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" INTRODUCTION .

Innumereble~eﬁb3tanées have'been uéed.ﬁorwavnumber of.

| years as. admixtures in Portland cement. ”odey the only. com=
rpounds used as. admixmures to0- -any -great.. exment are caloium
sulfate and oaloium chloride. -It- is a Well-known fact that
the presence of calcium sulfate not. only. retards the setting 3
process but also gives ‘an. increase in,the strength of the
resulting cement.i~0alcium -chloride-is unlike caloium sulfate
in its aotion on cement. It has ‘been . found t0 be particularly
effective in aocelerating the initial hardening and causes a
.prenounced~increase»in,strength-whentusedvinesmall quantities.
However, when'ueedfihflarger qnentities it~iﬁcreases the
setting time seriously and- therefore. should be used with the
greatest care. Duff A.‘Abrams(l’ has made an 1ntensive study
Onjthie eubjeatuandghaemfopndmthat-up~to‘3mperacent of the
welght ofthe’cemepﬁytge]use«ofﬁcelcium~ohloride oan be very
advantageeus;e-vegffv:7‘e : o

| A great deal.:of reseerch ‘has -been. carried out on the
study of the. catalytic effects not-only of.caleium chloride .
but ‘many other compounds. From_these studies-many.theories
have been presented @5 6 wh&ﬁfﬁéﬁpéné"when~catalysts are'used |
1n cements (9) (10) (20) (25) but as yet no- very satisfaotory

answer has been given.



5

“The purpose of this reaearch was -to study not the

effects of calcium ohloride on cement but rather its effects

“‘on’ the pure bodies that go to make up & normal cement clinker.vz*

- If the effects of oalcium chloride upon these pure oompounds -

are known, its action upon the cement itself can be muoh

better understood.A



. REVIEW OF LITERATURE .

,uTheZCOnetituents~of Portland Cement

V‘”'Gementingumeferiels«have«beeniﬁse&fsince'time immemorial
but only since 1824 have they besn the dominant form for all

types of construction.(zl)

In that year Joseph Aspdin,
brieklayer at Leeds England ‘mixed certain quantities of
lime and clay and burnedcthem,inna kilnv,~After~the~burning
the resultingfmasejﬁesfpﬁiverized and used in haking ooncrete;i
‘Because the ooncrete resemhled a stone- quarried on the Isle
B of Portland he- oalled -his’ product “Portl&nd Cement" and ob-'
i‘tained a patent-on.its. preparation. o
Many studies were made .on: cement after: the year 1824, d
'but it was not until 1887 that the. first scientific research
was started on- ‘the" composition o the material. Henri Le'
Chateller(4) recognized that Portlaad cement clinker wae B
: heterogeneous syetem.of several olinker minerals. It was by
" means of the mioroscope thet he was able to disoover and
postulate 80 many of the principles that are acknowledged as :
facts today. | TR o |
A8 the result of nis work(ls) ‘Le Chatelier concluded that

the essential constituenxs of Portland osment were tricaloium

silicate and dicalcium.silicate.n He ‘described another compound



of lesser importance believed to be present as a deep brown ‘
‘alumina-ferrite of lime. : |
‘The work of Le Ghatelier remeined unknown until 1897 ‘
when A, E, T&nnebonm,(ﬁ)’in aashort~paper.duplicated»the work,_
of Le Chatelier, In .hi"s_:;rpe.per Tem‘ebdhm claimed that gem'entf |
ielinkef;was compoeed;ofifonr~minefals'whionfhe‘deeigneted‘asi
alite, b‘eiit‘e=,-lce?ii“te‘,' and felit'e, . The”“&é-s‘d}iption of these
ieompounds corresponded to the oompounds described by Le -
'Ohatelier with poseibly the exeeption of felite, the composi-'
‘tion of which was doubtful.~~ |
Although the oonolueions of Le Chatelier and Tbrnebohm
were not identical, they egreed well" enough to furnish us-
’with the foundation on whieh We today baee our many theories
and hypotheses of the struoture and eonetitution of cement,»
 The- work of Le Chatelier and TBrnebohm wae aooepted a8
"authoritative end was not extended very muoh until about the '
year 1915. It must not be forgotten, however, that many 4
theories were edvanoed during the years 1897 “to- 1915.-vThese
‘theories were soon disproved when Ge A. Bankin(zz) applied
the 1ewe of equilibrium of heterogeneous syeteme %o the '
.problem of oement. By meane of the Phaee Rule a oomplete
deeoriptlon of the ternary eyetem.lime-silioa—alumina was
given for the first time, The reeults of this reseereh

“'have led to the conclusion thet a normel Portland oement

‘ clinker must oonsist of tricaleium eilioate dioaloium .

Y
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silicate, tricalcium aluminete, pentacalecium trialuminate and

free lime. OFf thésé compounds the tricaleium silicate, di-

,calcium silicate and tricalaium aluminate are by far the most

predominant in the cement ‘elinker.

,Closely assoc;atedgwith Rankin's in this work were
several Americans including A. L. Déy(a), E. S,"Shepherd(24),
F. E. Wright'®®), B, D. ceupbe11(®) ana s. H. wnite!?8)

These men, working-in~the~Geophysical Laboratory of the
Carnegie Institute of washington, studied the system lime-
silica-alumina. Their work'was so complete that it stands
foday with but few minor corrections.

