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High-strength aluminate cement produced by
cold isostatic pressing

JIANGUO LI*

Department of Dental Biomaterials, Institution of Odontology, Karolinska Institute,
Box 4064 S-141 04 Huddinge, Sweden

E-mail: jianguo.li@cob.ki.se

L. HERMANSSON
Department of Materials Science, The Angstrom Laboratory,
Uppsala University, Sweden

High-strength cement was obtained by a simple process technique. Powders of Secar 71
were cold isostatically pressed (CIP) into green bodies with a relative density of 66 vol%.
The green bodies were then immersed in water or kept in humid air for curing at various
temperatures for different periods of time. Hydrated cements with high density and low
porosity were obtained. The water uptake was more than 20% (by weight) after one day.
Over the course of a few days the open porosity decreased to a few per cent. The
three-point bending strength of the hydrated cement bodies was 50-80 MPa, and the
compressive strength exceeded 200 MPa. The hardness measurement revealed a twofold
increase, compared with the control specimens which were prepared by the conventional
mixing method. The microstructure of the CIP-processed cements showed a
macropore-free composite structure. It was concluded that, by applying CIP, high-strength
cement could be produced using commercially available cement without any auxiliary
additives. © 2000 Kluwer Academic Publishers

1. Introduction The degradation has been related to the superplasticizer
Conventionally processed and hydrated cementis a briemployed [8].
tle material with relatively low strength. It contains a We reported a CIP-process for making high-strength
large number of defects, in particular, large pores. Thesgypsum without additives [9, 10]. Water was sucked
pores are introduced during the processing and hydrdnto the material by capillary forces. The total amount
tion of cement, in the form of entrapped air bubbles andand the maximal size of single domains were limited
voids caused by the evaporation of excess water anbly the reduced void fraction and pore size of the CIPed
hydration volume changes. Pores or defects, especiallgreen body. In this study, the same process was ap-
the large ones, control the strength of brittle materialgplied to a commercially available aluminate cement.
according to the Griffith model [1]. Kendadit al. [2]  The strength and microstructure of the hydrated cement
studied relationship between porosity, microstructureprocessed were evaluated.
and strength of cement and concluded that freedom of
macro-defects is essential in obtaining high strength.

Various processes, e.g. warm pressing [3], and, au2. Materials and methods
toclaving [4], have been introduced in order to reduceAn aluminate cement, (Secar 71, Lafarge, France) was
these defectsin the hydrated cement. Increased strengtised as delivered throughout this study. The powder
was also reported by adding auxiliary substances suctas packed in rubber bags and cold isostatically pressed
as super-plasticizers [5]. This rendered the paste workfor 10 minutes at a pressure of 320 MPa. The cross sec-
able using less water. Silica fume [6] has also beerions ofthe resulting green bodies were either circular or
used to fill the voids in the cement. For macro-defectrounded quadratic with about 4 cm as a typical dimen-
free (MDF) aluminate cement cured at an elevated temsion. The green density and compressive strength were
perature, the bending-strength achieved was approxithen measured. The green bodies were cut into lengths
mately ten times greater than that of the same cememtf approximately 40 mm and were hydrated by:
processed in a conventional manner [7]. However, the
long-term stability of MDF cement is somewhat infe-  |. immersion in water at room temperature (referred
rior, especially when exposed to damp environmentsto as 20°C) and 37C for 1, 7 or 30 days;
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Il. exposure to air saturated with water vapor at@7 chine (Alwetron, T50, Sweden) at a cross-head speed of
for 1 or 7 days; 0.5 mm/min. The three-point bending test used a span
lll. immersionin an aqueous solution of 0.5%CiO;  of 22 mm between two supports.
at 37°C for 0.5, 1, 2, 4 and 24 hours.

