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ABSTRACT 

A study has been made of the strength of 3Ca0.AR203 and 3Ca0.AR203 
+ gypsum pastes as well as of the influence of the admixture CaCR2 on 
these pastes. The methods employed were microhardness indentation and 
cone penetration. With 16 per cent CaCR2 added to the 3Ca0.AR203 
paste a significant gain in strength was obtained after 3 months, 
while an 8 per cent CaCR2 addition to the 3Ca0.AR203 + gypsum system 
gave the highest strength at the same age. Morphological changes in 
the pastes were found to be related to changes in hardness. From a 
comparison of the two methods it was concluded that cone penetration 
measurements are useful up to a certain hardness level. 

On a fait une gtude de la rgsistance des p8tes de 3Ca0.AL203 et de 
3Ca0.AR203 plus gypse ainsi que de l'effet de l'addition de CaCR2 2 
ces mcmes p8tes. On a utilisg les mgthodes de la microduretg par 
indentation et de la pgngtration d'un c8ne. Lorsqu'on ajoute 16 pour 
cent de CaCR2 2 la pBte de 3CaO.AR2O3, la rgsistance augmente 
considgrablement en trois mois, tandis que l'addition de 8 pour cent 
de CaCR2 au systsme 3Ca0.AR203 plus gypse produit la rgsistance la 
plus 6levGe pour cette msme pgriode. Les changements morphologiques 
de la pBte sont ligs 2 des changements de duretg. Une comparaison 
des deux mgthodes indique que les mesures de la pgngtration d'un c8ne 
sont utiles jusqu's un certain degr6 de duretg. 

Presented at the VIth International Congress on the Chemistry of 
Cement, Moscow, September 1974. 
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Introduct ion 

Information about s t r eng th  developing during hydrat ion of t h e  pure 
cement components seems t o  be l imi ted .  An attempt t o  i d e n t i f y  morphology and 
microstructure with s t r eng th  was t he  ob j ec t  of t h i s  examination. Invest iga-  
t i ons  ca r r i ed  out  by Solov'eva and Segalova (1) and Segalova, Solov'eva and 
Rebinder (2 )  include examination of p l a s t i c  s t r eng th  developing i n  suspensions 
of C3A* and f i n e l y  ground quar tz  sand (C3A/quartz = 5/95) using a w / s  r a t i o  i n  
t he  range 0 .3  t o  0.7. A conica l  plastometer  was used. The p ' las t ic  s t r eng th  
was found t o  decrease with an increase  i n  temperature. This s t r eng th  decrease 
was r e l a t e d  t o  a decrease i n  t h e  p a r t i c l e  s i z e  of t h e  hydroaluminates. The 
formation of t he  cubic C3AH6 caused a breakdown of t h e  c r y s t a l l i z a t i o n  
s t r u c t u r e  and thus  a decrease i n  s t r eng th .  The s t r eng th  of t he  hydrat ion 
products was found t o  decrease with increas ing  s p e c i f i c  sur face  a r ea  of C3A. 
A lowering of t he  w / s  r a t i o  caused more i n t e r n a l  s t r e s s e s  i n  t h e  hardened 
s t r u c t u r e .  

The s t r u c t u r e  formation of C3A suspension and t h e  e f f ec t  of gypsum 
and CaCR2 on t he  hydrat ion s t r u c t u r e  of C3A has been s tud ied  by Andreeva and 
Segalova (3) .  The addi t ion  of gypsum re su l t ed  i n  an increase  i n  t he  s t r eng th  
of t he  s t r u c t u r e  formed, while t he  addi t ion  of CaCR2 t o  t h e  C3A + gypsum 
system caused expansion generat ing inner  s t r e s s e s  and hence a reduced s t r eng th  
of t h e  s t r u c t u r e .  

The conical  plastometer  t h a t  they used has been found convenient f o r  
s t r eng th  measurements of  p las t ic -v iscous  d i spe r se  systems. I t  has been 
e v a l u a t e d t h e o r e t i c a l l y i n  a paper by Gorazdovskii and Rebinder ( 4 ) .  

