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AB S TRAC T 

DTA is a p p l i e d  t o  e s t i m a t e  Ca(OH)2 i n  cement i t ious  phases by determining 

t h e  peak a r e a s  caused by t h e  decomposition of Ca(0H) 2 t o  CaO+H20. I n  

t h e  h y d r a t i o n  of C3S genera l ly ,  t h e  chemical method y i e l d s  s l i g h t l y  

h i g h e r  va lues .  DTA is a l s o  used as  a  monitoring technique i n  p repar ing  

a  p r a c t i c a l l y  Ca(OH)2-free product  from hydrated por t l and  cement o r  

hydra ted  C3S. Hydrated p o r t l a n d  cement o r  C3S has  now been exposed t o  an 

unsa tura ted  Ca(OH)2 s o l u t i o n  and e x t r a c t i o n  cont inued u n t i l  t h e  sample 

i n d i c a t e  no endothermal peak f o r  Ca(OH)2. The thermal method permits  

de te rmina t ion  of t h e  r a t e  of format ion of Ca(OH)2 i n  p o r t l a n d  cement 

hydra ted  i n  t h e  presence of 0, 1, 2 and 31 p e r  c e n t  CaC12. 

L 'au teur  u t i l i s e  l a  technique thermique d i f f g r e n t i e l l e  pour 6valuer  la 

teneur  e n  Ca(OH)2 des  phases l i a n t e s  e n  dgterminant l e s  s e c t e u r s  p i c s  

caus6s p a r  l a  d6composition du Ca(0H) 2 e n  CaO + H20. Pour l ' h y d r a t a t i o n  

du C3S, l a  mgthode chimique donne gGn6ralement des  v a l e u r s  16gSrement 

p lus  6levges .  La m6thode thermique d i f f g r e n t i e l l e  s e r t  a u s s i  de 
technique de c o n t r g l e  dans l a  p r 6 p a r a t i o n  d'un p r o d u i t  pratiquement 
exempt de Ca(OH)2 2 p a r t i r  de ciment p o r t l a n d  ou de C3S hydra t6 .  

L 'au teur  expose du ciment p o r t l a n d  ou du C3S hydrati5 5 une s o l u t i o n  de 

Ca(0H) 2 non s a t u r g e  e t  cont inue l ' e x t r a c t i o n  j u s q u ' s  c e  que 1 1 6 c h a n t i l l o n  

ne p roduise  p lus  de p i c s  endothermiques e n  prgsence de Ca(OH)2. La 

m6thode thermique permet de dgterminer l a  v i t e s s e  de format ion du Ca(OH)2 

dans l e  ciment p o r t l a n d  hydra t6  e n  pr6sence de 0, 1, 2 e t  33 pour c e n t  

de CaC12. 
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In t roduc t ion  

A knowledge of t h e  amount of f r e e  CH formed during t h e  hydrat ion of C3S, 
C2S and por t land  cement i s  e s s e n t i a l  i n  following t h e  k i n e t i c s  and 
determining t he  composition of calcium s i l i c a t e  hydrate .  Calcium hydroxide, 

a s  one of t h e  major phases cons t i t u t i ng  hydrated cement and hydrated calcium 
s i l i c a t e s ,  e x e r t s  a  s i g n i f i c a n t  in f luence  on t h e i r  physico-mechanical 
c h a r a c t e r i s t i c s .  I n  t h e  synthes i s  of calcium s i l i c a t e  hydra tes  t h e  
determinat ion of Ca(OH)2 permits monitoring of t h e  r eac t i ons .  Estimation of 

Ca(OH)2 serves  a s  a  method of measuring t h e  r e a c t i v i t y  of pozzolanic ma te r i a l s .  

