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The effect of additives on the reactions between D,O and the cement clinker com-
ponents Ca;Al,O,, Caj,Al Oy, and CaAl,O, was investigated by on-line powder
neutron diffraction at temperatures up to 120°C. The additives used were CaSO,
- 1D,0, CaSO, - 2D,0, CaCO,, Ca(OD),, CaCl,, and SiO,. For the sulphate con-
taining systems a precursor phase was observed before the formation of ettringite
was initiated. The precursor starts to disappear simultaneously with the onset of
the formation of ettringite. With CaCO, as additive the final product was
Ca,Al,(OD),,CO; - 5D,0, while with CaCl, as additive the final product was -
Ca,Al,O.Cl, - 10D,0. The compounds Ca(OD), and SiO, had no significant effect

on the rates of hydrolysis at the temperatures investigated.

Calcium aluminates and calcium silicates consti-
tute the main components of cement clinker. The
hydration properties of these phases were studied
by means of time resolved powder neutron dif-
fraction and discussed in Refs. 1,2. However, the
hydration properties as measured by the reaction
rates are dependent on parameters such as par-
ticle size and size distribution functions, solid/wa-
ter ratios, temperature, the presence of addi-
tives, etc. This study is concerned with the effect
of additives on the hydration reactions of cal-
cium -aluminates (Ca,AlLQO,, Caj,Al,O,;, and
CaAl,O,, or C,A, C,A,, and CA, according to
common abbreviations in cement literature). The
possibility of monitoring the setting properties of
cement mortars by appropriate choice of mixing
ratios with different additives makes this an im-
portant aspect of cement chemistry.

In the present study, CaCO,, Ca(OD),, CaSO,
-1D,0, CaSO, - 2D,0, CaC(l,, and SiO, were used
as additives. In the abbreviated notation § means
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Si0,, € CO,, D D,0, H H,0, and § is SO,, and
the notations for phases here discussed are listed
in Table 1. The hydration reactions were studied
by means of on-line powder neutron diffraction
which makes it possible to study the reactions in
real time. An advantage of this method is the in
situ identification and registration of amounts of
crystalline phases (reactants and products). This
is in contrast to methods where the events of the
hydrolysis reactions are deduced indirectly from
measurements of the properties of the end prod-
ucts, e.g. differential thermal analysis of set ce-
ment pastes.’

Experimental

The phases C,A, C,A,, and CA were made from
stoichiometric proportions of the oxides (CaO
and AlLO,). C,A, was made by zone melting
while C,A and CA were synthesized by sintering
of powder mixtures in a crucible furnace at
1400°C for three periods of 24 h, with intermedi-
ate crushing of the samples. The starting ma-
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Table 1. Chemical formulae and short-hand notation for some phases discussed in the text.

CaALO, CA Ca,Al{(OD),,- 18D,0 CAD,,
Ca,,Al O CA; Ca,Al,(OD),,(SO,); - 26D,0 CoAS;D;,
CaAL0, CA Ca,Al,(OD),,SO, - 6D,0 CASD,,
Ca,Al,(OD),, C,AD, Ca,Al,(OD),,CO; - 5D,0 C.ACD,,
2Ca0- Al,0,-6D,0 C,AD, Ca,Al(OD),-3D,0 CAD,,
Ca,Al(OD),, - 3D,0 C,AD, Ca,Al(OD),-6D,0 CAD,

terials were Al,O, and CaCO, (Merck, analytical
grade). CaO was made by heating CaCO, at
1000°C for 8 h.

CaSO, - 1D,0 was made by first dehydrating
CaSO, - 2H,0 (Merck, analytical grade) at 150°C
and then allowing the product to react with D,0O
at room temperature. This treatment was re-
peated 3 times.* The formula CaSO, - 1D,0 is
here adopted for phases belonging to the group
of hemihydrates (or as here, their deuterated
forms) with variable amounts of crystal bound
water (viz. 0.50, 0.67, 0.8 D,O etc.). The re-
corded neutron diffraction powder pattern of the
present CaSO, - $D,0 sample corresponded well
to that calculated on the basis of the structure of
CaSO, - 0.67 D,0O° (D-atoms not considered).
Ca(OD), was made by reaction of CaO with
D,0. The other substances used were CaCl,
(Merck, min. 95% CaCl,) and SiO, (Prolabo).
All powders used in the neutron diffraction ex-
periments were selected from the fraction that
could pass a 150 mesh (~0.11 mm) sieve.

The purity of the starting materials was
checked by Guinier photographs (CuKa, radi-
ation, Si as internal standard). The C,A samples
contained a minor impurity of C,,A,. However,
this is believed not to influence the hydration
properties significantly.$

Powder neutron diffraction data were recorded
with the D1B diffractometer situated at the ILL,
Grenoble, A = 2.517 A. A 400 cell multidetector
covered a 208 range of 80°. In a typical experi-
ment, 3.00 g solid substance was mixed with 3.75
ml D,0 (99.7 %) in an 11 mm diameter vanadium
sample holder. The water to solid ratio was 1.27
by weight, which is somewhat larger than usually
applied in investigations of cement mortars (ra-
tios of 0.3-1.0). The temperature could be con-
trolled within +1°C and varied between 25 and
150°C. The mixing ratios between calcium alum-
inates and additives in the experiments are given

in Table 2. Recorded intensities were extracted at
5, 10, or 20 min intervals, depending on the ac-
tual reaction rate (cf. Refs. 1,2 for further de-
tails).

