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MATERIAL AND A CERAMIC MATERIAL MANUFACTURED THERE FROM.

TECHNICAL FIELD

The present invention relates to a radiopaque and chemically bonded ceramic material, the
binder phase of which consists mainly of a cement-based system. The invention also relates
to a powdered material that has the capacity to form said ceramic material when it is
saturated with a liquid reacting with the binder phase, and a method of manufacturing this
powdered material. The invention has been de\}eloped primarily with a viéw 1o dental and
orthopaedic purposes, but can also be applied in other application areas.

PRIOR ART AND PROBLEMS

The present invention relates to binding agent systems of the cement system type, in
particular the system Ca0-Al;03-(Si0z)-H,0. Studies carried out according to the
inyention and earlier works (SE 463 493, SE 502 987 and SE 514 686) have produced
results that indicate great potential for the system for strong and acid-resistant materials
such as dental filling material. No other dental ﬁllmg material existing today meets all the
requirements in respect of b1ocompat1b111ty, aesthetics and function that can be posed by -
patients and dental service staff.

A description is given below of the practical demands that should generally be made on a
dental filling material. Good handling ability with simple applicability in a cavity,
moulding that permits good modellability, hardeninig/solidification that is sufficiently rapld
for filling work and provides serviceability directly following a visit to the dentlst

'Furthermore hlgh strength and cotrosion resistance exceeding that of earlier ﬁllmg
materials, good blocompaﬁbmty, radlopaclty for X-ray purposes, good aesthetics and safe

handling for staff without any allergy-provoking or toxic additives in the material are -
required. Good long-term attributes as regards dimensional stability are also demanded.

In SE 463 493 it was described how a chenically bonded ceramic material, e.g. for dental
purposes, can be caused to exhibit increased strength characteristics in that a powder body
consisting of one or more hydraulic binding agents and possible ballast material is
comia'acted at such a high external pressure and at so low a temperature that a well held-
tbgether raw compact is obtained without sintering reactions on compacting. The filling
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density in this raw compact has increased to at least 1.3 times the initial filling density,
which is 'deﬁned as the filling density attained through shaking, vibration and/or light
packing of the loose powder into a container, The user of the material prepares the same by
saturating the raw compact with a hydration liquid prior to application qf the matenial or in

situ in a cavity, e.g. a tooth cavity.

More récently it has been shown in SE 502 987 that for cement systems complete hydration
(which was regarded as reducing the risk of dimensional changes) can take place if

< complete soaking and subsequent compaction of the cement systern takes place with the aid

ofa specially designed stopper.

More recently still it has been shown in SE 514 686 thata cement system of the type
referred to in SE 463 493 or SE 502 987 can be caused to exhibit dimensionally stable
long-term attributes if the material includes one or more expansion-compensating additives.

Materials that are produced according to SE 463 493, SE 502 987 or SE 514 686 have

__certainly proved to satisfy most ofthe demands that can be made according to the above on’

derital filling material. However, it has proved to be the case that the aesthetics of the
material suffer, in spite of a colour similar to natﬁral tooth colour, due to the fact that the -
miaterial is opaque, which means that the material does not have adequate optical attributes
to appear hatural. Natural tooth transmits light, especially enamel. The manrier in which the

- light is diffused through the tooth is described as translucent, which is to be differentiated
_from transparent. A definition of a translucent material reads: “A material that reflects,

transmits and absorbs light. Objects cannot be seen clearly through the matetial when the
material is placed between the object and the observer.” (Lemire, Burk, Coior n dentisfry,
M Ney Company (1 975)). One method of measuring translucence is to determine the
ratio between the quant1ty of reflected hght with a white background and with a black
background (ISO 9917). A material is described as translucent if it has opac1ty of between
35 and 90%, as opaque above 90% and transparent below 35%. Natural dentine has an
opacity of approx. 70%, while natural enamel has an Qpamty pf around 35%. The ablhty of
a filling material to imitate the appearance of the natural tooth depends to a large extent on
the material being translucent.
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In the abstract to JP 57209871 it is stated that translucence can be attained in a material of
Portland cement and water glass.

In JP 51111828, a method is described for the production of 3Ca0-Al,05-6H,0. In the
method, the raw materials for the binder phase are mixed with a surplus of water for 1-20°

hours, with gradual heating from room temperature to 100°C. It is stated that hydrated

calcium aluminate in the form of 3CaO-A1203-6H20 is formed theréby. This hydiated
calcium aluminate is heated to between room temperature and 100°C and compressed at the
same time at 50-800 MPa for 10-60 minutes, possibly following the addition of fiirther
water, to form a ceramic that is then dried at 60,—250°C withoit the water of crystallization
being evaporated. In the method described in JP 5111 1828, the mechanical compression of
already hydrated material is thus executed.

A related problem is that of achieving raciiopacity at the same time as translucence, the
former being requlred in a filling material in order for it to be able to be distinguished
cléarly from natural tooth and the onset of decay respectlvely inf X-raying. The prcblem is
due fo the fact that the X-ray contrast aids that aré common nowadays, e.g. ZrOz and SnO,,
interfere with the translucence. Even in an orthopaedié context or other non-biological -
context 1t is often désirable to have radioliacity, eéven if the need for translucence does not
exist in this case.

Yet another problem is that of achieving the highest possible mechanical strength and
hardness in the ceramic material formed. It is also désirable here, especially in connection.
with dental purposes, primarily ﬁllmgs for hardness to -develop rapidly. Increased chemical
stability is also an aspect, in which the share of A1** in the material influences stability. It
18 desuable for the quanttty A1* to be minimized.

ACCOUNT OF THE INVENTION

- One object of the present invention is to provide a ¢eramic material of the type stated in the

introduction, which material exhibits radiopacity, high mechanical strength and rapid
hardness dévelopment. The material shall preferably exhibit translucence at the same time,
at least if the material is intended for dental purposes. The invention also aims to provide a
powdered material that has the cépacity following saturation with a liquid reacting with the
binder phase to hydrate to a chemically bonded ceramic material of the type intended
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according to the invention. The invention also aims to offer a method for the manufacture
of such a powdered material. The invention also aims to offer a ceramic filler material.