Several  methods have been suggested f o r  es t imat ing  t h e  amount of Ca(OH)2 
i n  cementi t ious ma te r i a l s .  Although ca lo r ime t r i c ,  X-ray, conductometric 
t i t r a t i o n ,  and thermal techniques have been used sporad ica l ly ,  t h e  chemical 
ex t r ac t i on  method, involving so lvents  such a s  ethylene g lycol ,  a ce toace t i c  
ac id  + isobu'tyl. ~ l c o h o l  (Franke method) and o the r s ,  seems t o  be most popular.  
I n  t h e  chemical 'mdihiid, however, t h e r e  i s  concern t h a t  t h e  so lvent ,  i n  
add i t i on  t o  ex t r ac t i ng  f r e e  Ca(OH)2, may a t t a c k  cons t i t uen t s  such a s  calcium 
aluminates,  high sulfoalurninates,  MgO, and t he  hydrated products of t he  
f e r r i t e  phase and calcium s i l i c a t e  hydrate  (1-3) .  I t  i s  a l s o  recognized t h a t  
i n  t h e  chemical method a  l a rge  number of parameters a f f e c t  t h e  r e s u l t s  and it 
i s  somewhat time consuming. As a  r e s u l t ,  t h e r e  i s  a cons tan t  search  f o r  a  
r e l i a b l e  a l t e r n a t i v e  method of es t imat ing  f r e e  Ca(0H) 2 .  

In recent  years t h e  thermogravimetric technique (TG) has been suggested 
f o r  es t imat ing  f r e e  Ca(OH)2 (4-11).  A l i m i t a t i o n  is  t h a t  it i s  not always 
easy t o  de l i nea t e  t h e  temperature i n t e r v a l s  corresponding t o  t he  weight l o s s  
due t o  Ca(OH)2 decomposition. A s  wel l ,  hydrated products o t h e r  than Ca(OH)2 
may a l s o  l o s e  weight i n  the  same temperature range a s  Ca(OH)2. Although t h e  
technique of DTA has been recognized a s  a  va luable  too l  f o r  t h e  i d e n t i f i c a t i o n  
of var ious  hydrated and unhydrated phases i n  cement systems, it has no t  been 

appl ied  widely f o r  q u a n t i t a t i v e  purposes (12) .  A r ecen t  paper published by 
Midgley shows the  thermal a n a l y s i s  technique t o  be very  r e l i a b l e  f o r  
es t imat ing  Ca(0H) 2 i n  s e t  p o r t  land cement (13) . 

In  another  recent  i nves t i ga t i on ,  an es t imat ion  of t he  components i n  white 
coat  p l a s t e r s ,  v i z ,  CaS04. 2H20, hlg (OH) 2 ,  Ca(0H) 2,  CaC03 and MgO, was 
accomplished by applying t he  d i f f e r e n t i a l  thermal technique (14) .  Estimated 
values corresponded c lo se ly  t o  those determined by chemical ana ly s i s .  I t  was 
t he r e fo re  of i n t e r e s t  t o  extend t h e  method by es t imat ing  Ca(OH)2 i n  o the r  
cementi t ious systems. I n  t h e  presen t  paper t h e  r a t e  of hydrat ion of C3S i s  
followed by est imation of Ca(OH)2, using d i f f e r e n t i a l  thermal and chemical 
methods of ana ly s i s .  The d i f f e r e n t i a l  thermal technique i s  a l s o  appl ied  t o  
i nves t i ga t i ng  t he  e f f e c t  of CaCl2 and water / so l id  r a t i o  on t h e  formation of 
Ca(OH)2 during hydrat ion of C3S. I t s  a p p l i c a b i l i t y  f o r  monitoring t he  r a t e  of  
ex t r ac t i on  of Ca(0H) from a comple te ly~hydra ted  C3S and cement using under- 
s a tu r a t ed  Ca(OH)2 so lu t i on  i s  a l s o  examined. 

Experimental 

Mater ia l s  

The sample of t r i c a l c ium s i l i c a t e  used i n  t h i s  work was made ava i l ab l e  
by t h e  Por t land  Cement Associat ion,  U.S.A., and had t h e  fol lowing composition 
expressed a s  a  percentage i gn i t ed  ba s i s :  
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CaO, 73.88; S O 2 ,  26.17; A1203, 0.08; f r e e  CaO (ASTM), 0.18; f r e e  CaO (Franke),  
0.46. Mineralogical ana ly s i s :  C3S, 99.33; C2S, 0.00; C3A, 0.21; CaO (Franke),  
0.46. Fineness : Blaine 3310 cm2/g. 

Calcium hydroxide used f o r  c a l i b r a t i o n  purposes was obtained by ca l c in ing  
Analar Grade CaC03 t o  1000°C f o r  3 h and hydrat ing t he  r e s u l t i n g  CaO i n  
d i s t i l l e d  water .  The p u r i t y  of Ca(OH)2 was checked by TGA and considered 
s a t i s f a c t o r y  f o r  drawing t h e  c a l i b r a t i o n  curve. 

