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Abstract

Aluminous cement pastes (Secar 71 from Lafarge) containing increasing quantities of acetic acid, HOAc, are pveparbtk{fen) x
100 ranges from 0 to 10%). Pastes containing HOAc present a Newtonian behavior. The best dispersion is obtained when the mass content
of acid with respect to the cement is equal to 0.5%. Microstructural characterizations of samples aged for 4 daysatdZ5% relative
humidity reveal a significant increase in density, a reduction in porosity as well as a displacement of pore diameter towards low sizes. The
open porous volume decreases with time from 25 to 9 vol.% when samples are 4 days and 6 months old, respectively. The addition of HOAc
also has a beneficial effect on the flexural strength of set samples.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction which is able to increase to a significant extent the density
of an aluminous cement. Rheological measurements on the

Aluminous cements are a variety of cementitous materials, paste have been carried out. Microstructural and mechanical

primarily made up of alumina and calcium oxide. They re- characterizations of the corresponding set materials are also

sist aggressive environments—high acidity, bacterial attacks, presented.

high temperatures, abrasive media—because of their alkalin-

ity related to their high alumina contehProgress still needs

to be made to augmgnt the density c_)f thes_g materlqls 0NCe, \1aterial and methods

hardened. One way is to use organic additives. This step,

which has been largely developed in the case of cements for

civil engineering applications by using water reducing addi- from Lafarge (Secar 71). Its main constituents argQh

flves that act as d'sr’ersaﬁ:’;‘ﬁg peen less developed In the {69.8-722%) and Ca (26.8-20.2wt.%). Th il ma-
case of aluminous cements. Some additives that have De€ly, ) paq 5 particle size that ranges between 1 anduf®0

tested for these cements are the alkaline or alkaline—earthw
salts. The aim of our study is to propose an organic additive,

The starting cement is a calcium aluminate cement

ith an average of 1Qm. For preparing the pastes, we have

used a food processor (KenwoddPne hundred grams of

cement were mixed with distilled water containing increas-
* Corresponding author. ing quantities of HOAC, i.e. from 0 to 10 mass% with respect

E-mail addressesy_el-hafiane@ensci.fr (Y. EI Hafiane), to cement (0< (WHoAc/Weemen) x 100 < 10% wherenvyoac
a_smith@ensci.fr (A. Smith). and weementrepresent the mass of acetic acid and cement,
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respectively). The paste was prepared at@@nd the total wherePng the mercury pressure, surface tension of mer-
duration for preparation was 3 min 15 s sequenced as follows:cury andé (equal to 140), contact angle between mercury
90 s of mixing at low speed, resting period for 15 s and 90 s of and solid phase.
mixing at high speed. Thereafter, the paste was poured into  The apparatus used in the present work (Autopore Il Mi-
a mould or a cell for rheological characterization. For rheo- cromeritics 9200) allows the analysis of pores ranging from
logical measurements, the liquids (water + acetic acid) over 0.003 to 63Qum. It is then possible to calculate the percent-
cement massratio, L/C, is constant for each tested percentagage of open porous volume, and densityp.
of HOAc and equal to 0.4. For the other characterizations, we  The mechanical resistance was measured by rupture un-
used a water over cement mass ratio, W/C, equal t 0.6. der four point bending on parallepipedic samples (4 mm
Rheological measurements were carried out on the pastegt mm x 50 mm). Paste was cast into parallepipedic moulds
using a rheometer with rotary cylinders in steady state con- immediately after mixing the components and the samples
figuration (HAAKE—Viscotester VT550 with the device of  were stored at 20C in 95% relative humidity. For mechani-
measurement MV II). This type of rheometer is most fre- cal testing, we used an apparatus from J.J. Instruments S.A.
quently used for characterizing cement past&he fluid to (reference M30K) equipped with a cell of 100 N. The speci-
be analyzed is placed between two coaxial cylinders. The men is resting on two simple supports separated by a distance
experiment consists in shearing the fluid, in the annulus, be-u. A load is applied at two points, distant of symmetrical
tween the outer cylinder, which is fixed, and the internal cylin- with respect to the middle of the sample. Given the section,
der which has a uniform rotative movement with an angular bh, of the specimen, the loaH,, at which the sample breaks,
velocity wg. The fluid itself breaks into cylindrical coaxial gives the flexural strengthr, as follows:
layers; each layer has an angular velocity, which varies con- 3Fa(u — v)
tinuously from O (for the layerin contact with the fixed outside or = ——— (2)
cylinder) towg (for the layer in contact with the mobile inte- bh
rior cylinder). Due to the relative movement of the layers with  In the present study = 40 mm,v = 20mm,b = 4mm, and
respect to each other, there is a shear straimnd a shear h = 4mm. For each sample, at least five measurements are
stressy, at every point in the paste. The protocol which has carried out; the data presented here correspond to average
been used to characterize our cement pastes is the folldwing: values.