The desired objects and others are achieved according to the invention in that the binder
phase of the powdered material mainly consists of Ca0Al,0s (ss) and/or 3Ca0-AL0s (ss)
and in that the powdered material and thus the ceramic material contain an atom type with a
density above 5 g/om®, expressed as the density of the element that corresponds to the atom

type.

In product terms, this means that the binder phase of the ceramic material formed has a mol
ratio Al;05-3H20 (ss) to 3Ca0-ALO36H;0 (ss) of a maximum of 2:1, preferably of less
than 1:5 and éven more preferredly less than 1:10.

- The designation (ss) here means “solid solution”, As will be described in greater detail

later, this means that the binder phase can, but does not have to, contain other atom types
that are present in solid solution in the bmder phase, these replacing Ca and/or Al in full or

in part. In the quantity fatios that are indicated, these othet atom types are counted as Ca or -
Al

The term binder phase is taken here to mean a cement content in the material, regardless of
whether the powdered material or the hydrated ceramic product is in question.

In method terms, the object of the invéntion is achieved in that the method for the |

manufacture of the powdered material comprises the stages of:

a) Mixing raw materials for the binder phase Gontaining Ca and Al in a ratio Ca:Al
greater than or equai to 1:2.4, pfeferably greater than or equal to 1:2.2 and most
preferredly greater than or equél to 1:2, but rio greater than 3:2.

.b) Physically reducing diffusion paths betweer atonfs in the various raw materials,

c¢) Sintering the material 4t an increased temperature to form said binder phase which
consists mainly of CaQ-Al;0; (ss) and/or 3Ca0-ALO; (ss), the mateérial in stage a)
and/or following stage ¢ being brought to contain one or more heavy atom types with a
density of over 5 g/cm’, expressed as the density for the element of the atom type.
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On hydration, two final phases, 3Ca0-Al;03-6H0 and AL O33H20 will always be formed
from conventional cement mixtures containing caleium aluminates of the phases A
Ca0-A1,05 and Ca0-2A1,0s. The invention is based on the knowledge that Al;03-3H,0 is
not desirable as it can have a detrimental effect on the mechanical properties of the ceramic
prbduct To have more than one phase also affects the refraction of light by the ceramic
material, since Al,033H;0 and 3Ca0-Al,03:6H;0 have different refractive indices. It is
therefore desirable to be able to manufacture a material that has 6nly one phase, namely
3Ca0-Al,05'6H;0, in the hydrated staté, or at least to be able to manufacture a material
that has a minirnized contént of ALOs-3H,0. By using only 3Ca0-AlLOs as the binder
phase, the hydrated material can be controiled‘to contain only 3Ca0-Al,0;3-6H,0 .

-3Ca0-Al;05-6H;0 has 4 higher mechanical strength than Al:05:3H;0 and the refraction is

also reduced, resulting in lower opacity, i.e. ir;créased translucence. It is also the case that
the hydration time is shortened, as fewer phases are formed, and that several stages in the
hydration process are shortér. By instead using only CaO-Al;O; as the binder phase, the

- hydrated material can be ¢ontrolled to contain 3Ca0-Al,03-6H;0 to ALLOs-3H;0 in the
ratio 1:2, which signifies a considerably greater proportion 0f 3Ca0-Al,03-6H,O than if

conventional pbwder mixtures containing calcium alurninates of the phases. Ca0-AlyO3 and
Ca0-2A1,05 are used. Naturally mixtures of CaO-Al;0; and 3Ca0-Al,0; can also be used
for a reduced formation of Al,03-3H,0. However, the binder phase’s content of '
Ca0-2A1,0; should be minimized and preferably omitted cémpletely.

Yet another advantage of the ceramic material according to the invention is that it contains
a lower propoi'jtion of Al ions than conventional calcium aluminate compositions, which

ought to be an advantage in biological systems, especially in.orthopa'edic applicatiéns.

With a view to achieving radiopacity, the powdered material, and thus also the ceramic

. product, contains at least one heavy atom type with a density of over 5 glom’, preferably

Zr,La, Ta, Zn, Ba and/or St. It is preferred that this/these atom type(s) form part of one or

"more compounds that also contain fluoride.

According to one aspect of the invention, the powderéd material and thus also the ceramic
product contains in addition to the binder phase one or more additives that contain the
heavy atom type or atom types and that have a refractive index in visible light that deviates
by a maximum of 15%, preferably a maximum of 10% and even more preferredly a
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maximum of 5% from the refractive index of the binder phase when the binder phase is
hydrated. It is preferred that the additive is a glass, i.e. amorplious phase, most preferredly a

silicate glass.

Examples of additive rnatenals that satisfy one or inore of the stated requ1remems are:
silicate glass, barium aluminium borosilicate glass, barium aluminium fluorosilicate glass
barium sulphate, barium fluoride, zucomum—zmc strontlum-borosmcate glass, apatite,
fluorapatite and sirnilar materials. In these materials baritim can be exchanged for strontium
and the materials can also contain fluoride. The addltlvg materials can also have any
morphology or fonn; includirig: spheres, regular or irregular forms, whiskers, plates or the
fike. Particles of the additive material should be smaller than 50 pm, preferably smallér
than 20 pm and even more preferredly smaller than 10 pm. The size of the particles is
measured by laser diffraction and calculated as the volume mean value D[4,3]. Additive
materials of this type can be.present in total quantities of at least 3% by volume, preferably
atleast 5% by“volume and even more preferredly at least 10% by volume, but at most 55%
by volume, preferably at most 50% by volumie and even moré preferredly at most 45% by
volume in the powdered material.

