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WVhen sufficient crystuls were present in the melt, the sample was
quenched by switching off the power to the thermocouple. In this manner,
a bead containines primary phase crystals was produced. ‘

The crystal-containing bead wos removed firom the thermocouple by
bending the arms and tapping the bead with a small agate paut].;. The
bead was then ground to a fine powder under alcohol in an agate mortar,
The resulting powder was placed on a bristle and mounted in a 114.83 x
10"3 m diameter X-ray powder camera and subjected to copper radiation
using o nickel filter. The power settings were 3h kV at 18 mA.

™he erystalline phase thus determined was compared with the as-

(18)

sumed phase as tzken sSrom Osborn, DeVries, et al. , and observations
made during crystal growth., It was n;:ted that some of the phase could
be readily identified by the chape and character of the crystals, Spinel
formed octahedrons, often distorted; melilite cerystallized into tabular
prisms; forsterite could be identilied oy its hi:gh degree of birefring-
ence under Polarized light. The priaary phases determined are given in

Tabie IV.




Il1l, EXPERIMENTAL PROCEDURE « CEMBNT

3.1 llydraulic Properties

Blast furnace slags in the crystalline state normally have no hy-
draulic properties. It is a matter of some debate why a crystalline
blast furnace slag is non-hydraulic while a glassy slag of the same com-
position is. This anomaly is further compounded by the fact that the
erystalline moterial in portland cement clinker, e. g., st and Csk,is
highly reactive with water while these same cement clinkers in a less
erystalline (more glassy) state, while still reactive, are so .0 a les-
ser extent (30). Before a comparison of the hydraulic properties of
portland cement and slag cement can be made, scme insight into the over-

all reactions governing the hydration of both portland cement and slag

cement is needed.

3.,1.1 Hydration of Portland Cement

The four najor active constituents of portland cement clinker are
C3A' C AT, cas, and C,5 given in declining order of reactivity. These
compounds all react with water to yield hydration products, but at dif<

ferent rates and with the formation of different types of product,

3.1¢1.,1 Hydration of Czs and Beta-C,S

Both C,S and beta=C,8 hydrate with water to form calcium hydroxide,

and a cnlciui silicate hydrate of the form CxSH’. The calcium silicate
hydrate may take the form of either erystals or a gel both of which are
similar to the naturally occuring mineral tobermorite. Tricalcium sil-
icate hydrates very rapidly upon contact with water while the czs res
(31).

action with water occurs very slowly

The low resistance offered by c}s to attact by water has Leen ex=
plained as being due to the high internal energy as well as the alkaline

character of the compound. This cendition is brought osbout by the rel-
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ative sizes of the Si” and Ca* ions, variations in coordinaticn num~

bers, and their requirements for electrical neutrality which is pro-
vided by oxygen ions (32). These conditions give rise to a highly dis-
torted structure containing nany "holes" which causes the compound te

hydrate readily (33). The complete hydration of CSS can be expresseds
ZCa33105 + 6H,0 = Ca351207°3!120 + 2al0l), eeenvacenns (1
@CRS yields identical hydration products, althoush the toichiometry
differs.
The amount of Ca(CH)2 liberated during the reaction manifests it-
self in the erystalline cnd amorphous fornm both of which are precipi-
tated, It is believed that the Ca(OH)2 is largely responsible for the

(47).

activation of slag cements wher they are mixed with portland cement

3,1.1.2 Other Hydration Reactions

Triralcium aluminate (C3A) hydrates immediately upon cortact with
water to vield primarily tricalcium aluminate hydrate (C}Aﬂs). Addition=
ally, CZAHB and CQAH13 may be formed, It is believed that 03A must have
a similar, sithough probably more distorted, siructure than c,g. This
could result from variations in the coordination number of the aluminiua
ion. Hence CBA contains a relative large proportion of free energy,
rendering it highly rezctive, Calcium hydroxide is also formed, but
this often recombines with other reaction products (3“).

The almost instantap~ous hydration of C}A which is accompanied by
a rapid stiffer ag of the cement paste is often referred to as "flash
set" and is generally undesirable. The reaction products are formed
quickly and coat the unreacted grains so that further hydration is re-
tarded. Additionally, the mortar becomes difficult to work. This is
a particularly'pnvnntod condition in portland cement as the OSA hydration
products may f ‘event the normal slower hydration of 638 and czs from

occuring. For this reason, gypsum is often added to retard the hydration
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of 03A thus preventing "flast cagv,

Other calcium aluminates, CA, c12A7 and CA2, normally tound as
constituents of high-alunina cements (used as refractory cement ané in
aspplications where a rapid set is desired) also hydrate rapidly to form
CAH1O, CZAH8' C“AH13. and other calcium aluminate hydrates. These
ugually transform to the more stsble hydrate CBAH6° In addition Vo
these hydrates which take the form of precipitated crystals, Au}, a gel,
(35)

is usually formed

Tetracalcinm alumincferrite (C“AF) also hydrates rapidly but does
not give a flash set. The hydration products have been shown to be

CBAH6 and amorphous substances believed to be hydrated CF (35).