Integrated intensities of Bragg reflections were
evaluated by the programme INTEGRE’ and
normalized to a standard monitor count. The in-
tegrated intensities are, in the absence of absorp-
tion or preferred orientation effects, proportional
to the amount of sample, and hence useful for
measuring the hydration rates of crystalline pha-
ses. Calculated diffraction patterns were for pur-
pose of phase identification, obtained by the
LAZY-PULVERIX programme.®! The pro-
gramme input requires knowledge of the atomic
positions in the unit cell. However, in the case of
neutron diffraction this implies that H/D posi-
tions must also be known (due to their significant
scattering contributions). Unfortunately, this is
not the case for many complex hydrates and the
identification process is therefore more difficult.

Since the structure factor calculations are
based on the positions of all atoms in the unit
cell, quantitative comparisons of different phases
can be made from integrated intensities of Bragg
reflections ascribed to the various phases. A scale
factor relating observed and calculated intensities
was deduced from calibration runs of weighed
amounts of CaSO, - 2D,0. However, the factor is
sensitive to variations in the sample positioning
relative to the neutron beam, and not all experi-
ments could be analysed according to this pro-
cedure.

The integrated intensity of the broad water
(liquid) peak in the diffraction pattern is similarly
related to the amount of D,O present. Any con-
tribution to this peak from amorphous phases
was assumed to be negligible. The variation of
free water was estimated by comparing inte-
grated intensities over 2° (in 20) on the low-angle
side of the peak maximum.
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Table 2. Phases identified in the powder neutron and X-ray diffraction diagrams. F: in first diagram; L: in last
diagram; I: intermediate phase; X: after 80 d (X-ray). Molar ratio is mmol of formula units of calcium aluminate/
mmol formula units of additive. The quantities in mmol add up to the mass 3.0 g of solid mixture, and to this

quantity 3.75 ml D,O was used in the reactions.

Table 2a.
Q o 2
a o £ =
. . g ™Y & 9 g o S
Sample mixture Ratios T (°C) Total 2 o o 2 B 5 8 g <
(mmols) time § @ @ g E 3 T I O
(h) 2@ O O = O & O O &
C,A + CaSoO, - 1D,0 4.26/12.85 60 3.0 F L L
C,A + CaSO, - 2D,0 3.78/11.38 60 3.0 FL L
C,A + CaSO0, - }D,0 426/12.85 115 20 L FL
C,A + CaSO, - 2D,0 10.00/ 1.72 27 105 X L X
C.A + CaSO, - 2D,0 10.00/ 1.72 50 11.0 L I L L
C,A + CaSO, - 2D,0 1000/ 1.72 93 55 L L L
C,A, + CaSo, - 2D,0 1.44/ 694 27 10.0 F LX L X
C,A, + CaSO0, - 1D,0 1.44/ 694 80 3.0 F L L
CA + CaS0, - D,0 12.66/ 6.94 80 11.0 F L L
CA + CaSO0, - }D,0 12.66/ 694 80120 45 X L
Table 2b.
Q
a
=
o)
- 2 Q o
Sample mixture Ratios T(C) Total s S o < a
(mmols) time % % e % S o %
(h) o $) £ Q I~y n (&)
C,A + CaCoO, 5.56/15.00 53 2.3 FL L
C,,A;, + CaCO, 1.44/10.00 27 11.0 FLX LX
C,,A, + CaCoO, 1.44/10.00 53 5.0 FL L |
CA + CaCO, 11.65/11.60 53 11.0 FL L
CA + CaCo, 11.65/11.60 80 9.5 FL L L
C.,A, + CaCo, 1.44/ 9.01 27 5.0 LX
CA + SiO, 1.44/16.65 80 1.3 L FL
CA + Ca(OD), 5.93/18.40 100 13 F FL
Results the D-atom positions of the sulphate containing

i) CaSO, - iD,0 and CaSO, - 2D,0 as additives

The extension of the CaO-Al,0,-D,0 system to
four components by including SO, introduces the
possibility of other hydration products than those
of the three component system. Unfortunately,
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phases, ettringite (C,AS,D,,) and monosulphate
(C.ASD,,) are not known. Hence, an immediate
identification of these phases from the observed
neutron diffraction powder patterns is difficult.
In this study the effect of CaSO, - 3D,0O and
CaSO0, - 2D,0 on the hydrolysis of C,A, C,A, and
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C3A+D,0+CaS0, $D,0

60°C

Fig. 1. Powder neutron diffraction patterns of a C,A-CaSO, - $D,0-D,0 mixture at 60 °C recorded with 5 min
intervals. Selected Miller indices of CaSO, - 2D,0 | and CaSO, - }D,0 1 are indicated.