The technique of microhardness indenta t ions  has been found usefu l  a s  
a t o o l  f o r  s t r eng th  measurements with t he  added advantage t h a t ,  because t h e  
samples a r e  not  broken, a smaller  p iece  i s  required and t h e  same specimen can 
be used f o r  severa l  examinations. In e a r l i e r  r e p o r t s  from the  Division of 
Building Research (5 ,6 ,7) ,  t he  r e s u l t s  obtained by t h i s  method on gypsum and 
cement systems have been r e l a t e d  t o  o the r  physical  p rope r t i e s  such as  modulus 
of e l a s t i c i t y ,  po ros i t y ,  and f r a c t u r e  s t r eng th .  The s ign i f i c ance  of micro- 
hardness of porous inorganic ma te r i a l s  was discussed i n  a recent  paper by 
Sereda (8) and it was concluded t h a t  a r e l a t i o n  e x i s t s  between microhardness 
and f l exu ra l  s t r eng th  f o r  cement pa s t e .  

In  an e a r l i e r  r epo r t  (9) t h e  phase r e l a t i o n s ,  micros t ruc ture  and 
hydration mechanisms i n  t he  systems C3A and C3A + gypsum, with and without 
CaCR2 added, were s tud ied  and discussed.  The aim of t h e  present  work i s  t o  
r e l a t e  micros t ruc ture  with mechanical s t r eng th  a s  measured by t h e  two methods, 
microhardness indenta t ion  and cone pene t ra t ion ,  and t o  compare t he  two methods 
of measuring s t r eng th  p rope r t i e s .  

Exverimental Work 

The c h a r a c t e r i s t i c s  of t h e  C3A (supplied by Tet ra tech  In t e rna t i ona l ,  
San Diego) a r e  t h e  following: 61.6 per  cent  CaO, 37.8 per  cent  AR203, 0 .5 
per  cent  MgO, and 0.1 per  cent  Na20. The C3A had a sur face  azeao f  0.58 m2/g. 
The gypsum and calcium chlor ide ,  CaCR2.6H20, were both Fisher  c e r t i f i e d  
reagents .  The water used was decarbonated and de-ionized.  S ix  d i f f e r e n t  

* Standard cement nomenclature i s  used: C = CaO, A = AL203, H = H20 and 
w/s = water: s o l i d  r a t i o  by weight. G = gypsum 
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pas tes  with a water / so l id  r a t i o  of 1 .0 were prepared:  C3A,  C3A + 8 pe r  cent  
CaCL2, C3A + 16 pe r  cent  CaCR2, C3A + 25 per  cent  gypsum, C3A + 25 per  cent  
gypsum + 8 per  cent  CaC9.2, and C3A + 25 per  cent  gypsum + 16 per  cent  CaCR2. 
The w / s  r a t i o  of 1 .0 was s e l ec t ed  i n  an attempt t o  s imulate  t he  condit ions f o r  
C3A i n  t h e  e a r l y  hydrat ion period of cement pa s t e .  

The p a s t e  hydrat ions were performed i n  spec i a l l y  designed p l ex ig l a s s  
cy l inders  with a diameter of 2.5 cm and height  of 1 .3  cm. While curing under 
vapour-sealed condi t ions ,  t h e  mixtures were ro t a t ed  u n t i l  t h e  samples had 
completely s e t  t o  prevent segregat ion (10). The same p a s t e  was t e s t e d  
repeatedly f o r  microhardness a t  d i f f e r e n t  i n t e r v a l s  during t h e  e n t i r e  hydra- 
t i o n  time. The spec i a l  shape was chosen t o  g ive  a s u f f i c i e n t l y  l a rge  surface 
a r ea  t o  permit microhardness and cone pene t ra t ion  t e s t s  on t h e  same sample. 
From a previous i nves t i ga t i on  (9) it was found t h a t  t h e  shape of t h e  sample 
can inf luence  t he  thermal behaviour of t he  pas te .  To make use  of da t a  
obtained previously it was ensured t h a t  t he  experimental condit ions i n  t h e  
present  case d id  no t  change t h e  sequences and r a t e s  of formation of t h e  
d i f f e r e n t  hydration products .  This was v e r i f i e d  by monitoring t h e  temperature 
e f f e c t  i n  t he  C3A pas te .  

