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ABSTRACT

By hydrothermal treatment in saturated steam at $80°C for 24 h relatively
pure «-C,SH was obtained from lime-quartz mixtures, from f-C,S, and from y-C,S.
On heating 100-mg samples at 6°C min—!, the main dehydration of «-C,SH takes
place between 380 and 500°C. In this temperature range, an endotherm at 460-470°C
is characteristic for the DTA curve. Both temperature (395-450°C) and intensity
of a second endotherm depend on the starting matenals used for the synthesis of
a-C,SH. Considerations pertaining to the course of the dehydration show that in
various samples the water binding is not equally strong, so that the composition of
the samples cannot be directly calculated from the 380-500°C weight loss. On de-
composition, 2-C,SH converts into 7-C,S, during which process the formation of an
intermediate phase was confirmed. The disaccord of literature data on thermal de-
composition of «-C,SH is probably due to different preparation of samples examined
by various authors. By heating «-C,SH to 1000°C and by cooling the calcined product
to room temperature, §-C,S can be obtained.

INTRODUCTION

Alpha-dicalcium silicate hydrate was first found by Thorvaldson and Shelton?
in steam-cured Portland cement mortars at about 150°C. Many investigators have
confirmed the possibility of its formation from a wide range of starting materials
under hydrothermal conditions at temperatures between 100 and 200°C>—2*_ Accord-
ing to Lea*? and Taylor??, a-C,SH is most reproducibly obtained by hydrothermal
treatment of B-C,S at 140-160°C for about 14 days. The formation of x-C,SH can
be considerably supported by the addition of seed crystals to the starting materiai?4-25

* Presented at the Ist European Symposium on Thermal Analysis, Salford, England, September 20-24,
1976. : , : e
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as well as by the presence of excess calcium hydroxide or alkalis* in reaction mixtures
treated at temperatures up to about 180°C. A higher water/solid ratio, the stirring
of the reaction mixture during the hydrothermal treatment, and the use of freshly
hydrated lime also favor the formation of a-C,SH*. A synthesis of larger amounts
of x-C,SH from lime and quartz has been reported, its products containing 14209,
of unreacted lime'*. According to Taylor??, the formation of a-C,SH from the lime—
silica mixtures occurs through the intermediate formation of an ill-crystallized lime-
rich phase. Under favorable conditions, a-C,SH crystallizes relatively well. Its crystal
structure is composed of Ca?*, (HSi0,)>— and (OH) ™ ions making up the constitutio-
nal formula Ca,(HSiO,)(OH)3. C/S ratio of 2-C,SH has been suggested as variable2é.

In practice, a-C,SH may be found in large amounts in Portland cement pastes
containing silica in the amount from 0 to 209} of total binder, when they are treated
hydrothermally above 100°C. Although strongly crystallized, a-C,SH is a weak
binder*”. Consequently, the presence of a-C,SH in autoclaved calcium silicate
products lowers their mechanical strength and is therefore generally not desired!?- 13-
16. 28 On the oiher hand, «-C,SH has little tendency to shrink when dried or car-
bonated and an idea subsists that investigators especially need to examine the C/S
mole ratio in the area between 2 and 3 in the range from 100 to 170°C. In this way
products marked by useful strength and volume stability characteristics may be ob-
tained. Some investigations in this direction seem to have been performed al-
ready’*- 2931

According to several authors®—%- 26- 32. 33 (or the DTA curve of 2-C,SH an
endotherm at 470-480°C is characteristic, which is sometimes slightly divided32.
Some authors observed sporadically an additional, less pronounced endotherm at
430°C*—S. Similar results but lower temperatures have been reported by other authors
(460°C and 410°C3*, 430°C and 350°C'®, respectively).

In the range of these endotherms, the thermogravimetric curve of «-C,SH
shows a sharp loss in weight, which is due to dehydration of thiscompound. According
to Lea*? and Taylor*® unoriented B-C,S is formed at static dehydration in air at
abouz 400450°C. Garnute and Chromy report similar results>*, whereas according
to Butt and his coworkers® the decomposition of a-C,SH at these temperatures
proceeds over an X-phase which converts into y-C,S at 500°C.