Port land cement, Type I ,  of t he  following compound composition was used 
f o r  s tudying t he  e f f e c t  of CaC12 on i t s  hydrat ion c h a r a c t e r i s t i c s :  C3S = 51.5 
pe r  cen t ,  C2S = 19.8 pe r  cen t ,  C3A = 12.8 pe r  cent  and C4AF = 6.6 pe r  cen t .  
The completely hydrated por t land  cement, Type I ,  from which t h e  Ca(OH)2-free 
product was prepared had o r i g i n a l l y  t h e  fol lowing compound composition: 
C3S = 46.5 per  cen t ,  C2S = 24.6 pe r  cen t ,  C3A = 10.4 p e r  cen t  and C4AF = 9 .3  
per  cen t .  

Calcium ch lo r ide  hexahydrate of a n a l y t i c a l  reagent  q u a l i t y  was d i sso lved  
i n  water t o  ob t a in  an approximate concent ra t ion  of 15 pe r  cen t .  The exac t  
concentrat ion was determined by t he  argentometr ic  method and d i l u t i o n s  were 
made t o  any requi red  concent ra t ion  f o r  s tudying t h e  e f f e c t  o f  CaC12 on t h e  
hydrat ion c h a r a c t e r i s t i c s  o f  por t land  cement. 

Hydration 

The hydrat ion of C3S was i nves t i ga t ed  by mixing it with doub le -d i s t i l l ed  
water a t  a w a t e r - t o - s i l i c a t e  r a t i o  of ~ 0.3.  The hydrat ion was c a r r i e d  ou t  i n  
t i g h t l y  covered polyethylene con t a ine r s  ro t a t ed  cont inuously over r o l l e r s .  
A t  s p e c i f i c  i n t e r v a l s  of time each sample was d r i ed  a t  110°C i n  vacuum f o r  
3 h. 

The hydrat ion of por t land  cement i n  t he  presence of CaC12 was s tud ied  by 
making cement cubes o f  5.1 cm and exposing them a t  a w/c r a t i o  of 0.25 o r  0.4 
f o r  6 h and 12 h, and 1, 2, 3 ,  7 ,  14, 28 and 90 days. The concent ra t ions  of 
CaC12 i n  t h e  mixing water were ad jus ted  i n  such a way t h a t  t he  p a s t e s  

contained 0, 1, 2 and 3% per cent  CaC12 with r e spec t  t o  por t land  cement. 

Ext rac t  ion of Ca (OH) 2 

Discs 0.64 t o  0.76 mm t h i c k  were cu t  from cy l inde r s  prepared by 
hydrat ion of C3S o r  por t land  cement a t  a wa t e r l so l i d  r a t i o  0.5 f o r  about 10 
years .  They were placed i n  a cage and exposed t o  5 l i t r e s  of  an aqueous 
so lu t i on  conta in ing  9.5 mmol/L of CaO. The s l i c i n g  and ex t r ac t i on  were 
c a r r i e d  ou t  i n  a C02-free atmosphere. 

Analysis  

A d i f f e r e n t i a l  scanning ca lo r ime t r i c  (DSC) c e l l  suppl ied a s  a module t o  
a Du Pont 990 thermal ana ly s i s  system was used t o  ob t a in  thermograms from room 
temperature t o  550°C. I n  each experiment 20 mg of sample was heated i n  a i r  a t  
a r a t e  of loOc/min. For c a l i b r a t i o n  purposes Ca(OH)2 of known p u r i t y  was 
mixed with C3S i n  d i f f e r e n t  p ropor t ions  and endothermal peak a r e a s  were 
p l o t t e d  aga in s t  Ca(OH)2 concent ra t ions .  The endothermal peak a r ea s  were 
determined by a planimeter .  A l l  samples were d r i e d  a t  llOOc f o r  3 h i n  
vacuum p r i o r  t o  thermal ana ly s i s .  
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30 min. A p l o t  of t h e  volume of 
solvent  aga ins t  Ca(OH)2 ex t rac ted  

a I 1 I t t 1 
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gave a s t r a i g h t  l i n e  whose in t e r cep t  
represented t h e  f r e e  Ca(OH)2 con- 

CaIOH12. % 
t a ined  i n  t he  sample. 

