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? i ~ r o h a r d n e s s  and f r a c t u r e  parameters of s e v e r a l  high alumina cement 
pas te  systems containing varying proport ions  of hexagonal and cubic  
yL-323 have been determined using s i n g l e  edge-notched f l e x u r a l  
foecimens from each system. Specimens were conditioned and t e s t e d  a t  

lib pH i n  a s p e c i a l l y  constructed environmental chamber. Data 
demonstrated dependence of the f r a c t u r e  parameters on microhardness . 
E f f e c t  of morphology and o t h e r  micros t r u c  t u r a l  f e a t u r e s  on f r a c t u r e  i n  
HAC paste  is a l s o  discussed.  Some evidence supporting argument f o r  
the  v a l i d i t y  of applying l inea r -e las  t i c  f r a c t u r e  mechanics i n  s tudying 
f r a c t u r e  i n  b r i t t l e  cement i t ious  systems is presented. 

RESUME 
p a r t i r  dqCprouvet tes  h encoche pCriphCrique simple pour e s s a i s  de 

f l e x i o n ,  on a determind l e s  parametres de microduretg e t  de rup tu re  de  
p l u s i e u r s  s y s  t3mes de ph te  de ciment alumineux contenant  d i f  f  e r e n t e s  
proport ions  de phases hexagonales e t cubiques. Les Cprouve t t e s  o n t  
Ct6 conditionnCes e t  mises h l ' e s s a i  2 11% d'humiditg r e l a t i v e  dans un 
contenant spgcialement c o n s t r u i t  2 c e t  ef f e t .  Les donnCes o n t  montrg 
que l e s  parametres de  rup tu re  C t a i e n t  f o n c t i o n  de l a  microdurete.  On 
examine a u s s i  l ' e f f e t  de l a  morphologie e t  a u t r e s  ca rac  tCr i s  t iques  de 
l a  mic ros t ruc tu re  s u r  l a  rup tu re  dans l a  p a t e  de ciment alumineux. On 
prCsente des  f a i t s  venant corroborer  l 'argument se lon l eque l  il est 
v a l a b l e  d'employer l a  mgcanique de rup tu re  l inCaire-Clas t ique pour 
Ctudier l a  rup tu re  dans l e s  sys  tPmes de l i a n t s  f r a g i l e s .  

In t roduct ion 

High alumina cement (HAC) c o n s i s t s  of approximately equal  p a r t s  of alumina 
and lime, about 40% each, w i t h  fe r rous  and f e r r i c  oxides and up to  5% s i l i c a .  
I t  comprises s e v e r a l  phases, v iz . ,  CA, C % ,  C I 2 A 7 ,  C2AS, C2S, C2F and C,+AF, 
but the main cement i t ious  compounds a r e  CA and C12A7 .* The hydration 

*In cement chemistry nomenclature: C = CaO, A = A1203, S = Si02,  F = Fe20g, 
H = H20. 
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products  of CA c o n s i s t  of CAH1 ,, , C2A%, C 3 q  and AH3 ( g e l  o r  c r y s t a l l i n e ) ,  
the r e l a t i v e  proport ions  depending on the hydra t i o n  cond i t ions  and cur ing  
period. A t  lower temperatures CAHIO and C 2 q  ( b o t h  hexagonal phases) and 
AH3 g e l  a r e  p r e f e r e n t i a l l y  formed, and a t  higher temperatures a r e  converted 
t o  C3AH6 and g i b b s i t e .  Most a t t empts  t o  e x p l a i n  s t r e n g t h  g a i n  o r  l o s s  have 
r e l a t e d  to  the r e l a t i v e  amounts of calcium aluminate  hydrate i n  the hydrated 
products.  Formation of C 3 q  has been a s s o c i a t e d  w i t h  s t r e n g t h  decrease ,  
a l though under c e r t a i n  cond i t ions  increased s t r e n g t h  has been obtained (1 )  

Appl ica t ions  of HAC include s u l p  ha te - res i s  t a n t  cements, bore hole  plugging 
cements , f a s  t-se t t i n g  patching compounds, rock anchors,  grout ing,  cold  
temperature concret ing,  and r e f r a c t o r i e s .  Recently,  HAC has been used 
i n s t e a d  of CaC12 a s  an a c c e l e r a t o r .  

I n  the  p a s t  decade f ib re - re in forced  cement composites having a v a r i e t y  of 
cement-based matr ices  and organic  and inorganic  f i b r e s  have proved par t i cu-  
l a r l y  u s e f u l  i n  some r e p a i r  app l ica t ions .  Within 24 h HAC develops high 
compressive s t r e n g t h  and appears t o  be a good cand ida te  f o r  such appl ica-  
t ions .  Fibre-re inforced cement composites, when compared t o  unreinforced 
s y s  tems, genera l ly  have increased f l e x u r a l  s t r e n g t h  and f r a c t u r e  toughness, 
i .e. ,  r e s i s t a n c e  t o  crack i n i t i a t i o n  and propagation. As the  mat r ix  p lays  an 
important r o l e  i n  composite behaviour, knowledge of i ts  f r a c t u r e  proper t i e s  
is necessary f o r  unders tanding t h a t  behaviour. There is, however, a d e a r t h  
of information on f r a c t u r e  of non-portland cements and f o r  HAC systems the re  
appear  t o  be few published data.  