The present work has been carried out on account of the importance of 2-C,SH
for the industry of autoclaved calcium silicate building products. It has been supported
by various data on the thermal behavior of =-C,SH.

EXPERIMENTAL

For the synthesis of a-C,SH four original starting materials were chosen,
namely hydrated lime (H.L.), calcined lime (C.L.), quariz flour (Q), and y-C,S(1).
y-C,S was made by calcining a homogenized mixture of H.L. and Q (molar
ratio C/S = 2,0) for several hours at 1450°C. The X-ray analysis revealed that 7-C,S(1)
contained only a few per cent of the f-form. Chemical analyses of these starting
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TABLE |

STARTING MATERIALS ANALYSES (%)

- H.L. C.L. Q 7-C2S(1)
Si0-» 0.04 0.20 95 - 343
AlzOs 0.09 0.1 0.16 028
Fe-03 0.06 0.95 0.04 0.03
CaO 695 915 0.01 6%.5
MgO 0.8 0.8 <0.01 03
K20 0.02 0.03 a 0.17
N2:0 0.01 001 » 021
SOa 0.56 031 = <01
CO- 28 1.06 = a
Ignition loss 27.2 4.81 0.25 0.18
Surface area, (cm® g~¥) 5050 7470 8930 3000

2 Not determined.
b Value for H.L. obtained by hydratien of C.L.

TABLE 2

SAMPLE PREPARATION

Sample Composition of starting mixiure Surface area

No. (CiS = 2.0; 2°, a-C~-SH added) (cm= g 1)

1 CL. + Q fromTablel. cf_Table 1

y4 H.L. + Q from Table 1. - cf. Table 1

3 B-C-S(1) made by calcining y-C=S(1) for 20 h at 1000°C, 0.59%, 6300
B203 added as hot water solution of H;BO;.

4 B-C=S(2) made by calcining Sample 2 for 2 h at 1000°C. 5400

5 f-CsS(3) made by calcining Sample 1 for 2 h at 1000°C. 7100

6 »-CaS(I) from Table I. 4700

7 #-C2S(2) made by calcining Sample 2 for 2 h at 650°C. 6200

materials are shown in Table 1. As can be seen, they were commercial grade, but of
appreciable purity.

The preparation of starting mixtures is explained in Table 2. Seven different
500 gram samples of «-C,SH were synthesized by hydrothermal treatment of these
well-homogenized starting mixtures in saturated steam at 18C°C for 24 h applying
a watcer/fsolid ratio of 8,0. After autoclaving, the suspension was filtered by means of
suction and the solid product was dried overnight at 150°C.

High-temperature powder patterns were taken on a Guinier-Lenné camera
(Enrof-Nonius) at a heating and cooling rate of 2°C min—?, respectively. A high-
temperature attachment (Anton Parr, K.G.) was put to a Philips goniometer apparatus
in order to follow high-temperature changes isothermally or in shorter periods. In
both cases CuKa radiation was used.

-Simultancous DTA-TG-DTG curves were obtained on a Mettler Thermo-
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TABLE 3

ANALYTICAL DATA ON SAMPLES

Sample Chem. analysis X-ray dara Surface area
No. Free CaO (%) COs (%) C:S (%) (cm®gt)

1 242 - 126 0 6500

2 2.80 2.06 0 9000

3 0.15 044 3 6300

4 030 032 1 5400

5 0.15 073 1 7100

6 0.15 0.63 67 4700

7 045 2.63 2 6200

20—

20 25 30 35 40 45 50

20 25 30 35 40 45 50
28—
Fig. 1. X-ray diffraction patterns of Samples 1-7.

analyzer. 100-mg samples were heated in dry air at 6°C min—" from room temperature
to 950°C. The same quantity of calcined alumina served as reference material.
Fuorther characterization of samples consisted of determinations of the free
lime content®?, of the CO, content (Westhoff), and of the surface arca (Blaine). The
content of unreacted §- and y-C,S, respectively, was estimated by X-ray diffraction
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using the method of known additions. Table 3 represents a summary of data on the
examined samples; Fig. 1 shows their X-ray diffraction patterns in the range from
15t0 50°286.