While Amsriean 1nvestigators were working on the problem

of the eonstitution of cement clinker, Germans likewise were

doing a great deal of research on the same thing. Among these.

was Janeoke(l4)

He reported that alite, the principal oonstltuent in the
clinker desoribed by Le»Chatelier and TBrnabohm, contained
the three constituents silica, alumina and lime, and must be
coﬁsidered a ternaty1§0mpound. He investigafed the-regibn'of;

the ternary diagram corresponding to Portland cecement and re~

‘ported a new compound with.the formula 8080.A1,04.2510,, which

~he named JHneckeite. -

This compound has been questioned and according to W. C.
Hansen and his co-workers does not exist. However, its pre-

sence in ceument cli@ker_is still a point of dispute between



Ameriean and'Eusopean workers..
At the presentTtims'there are several theories on the -
composition of cement clinker, but only two of them appear tov

be of importance. According~to Dr.-Hans Kﬁhl(ls)

the prinol‘
pal eonstituents of oement are but two in number, namsly, ;
alite and celite. The formulas of these two constituents
are as followsf"‘- 1 |
| Alite “=+56e0.510§ + 20a0.Al,0,,
Celite = 20a0.Fey0s + 2080.A1,04+
By means of X;ray'methods L. T.-Brownmiller and R. H.
Bogue( ) have studied - twenty-eight samples of commercial
"Portland oement olinker representing many types of raw
»materials and processes of manufacture both domestic and
foreign. The results of their investigation by the X-ray 1"
msthod are in agreement with those obtained by the phase
equilibria, and by chemioal.miorosoopio methods. Bach
Zsupplements and oonf;nms the othsr. Thelr findings indicate
. thst the most abundant,oonstltuents in’ the clinker are tri-f
foalcium silioaue and beta dicaleium.81lioate. Also ‘that there
are normslly present trloalcium aluminate, tetra calcium .
alumlno ferrite and magnesia.- They found that free lime-is

not normally present in amounts as great as 2.5 per oent.
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Adil sbures

The catalytic effect of various :aterisls as admixturss
in cesent has been studied capraiully by many mmwmta, but
'itstzzll resaing s aystery. 7The lLiportance in tim cantrﬁl of
the setbing yrapaﬁiéa of cement ie of great interest, and
eonsequently the nse of various sheaioal compounds for the
regulating of the setting process should be studied. D A
abraastl! in nis repoxrt upon oaloiun chloride gives a sumsary
sontaining a great mz..:xber of mrarexam to the use of calciom
chloride upon egaent and conorete. iy. RFihl “’57 has studied
tha Qarmly‘aiu affe_ets of suok compounds aé» the chlorldes of
Li, Na, K, B, m,'sr;#, Ba, G4, &1 and Fe upon gement and
found that they all accelsrate the satting provess 88 woll as |
inorease the strength. Ho aleo givzas a list of compounds
shich rotard the sattmg &8 well as those sults that are in-
Jurious te the aﬁrength of the cozenk. o

Ee de {:rana(m has studlied the effect of replacing valoiuxn
oxidae by sanganous oxids in Fortland caxent. He found that it
was the goluble manpganese compounds present and ned the zan~
ganege sllicates themselves that inoreased the rate of &ettmg
and final strengta. .

Little study has been nade of the effect of various
materiels upen the pure compounds of ceuent. The uotion of
Ca{it); and Na0H upon the rate of hydrolysis of the compounds
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that ocour in cement has been studied by Lerch and Bogue(18),

(11) was the first at’cempt $o

The work of A. J+ Hammer
study the acticn of calcium chloride upon the constituents of
cement. Mioroscopic methods were used in this study of the
crystal formation when cement compounds cere treated with
caloium chloride solutions of varying concentrationa. From
this work it appeared that tricalcium silioate and dicalcium
silicate reacted more rapidly with the calcium chloride than
‘did tricaleium aluminate. | | |

R. C. Sloane and his co—workers(25) have made a very
exmensiva study of the rate of hydration of the cement bodies
under the influence of oalcium~chloride.r In this study were
used three.calciu@uchlcride sqlutions_ofAz pcr cent, 4 per
cent and 8 perjcénéiccucentratiou. Theqcompounusvstudied
were tricalclum silicate, trioalcium aluminate and beta di-
calcium silicate.; The results of the work showed that calcium.
chloride accelerated the rate of hydration of the calcium

silicates in cement, but retarded the hydration of trloalcium

aluminate.



'EXPERIMENTAL PROCEDURE

Preparation of the Cement Constituents

The compounds studied in .this investigation were—trical;
cium aluminata; tricalcium silicate, beta:digalciuavsilieate
and gamma dicalcium silicate. According to R. H. Bogue(sy-
more than eighty par;oent pfaPortlana cement i1s composed of
these four conmouhdé. Therefore the results obtainad by the
Study of these compounds ahould give some indicafidns as to
how Portland cement ‘would react under similar oonditions.

The raw materials used 1n the preparation of these four
compeunds were,silica, caleium carbonate and alumina. The
caleium oarbonate and alumdna used were Jd. T. Baker’s analyzed
iC. P. products.- The materiale were analyzed before the ox-
‘perimentkwas started. The silica was prepared from a techni-
cal grade of sodium.ailiaate -and hydrochloric acid. The acid
was added until preeipitation of the silicic acid was complete.
The precipitate was washed by deoantation until 1t gave no
test for chloridas with silver nitrate. The preoipitate was
dried at 130 Ce. and finally 1gnited in platinum at 1000 C.
The resulting produot was ground to pass a 200 mesh and |
analysis showed 1t to contain 99 84 per cent silica.

- The ravw materials were all ground to pass 200 mesh before

being usedabeeause R. K. Heade (19) has found.that there is a



 definite relationship between the variables) tims, tempereture;~ S

and fineness, end the resalting clinker. When the materials
ere very finely ground, the combination will take pleee at a

lower temperature or with less heating than when ‘the materiale?h*t

- are coarsely ground. Also, with materials of'the same fine-
" ness the combination;will ‘take place more rapidly when the
temperature is hiéher.‘ As a result of this study Meade has
’developed a formula whioh is expressed as o
| © . AXBxC=D

where A represente time of burning, B the temperature c
fineness, and D a conetant, namely, elinker.