According to the above, according to an altemative embodiment of the invention, the heavy
atom type or atom types can instead be included in the actual binder phase in such a way
that they reﬁlace Ca and go into the solid solution (ss) in the binder phase, or alternatively
form a-compound that is close chémically and/or structurally. Apart from Ca positions

: (where Ba, Sr ete. can replace Ca), solid solution (ss) in e.g, 3Ca0-A1;056H0 is possible

in H,0 positions (whete oxides of Si, Ti, Zr etc. or fluorides can replace H>0) and in Al

_positions (where Fe,V, Sn, Bi and P etc. can replace AD), it bemg possible to influence

propertles apart from radiopacity, such as dimensional stability, ‘chemical resistance etc.
posmvely To manufacture the binder phase raw materials are preferably used in this case
that conitain & heavy atom type in the same group as C4 in the periodic system, suitably Ba
and/or Sr, and in addition possibly-fluoride. The advaritage of this is that the actual binder
phase is radiopaque, and that the atoms that provide radiopacity do not interfere with
translucence.
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The two variants can naturally also be combined, additives with a heavy atom type being
mixed into the powdered material together with the binder phase, which binder phase also

contains heavy atom type(s).

In the same way as Ba and/or St can be used to replace Ca in the binder phase, with a view
to achieving radiopacity and translucence at thé same time, silicon in the form of fine

crystalline silica (microsilica) and/or Portland cement (OPC) can be caused to go into solid

solution (ss) in the binder phase, with a view to achieving dir'nensional stability of the
ceramic product.

Solid solution (ss) in e.g. 3Ca0-Al;05:6H,0 can be produced in such a way that the solid
solutions — with increased radiopacity — are non-hydrating. In these cases, these can be used
advantageously as an inert phasé to analogue solid solutions that are hydrating. This
considerably increases the degree of freedoi as regards the choicé of raw materials and
manufacturing criteria.

The powdered material shall further satisfy the requirements indicated above for
mouldability and durability, and be easy to handle in connection with its wetting and
application in a cavity, e.g. a tooth cavity. The ceramic material formed should also, fof
dental applications, meet the demands made on such a material according to the above. It is
especially prefetred that the matérial exists in the form of a raw compact that has a degree
of compaction of 40-80% by volume solid phase, preferably 50-70% by volume solid phase
and even more preferredly 55-65% by volume solid phase prior to hydraﬁod, in a manner

* such as described in SE 463 493. However, the invéntion is also fully applicable in

connection with a Wet-mouldéd material that exists in powder form prior to hydration, such
as the material described in SE 502 987. The material can also contain one ot more
expansion-compensating additivés suitable for giving the ceramic material dimensionally
stable long-term attributes, such as deséribed in SE 514 686. It is genei'aﬂy the case that
said binder phase consists at least chieﬂy of calcium aluminate cement. However, the

~ addition of one or moré other cement binder phases to a total amiount of less than 30% by

volume can be used, preferably 1-20% by volume and even more preferredly 1-10% by
volume. Admixtures of ordinary Portland cement (OPC cement) or fine crystalline silica,
which according to the above can possibly be included in solid solution in the binder phase,
are used advantageously. Furthermore, it is desirable for the material to have a hardness of
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at least 50 HV in t'he.hydrated state, preférably at least 100 HV and even more preferredly
at least 140 HV.

DETAILED DESCRIPTION OF THE INVENTION

According to one aspect of the invention, the binder phase of the powdered material
consists up to at least 70% by weight, preferably at least 80% by weight and even more
preferredly at least 90% by weight, of CaO- Al,05 and/or 3Ca0-Al;0; (ss)

According to another aspect of the invention, the binder phase of the powdered material
consists mainly of 3Ca0-ALO; (ss), preferably up to at least 70% by weight, more
preferredly at least 80% by weight and most preferredly at least 90% by We1ght
Alternatively, the binder phase of the powdered material consists mamly of Ca0-AlL, 05 (ss),
preferably up to at leéast 70% by weight, more preferredly at least 80% by weight and most
preferredly at least 90% by welght All mixtures between these altematlves are also
conceivable.

A first embodiment of the method for manufacturing the powdered material comprises the

stages of’

a) Mixing raw materials for the binder phase containing Ca and Al in a ratio Ca:Al
greater than or equal to 1:2.4, preferably greater than or equal to 1:2.2 and most
preferredly greater than or equal to 1:2, but no greater than 3:2. ‘

b) Mechanically reducing the diffu‘sion'paths between atoms in the various raw materials
by pressurizing the raw materials, e.g. through cqld isostatic pressing, ata pressure of
10-350 MPa, preferably 50-300 MPa and even more preferredly 150-250 MPa, to form’
a pressed powder body,
following which the powder body is finely divided into granules, preferably of less
than 1 mm, even more preferredly of less than 0.5 mm and thost préferredly of less
than 0.3 mm in size, '

c) Smtenng the material at a temperature of at least 1200°C to form said binder phase,

- which consists mainly of Ca0-ALO; (ss) and/or 3Ca0-ALO; (ss),

d) Grinding the material to a particle size of less than 80 pm, preferably less than 30 pm
and even moré preferredly less than 20 pm,

e) Mixing the material with any additives,
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1)

Pressing the material to form a raw compact with a degree of compaction 6£40-80%
by volume solid phase, preferably 50-70% by volume solid phase and even more
preferredly 55-65% by volume solid phase.

According to one aspect of the method, said smtermg is carried out 4t a minimum of
1250°C, preferably a mirimum of 1275°C and even more preferredly at least 1300°C bit at
most 1600°C, preferably at most 1550°C and even more preferredly at most 1360°C forat
least 2 hours, preferably at least 4 hours and even more preferredly at least 6 hours, said

sintering preferably being preceded by drying at an increased temperature that is below the

 sintering temperature, e.g. ata terhperature of around 1000°C.