e alinear rise ofy from 0.1 up to 100!, during 30s;
e awaiting time atthe maximum value gfi.e. 100 s'*) that 3. Results and discussion
lasts the duration of the rise to this maximum (i.e. 30 s);
o adecrease of down to 0.1s* for the same duration as Fig. 1 presents typical curves for the variations of shear
the rise (i.e. 30s). stressz, and viscosityy, versus shear straif, in the case of
pastes containing acetic acid. These measurements are done
immediately after preparing the paste. It should be remem-
bered that for cement paste without acid addition, the rheolog-
ical behavior is thixotropi:° According to Fig. 1, the—y

The microstructure of hard cement was characterized by
mercury porosimetr§.” The pore radiusf, (which is as-
sumed to be cylindrical) is given by Washburn’s Eq. (1):

- —4v cosf (1) curves are linear and almost identical for the rising and the
P PHg decreasing ramps. We did not notice any hysteresis. Lastly,
1
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Fig. 1. Shear stress, and viscosityp, vs. shear strairy. Case of a cement paste prepared Wwithdac/Weemen) x 100 = 2%.
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Fig. 2. Viscosity as a function of additive contefit£¥ 20 51 in each case).

wheny > 12s71, r varies linearly as a function of and %
the viscosity has a constant value. In order to describe the 2
paste behavior, we can apply Ostwald’s model as described = 245
by (3)2° g |

Percentage of open porous volume, P (%)

. é 2.3 1
T =Ky" )
whereK represents the index of consistency and a co- P N
efficient. If n is equal to 1, lower than 1 or higher than 1, 0 I 2 3 4 5 6
the paste behavior is Newtonian, rheofluidizing or rheothick- ® (Witoad Weemend) X 100

ening, respectively. By applying this equation to our experi-

mental data, we find that for all the pastes Containing HOAC, Fig. 3. Density and percentage of open porous volume for cements with

increasing quantities of HOAc. The samples were kept al2and 95%

n= 1, which suggests a Newtonian behavior. relative humidity during 4 days (a) or 6 months (b).
The curve plotted on Fig. 2 correspondsitealues de-
duced fromr—y curves of different compositions andjat and an increase in the density of hardened materials. For sam-

20s1, for pastes containing increasing quantities of HOAc. ples that are 6 months old (Fig. 3b), we notice the following
The highest value of viscosity (1.6 Pas) is obtained without phenomena: (i) for the reference sample (0% of HOAc), the
HOAc. Addition of admixture decreases the viscosity notice- porous volume has decreased and the density has increased
ably. n reaches a minimal value with a percentage equal to compared to 4 days old specimens; (ii) the densities of sam-
0.5% and it increases slightly beyond this percentage. Theples containing 0.5% of HOAc or more are of the same order
additive content, which corresponds to the best dispersion, isof magnitude as after 4 days ageing whereas the open porosity
the one, which gives the lowest viscosity valde. stays around 9 vol.%.