CA was investigated for temperatures between
25 and 120°C. The crystalline phases present in
the first and the last on-line neutron diffraction
pattern of the individual experiment series are
listed in Table 2a, and the tabulated results con-
form reasonably well with earlier findings. Elec-
tron microscopy techniques’ revealed that the
first reaction product in the hydrolysis of calcium
aluminates in the presence of gypsum is ettringite
as long as the CaSO, - 2H,O amount is sufficient
for a quantitative reaction. Ettringite may itself
after some time react with the remaining calcium
aluminates to give monosulphate as a secondary
product. However, at low sulphate concentra-
tions it was found that monosulphate is the first
crystalline reaction product.® The latter reaction
product may also take compositions belonging to
a solid solution phase between C,ASD,, and
CAD"

No difference in crystalline end products was
found when using CaSO, - $D,0 and gypsum, re-
spectively, as additives (cf. Table 2a). At temper-
atures between room temperature and 70°C
CaSO, - 1D,0 was found to react very fast with
D,0 giving CaSO, - 2D,0 in agreement with the
hydration properties of pure hemihydrate in the
absence of calcium aluminates.* This hydration
reaction did not take place at more elevated tem-
peratures. Thermal decomposition of CaSO,
- 2D,0 inside the vanadium container was found

9

to give CaSO, - 0.8D,0,* which is not the same
crystalline modification as the present starting
material of hemihydrate (CaSO, - 0.67D,0).

a) Reactions with C,A: The hydration of C,A
in the presence of CaSO, - $D,0O was first studied
at 60°C. The adopted ratio (calcium aluminate/
additive) of 4.26/12.85 mmols is considerably
smaller than in real Portland cement. The time
variation of the recorded powder neutron diffrac-
tion patterns is visualized in Fig. 1 showing dif-
fraction patterns recorded at 5 min intervals. Im-
mediately (5 min) after the solid mixture has
been brought into contact with water, the diffrac-
tion pattern consists of only faint Bragg reflec-
tions and a broad background peak, indicating
loss of crystallinity of C;A and CaSO, - 1D,0.
From the variations in integrated intensities of
Bragg reflections ascribed to the different phases
information concerning the reaction rates was
obtained. This is illustrated in Fig. 2b. These re-
sults can in turn be compared with the corre-
sponding data for the hydration of pure C,A and
pure CaSO, - 4D,0. Complete transformation of
CaSO, - 1D,0 into gypsum (Fig. 2b) was found
within 25 min which is faster than for the pure
CaSO, - 1D,0 sample itself (1h).* C,AD,, which
is normally the hydration product'? of pure C,A,
is not at all formed under these conditions. In-
stead two strong additional reflections in the
powder patterns were recognized and ascribed
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Fig. 2. Integrated intensities of solids from reactions of C,A-D,O mixtures with additives CaSO, - 2D,0 and
CaSO0, - $D,0; a and b at 60°C and ¢ at 50 and 93°C. The solids observed are CaSO, - 2D,0 (O), precursor

(O), C,AD; (¢,), C,ASD,, (A,1), and Ca(OD), (V,V).

C3A+D,0+CaS0, 20,0

532

611 50°C

475 ©

Fig. 3. Powder neutron diffraction patterns of a C,A-CaSO, - 2D,0-D,0O mixture at 50°C recorded with 5 min
intervals. Selected Miller indices of C,AD; |, Ca(OD), | (hki), and C,A 1 are indicated. The positions of two
reflections from the precursor are marked with 1. The two strong reflections of the precursor can be indexed

with the ettringite unit cell as 124 and 216.

(see below) to a precursor for C,ASD,,. Fig. 2b
shows the time dependence of the amount of this
precursor. A similar experiment with CA at
60°C using CaSO, - 2D,0 as additive revealed the

130

same features, and the results are shown in Fig.
2a. Again, no C;AD, was formed. These results
showing the appearance of the precursor phase
are in contrast to the reported observations that



C,ASD,, is the first crystalline product in the hy-
drolysis of Portland cement (mortars which gen-
erally contains gypsum as well as the hemihy-
drate).*! In an experiment at 50°C a C,A to
CaSO, - 2D,0 ratio of 10.00/1.72 mmol was
chosen (Fig. 2¢). This ratio is closer to that used
in Portland cement than the ratios used in the ex-
periments described above. Under these condi-
tions, quite different hydrolysis reactions were
observed than those described above at 60°C.
The time dependence of the diffraction patterns
is shown in Fig. 3. All the available gypsum is
consumed in the very beginning, and the crys-
talline reaction products are identified as C;AD,,
Ca(OD), and C,ASD,, from the positions of the
diffraction lines. In addition, the precursor ap-
pears as an intermediate phase during the first
hour of hydration. An analogous experiment was
performed at 93°C yielding the same reaction
products, however, with the exception that the
precursor phase was not observed. The variations
in integrated intensities versus time for reflec-
tions characteristic of these phases (at 50 and
93°C) are shown in Fig. 2c.

