogen bonded networks capable of trap-
ping guest atoms and molecules. The compounds hydroquinone, urea, thiourea, and Dianin’s 
compound, (4-p-hydroxyphenyl-2,2,4-trimethyl chroman) are notable examples [12, 13]. The 
clathrate hydrate host lattice can form hydrogen bonded water molecule cages of various sizes 
and geometries capable of trapping a wide variety of guest atoms and molecules. Examples 
of clathrate hydrate guest moieties include a number of small alkanes, hydrogen, the noble 
gases, the halogens, nitrogen, oxygen, and carbon dioxide, carbon monoxide, and ozone.

2. Clathrate hydrate applications and uses

2.1. Petroleum industry

Clathrate hydrate plugs in gas pipelines have been very problematic for energy industries, 
causing significant economic loss and environmental risks. In 2010, the Macondo Project 
Deep Horizon well blew up and created an oil spill of 4.9 million barrels in Gulf of Mexico, 
which simultaneously released large amounts of hydrocarbons [14]. The hydrocarbons that 
were released ended up forming methane clathrate hydrates with surrounding water vapors. 
Unfortunately, the accumulation of methane clathrate hydrates blocked the well caps and 
prevented a 100-ton containment structure from being sealed after the blowout (Figure 1).

2.2. Environmental issues

A long-term concern for natural clathrate hydrates is the slow release of methane gas into 
the atmosphere [15]. For instance, when oil companies drill hot oil through hydrate-bearing 
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sediments, the high temperature of the oil encourages melting and thus dissociation of clath-
rate hydrates. Then, large amounts of methane gas are released, surrounding sediments are 
weakened, and pockets of highly pressured gas are generated. The effect of global warm-
ing on the stability of methane clathrate hydrate is another concern. The rising temperature 
results in a steady release of methane, a key greenhouse gas, from methane clathrate hydrates 
in the Arctic where there are large deposits of methane clathrate hydrates. The dramatic dis-
sociation of methane hydrates, also known as the clathrate gun hypothesis, exacerbates global 
warming and poses a significant threat to our climate [16]. Recently, large craters and blow-
outs from the Barents Sea floor that are produced from decomposing methane hydrates in the 
ocean floor have been discovered [17, 18].

2.3. Clathrate hydrate as energy source

Clathrate hydrates have been also studied as a potential energy source and fuel storage/transpor-
tation technology. Moreover, they are readily available; there exist extensive clathrate hydrate 
deposits along continental margins and in the Arctic. In particular, methane clathrate hydrates 
have been found in deep ocean layers, sediments below the Arctic, and permafrost areas where 
there is a combination of high pressure and low temperature. A reliable estimate done by DOE 
and USGS researchers suggests that there are about 3 × 1015 cubic meters of methane or ~1800 
gigatons of carbon in hydrates that can be utilized as a potential energy source. In the US alone, 
the mean estimate of the amount of gas sequestered in clathrate hydrates is around 9 × 1021 m3 
[19]. Another USGS survey indicates that the potential energy stored in methane clathrate 
hydrates exceeds the combined global fossil fuel reserves! Thus, natural gas stored in the form 
of clathrate hydrates may be a significant alternative energy source in the future (Figure 2).

Extracting combustible gases, especially methane, already stored in natural clathrate hydrates 
is a prospect, but using the clathrate hydrates to hold gas molecules that can serve as fuels 
is also a subject of study. Storing gases in a solid state clathrate hydrate “container” may be 
more cost-effective than storage in the liquid or gaseous state in many cases. For instance, 
building a LNG plant is much more costly than storing natural gas in clathrate hydrates. 
Clathrate hydrates also offer an easier method of transportation compared to pipelines in 
many instances. Clathrate hydrates are also able to sequester hydrogen, the ultimate, car-
bon-free, environmentally friendly fuel. In the past decades, researchers have tested different 
types of promoters to increase hydrate formation rate and decrease induction time in order to 
enhance clathrate hydrates as a storage method.

Large scale trapping of carbon dioxide molecules in clathrate hydrates is a potentially viable 
way to reduce atmospheric CO2 levels and thus inhibit the acidification of ocean waters [20]. 
Other applications of clathrate hydrates include the separation of gases such as CO2 from 
flue gases and desalination. Clathrate hydrates can be used in flue gases to separate CO2 by 
encouraging the formation of CO2 clathrate hydrate in a flue gas mixture. Seo et al. [21] found 
that forming clathrate hydrates is be a feasible method of recovering CO2 from flue gases 
in silica gel pores. Another useful application is hydrate-based desalination. The process 
begins when clathrate hydrate forming agent is injected into seawater that has a surround-
ing temperature lower than clathrate hydrate forming temperature. The condition promotes 
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condensation of water molecules around the hydrate formers, and a slurry of clathrate ice 
and brine form. Once they form, brine is separate from the slurry of clathrate ice. The clath-
rate ice is then melted via heat exchange with warmer surface water of the ocean. During 
the last decade, the United States, Canada, Japan, India, and South Korea have conducted 
extensive research on clathrate hydrates. While much is now known, much still remains to be 
discovered. To advance understanding concerning the physical properties and practical uses 
of clathrate hydrates, further research is necessary.

3. Clathrate hydrates in space

The possible presence of clathrate hydrates in Mars, Pluto, Saturn’s and Jupiter’s moons, Kuiper 
Belt objects, comets, and asteroids is a hotly debated topic. In the cosmos, the giant planets 
may provide a cold, gaseous environment for clathrate hydrates to form as grains of water 

Figure 2. World map of recovered and inferred gas hydrate locations (map courtesy of Timothy S. Collett, USGS).
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more cost-effective than storage in the liquid or gaseous state in many cases. For instance, 
building a LNG plant is much more costly than storing natural gas in clathrate hydrates. 
Clathrate hydrates also offer an easier method of transportation compared to pipelines in 
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bon-free, environmentally friendly fuel. In the past decades, researchers have tested different 
types of promoters to increase hydrate formation rate and decrease induction time in order to 
enhance clathrate hydrates as a storage method.

Large scale trapping of carbon dioxide molecules in clathrate hydrates is a potentially viable 
way to reduce atmospheric CO2 levels and thus inhibit the acidification of ocean waters [20]. 
Other applications of clathrate hydrates include the separation of gases such as CO2 from 
flue gases and desalination. Clathrate hydrates can be used in flue gases to separate CO2 by 
encouraging the formation of CO2 clathrate hydrate in a flue gas mixture. Seo et al. [21] found 
that forming clathrate hydrates is be a feasible method of recovering CO2 from flue gases 
in silica gel pores. Another useful application is hydrate-based desalination. The process 
begins when clathrate hydrate forming agent is injected into seawater that has a surround-
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ice and gaseous guest molecules collide. Primordial sources of volatiles in space can be found 
in clathrate hydrates that formed in the presolar nebula. They have remained stable in low 
pressure-low temperature condition. Based on current information, it is speculated that natural 
gas hydrates may exist on Mars, Saturn, Uranus and Neptune and their moons. During the 
past decades, ammonia and methane clathrate hydrates have been the focus of space research 
because they have been considered to be the main sources of nitrogen and carbon species.