I 
The s t r eng th  of t h e  mater ia l s  was examined a f t e r  hydrat ing fo r  1 d i f f e r e n t  per iods  up t o  6 months. 

I 

i Microhardness 

A Lei tz  Miniload Hardness Tes t e r  was used. The t e s t  method employed 
t he  Vickers pyramid indenter .  The hardness was found by t h e  formula 

where P = load i n  grams 

I d = mean value of t h e  indenta t ion  diagonal.  

Cone Penetrat ion 

In t h i s  method a cone i s  pressed i n t o  t h e  p a s t e  with d i f f e r e n t  
p ressures  and t he  depth of pene t ra t ion  i s  measured. This method has been 
found p a r t i c u l a r l y  usefu l  f o r  s t r eng th  i nves t i ga t i ons  of cement p a s t e  i n  t h e  
e a r l y  s e t t i n g  period.  The s ign i f i c ance  of t h i s  method on d i f f e r e n t  kinds of 
mater ia l s  has been inves t iga ted  by Sereda (11). 

I I t  i s  an open quest ion whether t he  appl ied load pe r  u n i t  a r ea  should 
be ca lcu la ted  with an a r ea  corresponding t o  t h e  base of t h e  p a r t  of t h e  cone 
t h a t  has penetrated i n t o  t h e  mater ia l  o r  t h e  c i rcumferen t ia l  a r ea  of t h i s  
p a r t .  The choice between t he  two a r ea s  might be considered t o  be dependent on 
t h e  f r i c t i o n  between t h e  mater ia l  and t h e  cone during indenta t ion .  This leads  
t o  two pos s ib l e  formulae f o r  c a l cu l a t i ng  t h e  hardness of t h e  ma te r i a l :  

H = 
load (kg) and H = load (kg) r e spec t i ve ly  
1.05 . h2 C 2.1 h2 

f o r  a 60 O cone, where h = depth of pene t ra t ion .  

The load,  which was produced by a i r  p ressure  i n  a p i s ton-cy l inder  
arrangement, was suppl ied i n  s t eps  of 3 l b  and t he  pene t ra t ion  depth was 
measured a t  each l eve l  a f t e r  reaching t h e  equi l ibr ium value.  The p l o t  of 



Vol .  6, No. 4 
A. Traetteberg, P. J .  Sereda 

load versus t h e  depth of pene t ra t ion  squared genera l ly  gives two s t r a i g h t  
l i n e s  with t h e  s lope  g r e a t e r  f o r  t h e  l i n e  a t  low pene t ra t ion .  The f i n a l  s lope  
of t h e  p l o t  represen t ing  t h e  deeper pene t ra t ions  includes t h e  major number of 
measurements and i s  bel ieved t o  represen t  t h e  hardness of t h e  t h r e e -  
dimensional s t r u c t u r e .  

Surface a r ea  was obtained by means of a Numinco-Orr sur face  a r ea  - 
pore volume analyzer  withNg as  t h e  adsorbate .  

Scannine Electron Microsco~v 

The morphology of pa s t e s  was s tud ied  by means of a Cambridge 
Stereoscan Mark 2A. 

Resul ts  and Discussion 

Microhardness 

The indenta t ion  with t h e  Vickers indenter  was made on f i v e  spo t s  on 
t h e  su r f ace  of t h e  pa s t e  sample and t he  t en  diagonals  measured were averaged 
t o  give a hardness va lue  t h a t  was assumed t o  be r ep re sen t a t i ve  f o r  t he  sample 
involved. The v a r i a t i o n  i n  t h e  measured values was sometimes l a rge  and 
sometimes i n s i g n i f i c a n t ,  depending on t h e  sur face  f ea tu r e s  of t he  p a r t i c u l a r  
sample. A t y p i c a l  s e t  of measurements i s  given i n  Table I .  No appreciable  
drying took p lace  while measuring. 