None of the described experiments showed in-
dication of the formation of ettringite. A C,A/
CaSO, - 2D,0 mixture (ratio 10.00/1.72 mmols)
was studied at room temperature in order to
check whether this, somewhat surprising, finding

REACTIONS OF SOLIDS WITH WATER

was maintained. The time variation of the dif-
fraction patterns (cf. Fig. 4) differs from those
presented in Figs. 1 and 3. During the first 8 h the
precursor is the only crystalline reaction product.
However, after 8 h, precipitation of ettringite
takes place accompanied by a simultaneous con-
sumption of C,;A and of the precursor. Time vari-
ations of the integrated intensities are shown in
Fig. Sa. After the on-line experiment the sample
was kept in the sample holder for 80 days at room
temperature and then subjected to X-ray powder
diffraction measurements (on the wet paste). The
reaction products were now found to be C,AD,
and C,ASD,,. They are probably the stable re-
action products.

In order to identify the precursor unequivo-
cally in this and the other experiments involving
sulphate additives, further experiments were per-
formed using X-ray diffraction on C,A/CaSO,
- 2H,0 samples (ratio 8.51/21.24 mmols, water/
solid ratio 1.27). The reaction temperature was
60°C, and diffraction patterns of the wet samples
were recorded after 1, 2, 3, 5, 10, 17, and 30 h.
However, surprisingly, only ettringite, in quanti-
ties increasing with the reaction time, was ob-
served, in contrast to the observations made by
on-line powder neutron diffraction.

It proved to be possible to synthesize the pre-
cursor in a hydrothermal experiment. A mixture

§ INTENSITY |

C3A + 020 + CQSO/. 2020

27°C

Fig. 4. Powder neutron diffraction patterns of a C,A-CaSO, - 2D,0-D,0 mixture at 27 °C recorded with 10 min
intervals. Selected Miller indices of C,A 1 and C,ASD,, | and positions of two reflections of the precursor

land 1.

9
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Fig. 5. Integrated intensities of solids in reactions of a: C,A-CaSO, - 2D,0-D,0 mixtures at 27 °C and b: C,,A,-
CaSO0, - 2D,0-D,0 mixtures at 27 °C. The precursor is represented by .

of 13.3 mmol C,AD,, 41 mmol CaSO, - D,0, and
150 ml D,O was kept at 150°C for 100 h. Guinier
photographs of the end product showed only
sharp lines of orthorhombic anhydrite CaSO,.
However, after 250 days at room-temperature,
renewed X-ray diffraction investigations revealed
the coexistence of anhydrite and ettringite (data
in full accordance with JCPDS index data'!), and
the presence of a few, weak unidentified Bragg
reflections. (The refined unit cell dimensions of
hexagonal ettringite are a = 11.242(4) and ¢ =
21.479(13) A.) Remarkably, the neutron diffrac-
tion pattern obtained after 250 d did not show sig-
nificant changes with respect to the earlier re-
corded data. A high temperature powder X-ray
diffraction study (Guinier Simon camera) was
undertaken with the anhydrite/ettringite mixture
for temperatures between 25 and 825°C.
Whereas ettringite was found to decompose at
125 £ 10°C, the reflections of anhydrite remained
up to 825°C. No phase transition of ettringite
could be detected between 25 and 125°C. As evi-
dent from Fig. 5a,b (and from experiments de-
scribed below) the quantities of the precursor
phase and ettringite are in some way linked to-
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gether. These facts were taken as an indication
that the precursor phase may be a metastable
modification of ettringite with different position-
ing of the OD~ and D,O groups. Table 3 gives the
d-spacings and estimated intensities for the Bragg
reflections observed for the precursor (character-
ized at d = 3.02 and 2.56 A) and ettringite (char-
acterized at d = 9.61 and 2.47 A) in the powder
neutron diffraction diagrams. The hkl values for
the ettringite reflections are included. However,
it was also possible to index the diffraction pat-
tern of the precursor phase on the ettringite type
unit cell and no common (strong) reflections for
the two phases were present (cf. the indexing of
the precursor phase also included in Table 3).
From these findings, it is believed that ettringite
can exist in two modifications, which mainly dif-
fer in the OD~/D,0 geometry (or their amounts),
and are not distinguishable in powder X-ray dif-
fraction diagrams. Single crystal neutron diffrac-
tion studies are required in order to definitely
solve the problem.

b) Reactions with C;,A, and CA: For pure
C,A, the hydration product at temperatures up
to 30°C is C,AD,, while for pure CA below 50°C



Table 3. Observed positions (d-values), intensities
and suggested indexing (hk/) of observed Bragg
reflections of the precursor and ettringite in powder
neutron diffraction diagrams.®

