
- 1  Monophase Hydraulic Binder, Manufacturing Method
thereof and Building  Material Made Using the Same The
invention relates to a monophase hydraulic binder, a
mixture con- taining such binder, a method for
manufacturing the binder and the  mixture as well as a
building material manufactured with the binder  or the
mixture. Hydraulic reactivity describes the reaction of
a binder with water so  that a solid material is
formed. The definition of this process is  made on the
basis of the conventionally known hydraulic binders,
such  as Portland cement. According to Harig, Gunther,
in Klausen, Tech- nologie der Baustoffe [Technology of
Building Materials], C.F. Muller  Verlag, Heidelberg,
1996, p. 53, hydraulic binders harden in air as  well
as under water after water has been added. According to
H.F.W.  Taylor, The chemistry of cements, Academic
Press, London 1964, p. 2  et seq., cement is a
hydraulic binder which, mixed with water to a  paste
(cement paste), independently starts to stiffen and
hardens  into cement stone due to chemical reactions
between the water and the  compounds present in the
cement. In this process, the stiffening and  hardening
depend neither on drying nor on reactions with the CO2
from  the air. Therefore, the reaction takes place in
the air as well as  under water. Moreover, latent
hydraulic binders (so-called pozzolanic binders) are
known. According to Hang (see above) they harden only
in the pres- ence of an activator after water has been
added. In order to start  the setting reaction, e.g.
lime hydrate or Portland cement are added;  however,
there will be no independent reaction. Conventionally
known hydraulic binders based on silicates do not con-
tain any molecular water, their hydraulic components
contain no hy- drogen in their summation formula, and
the hydraulic components for  the most part consist of
crystalline alkali (earth) silicates. Ac- 



cording to H.F.W. Taylor, The chemistry of cements,
Academic Press, -2- London 1964, p. 2 et seq., the
silicate ions of the hydraulically ac- tive phases are
present in the form of single isolated or monomeric
silicate tetrahedra (Q). An exception is the rare phase
belinite,  which is a cyclosilicate and contains
chlorine. In belinite, each  silicate tetrahedron is
linked with two further silicate tetrahedra  (Q2) via
common oxygens. All conventionally known hydraulic
binders  based on silicates contain a molar ratio of
CaO:SiO2 of at least two.  Such hydraulic binders are
used purely or mixed with other materials  as cement in
various ways for manufacturing solid building materials
such as concrete, mortar or in special binders.
Moreover, two further  types of mostly higher condensed
silicate and amorphous (but not hy- draulic) binders
are of technical importance, namely water glasses on
the one hand and latent hydraulic or pozzolana
materials, such as  blast-furnace slags, fly ashes,
etc., on the other hand. 1. Cement is manufactured by
burning calcium carbonate and a silicate  carrier at
approximately 1,450C together to a product which is
called (cement) clinker and substantially consists of
the hydrauli- cally reactive clinker phases tricalcium
silicate (alite, Ca3Si05),  dicalcium silicate (belite,
particularly 13-Ca2Si04) and on a subordi- nate level
tricalcium aluminate Ca3Al2O6 and calcium aluminate
ferrite  Ca4(Al,Fe)401. By grinding and adding further
materials, particularly  gypsum or anhydrite as
reaction retarders, so-called Portland cement  (CEM I)
is obtained. CEM I is often ground with latent
hydraulic  silicates to the cement types CEM II to CEM
V. The grinding produces  a higher surface which
accelerates the speed of the hydraulic reac- tion.
According to DIN 1164, Portland cement consist of 61%
to 69% of  calcium oxide CaO, 18% to 24% of silicon
dioxide Si02, 4% to 8% alu- minum oxide of A1203 and 1%
to 4% of iron oxide Fe203. 2. Furthermore, so-called
water glasses are manufactured. These are  



solid, but water-soluble glasses made from alkali
oxides and Si02,  which are melted at approximately
1,400C. Water glasses are used as  concentrated,
strongly alkaline solutions or powders. - 3  3.
Moreover, silicate starting materials can be caused to
react to a  binder by reaction with a lye, with alkali
hydroxides being used as  lyes. The resulting product
is mostly called a geopolymer, however,  it is only of
small economic importance. Types 2 and 3, water glasses
and geopolymers, are to be regarded as  hydraulic
binders only to a limited degree in the sense of the
defi- nitions mentioned at the beginning as they either
already exist as  solutions, that is, not solid, and do
not harden, respectively, under  water due to their
high water solubility (alkali silicate) or are not
reactive as solid materials and need additives such as
CEM I or lye  to set the hydraulic reaction in motion.
Their manufacture requires  both particular starting
materials and respectively several laborious
procedural steps which make their manufacture
expensive. At the same  time, their compatibility with
various additives is extremely limited  due to the very
high pH values and it is not possible to effectively
influence the reaction speed, which commonly is very
slow, in par- ticular, it is not possible to accelerate
it. Due to the limited  processibility (slow hardening,
strongly alkaline reaction) and the  low strength their
range of application is limited. The hydraulic binder
which is best known and used most often is ce- ment, in
particular Portland cement. According to H.F.W.Taylor,
Ce- ment chemistry, Academic Press, London 1990, p. 64
et seq., the burn- ing process required for the
manufacture of the preproduct cement  clinker at
temperatures of up to about 1,450C with a theoretical
re- action enthalpy of + 1,761 kJ per kg of cement
clinker uses espe- cially much energy. The lion's share
of the required energy is taken  up by the calcination
(or decarbonation) of calcium carbonate origi- 



