
\/hen sufficient crystals v/ere present in the melt, the sample was 

quenched by switching off the power to the thermocouple. In this manner, 

a bead containin'* primary phase crystals was produced.

The crystal-containing bead was removed from the thermocouple by 

beading the arms -ind tapping ‘he bead with a small agate pestle. The 

bead vas then ground to a fine powder under alcohol in an agat.e mortar.

The resulting powder was placed on a bristle and mounted in a 11*4.83 x 

10*"J m diameter X-roy powder camera and subjected to copper radiation 

using a nickel filter. The power settings were kV at 18 mA.

The crystalline phase thus determined was compared with the as- 

*

/ mOX

eumed phase as taken from Osborn, DeVries, et &1. , and observations 

made during crystal growth. It was noted that some of the phase could 

be readily identified by the shape and character- of the crystals. Spinel

SI

formed octahedrons, often distorted; melilite crystnllized into tabular 

prisms; forsterite could be ident ied oy its h:gh degree of birefring­

ence under Polarized li^ht. The primary phases determined arc gi’-er. in 

Table IV.
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3.1 Hydraulic Properties

Blast furnace slags in the crystalline state normally have no hy­

draulic properties. It in a natter of some debate why a crystalline 

blast furnace slat; is non-hydraulic while a glassy slag of the sane com­

position is. This anomaly is further compounded by the fact that the 

crystalline material in Portland cement clinker, e. g., C^G and c y ^ i s  

highly reactive with water while these sa.r.e cement clinkers in a less 

cryntalline (more glassy) state, while still reactive, ere so *0 a les­

ser extent Before a comparison of the hydraulic properties of 

Portland cement and slag cement can he made, seme 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

Thf.- four major active constituents of portlnnd cement clinker are 

CjA, C^AF, Cyj, and C-,5 given in declining order of reactivity. These 

compounds all react with water to yield hydration products, but at dif­

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

3.1.1.1 Hydration of and Betn-C.,S

Both C,S and beta-C-5 hydrate with water to form calcium hydroxide,

3 d

and a calcium silicate hydrate of the form CxSHy . The calcium silicate 

hydrate may take the form of either crystals or a gel both of which are 

simil '.r to the naturally occuring mineral tobermorite. Tricalcium sil­

icate hydrates very rapidly upon contact with water while the C2S re«

(31)
action with water occurs very slowly

The low resistance offered by to attac’c by water has been ex­

plained as being due to the high internal energy as well as the alkaline 

character cf the compound. This condition is brought about by the rel-
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ative sizes of the Si and Ca ions, variations in coordination num­

bers, and their requirements for electrical neutrality which is pro-

(32)

vided by oxygen ions  ̂ . These conditions jive rise to a highly dis­

torted structure containing n.any "holts" which causes the compound to 

(33)

hydrate readily . The complete hydration of C^S can be expressed:

2Ca.jSi05 + 6H20 — *• Ca^Si^CyjS^O + JCa(.Oll)? ...........  (1)

(i C^S yields identical hydration products, although the -toichiometry 

differs.

The amount of Ca(CH)p liberated during the reaction manifests it­

self in the crystalline <.nd amorphous forr.i both of which are precipi­

tated. It is believed that the Ca(0!!)2 is largely responsible for the

(17)

activation of nlag cements wher. they are mixed with portland cement

3.1.1.2 Other Hydration Reactions

Trioalcium aluminate (C,A) hydrates immediately upon cortast with 

water to yield primarily tricalcium alwinate hydrate (CjAHg). Addition­

ally, C^AHg and C ^ A H ^  may be formed. It in believed that C^A must have 

a similar, f.lthough probably more distorted, structure than Cyj. This 

could result from variations in the coordination number of the aluminium 

ion. Hence C y  contains n relative lar^e proportion of free energy,

rendering it highly reactive. Calcium hydroxide is also formed, but

(3*)

this often recombines with other reaction products

The almost inntontar-ous hydration of C^A which is accompanied by 

a ripid atiff.r ng of the cement piste is often referred to as "flash 

Bet" and is generally undesirable. The reaction products are formed 

quickly nnd cont the unreicted ftrains so that further hydration is re­

tarded. Additionally, the mortar becomes difficult to work. This is 

a particularly un w a n t e d  condition in portland cement as the Cy\ hydration 

products nay p -event the nonnal slower hydration of CjS *nd C.,3 from 

occuring. For this reason, gyp*um is often added to retard the hydration

- i*3 -



of CjA thus preventing "flasV r.it".

Other calcium aluminates, JA, C ^ A y  ond CA2’ n< nnnl’-Jr iound as 

constituents of high-alumina cements (used as refractory cement and in 

applications where a rapid set is desired) also hydrate rapidly to form 

CAH^, C2AHg, and other calcium aluminate hydrates. Thest

usually transform to the more stable hydrate C^AIIg. In addition c.o 

these hydrates which take the form of precipitated crystals, AIÎ , a gel,

(^5)

is usually formed " ,

Tetracolcium aluminoferrite (CrAF) also hydrates rapidly but does 

not give a flash set. The hydration products have been shown to be

(35)
C-.AH/r and amorphous substances believed to be hydrated CF .

