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ABSTRACT: 

The morphological and hydration charac te r i s t i cs  of t r icalc ium 

sil icate treated with 0, 2 and 5 per  cent calcium chloride were  

followed by employing Scanning Electron Microscopy (SEM), 

Differential Thermal  Analysis (DTA), and X-ray diffraction 

techniques. The water: solid ra t ios  used were  either 0.5 or  

0.3. In t e r m s  of Ca(OH), estimation CaCRa accelerated 

hydration, except with 5 per  cent CaCR, a t  a 0.3 w / s  ratio.  

The maximum amount of Ca(OH), and calcium si l icate  hydrate 

was formed a t  2 per  cent CaCR, and a w/ s ra t io  of 0.5. Ex- 

cept a t  ve ry  ear ly  t imes,  the r a t e  of reaction was slower a t  

0.3 w / s  with or without CaCR, compared with the correspond- 

ing samples  a t  0.5 w / s .  

On observe l es  caractkr is t iques  morphologiques e t  d'hydratation 

du si l icate tr icalcique en presence  de  0 pour cent, 2 pour cent 

e t  5 pour cent de chlorure  de  calcium au  moyen de la micro-  

scopie Clectronique B grille, de  l'analyse thermique diffCren- 

tielle e t  de techniques d e  diffraction de  rayons X. Le rapport  

eaulsolide e s t  de  0. 5 ou de 0.3. En  t e rmes  dfCvaluation de  

Ca(OH), , l e  CaCL, acc6l'ere l'hydratation, sauf pour 5 pour 

cent de CaCL, e t  un rapport  eau/sol ide  de 0.3. La formation 

maxirnale de  Ca(OH), e t  d'hydrate de si l icate de calcium 

rCsulte de 2 pour cent de  CaCR, e t  dxun rappor t  eaulsol ide  de  

0.5. Aprks t rois  mois, l e  degrC d'hydratation, en t e rmes  de  

format ion d'hydrate de si l icate de calcium, e s t  trBs semblable 

dans pates lorsque le  rapport  eau/solide e s t  de  0.3. En corn- 

paraison des  echantillons correspondants lor  sque l e  rapport  

eaulsolide e s t  de  0.5, l a  re'action e s t  plus lente pour un 

rapport  eaulsol ide  de 0.3 avec ou sans  CaCR,, sauf a u  tout 
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Introduction 

Much attention has been di rec ted to studies of the hydration of 3 Ca0. 

SiO, in  t e r m s  of the physical, chemical  and mechanical  proper t ies ,  a s  this 

phase  consti tutes the m a j o r  component in port land cement.  

The chemical  composition and morphology of the hydrated t r ica lc ium 

s i l ica te  change with the period of hydration and a l s o  depend on the nature  of 

the s tar t ing mater ia l ,  the specific surface ,  the h is tory  of the sample,  the 

water:  s i l ica te  ratio, and the t empera tu re  and condition of curing.  The m o r -  

phology of hydrated C,S* has  been descr ibed var iously  a s  needles, f ibres ,  

cigar-shaped sheets,  plates,  crumpled shee t s  o r  foils, tabulated s t ructure ,  

thin sheets,  spicules,  spheruli t ic  par t ic les ,  and rose t t e s .  I t  i s  thus obvious 

that  the re  i s  some  difficulty in defining the morphological  f ea tu res  of the 

hydrating C,  S with rel iabil i ty because of the var ia t ion in  the s tar t ing mate-  

r ia l ,  the prepara t ion techniques and the methods  of examination. I t  h a s  been 

recognized the re fo re  that  f o r  comparat ive  purposes  a sequential  study of the 

hydration f r o m  the f i r s t  few minutes  to a specific period yields a m o r e  r e a -  

sonable bas i s  f o r  compar ison (1, 2, 3). 

Calcium chlor ide  i s  a well known accelera t ing admixture  used in  

concrete .  Various mechan i sms  have been proposed to explain i t s  acce le r -  

ating influence, but the re  i s  no genera l  ag reement  on this  question (4, 5). 

No sys temat ic  work has  been repor ted  on the effect of CaCR, on C,S, in 

t e r m s  of the sequential  behaviour with r e s p e c t  to m i c r o s t r u c t u r e  and kinetics 

of hydration. I t  was thought, therefore ,  that  a sys temat ic  and sequential  

investigation on the hydration of C, S a t  a water: solid r a t io  of 0.3 o r  0.5, 

using 2 and 5 p e r  cent  CaCR,, should be c a r r i e d  out to examine the m e c h -  

a n i s m  of accelera t ion by following the p rogress ive  development of the m i c r o -  

s t r u c t u r e  and hydration products. 