The furnace used in preparing these oompounds was 8 gas—
fired crucible furnaee‘- The high tomperatures were easily
) attelned as well as maintained by means of & gas-compressed
air-oxygen blast burner. The -eas wae enriched with benzene.
- All temperatures used in the preparation of these com—r
pounds were measuréd with a oelibrated chromel-elumel thermo-'
couple when,possible, or, 1n the case of" higher temperatures,

a calibrated Leeds and Northrup—optioal pyrometer.

Iricsloium e;nelaa.;e.

The tricaloium aluminate was made by mixing oaloium cap-
bonate with alumina in the proper proportions with distilled
wator.. The resulting mlxture was plaoed in an alundum

| oruoible and the temperature slowly raised to 1575 G.f This
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temperature~was'maintainad & 20?0.'for'a,period of four hours.
After the heating the material waélgxouna to pass a 200 mesh,
thoroughly mixedgfand*refired for another period.of‘féurr ;°
nours at thefsameftemperafure.v It was then ground and mixed
as before dbut analjzéd.befére'refiring; In case tlie analysis

- did not check the-théoretical values for tricalcium aluminéte,
the sample was madq~up-to this value by the addition of either
alumina or calcium carbonate. Thexab0ve‘procedure of mixing,
grinding, end riring wes repeated until the analysis checked
the theoretical values. The calculated values of Al,0, and
Ca0 are 37.73% and‘éz.zs%_reSpectively. ‘The values found were
Alg04, 38.12% ana}cgo,,safgv%.' | -

A test forVrféé?iime was made according to the method
described by LérchVand Bogué(l7}. ‘The*ﬁest?was.negative.jvThe f
index of refraction of the material was 1.707 + 0.002. This |
valua checks that of W. oo Hansen(lz) whioch is given as 1.710.

% 0.002.
Gamma dicaleium silicate.
The gamma dicalcium silicate was prepared by mixing

calcium carbonate and silica in the proper proportions with

distilled water. dnd‘firing thaomixtufe'in\an alundumcrucible.

The temperature of 1500 G t 20 c.iwas maintained for. a period‘g;

of four hours.. on- cooling, the stioks whiah were very hard

at high temperatures crumhled er "dusted" cempletely. This
" erumbling is due, to the 1nversion of the beta dicalcium 5111-
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cate to the gamma form, as described by Day and Shapherd(e).
The resulting compound was ground to pass a 200 mesh, mixed,
and refired at the same temperature for the same length of
time. After the second period of heating the compound was
ground and mixed. The analysis showed there was present
65.54%% Ca0 and 34.92% Si0z. The caloulated values are 65.12;
Cce0 and 34.88% S10,. The compound gave a negative test for
free lime, Hicroscopic examination showed a pure product.
The angles of the orystals were not measured because the
crystals were too fine to be measured with the equipment

availabls,

Beta dicalecium gilicats.

Beta dicalcium silicate was prepared by the method de-
soribed by Bates and Klein(zj. The raw materials were mixed
in the proper proportions as described in the preparation of
gamma dicalcium silicate, but one per cent of B,0s; was added
to prevent the inversion of the beta to the gamma form.
Alundum crucibles were not used because the compound stuck to
the crucible and became contaminated. /The mixture was molded
into sticks with distilled water and dried in an oven at
15000. These sticks were then fired for four hours at a
temperature of 150000. The sticks were removed from the fur-
nace while white hot and allowed to cool in the alr as this

helped prevent dusting. The resulting coupound was reground

and reheated a second time at the above temperature. After
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this second heating an analysis showed the composition to be
865.435% Ca0 and 33.83% 510z, The theoretical values are 65.128:%
Ca0 and 34.88% S10g. A small amount of boric glass was found
present upon microscopic examination. The compound gave a

negative test for lime and showed strong birefringence.
Igicalc;um silicgfe.

The tricalecium silicate was prepared according to the

(25). A speclal pro-

directions of Sloane and his co-workers
cedure had to be used because calecium carbonate and silioca
mixed in the proper proportions and burned, as in the prepara-
tion of the other compounds described, produced some dead
burned lime. Therefore it was necessary to make the compound
in three steps. In the £irst mixture the calcium carbonate
and silica were in the ratio of 2.3 Ca0 : 1Si0,. This mix~
ture was burned'at.lssooc..tvzoéc.'for four hours, reground,
analyzed, and enough CaC0s added to make the ratio 2.7 Cal :
15i0,. This was fired as before, reground, analyzed, and
enough CaC0z; added to make the ratio 3Ca0 : 1SiOgz. This
mixture was reground and refired-twigce rore at the same
temperature for the same period of -time. An analysls showed
the composition to be 73.86% .CaQ and 26,50% SiOg« The correct .
values are 73.6 ﬁrcéouandf26a31% Si0gz. A microscopic test
proved it to bs a pure body. The osompound showed weak bire-
fringence apnd an index of refraction of N= 1.710 x 0.002.
The value gliven by Hansen(lg) is N= 1.715 i 0.002. .



17

The Studies of the Rate of Hydrolysis

For the studies of the effects of calcium chloride upon
the four cement compounds, namely, 30a0.,Al 05, 3Ca0.5i0,,
f20a0.510, and Y20a0.5i0,; twelve calcium chloride solutions

of the following concentrations were used:

Solut;on‘ Percentage

1 0.001
2 0.01
3 0.10
4 0.20
5 0.35
6 0.50
7 1.00
8 1.75
9 2.50
10 5.00
11 7.00
12 10.00

These solutions were prepared by weighing Mallinckrodt
C. P. caleium chloride, the analysis on the bottle belng:
CA0 o« o o o o o ¢ o o s » o o « o o btrace
FO o « o s o o o o a o s o s o o » 0.001%
Other heavy metals .« « ¢ » « o+ & . 0.00%
SOg o o o o o o o o o e o s o o o o« 0.080

Assay Cally « o ¢ o « o o o o o = = 95.00%



18

Effects of CaCl, upon the rate of hydrolysis.