31013 Hydration Products

The products of hydration can be an amorphous gel, & precipitated
erystalline material, or a dissolved compound. During the course of hy-
dration, any of these conditions nay exist. Precipitates may redissolve,
gels may react to yield crystalline or dissolved compounds. Of rost
intcrest are the products resulting from the hydration of Cj§, namely
Cu(ou)z and those compounds having the form chHy’ the tobermorites.

Tobermorites formed during hydration vary in their C/s ratio from
about 0.8 to al 4t 1.9 (31) based on molar percenteges. They take the
form of crystals (plates, needles, fibres, foils, ete,) or nearly amor-
phous gels. The C/S ratio in tobermorite it dependent upoa the amount
of free CA*Z available during formation. Generally tobermorite formed
from cjs has a higher C/5 ratio than that formed from C,8 (31). Tober-
morite also may abstract M3+2 and A1+} jons from soiution during its
formation.

Slag cements particularly rich in A1;0, may hydrate to yield geh-
lenito hydrate, i. e., C,ASHg,and hydrogarnet, i, €. C3A(5,H,) 50 These

products are less common than the tooermorite.
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3s1.2 Hydraulic Properties of Crystalline Slass

Slags in the crystalline state have no natural hydrsulic properties,
with the exception of those containing [?Czs which are weakly hydraulic.
Crystalline slopgs containing the gamma phase C,5 hydrate even more slowly.
Slags containing crystalline Czs may, however, be prone to falling.
COther crystalline components of slag fail to hydrate because the
binding energy of the crystals is strong enough to prevent association
of the srystal components with water. Scmewhat of a paradox arises,
though, when crystalline slag and cryutalline portland cement clinker :
are compared. Thc form.r will not hydrate, while the latter readily hy-
drates.
This enigma can be partially explained by referring to the come . : ;ii
position of the crystalline slag as compared with thot of the clinker.
None of the primary constituvents of portland cement clinker (except czg)
are present either as primary or secondary phases in crystalline blast
furnace slag. It has already been shown thet the hydraulic properties
of cement clinker are due o its peculinr erystalline arrangement, and
blast furnace slags are not of a composition which would yield cryut’l.
similar to tho&e encountered in portland cement. Thus the binding en- : "m%
ergy of the crystals in blast furnace sleg is apparently sufficient to --wv?$:#4
preclude hydration, i. e., the internzl energy of blast furnace slags is SAd
less than that of portland ceme:t clinker.
Solacnlu 2 points out that the difference in energy consider-
ations between a crystalline slag and the same 8! ; in the glassy state
is small, and therefore can be discounted a3 a reason for the hydraulic
inactivity of crystalline slags. Glassy slags without hydraulic proper-
ties, he concludes, consist of inactive and quasi-crystalline phases
while in those which have nydroulic properties an active quasi~-
erystalline phase is present, His view is supporied by the discontin-

uities in the iso-strength lines of glassy slag cements as they cross
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a phase boundary.

Baldwin (12). quoting Toporov and Volkomski, poi:‘'s out that core
tain slag cements containing a high percentoge of ~)umina [ % = 50 per
cent AIZOB) only exhibit hydraulie propsrties when the slag is in the
crystalline state. This is probebly due to the formation of CBA' In
order to have this crystalline phase present in the slag, the slag must
be processed iﬁ such a way that nucleation and crystal growth can oceur.
The phase CEA can only occur in slags having a very low (less thar 10

per cent) silica content which places them out of the range of normal

mets lurgical slaps.

3.1.3 Hydraulic Properties of Glassy Slage

Slaps of a suitable composition which avse tue glassy state will
hydrate quite readily, provided a suituv.~ activator is present. In the
case of portland cement-slag mixtur s, sctivation of the slag is due to
reaction (1) (page 43) which occurs rather rapidly ».th the liberation
of sufficient amounts of Ca(OH)2 to setivate the -lag. Slags can be
activated by the addition of a buse such as Ca(OH)E, KCUid, NaOH or a sul-

phate compound such as gypsum (2). It is the cation, houever, which pro-

vides the activation.

If the theories of the structure of the active components of yort-
L (33

(22)

land cement clinker (035 and CBS' primarily) proposed by Fernal et a

and the quasi-crystalline state of giassy slags pronosed by Jolacolu

are acceptable, the naturc of the mechanism of the hydraticn »f glassy

slags may be clarified. udies by Keil () indicate that glas~es which,

if crystalline, would form CZMSZ. will undergo a hydration reactica with

water alone, while a glass falling into the CZAS field requires an act-
ivator.

Apparentl& the cation (Ca*z, in the case of CCCOH)Z) ©° the ion-

ized activator is cupable of modifying the quasi-crystalline structure

of the slags rendering their composition similar to the tricalcius com-

1 el
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pounds (silicate and aluminate) in portland cement., Such a rerlacement ;
mechanism is a surface phenomenon which allows the dissolution of the
surface layer of atoms of the slag., The hydration reaction which then
occurs forms insoluble salis namely tobermorite, ettringite, calcium

(2)

aluminium hydrate 2nd otlLers y which are precipitated from eolution.