Exper imenta l  

Mate r i a l s  

The t r ica lc ium s i l ica te  sample  was supplied by Tetra tech International, 

* Standard cement  nomenclature i s  used: C=CaO, S=SiO,, H=H, 0 

and w / s  = water:  solid ra t io  by weight 
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San Diego: the chemical analysis was a s  follows: CaO = 73.5 per  cent; SiO, 

= 26.0 per  cent; MgO = 0.5 per  cent; insolubles = 0.1 per  cent. X-ray dif- 

f ract ion resu l t s  showed it to be practically f r e e  f r o m  CaO. The surface a r e a  

of the specimen was found to be 0.45rn2lg using N2 a s  the adsorbate. 

Calcium chloride hexahydrate (CaCA2. 6H, 0) of reagent grade supplied 

by F i sher  Scientific Co., was used a s  the admixture. I t  i s  assayed a t  a 

minimum purity of 99.0 per  cent, expressed a s  CaCA, . 6H2 0. 

Double-distilled water was used. 

Preparat ion of Samples 

In all, s ix  s e r i e s  of CB S pastes  were  prepared a s  follows. The f i r s t  

th ree  s e r i e s  were  made a t  a water lsol id  ra t io  of 0.5 with 0, 2 and 5 per  

cent CaCA2 on the C,S basis.  The l a s t  three  s e r i e s  were  made a t  a wate r /  

solid ra t io  of 0.3 with 0, 2 and 5 per  cent CaCl, . The hydration was ca r r ied  

out in sealed plastic containers rotated continuously on r o l l e r s  for  a specified 

period. Hydration was stopped by treating the specimens with cold acetone 

and then by vacuum-drying using a liquid nitrogen trap.  All the preparations 

were  made  a t  a temperature  of 7 0 * 1 O F .  The reaction products were  ex- 

amined af ter  hydration periods of 2, 4, 6 and 8 hours,  1, 3, 7, 14 and 30 

days and 3 and 6 months. The samples  were  ground finely f o r  X-ray and 

DTA examination and were  f rac tu red  fo r  the electron-microscopic study. 

Methods of Investigation 

Scanning Electron Microscopy (SEM):- A Cambridge Stereoscan Mark 2A 

equipment was used. The specimens were  given a conductive coating by 

evaporating a layer of carbon and gold. 

X-ray Diffraction: - The X-ray examinations were  c a r r i e d  out with a Debye- 

S c h e r r e r  camera .  Microdensitometer t races  were  made  f r o m  the powder 

photographs. These t races  could be used f o r  identifying different phases 

and a l so  fo r  assess ing  the re la t ive  amounts of calcium hydroxide formed. 

Differential Thermal  Analysis (DTA): - This analysis was ca r r ied  out in a i r  

using a DuPont 900 thermal  analyser.  The heating r a t e  was 20" C/min. A 

constant quantity of 50 mg was used in each experiment. 
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Results  

Hydration a t  a w / s  = 0 .5  

C,S + 0 p e r  cent  CaC& 

No significant changes in the m i c r o s t r u c t u r e  could be observed in the 

ea r ly  per iods  of hydration in samples  p repared  a t  a w / s  ra t io  of 0.5. The 

only indication was the format ion of gel-like products on the surface  of C, S 

pa r t i c l e s  a t  8 hours.  A c l e a r e r  p ic ture  emerged  a t  1 day, by which t ime a 

considerable  amount of ge l  formation,  hexagonal p la tes  and p r i s m s  were  

evident. F igure  l a  r e p r e s e n t s  the over -al l  m i c r o s t r u c t u r e  a t  1 day. The 

FIG. l a  FIG. l b  

P a s t e  of C, S ( w / s  = 0. 5),  A region in the C,S paste,  

hydrated 1 day hydrated f o r  1 day ( w / s  = 0 . 5 )  

hexagonal plates fo rmed  pa ra l l e l  to each other and seemed  to grow into 

hexagonal p r i s m s  (F igures  l a  and b ) .  At this s tage  the re  was no indication 

of the definite growth of needles.  At 7 days the re  was evidence of a n  in te r -  

growth of needles between the hexagonal p la tes  (F igures  l c  and d ) .  The 

needle-l ike react ion product appeared in the 14-day sample  a s  a layer  around 

the C,S g ra ins  and around s o m e  hexagonal plates.  During hydration up to 6 

months the m e s h  of needles developed to a m o r e  c o a r s e  s t ruc tu re  which to- 

gether  with the plates constituted an apparently tightly bound m i c r o s t r u c t u r e .  