A second embodiment of the method for manufacturing the powdered material comprises
the stages of: '

a)

Mixing raw materials for the binder phase containing Ca ad Al in a ratio Ca:Al

- greater than or equal to 1:2.4, preferably greater than or équal to 1:2.2 and most

b)

preferredly greater than or equal to 1:2, but no greater than 3:2.

Chemically reducing the diffusion paths between atoms in the various raw matenals by
mixing the raw materials with 2-10 times more water than powder raw material, which
mixture is heated to 30-100°C while stirring for 1-20 hours, preferably 2-5 hours, to
form 3Ca0-Al,03-6H,0 in grain shape, following which any dissolved water is.
evaporated at a temperature lower than 250°C, preferably lower than 150°C, even more

preferredly lower than 100°C butat least 50°C, -

Sintering the material through heat treatment at a temperature of over ’750°C
preferably over 500°C and even more preferredly over 1000°C for at least 15 minutes,
preferably at least 1 hoﬁ;, the water qf.crystall_i;aj;iqn_ev_a_ppfq@ir}g:agd said binder |
phase being formed, which consists mainly of Ca0-Al,Os (ss) and/or 3Ca0-ALOs (ss),
Grinding the material to a particle size of less than 80 pm, preferably less than 30 pm
and even more preferredly Jess than 20 pm, |

' Mixing the material with any additives,

Pressing the material to form a raw compact with a degree of compaction of 40-80%
by volume solid phase, preferably 50-70% by volume solid phase and even more
preferredly 55-65% by volume solid phase.
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- According to one aspect of the method, regardless of the embodiment, said raw materials

céntaining Ca and Al consist of at least one of the raw materials in the group that consists
of powdered Ca0, CaCl,, Ca(OH), and CaCOs and at least one of the raw materials in the
group that consists of powdered Al;03, AlCl3, Al05.H0 and AI(OH)s: In the event that it
is desired to manufacture a binder phase that contains a heavy atom type in solid solution,
the whole or parts of the raw materials COntaining Ca can be exchanged for Ba and/or Sr
conipound(s), e.g. BaO, BaCly, BaOq, Ba(OH)28H;0, BaFs,, BaHj, St0, StCl,,
S1(OH),-8H,0; StF,, SrHy. 0 to 100%, preferably 20 50%, of the raw material contammg
Ca can thiereby be exchanged for raw material containing Ba and/or Sr. .

In the event that it is desired to manufacture a binder phase containing silicon and/or

fluoride in solid solution, the raw materials can also contain fine crystalline silica

(microsilica) and/or Portland cement (OPC) and/or fluorides of Na, Ca, Bgi, Sr etc.

In the event that it is desired to manufacture 4 bindér phase that contains metals such as
iron, vanadium, titanium, zircénium, tin, bismuth in solid solution, the raw materials can
also contain oxides, hydroxides or salts of thése elements.

In the event that it is desired to manufacture a binder phase that contains phosphorus in
solid solution, the raw materials can also contain Ca, Ba, Sr-phosphates and apatites
including fluorapatite.

According to an aspect of the invention, it is preferred that the mateﬁal regardless of the
embodiment, is ground 1 in stage d and possibly screened so that the matenal has particle
sizes of over 3 pm, preferably over. 2 pm and eyen more preferredly over 1 pm and/or
particle sizes under 300 nm, preferably under 200 nm. The particle size is measured by
laser diffraction anid the volume-we1ghted mean value is indicated (also called D[4,3]).

Itis preferred from the translucence viewpoint that the raw materials for the binder phase
have a high Whiteness, the whiteness value preferably exceeding 70, preferably exceeding
74 according t6 ASTM E313. The content of transition metals in the powder mixtute
should for the same reason be under 0.5% by weight, preferably under 0.4% by weight.
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The translucence can be improved further by a low level of porosity of the finished ceramic -
material, preferably a porosity level of less than 20%, even more preferredly of less than
10% and still more preferredly of less than 5%.

Thanks to the invention, the ceramic material formed can be caused to have a transhucence
corresponding to 35-90%, preferably 40-85% and everi more prg:f’erredly 50-80% opacity.
At the same time, a hardness of at least 50 HYV, preferably at least 100 HV and even more
preferredly 140 HV can be achieved.

‘To manufacture a filler material, the method for manufacture according to the second

embodiment can be interrupted after stage b. A filler material of this kind is a ceramié
product in itself according to the invention, which can be used as an additive in stage e. The
stirring in stage b can possibly be controlled in this case so that the selected desired form
can be achieved for the filler particles, or also the grains can be post-treated to the desired

shape.

EXAMPLE 1

A series of experiments was carried out to study the effect of different process parameters
in the manufacture of calcium aluminate, 3Ca0-AlL,0s, and its influence on the mateial’s
translucence and mechanical properties, without fegard to radiopacity.

Description of raw materials
Calcium aluminate of the phases CgO-AJzog and Ca0-2A1,0; forming part of e.g. calcium
aluminate cement (Alcoa or alternatively Lafarge) Ca0, Ca(OH),, Al(OH)s, Al,O3 (Merck).

Examples &) —~d) beloﬂ d’escrz'bé

a) Manufacture of 3Ca0-Al,Os at high température from CaO and Al,05
» Manufacture of 3Ca0-Al,O;3 at low temperature from CaO and Al,O5
o Manufacture of 3Ca0-Al,Os at high temperature from Ca(OH); and AI(OH);
¢ Manufacture of 3Ca0-Al,O3 at low temperature from Ca(OH), and Al(OH)s

The raw materials were mixed in such proportions that the mol ratio Ca:Al was 3:2.
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Following mixing, the powder was subjected to cold isostatic pressing in examples a) — d)
at 250 MPa for a green body. Following pressing, the green bodies were ground into small
granulés. The powder mixtures in examples a) — d) were then sintered according to the

following cycles:

a) 1000°C for 1 hour followed by 1480°C for 8 hours then coolmg to room

temperature for 1 hour. '
~b) 1000°C for 1 hour followed by 1350°C for 12 hours then cooling to room

temperature for 1 hour.