TABLE I 

Measurements of Microhardness f o r  Paste  of C3A + G + 8 per  cent  CaCR2 

a f t e r  3 Days of Hydration (load 500g) 

Set  of Diagonals Microhardness (kg/mrn2) 

Average diagonal :  160.5 

Microhardness : 2 . 2  3 kg/mm2 

In connection with t h e  formation of l a rge  amounts of C3AH6 
accompanied by considerable  shrinkage, t he  pa s t e  of C3A became a t h i n  s l u r r y  
during t h e  temperature e f f e c t  a f t e r  5 t o  6 minutes' hydrat ion.  This p a s t e  
was no t  hard enough f o r  any s t r eng th  t e s t s  up t o  one week, and t h e  su r f ace  of 
t h e  specimen was too  i r r e g u l a r  f o r  microhardness i nves t i ga t i on .  

The morphology of t he  hydrogarnet phase appeared with an open 
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s t r u c t u r e ,  Figure l a ,  o s t ens ib ly  with very weak bonding between t h e  c r y s t a l s .  
The shape of these  c r y s t a l s  (rhombic dodekahedrons), however, i s  such t h a t  a 
q u i t e  dense packing i s  pos s ib l e  i f  t h e  hydration takes  p lace  i n  compacts 
where t he  d i f f e r e n t  p a r t i c l e s  a r e  forced toge ther  by an ou t e r  p ressure .  Under 
such condit ions t he  hydrogarnet phase y i e ld s  s t ronger  i n t e r - p a r t i c l e  bonding 
and, hence, a s t ronger  mater ia l  s t r u c t u r e  (12). 

FIG. l a  
Paste  of C3A hydrated 28 days. 

FIG. l b  
Paste  of C3A + 8% CaCR2 hydrated 

28 days. 

The addi t ion  of 8 per  cent  CaC!L7 t o  
t h e  C3A p a s t e  reduced t he  s e t t i n g  
time so t h a t  a f t e r  2 hours t h e  micro- 
hardness was measured a t  i n t e r v a l s  up 
t o  3 months. Table I1 gives t he  
obtained values which show a s l i g h t  
increase  by hydrat ing t o  30 days and 
a g r ea t  increase  a f t e r  3 months. The 
minor reduct ion i n  s t r eng th  observed 
i n  t h e  period between 3 and 30 days 
might be due t o  a more a c t i v e  
formation of t he  cubic C3AH6, an 
e f f e c t  t h a t  has been confirmed i n  a 
previous work (9) .  The micrograph, 
Figure l b ,  shows a dominant p l a t y  
s t r u c t u r e  t h a t  is  expected t o  r e s u l t  
i n  improved i n t e r - p a r t i c l e  bonding 
compared with t h e  cubic phase. An 
ageing e f f e c t  might be t h e  reason f o r  
t h e  s t r eng th  d e v e l o ~ e d  a f t e r  3 months. 

F IG .  l c  This i s  s ippor ted  b; t h e  morphological 

Paste  of C3A + 16% CaCR2 hydrated change a s  demonstrated i n  Figure 2b 
and by t h e  decreased sur face  a r ea  a t  

28 days. t h i s  s t age ,  Table I11 and Table I V .  
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TABLE I1 

Microhardness (kg/mm2) for Pastes of C3A 

With Addition of 25 Per Cent Gypsum and CaCt2 

Hydrated for Different Periods 

Hydration C3A + 8% C3A+16% C3A+ C 3 A + G +  C 3 A + G +  

Time C3A CaCi2 CaCt2 gypsum 8% CaCk2 16% CaCk2 

2 hours 0.46 - - 0.98 - 
4 hours 0.60 0.75 1.54 - 
8 hours 0.98 1.28 - 2.42 

1 day 1.00 1.77 0.58 2.60 2.84 

2 days 1.08 2.26 0.94 3.14 3.16 

3 days 1.77 2.39 1.11 2.26 3.05 

7 days 1.38 3.52 1.32 2.63 2.91 

10 days 1.37 3.32 1.45 2.67 3.10 

14 days (15) 1.30 4.29 1.73 2.90 3.54 

30 days 1.85 10.20 1.65 3.41 3.65 

3 months 8.74 14.07 6.24 12.64 9.52 

FIG.  2a 
Pas te  o f  C3A hydrated 3 months. 