nating from limestone, calcareous clay or other
calcareous materials.  The reaction releases CO2 and
contributes to the overall reaction in  a strongly
endothermic manner with an enthalpy of reaction of +
2,138  kJ per kg of cement clinker. - 4  About 1.2 kg
of lime are needed to manufacture 1 kg of Portland ce-
ment. Additionally, in order to create the
hydraulically active  clinker phases alite, belite,
tricalcium aluminate and calcium alumi- nate ferrite it
is necessary to partly melt the starting materials.  As
a sum of the theoretically required energy, the heat
losses, the  grinding energy, etc., an actual overall
energy consumption of about  + 4,300 kJ per kg is the
result for the end product Portland cement.  During the
manufacture of Portland cement, considerable amounts of
C02 are released from the calcium carbonate containing
materials,  which in total add up to about 850 g of C02
per kg of clinker. The reaction of Portland cement with
water leads to solidification  (hardening). According
to H.F.W.Taylor, Cement chemistry, Academic  Press,
London 1990, p. 218, C-S-H gels, that is, poorly
crystalline  calcium silicate hydrates, as well as
calcium aluminate hydrates and  portlandite Ca(OH)2 are
produced. The latter is a necessary conse- quence of
the setting reaction and occurs at a proportion of
about  20% by weight in the set, i.e., hardened cement
stone. It is not possible to substantially lower the
overall content of cal- cium in Portland cement in
general and particularly in the preproduct  clinker
because otherwise the hydraulic reactivity will
strongly de- crease. The overall content of calcium
expressed as a molar ratio of  Ca:Si which incidentally
is identical to the molar ratio of (CaO):(Si02) is
always at 3.0 +/- 0.2. The binder matrix of C-S-H gel
present in the cement stone made from Portland cement
which substan- tially results from the reaction of
tricalcium silicate Ca3SiO5, has  a molar ratio of
Ca:Si of 1.7 to 1.8. The excess CaO is present as  



portlandite Ca(OH)2 after the hydration. Portlandite
contributes to the mechanical stability of the building
material only to a minor degree. Rather, portlandite
determines the  pH value of the building material
during service life of the cements,  which will then be
about pH 12.5. Acid attacks are buffered by port - 5
landite at first; however, once it has been consumed,
for example, by  having been transformed into CaCO3 by
C02, the pH value will decrease  and the binder matrix
made of C-S-H gel will be attacked and decom- posed. It
is possible to inhibit the reaction by creating a
structure as  dense as possible and thus slow down the
material transport. However,  the dissolution of
portlandite itself will generate new opportunities  for
attack. The buffering of the pH value in cement by
portlandite  thus represents a limited corrosion
protection for constructional  steel. In contrast
thereto, the high alkalinity generated by port- landite
prevents the use of base or alkali sensitive additives
in ce- ment-bound building materials, such as organic
fibres. A pH value of  higher then 9.5 would suffice
for corrosion protection. Portland cement releases a
high enthalpy of reaction when it sets,  which
substantially results from the formation of portlandite
and  leads to heat accumulations in large, massive or
voluminous building  elements. The temperature build-up
per unit of time may be decreased  by decelerating the
reaction rate by means of grain enlargement, ad- ditive
agents or dilution with fly ashes. However, this also
slows  down the strength development. The strength of
cement stone is determined by the main component C-S- H
gel which is only about 50% by weight. Therefore, the
effective en- ergy consumption for manufacturing the
strength-determining constitu- ents of cement stone
made from Portland cement is approximately 8,600  kJ
per kg. The other half of the cement stone, essentially
calcium  



aluminate hydrates and portlandite, hardly contributes
to the  strength of the material or building material,
and with regard to  strength it is an undesired
by-product. The amount of portlandite may  be reduced
subsequently in technical systems by admixing
micro-silica  or latent hydraulic substances. Excess
portlandite will then slowly  react to additional
calcium silicate hydrates by consuming micro- silica.
However, this process is laborious and expensive. - 6
Moreover, C-S-H gels may incorporate various amounts of
calcium. When  the calcium content increases, the
connectedness of the associated  silicate building
units will decrease and so will their contribution  to
the strength of the building material as well as their
chemical  stability. In set Portland cement stone the
C-S-H gels are present  with a molar ratio of Ca:Si of
1.7 to 1.8. In contrast to that, cal- cium silicate
hydrates exist in a range of the molar ratio of Ca:Si
of 0.5 to 3.0. This is proven by naturally occurring or
synthetically  produced solid materials. Due to the
reasons as mentioned it would make sense to aim at
C-S-H  gels having a low calcium content in a hardened
hydraulic binder in  general and in cement stone made
from Portland cement in particular.  However, a slight
reduction of the calcium content during the produc-
tion of Portland cement clinker in a rotary kiln
already results in  less reactive calcium silicates and
to an increase in the content of  belite in particular.
A further decrease of the calcium content leads  to
hydraulically inactive products such as wollastonite
B-CaSiO3,  pseudowollastonite a-CaSiO3 or rankinite
Ca3Si2O7. In this manner,  that is, on a "clinker
route", it is not possible to obtain hydraulic  binders
low in calcium. In the system of CaO-SiO2-H2O there are
pure calcium silicate hy- drates having molar ratios of
Ca:Si which are smaller than 2.0 and in  particular
smaller than or equal to 1.0. Naturally occurring
miner- 