Thermograms  of C 3 S  + 0 per  cen t  CaCaa show a p rogress ive  develop- 

m e n t  of endothermal peaks between 4 0 ( ~  - 500°C. At one day and l a t e r  the re  
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FIG. l c  FIG. Id  

P a s t e  of C 3 S  ( w / s  = 0. 5) A magnified por t ion  of a region 

hydrated 7 days  f r o m  FIG. l c ,  7-day pas t e  

( w / s  = 0.5) 

was a l s o  a n  endothermal  peak a t  about  700°C (F igure  2a) .  The X - r a y  pa t t e rns  

showed that  the C3 S peak a t  2. 78  A d e c r e a s e s  with the p r o g r e s s  of hydrat ion.  

The  peak a t  4 . 9  A fo r  Ca(OH), could b e  d i sce rned  a t  8 hours .  

C 3 S  t 2 pe r  cen t  CaCR, 

Some change in the su r face  s t r u c t u r e  of the C3 S g r a i n s  was observed 

a f t e r  4 hours 'hydrat ion.  The needle-l ike su r face  l a y e r  a s  well as c rumpled  

fo i l s  appea red  c l e a r l y  i n  the  6-hour sample  ( F i g u r e  3a). At  this  pe r iod  the 

s a m p l e  without CaCR, was not v e r y  definitive. A few p a r a l l e l  p la tes  could b e  

dist inguished a f t e r  8 hours,  but  w e r e  s e e n  m o r e  d is t inc t ly  i n  the 1-day speci -  

men .  They did not  appea r  to  have a hexagonal outline as did the  s a m p l e  with- 

out CaCR,. The l a y e r e d  s t r u c t u r e  developed dur ing  continued hydra t ion  to a 

dense  matr ix ,  in termixed with g r a i n s  of rounded pa r t i c l e s  covered  with 

hydrat ion product. F i g u r e s  3b and c i l l u s t r a t e  in t e r -g ranu la r  bondings, and 

F i g u r e  3d shows a r ep resen ta t ive  example  of the over-a l l  morphology a t  3 

months.  The  m a i n  r eac t ion  products  a r e  c o a r s e r  needles  and l aye red  sheets .  

T h e r m a l  c u r v e s  show m o r e  in tense  endo the rma l  peaks  a t  100 to  200" C 

and a t  400 to  500" C than those  observed f o r  C, S t 0 p e r  cen t  CaCR, pas t e  

( F i g u r e  2b). Also  additional exo the rma l  and l a r g e  endo the rma l  peaks  were  
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FIG. 2 

T h e r r n o g r a m s  of a )  p a s t e s  of C, S, b )  p a s t e s  of C ,S  t 270 CaCA, and 

c )  p a s t e s  of C 3  S  t 570 CaCA,, a l l  wi th  u7/s  r a t i o  of 0, 5. 

FIG. 3a  

P a s t e  of C, S  t 2% CaCA, 

( w / s  = 0 .5 )  h y d r a t e d  6 h o u r s  

FIG.  3b 

P a s t e  of C 3  S  t 270 CaCA, 

( w / s  = 0.5) ,  h y d r a t e d  14  d a y s  
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FIG. 3c 

P a s t e  of C,S + 2 %  CaCR, 

(w/ s  = 0.5), hydra ted  14 days  

obse rved  beyond 500" C. A s m a l l  endot 

about  550°C. X- ray  d i f f rac t ion  r e s u l t s  

and  m o r e  hydra t ion  f o r  C, S + 2 p e r  cer 

C 3 S  + 5 p e r  c e n t  CaCR, 

FIG. 3d  

P a s t e  of C, S + 2% CaCR, 

( w / s  = 0.5), hydra ted  3 mon ths  

;herma1 peak  e m e r g e d  a t  6 hours  a t  

indicated m o r e  Ca(OH), fo rma t ion  

~t CaCR, samples .  