FIG. 2b 
Pas te  o f  C3A + 8% CaCL2 hydrated 

3 months. 
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The paste of CqA + 16 Der 
cent CaCR2 showed a simiiar trenh in 
strength development as the previous 
mixture. While higher values in 
microhardness were obtained in this 
series, the formation of C3AH6 was 
further retarded by this addition. 
This corresponds to the delay in the 
small decrease in strength that, in 
this case, occurred after about 10 
days. The ageing effect seemed to 
take place at an earlier stage for 
this mixture. This might be suggested 
from the micrographs, Figures lb and c, 
that demonstrate a denser packing and 
a smaller crystal size of the hydro- 
alwninates in the C3A + 16 per cent 
CaCR2 paste. The increased addition 
of CaCR2 to paste of C3A improves the 
strength of the structure of the 
hydration products up to 1 month, an 
effect which might be related to FIG. 2c 
morphological features (Figure 2c). Paste of C3A + 16% CaCL2 hydrated 

3 months. 

TABLE I 1 1  

Characteristics of Pastes of C3A and C3A + Gypsum With and 

Without CaC!L2 Hydrated for 30 Days 

Paste Phases Present Surface Micro- Cone 
Area hardness Penetration 
(m2/g) (kg/mm2) (kg/mm2) 

C3&, minor amounts 4.2 - 0.28 
of C2AH8 and C4AH13 

C3A + 8% CaCE2 C3&, C2M8 and 8.2 1.85 0.96 
(SS) C4AH13 - C3A.CaCE2.H10 

C3A + 16% CaCi2 C3w6, C2M8 and 9.9 10.20 7.53 
(SS) C4M13 -, C3A.CaCE2.H10 

C3A + gypsum (ss) C3A.CaS04.H13 - 11.0 1.65 1.00 
I C4M1 3, C2M8 and 

traces of C3M6 

C3A + G + 8% (SS) C3A.CaS04.H13 - 13.3 3.41 3.60 
CaC!L2 C3A.CaCL2.Hl0 - 

I C 4M13 and C2Aii8 

C3A + G + 16% (ss) C3A.CaS04.H13 - 12.6 3.65 5.31 
CaC!L2 C3A.CaCL2.H10 - 

C4ml3 and C2M8 

I (ss) = solid solution 
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TABLE I V  

Cha rac t e r i s t i c s  of Pas tes  of C3A and C3A + Gypsum 

With and Without CaCR2 Hydrated f o r  3 Months 

Paste Surface Micro- Cone 
Area hardness Penetrat ion 

(m2/g) (kg/mm2 (kg/mm2) 

C3A + 25% gypsum 3.7 6.24 4.94 

The microhardness of t h e  C3A + 25 per  cent  gypsum pas t e  appeared t o  
be c lo se  t o  t h a t  f o r  t he  C3A + 8 per  cent  CaCR2 system. Traces of C3AH6 have 
been de tec ted  a t  l a t e  s tages  i n  t h e  hydrat ion of t h e  C3A + gypsum pas t e  (9) ,  
and t h i s  e f f e c t  might a l s o  be t h e  reason f o r  t he  s l i g h t  decrease i n  micro- 
hardness around 30 days. The micros t ruc ture  of these  two mixtures i s  a l s o  
q u i t e  s imi l a r ,  both a t  30 days (compare Figures l b  and 3a) and a t  3 months 
(Figures 2b and 4a) .  The increase  i n  s t r eng th  with t h e  addi t ion  of gypsum 
t o  C3A i s  i n  agreement with t he  r e s u l t  of Andreeva and Segalova (3) .  