Titan, one of Saturn’s moons, has been extensively investigated for the presence of clathrate 
hydrates because of its likely conditions. Titan’s atmosphere and surface contain atmospheric 
gases such as nitrogen, methane, ethane, carbon dioxide, propylene, water vapor that typically 
form clathrate hydrates. However, since the atmosphere has only a limited amount of water 
vapor presence despite an abundance of hydrate guests, the amount of available water regu-
lates clathrate hydrate formation. Osegovic and Max [22] suggested that the overabundance of 
hydrate forming guest molecules in Titan may exhaust all water vapor supply on the surface. In 
the event that water is introduced to the surface such as in cryovolcanism, the newly introduced 
water vapor would most likely form clathrate hydrates with guest molecules in the atmosphere 
unless a more thermodynamically favorable water vapor sink consumes water molecules first. 
In Titan, compound clathrate hydrates may form in which two or more guest molecules are 
trapped in a single clathrate cage. These clathrates usually assume sII or sH type structures. They 
tend to have higher reaction rates and faster induction time compared to pure clathrate hydrates.

The most common type of clathrate hydrate conjectured to be stored below the surface of Titan 
is methane clathrate hydrate since methane gas is one of the most common types of gases in 
Titan, as discovered by the Cassini-Huygens space probe, and methane clathrate hydrates 
have a broad spectrum of stability. Loveday et al. [23] reported that methane clathrate hydrates 
undergo structural transition at about 1 and 2 GPa and are able to remain stable up to 10 GPa. 
They are very stable in high pressure settings up to 42 GPa as well. After accretion, Lunine and 
Stevenson have suggested that the condensed methane in Titan is stored beneath a pure rock 
layer [24]. The inner core (~20–35 kilobars) of Titan thermodynamically prefers low pressure 
phases such as methane clathrate and ammonia monohydrate rather than equilibrium ices. 
Considering methane clathrate hydrates’ characteristics and Titan’s environment, it is likely 
that methane has been stored in clathrate hydrates in Titan for a long time.

Recent studies have also discussed the presence of ammonia in the cosmos including two of 
Saturn’s moons, Titan and Enceladus [25]. Ammonia has previously been considered to be 
water-ice antifreeze and methane hydrate inhibitor, contributing to decreases in dissociation 
temperature of methane clathrate hydrates. Structurally, ammonia is around the molecular size 
of methane. However, ammonia is hydrophobic, which is atypical of most clathrate guest com-
pounds. Previous experiments have shown that low pressure ammonia dihydrate and high pres-
sure phase II of ammonia monohydrate resemble semiclathrate structures. Hence, Ripmeester 
et al. [25] experimented with ammonia clathrate hydrates and suggested that low temperature 
methane gas helps stabilize ammonia hydrate. Conversely, ammonia has been found to help 
activate ice nearby to initiate ammonia clathrate hydrate formation at temperatures where 
methane by itself does not normally form clathrate hydrates. They concluded that ammonia’s 
inhibition effect on methane clathrate hydrates is not due to ammonia’s instability as a guest 
molecule but instead due to their stabilizing effect of guest molecules at the aqueous phase [25].
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4. Clathrate hydrate crystal structure types and physical properties

As mentioned earlier, clathrate hydrates are nonstoichiometric, solid lattice inclusion com-
pounds with a crystalline water cage that enclathrates small gas molecules. Generally there 
are vacant cages in the clathrate hydrates, but a sufficient amount of gas molecules are needed 
inside the cages to stabilize the structure. Typically, there is one molecule per cage. However 
in a high pressure environment [26] (>0.1 GPa), it is possible for a cage to contain more than 
one gas molecule. Thus, clathrates have similar physical properties as water including physi-
cal appearance, refractive index, and density. However, they also differ from water when 
considering properties like mechanical strength, heat capacity, thermal conductivity.

In the 1950s, von Stackelberg and Muller [27] were the first to determine a clathrate hydrate 
crystal structure using X-ray diffraction. They determined that CO2 hydrates had the sI crys-
tal structure. Since then, three most common crystal structure types of clathrate hydrates, 
have been identified by X-ray diffraction. The types are structure I (sI), structure II (sII), and 
structure H (sH). The sI structure is a body-centered cubic structure and has two cage types -  
a small pentagonal dodecahedral cage (512) and a large tetrakaidecahedral cage (51262). The 
structure sII is a diamond lattice within a cubic framework and has two cage types - small 
cage (512) and a large hexacaidecahedral cage (51264). The sII structure fits molecules in natural 
gases or oils that are larger than ethane but smaller than pentane. The sI and sII structures 
are of interest for gas companies because they form when natural gas molecules interact with 

Figure 3. Common clathrate hydrate structures (sI, sII, sH) (courtesy of Koh et al.).
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gas hydrates may exist on Mars, Saturn, Uranus and Neptune and their moons. During the 
past decades, ammonia and methane clathrate hydrates have been the focus of space research 
because they have been considered to be the main sources of nitrogen and carbon species.

Titan, one of Saturn’s moons, has been extensively investigated for the presence of clathrate 
hydrates because of its likely conditions. Titan’s atmosphere and surface contain atmospheric 
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form clathrate hydrates. However, since the atmosphere has only a limited amount of water 
vapor presence despite an abundance of hydrate guests, the amount of available water regu-
lates clathrate hydrate formation. Osegovic and Max [22] suggested that the overabundance of 
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tend to have higher reaction rates and faster induction time compared to pure clathrate hydrates.
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Titan, as discovered by the Cassini-Huygens space probe, and methane clathrate hydrates 
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undergo structural transition at about 1 and 2 GPa and are able to remain stable up to 10 GPa. 
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layer [24]. The inner core (~20–35 kilobars) of Titan thermodynamically prefers low pressure 
phases such as methane clathrate and ammonia monohydrate rather than equilibrium ices. 
Considering methane clathrate hydrates’ characteristics and Titan’s environment, it is likely 
that methane has been stored in clathrate hydrates in Titan for a long time.

Recent studies have also discussed the presence of ammonia in the cosmos including two of 
Saturn’s moons, Titan and Enceladus [25]. Ammonia has previously been considered to be 
water-ice antifreeze and methane hydrate inhibitor, contributing to decreases in dissociation 
temperature of methane clathrate hydrates. Structurally, ammonia is around the molecular size 
of methane. However, ammonia is hydrophobic, which is atypical of most clathrate guest com-
pounds. Previous experiments have shown that low pressure ammonia dihydrate and high pres-
sure phase II of ammonia monohydrate resemble semiclathrate structures. Hence, Ripmeester 
et al. [25] experimented with ammonia clathrate hydrates and suggested that low temperature 
methane gas helps stabilize ammonia hydrate. Conversely, ammonia has been found to help 
activate ice nearby to initiate ammonia clathrate hydrate formation at temperatures where 
methane by itself does not normally form clathrate hydrates. They concluded that ammonia’s 
inhibition effect on methane clathrate hydrates is not due to ammonia’s instability as a guest 
molecule but instead due to their stabilizing effect of guest molecules at the aqueous phase [25].
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water near gas pipelines or deep ocean areas. The sH structure has a hexagonal framework 
and three cage types: a small 512 cage, a mid-sized 435663 cage, a large icosahedral cage 51268. 
Understanding of sH hydrate structure is particularly important for the oil industry because 
it is able to fit larger molecules contained in crude oils.