3 &

3.1,1 .3  Hydration Products

The products of hydration can be an amorphous gel, a precipitated 

crystalline material, or n disrobed compound. During the course of hy­

dration, any of these conditions may exist. Precipitates may redissolve, 

gels may react to yield crystalline or dissolved compounds. Of irost 

int. rest are the products resulting from the hydration of C^S, namely 

Ca'O.'O-, and those compounds having the form CxSHy5 the tobormoriteo.

Tobcrmorifei. formed during hydration vary in their C/S ratio from 

about 0.8 to al -*t 1.9 * 1' based on molar percentages. They take the 

form of crystals (pl~tes, needles, fibres, foils, etc.) or nearly amor­

phous ge:s. The C/S ratio in tcbermorite if dependent upon the amount

of free Ca+* available during formation. Generally tobermerite formed

(31)

from G_S ha., a higher C/S ratio than that formed from C^S . Tober- 

morite also may abstract Mg+2 and Al+? ions from solution during its

formation.

Slag cements particularly rich in A l ^  may hydrate to yield geh- 

lcnite hydrate,’ i. e., C / S H g ^ n d  hydrogarnet, i. e., 0 ^ ( 5 , H2 ),. These 

products are less common than the toocrmorite.



3.1.2 Hydraulic Properties of Crystr.llir.e flays

Slags in the crystalline state have no natural hydraulic properties, 

with the exception of those containing which are weakly hydraulic.

Crystalline sli-.gs containing the garnia phase C^S hydrate even more slowly. 

Slags containing crystalline C^S may, however, be prcne to falling.

Other crystalline components of sl?.g fail to hydrate because the 

binding energy of the crystals is strong enough to prevent association 

of the crystal components with water. Somewhat of a paradox arises, 

though, when crystalline slc.g and crystalline Portland cement clinker 

are compared. The form.r will not hydrate, while the latter readily hy­

drates.

This enigma can be partially explained by referring to the com­

position of the crystalline slag as compared with that of the clinker. 

None of the primary constituent* of portland cement clinker (except C25) 

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 to its peculiar crystalline arrangement, and 

blast furnace sings are not of a composition which would yield crystals 

similar to those encountered in portlar.d cement. Thus the binding en­

ergy of the crystals in blast furnace Blag is apparently sufficient to 

preclude hydration, i. e., the internal energy of blast furnace slags is 

less than that of portland ceme :t clinker.

Solacolu '‘̂  points out that the difference in energy consider­

ations between a crystalline slag and the same s. ; in the glassy state 

is small, and therefore can be discounted as 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 nydraulic properties an active quasi­

crystalline phase is present. His view is supported by the discontin­

uities in the iso-strength lines of glassy slag cements as they cross

- *5 -
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a phase boundary.

(12)

Bold* a , quoting Toporov and Volkoraski, poi:/-s out that cer­

tain sla;: cenents containing a high percentage of rlunina ( '& - 50 per 

cent Al^Cj) only exhibit hydraulic properties v' -n the slag iE in the 

crystalline state. This is probably duo to the fo.T ition of C^A. In 

or ;r to have this crystalline phase present in the slag, the slag mist 

bo tiocesned in such a way that nucleat.icn and crystal growth can occur, 

"’he phase cy» tan onl. occur in slags having a very low (le&a thar. 10 

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

net- .urgical slo -s.

3.1.3 H.•'■Iranlie r̂ o:~--r tir of "3 ; ;.qy -'3a,"*

Slagn of a suitab1 c composition hJch ai-e t.ae glassy state will 

hydrate quite readily, provided a suitxu* activator is present. In the 

case of portland rement-slag mixtures, activation of the slag is due to 

reaction (1) (page '*3) which occurs rather rapidly ».th the liberation 

of sufficient amounts of C-a.(0II)to activate the lag. Slags can be 

activated by the addition of a base such as Ca(C.!) » KOIi, i.aOH or a sul­

phate compound such as gypsum 

vides the activation.

It is the caticn, h vicvcr, which pro-

If the theories of the structure o r the active components of ,<ort-

(33)

land cement clinker (C A and C,S, primarily) proposed by Sernal et al

J L , <22)

and the quasi-crystalline state of giassy slags pro*x>sed by .-olacolu

are acceptable, the nature of the mechanism of the hydration of glassy 

g Is r s  may b clarified. idies by Kail (1) indicate that glares which, 

if crystal' ne, would for C ^ B g ,  will undergo a hydration reactica with 

water alone, while a gla falling into the C ^ S  field requires an act­

ivator.