FIG. 3a 
Paste  of C 3 A  + 25% gypsum 

hydrated 28 days. 

FIG. 3b 
Paste  of C3A + g + 8% CaCR2 

hydrated 28 days. 
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FIG. 3c 
Paste  of C 3 A +  G + 16% CaCE2 

hydrated 28 days. 

FIG. 4a 
Paste of C3A + 25% gypsum 

hydrated 3 months. 

F I G .  4b 
Paste of C3A + G + 8% CaCR2 

hydrated 3 months. 

FIG. 4c 
Paste  of C3A + G + 16% CaCE2 

hydrated 3 months. 

The C3A + gypsum + 8 per  cen t  CaCR2 mixture s e t  within t he  f i r s t  10 
minutes of hydrat ion.  The hardness increased s t e a d i l y  up t o  2 days, when a 
small decrease took p lace .  The e f f e c t  i n  t h i s  case cannot be explained by 
C3AH6 formation which i s  prevented with t he  addi t ion  of CaCR2 t o  t he  C3A + 

gypsum pas t e  (9 ) .  The reason f o r  t he  small reduct ion i n  s t r eng th  i s  not  
known, but it might be due t o  some reorganizing of t h e  bonding between t h e  
c r y s t a l l i t e s .  The ageing e f f e c t  a f t e r  3 months i s  e spec i a l l y  evident  i n  t h i s  
case.  The increased s t r eng th  i n  t h i s  pa s t e  might a r i s e  from an improved 
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bonding o r  b e t t e r  packing of t h e  smaller  c r y s t a l s ,  a s  i s  i l l u s t r a t e d  i n  t h e  
micrographs, Figures 3b and 4b and poss ib ly  due t o  some carbonation. This 
improved s t r eng th  with t h e  addi t ion  of CaCL2 i s  i n  cont rad ic t ion  with t h e  
r e s u l t  o f  Andreeva and Segalova (3) .  The reason f o r  t h e  d i f f e r e n t  r e s u l t  
might a r i s e  from t h e i r  use  of suspensions of C3A and quar tz  compared with a 
pure pa s t e  hydrat ion of C3A i n  our  work. 

An increased addi t ion  of CaCI2 does not  seem t o  g ive  any s i g n i f i c a n t  
improvement t o  t h e  hardness of t h e  pas te .  The s l i g h t  decrease i n  s t r eng th  
a f t e r  2 days i s  a l s o  de tec ted  here.  Figures 3b and 3c a l s o  demonstrate a 
s i m i l a r  morphology. The microhardness a f t e r  3 months i s  lower than with t he  
8 per  cent  addi t ion  and t he  micrograph, Figure 4c, i nd i ca t e s  a denser  packing 
of t h e  s t r u c t u r e  but more cracks and pores  than i n  t h e  previous case.  The 
lower s t r eng th  might be due t o  some s t r e s s  developed with t he  add i t i ona l  
amount of CaCI2. 

I t  i s  known t h a t  carbon dioxide may cause su r f ace  hardening of 
cement. A doubt t he r e fo re  a rose  t h a t  t h e  increase  i n  s t r eng th  a t  l a t e r  
hydration per iods  may not  only be due t o  an ageing e f f e c t  but a l s o  p a r t l y  t o  
carbonation of t h e  sur face .  A 2-mm-thick p iece  from the  sur face  of t h e  
samples was cu t  o f f  a f t e r  6 months1 hydrat ion and analyzed f o r  C02 content .  
Microhardness was measured on t h e  o ld  and new sur faces  of t h e  samples and t h e  
measurements a r e  recorded i n  Table V. The r e s u l t s  revea l  t h a t  some carbona- 
t i o n  had taken p lace .  The e f f e c t  does not  seem t o  have had a s i g n i f i c a n t  
e f f e c t  on t h e  microhardness, however, except i n  t h e  cases  of samples with 
8 per  cent  CaCL2 added t o  t h e  C3A and C3A + gypsum pas t e s  where a lower 
microhardness was obtained on t h e  i nne r  sur face .  Experience has shown t h a t  
t h e  e f f e c t  of carbonation i s  f i r s t  observed on t h e  sur face  and it i s  
reasonable t o  consider  t h e  va lue  of microhardness f o r  t he  new (cut)  su r f ace  
a s  represen t ing  t h e  bulk property.  