T h e  s u r f a c e  r eac t ion  was  m o r e  

s t a g e s  than in  the  p rev ious  examples ;  s 

on the  s u r f a c e  of l a r g e r  ones.  The rou  

obvious i n  th is  p a s t e  a t  v e r y  e a r l y  

m a l l e r  p a r t i c l e s  s e e m e d  to have grown 

.gh s u r f a c e  s t r u c t u r e  of the  g r a i n s  to- 

FIG. 4 a  

P a s t e  of C 3 S  + 5% CaCR, 

( w / s  = 0.5) hydra ted  6 hours  

FIG. 4b 

A r eg ion  in  the  p a s t e  of C3  S + 5% 

CaCRa ( w / s  = 0.5) hydra ted  8 h o u r s  
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FIG. 4c FIG. 4d 

Pas te  of C,S t 5% CaCR, A region in the paste of C3 S + 591, 
(w / s  = 0.5), hydrated 3 days CaCR, (w/s  = 0.5) hydrated 7 days 

gether with some sheets or foils  was evident in the 6-hour sample (Figure  4a). 

In the 8-hour sample occasional formation of spher ical  par t ic les  was observed 

(Figure  4b). In the 1- and 3-day samples veins grow out of the hydrating 

C3 S par t ic les  covering the underlaying needle-structure (Figure  4c). The 

growth of crumpled sheets  can a lso  be observed in the 7-day samples (Figure  

4d). The dense ma t r i x  of columnar s t ruc ture  was a lso  evident a t  7 days of 

hydration. Fur ther  hydration of this s e r i e s  gave a s imi la r  micros t ruc ture  to  

that  of C,S t 2 pe r  cent CaCR2 paste, 

but with an apparently m o r e  open 

matr ix .  The 6-month sample of this 

paste  exhibited, a t  some locations, a 

ve ry  well developed needle-structure 

that was not seen in other samples of 

C, S paste  (Figure  4e). 

Thermograms of the samples  

t reated with 5 per  cent CaCR2 a r e  

shown in Figure  2 (c).  The thermo- 

g r a m s  show some features  different 
FIG. 4e 

A region in the paste of C,S + 5% f r o m  either C3S + 0 pe r  cent CaCR2 
CaCL, ( w / s  = 0.5) hydrated 6 months 
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o r  C3 S + 2 p e r  cent CaCR, . At 2 hours a n  exothermal effect fo l -  

lowed by an  endothermal peak i s  observed in the 450 to  550°C region. 

In general  the endothermal peaks a t  about 450 to  500°C appear  to  be 

of l e s s  intensity than those with 2 p e r  cent CaCR,. Exothermal peaks 

developed a t  about 550°C f r o m  1 day onward. The X-ray pat terns  indicate 

that a t  1 month l e s s  Ca(OH), formed a t  5 p e r  cent CaC.4, than a t  2 p e r  cent 

CaCR,. 

P a s t e s  a t  w / s  = 0.3 

C3 S + 0 per  cent CaCA, 

The C3 S paste  with a w/ s r a t io  of 0. 3 exhibited the  needle-like net- 

work coating on the C 3 S  grains  a t  1 day of hydration, (F igures  5a and b). 

The platy s t ruc tu re  could not be  distinguished until 3 days, and the hexagonal 

shape did not appear  a s  obviously a s  in the sample  with the higher water con- 

tent. The s t ruc tu re  a t  l a t e r  s tages  of these  two paste  hydrations showed 

s imi la r  features.  

The qualitative nature  of the the rmograms  of C, S + 0 per  cent CaCR, 

samples  a t  a w / s  ra t io  of 0.3 a r e  s imilar  to those p repared  a t  w / s  ra t io  of 

0.5 (Figures  2a and 6a). The main difference i s  the intensit ies of the endo- 

the rmal  peaks a t  about 400 to 450°C, they a r e  slightly l a r g e r  for  the 0.3 w / s  

FIG. 5a FIG. 5b 

P a s t e  of C,S + 0% CaCR, P a s t e  of C, S + 0% CaCA, 

(w/s  = 0.3),  hydrated 1 day (w/s  = 0.3), hydrated 1 day 
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T E M P ,  ' C  T E M P ,  'C  T E M P ,  ' C  

FIG. 6 

T h e r m o g r a m s  of a )  p a s t e s  of C3S ,  b)  p a s t e s  of C,S  f 2% 

CaCR, and c )  p a s t e s  of C, S f 5% CaCR,, 

a l l  with w / s  r a t i o  of 0.3. 

p a s t e  a t  14 and 30 days  but  a t  3 months  the s a m p l e  a t  0 .3  w / s  h a s  l e s s  l i m e  

than tha t  a t  0.5 w / s .  The X- ray  d i f f r ac tog rams  indica te  l e s s  fo rma t ion  of 

Ca(OH), i n  the hydra ted  C3  S a t  0.3 w / s  than in the C, S t 0 p e r  cen t  CaCRB 

a t  w / s  = 0.5. 

