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X-ray diffraction methods and thermal analysis were used to determine the

changes itn phase composition of the systems CLAF—H?*) and CLAF—CSH—
—H in the course of hydration of brownmillerite (C,AF) synthesized by solid
state reactions. The reactivity of substance in gquestion was assessed on the basis
of the time dependence of relative representation of the individual phases deter-
mined semiquantitatively from the diffractometric data.

Reactions of C4LAF with water give rise to a Fe-substituted hydrogarnet phase,

C3(A. F)Hs, while the so-called AFm phase i8 formed in the presence of CSH;.
Under identical reaction conditions, the relative contents of C,AF found are
lower than the values reported for C4AF synthesized from melt. The increase in
the rate of the heterogeneous reactions is ascribed to the effect of the amorphous
component and to that of the small crystals of CLAF present after the synthesis
in solid state on increasing the density of reaction centres at the brownmillerite-
-water boundary.

INTRODUCTION

Reactions of the ferritic phase with water in pastes of cement clinkers produce the
following Fe-substituted phases: ettringite (the AFt phase), monosulphate aluminate
hydrate (the AFm phase) and hydrogarnet C;(A, F)Hg [2, 3]. The literature cited
deals with the technological consequences of the formation of these phases in the
process of the cement pastes hardening.

The main ferritic phase in cement clinker, brownmillerite, has been described in
the literature in detail including its reactivity with water [4—15]. The composition
of the hydration products is affected by the reaction conditions [4—8, 13—15], as
well as by the properties which C4,AF has acquired in the course of its synthesis
[1, 9, 10, 18]. Studies [4—8, 13—15] describe findings on the reactivity of melt-
synthesized C4AF with water. The reactions of C,AF alone with water yield at first
a hexagonal phase, C4(A, F)H,3 and eventually hydrogarnet, Cs;(A, F)Hs. The AFt
and AFm phases being formed in the presence of CSH;, exhibit variable compositions
and properties.

The aim of the present study was to get more information on the relation between
the conditions of the synthesis and the properties of brownmillerite. The factors
influencing the reactivity of C4AF synthesized in solid state were determined,
together with the composition of the products of its reactions with water. The
results were compared with the reactivity of C4,AF synthesized from melt.

*) Cement chemistry notation used: C—Ca0O, A—Al,@;. F—Fe,0;, S—S0;, H—H,0.
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EXPERIMENTAL

The solid state synthesis of brownmillerite at 1200 °C was described in Part I [1],
the crystallographic data are given in [18). The reactivity with water was studied on
C,AF prepared at 1200 °C, either via a nitrate-tartrate precursor or directly from
a mixture of oxides. After firing at the given temperature the substances were
separated into fractions by sieving: @ (C;AF)/um 0—25, 25—40, 40—60, 60—90.
Use was also made of CSH, of AR grade, acetone of AR grade and distilled water.

The classified grain size fractions of brownmillerite and their mixtures with
CSH, were reacted with water under the following conditions: 20 < /°C < 180,

n(CSH,) _n(liquidus)
1<th< 30X W(CAT) =4, 05<= ~(olidus)
were interrupted by wa.shmg with acetone and subsequent drylng at 60 °C. The phase
composition of the solid reaction products was determined from the results of X-ray
semiquantitative analysis and using thermal analysis as a supplementary method.

The X-ray powder diffraction patterns were step-scanned on a HZGg4 A diffracto-
meter with FeKg (4 = 0.193 73 nm) or CuKg radiation (A = 0.154 1 nm) in steps
of 0.05 deg 6 or 0.025 deg 6 with 20 s per step. The patterns were processed by the
ADR 2 systems of programs [16] providing the values of interplanar distances
d(obs) and their relative intensities I(r) = I/I,. The d(obs) values were assigned to
the reference values dpgi(ref) of the individual phases under the condition

Adpyi = | d(obs) — dpgi(ref) | < 0.002 nm. (1)

The relative contents of the phases in the reaction stages investigated were
d etermined according to the relative changes in the intensities of diffractions, a se-
lection of which is given in Table I. The ratios of the relative intensities of these
diffractions in the individual reaction stages to the relative intensities of the diffrac-
tions of the pure phase were determined:

< 10. The reactions

. I(r, p, dpi,t)
Y(p,9) =— ——+, @)
p I('r, D, dp{)
where I(r, p, dp, ) is the relative intensity of the ¢-th diffraction of phase p at time
t of the reaction,
I(r, p, dpi) is the relative intensity of the #-th diffraction of pure phase p.