Rate of hydrolysis in solution saturated with Ca(OH),.

The effects of the various congentrations o.' calcium chloride
uponlthe four compounds studied were measured by the rate of
hydrolysis. The flrst part of the experiment was a study of
the rate of hydrolysis of the compounds in calecium chloride
solutions saturated with Ca(OH),. |

The amount of sample used was such that if complete
hydrolysis of the compounds took place there would be formed
0.8226 grams of Ca(OH)g,. Bquivalent quantities of the four
compounds studied were used. These sauples, twelve in number
for each compound, were placed each in a carbon dioxide flask
of 150 cc. capacity. To the flasks were added 100 cc. of the
calecium chloride solutions of the concentrations mentioned
above. The flasks were stoppered and shaken from time to
time.

A duplicate series of samples was run %o serve as a
check. Also, pure Ca(OH), was used in the same amount of
each of the CaCl, solutions and in boiled distilled water as
standards for comparison.

The OH ion concentration of the resulting solutions was
determined at 2500. by the.eleotrometric method with a satur-
ated calomel half cell, satgrgtad-agar—KCl bridge, and a
platinumrpiatinum black electrode. The potentiometer used

was & Leeds and Northrup Type K. The results of the experi-
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ment are raborted in the tables I,~II, III, IV and V and
graphically in figures I, II, III, IV and V. The values

in the tables are in terms of pH.
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TABLE II
Hydrolysis of 3Ca0D.Si0, in CaCl, Solutions

DH of solutions after 0.8450 grams of the gompound hed been allowed

to reamct with 100 ec. of the CaCl, solutioms to
‘give a saturated lime solution

Time’ Numher and ‘;oncent :"atlon of Cacl Solutions : Distilled
in: 1 o+ 2 43 ; 4 5 ; 6 ; 7 ;h 8 1.8 :10 111 4 12 1 Heo
: . : 10520, : : : : ; f o 502 : 13
1/2 :12¢05 .12.10 1530+ ‘12.04 12.02: 12.00 11 ss 11.85 11.75: 11.56 11.45 11.50 : 12.23
1. :12.25 112.16: 12.15412;09 124 04.11.96 11 92 11.89 11 84 11.64.11.52 1153 ;12,26
5 112.55 :12.52 12f45112.36 12.33 12.28 12.16 12 04.11 98 11.70 11,643 f11.48.:  —mm
'5\~§ig.49v§;z 45: 12.43 12 36 12.33: 12.29 12.17 12.00 11.92:11.71:11.58: 11 46 ¢ 12.42
10 :12.38 :12.4 41 12.56 12 35 :12.28: 12,251 12.15 12 0B 11.97.11.;7.11.65 11 53 1 12.49
1 élg;ss‘flz 41 12 38: 12.53 12.27 12.25 12.15 12.01 11.95 :11.77: 11 66 11,52 1 - omm
1?7-212;45 .12 52: 12.37 f12. 35 12, 303 12.26 12.15 12. oa 11. 99.11.78 11.65: f11.54 ¢ 12.51
18 g§12.52-§12.49 12.36 12.38 112.29¢ 12.25 12.15 12.06 11.98 11 79 111, 67: 11.53 P
21t mem f1e.a1} 12.38 12 35:12.291 12 24112.14112.08: ==n : S P
22 f12.41 112,41} 12.37 12. 55‘12 28: 12 24.12.13 :12.08: 11.95:11 761116411150 : -
25 ; - -—~ § -~ : o e i ommm fomm  omem i11.97: 11.76§1 .§4;11,52 N
6z :12.17 §12.5z'12 45'12.35'12.51‘12 25.12 13'13.01~ : e : 12.57
65 $12.52 112.49112.43:12.56:12.51:12. 24.12.15 :12.01: 11.92.11.73.11.64: - ': ——

33
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TABLE III
Eydrolysis of Beta 2Ca0. Sio. in CaCl Solutions
PH of solutions g______e_a_x_:_ 956& g;_'_g___ of the gompound, -had had ___gg allowed
L me_n_g__ M ;&Q gcc. of the CaCl, solutions to
- give a saturated lime solution.

‘.Pime‘ , , N’umber and Congentg_a_tion gf Gaglg Solutigns N—— zDist.il]:ed
tm: 1:2 : 3 ; 4: 516 i 78 i9 g 10 $11 : 12 i Ho
s 0. O .f'_;ldl._ ”,: ,; : .f f L o 50 00%: 13

& 1 111005 : : : 9. 98: 9;9si 9,75 i e

1 :11.33 511 853 11 10"11.24 11.21 11.16 11171 11 121 11.06: 9.99: f10.33: 110,75 : 12.27
2 :11.84 i1l 25 11.25: :11.50: 11 41:11.38 :11.32: 11.28 11.21§ 9.99: 10.80.10 80 ! 12.30
B.: e 11. 9' - 5 MR S QP SN QU g R
5 :11.63 §11 591 11.69 f11.64:11. 59:11 54‘11.413 e 3 =mm 310. 03.10.89 :10+82 : 12.40
7 i oamm 111,681 mmm i mmm i omm -11.54 11 45V11 36:11.30.10 oe 10 9s~ —- ; —
9 ; -—- 511 72: 11.70.11.66011.61 :11.55: 11 44: 11.39 11 32:10. 07: 10.99» — i 12040
11 :11.75 :11. st 111,722 11.67: 11.52 :11.57: 11.45 11.40:1132:10.105 11.03 {10.89 : 12.40
51 : : f11.77: 11.72 11.69 11.64.11 50+ 11.;4‘11.56 +10.90: 11.02 110,78 i 12,40
‘55’211;33,211.99°11.77 {11.75:11.69:11.64:11.49:11.45:11. B7: 10.98:11.03:10.91 12.40

VR
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“PABLE IV
Hydrolysis of Gamma. 26&0 310. in CaCl, Solutions

g of so;uziogs after 0.9562 ggg__,of the compound had been ;
to react with 100 ce. of the GaGl, solut;ons to

Bive a saturated lime solution.