The cage size is determined by the size of the largest guest molecule. For example, methane can 
fit into both the small and large cages of sI whereas other large hydrocarbon molecules such 
as propane are too large to fit into the large cage of sI. Instead, they can fit into the larger cages 
of sII. In fact, clathrate hydrates formed near oil and gas pipelines are mostly of sII structure 
because they contain larger hydrocarbon molecules like propane and isobutane. Spectroscopy 
has been used to analyze guest occupancy. It has been found that molecules below 0.35 nm 
will not stabilize sI and above 0.75 nm will not stabilize sII [28]. When a large organic mol-
ecule is combined with a clathrate hydrate promoter, it is possible to form hydrates with 
atypical crystal structures. More new structures are being discovered as researchers produce 
clathrate hydrates with different types of gases in laboratory settings (Figure 3).

5. Memory phenomenon

Clathrate hydrate memory phenomenon suggests that clathrate hydrates nucleate faster from 
a dissociated hydrate solution than from a freshly made solution. It is an interesting phenom-
enon has been observed and recorded for over 100 years. However, some studies [29] have 
shown that memory phenomenon does not occur in all cases of clathrate hydrates. Thus, it 
has been suggested that heating the hydrate system at a high temperature can destroy the 
memory effect. However, even at high temperatures, researchers have observed the memory 
effect. Two possible explanations for the memory effect are either there is residual clathrate 
hydrate cage structure or clusters of high concentration gas left behind in the dissociated 
hydrate system. Buchanan et al. have observed that there are no significant signs of memory 
effect before and after the hydrate formation [30].

6. Models of thermodynamics, structure, and dynamics including 
solidification

Density functional theory (DFT) is the predominant method employed by researchers for 
modeling the structural, dynamical, thermodynamic, and spectroscopic properties of clath-
rate hydrates. Ramya and Venkatnathan have calculated interaction energies, free energies, 
and reactive energies of clathrate cages using DFT [31]. However, simulations based upon 
statistical mechanics, classical DFT, and Monte Carlo (MC) methods are also employed as 
shown in the work of Alavi and Ripmeester [32]. For example, Lasich and Ramjugernath 
used a simple lattice gas approximation with classical DFT coupled with Platteeuw theory to 
model clathrate hydrate phase equilibria for several hydrate guest molecules [33]. Standard 
DFT calculations were used by Chattaraj et al. to probe the structure, stability and reactivity 
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of H2 clathrates [34]. Using B3LYP HuzIII-su3 DFT, Siuda and Sadlej calculated NMR param-
eters (13C and 1H shielding constants and spin–spin coupling constants for 512, 51262, and 51264 
cages hosting methane, ethane, and propane guests) [35]. Mondal and Chattaraj used ab initio 
molecular dynamics (AIMD) via atom-centered density matrix propagation (ADMP) meth-
odologies to study time-dependent structural behavior of noble gas hydrates on the timescale 
of ~500 fs [36]. Sun et al. carried out DFT calculations using the M06-2X method to determine 
the relative stabilities of guest species in various clathrate hydrate host sites [37]. They predict 
that the guest molecules N2 and NO are more stable in a 51264 cage and that the SI NO hydrate 
is less stable than the SII NO hydrate. For the guest N2, the Type II hydrate structure with 
single occupancy provides more stability than a type i structure with multiple occupancy. 
DFT calculations predict severe deformations when CS2 is enclathrated in 512 and 51262 cages. 
The 512, 51262, and 51264, cages can enclathrate up to 2 N2 molecules. Two H2S molecules can 
be enclathrated in a 51264 cage. DFT modeling and other types of modeling involving halogen 
guests in clathrate hydrate hosts are discussed in Section 10.

7. Clathrate hydrate structural studies

7.1. X-ray structural studies of clathrate hydrates

Much of the structural work on clathrate hydrates and their guests is based upon investiga-
tions of X-ray scattering from crystalline powders. Takeya et al. have determined structures of 
clathrate hydrates containing the guests CO2, C2H6, C3H8, and methyl cyclohexane + CH4 using 
X-ray methods with Rietveld analysis [38]. Shin et al. [39] have studied clathrate hydrate hosts 
with methanol guests via X-ray diffraction [39]. Davidson et al. carried out variable low tem-
perature (18–250 K) powder X-ray investigations of THF clathrate hydrate from which its ther-
mal expansion coefficient could be determined. Powder diffraction data of the CO2--clathrate 
hydrate collected by Hartmann et al. obtained using synchrotron radiation as the X-ray photon 
source yielded structural information of extremely high precision via Rietveld refinements.

7.2. NMR, Raman, infrared spectroscopy

A diverse repertoire of spectroscopic techniques has been employed to investigate clathrate 
hydrate structure, bonding, composition, and dynamics. Chief among these techniques are 
X-ray crystallography, neutron diffraction, and infrared, Raman, and NMR spectroscopy. 
More exotic techniques include X-ray Raman and various time-resolved spectroscopies. For 
guest species that absorb near UV and visible light (e.g., the halogens), UV-visible absorption 
spectroscopy can be a useful tool by which to elucidate guest-host interactions. The inter-
actions of clathrate hydrate hosts with xenon guests have been probed by 129Xe NMR [48]. 
Similarly, 13C NMR has been employed by Ripmeester and Ratcliffe [48] and Kida et al. [46] to 
investigate the dynamics of CO2 and various alkane guests encapsulated in clathrate hydrate 
hosts. Chemical shift and linewidth variations can be correlated with the local guest-host 
interactions [42]. Infrared spectroscopy is a powerful tool for probing the compositions of 
extra-terrestrial objects. Evidence derived from laboratory infrared reflectance spectroscopy 
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water near gas pipelines or deep ocean areas. The sH structure has a hexagonal framework 
and three cage types: a small 512 cage, a mid-sized 435663 cage, a large icosahedral cage 51268. 
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it is able to fit larger molecules contained in crude oils.
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shown in the work of Alavi and Ripmeester [32]. For example, Lasich and Ramjugernath 
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of H2 clathrates [34]. Using B3LYP HuzIII-su3 DFT, Siuda and Sadlej calculated NMR param-
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X-ray methods with Rietveld analysis [38]. Shin et al. [39] have studied clathrate hydrate hosts 
with methanol guests via X-ray diffraction [39]. Davidson et al. carried out variable low tem-
perature (18–250 K) powder X-ray investigations of THF clathrate hydrate from which its ther-
mal expansion coefficient could be determined. Powder diffraction data of the CO2--clathrate 
hydrate collected by Hartmann et al. obtained using synchrotron radiation as the X-ray photon 
source yielded structural information of extremely high precision via Rietveld refinements.