¢) 1000°C for 1 hour followed by 1480°C for 4 hours then cooling to réom
temperature for 1 hour. '

d) 1000°C for 1 hour followed by 1350°C for 6 hours then cooling to room
temperature for 1 hour.

Verification (X-ray dlﬁ:‘ractlon) of the resulting phase composmon in examples a-d)
following smtenng showed that all the ongmal powder has been converted to 3Ca0-AL03

‘The powders in examples a-d) were grOnn’d in a ball mill with inert grinding balls of silicon

nitride with a filling level of 35%. Isopropanol was uséd as the grinding liquid. Following
grinding, all the powder had a grain sizé of less than 20 um. Following evaporation of the
solverit, cyliridrical faw compacts were made with a diameter of 10 mm and a height of 1
mim, which were wetted with water. The material was then kept moist at 37°C for a week
prior to measureménts of translucence. The measurements of translucence were carried out
according to ISO 9917 (100 meins opaque and 35 to 90 means transhicence). The hardness
(Vickers method) of the material was measured after one week, The material was compared .
with a calcium aluminate cement containing the phases CaO- A1203 and Ca0-2AL0;
(LaFarge). The phase composition following hydratlon was also verified (X-ray diffraction
(XRD)). The results are shown in Table 1.
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Table 1
Sample designation Hardness ' Opacity (%) Phase composition
. [ HVoa (Co.10) | (XRD)

Reférence 130 73 | Al,033H,0 and

| | 3C20-ALOs6H;0
A 275 39 3Ca0-ALL036H0
B 290 | ' 43 , 3Ca0-A1,05-6H0
C 282 40 . . - | 3Ca0-ALOs6HE0
D 1295 44 3Ca0-Al056H:0

The results show that a material with increased hardness and improved translucence can be
obtained by manufacturing the raw material for the material in a controlled manner with

. controlled phase composition.

EXAMPLE 2

A seqes of exner'ments was carried out to study the effect of different process parameters
in the manufacture of calcium aluminate, Ca0-Al,0s, and its mﬂuence on the matenal’
translucence and mechanical properties, without regard to redlopac1ty

Description of raw materials
'Calcium aluminate of the phases Ca0-Al,0; and Ca0-2A105 fbrming part of e.g. calcium

aluminate cement (Alcoa or alternatively Lafarge) CaO, Ca(OH),, AI(OH)s, Al2Os (Merck).

Examples a)—d) below describe
8 - . Manufactiire of GaO-Aly0s at hlgh temperature from CaQ and Al,05
» Manufacture of Ca0-Al,Os at low temperature from CaO and ALO;
o Manufacture of Ca0-Al;O; at high tempera’cure from Ca(OH), and AI(OH);
d) Manufacture of CaO- A1203 at low temperature from Ca(OH); and Al(OH)3

The raw materials were miixed in such proportions that the mol ratio Ca:Al is
1:2. '

Following mixing, the powders were subjected to cold isostatic pressing in
examples a) — d) at 250 MPa to a green body. Following pressing, the green
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bodies were ground into small granules. The powder mixtures in examples a) —
d) were then sintered according to the following cycles:

e) 1000°C for 1 hour followed by 1480°C for 8 hours then cooling to room
temperature for 1 hour.

f) 1000°C for 1 hour followed by 1350°C for 12 hours then coohng to room
temperature for 1 hour.

g) ‘1000°C for 1 hour followed by 1480°C for 4 hours then cooling fo room
temperature for 1 Hour.,

h) 1000°C for 1 hour followed by 1350°C for 6 hours then ceoling to room
temperature for 1 hour. |

Verification (X-ray diffraction) of the resulting phase composition in examples a-d)
following sintering showed that all thie original powder has been converted to Ca0-Al05:

The poWders in exampies a-d) were ground in a ball mill with inert grinding balls of siﬁcon
nitride with a filling level of 35%. Isopropanol was used as the grinding liquid. Following'
grinding; all the powder had a grairi size of less than 20 pm. Following evaporation of the
solvent, cylindrical sample bodies were made with a diameter of 10 mm and a height of 1
mm, which were wetted with water. The material was then kept moist at 37°C for a week
prior to measurements of translucence. The measurements of translucence were carried out
according to ISO 9917 (100 means opaque and 35 to 90 means translucence). The hardness
(Vickers method) of the material was measured after one week. The materials were
compared with a calciuni aluminate cement containing the phases Ca0-A1;0; and
Ca0-2A1,0; (LaFarge) with the mol ratio 1:1. The phase composition following hydrahon

~was also verified (X-ray diffraction (XRD)). The fesults are shown in Table 2.

Table 2 ,

A Sample . Hardness | Opacity (%) Phase composition (XRD),
designation HVo: | (Com) ‘Al,05-3H;0:3Ca0-A1,05-6H,0
Reference 130 73 72, '

A 175 50 2:1
B 192 49 2:1
c 174 54 |21
D 180 . |53 21
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The results show that a material with increased hardness and improved translucence can be
obtained by manufacturing thé raw material for the material in a controlled manner with

controlled composition of the binder phase.

EXAMPLE3 |
A series of expetiments was carried out to manufacture calcium aluminate with a solid
solution of Ba and Sr (3CaQ-A1,0s (ss)) and its influence on the material’s fadiopacity.

Description of raw materials
Calcium aluminate of the phases Ca.O'A1203 iand Ca0-2A1,0; forming part of é.g. calcium
aluminate cement (Alcoa or alternatively Lafarge) CaO, BaO, S10, Al,Os; (Merck).

Examples a) — b) below describe 4 .
a) Manufacture of 3Ca0-Al,O; (ss) from Ca0, BaO and Al;05
b) Manufacture of 3Ca0-Al,0; (ss) from Ca0, 810 and AL,Os

The raw materials were mixed in such proportions that the mol ratio (Ca, Ba):Alin a) was
3:2 with the mol ratio Ca:Ba 2:1 and (Ca, Sr):Al in b) was 3:2 with the mol ratio Ca:Sr 1:1.

