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Spectacular technological progress has been made in the
last few years through the development of new materials such
as ’geopolymers’, and new techniques, such as *sol-gel’. New
state-of -the-art materials designed with the help of
geopolymerisation reactions are opening up new applications
and procedures and transforming ideas that have been taken for
granted in inorganic chemistry. High temperature techniques
are no longer necessary to obtain materials which are ceramic-
like in their structures and properties. These materials can
polycondense just like organic polymers, at temperatures lower
than 100 deg.C. This new generation of materials, whether used
pure, with fillers or reinforced, is already finding
applications in all fields of industry. Some examples:

- pure: for storing toxic chemical or radiocactive waste,
etc.

- filled: for the manufacture of special concretes, molds
for molding thermoplastics, etc.

- reinforced: for the manufacture of molds, tooling, in
aluminum alloy foundries and metallurgy, etc.

These applications are to be found in the automobile and
aerospace industries, non-ferrcus foundries and metallurgy,
civil engineering, plastics industries, etc.

INTRODUCTION

In the aftermath of various catastrophic fires in France in 1970/73,
it seemed useful to carry out research into new heat-resistant materials
in the form of non-flammable and non-combustible “plastic materials’. The
Geopclymers are the result of this research carried out since 1972. Our
work and the developments carried out in the laboratories of the private
research company CORDI SA, are on the creation of materials designed
‘initially for state-of-the-art technology, and now for the whole industry,
with spin-off in other fields such as the arts and archaeometry [1].

In 1978, looking for inorganic-polymer technclogies, we were struck by
the similar hydrothermal conditions which were controlling the synthesis
of organic phenolic plastics on one hand, and of mineral feldspathoids and
zeolites on the other hand. Both syntheses require high pH values,
concentrated alkali, atmospheric pressure, and thermoset at temperatures
below 150deg.C.
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However, zeolites were synthesized exclusively for use in the catalysis
of organic compounds [21{31. Study of the literature and of the patent
data-banks demonstrates that, before 1978, the idea of using this mineral
chemistry for the development of a new family of mineral binders and
mineral polymers, had been totally neglected.

The amorphous to semi-cristalline three dimensional silico-aluminate
structures were christened “geopolymers™ of the Poly(sialate) type (-5i-O-
Al-0-) or of the Poly(sialate-siloxo) type (-Si-0-Al-0-5i-0-) [4].

Apart from Applied Archaeological Sciences (research carried out at
Barry University, Miami, Florida), the aimof our R. & D. long term
program was not academic [5]. This explains why very little scientific
literature is available on the subject of geopolymers. The majority of
references disclosing this application of mineralogy belongs to the
patent-literature. The applications of this new family of mineral binders
have been tested in pilot plants, in the E.E.C. and in the USA. A good
many have reached the industrial stage. LONE STAR INDUSTRIES (USA): new
class of special cements ahd blen&ed cements: PYRAMENT® cements; HULS
TROISDORF AG (Germany): building products and industrial uses, TROLIT=
binders ([61; GEOPOLYMERE-France: advanced mineral binders for severe
environments, temperature stable resins for moulds and forms, GEOPOLYMITE=
binders, ceramic-ceramic composites GEOPOLYCERAM» [71181[9].

This industrial applied mineralogy, called *soft mineralurgy”, is alse
dramatically changing the habits and the environment of ceramic

processings.

TERMINOLOGY

For the chemical designation of geopolymers based on silico-aluminates
we suggested poly(sialate). Sialate is an abreviation for silicon-oxo-
aluminate. The sialate network consists of Si0a and AlOs tetrahedra linked
alternately by sharing all the oxygens. Positive ions (Nat, K+, Lit+, Catt,
Bat+, NH®", Hs0*) must be present in the framework cavities to balance the
negative charge of Al¥* in IV-fold coordination. Poly(sialates) have this

empirical formula:

M. (-(5102)2 -Al0z)n;s WH=0

wherein "z»” is 1, 2 or 3; M is a monovalent cation such as potassium or

sodium, and *n™ is a degree of polycondensatien [10].
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3 types of polysialate have been distinguished:

' §>
poly(sialate) (-51-0-Al-0-)} PS
Y
' §=2 '
poly(sialate-siloxo) (-5i-0-4}-0-Si-0-) PSS
e 9 0

1 =2 ¢
poly{sialate-disiloxo) (-Si—O—Al—O—Si—O-S@—O—) PSDS
0 0 0 0

{ 1 [} ]

Poly(sialates) are chain and ring polymers with Si** and Al1®* in IV-
fold coordination with oxygen and range from amorphous to semi-

cristalline.