In an agitated suspension, however, new unreocted surfaces are contin-

ually being exposed permitting complete hydration of the slag.

3.2 Activation Requir: ments of a Slag

There are differcnces of opinion between various authors about the
amount of activator to 13e with slag cements (1'2’30’36'}7). The cal-
cium hydroxide libernt.d by the portland cemen’, mixed with the slag is
usually relied upon for activation of tle slag. The amount and grade of
portland cement ‘v thc slag cement does not vary from one batch of slag
to tie next in commercis) operations thus no provision is made for tho‘
different activation requirements of different slags. If the Gu‘a ion
activates the giassy slag in the manner discussed in Section 3+1.5, then
surely a different amount of activator should be required for each slag
depending upon its composition. For “his reason, a test was undertaken

to determine if in fact the amount <. qctivator used affected the re-

sulting strength of the slag.

3,2.1 Dletermination of *etivator Requirements

A commercial slag cement was obtained and used for this test. The
chemical analysis results of this slag are shown in Table ITI. Samples
of this milled, gra-~ulated slag were activated with various percentages
of calcium hydroxide, by rzplacing the slag with an equivalent amount
of the activator. Small test cylinders were prepared by the method dis-
cussed in Section 3.3. These were crushed according to the procedure

discussed in Section 3.4, These« results are shown in Table VI.

A graph was plotted (Figure 3) of strength versus per cent cal-
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TABLE Vi,
STRENGH OF STAHDARD BLAST FURNACE SLAG  ACTIVATED WITH
SELECTED FIRCENT..GBS OF CAICTUM FYDRCXIDE
Per Cent Strength - N x 10"/:1:2
cu(CJH)2 Added . 7 Days 14 Days 28 Days 56 Days
1 190 200 480 1050
2 230 4oo 1000 1700
b 220 490 750 8k0
6 560 710 880 760
8 650 800 480 880
12 7280 920 1060 1090
1% 760 950 1140 1150
20 720 920 1070 1060
2k 730 920 1060 1100
22 780 980 1050 1110
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Figure 3. Effect of the Amount of Calcium Hydroxide Activator

on the Strength Developed By Standard Blast Furnace Slagment
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cium hydroxide activator at the various time intervals. The unusual
peak that resulted at about two per cent Ca(OH), additior at 28 and 56
days caused scme speculation as to exactly which amount of zctivater pro-
duced the maximum sbtrength. The peak is so sharp, ond covers a wide
range of activator values that another test using the same slag cemant'
with various percentages of activator, viz., 0 to 3% per cent in one-
half per cent steps was ucdertaken. The resuits of tliis test are shown
in Table VII, and pictured in Figure 4, These results defire the area
in question more clearly and indicate that a 13 per cent addition of
S Ca(OH)2 appears to be the optimum amount of activator addition, Further, =
the time-strength curves including the 112-day strengths had flattened o
out as would be expected (Figure 5).

In addition to the formation of relatively insoluble crystals and

hydrogels, a certain amount of Ca(OH)2 is liberated during the hydration o

R e SRR o A o o 8 e i i

of cements. It is belicved thot the presence of lire cver and above that  :

liberated by the hydration process prevents the hydrogels from foraing

¥

an insoluble coztirs on the slag grains, Thus during initial hydration,

R N A o e NP i s

when the hydration products are relatively simple, i. e., hydrates have
ing only one or two molecules of each species per unit cell, insoluble

- 1 gels are formed and precipitate on the surface of the unrsacted tlgg,‘ mvdv;H“_;1;

grains inhibiting further reaction. ‘hen lime is present, however, in

f‘ excess of the reguirements for mono- and di-molecular hydration com=

pounds, further reaction of these compounds yielding products as

rs. These ucts contain more lime
6586115, CBASf{X' and CBAZSEHx occu prod

then is available from the initial slag and are more crystalline in

1 nature than the hydrogels initially formed. Thus they do not tend to

coat the slag grains completely.
The addition of an zmount of ca(OH), in excess of that required

for the fornatioﬁ of the more crystalline hydration products may have

one of two effects, depending upon the amount in excess. As the crys-
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TABLE VII,

‘MDARD- BLAST  FURMICE . SLAG  ACTIVATED  WITH

SELECTED  PERCLUTAGHS OF  CrICIUM  HYDROXIL'

Per Cent
c:m(on)‘2 Added

Strength - N x ‘101‘/1112 :
7 Days 14 Days 28 pays 56 Days 112 Days

=

0
0.5
1.0
1.5
2,0
2.5
3.0

Je5

Developed insufficient strength for water immersion

10 260 390 760 1160
210 320 460 1170 o
250 () 910 1700 1980
320 %20 1040 1690 1900
350 459 770 1370 1620
210 350 730 1100 1430
300 140 730 1220 1590
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Figure 4. [IIfect of the Amount of Calcium Yydroxide Activator
on the Strength peveloped By Standard Blast Furn e Slagment
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