Table 1

Diffractions of detected phases p and changes in their relative intensities from
which the values of Y(p, ¢) and ¥(p) were determined

!
r
P Phase p i dpt/nm | hkl | 1tr, p, dpg) I(r, D, dpg, t)
| |
CJAF 1 1 0.367 130,040 0.20 0.20—0
1 1 2 0.279 200 0.35 0.35—0
1 3 0.266 141 1.0 1.0 —0
5 | CuA, F)Hi 2 0.792 001 1.0 0 —0.42
2 2 0.287 112 0.40 0 —0.17
3 1 0.336 321 0.40 0 —0.40
3 | Cs(A, F)Hs 3 2 0.282 420 0.80 0 —0.80
3 3 0.231 521 1.0 0 —1.0
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The content of each of the phases p is characterized by the arithmetic mean in the
individual reaction stages (! = const):

S Y(p,0)
Yip) = =—u—, (3)

n

where p is constant,
n is the number of selected ?-th diffractions of phase p (cf. Table I).
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Fig. 1. Line transcription of parts of X-ray powder diffraction patterns of C4AF (a) and of the
reaction products of grain size fractions of C4AF with H at 20 °C (b—d) after 3, 7 and
30 days of duration;
b: 90 = D(C4AF)[um = 60, c: 60 = D(C4AF)/um = 40, d: 40 = D(C,AF)/[um > 0.
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The values of Y(p) represent the relative content of each phase p in the system in
the course of the reactions studied (0 < t/k < 24 X 30) and areregarded as a measure
of reactivity of C,AF with- water. The results are expressed as a plot of ¥(p) for
p = C4AF, C4(A, F)H,3 and Cs(A, F)Hs v,s duration of the reaction and the particle
size of the initial substance (Fig. 4). These results and the data from [5], processed in
the same way, were used to compare the reactivity of C;AF synthesized in solid state
with that synthesized from melt. The findings on the phase composition of the
respective reaction products were supplemented by the results of thermal analysis
(Derivatograph Q 1500 D) and by the comparison with thermoanalytical data on the
phases determined by X-ray phase analysis and those on hydrated aluminium and
ferric oxides [5, 7, 8, 18].

RESULTS AND DISCUSSION

Brownmillerite synthesized in solid state at 1200 °C and reacted with water at
room temperature (Fig. 1) forms a metastable hexagonal phase, Ci(A, F)H,; and
finally a hydrogarnet, C;(A, F)Hs. C4,AF synthesized from melt behaves similarly
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Fig. 2. Line transcription of parts of X-ray powder diffraction patterns of the reaction
products of reaction of C4AF and H at 180 °C (a) and at 90 °C (b) after 1, 7 and
30 days of duration.
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[4—S8, 15]. Reaction temperatures of 80°C and higher cause the partial decomposition
of the hydrogarnet producing F and CH [4, 7, 15], the degree of decomposition in the
given system depends on the temperature and the duration of reaction (Fig. 2).
The presence of CSH, in the reaction system changes distinctly the phase compo-
sition of the reaction products. The formation of the AFt phase, Cs(A, F)S;H;, [13] in
studied system depends on the ratio n(CSH,)/n(C4AF) and the duration of the
reaction (Table IT). The X-ray powder difraction patterns of products isolated after

Table IT
Formation of the AFt and AFm phases in the system C¢AF—C§H;—H at 20 °C

n(CSH,)/n(CsAF) l 4 J 4/3 Notice

|
| — o : |
| tih i 24 ; 30%24 | 24 | 30v24 |
- S i i . ‘ |
. AFt phase 1 =+ } - ‘ -+ | . phase prosent |
| - . 1 ——| — phase absent |
' AFm phase — + 4 \ '
j , AFe —- i i
i 2. ColA FIS;H5[13] | 0973 0.561 0.498 0.348 0.256  0.221 '
; % g ' . { I e
=X AFm[6.7) | 0.830 0.287 0.273 0.244 0.233
: S s [ . [ — -
Po2g ! 1
i .2 D CWA FiHG (6, 8] 0.792 0.287 0.245 0.224 !
| e
= - [T T e e - |
S U CyA.F)SH2 (71 ] 0.890 0.297 0.277 0.242 0.235 |
|

30 days of reaction at room temperature (Fig. 3) reveal the typical diffractions of the
AFm phase, which forms limited solid solutions in the series C4(A, F)H;3—C,(A, F)SH,,
(2, 3, 6, 7]. ‘

The A—F and S—H substitutions affect the values of interplanar distances
(6, 7, 13] as well as the thernioanalytical properties [6, 7] in a way that has not so far
been defined, and this renders exact identification of the AFt and AFm phases
difficult. However, these phases are said to play a significant role in the development
of technologic properties of cement clinker pastes, particularly at an elevated content
of the ferritic phase [2, 3].