7.2. NMR, Raman, infrared spectroscopy

A diverse repertoire of spectroscopic techniques has been employed to investigate clathrate 
hydrate structure, bonding, composition, and dynamics. Chief among these techniques are 
X-ray crystallography, neutron diffraction, and infrared, Raman, and NMR spectroscopy. 
More exotic techniques include X-ray Raman and various time-resolved spectroscopies. For 
guest species that absorb near UV and visible light (e.g., the halogens), UV-visible absorption 
spectroscopy can be a useful tool by which to elucidate guest-host interactions. The inter-
actions of clathrate hydrate hosts with xenon guests have been probed by 129Xe NMR [48]. 
Similarly, 13C NMR has been employed by Ripmeester and Ratcliffe [48] and Kida et al. [46] to 
investigate the dynamics of CO2 and various alkane guests encapsulated in clathrate hydrate 
hosts. Chemical shift and linewidth variations can be correlated with the local guest-host 
interactions [42]. Infrared spectroscopy is a powerful tool for probing the compositions of 
extra-terrestrial objects. Evidence derived from laboratory infrared reflectance spectroscopy 
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of the clathrate hydrate-CO2 system at cryogenic temperatures by Oancea et al. [41] is incon-
sistent with corresponding reflectance spectra of Jupiter, Saturn, and the Martian poles sug-
gesting that the observed spectral features do not come from clathrate hydrate-CO2, although 
this does not rule out its existence beneath the surfaces of these bodies. Petuya et al. [43] have 
shown that Raman spectroscopy can be quite useful in determining the extent of partitioning 
of a CO guest in a clathrate hydrate host lattice containing several different host sites. The 
FTIR spectroscopy studies of Dartois et al. [40, 44] regarding the possibility of astrophysi-
cal remote detection of clathrate hydrates on Pluto and Triton lead to the observation that 
the methane (CH4) associated with these bodies was not encapsulated in clathrate hydrates. 
Raman and resonance Raman investigations of halogen clathrate hydrates are most helpful in 
elucidating host-guest interactions in these highly colored systems.

8. Clathrate hydrates involving isotopic guests and hosts

Clathrate hydrate lattices formed out of 18O and/or D are excellent model systems for prob-
ing the host lattice and guest vibrational behavior including the phonon density of states. A 
comparison of H2O vs. D2O as clathrate hydrate cage-forming molecules demonstrates that 
D2O stabilizes the lattice better than H2O. The crystalline D2O clathrate hydrates are noticeably 
more stable thermodynamically than H2O clathrate hydrates. The D2O clathrate hydrates have 
assumed great importance in X-ray and neutron diffraction work in elucidating positions of the 
hydrogen atoms and thus the nature of hydrogen bonding in the clathrate hydrate structure. 
The use of isotopic substitutions (D vs. H and/or 18O vs. 16O) in varying proportions in clathrate 
hydrates provides the capability to adjust the clathrate host scattering intensity with respect to 
the guest scattering intensity in neutron inelastic scattering studies [45]. Isotopic substitution 
in alkane guests, particularly methane (e.g., 12CH4, 12CD4, 13CH4, 13CD4), provides unparalleled 
opportunities to investigate host-guest interactions through NMR, infrared, and Raman spec-
troscopies [46]. The NMR active 129Xe guest has proven to be an exceedingly valuable as an 
NMR probe of clathrate hydrate properties [47, 48]. Through NMR, time-resolved probes of 
clathrate hydrates formation and decomposition can be studied; magnetic resonance imaging 
of clathrate hydrates is also possible [49]. Isotopes, even in an indirect way, can assume impor-
tance in studies involving clathrate hydrates. For example, observations of the isotopic content 
of deep ocean water indicate a direct correlation between 18O concentration and the presence 
or one time existence of methane clathrate hydrates in deep ocean sediments [50].

9. Clathrate hydrate inhibitors and promoters

Inhibitors are chemicals that delay or prevent formation of clathrate hydrates under condi-
tions where they would normally form. Promoters are chemicals that speed up the formation 
of and or stabilize the already formed clathrate hydrates under conditions where they might 
not normally be stable. There is tremendous incentive, particularly on the part of the petro-
leum and energy industries worldwide, to design better inhibitors and promoters that do not 
adversely affect the environment.

Solidification138

9.1. Inhibitors

Clathrate hydrate formation is a crystallization process, and thus is affected by temperature, 
pressure, and other inhibiting or promoting factors. Clathrate hydrate growth inhibition has 
been a research focus since mid-1930s when, as previously noted, Hammerschmidt deter-
mined that man-made clathrate hydrates caused pipeline blockage. In order to inhibit clath-
rate hydrate formation, it is favorable to thermodynamically shift phase boundaries to high 
pressure and/or low temperature.

Modern thermodynamic programs based on a Gibbs energy extension of the van der Waals 
and Platteeuw method [51] calculation of hydrate stability temperature and pressure within 
a range. However, the low temperature and high pressure in the ocean where most pipelines 
are located create ideal hydrate-forming regions. To combat pipeline plugging, the oil indus-
try has been injecting large amounts of hydrogen bonding fluids such as methanol or glycols 
that have antifreezing qualities. Introduction of hydrogen bonding fluids inhibits clathrate 
hydrate growth because they form hydrogen-bonds with available water, exhausting water 
from clathrate hydrate formation. Ultimately, it shifts the phase boundaries away from the 
hydrate forming zone. Methanol, in particular, has been widely used because it is easy to con-
centrate in water cages when injected as vapors. However, high concentrations (e.g., 40 vol%) 
of methanol pose a severe environmental threat. Large methanol contamination greater than 
50 ppm in refinery feedstocks is severely fined [52]. Annually, in the US $220 million of meth-
anol is being injected to inhibit hydrate growth (P.K. Notz). For instance, it requires about 
4000 L = 4.0 m3 of methanol to treat a gas pipeline that transports approximately 2430 m3/d of 
gas. The methanol prevents clathrate hydrate formation but also carries the risk of contami-
nating the reflux water and increasing the potential for corrosion. The toxicity of methanol to 
humans and many other organisms is also a matter of grave concern.

Recently, hydrocarbon clathrate hydrate formation has been occurring in extreme environ-
ments that require a lot of methanol or other type of hydrogen bonding fluids, often too costly 
economically and environmentally, to successfully shift phase boundaries. Hence, much effort 
has been made to develop low-dosage hydrate inhibitors (LDHIs) in the past decade. The two 
type of LDHIs are kinetic hydrate inhibitors (KHIs) and anti-agglomerate chemicals (AAs). 
Their most significant benefit is that they pose little threat to the environment even in cases of 
leakages or mishandling. Thus, it is much safer to employ LDHIs in storage and transportation.

KHIs directly interfere in crystal lattice structures of clathrate hydrates, preventing crystal 
growth and nucleation, ultimately delaying or preventing hydrate formation. They are simi-
lar to enclathrated gas molecules and generally do not change the thermodynamics. They 
are supposed to be incorporated into growing clathrate hydrates and block further develop-
ment. Some examples of polymeric kinetic hydrate inhibitors are poly(N-methylacrylamide), 
poly(N-ethylacrylamide), poly(2-ethyloxazoline) [53]. Recent studies have found that certain 
poly(vinyl caprolactam) (PVCap), a type of KHIs, changes the thermodynamics by increasing 
the dissociation temperature.

Anti-agglomerants (AAs) can be a solution to gas pipelines in very cold areas where ther-
modynamic inhibitor is impractical. AAs only work in the presence of an oil phase such as 
oil pipelines. They do not entirely prevent clathrate hydrates from forming but rather from 
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cal remote detection of clathrate hydrates on Pluto and Triton lead to the observation that 
the methane (CH4) associated with these bodies was not encapsulated in clathrate hydrates. 
Raman and resonance Raman investigations of halogen clathrate hydrates are most helpful in 
elucidating host-guest interactions in these highly colored systems.