Fig. 1 Cal ibra t ion  curve f o r  
est imation of Ca(0H) 2 by Results  and Discussion 
d i f f e r e n t i a l  thermal technique 

Figure 1 represents  t h e  ca l ib ra -  
2  5 I I I I I I t i o n  curve of t he  endothermal peak 

a r eas  due t o  Ca(0H) 2 decomposition 
CHEMICAL METHOD- _, _ _ _ _ - - - - -  

20 i n  Ca(OH)2-C3S mixtures containing 
pa-- a THERMAL METHOD 

' d i f f e r e n t  amounts o f  Ca(OH)2. A 
good l i n e a r  r e l a t i o n  f o r  samples 

4 l 5  

'J 
containing up t o  about 33 per  cent  

z l? 
0 

Ca(OH)2 a t t e s t s  t o  the  a p p l i c a b i l i t y  
- 
: l o  of t h e  d i f f e r e n t i a l  thermal tech-  

nique f o r  t h e  est imation of Ca(OH)2. 
A t  a high s e n s i t i v i t y  an amount a s  

5 - low a s  0 .1  p e r  cent  Ca(OH)2 can be 
est imated.  

Oo Ib A :o 4IO :O 6b 10 The r e l a t i v e  amounts o f  Ca(0H) 2 
TIME, days formed a t  d i f f e r e n t  per iods  during 

Fig. 2 Amounts of  Ca(0H) 2 formed t h e  hydrat ion of  C3S were estimated 
i n  the  hydration of C3S by both d i f f e r e n t i a l  thermal and 

chemical methods of ana lys i s  and 
t h e  r e s u l t s  a r e  compared i n  Figure 
2. Both show t h a t  the  r a t e  of  
formation of Ca(OH)2 is  r e l a t i v e l y  

40 high i n  t h e  f i r s t  7 days, a f t e r  

which it becomes more gradual .  
IDEAL LINE 

Although t h e  general t rends  a r e  
s imi l a r ,  t h e  va lues  r e s u l t i n g  from 
t h e  use of chemical ana lys i s  a r e  
higher  than those from the  thermal 
method. The d i f f e r ence  becomes 
l a r g e r  a s  hydration progresses .  
This, however, can be expected 
s ince  the  chemical method involves 

,b 2b :O ao 50 a t t a c k  of  t he  C-S-H phase by t h e  

Ca10H12. % B Y  C H E M I C A L  M E T H O D  so lvent .  Figure 3 g ives  the  
r e l a t i o n  between Ca(0H) 2 values  

Fig. 3 Comparison of chemical and est imated by the  d i f f e r e n t i a l  
thermal methods of  est imating thermal method and t h e  chemical 

Ca(OH) 2 method; t h e  point  a t  about 40 pe r  
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cent  Ca(OH)2 represents  a  value f o r  an almost 
completely hydrated C3S. Although a l l  t h e  
poin ts  l i e  c lo se  t o  t h e  i dea l  l i n e ,  t h e r e  i s  
unmistakable evidence t h a t  chemical ana lys i s  
y i e ld s  s l i g h t l y  higher values.  

In t h e  C3S samples hydrated f o r  d i f f e r e n t  
periods t h e  endothermal e f f e c t  due t o  decom- 
pos i t i on  of Ca(OH)2 (of d i f f e r e n t  c r y s t a l  
s i z e s )  occurs i n  t he  temperature range 450 t o  
550°C. S imi la r  observat ions have a l s o  been 
made i n  por t land  cement pas t e s .  As no o the r  
compound i n  t h e  hydrated cement e x h i b i t s  
thermal e f f e c t s  i n  t he  temperature range 450 
t o  550°C, i n t e r f e r ence  e f f e c t s  a r e  l a rge ly  
avoided . 