Apart from confirming the findings described above, the thermal analysis proved
the presence of amorphous hydrated oxides of aluminium and iron. The results
indicate that the reactivity of brownmillerite with water is affected by the reaction
tem perature, the duration of the reaction and by the presence of CSH,. The effect of
particle size on the rate of the reaction of brownmillerite with water is discussed
below. The reactivity of C4AF synthesized in solid state is compared to that of
C,AF synthesized in melt on the basis of changes in relative representations of the
individual phases in the course of reactions of respective grain size fractions and by
means of the values determined according to [5] (Fig. 4).

The size of the C4AF particles and the ratio n(CSH,)/n(C4AF) influence the degree
to which C,AF has reacted and the formation of the hydrogarnet phase and of the
AFnm phase (Figs. 1 and 3, Table II). The results shown in Fig. 4 indicate that the
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Fig. 3. Line transcription of parts of X-ray powder diffraction patterns of the AFm phase
according to [6] (a) and of the reaction products of C4AF with CSH, and H at 20 °C
after 24 hours (b) and 30 days (c) of duration;

b: 90 2 D(C.AF)[um 2 60, n(CSHa)n(CsAF) = 4/3, tfh = 24,
c: 40 = D(C,AF)/um > 0, n(CSH,)[n(CsAF) = 4/3, t/h = 24 x 30.

particle size is one of the factors influencing the reactivity of C,AF (cf. Fig. 4a—c) and
that C4AF prepared in solid state is more reactive with respect to water (Fig. 4,
curves) than C4AF synthesized from melt (points 15, 35 in Fig. 4).

The results obtained are in agreement with the general relationship also verified in
the chemistry of cement [11, 12], namely that the occurence of defects and the
density of reaction centres increase with decreasing of the particle size, with the
direct consequence on the increase of the reaction rates of heterogeneous reactions
taking place at the solid-liquid boundary. The latter also explains the higher reactivity
of C4AF being studied, which contains a significant portion of the so-called amorphous
component and small crystallites [1, 18].
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Fig. 4. Relationships ¥ (p) for p = C4AF (curves 1), p = C4(A, F)H,3 (curves 2)
and p = C3(AF)Hg (curves 3) in the course of reactions of C4AF grain size fractions
with H at 20 °C;
a: 90 = D(C4A, F)/um = 60, b: 60 = D(C4AF)/um = 40, c: 40 = D(C.,AF)/um > 0.
15, 35 are the values of Y (p) determined from [5] for C4AF synthesized in melt (15)
and the final product of its reaction with H at 20 °C — C;(A, F)Hs (39).

CONCLUSION

1. C,AF synthesized in solid state at 1200 °C combines with water producing the
same hydrated phases as C4AF synthesized from melt. The presence of CSH; in the
reaction system is responsible for the formation of AFt and AFm phases which are
technologically significant.

2. C,AF synthesized in solid state is more reactive than C,AF synthesized from
melt. The higher reactivity is associated with the content of an amorphous compo-
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nent and of small crystallites in C4AF after its solid state synthesis and with their
effect on the number‘of defects in the substance and on the density of reaction
centres at the brownmillerite-water boundary.
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ST UDIUM BROWNMILLERITU PRIPRAVENEHO PRI 1200 °C.
II. REAKTIVITA S VODOU

Milan Drabik, Cubomir Smréok, Ladislav Stevula, Ivan Kapralik

Ustav anorganickej chémie CCHV SAV, 842 36 Bratislava

Syntézu brownmilleritu reakciami v tuhej féze pri 1200 °C sme popisali v ¢asti I. Cast II sa
zaobera reaktivitou tejto latky s vodou a porovnéava ju s idajmi publikovanymi pre C4,AF synteti-
zovany v tavenine; ako miera reaktivity se pouzili ¢asové zavislosti relativneho zastupenia fae
C4AF, C4(A, F)Hy3 a C3(A, F)H, v reakénych sustavach.