12
50
63

Nggger and Congentration og Cacl. Solntiog . _ :Distilled

1 i 2 i B i o4& i5 6+ 7 e ro9 i1 o1 12 ¢ mEo

1115 '11.1§ :10. 96‘10,88 :10, 75.10.66:10 50.10 45.10.35§§?571:_9.es§ 9,45 i ——-
11;15“i11 1a'io.97 10.90 +10.78:10.69: 10.54.10 48110.36: 9.75: 9.66: 9.47 : 12.26
11.24 ~11.25 :10. 99 10 90: 10 78: 10 5s~1o 50110, 46: 10.37: 9,70% 9:62: 9,44 : 12,51
11.22 .11 25: 10 07: 10,911 10.7 78: :10. 66: 10.52 110, 48: 10 37§ 9.741 9,68: 9.50 i 12.41
11.24 111.26: :10. 99+ :10.92: 10.77 10,641 10.48 10.48° ~— i 9,717 9.68: 9,50 : 12.40
11.22 i11.24] 0. a7 10, 90 :10.78: lo 51 0. 48 :10.44:10. 36: 9.71: 9.67: 9.49 : 12.40
11.95 §11.85 111,98 11.84 11.75: 10.64 10,47: 11 57: 11 181 9.74: 9.72: 9.55 i 12.40
} mem i —-- 111.87:11.75: -=- 110.51:11.55:11.57: 9,74: 9.65: 9.51 : 12.40

92
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A TABLE V
Change in pH on Placing Ca(OH), in CaCl, Sélutions
pH of solution after 0.8568 grams Q_t Ca(OH); had been allowed
- to react with 100 cc. of the CaGl, solutions
1o give a satu_r_A ated lime solution.

e o0

=
B

~: JNumbex and Gg‘ neentration of CaCl, Solutions

e

dnt 1+ B i B ot oo 5ot 6 i 7 T 8+ 9 : 1o : 11 : 12
:0.0014: 0.01%s  0.20% 0.550, : : : : 5.00%. 7.50%.
2 : 12.38: 1z.zsiilg;a;§ ;2.305 12.255‘12;21§ 12.11§ 12,00; il,své 11.73: 11.61: 11.46
1° & 12.51f 12.44: 12.40: 12.35: 12.26: 1z!ééillz¢1zf-1z;oof11;93§.11.7z§ 11,607 11.46
2§ 12.38: 12.38: 12.54: 12.50: 12,241 12.20+ 12.11: 12.00: 11.92: 11.73: 11.61: 11.47
5 : 12.39: 12.39: 12.34: 12.50: 12,25: 12.21: 12.11: 11.99: 11.91: 11.72: 11‘592 11.46
4 : 12.44: 12.44: 12.38: 12.35: 12,50: 12.25: 12.14: 12.02: 11.95: 11.75: 11.63: 11.48
O i 12.42: 12.41% 12.37: 12.53: 12.26: 12,22 12.15: 12.02: 11.93: 11.73: 11.61: 11.48

13 1 12.37: 12.39: 12.35 11.61
19

21

-
A
*e

11.94: 11.93

12.24: 12.22: 12.11: 11.94: 11,93: 11.74: 11.61: 11.48

ah St po 0
FJ
-
* y
~
"

12.30: 12.24:

12.22:

b e8 e b et gy
L ]
s a2 ¢
°y °0 e
[ ]

=
AV
™
oL
.
=
Ay
’
Y
(@

[ 12.37: 12.39:

-
L]

* *

T @R 89 g9 S8 Q8 €% Qe €3 B4 3% o
.o
[ 2]

12.37: 12.39: 12.35: 12.30: 12.24: 12.22: 12,11: 11.94: 11.93: 11,74: 11.61: 11.48

82
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Rate of hydrolysis Egggnsolutions were not saturated with
Ca(0H)a. In this part of the experiment the procedure given
unaei "Rate of hydrolysis in solution safurated with Ca(QH)g"
abo#e was duplicated wifh the eiception of the size of the
samples'used. Instead of ha#ihg 0.8226 grams of Ca{OH), pre-
sent per 100 ce. of the calcium chloride solution, there was
but 0.1000 grams of Ca(OH), preéent, assuming that there was
a couplete hydrolysis of the cbmpounds. This amount of Ca(OH)g,
was not enough to saturate the solutions if allowanoe is made
for the decrease in the solubility of the Ca(CH), in dilute
calcium‘chloride solution(®7),

A standard of comparison was made by using the same welght
of pure Ca(OH), in the same amount of the calciwm chloride
solutions and in boiled distilled water.

‘The results reported in terms of pH are given in tables
vi, Vii, Viir, IX and X, and plotted graphically in figures
vI, VII, VIII, IX and X.



TABLE VI
Hydrolysis of SGaO?Al.O; in CaCl; Solutionms
DH of solutions after 0,160 grems of the compound had been allowed %o react
with 100 ge. of the Cacl, selutlons fo
give an unsatureted lime solution.