als, such as tobermorite-11 A, tobermorite-14 A,
xonotlite, a-C2SH,  or suolunite [according to
Young-Hwei Huang, Suolunite, a new min- eral, American
Mineralogist 53 (1968), p. 349] as well as synthetic
products are known. Due to their molar ratio of Ca:Si
these compounds  have a silicate connectedness between
Q and Q3 and in some cases  contain silanol groups,
however, no hydraulic activity or latent hy- draulic
behaviour is known from any of these phases. Moreover,
there are compounds in which the calcium ions are
partly - 7  substituted for: M(+Il)HxM'+"(2_x) [SiO9] ,
with M'+II) = alkaline earth  metal and M(+I~ = alkali
metal. In this case similar molar ratios of  Ca:Si and
thus a similar connectedness as in the above-mentioned
pure  calcium silicate hydrates also occur and so do
silanol groups in some  cases. No hydraulic reaction or
latent hydraulic behaviour is known  either from any of
these phases. In Mechano-radicals produced from ground
quartz and quartz glass,  Powder Tech. 85 (1995) p.
269, Hasegawa et al. describe changes oc- curring
during the grinding of quartz by detecting defective
portions  on the surface of the quartz by spectroscopic
methods. In this proc- ess, no hydraulic phases are
produced. In Modification of kaolinite surfaces through
mechano-chemical acti- vation with quartz: a diffuse
reflectance infrared fourier transform  and
chemometrics study, Appl. Spectroscopy 60 (2006), p.
1414, Car- mody et al. prove the changes of kaolinite
surfaces by grinding them  together with quartz. This
case does not produce a new phase which is
hydraulically reactive. In Mechanism for performance of
energetically modified cement versus  corresponding
blended cement, Cem. Concr. Res. 35 (2005), p. 315,
Justnes et al. describe the grinding of cement together
with quartz  and the reduction of the grain size of
both mixture partners occur- ring therein. Again, no
new phase is generated. Quartz is explicitly  



called a non-reactive filler. M. Senna, Incipient
chemical interactions between fine particles un- der
mechanical stress - a feasibility of producing advanced
materials  via mechanochemical routes, Solid state
Ionics 63-65 (1993) p. 3-9,  discloses that oxides and
hydroxides in the form of very fine parti- cles, for
example as Ca(OH)2 and SiO2, change at their surfaces
under  the influence of hydroxyl groups or of water by
a grinding homogeni- zation which is also called soft
mechanochemistry. In this process a  destruction of the
crystal structure (amorphization) and dehydration - 8
of the hydroxides could be observed. These findings
were obtained due  to clear changes in the thermal
treatment for burning ceramics which  are not
hydraulically active. WO 2007/017142 A2 discloses a
method for manufacturing belite bind- ers. Belite does
not contain any hydrogen bonded to oxygen and has a
connectedness of Q. DE 22 22 545 B2 discloses a method
for manufacturing a water- containing calcium silicate
of the xonotlite type, the xonotlite be- ing
crystalline. Due to the hydrothermal manufacture, the
amorphous  preproduct described in this patent is a
hydrate which does not  harden hydraulically. EP 0 500
840 Bl discloses tectoalumo silicate cement as well as
an  associated manufacturing method, the tectoalumo
silicate having a  connectedness of Q4. Moreover, the
hydraulic hardening of correspond- ing compounds is not
based on the formation of C-S-H phases.  According to
DE 195 48 645 Al, which describes a method for manufac-
turing secondary raw materials from demolition
material, concrete  demolition material is activated by
grinding. However, the grinding  is made such that no
hydraulic product is formed, but a product which  may
be used as a cement raw mix constituent. If concrete
demolition  material is used the starting component
moreover contains a sulfate  



carrier which as a reaction product should prevent the
manufacture of  a monophase product. Starting
therefrom, it is the object of the present invention to
pro- pose a monophase hydraulic binder, a mixture
containing such binder,  methods for the manufacture of
the building material and the mixture  as well as a
building material which has been produced with the
binder or the mixture which do not have the
aforementioned drawbacks  and limitations. - 9  In
particular, a monophase hydraulic binder based on
silicate and a  mixture containing this binder are to
be provided, which, as compared  to conventional
Portland cement and to hydraulic or latent hydraulic
binders, respectively, - lowers the energy consumption
during the manufacture of the  binder, i.e. which is
manufactured at low temperatures, - lowers the amount
of the C02 emissions, - shows a lower total release or
a more uniform release of heat dur- ing hydration, and
- achieves higher durability and strength of building
materials and  materials, respectively, made using this
binder. This object is achieved by the features of
claim 1 with regard to the  monophase hydraulic binder,
by the feature of claim 6 with regard to  the mixture,
by the features of any one of claims 8 to 10 with
regard  to the manufacturing method and by the features
of claim 14 with re- gard to the building material. The
subclaims each describe advanta- geous embodiments of
the invention. The inventive hydraulic binder is a
hydraulically active silicate  compound containing
calcium, silicon, oxygen and hydrogen. Other ele- ments
may also be constituents of the binder and are
distinguished  according to the type of their
incorporation: alkali metals, in par- ticular sodium;
alkaline earth metals, in particular magnesium, or  