Vysledky rtg. semikvantitativnej analyzy a termickej analyzy potvrdzuju v 8irokom intervale
teplot, trvania reakeii, ako aj pridavkov CSH; vznik znamych hydratovanych faz: C( A, F)Hus,
Ci(A,F)H,, faza AFt, faza AFm (obr. I—3). Uéinok velkostigastic C4AF na rychlost reakcie brown-
milleritu s vodou (obr. 4) je v sithlase so v8eobecne platnou zdvislostou. pcdla ktorej so zmensova-
nim rozmerov ¢astic stipa defektnost, zvy8uje sa hustota reakénych centier a teda aj rychlost
heterogénnych reakeii. C4,AF syntetizovany v tuhej faze je voé¢ivode reaktivnejsi (krivky na obr. 4)
ako C4AF syntetizovany v tavenine (body 15, 35 na obr. 4). Vys8ia reaktivita Studovaného C.AAF
je, v zmysle vplyvu velkosti ¢astic, podmienend malymi krystalitmi, ktcrych vznik je prefero-
vany pocas syntézy C4AF v tuhej faze.

Obr. 1. Ciarovy prepis éasti praskovych rtg. difrakéngch zdznamov C.,AF (a) a produktov reakcis
vysitovanych frakcii C4AF s H pri 20 °C po 3, 7 a 30 dioch trvania reakcie (b—d); b: 90 =
D(C4AF)[um = 60, c: 60 = D(C4AF)[/um = 40, d: 40 = D(C,AF)/um > 0.
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0br. 2. Giarovy prepis éasti praskovych rtg. difrakéngch zdznamov produktov reakcii C4AF s H pri
180 °C (a) a 90 °C (b) po 1, 7 a 30 dioch trvania reakcie.

Obr. 3. Ciarovy prepis éasti praskovych rtg. difrakéngch zdznamov fézy AFm podla (6] (a) a pro-
duktov reakcii C4LAF s CSH; a H pri 20 °C po 24 hodindch (b) a 30 diioch (c) trvania reakcie,
b: 90 2 & (C,AF)/um 2 60, n(CSH,)/n(CeAF = 4/3, t/h = 24; o: 40 = @ (C,AF)/um >
> 0, n(CSH,)/n(CsAF) = 4/3, t/h = 30 x 24.

Obr. 4. Zavislosti ¥ (p) pre p = C4AF (krivky 1), p = C4( A, F)H,3 (krivky 2) a p = C3(A, F)Hse
(krivky 3) v priebehu reakcii vysitovanychfrakcii C4 AF s H pri 20 °C; a: 90 = D(C4AF)/um
> 60. b: 60 = D(C4AF)[/um = 40, c: 40 = D(C,AF)/um > 0. 15, 35 — hodnoty ¥ (p)
uréené z vysledkov [5] pre CsAF syntetizovany v tavenine (15) a findlny produkt jeho reakcie
s H pri 20°C — Cs(A, F)Hs (39).

HCCIEJOBAHUE EPOBHMUJJEPUTA,
[IPUTOTOBJEHHOTO IIPU TEMIIEPATYPE 1200 °C

I1I. BBAUMOJENCTBULE C BOJIOH

Musnan [Jpaduk, JJrobomup CMpuok, Jlagucias IllteBysa, MBan Kanpaimk
Hremumyrm neopeanuveckoti xumuu X H CAH, §42 36 Bpamucaaea

(IlocBsituenHoe mHx. flny IleTpoBuuy, KaHA. HayK, HeZOKMBINEMY HIecTHAEC ATHIIETUA)

IlepBaa wacTe Oblila 110cBsAINeHA cHHTe3y ODOBHMMJLIEDHTAa, pearupyiomiero B TBepHOM
¢dase npn remneparype 1200 °C. Bo BTopok uacti paccMaTpHBaeTcsi B3aMMOJEHCTBHE JaH-
HOI'0 BelllecTBA ¢ BOJOM B COIOCTABJIEHHH ¢ AAHHBIMM, ONyOIHKOBAHHHIMM OTHOCHTENBHO
CsAF cuHTEeTH3MPOBAaHHOTO B DaCIIaBe; B KavecTBe cTelleHM PeaKTHBHOCTHM HCIIONB30BAJIU
BpeMeHHRIe 3aBHCUMOCTH OTHOCMTes1LbHOTO cojiep:xannsa a3 C4AF, C4(A, F)His n Cs(A, F)He
B PE4KIMOHHBIX ¢MCTEMAX.