8. Clathrate hydrates involving isotopic guests and hosts

Clathrate hydrate lattices formed out of 18O and/or D are excellent model systems for prob-
ing the host lattice and guest vibrational behavior including the phonon density of states. A 
comparison of H2O vs. D2O as clathrate hydrate cage-forming molecules demonstrates that 
D2O stabilizes the lattice better than H2O. The crystalline D2O clathrate hydrates are noticeably 
more stable thermodynamically than H2O clathrate hydrates. The D2O clathrate hydrates have 
assumed great importance in X-ray and neutron diffraction work in elucidating positions of the 
hydrogen atoms and thus the nature of hydrogen bonding in the clathrate hydrate structure. 
The use of isotopic substitutions (D vs. H and/or 18O vs. 16O) in varying proportions in clathrate 
hydrates provides the capability to adjust the clathrate host scattering intensity with respect to 
the guest scattering intensity in neutron inelastic scattering studies [45]. Isotopic substitution 
in alkane guests, particularly methane (e.g., 12CH4, 12CD4, 13CH4, 13CD4), provides unparalleled 
opportunities to investigate host-guest interactions through NMR, infrared, and Raman spec-
troscopies [46]. The NMR active 129Xe guest has proven to be an exceedingly valuable as an 
NMR probe of clathrate hydrate properties [47, 48]. Through NMR, time-resolved probes of 
clathrate hydrates formation and decomposition can be studied; magnetic resonance imaging 
of clathrate hydrates is also possible [49]. Isotopes, even in an indirect way, can assume impor-
tance in studies involving clathrate hydrates. For example, observations of the isotopic content 
of deep ocean water indicate a direct correlation between 18O concentration and the presence 
or one time existence of methane clathrate hydrates in deep ocean sediments [50].

9. Clathrate hydrate inhibitors and promoters

Inhibitors are chemicals that delay or prevent formation of clathrate hydrates under condi-
tions where they would normally form. Promoters are chemicals that speed up the formation 
of and or stabilize the already formed clathrate hydrates under conditions where they might 
not normally be stable. There is tremendous incentive, particularly on the part of the petro-
leum and energy industries worldwide, to design better inhibitors and promoters that do not 
adversely affect the environment.
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Clathrate hydrate formation is a crystallization process, and thus is affected by temperature, 
pressure, and other inhibiting or promoting factors. Clathrate hydrate growth inhibition has 
been a research focus since mid-1930s when, as previously noted, Hammerschmidt deter-
mined that man-made clathrate hydrates caused pipeline blockage. In order to inhibit clath-
rate hydrate formation, it is favorable to thermodynamically shift phase boundaries to high 
pressure and/or low temperature.

Modern thermodynamic programs based on a Gibbs energy extension of the van der Waals 
and Platteeuw method [51] calculation of hydrate stability temperature and pressure within 
a range. However, the low temperature and high pressure in the ocean where most pipelines 
are located create ideal hydrate-forming regions. To combat pipeline plugging, the oil indus-
try has been injecting large amounts of hydrogen bonding fluids such as methanol or glycols 
that have antifreezing qualities. Introduction of hydrogen bonding fluids inhibits clathrate 
hydrate growth because they form hydrogen-bonds with available water, exhausting water 
from clathrate hydrate formation. Ultimately, it shifts the phase boundaries away from the 
hydrate forming zone. Methanol, in particular, has been widely used because it is easy to con-
centrate in water cages when injected as vapors. However, high concentrations (e.g., 40 vol%) 
of methanol pose a severe environmental threat. Large methanol contamination greater than 
50 ppm in refinery feedstocks is severely fined [52]. Annually, in the US $220 million of meth-
anol is being injected to inhibit hydrate growth (P.K. Notz). For instance, it requires about 
4000 L = 4.0 m3 of methanol to treat a gas pipeline that transports approximately 2430 m3/d of 
gas. The methanol prevents clathrate hydrate formation but also carries the risk of contami-
nating the reflux water and increasing the potential for corrosion. The toxicity of methanol to 
humans and many other organisms is also a matter of grave concern.

Recently, hydrocarbon clathrate hydrate formation has been occurring in extreme environ-
ments that require a lot of methanol or other type of hydrogen bonding fluids, often too costly 
economically and environmentally, to successfully shift phase boundaries. Hence, much effort 
has been made to develop low-dosage hydrate inhibitors (LDHIs) in the past decade. The two 
type of LDHIs are kinetic hydrate inhibitors (KHIs) and anti-agglomerate chemicals (AAs). 
Their most significant benefit is that they pose little threat to the environment even in cases of 
leakages or mishandling. Thus, it is much safer to employ LDHIs in storage and transportation.

KHIs directly interfere in crystal lattice structures of clathrate hydrates, preventing crystal 
growth and nucleation, ultimately delaying or preventing hydrate formation. They are simi-
lar to enclathrated gas molecules and generally do not change the thermodynamics. They 
are supposed to be incorporated into growing clathrate hydrates and block further develop-
ment. Some examples of polymeric kinetic hydrate inhibitors are poly(N-methylacrylamide), 
poly(N-ethylacrylamide), poly(2-ethyloxazoline) [53]. Recent studies have found that certain 
poly(vinyl caprolactam) (PVCap), a type of KHIs, changes the thermodynamics by increasing 
the dissociation temperature.

Anti-agglomerants (AAs) can be a solution to gas pipelines in very cold areas where ther-
modynamic inhibitor is impractical. AAs only work in the presence of an oil phase such as 
oil pipelines. They do not entirely prevent clathrate hydrates from forming but rather from 
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agglomerating. AAs keep clathrate hydrate particles small and in a slurry so that they can be 
flushed out along with the fluids in the pipe. Many AAs have been made with halogen con-
tent. The high reactivity of halide compounds posed some threats with gas pipelines, and a 
lot of research has gone into developing low-halogen or no halogen AAs.

Considering long-term uses of inhibitors in gas pipelines, biodegradability has been one of the 
biggest concerns. As mentioned before, poly(vinylpyrrolidone) PVP and poly(vinyl caprolac-
tam) PVCap are somewhat biodegradable. On the other hand, different types of esters such as 
pyroglutamic acid esters have high levels of biodegradability also have shown to function as 
gas hydrate inhibitors. Recently, researchers have been trying to create “bio-KHIs” [54] from 
natural living systems such as ocean pouts and mealworms that have proteins to help sustain 
frigid temperatures. The proteins may be applied to preventing pipeline plugging.

9.2. Promoters

In the recent decades, the use of clathrate hydrates as a storage and transportation method for 
gases such as methane, ethane, hydrogen, and carbon dioxide, has gained much attention. Unlike 
their liquid or compressed state counterparts, solid clathrate hydrates are much safer to handle 
and often cost-effective. Thus, many experiments have been conducted to examine promoters 
that increase induction time and growth rate and expand cage occupancy of clathrates. In essence, 
promoting additives work to drive clathrates away from the thermodynamic equilibrium or 
increasing reaction rates through efficient reactors. Some also work to increase stability of clath-
rate hydrates and increase clathrate occupancy. However, there have been concerns that promoter 
additives may take up space in the clathrate, limiting the occupancy for guest gas molecules.

Chemical additives that are generally considered as promoters are THF, surfactants, cyclo-
pentane, acetone, propane. These types of additives do not alter the water cage structure. On 
the other hand, promoters like tetrabutylammonium salts and [(n-C4H9)4NBH4] change the 
cage structure [53]. Recent studies have experimented with combining different promoters to 
discover synergistic effects that can drive clathrate hydrate growth as well as stability. Some 
methods [55] of increasing clathrate hydrate formation are vigorous mixing, using micron-
sized ice particles or dry water, and using micron-sized ice particles, using hollow silica, 
metal packing media, porous materials to increases heat and mass transfer rate.