SYNTHESIS AND HARDENING MECHANISM

The geopolymeric materials are ™polymers™, thus they transform,
polycondense and adept a shape rapidely at low temperatures (a few hours
at 30°C, a few minutes at 85°C and a few seconds with microwaves); but
alsc “geopolymers™, thus they are mineral materials which are hard,
weather resistant and which withstand high temperature. To sum up: they
are used just 1like thermosetting organic resins, but are stable up to
1000-1200°C.

One hardening mechanism among others involves the chemical reaction of
alumino-silicate oxides (Al®* in IV-fold coordination) with alkali
polysilicates yielding polymeric Si-0-Al bonds. In order to ocutline the IV
fold coordination of Al we usely write (5i»0s,Al202). for these particular

alumino-silicate oxides instead of (25i02,Al=0s).

(, ©
(-$1-0-5i-0-)
(Siz0s,Alz0z)n = (O .0

¢ AU Al
(0" 0" “n
The fabrication of (Si=0s,A120=). is carried out <(a) by calcining
alumino-silicate hydroxides (Si=0a4,AL=(0OH)s}, or (b) by condensation of
5i0 and Alz0 vapors:

(a) 2(81204,A12(0H)4) ?02 """ ’2(51205)!\1202).—."‘ 4H20

(b) 4S5i0 (vapor) + 2A1=0 (vapor) + 40z ----» (S5iz0s,A120=)n
with also production of:
2510 + Oz---- 25i0- (Condensed Silica Fume)

Al20 + O=---- Al=20x (corrundum)
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Geopolymerisation is exothermic and can be schematised as follows. It
may be considered as the result of the polycondensation of still
hypothetical monomers, the orthosialate ions:

=3

a) {5120s,A1202), + 3INH0 -------- » n{OH)55i-0-A1(0H)>
= NaOH/KOH
n{0H)35i-0-41(0H)5 ------ >(—Si-0-§1-0—)n + 3nHz0
o0 0
orthosialate " poly(sialate) (PS)
{3
b) (5i20%,81202)~ + nS5i0= + 4nH.0--------- » n(OH)>51-0-A1-0-5i (OH)s
<~ NaOH/KOH | ¢~ | (OH) =
n(OH)>S$i-0-Al-0-Si(0H)s ------ »(-$i-0—$1—0—$i—0—)n + 4nH=0
(OH)= o 0 0
ortho(sialate-silioxo) poly(sialate-siloxo) (PSS)

At the moment, only the sodium-poly(sialate), (Na)-PS, the potassium-
poly(sialate), (K)-PS, the (sodium, potassium}-poly(sialate-siloxo), (Na,
K)-PSS, the potassium-poly(sialate-siloxo), (K})-PSS; are used in
geopolymeric materials. It has been assumed that the syntheses are carried
out through oligomers (dimer, trimer) which provide the actual unit

structures of the three dimensional macromolecular edifice (Plate 1).

N/ v,
VAL _ Al
N 0O 0‘ - ' ! ! 1 . o] t
-5i Si- -5i-0-Al- -51-0-51 o
i i ' ¥ ! ! [
0 0 0 0 0 0 _Si
¢ 1 | ! ! b (6
- Al Al ~ -Al -0-5i- -Al -0-51
d 0 O' > 1 i ! 1
'si’
7\
(K+)-trisialate (Nat)-disialate (Nat,K+)-di(sialate-siloxo}

EXAMPLES OF APPLICATIONS:

a/ CERAMIC TYPE MATERIALS: Low Temperature Geopolymeric Setting of
.ceramic.