3

Tims: _ ‘ Eumbgr and Qoggentration of CaCl, Solution " :Distilled
i o1 iz ; 5 : & :5 : 6 : v;ui'ké o 2‘1o~‘§»11 MET IR
0,001 :‘ :."i 5%4:0.50%: L. 00%: 1,751 2. 505+ '§1$mﬁ lmﬁi 13
1/2 11.49 :11.58 111.41:11, 59.11 24.11 20.10 92.10 73.10 623.9 93.10 .013:9.99 : 11,84 i
1'211,65.311 68: 11 46 11, 45 :11.29:11. 24 10.97: :10.79:10.67:10.06:10. 16: 10 .07 : 11.85
211,65 111.68: 11 49! 11 451 11.31 :11.26: 10 99 10 80: :10.68: 10.15 10 21 10 PPN 11.85
4 111,67 111 71t 11 52: 1. 46: 11,35 11.51: 11 o7: 10 88: 210, 72 110.27: 10 27: 10 12 : 11.86
7 i11.71 i11.75: 11 52+ 11, e 11, 54 11.26: 11 073 10.85: 10 71 210,263 10.26: 10 00 : 11,85
11 :11.85 :11.85: 11 61: 11 a7; 11 38: 11 26: 11 oe 10.8L: 1o 65: 10.26¢ :10.31: 110,00 i 11,85
19 111.70 :11.76: 11 54 11.38: 11.29 11 213 11 oz :10.81: 10 78: 10 26: 10 24 flo.01 i 11.85
24 111.70 $11.76:11.54:11.58:11.29:11.21:11.02:10.81:10.72:10.26:10.24:10.0L : 11,85
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TABLE VII
- Hydrolysis of 30a0.5i0, in CaCly Solutions o
DHE of solutiogs after 0.1367 grams of the gompound had been sllowed
| to resct with 100 ce. of the g_e_t_(_}_]_;, solutlons to '

- give an Aunsaturated' ‘lime solution.

Distilled

Number gnd coy_ggm;,ration of Gacl, Sglu’cio

Time§ j
il i2 i3 14 :5 e E ? ; 8 ;wg, 210 H1od12 i Hgo
1/2»?11;779.11.77;11'65.11 631 11.57'11.51 11 42.11 58:11 30-11.09 11, 00.10 85 : 11.82
1 i11.78 11.79.11a65 11, 64 :11.50: 11.53 11.44 11.40: 11 35 11.15 11.07 :10. 63°1 11.90
zfill;es;-ll,sz $11.73: 11 68: 11.52 :11.56: 11 47 11.42 111, 56 11.18: 11 09: 10.95'3 11.95
3 §11.94f-11 02:11.75: 11*72 1162 11 58 11 a8: 11 43: a1, 57 :11.20: 11,11 110.96 : 11.94
8 :12.08 ‘1l. o7: H11. 82 11,773 11,703 11.64 11.55 1. 52 :11.45: 11.25 11 14 10.99 : 11.94
12 i11.90 :11.89: 11.77 :11.75: f11.70: 11.65 11.56: 11.45 11,441 11.25 11. 14 11.02 : 11.94
18 i11.80 :11. s0: 11,79 11 75: 11.72 11, 64 11.58: 11.49 11.47 :11.25: 11.14 111,02 1 11.94
20 111,80 111.90:11.79111.75:11.72:11.64:11.58:11.40:11.47:11.25:11.14:11,02 : 11.94

44
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TABLE VIII
‘Hydrolysis 'of-Beta-‘BGaO.Sio,-in CaClys Solutions
"pH of -»}~301uti-ons -after O. ;_ ~556 mg_ of the compound had been alloweg

to resct with 100 cc. of the CaCl; solutions to

give an unsaturated 1ime solution.

Time: _ Nusber end 4 Consentration of Cagl, Solutions iDistillea
ins 1 +o8 i85 14 5 P 2;10‘ P11 t12. :  HO
s:0 X .t 10.20%:0.35%: : 4 1. 75 f_f _ il' : 005 15
1/2f§lo 975§11voo 10,77 10.76:10 62 1o. 49‘10'40.10 30'10 21:-5;79§t9#?l§;9.50 : 11,17
2:;11.55'§11 24: 10‘94 110.88510. 67 10. 59 16‘4%‘10.55 :10. 50:?é;7§§;é;§§£-9!43,2 11,28
4 :11:15:11.14:10.95:10. 84 10,74 10, 65‘10 .53:10. 4z:¢o .337 9,789,707 9.44 : 11,54
7 11,22 111.21:10.9%: 10.88 10.76:10.69:10.47: 1o 51310. 39: 9.78: 9.69: 9.43 : 11.34
~11:§11~zzv:11,21 :10.94: 10.85~1o 79: 10 661 10 55'10 68.10,71'.9.77§.9.57; 9.58 ¢ 11.34
16 111.22 11 21 10. 94.10 §3:10.79: 10 ss 10.56:10.92:10.82: 0.801 9.69: 9.38 : 11.54
1 :1r.22 § f11.21: 10 94:10.88: 10 79: 10.66 10. 56-10 T 10,821 : 9.80: 9.69: 9.38 : 11.54
24 $11.22 +11.21:10.94:10.83:10.79:10.66:10.56:10.92:10.82: 9.80: 9.69: 0.38 -

11.34

ge
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PABLE IX

Hydrolysis of gamma 20a0. 310, in GaCl. Solutions

nH ot solut; after~0 1536 -grans of the- eomgound had been gllowed
_g react,ﬂgdg 100 gg: of the "aCl. solut;ogs Xo
| give. an- unsa;urate llme gg;gglgg,

24

e Jou se ov-0b as 2 ]

:10.58
£10.49
;10;49

..
e

2. gn o3

Ll
-«
]
v
.
.
-
.