The powder mixtutes were mixed with 1 part powder and 5 pért's water with stixﬁng and
heating to 75°C. The watér and the powder weré mixed for 6 hours. Phase analysis of the
powder formed showed that it consisted completely of 3Ca0-AL05:6H,0 (ss). This powder
was heated up in an oven to 1000°C for 2 hours. Verification (X-ray d1ﬂ=ract10n) of the
resulting phase composition iri examples a-b)following heating showed that all the original
pdwder has been converted to 3 C_a,Q:AIgOs (Ss) '

The powders in examples a-b) were ground in a ball mill w1th inert grmdmg balls of silicon
nitridé with a filling level of 35%. Isopropanol was used as the grinding liquid' Following
grinding, all the powder had a grain size of less thar 20 pm. Followmg evaporatmn of the
solvent, cylindrical raw compacts were made with a diameter of 10 mm and a helght of 1
mm, which were wetted with water. The material was then képt moist at 37°C for a week
prior to measurements of rad10pac1ty The measurements of radiopacity were carried out
accordlng to ANSVADA Specxﬁcatlon No. 27 (1 mm sample body as opague as 2 mm Al).
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The material was compared with a calcium aluminate cement containing the phases
Ca0-Al;0; and Ca0-2A1,05 (LaFargs). The resuilts are shown in Table 3.

Table 3
| Sample designation | Radiopacity
Referénce No
A Yes
B ' Yes _

The results show that a radiopaque material consisﬁng of only the binder phase can be
obtained using the method according to the invention.

EXAMPLE 4 ,
A series of experiments was carried out to manufacture calcium aluminate with a solid
solution (3Ca0-Al,0; (ss)) and its influence on the material’s radiopacity.

Description of raw materials

‘Calcium aluminate of the phases Ca0-Al;0; and Ca0:2A10; forming part of e.g. calcium
- aluminate cement (Alcoa or altérnatively Lafarge) CaO, CaFa, Ba0, 810, Fe,0s, ALOs

(Merck). o

Examples a) — ¢) below describe

e) Manufacture of 3Ca0-AL0s (ss) from CaQ, BaO and Al;Os
f) Manufacture of 3Ca0AL0s (ss) from Ca0, SrO and ALOs
g) Manufacture of 3Ca0-Al;0; (ss) from Ca0, 810, Fe;0; and ALOs

The raw materials in the examples were mixed according 10 the mol ratios:
a) (Ca; Ba):Al as 3:2 with thé mol ratio CaBa 2:1

b) (Ca, Sr):Al as 3:2 with the mol ratio Ca:Sr 1:1

c) (Ca, St):(AlFe) as 3:2 with the mol ratios Ca:Sr 1:1 and AlFe 5:1
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Following mixing, the powder was subjected to cold isostatic pressing in examples a) - c)

at 250 MPa for a green body. Following bressing, the green bodies were ground into small -
granules. The powder mixtures in examples a) - ¢) were then sintered according to the
following cycle: 1000°C for 1 hour followed by 1480°C for 8 hours then coolirig to room .
temperature for 1 hour. |

Verification (X-ray diffraction) of the resulting phase composition in examples a-c)
following sintering showed that all the original powder has begn converted to 3Ca0-Al,03

(ss).

The powders in examples a-c) were ground in a ball mill with inert gﬁnding balls of silicon
nitride with a filling level of 35%. Isopropanol was used as the grinding liquid. Following
grinding, all the powder had a grain size of less than 20 pm. Following evaporation of the
solvent, cylindrical raw compacts were made with a diameter of 10 min and a height of 1
mm, which were wetted with water. The material was then kept moist at 37°C for a week
prior to measuremients of radiopacity. The measurements of radiopacity were carried out
according to ANSI/ADA Specification No. 27 (1 mm sample body as op'aque.as 2 mm Al). -
The material was compared with a calcium aluminate cement containing the phases ‘
Ca0-Al, O3 and Ca0-2A1,0;3 CLaFarge). The results are shown in Table 4.

Table 4
Sample designation | Radiopacity |
Reference No
A Yes

4B L Yes o
C Yes

The results shiow that a radiopaque material consisting of only the binder phase can be
obtained using the method according to the invention. '

EXAMPLE 5

Experiments were carried out to study the effect of the phase composition of the binder
phase on the development of hardness with time for the material, without regard to
radiopacity. | .
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Description of raw materials

Calcium aluminate of the phases Ca0-Al;03 and CaO- 2A1203 forming part of e.g. calcium

aluminate cement (Alcoa or alternatively Lafarge). Calcium aluminate cement of the phase

3Ca0-Al,03 manufactured according to Example 1 and calcium aluminate of the phase

Ca0-Al,03 manufactired according to Example 2.

Examples a) — c) below describe

a) The hardness as a function of time for calcmm alummate consisting of the phases
CaO- A1203 and Ca0-2A1,05 (reference)

b) The hatdness as a function of time for calcium alummate consisting of the phasé
CaO A1203

¢ The hardness as a function of time for calcium aluminate consisting of the phase
3Ca0-ALOs, '

The powders in examples a-c) were ground in a ball mill with inert grinding balls of silicon
nitride with a filling level of 35%. Isepropanel was used as the gririding liquid. Following

.grinding, all the powder had a grain $ize of less than 20 pm. Following evaporation of the

solvent, cylindrical sample B_odies were made with a diameter of 10 mm and a height of 1

_mm, which were wetted with water. The matefial was then kept moist at 37°C for a week

between measurements of hardness (Vickers method load 100g). Measurements were
carried out after 1, 2, 4, 8 and 16 days. The results are shown in Table 5.