TABLE V 

Carbon Dioxide Content and Microhardness for Pastes 

of C3A With and Without Admixtures, Hydrated for 6 Months 

Paste C02 content (%) Microhardness (kg/mm2) 

original surface cut surface* 

C3A 0.95 

C3A + 8% CaCQ2 2.24 

C3A + 16% CaCQ2 4.24 

C3A + 25% gypsum 3.42 

C3A + G + 8% CaCL2 3.33 

C3A + G + 16% CaCL2 2.21 

* Original surface was removed by cutting a section 2 mm thick 
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Cone Penetrat ion 

Figure 5 shows a  t y p i c a l  r e s u l t  of t he  cone pene t ra t ion  measurement 
t h a t  includes a  number of load versus depth determinat ions.  High humidity 
was maintained during measurement t o  prevent  drying.  In a  few cases  t h e r e  
were t h r e e  determinat ions ca r r i ed  out  t o  e s t a b l i s h  t he  r e l i a b i l i t y  of t h e  
measurements. I t  was found t h a t  i n  t h i s  range of hardness only a  s l i g h t  
s c a t t e r i n g  i n  t he  values took p lace  and one determination was, t he r e fo re ,  
considered s u f f i c i e n t  t o  give a  measure of t h e  s t r eng th  of t he  mater ia l .  The 
hardness, ca lcu la ted  per  u n i t  c i rcumferen t ia l  a r ea  of t he  cone, i s  found t o  be 
t h e  most s u i t a b l e  f o r  t he se  samples. 

Af te r  7 days t h e  
8 I I i n i t i a l l y  weak s t r u c t u r e  of 

t he  C 3 A  pa s t e  reached a  

7 - hardness s u f f i c i e n t l y  l a rge  

/* 

t o  permit cone pene t ra t ion  
measurements t o  be done, 

6 - - 
I I /* 

Table VI. The micrograph of 
t he  30 dayst  sample,Figure la, 

i shows a  loose morphology 

3r - 

i 
mainly of t h e  cubic phase 

rn C3AHs. The ageing e f f e c t  
x 

./ was very pronounced i n  t h i s  
s4- - 
u 
0 

pas t e  as  t h e  hardness 
A increased t o  23 kg/mm2 a f t e r  

3 - 3 monthst hydrat ion.  The 
micrograph, Figure 2a dem- 

H A Y D N E S S =  == 1 .11  b g  v m 2  
~ . l h '  ons t r a t e s  a  denser  s t r u c t u r e  

of t he  c r y s t a l s  and t h e  
decreased sur face  a r ea  of 

I /: , 
I t h i s  ev ident ly  coalescence sample corresponds of (Table t h e  ind iv idua l  IV) t o  a  

o p a r t i c l e s .  
0.5 1.0 1 . 5  

P E N E T R A T I O N  D E P T H  S Q U A R E D ,  m m 2  The hardness values 
obtained by cone pene t ra t ion  

FIG. 5 i n  t he  C3A + 8 pe r  cent  

Cone pene t ra t ion  measurements f o r  CaCR2 p a s t e  a s  a  funct ion of 

pa s t e  of C3A + gypsum + 8% CaCa, hydrat ion time show a s i m i l a r  

hydrated f o r  3 days. p a t t e r n  a s  those  obtained by 
microhardness measurements. 
The observed decrease i n  

s t r eng th ,  considered t o  be due t o  more a c t i v e  formation of C3AH6, i s  a l s o  
de tec ted  i n  t h e  p a s t e  of C3A + 16 per  cent  CaCR2, but was s l i g h t l y  delayed i n  
t h i s  case.  Both methods show a marked s t r eng th  increase  i n  t h e  3 month 
samples, but t h e  abso lu te  values d i f f e r .  I t  i s  bel ieved t h a t  a f t e r  a  c e r t a i n  
hardness l eve l  t h e  cone pene t ra t ion  method gives values t h a t  a r e  too high.  