¢

*

(1)

10.86 lO 61 10,52 lO 30 10.50 10 21. 94 94, 9 82
10 98 10 68 10 63 10.45 10.56 lO 363 lO &0z 10 10

11.08: 10.68: 10 67: 10 44 10 40: 10 53 lG.r3 10 13o~9., 
11.00+ 1o 59 10 64: 10.42 10 39 10.58 10.43 10 13‘ 9,53
11, 06: 16, 61: 10 65: 110,41 10.40 10 37 10 23 10 12- 9.52

.

:10.99: 10 68 10 55 10 46 10 35: 10 se 10.

g.:
O
,...v
i
o
L]

3]
=
L

.
* g0

e v o

8. Y

:11. 06 10. 61 lO 65 10.41: lO 40: lO a7: 10 23: 10 12' 9.52:

: 9.15

.47

L ]

Q0

.

ae

9. 47’

9.49.

9.47:

H
8.47:

Distilled

: "Hy0

: 11.09
9.20 : 11.18
9.25 : 11.18
9.20 i"11.18~
9.22 i 11.18
9.22 : 11.18
9.22 : 11.18
6.22 : 11.18

<1
~3
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RH of glut;on after 0.1378 grams of Ca{OH), hed been allowed

TABLE X
| change ‘in pH on Placing Ca(OH),; in CaClg Solutions

___o_ react with 100 cc. of the CaCl, sgolutions to

e an unsaturated lime golution.

3
E
®

WX
l:!

0 B8 9% 9a P

_1/2 12 27

!2§!sz‘; ‘(3 ()‘);E‘é 52‘.()]'29 o() ]-Szié o()-»EZSEEQ

a0 PV Jes he we o»

B 23 .- :5

"y S e

12,27 ’12 25

- \]L .].23 ESEZ 2:1:3 5523 .:LE?.EBE;

2 12 29
8 i12.27
11 :12.29
15 :12.29
21 :12.29

*p

LS
»
>
L]

>
3
B.d
L J
B3
*
[ 3
2

112,51 12.27
f12.27 .12 26
12.29 .12 28
12.29 .12.28
12,29 :12.28

e 09

l

.
-.

“e o0 o9 @ 44

" 4e on 00 04

4&.

5
0. 55%

12.19
12.26
12 23
12,21
12.23
12.23
12.23

oy 4¢ we

Y] .. 00 ¢ 09 eb

12.18
12.19
12 19
12.19

o e

12.19

»e "¢ oo "

v
PJ
n
-
o]

(2]

:12.19

® ot o5 #5646 ab 4% B o5 B eo ool oy un
; e
AV
[
[
W

;:‘
[aY)
[ ]

[ Sl
N

:l2.14

-8

g

o

':]41..&3‘5 H

[ 1] ;L
e

s
('

> O
fA- TR o]

*»

28 9% 0 20 o J*F 4o oo

46 o 8o 20 00 o0 O°F o o

11,28
11,29
11,28
11,28
11.28
: 11,28
11.28
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DISCUSSION

- The experiments described have been a study of the
hydrolysis of the pure counstituents that occur in Portland
cement when treated with caleium chloride solutions. In the
first part of the work the hydrolysis was brought about in
the presence of quantities of water or calcium chloride
solutions somewhat similar to that present in a properly
tempered morter or concrete. In other words, if the complete
hydrolysis of the compounds took place, a high concentration
of lime would have been present reaching saturation such as
would be present in a mortar. Thus the results of these
experiments should be applicable to the actual procedure in
industry. |

In the last part of the work described, dilute solutions
were used. This part of the experiment was carried out more
or less to have a comparison of results for the first part of
the experiment. The amount of sample used was such that the
resulting solutions were not saturated with lime, if it is
assuued that complete hydrolysis took placa, Therefore the
results do not have any great bearing on what takes place in
ectual practics.

A study of the resulis obtained in the first part of the
experiment as given in the tables I, II, III, IV and V and in

the figures with corresponding numbers is very interesting.
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These show that the hydrolysis of tricalcium aluminate and
tricalcium silicate is accelerated with dilute calclum chloride
solutions. In the case of tricalcium aluminate the pH was
greater in calcium chloride solution:than in water as can be
seen by comparing curves 1, 2, 3, 4 and 5 with curve 13. This
shows that caleium chloride solutions up to a concentration of
0.35 per cent of calcium chloride have inoreased the rate of
hydrolysis while stronger solutions of the same salt retarded
the rate of hydrolysis as shown by curves 6 to 12 inclusive.

A A study of table II shows that the hydrolysis of trical-
cium silicate is increased by calcium chloride solution of
0.35 per cent concentration for the first three days and for
Tive days by solutions of 0.10 per cent concentration. The
solutions of higher concentrations have e retarding effect,
as was true with tricalcium eluminate.

The results given in tables III and IV and illustrated
graphically in figures iII and IV show that calcium chloride
solutions of all concentrations studied retarded the hydrolysis
of beta dicalecium silicate and gamma dicaloiﬁm silicate.

Tricalecium aluminate differs from the silicates in its
reaction with caleium chloride as shown by a study of the
data. In the hydrolysis & maximum pH is attained, after which
the value of the pH deéreases. This shows that the OH ion ocon-~
centration is decreased; that is, calcium hydroxide is being .
taken from the solution. One can explain this by the fact |
that the 3Ca0.4l305 reects with the caleium chloride or calcium

'
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hydroxide present to form a double salt such as 3Ca0.Alp04.

. GaClg.XHe0. The calcium chloride in this compound can be
replaced by caleium hydroxide, calcium nitrate or calcium
iodide. These double salts crystallize from the sclution and
so decrease the caleium hydroxide present and lower the pH of
the solutilon.