Precursor Ettringite

dA) bk Int. dA)  hk Int.
5.35 004 4 9.61 100 7
4.95 112 4 4.67 104 8
3.66 210 4 2.90 107 32
3.60 204 9 2.746 304 44
3.24 300 9 2.469 224 100
3.16 301 4 2391 314 22
3.02 124 63 2.353 402 40
2.92 017 5 2.310 109 19
2.81 220 26 2.283 403 34
2.78 125 14 2.140 136 26

2049 234 10
1.877 236 11
1.847 331 7

2.72 222 35
2.62 312 14
2565 216 100
2355 127 28
2310 109 44
2.290 043 10
2218 037 31
2.162 128 17

a) Based on hexagonal unit cell with a = 11.19(1), ¢
= 21.42(4) A.
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the hydration product is C,AD,,.' These hy-
drates, also including C,AD, and CAD,,, are
metastable with respect to C,AD,. The slow
transformation of these into the stable form is
connected with large volume contractions and
hence mechanical breakdown of the solidified ce-
ment mortar. However, in the room temperature
hydrolysis of C,,A, and CA when using CaSO,
- 2D,0 as additive (ratios 1.44/6.94 and 12.66/6.94
mmols, respectively), the formation of the meta-
stable hydrates was suppressed.

The evolution of the diffraction patterns at
27°C with time is shown for the C,A4, sample in
Fig. 6 while integrated intensities are presented
in Fig. 5b. It is seen that ettringite first starts to
be precipitated when all gypsum is consumed,
and that this correlated with the time when maxi-
mal amounts of the precursor are present in the
sample. After another 80 days at room temper-
ature, powder X-ray diffraction data recorded on
the wet paste showed the presence of ettringite
and a-C,AD,,. The possible conversion of et-
tringite to C,ASD,,, due to low amounts of sul-
phate (cf. Table 2a), had not taken place.

The results from a similar experiment at 80°C
with CaSO, - 4D,0 as additive, are presented in
fig. 7a. At this elevated temperature gypsum is
no longer formed from CaSO, - 4D,0, but the re-
action products are still the precursor and et-

W‘INTENSITY

TIME

50

!
(020)

(11.T)I
(121,002)

Cy2A7 +D20 + CaSO, 2D,0

27°C
|

s 450 ©

Fig. 6. Powder neutron diffraction patterns of C,,A,-CaSO, - 2D,0-D,0 mixture at 27 °C recorded with 10 min
intervals. Selected Miller indices of C,,A, 1, CaSO, - 2D,0 1 (hkf), and C,ASD,, | , and positions of two

reflections from precursor | .
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Fig. 7. Integrated intensities of solids in reactions of a: C,,A,-CaSO, - $D,0-D,0 at 80°C, b: CA-CaSO, - 1D,0-
D,0 at 80°C, ¢: CA<CaSO, - 1D,0-D,0 at 80 to 120°C, and d: C,A-CaSO, - $D,0 at 115°C. The precursor is

represented by [.

274 CA+D,0+CaS0, D,0
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Fig. 8. Powder neutron diffraction diagrams of a mixture of CA-CaSO, - 1D,0-D,0 under heating from 80 to
120°C. Diagrams were recorded with 20 min intervals. Selected Miller indices of reflections of C,ASD,, | , and

positions of two reflections of the precursor | .

tringite. X-Ray powder diffraction data on the
end product confirmed the presence of ettringite.
Corresponding data for a CA/CaSO, - D,0 mix-
ture are presented in Fig. 7b, and the reaction
features were found to be identical with those de-
scribed above.
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Ettringite can be obtained from aqueous solu-
tions up to 90°C,"? whereas C,ASD,, is stable
even at higher temperatures. In order to get
some information on the thermal stability of the
sulphate containing hydration products under the
present experimental conditions a sample of



D,0, CA, and CaSO, - 4D,0 (ratio 12.66/6.94
mmols) was kept for 2 h at 80°C before slowly
being heated up to 120°C over 4 h. The time vari-
ations of the recorded on-line powder neutron
diffraction patterns are shown in Fig. 8, and the
evaluated variation in integrated intensities in
Fig. 7c. The formation of ettringite continued to
take place even at 120°C. Powder X-ray diffrac-
tion data of the sample confirmed after 80 days at
room temperature still the presence of ettringite.
On the other hand, in a hydration experiment of
C,A with CaSO, - 1D,0O as additive (ratio 4.26/
12.85 mmols) at 115°C no ettringite nor any pre-
cursor phase was found. The hemihydrate was
partially converted to orthorhombic anhydrite,
B-CaSO0,," see Fig. 7d, while no other reaction
products were registered.

ii) CaCOi, as additive

In the system CaO-Al,0,-CO,-D,0O the phases
3CaO - Al,0, - CaCO, - 30D,0 and 3CaO - Al,O,
- CaCO, - 11D,0 are well known. The compound
C,ACH,, is formed when calcite is used as an ad-
ditive in Portland cement mortars."* Another car-
bonate, 4Ca0 - Al,O, - $CO, - 12H,0, can appear
as an intermediate phase when insufficient quan-
tities of CaCO, are present for the formation of

REACTIONS OF SOLIDS WITH WATER

C,ACH,.” In the present experiments only
C,ACD,, was found as the end product. The mo-
lar ratios between the amounts of calcium alum-
inates and CaCO, used are listed in Table 2b. For
the C,A/CaCO, mixture CaCO, is in excess while
the other mixtures have a CaO deficiency with
respect to the formation of C,ACD,,.