C 3 S  f 2 p e r  cen t  CaCRa 
- 

A r eac t ion  on the  s u r f a c e  of the  C, S g r a i n s  s e e m e d  to have  s t a r t e d  

i n  the  e a r l y  s t a g e s  of hydration, i. e., 2 and 4 hour s .  The 6-hour s a m p l e  ex-  

hibi ted a needle- l ike  s u r f a c e  l a y e r  a s  wel l  a s  c r u m p l e d  fo i l s  and showed 

s i m i l a r  m i c r o s t r u c t u r e  to  C, S f 2 p e r  c e n t  CaCRa a t  a w / s  r a t i o  of 0.5.  A 

platy s t r u c t u r e  could be  d i s c e r n e d  a f t e r  8 hours '  hydrat ion.  The  p a s t e  a t  14 

days  showed a m o r e  dense ,  s t r i a t e d  s t r u c t u r e  than  tha t  f o r  C,S  f 2 p e r  c e n t  

CaCR, a t  a w / s  r a t i o  of 0.5. In addit ion m i c r o c r a c k s  w e r e  developed a t  the  

lower  w / s  r a t i o  ( F i g u r e  7).  
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Thermograms  indicate that  

the addition of 2 p e r  cent  CaCR2 to  

C3 S intensif ies the endothermal 

peak in  the region of 500" C (F igures  

6a and b).  However, the endother- 

m a l  peaks f o r  the samples  p repared  

a t  w / s  r a t io  of 0. 5 a r e  m o r e  in tense  

than the corresponding samples  p r e -  

p a r e d  a t  a 0.3 w / s  rat io.  The pas tes  

with CaCR, exhibited additional exo- 

t h e r m a l  and endothermal  peaks.  An 

endothermal peak that  could not  be  

observed with C,S + 0 p e r  cent  

CaCR2 appeared a t  550" C a t  2 hours .  

X-ray diffraction indicates l e s s  

FIG. 7 

P a s t e  of C, S + 2% CaCR2 

( w / s  = 0.3) hydrated 14 days  

format ion of Ca(OH), and m o r e  unhydrated C3 S than in C, S + 2 p e r  cen t  

CaCR2 a t  a w / s  r a t io  of 0.5. 

C2 S t 5 p e r  cent  CaCR, 

The surface  fea tu res  of the C 3 S  $ 5 pe r  cent  CaCR, pas te  with a w / s  

r a t io  of 0.3 showed m o r e  c lea r ly  the hydration products  a t  e a r l y  s tages  than 

the  one with 0.5 w / s  rat io.  In the 6-hour sample  sheets  w e r e  observed along 

with the hydrated C3 S grains.  The 8-hour sample  seemed  to cons i s t  of two 

different  react ion products, one with ini t ial  hydration products on the su r face  

and the other appearing a s  sheets,  o r  veins, growing between o r  on the  s u r -  

f ace  of the gra ins  (F igure  8a). The growth of p la tes  into a tabular s t ruc tu re  

could be  observed a t  7 days (F igure  8b). The m i c r o s t r u c t u r e  became m o r e  

dense  a t  l a t e r  s tages  than in  the 0.5 w / s  paste.  The g ra ins  seemed  to  b e  

s m a l l e r  than those in  the other pas tes .  