One method of  examining the  r o l e  of  Ca(OH)2 
i n  hydrated cementitious systems c o n s i s t s  of 
s tudying the  hydrated product from which 
Ca(OH)2 is  s e l e c t i v e l y  ex t r ac t ed .  Any 
technique adopted t o  remove f r e e  Ca(OH)2 
should not b e  de t r imenta l  t o  t h e  chemical 
s t r u c t u r e  of t h e  hydrates  c o n s t i t u t i n g  t h e  
system. I t  appears t h a t  t he  l e a s t  severe 
t reatment ,  coupled with a  good monitoring 
technique, c o n s i s t s  of placing t h e  material  i n  
an unsaturated Ca(OH)2 so lu t ion  and monitoring 
from time t o  time t h e  amount o f  remaining f r e e  
Ca(OH)2 by t h e  d i f f e r e n t i a l  thermal technique. 
D i f f e r e n t i a l  thermal curves o f  t h e  sample 
subjec ted  t o  ex t r ac t ion  f o r  d i f f e r e n t  periods 
i n d i c a t e  t h a t  a s  the  f r e e  Ca(OH)2 is disso lved  
t h e  i n t e n s i t y  of t h e  endothermal peak a r ea  due 
t o  Ca(0H) 2 decreases gradual l y  (Figure 4) . 
The amount of Ca(OH)2 remaining a t  d i f f e r e n t  
times i s  p l o t t e d  i n  Figure 5.  Almost a l l  
Ca(OH)2 is  ext rac ted  i n  about 12 days. Further  
contac t  of t h e  mater ia l  with t h e  ex t r ac t ing  
so lu t ion  i s  not d e s i r a b l e  because t h e  
p o s s i b i l i t y  e x i s t s  t h a t  lime i n  t h e  calcium 
s i l i c a t e  hydrate  may be  a t tacked  by t h e  
unsaturated lime so lu t ion .  The s t eep  curve 
a t  e a r l i e r  periods i n  Figure 5 r ep re sen t s  a  
f a s t e r  r a t e  of  e x t r a c t i o n  o f  Ca(OH)2 s i t u a t e d  
c lo se  t o  t he  sur face  of t h e  sample. I f  a  
t h i cke r  sample had been used, t he  time 
in t e rva l  between ex t r ac t ion  o f  Ca(W) 2 
s i t u a t e d  c l o s e  t o  t h e  sur face  and t h a t  
s i t u a t e d  i n  t h e  i n t e r i o r  of the specimen would 
have been much longer, and t h e  tendency of  t h e  
ex t r ac t ing  so lu t ion  a t t ack ing  the  C-S-H phase 
would have increased.  

Calcium hydroxide-free port land cement 
pas t e  was a l s o  prepared from a f u l l y  hydrated 

T E M P E R A T U R E .  " C  

Fig. 4 Endothermal e f f e c t  
due t o  Ca(OH)2 i n  
hydrated C 3S exposed 
t o  d i f f e r e n t  times 

of  ex t r ac t ion  

T I M E ,  d a y s  

Fig. 5 Influence OF time on 
ex t r ac t ion  of Ca(0H) 
from hydrated C 3s 
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Fig. 6 Inf luence of t ime on during t he  hydrat ion of por t land  
e x t r a c t i o n  o f  Ca(0H) 2 cement (w/c = 0.25) 
from hydrated cement 

cement sample by t he  technique 
descr ibed above. The r e s u l t s  _._.-. _.-.- 

__-. 
a r e  shown i n  Figure 6. A f u l l y  a 

/- 

hydrated por t land  cement conta ins  
l e s s  f r e e  Ca(OH)2 than a  f u l l y  
hydrated C3S pas t e .  I t  t akes  

-IT% CaC12 
somewhat longer ,  however, t o  
e x t r a c t  a l l  t he  f r e e  Ca(0H) 2 . . . . . . . 
from por t land  cement pa s t e .  I t  
has a  higher  po ros i t y  and lower 
microhardness than does C3S I i 

0 6 1 2 2 4  48 72 0 1 3  7 14 
pas t e  before  ex t r ac t i on ,  and 28' 9 0  

these  f a c t o r s  would be expected 
TIME, h TIME, d 

t o  f a c i l i t a t e  r a t h e r  than F ig .  8  Inf luence of calcium ch lo r ide  on 

r e t a r d  t he  ex t r ac t i on  of Ca(OH)2 the  formation o f  calcium hydroxide 
from the  cement pa s t e .  I t  is  during t h e  hydrat ion of por t land  
poss ib le  t h a t  i n  cement pa s t e s  cement (w/c = 0.4) 
conta in ing  aluminate and 
f e r r i t e  phases ( i n  add i t i on  t o  
s i l i c a t e  phases) the  hydrated lime i s  enveloped by hydrat ion products  much 
more e f f i c i e n t l y  than it i s  i n  C3S pas tes ;  thus  t he  permeabi l i ty  of  t h e  s o l i d  
t o  t he  ex t r ac t i ng  so lu t i on  would be reduced. 