The time dependence of the diffraction pat-
terns of a C,4/CaCO, mixture at 53°C is shown
in Fig. 9. C,A reacts rapidly with water and the
crystalline reaction product is C,ACD,,. The vari-
ation of integrated intensities with time are
shown in Fig. 10a. During the time period of the
experiment some 40 % consumption of the avail-
able amount of CaCO; takes place. This implies
that most of the initial C,A remains in the amor-
phous state even after 2 h. Analogous observa-
tions were made for the hydration of C,4, in the
presence of CaCO,. However, the consumption
rate of CaCO, was lower than in the experiment
with C,A. The variations of integrated intensities
with time in the latter experiment are shown in
Fig. 10b. An X-ray diffraction powder pattern re-
corded of the wet specimen after 80 days at room
temperature proved that it contained only
C,ACD,, and CaCO,. Similar findings were also
obtained for an on-line study of a CA/CaCO,
mixture, the results being presented in Fig. 10c.
The amount of CaCO, is constant after 6 h (Fig.

A INTENSITY

* (101.)]

C3A* DzO + CQCO3

53°C

J
sih !

75 (012)

(006)

t +—Li»
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Fig. 9. Powder neutron diffraction patterns of a C,A-CaCO,;-D,0 mixture at 53 °C recorded with 5 min intervals.
The “peak” marked * is due to instrumental instability. Miller indices of selected refiections of C,A 1, CaCO,

1 (hkf), and C,ACD,, | (hki) are indicated.
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Fig. 10. Integrated intensities of solids in reactions of a: C,A-CaCO,-D,0 at 53°C, b: C,,A,-CaCO,-D,0 at 40
and 53°C, and c: CA-CaCO,-D,0 at 53 and 80°C. The compound C,ACD,, is represented by O and O.

10c). This corresponds to a quantitative conver-
sion of CA to C,ACD,,, in contrast to the findings
for C;A and C,A,.

The reaction between CA, CaCO,;, and D,0
was studied also at the higher temperature of
80°C. The results differ clearly from those at
53°C in that C,ADq is formed in addition to
C,ACD,,, as seen in the powder diffraction di-
agrams of Fig. 11. The variations in integrated in-

tensities with time are included with the 53°C
data in Fig. 10c. The major hydration products at
80°C is C,AD,. Both at 53 and 80°C large
amounts of A remain as an amorphous gel. It can
be concluded that the suppression effect on the
C,AD, formation induced by CaCO, additions,
apparently has an upper temperature limit in the
range 53-80°C.

By a careful study of the diffraction patterns

A INTENSITY

CA+D70+CaCO;

532

611 80°C

Fig. 11. Powder neutron diffraction patterns of a mixture of CA-CaCO,-D,0O at 80 °C, recorded with 20 min
intervals. Selected Miller indices of CaCO, 1 (hkl), C,AD, |, and C,ACD,, | (hkl) are indicated.
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from e.g. C,A,/CaCO, mixtures at 53°C, an in-
termediate phase is observed. Maximum amount
of this phase is attained after ~40 min, and it has
completely disappeared after 34 h. Unfortu-
nately, only two Bragg reflections could be un-
equivocally ascribed to this phase, thereby mak-
ing an identification impossible. These reflections
were tentatively ascribed to C,AC, D, that has a
Bragg reflection at d = 2.722 A%

For the pure systems (viz. without additives)
the reaction rates for C,A are greater than those
of C,,A,, while CA is the slowest reactant. This
picture is changed when CaCO, is used as addi-
tive; the reaction of CA is here more rapid than
that of C,,4,. This may, however, be due to dif-
ferences in surface area/particle size since e.g. the
preparation methods here adopted differ for the
latter two phases.

iii) Ca(OD), as additive

Portland cement clinker often contains minor
amounts of free Ca0' and Ca(OH), is sometimes
added to the mortars. As described in Ref. 2,
Ca(OD), is produced during the hydrolysis of
C,S. A possible influence of Ca(OD), on the hy-
drolysis of calcium aluminates was here briefly
considered through one experiment involving
C,A. The reaction between D,0 and a sample of
C,A containing a surplus of Ca(OD), was studied

REACTIONS OF SOLIDS WITH WATER

by on-line powder neutron diffraction (ratio 5.93/
18.40 mmols, temperature 100°C). As seen from
the diffraction patterns presented in Fig. 12,
C,A Dy is formed almost immediately. This corre-
sponds the the findings for pure C,A, and the re-
action rate of C,A seems not to be affected by the
presence of Ca(OD),.