Sample Weight loss (%) Total  Endotherm Peak area  Peak areaf
No. [Temp. range (°C) ] height (mm)] 380-500°C weight loss
[25-380-500-660-760-1000] temp. (°C) (units) 380-500°C
I {4
1 055 850 105 105 045 1160 41/430 65/460 308.8 36.33
2 1.15 815 105 150 050 1235 58/450 61/465 2860 35.09
3 05 6.50 155 030 025 9.10 16/405 49/470 254.2 39.11
4 015 820 080 045 040 1000 25/400 68/465 3404 41.51
s 025 815 075 050 O0S0 1005 19/400 68/465 311.6 38.16
[ 130 770 070 065 O0S0 1085 15/400 66/465 3066 39.82
7 115 615 080 225 065 1100 10/400 48/465 2220 36.10
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Fig. 2. TG curves of Samples 1-7.
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RESULTS AND DISCUSSION

On Figs. 2-4 DTA-TG-DTG curves are shown for samples 1-7. Table 4
represents a summary of quantitative data resulting from these curves.

As can be seen from Fig. 2 and Table 4, the main weight loss of all samples
takes place between 380 and 500°C. In the range between 660 and 760°C curves 1,
2 and 7 show an additional well-pronounced weight loss which is proportional to the
content of CO,, in the samples (cf. Table 3).

Figure 3 and Table 4 show that the temperatures of the main endotherm range
between 460 and 470°C, whereas the intensities and the temperatures of the smaller
endotherm depend on the sample investigated. When a-C,SH is synthesized from
7-C,S, the temperature is about 400°C and the endotherm is only poorly expressed
(curves 6 and 7). When synthesizing from B-C.S, the temperature of the endotherm
remains almost the same but its intensity becomes stronger (curves 3, 4 and 5).
When synthesizing from lime and quartz, the temperature of the endotherm moves
to higher values (curves 1 and 2). An additional endotherm (shown on curves 1 and 2)
appears at 480°C; it is attributed to the thermal decomposition of calcium hydroxide
which is 2 component of Samples 1 and 2 (cf. Table 3).

From Fig. 4, it follows that the course of DTG curves in the range between
350 and 500°C is quite similar to the course of DTA curves. Consequently, thermal
effects can be at least substantially attributed to thermal decomposition. This view

‘can be substantiated by dividing the DTA peak area with the corresponding weight
loss (Table 4), where—within the lim:ts of error—satisfactory constant values can be
observed.

For further quantitative consideration some helpful stoichiometric calculations
can be made use of. Their results are presented in Table 5. Column 2 represents the
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Fig. 3. DTA curves of Samples 1-7.
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Fig. 4. DTG curves of Samples 1-7.

TABLE 5

100 200 300 600 500 600 700 800 900
Temperature (°C)

IMPORTANT VALUES DERIVED FROM TABLES 3 AND 4
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Sample C=S as H=0 in H20 in Difference  C=SHx xin xinC:SHx

No. C-SH:* C=SHy C=SH 34 (%) conrent Cz2SHx Jfrom 2 and
{o/o)l (‘%), (%)’ (33)- ﬁom 25-500°C
exprtl. expil. calc. cale. 2and 3 weight loss

1 8437 956 873 0383 9393 1.08 096

2 8223 9.39 8.51 0.88 91.62 1.09 095

3 87.39 8.61 9.04 —0.43 96.00 0.94 0.71 -

4 8804 938 911 027 97.42 1.03 0.89

5 88.07 927 9.11 0.16 97.34 1.01 0.88

6 81.90 10.17 8.47 1.70 9207 1.19 0.90

7 83.79 823 8.67 —044 92.02 0954 0.70

1 2 3 4 5 6 7 8 -

& C/S = 2.0 taken as C/S ratio in calcium silicate hydrate phase.