Thermograms  f o r  the  sys tem show dis t inct  differences between C3 S 

t 0 p e r  cen t  CaCP,, and C, S t 2 p e r  cent  CaCR, . Double endothermal peaks 

appear  a t  2 h r  below 200°C. Also an endothermal and an exothermal  peak 

appear  below 500" C a t  2 hours '  hydration that  a r e  not observed f o r  C3 S t 0 
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FIG. 8a 

P a s t e  of C, S + 5% CaCA, 

(w/s  = 0.3) hydrated 8 hours  

FIG. 8b 

P a s t e  of C, S + 57% CaCA, 

(w/s  = 0.3) hydrated 7 days 

p e r  cent CaCA, or  C, S + 2 per  cent CaCA, . The endothermal peaks in the 

region of 400 to 450°C a r e  l e s s  intense than those fo r  C,S + 2 per  cent CaCAa 

a t  l a t e r  periods but the exothermal peaks (500 to 550°C) appear  to be m o r e  

intense in  C, S + 5 p e r  cent CaCA, samples.  It m a y  a l s o  be observed that  the 

a r e a s  of the peaks a t  400 to 450°C for  0.5 w / s  ra t ios  a r e  higher than those 

p repared  a t  a 0.3 w / s  ra t io  (Figures  6a and b). The X-ray pat terns  f o r  the 

t h r e e  s e r i e s  with w / s  ra t ios  of 0.3 do not show v e r y  pronounced differences. 

L e s s  hydration in t e r m s  of Ca(OH), i s  indicated in  this pas te  c o ~ n p a r e d  with 

C, S + 5 p e r  cent  CaCA, a t  w / s  = 0.5. 

Discussion 

C, S pas tes  a t  a w / s  of 0.5 with 0, 2 and 5 p e r  cent CaCA, 

The unhydrated C, S exhibits two endothermal peaks in the t empera tu re  

range 900 to  1000°C caused by revers ib le  phase transit ions (6). The inten- 

s i t ies  of these  effects decrease  with the p r o g r e s s  of hydration (Figure  2a). 

The formation of Ca(OH)2 i s  denoted by the endothermal effect a t  about 450°C 

and it appears  a t  about 8 hours.  The dehydration of C-S-H phase i s  r e p r e s e n -  

ted by the peak below 200°C and by another around 800°C (4). Decarbonation 

of CaCO, m a y  a l so  represen t  the peak a t  about 800" C. In Figure  9 a plot of 
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FIG. 9 
Endo the rma l  a r e a s  f o r  Ca(OH), 
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t h i s  s tudy t h e r e  is a defini te  

indicat ion tha t  the  tabular  m a s s e s  r e p r e s e n t  main ly  Ca(OH), with s o m e  en- 

gulfed C-S-H product .  The  c l e a r  c leavage  c h a r a c t e r i s t i c s  as wel l  a s  m i c r o -  

p robe  s tud ie s  s e e m  to  c o n f i r m  th is  f a c t  (7, 8). Though the C ,S  hydrated t o  a 

good extent  a f t e r  1 and  3  days ,  no  indicat ion could b e  found f o r  a f ib rous  

s t r u c t u r e  r ep resen t ing  the  C-S-H gel. At  7 d a y s  the  f i b e r s  appea r  on the  

C 3 S  g r a i n s  as wel l  a s  between the  hexagonal  p l a t e s  of Ca(OH), (F igu re  Id) .  

Poss ib ly  s o m e  of the  C-S-H ge l  p a r t i c l e s  g row a s  need le s  and in t e r lock  the  

p l a t e s  of Ca(OH),,  thus  act ing a s  a br idge  be tween the  hexagonal  p l a t e s .  At  

s o m e  p laces  in  t he  s y s t e m  Ca(OH), m a y  poss ib ly  g row around the  hydrat ing 

C3 S p a r t i c l e s  thus  enveloping t h e m  as indicated in  F i g u r e  l c .  Whether th is  

is similar to  the  tabular  s t r u c t u r e  desc r ibed  by Ciach  e t  a1 (1)  i s  not  c l e a r .  

With t i m e  and diffusion of w a t e r  t he  C3  S p a r t i c l e s  hydra te ,  g r o w  into f i b e r s  

and  in t e rconnec t  t he  Ca(OH), p la tes .  S o m e  of the  cav i t i e s  i n  the  in t e r io r  of 
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the hexagonal p la tes  m a y  r e p r e s e n t  the original  s i t e s  where the C, S pa r t i c l e s  

resided.  Pseudo-hexagonal plates composed of interlocking f ibe r s  have been 

repor ted  by Ciach e t  a1 (1) in samples  etched with glycol. This f ea tu re  m a y  

indicate that  Ca(OH)2 m a y  contribute to s t rength  in  cements  (8) and i t  i s  p e r -  

haps analogous to the bond developed by hydrated C-S-H and aggregates .  