PeayibTaTel PeHTTEHOBCKOrO MO:1YKOJMYECTBEHHOTO aHAlM3a M TePMMUYECKOrO aHalu3a
NOATBEDIKAAIT B IIHPOKOM MHTepPBajle TeMIlepaTyp, [MJIMTEeJIbHOCTH peaKlMif, BKJIYasd
nobaBkn CSH, obpasoBanne m3BecTHLIX rugpatupoBaHHbIX Qad: C4(A, F)Hs, C;(A F)He,
¢asst AFt, ¢pasur AFm (pue. | —3). [leficTBue pasmepa uyactunr CsAF Ha CKOpOCTh B3aUMO-
JefcTBUA GpOBHMMJmepuTa ¢ BOjl0i (pHc. 4) HaxomuTcs B corylacuu ¢ oOulefeiicTBYIOIIeNH
34BHCHMOCTBIO, COTJIACHO KOTODOH yMeHbIeHHeM pa3MepOB Y4CTHIL pacTeT XedeKTHOCTh,
HOBLIIIAeTCA ILTOTHOCTh PEAKIIMOHHBIX IIeHTPOB, a CJIeflOBaTeJLHO CKOPOCTh JeTepOTeHHBIX
peaknuil. C4AF, cnHTE3MpOBaHHBIA B TBepHoil (ase, sAB.IAeTcs OTHOCMTEJIBHO BOAbL Oostee
PCAKTHBHBIM (KpHBLIe Ha pHc. 4) no c¢paBHeHuI0 ¢ C4AF, cuHTe3MpPOBAHHLIM B pacIjaBe
(Tourn 15, 35 Ha puc. 4). Bosnee Bbicokasi peakTuBHOCTH ncciiejfyeMoro C4AF, B 3Haweuunu
BINAHAA pa3Mepa YacTHIL, 00yciioBileHa aMOD@HKIM KOMIIOHEHTOM M HeOOIIBbIIMMH KPHCTd-
J1aMu, o0pasyomuMucA npenMylnecTBeHHO Bo BpeMda cuHTeda C4AF B TpeBaoit dase.

Puc. 1. Juneiinas nepezanucy wacmeti nopowtkEogblr PeHM2eH06CKUT OUPDAKYUOHHBIT danucetl
C4AF (a) u npodyrmos pearyuii npoceusanmnvix gparyuic C4AF ¢ H npu memne-
pamype 20 °C nocae 3, 7 u 30 cymok daumervnocmu pearyuii (b — d); b: 90 =
2 O(CsAF)/um = 60, c: 60 = DP(CsAF)/um = 40, d: 40 = (C4AF)/um > 0.

Puc. 2. JJuneinan nepezanuce wacmeit nOpowkosbT peHmeerosckur OUPPAKYUOHHBT zanuced
npodykmos pearyuic C4AF ¢ H npu memnepamype 180 °C (a) u 90 °C (b) nocae
1, 7 u 30 cymok dawmeavnocmu peaxyuu.

Puc. 3. Juneunaﬂ nepesanuch wacmeli nopouLkosblr PEHIM2EHOSCKUL Jugparyuonnvix sanucel
AFm cocaacno [6] (a) u npodyrmos pearyuii C4AF ¢ CSH2 u H npu memnepamype
20 *°C nocae cymox (b) u 30 cymor (c) daumervrocrnu pearyuu; b: 90 > D(C4AF)/
um = 60, n(CSH,)/n(CsAF) = 4/3, t/h = 24;c: 40 = O(C4AF)/um = 0, n(CSH,)/
n(CsAF) = 4/3, t/h = 30 x 24.

Puc. 4. Basucumocmu ¥(p) 0an p = C4AF (kpuewe 1), p = C4(AF)H,; (kpusvie 2) u p =
= C3(A, F)Hs (kpucwie 3) ¢ xode pearyuii npoceusanwvix @gparyuti C4AF ¢ H
npu memnepamype 20 °C; a: 90 = O(C4AF)/um = 60, b: 60 = O(C4AF)/umn = 40,
c: 40 2 O(CiAF) um > 0. 15, 35 — eceaununvt Y(p), noayuennsie uz peayabmamos
[6] dan C4AF cunmesuposarrnoeo 6 pacnaase (1%) u okonuwameavrwiii npodykm ezo
pearyuu ¢ H npu memnepamype 20 °C — C3(A, F)Hs (39).
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