Tetrahydrofuran is a five-sided cyclic ether structure organic solvent that has been widely 
studied as a promoter. It has been generally considered a promoter due to its ability to form 
structure II hydrates with water and increase methane hydrate occupancy and stability [56]. 
THF additive has been observed to significantly reduce the hydrate formation pressure. The 
use of THF in methane hydrates has been suggested for upscaling the SNG technology as a 
more cost-effective and safer method to LNG. Furthermore, in methane clathrate hydrates 
(sII), THF increases the cage occupancy. Recently studies done by Veluswamy et al. [57] have 
reported that THF is an excellent kinetic and thermodynamic promoter for clathrate hydrate 
growth for CO2 clathrate hydrates at moderate temperature (301.7 K) and pressure (1 MPa) of 
an unstirred tank reactor configuration. A potential application is using THF to improve natu-
ral gas storage in a solid state as clathrate hydrates. THF-promoted solid natural gas storage 
technique has potential to reduce significant cost in natural gas driven economies.

Solidification140

Surfactants are additives that reduce surface tension between two liquids or liquid and a 
solid, thereby increasing mass transfer. Surfactants do not change the thermodynamics of 
clathrate hydrates, but they have been found to alter clathrate hydrate kinetics. Karaaslan 
and Parlaktuna [58] have found that anionic surfactants increase hydrate formation rate at 
all concentration, cationic surfactants increase hydrate formation rate at low concentration, 
and nonionic surfactants have little distinguishable effects on hydrate formation rate. SDS 
is a commonly used surfactant that is known to increase hydrate stability. Arora et al. [59] 
conducted an interesting work developing a biosurfactant with Pseudomonas aeruginosa strain 
A11, which was characterized as rhamnolipids. 1000 ppm rhamnolipids solution increased 
methane hydrate formation and reduced methane hydrate’s induction time. Biosurfactant 
research may lead to environmentally safe methods to use gas hydrates as an energy source.

Cyclopentane is a hydrophobic, cycloalkane compound. Lim et al. [60] conducted experi-
ments comparing hydrate growth at different levels of cyclopentane, and observed that the 
system with 0.9 mL CP had a faster hydrate formation compared to the system with 0.45 mL 
CP. In the same experiment, it was noted that hydrates grow faster on metal surfaces due 
to better heat transfer. However, cyclopentane is not always effective as a clathrate hydrate 
promoter. Although cyclopentane is an efficient sII hydrate promoter at high temperatures 
(283 K), Herslund et al. [61] suggested that in its study of water-cyclopentane-carbon dioxide 
clathrate hydrate, cyclopentane’s efficiency decreases at lower temperatures because cyclo-
pentane clathrate hydrates are more likely to form than mixed carbon dioxide-cyclopentane 
hydrates at temperatures below 281 K and pressures above 0.4 MPa.

Tetra-n-butyl ammonium bromide (TBAB) is an additive that alters the clathrate hydrate cage 
and forms a semi-clathrate. In a semi-clathrate, the cage is broken so that the large TBAB mol-
ecule can fit inside. One advantage of semi-clathrates in storage purposes is that it allows for 
more guest molecules compared to promoters like THF, which do not alter the cage. Li et al. 
[62] examined a hydrate-based CO2 separation process from a fuel gas mixture and observed 
that TBAB range of 0.14–1.00 mol% increased the induction time and hydrate growth rate 
while also increasing CO2 storage capacity of the clathrate.

An interesting phenomena similar to the effects of promoters that occurs in methane hydrates 
is self-preservation [55]. Self-preservation is when clathrates under ice layers form insulating 
ice shells that prevent dissociation. Thus, methane hydrate resists mass and heat transfer, 
allowing it to be kinetically stable in temperatures beyond the three equilibrium boundary.

9.3. Mixed promoters

Researchers have studied the presence of mixed promoters in clathrate hydrate formation to 
examine the synergistic effect on increasing hydrate formation rate and decreasing induction 
time. In a comparative study conducted by Kumar et al. [55], THF and SDS as mixed promot-
ers for methane hydrates were tested. A concentration of 5.56 mol% THF was observed to 
induce the fastest rate of hydrate formation whereas 0.1 wt% of SDS was observed to increase 
the most gas storage capacity. Thus, a combination of THF and SDS has been suggested to 
optimize induction time and storage potential for methane hydrates. Partoon and Javanmardi 
[63] noted that a mixture of promoters, propanone and sodium lauryl sulfate (SDS), can work 

Clathrate Hydrates
http://dx.doi.org/10.5772/intechopen.72956

141



agglomerating. AAs keep clathrate hydrate particles small and in a slurry so that they can be 
flushed out along with the fluids in the pipe. Many AAs have been made with halogen con-
tent. The high reactivity of halide compounds posed some threats with gas pipelines, and a 
lot of research has gone into developing low-halogen or no halogen AAs.

Considering long-term uses of inhibitors in gas pipelines, biodegradability has been one of the 
biggest concerns. As mentioned before, poly(vinylpyrrolidone) PVP and poly(vinyl caprolac-
tam) PVCap are somewhat biodegradable. On the other hand, different types of esters such as 
pyroglutamic acid esters have high levels of biodegradability also have shown to function as 
gas hydrate inhibitors. Recently, researchers have been trying to create “bio-KHIs” [54] from 
natural living systems such as ocean pouts and mealworms that have proteins to help sustain 
frigid temperatures. The proteins may be applied to preventing pipeline plugging.

9.2. Promoters

In the recent decades, the use of clathrate hydrates as a storage and transportation method for 
gases such as methane, ethane, hydrogen, and carbon dioxide, has gained much attention. Unlike 
their liquid or compressed state counterparts, solid clathrate hydrates are much safer to handle 
and often cost-effective. Thus, many experiments have been conducted to examine promoters 
that increase induction time and growth rate and expand cage occupancy of clathrates. In essence, 
promoting additives work to drive clathrates away from the thermodynamic equilibrium or 
increasing reaction rates through efficient reactors. Some also work to increase stability of clath-
rate hydrates and increase clathrate occupancy. However, there have been concerns that promoter 
additives may take up space in the clathrate, limiting the occupancy for guest gas molecules.

Chemical additives that are generally considered as promoters are THF, surfactants, cyclo-
pentane, acetone, propane. These types of additives do not alter the water cage structure. On 
the other hand, promoters like tetrabutylammonium salts and [(n-C4H9)4NBH4] change the 
cage structure [53]. Recent studies have experimented with combining different promoters to 
discover synergistic effects that can drive clathrate hydrate growth as well as stability. Some 
methods [55] of increasing clathrate hydrate formation are vigorous mixing, using micron-
sized ice particles or dry water, and using micron-sized ice particles, using hollow silica, 
metal packing media, porous materials to increases heat and mass transfer rate.