A p p a r e n t l y  the cation (Ca+2, in the case of Ca(CH)2> of the ion­

ized activator is cupable of modifying the quasi-crystalline structure 

of the alagr. rendering their composition similar to the tricalcium com­



pounds (silicatj and aluminatc) in portlond cement. Such a replacement

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 salts namely tobemorito, ettringite, calcium

(2)

aluminium hydrate and others , which are precipitated from solution.

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

ually being exposed permitting complete hydration of the slog.

3.2 Activation Scquir .^onts of a Sl?.g

There ’re diffe; j;;ces of opinion between various authors about the

(1 2 10 V) 57)

amount of activator to i3e with slag cements 1 1  ’ ' . The cal­

cium hydroxide liberated by the portlard cement mixed with the slag is 

usually relied upon for accivaticn of tie slag. The amount and grade of 

Portland cement the slag conent does not vary from one batch of slag 

to ti e next in commercial operations thus no provision is made for the 

different activation requirements of different slags. If the Ca ion 

activates the glassy slag in the manner discussed in r.ection 3*^»5» then 

surely a different amount of activator should be required for each alag 

depending upon its composition. For ihia reason, a test was undertaxen 

to determine if in fact the amount oi act-vator used affected the re­

sulting strength of the slag.

3.2.1 Determination of ‘ctivator Requirements

A commercial slag cement was obtained and used for this test. The 

chemical analysis results of this slag are shown in Table III. Samples 

of this milled, gra-ulated slag were activated with various percentages 

of calcium hydroxide, by replacing the slag with an equivalent amount 

of the activator. Small test cylinders were prepared by the method dis­

cussed in Section 3.3* Thece were crushed according to the procedure 

discussed in Section ?.«*. These- results arc s.‘.own in Table VI.

A graph was plotted (Figure 3> of strength versus per cent cal-

- 1*7 -
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5TRr.?).'j'.'”i or 3T-::d--.::.o i v r ?  \z?. r,~ ~ ' c r v v  •) vith
SS U XTID I':.:c :;rr Ĝ .s OF CA’.CI'ttt HYD3CXIDS

p

Per Cont Strength - fl x 10 /n

Ca(0H)2 Added 7 Days 11* Dcys 28 Days 56 Days

1 190

2 230

U 320

6
560

8
650

12
780

16 760

20
720

?M
730

32

780

300 '♦80 1050

<♦00 1000 1700

^90 750 8*40

710 880 760

800 980 880

920 1060 1090

990 11*40 1150

930
1070 1060

920 1060 110G

980 1050 1110
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cium hydroxide activator at the various time intervals. The unusual 

peax that resulted it about two per cent GaCOH)^ addition at 28 and %  

days caured some speculation as to exactly which arrcunt of activator pro­

duced the maximum strength. The peax is so sharp, and covers a wide 

ranjre of activator values that another test using the sane slag cement 

with various percentages of activator, viz., 0 to per cent in one- 

half per cent steps was iL'dertaxen. The results of this test are shown 

in Table VII, and pictured in Figure *♦. These results define the area 

in question more clearly and indicate that a 1? per cent addition of 

Ca(OH)-, appears to be the optimum amount of activator addition. Further, 

the tirne-strength curves including i'ne 112-day strengths had flattened 

out as would be expected (Figure 5)»

In addition to the formation of relatively insoluble crystals and 

hydrogels, a certain amount of Ga(0H>2 is liberated during the hydration 

of cements. It is believed thrt the presence of lire ever and above that 

liberated by the hydration process prevents the hydrogels from foraing 

an insoluble costir.g on the slag grains. Ihus during ini .ial hydration, 

when the hydration products are relatively simple, i. e., hydrates hav­

ing only one or two molecules of each species per unit cell, insoluble 

Sels are formed and precipitate on the surface of the unreacted slag 

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

excess of the requirements for mono- and di-molecular hydration com­

pounds, further reaction of those compounds yielding products as

C S !! C AS H and C , A , S J  occurs. Those products contain more lime 

5 6 5' "} 3 x ' 3 ^ x

than is available from the initial slaS and are more crystalline in 

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

coat the slag grains completely.

The addition of an amount of Ca(0H)2 in excess of that required 

for the formation of the more crystalline hydration products may have 

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

- 50 -
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STRENGTH 0? '!’) HD BLAST FBRMAC3 SLAG ACTIVATED ’■■■'ITU

SELIICTTJD PZIX’AITAG.vj OF CALCIUM HTDROXIi/’

Per Cent 

Ca(OH), Added 7 Days

Strength 

14 Days

- N x

28 Days

„ l* . 2 
10 /m

56 Days 112 Days

0 Developed insufficient strength for vi^ter immersion

0.5
1S0 260 390

760 1160

1.0 210 320 bCO 1 »70 -

1.5
350 ^ 0 910 1700 1980

2.0 320 '>20 10'*0 1690 1900

2.5
350 '>53

770 1370 1620

3.0
210 350 730

1100 1'*30

3.5

300 bho 730
1220 1590

AM
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