iv) Si0, as additive

An experiment with a C,A,/SiO, mixture (ratio
1.44/16.65 mmols) was carried out at 85°C. No
C-S-D phases were formed, nor did the presence
of SiO, significantly alter the rate of hydrolysis of
C,,A,. The only crystalline hydration product was
C,AD;.

v) CaCl, as additive

In the monitoring of cement setting properties,
additives such as e.g. CaCl,, Ca(NO,), or Cal,
can also be used.'”’® One experiment with C,,A,
and CaCl, (ratio 1.44/9.01 mmols) was performed
at room temperature. Immediately after mixing,
a large heat evolution was observed mainly due
to the reaction of CaCl, with water. Signs of a
Ca-Cl phase in the powder diagrams were first
seen after an induction period of ~30 min. The
final crystalline end product was found to be
B-Ca,Al,OCl, - 10D,0. After 80 days at room

A INTENSITY C;A+D,0+Ca(0D),
100°C
332521 2%,
21 l
TIME i) = Il
$= = RIS
\ = | |
75 0(])1 100 On 102 11047'5 ©

Fig. 12. Powder neutron diffraction patterns of a C,A-<Ca(OD),-D,O mixture at 100°C recorded with 5 min
intervals. Selected Miller indices of Ca(OD), 1 and C,AD, | are indicated.
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temperature the wet sample showed only lines
from this phase (X-ray powder diffraction). The
experiment was repeated and X-ray powder pat-
terns of the wet samples were recorded after 1, 3,
5, and 28 h. After 5 h the reflections of B-
Ca,ALO(Cl, - 10H,0 appeared.”

vi) Background scattering

The free liquid D,O gives rise to a scattering con-
tribution that contains a very broad peak in the
middle of the recorded diagrams. Information
about the amount of free D,O can thus be ob-
tained from integration of a section of this peak.
The variations in free D,O vs. time were eval-
uated for the experiments described in i)-v), and
representative curves are shown in Fig. 13. A
common feature of these diagrams is the strong
reduction of the free D,O amount during the ini-
tial part of the experiments. The D,0 consump-
tions should be compared with the dissolution
processes of the crystalline reactants and the pre-
cipitation of crystalline products, see e.g. Figs. 2,
5,7, and 10. In general, the initial, fast reduction

in free D,O amount does not correspond to the
crystallization of hydrated products, and is hence
ascribed to the rapid conversion of reactants into
amorphous gels. Further along in the reactions,
correlations between rate of crystallization and
consumption of D,0 are observed. This is seen
by e.g. comparing the results for the CA/CaCO,
sample at 53°C in Figs. 10c and 13, and the rate
of crystallization of C,ACD,, is well reflected in
the curve showing the variation in the free
amount of water. In the insert to Fig. 13 the crys-
talline amount of C,ACD,, is plotted vs. the con-
sumption of water, and a linear relation is pres-
ent. In this case, the reference quantity of D,O is
that observed after 1 h. However, in order to give
a full account of the variation in amount of free
water versus time, improved time resolution is re-
quired so that results can also be obtained for the
first minutes.

Discussion

The hydration reactions of pure calcium alumin-
ates as studied by powder neutron diffraction

CONSUM PTIgN OF DO
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Fig. 13. Consumption of D,O in selected hydrolysis reactions, a for CaCO, and b for CaSO, - $D,0 as additive.
The insert shows B the consumption of D,O (integrated intensity in arbitrary units) vs. A the production of

C.ACD,, (integrated intensity in arbitrary units).
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were reported in Refs. 1,2. The results of the
present experiments which are concerned with
the effects of additives, differ in many ways from
the results obtained for the pure phases. The
most apparent feature is the formation of differ-
ent crystalline reaction products where the addi-
tive anions are incorporated in the crystal struc-
ture. These complex hydration products gener-
ally crystallize in layer structures (e.g.
[Ca,Al(OD) ][4X - nD,0] with X = Cl, SO,, etc.
and n = 10-12)""'® often with large repetition
lengths, and the details of the crystal structures
are only partly known. The formation of meta-
stable crystalline C-A-D phases is prevented by
the use of additives. For carbonate containing
samples the stable product is C,ACD,,, at least at
temperatures below ~80°C. However, for sul-
phate containing specimens a much more com-
plicated nature was found, cf. Table 2a. For all
such samples studied, independent of the C/S ra-
tio, a precursor was found as the primary re-
action product. In the literature,” ettringite,
C,AS,H,,, is quoted as the first occurring crys-
talline S containing phase, and no reference has
been found for a precursor of ettringite. How-
ever, this is possibly the first time that these sys-
tems have been studied by the powder neutron
diffraction technique which yield information
about the scattering contributions from the deu-
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terium atoms. It is here suggested that the pre-
cursor is a metastable form of ettringite, and that
the transformation from the precursor to ettrin-
gite is mainly driven by rearrangement of the
deuterium atoms. Such a (minor) rearrangement
will be observed in a neutron diffraction experi-
ment, but the effect could possibly hardly be de-
tected in X-ray powder diffraction measure-
ments. Another possibility is that the precursor
has a composition (slightly) different from that of
ettringite and that complete hydration first takes
place in the second step.