other divalent cations, in particular Fe[+II] and
manganese; triva- lent cations, in particular A1[+III],
are incorporated as M[6]x+ six- fold or higher
coordinated with oxygen, with the M[6]x+ partly sub-
stituting for the calcium. Elements tetrahedrically
coordinated by  oxygen, in particular phosphorous,
aluminum or Fe3+, form oxygen ani- ons and are
incorporated as phosphate, aluminate or ferrate on
tetra- hedral positions as M[4]Y+, partly substituting
for silicon. The am- photeric aluminum is suitable for
both variants, just like magnesium.  The exponents x+
and y+ respectively indicate the charge of the rele-
vant cation. - 10  The stoichiometry of the inventive
hydraulic binder is defined by the  range of the molar
ratio of Ca:Si of 0.2 to 2.0, particularly prefer- able
of 0.3 and up to below 1.0. The components oxygen,
hydrogen and  calcium, respectively, and further
elements provide for the charge  equalibration. In case
that a part of the calcium or silicon atoms is
replaced by the substituents M[6]x+Ox/2 and M[4]YtOy/2,
respectively,  the modified molar ratio [CaO + (x/2)
(M[6]X+Ox/2) ] : [Si02 + M[4]Y'OY 2l  will be indicated
instead of the simple molar ratio of Ca:Si, which  is
identical to the molar ratio of (CaO) Following X-ray
diffraction studies (X-ray powder diffractometry),  the
binder turns out to be X-ray amorphous. Silicate ions
consist of oxygen tetrahedra, the center of which is
occupied by a tetrahedrically coordinated silicon. The
silicate tet- rahedra thus structured are linked with
each other via common oxygen  atoms. Silicon atoms may
be substituted for by aluminum atoms in  higher
proportions and by boron, germanium, titanium, iron,
beryllium  or phosphorous atoms in lower proportions.
The structure of the sili- cate atoms in the inventive
hydraulic binder is characterized by a  variable
linkage of the tetrahedra. Studies with 29Si solid
state NMR spectroscopy showed a broad distri- 



bution of the silicate connectedness: NMR signals
occurred with the  typical chemical shifts for Q0
(monomeric silicate tetrahedra) via  Q1, Q2, Q3 to Q4.
The exponent indicates the number of neighboring
tetrahedra linked to the observed tetrahedron via
common oxygens: Q1  describes a silicate dimer or the
terminal silicate tetrahedra in a  chain arrangement
with Q2 chain links; Q3 and Q4 correspond to sili- cate
tetrahedra with three and four silicate tetrahedra as
neighbors,  respectively. The discovered distribution
width of the monophase hy- draulic binder has an
average connectedness of higher than Q1.5 and  does not
only prove the occurrence of various types of
connectedness  Q but also a high disorder of the
individual connectedness types. - 11  It is possible to
substitute silicon atoms in part by atoms of other
network forming elements, in particular of aluminum,
boron, germa- nium, phosphorous, iron, beryllium or
titanium. The substitution of  aluminum which at most
may reach a molar ratio of Al:Si of 1:2 is of
particular relevance. The calcium atoms are present in
the form of Ca2+ ions as bonding  partners of the
negatively charged silicate units. It is possible to
partially substitute them by Na, K, Li, Mg, Sr, Ba, Mn,
Fe[+II] or  Al[+III] atoms. The hydrogen atoms are
present in the form of silanol groups and op- tionally
as molecular water or as hydroxide; this occurrence may
be  detected by means of infrared or Raman
spectroscopy, wherein vibra- tion modes have been found
for Si-OH (silanol group). Apart from  that, vibration
modes for Ca-OH and H-O-H can be detected. The
totalized H2O content (water content) of the inventive
monophase  hydraulic binder is contrary to known
binders such as cement clinker.  It comprises the
proportion of the binder, which is bonded in oxygen-
hydrogen bonds, wherein the H2O content is between 3.5%
by weight and  20% by weight. 



Thus, the present invention relates to a monophase
hydraulic binder  consisting of hydraulically active
calcium silicate. In comparison to  Portland cement
this binder contains less calcium and fewer calcium-
substituting elements, respectively, such that the
molar ratio [CaO +  (x/2)(M[6]"+0x2)1:[Si02 +
M[4]y+Oy/2] is lower. The inventive mono- phase
hydraulic binder may be manufactured qualitatively from
the  same starting materials as Portland cement, which,
however, are used  in amounts different therefrom.
Moreover, the manufacturing process  requires lower
temperatures, which means that energy consumption and
carbon dioxide emissions will be reduced. - 12
Furthermore, the present invention relates to a mixture
comprising a  proportion of the inventive monophase
hydraulic binder. Preferably,  the proportion is at
least 10% by weight, particularly preferably at  least
25% by weight, above all preferably at least 50% by
weight. As is known from Portland cement, the setting
and also the hardening  are carried out by mixing with
water and optionally take place under  water. The
hydration creates a mechanically solid building
material.  The hydraulic reaction of the inventive
hydraulic binder does not  produce portlandite Ca(OH)9,
at no time can it be detected by X-ray  diffraction.
Moreover, the setting reaction proceeds with lesser re-
lease of heat than during the hydration of Portland
cement. As al- ready known in case of Portland cement,
the setting speed can be ad- justed in a wide range by
substituting various elements, varying the  processing
(e. g. grinding) as well as by surface-active
additives,  such as organic additives. The maximum of
the heat of hydration will  then be reached after a
period of time of several minutes or only af- ter
several days. During setting the inventive hydraulic
binder reacts to a calcium  silicate hydrate (C-S-H
phase) having a molar ratio of at least 0.2  and less
than 1.5. In this process the connectedness of the
silicate  



building units changes on the molecular level,
solidification takes  place on the macroscopic level.
Depending on the composition of the starting material,
the hydration  product may optionally inclose further
alkali metals, alkaline earth  metals or other elements
such that a calcium silicate hydrate having  a molar
ratio of Ca:Si of smaller than or equal to 1.0 is
generated.  In contrast thereto, set Portland cement
consists of a C-S-H gel (ce- ment gel) having a molar
ratio of Ca:Si of 1.7 to 1.8 and addition- ally
contains portlandite Ca(OH)2. The building material
manufactured by the setting reaction according  to the
invention is chemically more stable than Portland
cement stone - 13  due to the absence of portlandite,
due to the lower molar ratio of  Ca:Si as compared to
cement stone made from Portland cement and due  to the
higher connectedness of the silicate building units.
The com- pressive strength measured after 28 days
exceeds 20 N/mm2. This value  is within the order of
magnitude of the European standard EN 197 for  cements
indicating 3 different classes for strength of 32.5,
42.5,  and 52.5 N/mm 2. If the inventive binder
contains less than 1% of Na20, it may be re- acted to
an inventive building material, together with alkali-
sensitive additives, such as inorganic or organic
fibres with low al- kali durability. The manufacture of
the inventive monophase hydraulic binder or a mix- ture
containing the inventive monophase hydraulic binder is
made by  co-grinding (reaction grinding) a preproduct
containing calcium,  silicon, oxygen and hydrogen
having monomeric or dimeric silicate  building units
(i. e. a calcium silicate hydrate) with a solid sili-
cate raw material having a high connectedness, such as
quartz or  quartz sand. In this case the first starting
material is characterized by the  