Fig. 3 presents the variations of (i) the densjtywhich The porous volume distribution as a function of pore size
takes into account the solid skeleton and the closed pores, andor the same samples are given on Fig. 4. After 4 days con-
of (ii) the percentage of open porous volurifeas function solidation and in the absence of acetic acid, the porous vol-
of additive content. After 4 days ageing, Fig. 3aindicates that ume curves present two peaks, one centered aroupanl5
P decreases from 35 to 25 vol.%, whidéncreases from 2.28  and the second in the vicinity of 0.03-0.@h. In the pres-
to 2.46 g cn3 when the percentage of HOAc varies between ence of acetic acid, the first peak moves towards lower val-
0 and 0.5%. Beyond? and p show little variation. The ad-  ues of pore size; we record a peak in the vicinity qfr8
dition of HOACc has a densifying effect on the cement. This for percentages of acetic acid equal to 0.5 and 2%, then a
effect is due to the dispersing character of the additive. In dome around fm with 5% of acid. Concerning the sec-
fact, when cement grains are mixed with water, they tend to ond peak, its position is identical whatever the percentage
agglomerate and form clusters as described by A&dhis of acid. The existence of two populations corresponds to the
agglomeration induces a trapping of a certain volume of water presence of two kinds of pores. The largest ones are capillary
inside clusters of grains (“flocs”). As soon as HOAc is added, pores or the vestiges of intergranular spaces in the cement
dispersion occurs. The optimum of dispersion due to this ad- paste!? The good dispersing effect of acetic acid has bene-
ditive (Fig. 2) and the resulting densification are obtained ficial consequence on the pore size of the set material. The
with 0.5% of HOAc. Densification and dispersion are linked second pores, which have the smallest diameters, have a size,
phenomena. A good dispersion leads to a sedimentation ofwhich is little affected by addition of acetic acid. They can
the cement grains in an organized way and consequently tobe associated to porosity within crystallized or amorphous
a good densification. This results in a reduction in porosity hydrates'? It is also interesting to notice that the quantity of
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0.16 Table 1
. 0% Flexural strength (in MPa) at 4 days (a) and 28 days (b) for cements prepared
= with increasing mass percentages of HOAc and kept a6 95% relative
% 012 & humidity
E (MHoac/Meemen) 4 days 28 days
g I x 100 (%)
2 0.08 +
g - 0 4.37 @ 0.47) 4,614 0.5)
3 0.5 5.20 ¢ 0.22) 6.85 £ 0.33)
5 0.04 4 2 5.98 @ 0.25) 6.67 4 0.21)
& - 5 6.15 & 0.33) 6.43 4 0.16)
[a]
Oom o1 | 10 100 1000 the flexural strength and to a reduction in the standard de-
() Pore size (um) viation, which represents the dispersion of results between
the tested specimens. In fact, in set aluminous cements, the
i : flexural strength depends mainly on capillary poroityn
:g_]"% the present case, the density of the samples increases with
- 0.5% the percentage of HOAc and the porosity (size and volume
02+ .29, of pores) decreases. This can contribute to an improvement

> 5% of mechanical properties.

e
|

4, Conclusion

Differential pore volume (ml/g)

When acetic acid is added in an aluminous cement paste,
the rheological behavior of the paste is Newtonian. Acetic
acid is a good dispersant since it decreases drastically the
viscosity of the suspension for very low contents. In 4 days
old samples, the addition of acetic acid leads to a densifica-
Fig. 4. Pore size distributi_on f(_)r cement pastes prepared with increasing tion of the hardened material. In 6 months old specimens, the
mass percentages qf acetic acid. The samples were kept@t&td 95% o | has decreased to less than 9 vol %: hy-
relative humidity during 4 days (a) and 6 months (b). pen porous volume has - » Ny

drated phases composed of calcium acetate compound have
probably filled up this porosity. This has a beneficial effect
porous volume corresponding to this second population of gn the mechanical characteristics.
pores decreases appreciably when the percentage of acetic
acid increases. XRD analysis on set samples prepared with
increasing quantities of acetic acid have shown that less andAcknowledgment
less crystallized hydrates are forme which results in less
porous volume. Lastly, acetic acid forms with calcium ions ~ The authors thank Lafarge Aluminates for supplying the
an hydrated calcium acetate compound that can probably fill raw materials.
up part of the open porous volurfie.

After 6 months ageing the diameter of the first population
of pores has moved towards lower dimensions (Fig. 4b). For References
percentages of HOAc larger than 0.5%, the total porous vol-
ume is about 9vol.% whereas it is 25vol.% for 4 days old

N
0.01
(b)

100

10 1000

Pore size (um)
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