One method o f  fol lowing t h e  r a t e  of  hydrat ion of cement and Ca - s i l i c a t e s  
involves determinat ion of  f r e e  Ca(OH)2 formed a t  d i f f e r e n t  t imes, applying 
chemical techniques.  The a p p l i c a b i l i t y  of  t h e  d i f f e r e n t i a l  thermal technique 
of est imating f r e e  Ca(OH)2 produced during t he  hydrat ion of por t land  cement 
containing d i f f e r e n t  percentages of CaC12 i s  i l l u s t r a t e d  i n  Figures  7 and 8 

(15) .  In  each sample t he  amount o f  Ca(OH)2 formed increases  wi th  time, t h e  
h ighes t  r a t e  occurr ing i n  the  f i r s t  24 h. A t  a w/c = 0.25 a l l  samples show 
lower amounts of Ca(OH)2 than do those hydrated a t  w/c = 0.4 .  This  can be  
explained by t h e  r e l a t i v e l y  lower degree of hydrat ion i n  samples made a t  a 

w/c = 0.25. Rate o f  hydrat ion,  based on amount of Ca(OH)2, depends on t he  
t o t a l  per iod of hydrat ion and t h e  dosage of t h e  admixture. A t  28 days and a  
w/c = 0.40 t h e  r a t e  of hydrat ion i n  terms of  Ca(OH)2 formation i s  a s  follows: 
cement + 1 t o  2 per  cen t  CaC12 > cement + 0 t o  34 pe r  cen t  CaC12; a t  a  
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w/c = 0.25 t h e  o rde r  is:  cement + 1 per  cen t  CaC12 > cement + 2 pe r  cen t  
CaC12 > cement + 0 pe r  cent  CaC12 >cement + 34 p e r  cen t  CaC12. I f  t h e  r a t e  

of hydrat ion i s  based on t he  non-evaporable water conten t ,  which r e f l e c t s  t h e  
t o t a l  amount of a l l  hydrated products ,  t h e  r a t e  of hydrat ion i s  i n  t he  order :  

cement + 2 t o  3 s  per  cent  CaC12 > cement + 1 per  cen t  CaC12 > cement + 0 per  

cen t  CaC12 (15).  This discrepancy has a l s o  been observed i n  t h e  C3S-CaC12- 

H20 system (16) .  I t  can be explained by t h e  formation of  t h e  C-S-H product 

wi th  a h igher  than  normal C/S r a t i o  i n  samples containing 34 per  cen t  CaC12. 

Caution should t he r e fo re  be exerc i sed  i n  using t he  es t imat ion  o f  Ca(OH)2 a s  a 
b a s i s  f o r  comparing t h e  degree of hydrat ion of d i f f e r e n t  ma te r i a l s .  The 

method can be appl ied  t o  follow t h e  hydrat ion of  a p a r t i c u l a r  mater ia l  p e r  s e  
and t o  determine t h e  composition of  t h e  C-S-H product .  

Conclusions 

The d i f f e r e n t i a l  thermal technique appears  t o  be a u se fu l  a l t e r n a t i v e  t o  
chemical methods o f  es t imat ing  Ca(OH)2 i n  cementi t ious systems; it i s  l e s s  

time consuming, needs only small amounts of  sample, and appears t o  be more 
r e l i a b l e .  The d i f f e r e n t i a l  thermal method permits  es t imat ion  of CaO a f t e r  

conversion t o  Ca(0H) 2 by autoclaving . 

The chemical method overest imates  Ca(OH)2 by including o the r  hydra tes  i n  

t h e  hydrated cement o r  calcium s i l i c a t e ;  and t he  X-ray method underest imates  

Ca (OH) 2 by no t  r e g i s t e r i n g  t h e  presence of microcrystal  l i n e  or near  amorphous 
Ca(0H) 2 .  
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