Low Temperature Geopolymeric Setting (L.T.G.S.) takes place in alkaline
conditions through an oligosialate precursor (-5i-0-Al-0-) (Na) jin
concentrations from 1 to 3% by weight of the ceramic paste. At drying tem-
peratures (50°C to 250°C) the kaolinite in clays is transformed by LTGS
into a three dimensional compound of the poly(sialate} Na-PS sodalite

type, stable to water and possessing high mechanical strength (Fig.l)
[111.
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Figure 1: L.T.G.S. on kaolinitic soils. Mechanical compressive strength in
Mpa' for untreated and geopolymerised kaolinitic earth (with 3% by weight
equivalent Na20). Setting temperature range between 20°C and 1000°C,

L.T.G.S. may dramatically enhance and modernise the traditional ceramic
industry. Once geopolymerised into PCDS (Na-poly(cyclodisialate) or PCTS
(K-poly(cyclotrisialate), at 125-250°C, ceramic bodies may be ultra
rapidly fired at 1000°C-1200°C, to produce high quality ceramics (Fig. 2)
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Figure 2: Fabrication of ceramic ftilej energy comsumption in kcal/kg of
tile for current, rapid and geopolymerised methods and firing at 1000°C-

1200°C.
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b) TOXIC WASTE MANAGEMENT

Zeolitic materials are known for their abilities to adsorb toxic
chemical wastes. Geopolymers behave similarly to zeolites and
feldspathoids. They immobilise hazardous elemental wastes within the
geopolymeric matrix, as well as act as a binder to convert semi-solid
waste into an adhesive solid. Hazardous elements present in waste
materials mixed with geopelymer compounds are "locked” into the three
dimensional framework of the geopolymeric matrix [(121. (Fig.3 and Fig. 4).
Ancient concretes and mortars demonstrate the excepticnal durability of
zeolitic cements, analagous to synthetic geopolymers discussed here, and
are indicative of the erosional resistance which can be expected of modern
geopolymeric cements. Al203/M20 oxide molar ratios (where M is sodium or
potassium) in the range of 1.5 to 4.0 are suggested as optimum for long

term stability (1310141,
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Figure 3: Amount of hazardous elements locked in the geopolymeric matrix.

Ra 226 L EVELS
URAMIUN WASTE TAILING

=

pCi/l

7 77

FEED UNTREATED GEOPCLYMERISHD

Figure 4: Comparison of geopolymerised and untreated uranium mining
tailing. Loss during leaching in pCi/l.



436 DAVIDOVITS: GEOPOLYMERS AND GEOPOLYMERIC MATERIALS

c) GEOPOLYMERIC BINDERS AND CONCRETES.

Geopolymeric binders have been sutcessfully introduced in the industry
They yield synthetic mineral products with such properties as hard
surfaces (4-7 on the Mohs Scale), thermal stability, and high surface
smoothness and precise mouldability [15]. Such products are useful for
tooling, for moulding art objets, ceramics, and the like, and as building
materials.

GEOPGLYHER COMCRETE + PORTLAMD CONCRETE
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Figure 5: Strength retentions at elevated temperatures for concretes made
of Portland Cements (portland [, portland I1l), blended geopolymer-
portland (GEOPOLYCEM), blended geopolymers (GECPOLYMITE 711, GEOPOLYMITE
50). Hardening at ambient temperature.

Characteristics of K-PS/K-PSS binders and cements.

Polycondensation of K-Poly(sialate) / K-Poly(sialate-siloxo) resins
at ambient temperature or between 20deg.C and 85deg.C
pH of the resin: 14
pH after polycondensation and dehydroxylation
thermal treatment 85deg.C 300deg.C 700deg.C
pH 10.5 9.5 7.5
Shrinkage on dehydroxylation:
at 400deg.C : 0,27 to 17
at 800deg.C : 0,27 to 2%
Linear expansion {(depending on fillers and after shrinkage):
2,1 x10™* to 4,5 x 10™* from Odeg.C to 1000deg.C
Fusion temperature of the pure geopolymer:
1050deg.C to 1250deg.C
Surface hardness:
4 to 7 on the Mohs Scale (7=quartz) (according to fillers)
Surface quality:
faithful reproduction of mould or die surface; precision, fineness,
polish, brillance.
E. MODUL: 14.000 to 50.000 MPa (according to fillers)
Chemical stability:
excellent in organic sclvent
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excellent in alkaline and saline conditions
good in concentrated Hz50. to poor in concentrated HCl.