Table V and the corresponding graph show the effect of
calcium hydroxide upon the calcium chloride solutions used
in this study. There is no explanation for the irregularities
in the first few readings of the curves 1, 2, 3 and 4. It
will be noticed from a study of this table that the pH of the
solutions gradually deocreased as the concentration of the
calcium chloride inoreased. One would expect this from the
work of Zahorsky'?7) in which he reported that the solubility
of calecium hydroxide is increased in caleium chloride
solutions stronger than 5 per cent. Apparently what happened
in this experiment was a combination of thé caleium hydroxide
with the calcium chloride and that lowered the pH of the
solution.

The results of the last part of the experiment are given
in tables VI, VII, VIII, IX and X and presented graphically
in the figures with the same numbers. A study of these
results shows that only in the case of tricalecium silicate did
the calcium chloride solutions accelerate the hydrolysis of
the compounds studied. The pH became constant sooner in

these solutions than in the congentrated solutions studied in
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the first part of the experiment. The action of calcium
hydroxide on the calocium chloride solutions was practically
the same as it was in the first part of the experiment.

The results of the above study can be very well applied
to what happens in the aotion of caleium chloride on cement.
There arse many theories on this subject but only two of them
will be discussed.

According to L. Forsen(g), when cement clinker 1s treated
with water it reacts to form hydrates of calcium aluminate
and calcium silicate. These hydrates are in turn hydrolyti;
cally decomposed to a state of equilbrium., The resulting
silicates form negative colloids while the aluminates form
positive colloids. The presence of a retarder such as calclum
sulfate prevents the rapid setting of the clinker which would
naturally take place by the reeciprocal coagulation of the
positive and negative colloids.

", . «In the presence of retarders the aluminate component
is precipitated from the solution as a orystallized double
salt 3Ca0.Alg05.C8X, . XH,0, where X may be sulfate (one half
mole) Cl, Br, I, Cl0,;, NOs, NO, or OH. Normally the setting
of cement begins with the formation and coagulation of the
silicates as soon as the necessary oconcentration of the Ca ion
is reached. The addition to cement of compounds which combine
with lime increases the strength of the cement. This removes
the lime from solutions, and the solubility of the colloidal-

silicates is increased. The compounds that combine with lime
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in this way are CaCls, ALCl,;, CaBry, Ca(li0g)g, 3Ca0.Alg0g and

AscaO"AlQOg. . ."(9).

Dr. Knhl(ls) also explains the setting process in very
much the same way as Forsen. He considers, ". . .The hardened
cement mortar as an unstablé gel consisting of dicalcium hydro-
silicate, tricalcium hydroaluminate, hydrated lime, and calcium
ferrites of unknown composition. All of these constituents
tend slowly to pass over into the crystalline form, although
the transformation requires a period of .some years before it
can be observed and some decades before it is complete. Vie are
ignorant of the order in which the differsent gel compounds
assune a miorocrystalline structure. Probably the calcium
hydroxide and calcium hydroaluminate ars first affected,
followed only at a later stage by the gradual transformation
of calcium hydrosilicate. . ."(15)

The action of calcium chloride in accelerating the
setting process and the increased strength of the resulting
cement can be explained as follows: The calcium chloride,
as our experiments show, increases the rate of hydrolysis
of the compounds in the clinker. The Ca ion concentration is
very soon attained at which the colloidal silicates are formed
and coagulation of these takes place. As Soon as coagulation
starts the setting effect in cement is manifest. Thus this
initial process is spee&ed up by the presence of small amounts
of calecium chloride. The excess lime formed by the hydro}ysis

of the tricalcium silicate must unlte with the excess calcium
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chloride present to give an increased strength. The strength
of a Portland cement is attributed to the formation and inter-~

locking of the crystalline bodles that separate out during the

hardening process.
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CONCLUSIONS

The data obtained in this study definitely show that
dilute solutions of calecium chloride cause a marked increase
in the rate of hydrolysis of tricalcium aluminate and trical-
cium silicate. In the case of beta dicaleium silicate and
gamma dicalcium silicate all concentrations of the calcium
chloride solutions studied retarded the rate of hydrolysis.

It is a well~known fact that when a small amount of
calcium chloride is used as an admixture in cement, 1t
accelerates the setting process, and the final strength of
the cement is increased. The normal setting process,
acocording to the colloidal theory of cement, begins with the
coagulation of the colloidal silicates and aluminates present.
A certain Ca ion concentration is necessary before this pro-
cess takes place. Therefore, the catalytic effect of the
calcium chloride on cement is to increase the rate of
hydrolysis of the compounds in the clinker resulting in the
rapid attainment of the Ca ion concentration necessary for
the setting process. The transformation of these coagulated
silicates and aluminates into erystalline bodies gives the

strength to the cemsnt,.
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SULBMARY

Calcium chloride is the only compound of practical impor-~
tance used as an gdudxture in Portland cement to acoelerate
the setting process.

The present conception of the constitution of Portland
cenent clinker is best glven in the work of Dr. Hans Xlihil
represonting the Germen idea and the worlk of Brouumlller
and Bogue reapresenting the Amsrican vioew.

Methods are given for the preparation of tricalcium
gilicate, tricealcium aluminnte, beta dicalcium.silicate
and gamna dicaloium silicate.

The rate of hydrolysis of the constituenis of cexent wers
studied by the électramatriC'method;

The results of the studies on the concendtrated caleiunm
hydroxide sclutions showed that small amounts of calcium
chloride accelerated ths rate of hydrolysis of the tri-

caleium aluninate and tricalcium silicate, but retarded

‘tna hydrolysis of bete dicalcium silicate snd gamma dical- -

glun silicate.

In solutions not saturated with caleium hydroxide, caleium

chloride retarded the rate of hydrolysis of all the com~

pounds studied.
The data show that caleium chloride combines with caloiun

hydroxide,
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8. The action of calcium chloride in the setting processes of
cement is explained by the theorles of L. Forsen and Hans

Kihl.
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