chemical elements of calcium, silicon, oxygen and
hydrogen which are  present in the form of structural
water, crystal water or OH groups  as well as monomeric
or dimeric silicate units. The second starting material
is a siliceous solid material character- ized by a high
connectedness of the silicate tetrahedra of Q3 to Q.
In a particular embodiment both starting materials are
present in a  common material. For this purpose, old
cement stones or mortars, i.e.  which are no longer
used as building material and already contain  calcium
silicate hydrates, optionally aggregates and sand, are
pref- erably suitable and are directly ground. - 14
Moreover, in a particular variant of this embodiment
one of the  starting materials is further added to
achieve a certain composition,  particularly with
regard to a desired molar ratio of Ca:Si within the
inventive range. Further, small amounts of water may be
added for  this adjustment. In a further embodiment
base materials, which at first react to the  first
starting material during grinding, and the second
starting ma- terial are used. This is preferably
performed by a batch comprising  the grinding of
portlandite Ca(OH)2 and aerosil (amorphous Si02) . At
first, portlandite and aerosil react to a first
starting material,  i.e. a C-S-H phase, which then
reacts with the second starting mate- rial, more
high-polymer aerosil, to the inventive binder. The
inventive monophase hydraulic binder is made when
grinding the  starting materials in a mill, preferably
under heightened shearing  and pressure effects, for
example in a disk vibration mill, a ball  mill or a
roller mill. The two reactants form a new material
having  an average connectedness of more than Q1"5. The
second starting mate- rial will be depolymerized during
co-grinding. The monophase binder  thus made contains
silicate building units with silanol groups which  will
hydraulically react when the binder is mixed with water
and lead  



to setting and solidification. The type and composition
of the starting materials (reactants), to- gether with
the parameters of the co-grinding, determine the exact
composition, structure and hydraulic reactivity of the
binder. In  particular, the calcium content leads to
products reacting hydrauli- cally at different speeds,
for example, if a synthetic calcium sili- cate hydrate
is used as the first starting material having a molar
ratio of Ca:Si of 1.0 to 1.2. Generally, the first
starting material is made by using one of the  methods
explained below: - 15  - In a thermal method alkali/
alkaline earth silicates are firstly  produced at
temperatures of up to 700C by sintering alkali com-
pounds, alkaline earth compounds and silicates
together. A subsequent  treatment with water will lead
to the desired alkali/ alkaline earth  silicate hydrate
by incorporation of crystal water. The manufacture  of
CaNa2Si04n H2O from CaCO3, Na2CO3, Si02 and H2O will
serve as an  example: CaCO3 + Na2CO3 + Si02 --,
CaNa2Si04 + 2 C02.  CaNa2Si04 + n H2O CaNa2SiO4 n H2O -
In a hydrothermal method in pressurized autoclaves at
140C to  300C calcium-containing raw materials such as
CaO, CaCO3 or Ca(OH)2  and silicon-containing raw
materials such as quartz, silica, mica,  feldspars, old
concretes, glasses or slags are directly reacted with
water or water vapour in a pressurized autoclave. It is
possible to  add a lye, preferably NaOH or KOH. The lye
adjusts the pH value to  between 11 and 13, increases
the reaction speed and allows the use of  slowly
reacting silicon compounds as raw material. - In a
mechanochemical method calcium-containing raw materials
such  as CaO, CaCO3 or Ca(OH)2 and the
silicon-containing raw materials are  ground in a mill,
again optionally by adding a lye. In unreactive  



systems, such as the grinding of CaO with quartz sand,
the above- mentioned hydrothermal treatment step has to
follow. - Apart from that, the manufacture of a first
starting material is  possible by hydrating cement
clinkers or by sol-gel methods.  Quartz, quartz sand or
another raw material, secondary raw material  or a
synthetic product serve as a second starting material
(silicate  carrier). Examples of these are silicate
glasses, feldspars or slags.  Moreover, it is possible
to form both starting materials together or  that they
are already present in mixed form: - 16  a) In-situ
formation: The first starting material is only formed
dur- ing grinding and will then react with the excess
or additional high- polymer second starting material.
b) Mixed starting materials: The two starting materials
are already  present together in a mixture and are
directly reaction ground. In another embodiment it is
possible to manufacture composite binders  by using
blast-furnace slag, fly ashes, natural pozzolanas or
conven- tional (Portland) cement. The latter is of
particular interest if the  cement made according to
the invention reacts very quickly (reaction  control)
or if the mixture of the starting materials contains
more  calcium than required. Hydration products made
from an inventive hydraulic binder contain  calcium
silicate hydrates having a low molar ratio of Ca:Si and
thus  are chemically more stable than C-S-H gels in
Portland cement stone  because no portlandite is formed
and the silicate building units have  a higher
connectedness as compared to Portland cement stone.
Further- more, no weathering-sensitive portlandite is
present at the contact  points of the binder to the
aggregate in mortars or concretes so that  no weakened
points form in the join of mortars and concretes. If
the  inventive binder contains less than 1% of Na20 the
binder structure  made therefrom is less sensitive to
secondarily occurring alkali sil- 