Prolonged hydration of the C, S resul ted  in the development of a needle-l ike 

s t r u c t u r e  a s  a coating on the unhydrated C,S g ra ins  and on the conglomerates  

of hexagonal plates.  

Addition of 2 p e r  cent  CaCa, resul ted  in  the format ion of the ac icular  

product of C-S-H a t  a n  e a r l i e r  period than the sample  without the chloride. 

Some crumpled sheets  o r  fo i ls  a r e  a l so  observed in  the 6-hour sample,  and 

they probably denote the format ion of C-S-H (I) and C-S-H (11) - l ike products  

(F igure  3a). The 8-hour sample  c lea r ly  shows the p resence  of Ca(OH), in  

the mic ros t ruc tu re ,  t h e r m o g r a m s  and the X-ray diffraction pattern.  The 

m i c r o s t r u c t u r a l  examinations of CaCl, - t rea ted  samples  (F igure  3c) show 

c l e a r l y  the bonding of g ra ins  by f ibe r s .  The higher d e g r e e  of hydration with 

2 p e r  cent  CaCa2 i s  evident f r o m  the l a r g e r  amount of Ca(OH), fo rmed  a t  

different  s t ages  of hydration (F igure  9a).  In the CaCa2 - t rea ted samples  the 

foil- l ike product was not dominant in con t ras t  with the observations of other 

w o r k e r s  (5, 9) .  I t  i s  p r o ~ a b l e  that  i t  can be  induced by dispers ing the 

hydrated mate r i a l .  There  i s  a genera l  indication that  addition of CaCl, 

r e s u l t s  in a n  i n c r e a s e  in  the C-S-H format ion a s  evident f r o m  the endo- 

t h e r m a l  effects below 200°C (F igure  2b). At 3 months m o r e  hydration s e e m s  

to have taken place with 2 p e r  cent  CaCa, than without it. 

The format ion of a su r face  complex of CaCA, with the hydrating C3S 

i s  difficult to confirm, but t h e r e  i s  a possibil i ty of th is  format ion in the f o r m  

of a f ea tu re less  and continuous product developed between the hydrated g ra ins  

in  the 6-hour sample  (F igure  3a). The poss ible  su r face  complex in the e a r l y  

s tage  of hydration i s  indicated by a s m a l l  endothermal  peak a t  about 560°C 

(F igure  2b). The exothermal  peak a t  700°C, followed by a n  endothermal  

peak a t  about 800°C, has  been at tr ibuted to the su r face  complex of chloride 

with C-S-H or  the in ter layer  chlor ide  (5) or  both. No indication of the  com- 

plex of chloride with C-S-H could be  s e e n  in  the diffraction patterns,  e i ther  
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because  i t  was amorphous o r  because  i t  was p resen t  in  s m a l l  amounts o r  

both. 

With 5 p e r  cent  CaCa, hydrated products  of C, S a t  6 hours  cons i s t  of 

thin sheets  o r  foils  and f i b e r s  probably represent ing a mix tu re  of C-S-H (I) 

and C-S-H (U) -type products.  At 8 hours  spher ica l  pa r t i c l e s  w e r e  seen  

(F igure  4b). This m a y  r e p r e s e n t  CaCO, o r  Ca(OH)2 (10, 11). In the DTA 

the rmograms  the endothermal peak represent ing the su r face  complex appears  

f a i r ly  e a r l y  and i s  m o r e  intense than that observed for  C, S + 2 p e r  cent  

CaCa,. The onset  of exothermal  peak takes  place a t  1 day a t  about 600°C 

along with a l a r g e  endothermal peak a t  about 800°C (F igure  2c).  E a r l i e r  

work suggests that  these  peaks r e p r e s e n t  the dehydration of the chloride 

C-S-H complex (5). The c o a r s e  vein-l ike s t ruc tu re  appearing a t  1 day, and 

m o r e  c l e a r l y  a t  3 days i s  peculiar  to CaCJ2 - t r ea ted  C,S and i t  m a y  perhaps  

b e  due to a CaCaa -C-S-H complex (F igure  4c). X-ray resu l t s  do not show 

any evidence f o r  a complex formation.  However, the r e s u l t s  show that  a t  3 

months slightly m o r e  C, S has  hydrated with 2 p e r  cen t  CaCa, than with 5 

p e r  cen t  CaCa2. 