Table 5 4 . 4 4
Material Hardness 1 | Hardness 2 | Hardness 4 | Hardness | Hardness
4 lday * |days ' |days |8days | 16days
A 83 ' 8 117 127 - 141
B 110 132 150 175 180
1c 160 200 230 281 285

The results show that the hardness is developed more rapidly with time due to the fact that
the raw material for the material was manufactured in a controlled manner with controlled
composition of the binder phase.
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EXAMPLE 6 ,
Alseries of expériments was carried out to manufacture inert filler particles ‘with solid
solution (3Ca0-A1,05:3Si0; (ss)) and to study theit influence on the material’s radiopacity.

Description of raw materials .

Calcium aluminate of the phases Ca0-Al;0; and Ca0-2A1,0; forming part of e.g. calcium
aluminate cement (Alcog. or alternatively Lafarge) Ca0, CaF,, Si0,, S0, Fe;03; Al,03
(Merck).

The raw materials were mixed according to the mol ratios (Ca, Sr):(Al, Fe):(Si) 3:2:3 with

the mol ratio Ca:Sr 1:1, Al:Fe-5:1 and Ca0:CaF, 10:1.

Following mixing, the powder was subjected to cold isostatic pressing at 250 MPa for a
green body. Following pressing, the green bodies were ground irito small granules. The
powder mixture was then sintered according to the following cycle: 1000°C for 1 hour
followed by 1480°C for 8 hours thén cooling to room temperature for.1 hour.

Verification (X-ray diffraction) of the resulting pliase composttion m exampies a~c)
following sintering showed that all the original powder has beén converted to

3Ca0-Al058i02 (ss).

The powder was ground together with 70% by volume binder phase consisting of

3Ca0-Al,0s, manufactured according to EXAMPLE 1, in a ball mill with inert grinding

balls of silicon nitride with a filling level of 35%. Isopropanol was used as the grinding -

. liquid. Following grinding, all the powderhad a.grain size.of less than 20 um. Following
-evaporation of the solvent, cylindrical raw compacts were made with a.diameter of 10 mm .

and a height of 1 mm, which were wetted with water. The material was then kept moist at
37°C for a week prior to measurements of radiopacity. The measurements of radiopacity
were carriéd out according to ANS/ADA Specification No. 27 (1 mm sample body as -
opaque as 2 mm Al). The material was compared with a calciurh aluminate cement
contamning the phases Ca0-Al,03 and CaO- 2A1,03 (LaFarge). The results are shown in
Table 6.
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Table 6

Sample designation | Radiopacity
Reference No
Material Yes

The results show that a radiopague material can be obtained by causing the powdered
material according to the invéntion to contain inert particles.

The invention is not restricted to the embodiments described, but can be varied within the

scope of the ¢laims.
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CLAIMS

. Powdered material, the binder phase of which mainly consists of a cement-based

system, which powdered material has the capacity following setureﬁon with a liquid

‘ reacting with the binder phase to hydrate to a radiopaque and 'chemically bonded -

ceramic material, charactérized in that said binder phase mainly consists of Ca0-Al,0;

~ (ss) and/or 3Ca0- Al,0; (ss) and that the powdered material contains one or more heavy

atom types with a dens1ty_ over 5 g/ent’, expressed as the density for the element of the
atom type.

. Powdered matenal according to claim 1, characterized in that said binder phase con31sts

up to at least 70% by weight, preferably at least 80% by welght and even more
preferredly at least 90% by weight of CaO-Al,0; (ss) arid/or 3Ca0-Al20s (ss).

3. Powdered material according to claim 1 or 2, characterized in that said binder phase

mainly consists 0f 3Ca0- A1, 05 (ss), preferably up to at least 70% by weight, evén more
preferredly at least 80% by we1ght and most preferredly at least 90% by weight.

. Powdered material according to claim 1 or 2, characterized in that said binder phase -

mainly consists of CaO-Al, O3 (s$), preferably up to at least 70% by welght, even more
preferredly at least 80% by weight and most preferredly at least 90% by weight,

Powdered material according to any of the above claims, characterized in that said
heavy atom type consists of one or more atom types in the group that consists 6f V, Fe,
Zr, La, Bi, Sn, Ta, Zn, Ba and/or Sr.

. Powdered material according to any of the above claims, characterized in that it

contains one or more additives that contain the heavy atom type or atom types and that
have a refractive index in visible light that deviates by at most 15%, preferably at most
10% and even more preferredly at most 5% from the refractive index of the binder -
phase when the binder phase is hydrated, said additives preferably consisting of a glass,
most preferredly a silicate glass.



WO 2004/037215 PCT/SE2002/001480

10

15

20

25

30

10.

11.

12.

13,

22

Powdered material according to any of the above claims, characterized in that the heavy
atom type or atom types are present in solid solution (ss) in the binder phase, the heavy
atom type or atom types preferably consisting of orie or more heavy atom types in
group 2 in the periodic system and even more preferredly corsisting qf Ba and/or Sr,
which fully or part‘iy replaces Ca in the binder phase.

Powdered material according to any of the above claims, characterized in that silicon
and/or fluoride are present in solid solution (ss) in the binder phase, preferably in raw
material in the form of fine crystalline silica and/or Portland cement and/or fluorides of
Na, Mg, Mn, Ca, Sr or Ba. . |

Powdered material according to any of the above claims, chatacterized in that iron

and/or phosphorus are present in solid solution (ss) in the binder phase, préferably in
‘raw material in the form of iron oxides, iron hydroxidés or salt of iron and/or -

phosphorus in the form of phosphates of Ca, Ba, St or as apatites, prgferébly
fluorapatite. . ‘

Powdered material according to any of the above claims, characterized in that it
contains non-hydrated inert material, preferably 6f the type 3C20-A1,0:°X (ss), in

‘which X consists of an oxide or fluoride.

Powdered material according to any of the above 'claimé, characterized in that it is
present in the form of a taw compact thathas a dégree of compaction of 40-80% by
volume solid phase, preferably 50-70% by volurie solid phase and even more
prefetredly 55-65% by volume solid phase: .