ica reactions so that alkali-sensitive aggregates may
be used. Below the invention will be explained in more
detail by relating to  embodiments. - 17 - Example 1 A
mechanochemically manufactured calcium silicate hydrate
phase (C-S- H(I)) having a molar ratio of Ca:Si of 1.2
and quartz (finely  grained, washed and calcined)
served as starting materials. The C-S-H(I) phase was
mechanochemically synthesized according to  Saito et
al., Mechanochemical synthesis of hydrated silicats by
room  temperature grinding, Solid State Ionics, 101-103
(1997), p. 37, with  aerosil, CaO and H2O being ground
at a mass ratio of water:solid of  10 in a ball mill
(grinding period 32 hours, rest condition every 20
min. for 10 min.) and subsequently dried for 120 hours
at 60C. Next, the C-S-H(I) phase was ground together
with the quartz at a  mass ratio of 1:1 (1.1 g each) in
a disk vibration mill for 180 sec- onds. Apart from a
change of the grain sizes the grinding process
particularly caused a reaction between the starting
materials which  resulted in an inventive hydraulic
binder. The BET surfaces of the starting materials were
68 m2/g for C-S-H(I)  and 2 m2/g for quartz on average,
while the mill product had a value  of 3 m2/g. In the
IR spectrum the reaction of the starting materials to
the in- ventive binder was tracked. At first, the
grinding clearly weakened  the main band of the Si-0
stretching vibration at 960 cm -1 and the  band of the
Si-O-Si vibration at 668 cm -1 of C-S-H(I) and both
com- pletely disappeared with intense treatment. The
(Si-0) stretching vi- brations of 1078 cm -1 and 1173
cm -1 of quartz disappeared as well,  however,
broadened and weakened bands at 1095 cm -1 and 1165
cm-1 were  measured, i.e. quartz was depolymerised. In
the range of the OH  stretching vibration additional
bands caused by silanol groups occur  



after grinding. This finding was confirmed by 29Si
solid-state NMR studies. C-S-H(I) - 18  having a molar
ratio of Ca:Si of 1.2 clearly contains Q1 and Q2 sili-
cate species at a ratio of 3 to 2. After the grinding a
broadening of  the Q2 signal, the constant Q1 and newly
Q3 were present. Q4 decreased  which proves the
depolymerization of Si02. The results of the X-ray
diffraction prove the reaction as well. Gen- erally the
X-ray amorphous proportion rises with an increasing
grind- ing period. The characteristic basal reflection
of C-S-H(I) having a  molar ratio of Ca:Si of 1.2 at
11.45 A clearly decreases in intensity  together with
other reflections when the grinding period is short.
Weak but still recognizable reflections appear shifted;
e.g. from  3.05 A and 2.8 A to 3.02 A and 2.84 A,
respectively. The hydration of the hydraulic binder was
followed by means of a  thermal-conductivity
calorimeter. Due to the heat of wetting, a maxi- mum of
the heat release occurred directly after the injection
of wa- ter. Then the heat release subsided almost
completely in order to fi- nally rise after a minimum
at about 25 minutes to a second maximum  after 4 to 5
hours. After that the heat release slowly decreases and
after 40 to 100 hours asymptotically approaches the
zero line. After hardening, the Q2 NMR signal, which
proves the new formation of  the C-S-H phase, dominated
the spectrum of the set building material.  It was also
possible to detect the new formation of the C-S-H phase
by X-ray diffraction through reflections in the X-ray
powder diffrac- togram at 3.05 A and 2.8 A as well as
the generation of a broad re- flection between 17 A and
11.5 A. Both measurements prove the forma- tion of a
calcium silicate hydrate having a lower molar ratio of
Ca:Si in the set building material as compared to the
starting mate- rial C-S-H(I). Finally, in the IR
spectrum of the pure set building material the  



(Si-0) stretching vibration of the C-S-H chase is at
970 cm 1, which  corresponds to a molar ratio of Ca:Si
of < 1, and thus to a higher  polymerization as
compared to Portland cement. Furthermore, the Si-C - 19
Si band at 668 cm -1 was clearly recognizable. At a
ratio of water to binder of 0.3 and by adding three
parts of  sand to one part of binder, a compressive
strength of 20 N/mm2 was  exceeded after 28 days.
Example 2 A hydrothermally synthesized mixture
containing C-S-H(I) phase having  a molar ratio of
Ca:Si of 1.0 and quartz was used as starting materi-
als for grinding. First, the hydrothermal synthesis of
the mixture will be described.  For this purpose,
Ca(OH)2 and quartz were at first crushed for 180
seconds in a disk vibration mill and homogenized. 90 ml
of millipore  water and 10 ml of 1M-NaOH were added to
30 g of this mixture. Then  the total amount was
treated hydrothermally for 8.5 hours at 190C in  a
steel-cased autoclave made of Teflon. The powder
diffractogram showed that beside the main phases
C-S-H(I)  and quartz the hydrothermally synthesized
mixture contained smaller  amounts of 11 A-tobermorite,
a-C2SH, portlandite and CaCO3. C-S-H(I) had no basal
reflection and thus was less crystalline (i. e.  more
disordered) than the C-S-H phase used in Example 1. The
reflec- tion at 0.305 nm had the highest intensity,
additionally a reflection  occurred at 0.28 nm having
40 to 50% of the intensity of the reflec- tion of 0.305
nm. In the infrared spectrum C-S-H(I) was characterized
by an intensive and broad band at 972 cm-'', which
corresponds to the  (Si-0) stretching vibration. The
Si-0 stretching vibration of the  quartz, which was
also contained in the mixture, was at 1078 cm-i.
Subsequently, 2.2 g of this mixture were ground in a
disk vibration  mill for 180 seconds and thus
transferred into an inventive mixture  