Density:
approx. 1.4g/cm3 for the Geopolymer;
0.8
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Figure 6: Linear expansion of geopolymers containing ceramic fillers,
after heat treatment at 650°C during 2 hours. Thermosetting
(geopolymerisation) at 65°C, during 4 hours.
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Figure 7: Strength retention at elevated temperatures for foamed

geopolymer (light weight) density 0.8, 0.9, 1.0, 1.1} preliminary setting
at 65°C.

d) ROOM-TEMPERATURE CERAMIC MATRIX FOR REINFORCED FIBER-COMPOSITES:

A wide range of alkaline resistant inorganic reinforcements have been
combined with geopolymer matrices, in particular SiC fiber, with skills of
the reinforced plastics/composites industry. SiC Fibre / K-poly(sialate-
siloxo) matrix composite shaped and hardened at 70°C for 1h30 develops
flexural mean strengths of at least 380 MPa which remains unchanged after
firing at 450°C, 700°C and 900°C. '
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In 1982 we started the development of a geopolymer matrix composite
concept [16]. The objective was to fabricate moulding tools and patterns,
to replace metal tooling for small production runs in the plastic
processing industry and the foundry industry [171.

Composite made with alkali-resistant fibres, such as 5iC, and Potas-
sium-Poly(sialate-siloxo) K-PSS, called GEOPQOLYCERAM® are thermostable up
to 1100°C [181].

METHOD:
SiC taffeta 220g (507 by weight)/K-PSS GEOPOLYMITE (507 by weight).
impregnation,
polycondensation at 70°C for 1h30,
cooling,
drying at 70°C.

The room-temperature flexural strength after treatment at 70°C, 300°C,
450°C and 700°C is 1listed in Table 1. Flexural strength remains
practically wunaffected by the thermal +treatment. Table 2 compares
processing temperatures and mean strength of various SiC Fibre/Ceramic
Matrix composites with a composite obtained with K-PSS GEOPOLYMITE matrix.

TABLE 1 SiC taffeta 220g/m® fabric '/ K-PSS GEOPOLYMITE
Room-Temperature Flexural Strength after treatment at (Temp.):

70°C 300°C 450°C 700°C
Flexural
strength 190 MPa 180 MPa 180 MPa 150 MPa

E. Modulus: 40-60 GPA

Rupture did not take place at maximum load. Delaminating of the layers was
observed. The rupture is internal and due to exceeding of shearing limits.

TABLE 2 Comparison between SiC Fibre/K-PSS GEOPOLYMITE Composite
and SiC Fibre/Ceramic Matrix composites [191

Composite processing Mean
(fibre/matrix) temp. °C Strength

MPa

Uncoated SiC/SiC ca. 1400 135
Coated SiC/SiC ca. 1400 170
S5iC/Li Alum. Silicate ca. 1400 860
SiC/cordierite ca. 1400 170
5iC/Zro ca. 1400 180
SiC/mullite ca. 1400 80
$iC/mullite-30%SiC/BN ca. 1500 140
SiC/Vycor Glass ca. 1500 440
SiC/VPS+507% BN ca.1500 320

5iC/K-PSS GEOPOLYMITE 70 380
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Geopolymers are formulated from mineral earth resources. The Geopolymer
Matrix Composites are made = with skills of the reinforced
plastics/composites’ industry and yield the non-burning, non-smoking, non-
toxic benefits of ceramics without that industry’s high temperature, high
energy processing.
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Zusammenfassung - Durch die Entwicklung von solchen

neuen Materialien wie "Geopolymere" und neuen Verfahren wie

"Sol-Gel" kam es in den letzten paar Jahren zu einem bedeu-

tenden Fortschritt in der Technologie. Neue, mittels Geopo-

lymerisationsreaktionen dargestellte Avantgarde-Materialien
o0ffnen den Weg zu neuen Anwendungen, Verfahren und zur Um-
setzung von Ideen, die in der anorganischen Chemie fir
selbstverstindlich angenommen wurden, Zur Herstellung von
in Struktur und Eigenschaften keramik@hnlichen Stoffen