Powdered material according to any of the above claims, characterized in that it is
present in loose powder form or in the formi of granules.

Method for the manufacture of a powdered material, the binder phasé of which mainly

_consists of a cement-based system, which powdered material has the capacity following

saturation with a liquid iea‘cﬁr;g with the binder phase to hydrate to a radiopaque and
chemically bonded ceramic material, characterized by the stages of: ‘
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17.
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M1x1ng raw materials for the binder phase containing Ca and Al in a ratio Ca:Al ‘
greater than or equal to 1:2.4, preferably gréater than or equal t0 1:2.2 and most
preferredly greater than or equal to 1:2, butno greater than 3:2.

b) Physically reducing diffusion paths between atoms in the various raw matenals

Sintering the material at an increased temperature to form said binder phase, which
consists mainly of CaO-Al20s (ss) and/or 3Ca0- A]203 (ss);

the material in stage a and/or following stage ¢ bemg brought to contain one or more
heavy atom types with a density over 5 g/om’, expressed as the density of the
element of the atom type.

Method according to claim 13, characterized iri that said diffusion paths are reduced

mechanically or chemically.

Method according to claim 13, characterized in that the diffiision p’aths are reduced
mechanically i in stage b, stage b including pressunzmg of the raw material, preferably

“through cold isostatic pressmg at a pressure of 10-350 MPa, preferably 50-300 MPa
* and even more prefexredly 150-250 MPa, to forming ofa pressed powder body;

following which the powder body is préferably finely divided into granules, preferably
of less than 1 mm, even mmore preferredljf less than 0.5 mm and most preferredly less
than 0.3 mm in size. ' - ‘

Method according to claim 15, characterized in that said sin‘teﬁng in stage cis
executed at at least 1200°C, prelerably at least 1250°C and even more prelerredly at
Jeast 1275°C and most preferredly at ledst 1300°C, but at most 1600 C, preferably at
most 1550°C and even more preferredly at most 1360°C for at least 2 hours,

preferably at least 4 houts and even more preferredly at least 6 hours said smterlng
preferably being preceded by drying at an increased temperature bélow the sintering
temperature. |

Method according to claim 13, characterized in that the diffusion paths are reduced
chemically in stage b, stage b including mixing of the raw materials with preferably 2-
10 times more water than powdered raw m'atéfial, which mixture is heated to
preferably 30-100°C with stirring for preferably 1-20 hours, even more breferredly 2-5
hours, to form 3Ca0-Al,056H0 (ss), following which any dissolved water is
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19.

20.

21.

22,

23.

24,

24

preferably evaporated at a temperature lower than 25 O°C, preferably lower than
150°C, even more preferredly lower than 100°C, but at least 50°C.

Method according to claim 17, charaéterized in that said sintering in stage ¢ is
executed at a temp erature above 250°C, preferably above 500°C and even more
preferredly over 1000°C for at least 15 minutes, preferably at least 1 hour, water of
crystallization evaporating.

Me’thod according to any of claims 13-18, characterized i ul that said raw materials
containing Ca and Alin stage a consist of at least one of the raw materials in the group
that consists of powderéd CaO, CaCl,, Ca(OH);and CaCO; and at least one of the raw
materials in the group that consists of powdered A1§O3, Al,03'H20, AlCl; and '
AI(OH)s. ' '

Method according to any of claims 13-19, characterized in that said heavy atom type
consists of one or mare atom types in the group that consists of Zr, La, Ta, Zn, Ba
and/or Sr.

Method according to any of clalms 13-20, characterlzed in that up to 100%, preferably
20-50%, of the raw material contammg Ca in stage ais exchanged for a raw matérial
or raw materials containing one or more heavy atom types in group 2-in the periodic
system, preferably a raw material or raiv materials eontammg Ba and/or Sr.

Method accordihg to any of claims 13-21, characterized in that the raw materials in
stage a also contain fine crystalline silica (microsilica) and/or Portland cement (OPC).

Method according to any of claims 13-22, characterized by, following stage c, a stage: -
d) the material is ground to a particle size of less than 80 pm, preferably less than 30

. pm and even more preferredly less than 20 pm.

Method according to one of claims 13 or 23, characterized by, following stage c or d,
a stage: ' ‘ | _
e) the material is mixed Wifh additives, preferably {:on’raining one or more additives
that contain the heavy atom type or atom types and that prefe{rably have a refractive
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index in visible light that deviates by at most 15%, preferably at most by 10% and
even more preferredly at most by 5% from the refractive index of the binder p'hése
when the binder phase is hydrated, said additives preferably consisﬁng of a glass,
most preferredly a silicate glass.

Method according to one of claims 23 or 24, characterized by, following stage d or e,
a stage: ‘

f) the material is pressed to a raw compact with a degree of compaction of 40-80% by
volume solid phase, preferably 50-70% by volume solid phase and even more
preferredly 55-65% by volume solid phase. .

Radiopaque and chemically bonded ceramic material, the binder phase of which
mainly consists of a cement-based system, preferably for dental purposes,
characterized in that said binder phase has a mol ratio AL,O33H;0 (ss) to
3Ca0-Al,05-6H>0 (ss) of a maximum of 2:1, pr‘éferably less than 1:5 and even more

_ preferredly less than 1:10; and that the material also contains one or more heavy atom
" types with a density over 5 g/om’, expressed as the density of the element of the atom .

type.

Ceramic material according to claim 26, characterized in that it has translucence -
corresponding to 35-90%, preferably 40-85% and even more prefeiredly 50-80%

opacity.

Ceramic material according to any of clainis 26-27, characterized in that it has a
hardness of at least 50 MV, preferably at least 100 MYV and éven more preferredly at -
least 140 MV.

Ceramic materidl according to claitn 26, characterized in that it is a filler material in
particle form.

Ceramic material according to any of claims 26-29, characterized in that it consists of
a2 hydrated powdered material according to any of claims 1-12.
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