The formation of ettringite takes place after
the crystalline amount of the precursor has
reached its maximum and is in most cases con-
nected with a reduction in quantity of the pre-
cipitated precursor. After prolonged reaction
times (at room temperature) another transforma-
tion to C,ASD,, and C,A D, was observed in some
cases while a-C,AD,, was found in another case.
Hence the reaction products for the systems con-
taining sulphate varies largely and these findings
should be checked by prolonged on-line diffrac-
tion experiments. The absence of any crystalline
Al-O-D phase (e.g. gibbsite)*? in all the experi-
ments performed is somewhat unexpected. How-
ever, the quantities of gibbsite may have been so
small that they could not be detected from the
diffraction patterns.
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Fig. 14. Integrated intensities versus time for initial reactions of C;A-. C,,A,- and CA-D,O-additive mixtures. The

symbols represent the following additives:

a: CaSO0, - 1D,0 at 60°C (O), CaSO, - 2D,0 at 60°C (V), CaSO, - 2D,0 at 27°C (A), and CaCO, at 53°C (A).
b: CaSO, - $D,0 at 80°C (V), CaSO, - 2D,0 at 27°C (), CaCO, at 53°C (O,®), and CaCO, at 27°C (V).

c: All systems are identified on the figure.
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Table 4. Estimated values for t,; (product) in min for hydration reactions of C-A phases in the presence of

additives.
Pure system
C-A
Additive Product Temp (°C)  t,5 tos Product
CA CaSO,-3D,0 CaSO,-2D,0 60 15 7 C,AD,
Precursor 60
CaSO,-2D,0 Precursor 60 >80 7 C,AD;
CaSO,-2D,0 C,AD, 50 40 17 C,AD;
Precursor 15
Ca(OD), >100
CaSO0,-2D,0 C,AD, 93 100 4 C,AD;
Precursor 30
Ca(OD), 15
CaSO0,-2D,0 Precursor 27 60 70 C,AD,
CaCo, CACD,, 53 >35 17 C,AD,
CA; CaSO,-1D,0 Precursor 80 7 6 C,AD;
Ettringite 23
CaCo, C,ACD,, 53 >120 120 C,AD;
CA CaSoO,-1D,0 Precursor 80 25 30 C,AD,
Ettringite 60
CaCo, C,AD, 80 50 30 C,AD,
CACD,, >60
CaCo, C,ACD,, 53 >200 >200 C,AD,

The reactivities of the calcium aluminates were
characterized by the time t,5 necessary for con-
sumption of half the initial amount of the re-
actant.” The reactivity of pure C,A is so large that
tys cannot be estimated by the present time reso-
lution (t,; being less than 0.1 h). This picture is
not altered by the use of additives (Fig. 14a),
hence, the results shown for C,A in Fig. 14 corre-
spond to minor amounts of C,A reacting slowly
due to particle size effects. However, for C,A,
and CA the hydration reactions are slower and
can be evaluated. The reaction rates are not
found to be lowered by the presence of additives,
see Fig. 14 and Table 4 of Ref. 1. These fast hy-
dration reactions correlates with the reduction of
the amounts of free water as illustrated in Fig. 13.

Another feature of the reactivity of these solids
is the rate at which crystalline products are for-
med. For the pure C-A systems t, s (reactant) and
t,s (product) differ only slightly.? However, for
the systems containing additives the formation of
products is considerably slowed down, and ty;
(product) >t ; (reactant). When compared with
the pure systems, see Table 4, t,; (product) for
the systems containing additives is in most cases
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found to be larger than for the corresponding
pure systems. The curves showing the degree of
hydration [a(t)] versus time contain information
about the underlying kinetic relationships.? This
aspects is not further considered here. However,
their rather different profiles should be noted, cf.
e.g. Figs. 2, 5,7, and 10.

As a byproduct of these studies, information
on the hydration reactions of CaSO, - $D,0 in the
presence of C-A phases were obtained. The con-
sumption of CaSO, - D,0 versus time is shown in
fig. 15. The reactions are found to be fastest at
low temperatures in conformity with data for
pure CaSO, - 1D,0.* For the hydration curves
shown in Fig. 15 different reaction products pre-
vail; CaSO, - 2D,0 at 60 °C, the precursor and et-
tringite at 80°C, and orthorhombic $-CaSO, at
115°C. The hydration of CaSO, - 4D,O in the
presence of C;A at 60°C to yield gypsum can be
compared with corresponding data for pure
CaSO, - 1D,0.* In the latter case, the hydration
curve, a(t), takes a sigmoidal form and different
mechanisms such as crystallization of nuclei, dis-
solution and diffusion have been suggested to de-
termine the reaction rates at different stages of
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Fig. 15. Integrated intensity of CaSO, - $D,0 vs. time
showing the rate of consumption at different experi-
mental conditions.

the process. However, in the presence of C;4 the
degree of hydration of CaSO, - $D,0O varies lin-
early with time (see Fig. 2).
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