containing the inventive hydraulic binder. - 20  After
the grinding the main band of the C-S-H is broadened
without  any visible change of frequency. A further
broad main band of Si-0  stretching vibrations has a
maximum at 1102 cm -1. This shows the de-
polymerization of the quartz as a result of the
grinding. In the  range of the OH stretching vibration
additional bands caused by si- lanol groups occur after
the grinding. This finding was confirmed by 29Si NMR
spectroscopy, the measurements  after the grinding
process resulting in an average silicate polymeri-
zation degree of Q'8 with a very broad distribution of
the signal in  the range of Q (chemical shift up to -70
ppm) to Q2 (chemical shift  up to -90 ppm). In the
X-ray powder diffractogram the C-S-H reflections were
only  weakly recognizable after the grinding. Similar
to Example 1 there  was a slight shift of the
reflection at 0.305 nm and 0.28 nm to 0.302  nm and
0.284 nm, respectively. The intensities of the
reflections  equalize themselves. Secondary phases like
portlandite, calcite and  a-C2SH are completely
destroyed during grinding. In total, the small  angle
scattering clearly decreased after the grinding: the
sample was  homogenized. Subsequently, the inventive
mixture containing the inventive hydrau- lic binder was
mixed with water. The binder was hydrated by adding
water (mass ratio of water:binder = 1.0). In the first
few seconds  after the proportioning of (mixing) water
the release of heat of wet- ting was observed. After a
period of very little net heat release  (so-called
dormatory period) the actual hydration process started
al- ready after a few minutes up to some hours. At a
ratio of water to  binder of 0.3 and by adding three
parts of sand to one part of binder  a compressive
strength of 20 N/mm2 was exceeded after 28 days. The
amount of C-S-H strongly increased in the X-ray powder
diffracto- 



gram. Apart from reflections at 0.305 nm and 0.28 nm
(C-S-H(I)) a - 21  broad reflection was present between
1.9 nm and 1.2 which is typical  of the hydration
product C-S-H phase having a molar ratio of Ca:Si of
less than 1. Example 3 Ca(OH)2 and aerosil were used as
starting materials. First, 17.7 g of  Ca(OH)2 and 14,3
g of aerosil were intensely mixed in a wobble mixer  by
means of zirconium oxide balls and compacted (volume
reduction).  The specific BET surface of the mixture
was 87 m2/g. Next, 4 g of  this mixture were each
ground differently and reacted to the inven- tive
binder. This took place in a disk vibration mill in
tungsten  carbide grinding vessels for 60 seconds
(specific surface after the  grinding 17.5 m2/g) and
180 seconds (4,2 m2/g), respectively, and in  a ball
mill in zirconium dioxide grinding vessels for 60 min.
(5.8  m2/g) and 180 min. (3.0 m2/g), respectively. The
formation of the inventive binder was tracked in the IR
spec- trometer. The initial frequency of the v2 O-Si-O
of 471 cm -1 in  aerosil changed to 478 cm 1 with the
line broadening simultaneously.  This is proven by an
internal deformation of the Si tetrahedra which
results from changed surroundings of the Si tetrahedra,
i.e. a low- ered connectedness. The band at 388 cm 1,
which corresponds to the  librational vibrations of the
OH groups in portlandite, disappeared  through the
grinding. At the same time the OH vibration of the
port- landite at 3660 cm -1 lost some intensity and
finally also disap- peared. This finding proves that
there was a destruction of the port- landite. Moreover,
the newly formed binder became visible by a new broad
and  very intensive band at 1000 cm 1. The main
infrared bands at 1105 cm 1  and 1205 cm 1,
respectively, which are known as (Si-0) stretching vi-
brations of aerosil, were recognizable only as a
shoulder which  



proves the depolymerization of the aerosil and the
generation of a  new phase having (Ca-O-Si) bonds as a
consequence of the grinding. In - 22  the range of the
OH stretching vibration additional bands caused by
silanol groups appear after the grinding. The hydration
of all four batches, which proceeded within a time of
30 hours, was followed by means of a thermal flow
calorimeter. An in- creasing grinding period
accelerated the hydration reaction. At a ra- tio of
water to binder of 0.3 and by adding three parts of
sand to  one part of binder, a compressive strength of
20 N/mm2 was exceeded  after 28 days. Example 4 A
hydrothermally synthesized mixture of C-S-H(I), a-CZSH,
10 A- tobermorite and quartz was used as starting
materials for grinding.  For the synthesis of the
hydrothermally synthesized mixture Ca(OH)2  and quartz,
a solution of 1M of NaOH and H2O were hydrothermally
treated in a steel autoclave for 4 hours at 160C. A
quantitative X-ray analysis showed that the
hydrothermally synthe- sized mixture consisted of 37%
by weight of amorphous C-S-H phase,  50% by weight of
a-CZSH, 12% by weight of quartz as well as a smaller
amount of 10 A-tobermorite, portlandite and CaCO3. In
the IR spectrum  the amorphous C-S-H phase is
characterized by an intensive and broad  band at 945 cm
1, which corresponds to the (Si-0) stretching vibra-
tion. The Si-O. stretching vibration of a-CZSH is at
985 cm- 1. A fur- ther band at 754 cm__ is also typical
of a-CZSH and corresponds to the  Si-O(H) stretching
vibrations. 52 g of this mixture were mixed with 52 g
of sand and subsequently  ground in a disk vibration
mill for 720 seconds and thus transformed  into the
inventive mixture containing the hydraulic binder. The
X-ray  diffractogram shows that no crystalline
components except for quartz  are present. A
quantitative phase analysis using the Rietveld method 