For t h e  C3A + gypsum system, cone pene t ra t ion  gave hardness values 
c lo se  t o  those from the  microhardness t e s t s .  This was a l s o  t h e  case f o r  t he  
samples with t h e  addi t ion  of 8 Fer  cent  CaCR2 t o  t he  system. However, t he  
cone pene t ra t ion  method r e su l t ed  i n  higher  hardness values with t h e  16 per  
cen t  addi t ion  of CaCR2. 
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TABLE VI 

Hardness Values (kg/mm2)  Obtained by Cone 

Penetrat ion Measurements  for  P a s t e s  of C j A  With 

Addition of 25 P e r  Cent Gypsum and CaCiz Hydrated 

fo r  Different Pe r iods  

Hydration C3A C3A + 8% C3A + 16% C3A + C,A+ G +  C 3 A + G +  
Time C aC 12 CaC ta gypsum 8% CaCfi2 16% C a C 4  

$ hour 

1 hour 

2 hours 

4 hours  

8 hours  

24 hours 

2 days 

3 days  

7 days 

10 days  

14 days  

30 days 

3 months 

Table I11 demonstrates t h e  composition of t h e  pa s t e s  a t  30 days '  
hydration a s  obtained i n  another r epo r t  (9), toge ther  with corresponding da t a  
of sur face  a rea  and hardness. 

A comparison between t h e  da t a  a t  30 days and 3 months (Tables I11 
and I V )  c l e a r l y  demonstrates t h e  ageing e f f e c t  f o r  a l l  samples, i . e . ,  an 
increase  i n  s t r eng th  accompanied by a decrease i n  sur face  a rea .  The ageing 
might be due p a r t l y  t o  t h e  high humidity condit ions of s to rage .  

Conclusions 

The i nves t i ga t i on  of s t r eng th  i n  d i f f e r e n t  C3A systems by means 
of microhardness and cone pene t ra t ion  has shown t h a t  changes i n  t he se  
p rope r t i e s  can be i d e n t i f i e d  with morphological changes. The denser  
morphology f o r  a l l  s i x  pa s t e s  a f t e r  3 months' hydrat ion i s  bel ieved t o  
be t he  r e s u l t  of an ageing e f f e c t  involving coalescence of t he  ind iv idua l  
c r y s t a l s  by increas ing  t h e  a r ea  of contact  due t o  d i s so lu t i on  and 
r e c r y s t a l l i z a t i o n .  The reduced sur face  a rea  obtained f o r  a l l  t h e  pa s t e s  a t  
t h i s  s tage  and evidence from micrographs support t h i s  assumption. 

The inf luence  of t h e  admixture CaCR2 on t h e  s t r eng th  of C3A and 
C3A + gypsum pas t e s  i s  s i g n i f i c a n t  up t o  1 month hydrat ion where an increase  
of CaCI2 means an increase  i n  s t r eng th .  However, i t s  inf luence  i n  connection 
with t h e  ageing e f f e c t  i s  l e s s  c l e a r .  The 16 pe r  cent  addi t ion  t o  t h e  C3A 
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paste gave the highest hardness value but it is of the same magnitude,as the 
one for the C3A paste alone. For the C3A + gypsum system the 8 per cent 
CaCR2 addition gave the hardest structure. 

A comparison between the two testing methods, microhardness 
indentation and cone penetration, shows good agreement in some mixtures and 
only fair agreement in others. It might be concluded that cone penetration is 
a convenient method for softer materials, but has its limitation on materials 
with hardness above a certain level. 
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