The mic rograph  in  F igure  4e  represen t s  only a specia l  f ea tu re  a t  a 

par t icular  location. This shows that  a t  ce r t a in  p o r e  regions t h e r e  m a y  be  

s p a c e  available f o r  C-S-H needles to grow f r e e l y  in the  paste.  Such a n  ob- 

servat ion in  hydrating port land cement  pas te  m a y  be  mis taken f o r  the p resence  

of ettringite. 

The Ca(OH), est imation a t  var ious  s tages  of hydration shows the 

amounts in the o rde r  C, S + 2 pe r  cent  CaCJ, > C, S + 5 p e r  cent  CaC& > C, S 

+ 0 p e r  cen t  CaCaa (F igure  9) .  

C, S pas tes  a t  a w / s  0.3 with 0, 2 and 5 p e r  cent  CaCR, 

At ea r ly  per iods  of hydration C,S hydrates  f a s t e r  a t  a w / s  r a t io  of 

0.3 than a t  0. 5. This i s  probably facil i tated by the e a r l y  supersa tura t ion and 

nucleation. 

F igure  9b c l e a r l y  shows that  a t  a w / s  of 0.3 and with the addition of 

CaCaa the amount of Ca(OH), fo rmed  i s  genera l ly  l e s s  than in the c o r r e s -  

ponding samples  p repared  with a w / s  r a t io  of 0.5. However, in  the pure  C, S 
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pas tes  a t  0.3 or 0. 5 w / s  ra t io  the contents of Ca(OH), a r e  not much different. 

X-ray resu l t s  show that the pas tes  obtained a t  a w / s  = 0.3 generally contain 

m o r e  unhydrated C, S a t  l a t e r  s tages  compared with the samples  p repared  a t  

a w / s  ra t io  of 0. 5. The accelerating action of CaCR, a t  0.3 w / s  ra t io  does 

not s e e m  to be a s  pronounced a s  a t  0.5 w / s  ratio. 

Thermograms of 0.3 w / s  s e r i e s  of C, S show an endothermal peak f o r  

Ca(OH), a t  6 hours  but this phase i s  not detected up to 3 days by microscopy. 

I t  i s  possible that  Ca(OH), has been covered with C-S-H reaction products 

and i t  m a y  a l so  be part ly in an  amorphous f o r m .  In the C3 S paste, C-S-H 

phase  i s  formed on the C,S par t ic les  (Figure  5a and b). Due to the low w / s  

ra t io  crystall ization and full development of the hexagonal phase was some-  

what inhibited, thus the hexagonal morphology could not be distinguished. 

Addition of 2 per cent  CaCR, resu l t s  in the accelerating of react ion a s  

evident f r o m  thermograms (Figures  2a and b, and 6b). The fibrous s t ruc tu re  

was indicated a t  an  ea r l i e r  period than in the 0. 5 w / s  paste.  Foils  were  a l so  

observed in this paste. The r a t e  of hydration with 2 pe r  cent CaCR, i s  higher 

a t  a w / s  0. 5 than a t  0.3. The CaCR2 complexes a r e  a l so  indicated (Figure  

6b). 

At 1 day and beyond the re  i s  m o r e  Ca(0H) in the 2 pe r  cent CaCR2 

paste  than in the 5 pe r  cent CaCR2 one. After 7 days the amount of Ca(OH)2 

i s  about constant up to 30 days fo r  a l l  th ree  mixtures.  The Ca(OH)2 es t ima-  

tion i s  in the o rder  C, S + 2 per  cent CaCR, > C, S + 0 per  cent CaCR, > C, S 

+ 5 p e r  cent CaCR2, and C, S left  unhydrated i s  est imated to be about the 

s a m e  in the th ree  mixtures .  This leads to the conclusion that  a t  5 per  cent 

CaCR2 C-S-H with a high C/S  ra t io  i s  probably formed. This i s  possible 

because i t  i s  known that  even without accelera t ion C, S pas te  formed a t  a 

lower w / s  ra t io  has  a C-S-H product with a higher ra t io  of C/S (12, 13). 

The specia l  vein-like s t ruc tu re  developed a t  0.3 w / s  a t  8 hours  

(Figure  8a). The endothermal peak a t  550 to 600°C m a y  correspond to  this 

complex (Figure  6c). The veins s e e m  to be absent  a t  l a t e r  s tages  of hy- 

dration, and hence i t  i s  reasonable to assume that  they a r e  only intermediate 

products containing chloride. 
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