For comparison, control samples were prepared by.4. Microhardness and surface structure
thoroughly mixing water (W) and cement (C) in a con- assessments
tainer. A W/C ratio of 0.32 (by mass) was used. Aboutin order to facilitate the determination of Vickers mi-
30 g of the resulting mixtures were cast in a mold andcrohardness a thin metal (Au-Pt) layer was used. This
cured in ambient air at 2@ and 37C. Specimens was about 10 nm thick and coated on a polished ce-
were cut for examination after 1, 7, or 30 days. ment surface by ion sputtering prior to the indentation.
The instrument used was from Shumazu Corp, Kyoto,
Japan. The microstructure of the materials was then
2.1. Density and porosity measurements studied under both a stereo and a scanning electron mi-
The density of green bodies was determined by measucroscope.
ing the weight and volume of accurately cut samples.
We then calculated these as a percentage of the theoret-
ical density of the cement, which is close to 2.96 gilcm 3. Results
The density of the hydrated bodies was determined b.1. W/C ratio
weighing dried samples in air and samples soaked i relative density of 66% after CIPing means that 34%
water. of the volume is made up of pores. This indicates that
To determine the open porosity, the bodies werdf these pores could be filled with water without any
weighed before and after centrifugation in water athydration, the W/C ratio would be 0.174. The corre-
6000 rpm for 10 minutes. The weight increments cor-sponding density of the body would then be 2.29 glcm
responded to the volume of the pores which were filledThe actual W/C ratios obtained after soaking in water
with water. The calculations were based on the follow-of green bodies are given in Table II. It is worth noting,
ing equations: that although the “ratio of the filled pores” is obtained
after 7 h at 37C, the pores are filled to about 70% af-
D— W, . W -W, ter soaking for only 10 minutes at that temperature. A
=——d; and P=——x100 -
We — Wy We — Wy much slower uptake proceeds after filling the pores. It
is worth mentioning that at 2@ mainly the low tem-
whereD = density of the bodyd = density of the wa- perature hydrate (CAH) develops, and that at 3T
ter, P = open porosity as a percentage by volume, andhe high temperature hydratesz@Hg and AHs) oc-
W = weight of the bodyy) in air, ) in water and;)  cur. The hydrate formation rate is higher at the higher
after centrifugation in water. temperature, and a considerably higher fraction of the
cement may be hydrated at the higher temperature.

2.2. W/C ratio determination

The penetration of water into CIPed cement was exam3.2. Hydrated cement

ined by weighing before soaking and after 10 minutes;The increase of density with time is shown in Table |
7 and 24 hours. The total porosity of the green bodiesor CIPed green bodies and for the control cement. A
was calculated from the density of green bodies and

from the density of actual phases as given in Table I.
TABLE Il WIC ratio of CIPed cement cured atthe different conditions

Temperature

2.3. Strength measurement _
For strength measurement, test bars were cut fronime 20°C src
hydrate.d cement (a few also from green bodies). The, .. 0122 0.132
dimensions of these bars were:3@ x 3 mm forthree- 74, 0.152 0.172
point bending and & 4 x 4 mm for compression test- 1d 0.235 0.272
ing. The tests were conducted using a universal test ma-d 0.235 0.277

30d 0.261 0.277

TABLE | Density (g/crd) of the substances used

TABLE Il Density (g/cni) of hydrated cement CIP processed and

Substance Density Molecular weight cured in water at different temperatures

H 1.0 18.02 20°C 37C

CA 2.98 158.03

CA2 2.93 259.99 Time (day) ClPed Control ClIPed Control
CAH1p 1.72 338.23

CsAHg 2.52 378.29 1 245£0.02 1.8%:0.02 2.510.01 1.85:0.02
AHg3 c2.4 156.02 7 245+0.02 1.95:-0.02 2.53:t0.01 2.02-0.01

30 2.49+0.02 1.95-0.03 2.56+0.02 2.0+0.01
Where H=H»0, C=CaO and A=Al,03.
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TABLE IV Open porosity (%) of the hydrated cement CIP-processedof the control cement is in all instances inferior to that

and cured in water at different temperatures of CIPed samples. The bending-strength of the cement
20°C 37C cured in water and in humid air is compared in Fig. 2.
No significant difference was found between samples
Time (day) ~ ClPed Control ClPed Control  hydrated in water and samples hydrated in humid air.
1 84405 151400 25:03 1osi20 The compressive strength of cement green bodies was
7 7.740.2 67403  2.3:0.2 802105  approximately 5 MPa. After water immersion the com-
30 3.8+1.6 7.14+05  21+0.1 8.4+11  pressive strength of the CIPed bodies increased to over

200 MPa and the strength development followed the
same pattern as the bending-strength.

. . . . The bending strength of green bodies hydrated in
higher density was obtained for the CIPed bodies comg, iong containing the acceleratortLis shown in

pared with that of the control cement. The higher den'Fig. 3. The strength developed fast, and is comparable

sity at higher temperature is in accordance with theaﬂer only 0.5 h to that of the control cement after one
densities of the different phases.