8ind keine Hochtemperaturverfahren mehr notwendig. Diese

Materialien kionnen wie organische Polymere bei Temperaturen

unter 100°C polykondensieren, Diese neue Generation von Ma-

terialien hat - rein, mit Fillern oder faserverstarkt ange-
wendet - ihren Anwendungsbereich auf allen Gebieten der

Industrie schon gefunden:

- rein: zur Endlagerung von toxischen, chemischen und ra-
dioaktiven Abfallstoffen usw.

- mit Fillern: zur Herstellung von Spezialbetons und Formen
zur Gestaltung von Thermoplasten usw.

- faserverstarkt: zur Herstellung von Formen und Werkzeugen
fiir die Giesserei und in der Metallurgie der Aluminium-
legierungen usw,

Diese Anwendungen konnen in der Automobil-, ILuftfahrt-
industrie, in der Nichteisenmetallurgie, im Baugewerbe, in
der Kunststoffindustrie usw., angetroffen werden,

PeswmMe - 3a nocieiHre HECKOJHKO JeT ROCTELHYT 3axXBaTHBawmuit
TeXHOJOTHYeCKul nporpecc B o6racTe paspaboTKE TAKHX HOBHX Ma—
TEPHAJXOB KAK ,TEeONONMMEDH" H HOBHX METONOB TAKHX KaK ,30Jb =
- reap", Hosme MaTepmanH, NOJYYEHHHE HCKYCCTBEHHO C OOMOELD
peaknuil reonOJHMEPH3ANAM, OTKPHBAKT HOBHe OCGJIACTH UCHOJIB3OBA-
HUS METOXOB ¥ uiell NDUHATHX B HEODraHMYeCKO} XHMHH., BHCOKOTEM-
neparypHHe MeTONH GonbmMe He ABIAANTCA HeOOXOIMMHMH LJIA HOJgyde-
HHMA MaTepHaAOB, ABJIAPMUXCA HOXOCHHMM KeDAMHUECKHM KakK IO CT-
PyKType, Tak u csoicrsam, Takue MaTepmaxau, nono6HO opraEnyec-
KEM IOJMMepaM, MOT'yT BCTYNarTh B DPEaKOWM NOJMKOHZEHCAnH#d PR
TeMnepatType Huxe 100°, 3ro moBoe moxoxenme MaTepHaJos MOryT
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OHTS HCHOAL3OBAHH KaK YHCTHMH, TAK E B CMECH ¢ HANOJZBHTeXAMEA

B YKpeOuTeXAMH, W yXe HANJNM WHPOKOe NPHMEeHeHHe BO MHOTEX 00~
AacTAX DPOMHEIIEHHOCTH H TEXHHMKH, [IpHBeZeHH HEKOTODHe NPHMEDH
HX HCHOXbL3OPAHEAS &/ B WHCTOM BHAe OHM HCIOAB3YNMTCA AAL XpaHe-
HAA TOKCHYEHX XHMHYECKHX I DaIHOAKTHBHHX OTXOXOB H T.H.,

6/ ¢ HaNOXHMTENSME ~ XIS WITOTOBIGHHS CHNeNUAABHHX GeTOHOB,
dopu AR QOPMOBOUHHX TEPMONIACTMACC E T.Xe , B/ C apMmpyOmmMu
noGaskaMu - Xa8 npou3pojcTma fopM, oOpabaTHBaANHEX Pe3NOB, NDH
ANTHE ANOMAHHEBHX CRN4BOB, B METAXXypru® H T.X. OEm HaxXOAAT
upaMeHeHEe B aproMOOuxnHOK, mBeTHOH B Meramayprmuweckoft mpomume
AeHHOCTH, B KOCMEYECKOH TEXHEHKO, B NDOH3BOLCTBE NAACTMACC XK

L 1% N