Tetrahydrofuran is a five-sided cyclic ether structure organic solvent that has been widely 
studied as a promoter. It has been generally considered a promoter due to its ability to form 
structure II hydrates with water and increase methane hydrate occupancy and stability [56]. 
THF additive has been observed to significantly reduce the hydrate formation pressure. The 
use of THF in methane hydrates has been suggested for upscaling the SNG technology as a 
more cost-effective and safer method to LNG. Furthermore, in methane clathrate hydrates 
(sII), THF increases the cage occupancy. Recently studies done by Veluswamy et al. [57] have 
reported that THF is an excellent kinetic and thermodynamic promoter for clathrate hydrate 
growth for CO2 clathrate hydrates at moderate temperature (301.7 K) and pressure (1 MPa) of 
an unstirred tank reactor configuration. A potential application is using THF to improve natu-
ral gas storage in a solid state as clathrate hydrates. THF-promoted solid natural gas storage 
technique has potential to reduce significant cost in natural gas driven economies.
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Surfactants are additives that reduce surface tension between two liquids or liquid and a 
solid, thereby increasing mass transfer. Surfactants do not change the thermodynamics of 
clathrate hydrates, but they have been found to alter clathrate hydrate kinetics. Karaaslan 
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and nonionic surfactants have little distinguishable effects on hydrate formation rate. SDS 
is a commonly used surfactant that is known to increase hydrate stability. Arora et al. [59] 
conducted an interesting work developing a biosurfactant with Pseudomonas aeruginosa strain 
A11, which was characterized as rhamnolipids. 1000 ppm rhamnolipids solution increased 
methane hydrate formation and reduced methane hydrate’s induction time. Biosurfactant 
research may lead to environmentally safe methods to use gas hydrates as an energy source.

Cyclopentane is a hydrophobic, cycloalkane compound. Lim et al. [60] conducted experi-
ments comparing hydrate growth at different levels of cyclopentane, and observed that the 
system with 0.9 mL CP had a faster hydrate formation compared to the system with 0.45 mL 
CP. In the same experiment, it was noted that hydrates grow faster on metal surfaces due 
to better heat transfer. However, cyclopentane is not always effective as a clathrate hydrate 
promoter. Although cyclopentane is an efficient sII hydrate promoter at high temperatures 
(283 K), Herslund et al. [61] suggested that in its study of water-cyclopentane-carbon dioxide 
clathrate hydrate, cyclopentane’s efficiency decreases at lower temperatures because cyclo-
pentane clathrate hydrates are more likely to form than mixed carbon dioxide-cyclopentane 
hydrates at temperatures below 281 K and pressures above 0.4 MPa.

Tetra-n-butyl ammonium bromide (TBAB) is an additive that alters the clathrate hydrate cage 
and forms a semi-clathrate. In a semi-clathrate, the cage is broken so that the large TBAB mol-
ecule can fit inside. One advantage of semi-clathrates in storage purposes is that it allows for 
more guest molecules compared to promoters like THF, which do not alter the cage. Li et al. 
[62] examined a hydrate-based CO2 separation process from a fuel gas mixture and observed 
that TBAB range of 0.14–1.00 mol% increased the induction time and hydrate growth rate 
while also increasing CO2 storage capacity of the clathrate.

An interesting phenomena similar to the effects of promoters that occurs in methane hydrates 
is self-preservation [55]. Self-preservation is when clathrates under ice layers form insulating 
ice shells that prevent dissociation. Thus, methane hydrate resists mass and heat transfer, 
allowing it to be kinetically stable in temperatures beyond the three equilibrium boundary.

9.3. Mixed promoters

Researchers have studied the presence of mixed promoters in clathrate hydrate formation to 
examine the synergistic effect on increasing hydrate formation rate and decreasing induction 
time. In a comparative study conducted by Kumar et al. [55], THF and SDS as mixed promot-
ers for methane hydrates were tested. A concentration of 5.56 mol% THF was observed to 
induce the fastest rate of hydrate formation whereas 0.1 wt% of SDS was observed to increase 
the most gas storage capacity. Thus, a combination of THF and SDS has been suggested to 
optimize induction time and storage potential for methane hydrates. Partoon and Javanmardi 
[63] noted that a mixture of promoters, propanone and sodium lauryl sulfate (SDS), can work 
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to increase induction time and initial formation rate of methane hydrates. However, the com-
bination of the two promoters decreases self-preservation at low pressures and temperatures 
below the ice point and storage capacity of the hydrate. However, SDS by itself, expands the 
storage capacity compared to its theoretical value. The synergistic effect of mixed promoters 
needs to be further examined regards to cases in which a significant amount of pure promoter 
hydrates form at low temperatures.

9.4. Switching effects

Some additives have switching effects. For example, Mohammadi and Richon [64] found that 
while THF of 5–7 mol% has a promoting effect on clathrate hydrate formation, THF at high 
concentration (>10 mol %) in aqueous solution shifts phase boundaries to high pressure and 
thus plays an inhibiting role. Similarly, methanol and ethanol, typically inhibitors, have been 
found to act as a promoter for sII hydrates. Further research needs to be done on different 
types of additives that can either promote or inhibit hydrate formation depending on concen-
tration and isotopic conditions.

10. Clathrate hydrate with halogen guests

Although halogen clathrate hydrates were among the first clathrate hydrates discovered, they 
have not attracted the level of scientific scrutiny that has been given to clathrate hydrates 
with hydrocarbon guests. Simply put, halogen clathrates do not plug natural gas pipelines. 
Recently, however, the value of studying this class of clathrates as model systems has been 
shown in a series of studies involving theoretical/computational modeling and experimental 
spectroscopy (Figure 4).

10.1. Theoretical and computational models of halogen clathrate hydrates

Over the past decade, theoretical and computational models of halogen clathrates hydrates 
of increasing sophistication have been utilized with considerable success to elucidate vari-
ous aspects of halogen clathrate hydrate structure, thermodynamics, and spectroscopy. 

Figure 4. Common halogen clathrate hydrate structure types (courtesy of Janda et al.).
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Kerenskaya et al. [65] in 2007 used simple models and force field calculations to estimate the 
association energy between the clathrate hydrate host and the halogen guest. Schofield and 
Jordan [66] in 2007 carried out calculations modeling the ground and excited electronic states of 
Cl2 trapped in 512 and 51262 clathrate hydrate lice atthost sites. A 700 cm−1 spectral blue shift was 
predicted for Cl2 trapped in a distorted 512 clathrate hydrate cage. Ramya and Venkatnathan 
[67] in 2013 employed DFT with a dispersion corrected (B97-D) functional to model the Raman 
spectra of H2--a model system for the halogen X2 guest molecules--encapsulated in pure and 
THF doped clathrate hydrates. Their computational results predicted a 700 cm−1 blue shift 
of the H2 breathing mode in the THF doped clathrate hydrate guest vs. the pure clathrate 
hydrate. Molecular dynamics (MD) simulations, used by Nguyen and Molinero [68] in 2013 in 
conjunction with the coarse-grained model of water, were employed to model the thermo-
dynamic stabilities of vacant and guest-filled sI, sII, TS, and HS-1 clathrate hydrate types. 
Bernal-Uruchurtu, Janda, and Hernandez-Lamoneda [69] developed a simple semi-empirical 
quantum mechanical model in 2015 incorporating, via molecular dynamics trajectories, the 
impact of movement of bromine molecules in clathrate cages on the UV-visible spectra of 
bromine clathrate hydrates. A simple electrostatic model of the clathrate hydrate cage predicts 
a blue shift in the UV-visible spectra, which agrees with experiment. Ochoa-Resendiz, Batista-
Romero, and Hernandez-Lamoneda [70] in 2016 employed ab initio calculations and natural 
bond order analysis to investigate Cl2 and Br2 guests in various clathrate hydrate host sites. 
The picture that emerges is that of an interaction between the lone pair of the nearest oxygen 
atom in the clathrate hydrate host with the sigma LUMO of the halogen dimer X2 but only 
when the halogen is out of its central equilibrium position in the cage, thus allowing a signifi-
cant cage-halogen interaction. Breaking of O–H hydrogen bonds in the cage is not necessary in 
this interaction model. Dureckova et al. [71] in 2017 also used ab initio calculations and natural 
localized molecular orbital analysis in isolated cages and cages with one shell of coordinating 
atoms to elucidate halogen guest interactions with clathrate hydrate hosts.