percentage of C,S after subtracting its unreacted part, Ca(OH), and CaCO, (derived
from Table 3). Column 3 was obtained by subtracting from the total weight loss
(Table 4) the CO, content and the amount of water bound to the free lime (Table 3).
Column 4 indicates the amount of water that should be bound to C,S (column 2) in
order to yield the theoretical composition of a-C,SH. Column 5 needs no special
comment. Column 6 represents the sum of columns 2 and 3, from which also data
on the composition of C,SH, (column 7) are derived. Column 8 contains the same
data as column 7 except that the weight loss from 25 to 500°C (Table 4) was chosen

for H, in C,SH,.
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TABLE 6

RESULTS OF X-RAY EXAMINATIONS

Sample : Phase transitions (°C)

No. Hmm w’&w
1 400 830 520

2 390 870 520

3 400 870 410

4 420 830 540

5 420 860 480

6 410 880 520

? 390 840 540

20 —
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Fig. 5. X-ray diffraction patterns of Samples 1-7 at 500°C.

Table 5 shows that Samples 4 and 5 are the ones that are most close to the
theoretical composition of C,SH; they are also very similar with regard to the course
of their thermal decomposition (Table 4). Although Samples 1-3, 6 and 7 are of
appreciable purity, their loss of water proceeds somewhat differently (Table 4). This
is especially true for Samples 3 and 7, where an extraordinarily low weight loss can
be noticed in the range between 380 and 500°C. Obviously, the water binding in
different samples is not equally strong. As a consequence of this, even synthetic



245

TABLE 7

X-RAY DIFFRACTION DATA OF SAMPLES HEATED TO 500°C

Observed with samples Dara for p-C2S

Gy Sand7 Jfrom ref. 23

d(A) Y § d(A) I
4.67 vw 4.65 w

342 w 338 w

320 vw 3.18 vw

282 vs/b 2.794 vs
263 ms 2.609 s

256 w 2546 w
219 w 2.189 s
200 w 1984 m

1.92 w 1913 w

15 is
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Fig. 6. Areas under the d = 2.82 A reflection in relation to heating temperature for Sample 3.
Fig 7. Arcas under the d = 2.82 A reflection in relation to heating time for Sample 3.

a-C,SH does not seem to be a perfectly defined substance, a fact which is commonly
observed with other synthetic hydrated calcium silicates. '

The results of high-temperature X-ray powder diffraction examinations are
summarized in Table 6. On heating, the diffraction pattern of x-C,SH disappears
at about 400°C and weak reflections of y-C,S can be observed. On further heating,
these reflections become more intense until in the range from 830 to 880°C the
conversion into 2’-C,S (bredigite) occurs. On cooling—at 540°C or below—a’-C,S
converts into §-C,S which remains unchanged even after prolonged storage at room
temperature. This low-temperature stability of §-C,S can be attributed to its micro-
crystallinity on account of rclatively low calcining temperature rather than to the
stabilizing eﬁ'écg of impurities.

Figure 5 shows diffraction patterns of Samples 1-7 taken on the goniometer
apparatus at 500°C, Besides the reflections of undecomposed x-C,SH and of 7-C,S
formed, additional reflections denoted as X can be observed on patterns 3,4, Sand 7.
As can be seen from Table 7, these reflections are very close to some reflections of
B-C,S occurring in this angular range. However, by plottingthcfm_ under the re-
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flection X at 31,70° 2 8 (d = 2,82 A) versus temperature, Fig. 6 is obtained for Sample
'3, and when that area is plotted versus time during the isothermal treatment at 460
and 500°C, respectively, Fig. 7 is acquired. From Figs. 6 and 7 it can be concluded
that on prolonged heating the content of the intermediate phase decreases. For these
reasons the present authors are not sure that the intermediate phase is _actually
P-C,S. As on prolonged heating the reflections of y-C,S become more ifitense, it can
just be inferred that y-C,S is the final decomposition product of «-C,SH.

Due to the limited sensitivity of the apparatus it was not possible to state
whether or not the formation of the intermediate phase took place during the heating
process of Samples 1, 2 and 6. Nevertheless, it can be qualitatively conclided that
the amount of the phase formed dcpcnds on the starting substances that are used for

the preparation of «-C,SH.
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