- 23  and an internal standard shows that the binder
consists of 55% by  weight of amorphous phase and 45%
by weight of quartz. After the grinding the main band
of the C-S-H is considerably broad- ened. While the
band of the Si-O stretching vibrations of a-CZSH re-
mains clearly visible, the band at 754 cm -1 (Si-O(H)
stretching vi- brations, (X-CZSH) is no longer present.
All bands of the a-CZSH, to  which H-atoms contribute,
are either no longer there or considerably  weakened.
What is new is an absorption between 3200 cm-land 3750
cm -1  which corresponds to newly occurring bands
caused by silanol groups.  The strongest bands of
quartz (1078 cm -1 and 1177 cm 1) shifted to 1095 cm-1
and 1165 cm 1, respectively, which proves a partial
depoly- merization. The binder was hydrated by adding
water (mass ratio of water:binder =  1.0). In the first
few seconds after the proportioning of (mixing)  water
the release of heat of wetting was observed. After a
period of  very low net heat release (so-called
dormatory period) the actual hy- dration process
started already after a few minutes until up to some
hours, the maximum of the heat release being reached
after 5 to 10  hours. At a ratio of water to binder of
0.3 and by adding three parts  of sand to one part of
binder, a compressive strength of 20 N/mm2 was
exceeded after 28 days. The new formation of C-S-H
phase having a molar ratio of Ca:Si of  about 1.0 was
detected by X-ray diffraction. - 24 - We Claim: 1. A
monophase hydraulic binder containing silicon, calcium,
oxygen  and hydrogen atoms in an arrangement comprising
silicate building  units having an average
connectedness of higher than Q1'5 and si- lanol groups,
with none or a part of the calcium atoms being sub-
stituted for by a metal atom M[6]x' sixfold or higher
coordinated  



with oxygen and/or none or a part of the silicon atoms
being sub- stituted for by a metal atom M[4]Y`
tetrahedrally coordinated with  oxygen, the molar ratio
of [CaO + (x/2)  (M[6]x+Ox/2) ] : [Si02 + M[4]Y+Oy/2]
having a value of 0.2 to 2.0 and the binder containing
3.5% to  20% by weight of H20 2. The monophase
hydraulic binder of claim 1, said molar ratio of  [CaO
+ (x/2)  (M[6]x+Oxi2) ] : [Si02 + M[41Y+Oy/2] having a
value of 0.3 to below 1.0. 3. The monophase hydraulic
binder of claim 1 or 2, with a part of  the calcium
atoms being substituted for by Na, K, Li, Mg, Sr, Ba,
Mn, Fe[+II] or Al[+III] atoms. 4. The monophase
hydraulic binder of any one of claims 1 to 3, with  a
part of the silicon atoms being substituted for by Al,
Ge, B,  P, Fe, Be or Ti atoms. 5. The monophase
hydraulic binder of any one of claims 1 to 4 which
reacts to hydrates after adding water, wherein more
than 50% by  weight of the hydrates are calcium
silicate hydrates having a mo- lar ratio of - 25  [CaO
+ (x/2)  (M[6]x`O./2) ] : [Si02 + M[4]Y+Oy/2]  of
smaller than 1.5. 6. A mixture containing a monophase
hydraulic binder of any one of  claims 1 to 5. 7. The
mixture of claim 6, containing at least 10% by weight
of the  monophase hydraulic binder. 8. A method for
manufacturing a monophase hydraulic binder of any  one
of claims 1 to 5 by - reaction grinding a first
starting material containing cal- cium, silicon, oxygen
and hydrogen atoms present in the form  of structural
water, crystal water or hydroxide groups as  



well as silicate building units having a connectedness
of Q  to Q2, with a second starting material in the
form of a solid  silicate raw material having a
connectedness of the silicate  building units of Q3 to
Q4, and, - as long as the water content is above 20% by
weight, drying  the monophase hydraulic binder to an
H2O content of 3.5% by  weight to 20% by weight. 9. The
method for manufacturing a monophase hydraulic binder
of any  one of claims 1 to 5 by - reaction grinding a
material, which forms a first starting  material during
reaction grinding containing calcium, sili- con, oxygen
and hydrogen atoms present in the form of struc- tural
water, crystal water or hydroxide groups, as well as
silicate building units having a connectedness of Q0 to
Q2,  with a second starting material in the form of a
solid sili- cate raw material having a connectedness of
the silicate  building units of Q3 to Q4, and, - as
long as the water content is above 20% by weight,
drying  the monophase hydraulic binder to an H2O water
content of - 26 - 3.5% by weight to 20% by weight. 10.
The method for manufacturing a mixture according to
claim 6 or 7  by - reaction grinding raw materials
containing a first starting material of claim 8 or a
material  which according to claim 9 forms the first
starting material  during reaction grinding, and
containing a second starting material of claim 8 or 9
and  further materials, and, - as long as the H2O
content of the monophase hydraulic binder  is above 20%
by weight, drying the mixture until the mono- 



phase hydraulic binder contained therein has an H2O
content  of 3.5% by weight to 20% by weight. 11. The
method of any one of claims 8 to 10, wherein quartz or
quartz  sand are used as the second starting material.
12. The method of claim 8, 10 or 11, wherein the first
and the second  raw materials are present together in
one material. 13. The method of any one of claims 10 to
12, wherein cement stone  that is no longer used as
building material or mortars which may  contain
aggregates or sand, are directly ground. 14. A building
material, manufactured by setting the monophase hy-
draulic binder of any one of claims 1 to 5 or the
mixture of  claim 6 or 7 with water and subsequent
hardening. 15. The building material of claim 14,
containing alkali-sensitive  additives. 