10.2. Electronic and vibrational spectroscopy

Although halogen clathrate hydrates have been investigated extensively since their discovery in 
the early 1800s, there is a paucity of experimental spectroscopic data in the literature pertaining 
to the interaction between the halogen guest molecules and water host lattice in the clathrate. 
At this writing, the only halogen clathrate electronic and vibrational spectroscopic studies in 
the literature are the Raman investigations of Anthonisan [72], and the electronic (UV-visible 
absorption) and vibrational (Raman and resonance Raman) studies of Janda and co-workers 
[73]. Halogen clathrate hydrates absorb visible and near UV light but do not luminesce, even 
at cryogenic temperatures. The clathrate lattice efficiently dissipates the excited electronic state 
energy of the halogen chromophore through nonradiative channels. The UV-visible and Raman 
spectra measured Janda et al. [65, 74, 75] clearly show greater perturbations of the spectral prop-
erties of the enclathrated halogen guest when the water lattice host cage is smaller than when the 
lattice host cage is larger. For example, the UV-visible band maximum of the X → C transition 
of gas phase bromine is 24,270 cm−1 but this transition frequency increases to 24,630 cm−1 when 
the bromine is confined in a large 51264 clathrate hydrate cage. Encapsulation of the bromine 
in a small 51262 clathrate hydrate cage further increases the transition frequency to 25,150 cm−1 
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The picture that emerges is that of an interaction between the lone pair of the nearest oxygen 
atom in the clathrate hydrate host with the sigma LUMO of the halogen dimer X2 but only 
when the halogen is out of its central equilibrium position in the cage, thus allowing a signifi-
cant cage-halogen interaction. Breaking of O–H hydrogen bonds in the cage is not necessary in 
this interaction model. Dureckova et al. [71] in 2017 also used ab initio calculations and natural 
localized molecular orbital analysis in isolated cages and cages with one shell of coordinating 
atoms to elucidate halogen guest interactions with clathrate hydrate hosts.
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to the interaction between the halogen guest molecules and water host lattice in the clathrate. 
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the literature are the Raman investigations of Anthonisan [72], and the electronic (UV-visible 
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at cryogenic temperatures. The clathrate lattice efficiently dissipates the excited electronic state 
energy of the halogen chromophore through nonradiative channels. The UV-visible and Raman 
spectra measured Janda et al. [65, 74, 75] clearly show greater perturbations of the spectral prop-
erties of the enclathrated halogen guest when the water lattice host cage is smaller than when the 
lattice host cage is larger. For example, the UV-visible band maximum of the X → C transition 
of gas phase bromine is 24,270 cm−1 but this transition frequency increases to 24,630 cm−1 when 
the bromine is confined in a large 51264 clathrate hydrate cage. Encapsulation of the bromine 
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(Figure 5). An almost identical frequency increase with decreasing guest cavity size is seen in 
the X → B electronic transition of bromine. This trend shows that tighter guest halogen confine-
ment in a smaller host clathrate hydrate site--with consequently increased clathrate halogen 
interactions--also increases the B and C excited state energies relative to the energy of the X 
ground state. In effect, it is a particle in a box situation; a smaller box, in this case a smaller clath-
rate host lattice cage, gives rise to more widely spaced electronic energy levels and larger X → B 
and X → C transition frequencies (Figure 6). A molecular orbital explanation posits that an 
interaction between the halogen LUMO and the valence oxygen orbitals in the clathrate hydrate 
will result in a blue shift of the associated valence electronic bands of the water-encapsulated 
halogen. In contrast, the X → B transition frequency for gas phase chlorine is 30,300 cm−1 and for 
chlorine molecules trapped in small 51262 clathrate cages this transition is also 30,000 cm−1. This 
suggests that even the small 51262 clathrate hydrate lattice minimally perturbs the valence orbit-
als of the encapsulated chlorine molecules, which are significantly smaller than bromine and 
iodine molecules. At the other extreme is iodine, the largest of the halogens studied by Janda 
et al. [75], whose gas phase X → B transition frequency of 18,870 cm−1 increases to 20,310 cm−1 
when confined in a large 51264 cage. The vibrational anharmonicity term wexe in bromine clath-
rate hydrate decreases from 1.06 cm−1 in the gas phase, to 0.82 cm−1 in a 51262 cage, and finally 
to 0.7 cm−1 in a larger 51264 cage. This is consistent with the idea that the smaller and tighter the 
clathrate hydrate host trapping site becomes, the more harmonic the X ground state potential 
surface in the guest Br2 becomes. The clathrate hydrate cage in effect “pushes on” the Br2 poten-
tial surface via van der Waals interactions, rendering it more harmonic.

Figure 5. Spectra of (a) chlorine, (b) bromine, and (c) iodine in various environments. In each case, green curve is the gas 
phase spectrum and the red curve is for an aqueous solution. (Courtesy of Janda et al.).
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11. Future research

Future research on encapsulated guests in clathrate hosts will undoubtedly focus to a certain 
extent on the design and execution of experiments that will yield definitive experimental 
confirmations of the existence of clathrate hydrates in other environments in the Solar System 
than Earth. Such experiments will undoubtedly include the landing of probe vehicles on the 
objects of interest in the Solar System. The probes will be capable of accessing, retrieving, and 
analyzing sub-surface samples where clathrate hydrates are thought to reside. Spectroscopic 
interrogations of extra-Solar planets will also include “clathrate hunting” in their task lists. 
On the practical side, the search for more effective and more environmentally friendly clath-
rate hydrate promoters and inhibitors will continue. Scientists and engineers will continue to 
study clathrate hydrates as possible storage/transport media for fuels such as methane and 
hydrogen. The possible use of clathrate hydrates as sequestering agents for carbon dioxide 
will continue to be investigated. Increasing scientific research attention will be given to the 
impact of global warming on methane clathrate hydrate degradation and subsequent release 
of methane into the oceans and atmosphere. In the realm of pure science, ever more sophisti-
cated spectroscopic, structural, isotopic, thermodynamic, and theory/computational tools will 
be employed to provide a picture of unprecedented detail that encompasses the dynamics  

Figure 6. Br2 absorption spectra in: (A) gas phase (293 K), (B) clathrate hydrate (250 K), and (C) liquid water (293 K). 
(Courtesy of Janda et al.).
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analyzing sub-surface samples where clathrate hydrates are thought to reside. Spectroscopic 
interrogations of extra-Solar planets will also include “clathrate hunting” in their task lists. 
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rate hydrate promoters and inhibitors will continue. Scientists and engineers will continue to 
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impact of global warming on methane clathrate hydrate degradation and subsequent release 
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be employed to provide a picture of unprecedented detail that encompasses the dynamics  

Figure 6. Br2 absorption spectra in: (A) gas phase (293 K), (B) clathrate hydrate (250 K), and (C) liquid water (293 K). 
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of clathrate formation, thermal degradation, and host-guest interactions. Expect also to see 
multi-spectroscopic/structural probes being used to investigate the same sample at essentially 
the same time under the same experimental conditions.
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