The open porosity of the hydrated cement is pre day. However, in the course of days there was no sig-
X e ; ‘nificant diff ith the CIP I
sented in Table IV. A significant difference was found nificant difference compared wi e ClPed samples

between the control and the CIPed samples, and th}éydrated without an accelerator.
high temperature cured ClIPed samples showed the low-
est open porosity.
The development of bending strength with time at3.3. Microstructure and hardness
two temperatures is shown in Fig. 1. A higher hydrationThe microhardness of the cements measured is listed
temperature resulted in a higher strength. The strengtim Table V. CIP-processed cement had a twofold higher
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Figure 1 Bending strength of CIP-processed cement cured in water (A) €€ 2d (B) at 37C for 1, 7 and 30 days, compared with the control
material.
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Figure 2 Comparison between bending strength of CIP-processed cement cured in water and humid°&@rfat 37and 7 days.

Dwealopreeat of Banding Stra=glh

Al

IR o

Trve o

Figure 3 Development of bending strength of the CIP-processed cement cured in a 36@gldolution at 37C.

TABLE V Compressive strength (MPa) and microhardness (VHN) of machinable. They can be easily cut or carved to a de-
the cement (cured for 7 days) sired shape. It seems that the compacted green structure
ClPed Control does not prevent or delay the water penetration into the
cement green body. The flexural strength of the cement
Temperature®C)  Strength  Hardness  Strength Hardness which was CIP-processed and cured in humid air was
20 954L50 158516 116511 6747 thg same asthat of the cement which was cured in water.
37 286435 155510 97418 71418 This indicates that water vapor and liquid water react
in a similar way with the green body. It was possible
to produce a high early strength of CIPed cement by
immersing the CIPed cement block in a 0,5%C0;
hardness than that of the control cement. SEM minOSo|ution_ The Strength deve|opment was not negative|y
graphs are shown in Flg 4. The pore sizes Observemﬂuenced by the h|gh hydration rate.
in the CIPed cement are a few tens of micrometers The CIP-processed cement after hydration had a
compared to hundreds of micrometers for the controimych higher density (2.51 g/Gthan that of the green
cement. body filled with water. (theoretical value 2.29 g&m
This is caused by further water penetration into the pore
system that develops during the hydration process due
4. Discussion to the volume changes of the system related to hydra-
The green bodies of CIP-processed cement block cation of the phases. The additional water then reacts
withstand a certain amount of loading, and are alsawith the remaining unreacted aluminate cement. The
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negligible volume change of the CIPed cement block
during hydration £1%), one can assume that the slight
increase of density is due to the netincrease of the water
uptake. The volume reduction during hydration results
in more space for further water uptake. However, due
to the reduced permeability of the set cement, the water
uptake slows down with time.

The CIP-cement has a similar level of W/C ratio as
the control cement (0.277 compared to 0.32), but the
strength is several times higher than that of the con-
trol cement. The results demonstrate the importance
of the final microstructure developed, not just the de-
gree of hydration. The CIP-processed cement showed
a heterogeneous but macro-pore-free structure, a com-
posite structure consisting of hydrates and non-reacted
particles (Fig. 4). These non-reacted particles proba-
bly help to reinforce the material and contribute to the
high strength of the hydrated cement. The CIP process
creates a macro-defect-free structure of the cement be-
fore hydration, thus avoiding large defects in further
processing.

A higher curing temperature yielded higher strength
of CIP-processed cement, indicating the importance of
the degree of hydration and the type of hydrates de-
veloped. The hydrates act as binders between the non-
reacted particles. The CIP technique provides a way of
producing cement materials without an excess of water,

Figure 4 Micrographs of the control and CIP-processed cements, curedhus e|imimating the formation of |arger pores. Mul-
in water at 37 C for one day. a) the control material, large defects appeariifo|d strength increase of the CIP-processed cement

(arrow, bar=1 mm); b) CIP-processed cement with a macro-defect-free
structure. The white spots are non-hydrated particles embedded in th%

hydrates formed (bat 0.1 mm).

mphasizes the importance of macro-defect-free struc-
tures, and indicates the potential of chemically cured
ceramics in load-bearing applications.

basic hydration reactions of aluminate cement are as

follows;
at 20°C CA+ 10H — CAHqg (a)
2CA; + 26H — 2CAH1o + 2AH3 (b)
at 37°C 3CA+ 12H — C3AHg + 2AH3  (c)

3CA; + 21H — C3AHg + 5AH; (d)
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