The p o s s i b i l i t y  of us ing  microhardness measurements t o  p r e d i c t  f r a c t u r e  
mechanics parameters i n  non-porous s o l i d s ,  e.g., soda-lime g l a s s ,  has been 
explored w i t h  some success  (2,3). The o b j e c t i v e  of the  p r e s e n t  s tudy was to  
o b t a i n  experimental  d a t a  on the f r a c t u r e  behaviour of HAC and t o  i n v e s t i g a t e  
the  p o s s i b l e  dependence of s e v e r a l  f r a c t u r e  mechanics express ions  ( c r i t i c a l  
values  of s t r e s s  i n t e n s i t y  f a c t o r ,  s t r a i n  energy r e l e a s e  r a t e ,  J - in tegra l ,  
work of f r a c t u r e )  on microhardness. 

Inden ta t ion  F r a c t u r e  

T h i s  s e c t i o n  i s  included t o  provide a b a s i s  f o r  t h e  expec ta t ion  of a 
dependence of f r a c t u r e  p r o p e r t i e s  on microhardness. The p r i n c i p l e s  and 
a p p l i c a t i o n s  of i n d e n t a t i o n  f r a c t u r e  have been reviewed, p r i n c i p a l l y  by Lawn 
and Wilshaw ( 4 )  and only a few s a l i e n t  p o i n t s  w i l l  be discussed.  The 
c a r d i n a l  f e a t u r e s  of Lawn and Wilshaw's approach, upon which f r a c t u r e  mechan- 
ics a n a l y s i s  was based, are :  

(1) the sharp po in t  of the indentor  produces an i n e l a s t i c  deformation zone; 

( 2 )  a deformation-induced flaw suddenly develops i n t o  a smal l  crack ( c a l l e d  
median ven t )  on a plane of symmetry con ta in ing  the  c o n t a c t  a x i s ;  

(3)  increased load causes f u r t h e r  s t a b l e  growth of the median vent;  

(4) on unloading the  median v e n t  does n o t  completely c l o s e  and l a t e r a l  ven t s  
begin t o  develop. 

Figure 1 i l l u s t r a t e s  vent  crack formation under a sha rp  inden tor  (4) .  
Ca lcu la t ions  approximating the  s t r e s s  f i e l d  beneath  the  inden tor  by a 
Boussinesq e l a s t i c  f i e l d  (excluding the  small d i s tu rbed  zone beneath  the  
inden tor )  where the dep th  of the median ven t ,  c ,  is much g r e a t e r  than t h e  
d e p t h  of the  d i s tu rbed  zone r e s u l t  i n  t h e  fo l lowing  express ion f o r  s t r a i n  
energy r e l e a s e  r a t e :  

G = (1-v2) [ ( ~ - ~ v ) ~ / u T ~ ]  (a/fi2) (HIE) P/c 

where G is s t r a i n  energy r e l e a s e  r a t e ,  v is  Poisson 's  r a t i o ,  E is modulus 



Vol. 12,  No. 3 
MICROHARDNESS, FRACTURE, ALUMINATE CEMENT 

FIG. 1 

Schematic of Lawn's model of v e n t  c rack  
format ion under p o i n t  indenta t ion.  Dark 
region is i n e l a s t i c  deformation zone ( 2 )  

of e l a s t i c i t y ,  H is microhardness,  P is  a p p l i e d  load and a and 0 a r e  
dimensionless  geometr ica l  f a c t o r s .  

The r a t i o  P/c has been found t o  be cons tan t .  For many porous cement i t ious  
m a t e r i a l s  E and H a r e  empi r i ca l ly  r e l a t e d  by a n  express ion of the  form 
E = kHn (k and n a r e  cons tan t s )  (5) .  Thus, i t  might be expected from 
eq. (1) t h a t  G would be  r e l a t e d  t o  microhardness through a power law 
r e l a t i o n .  I t  is assumed t h a t  the crack is i d e a l l y  Hookean and t h a t  l i n e a r  
e l a s  t i c i t y  theory a p p l i e s ,  and, the re f  ore ,  l i n e a r  e l a s  t i c  f r a c t u r e  mechanics 
(LEFM) . 

Applicat ion of F r a c t u r e  Mechanics t o  Cement P a s t e  Sys tems 

The majo r i ty  of f r a c t u r e  mechanics s t u d i e s  of cement p a s t e  systems, 
u s u a l l y  por t land cement p a s t e ,  have been conducted i n  the  l a s t  decade (6). 
Data a r e  o f t e n  c o n f l i c t i n g ,  and t h e r e  i s  disagreement  concerning t h e  app l i ca -  
b i l i t y  of LEFM and the r e l a t i v e  m e r i t s  of express ions  desc r ib ing  f r a c t u r e  
behaviour. There is  a l s o  disagreement concerning the  crack propagat ing 
mechanism i n  cement i t ious  ma te r i a l s .  The b a s i c  i s s u e  is one of b r i t t l e n e s s  
v e r s u s  d u c t i l i t y  i n  t h e  c rack  t i p  zone. There a r e  two major schools  of 
thought. One assumes an  i d e a l l y  sharp  crack i n  which f r a c t u r e  proceeds by 
p rogress ive  r u p t u r e  of cohesive  bonds a c r o s s  a s e p a r a t i o n  plane,  c r e a t i n g  new 
s u r f a c e  a r e a  i n  a r e v e r s i b l e  manner. The o t h e r  schoo l  p o s t u l a t e s  t h a t  t h e  
macroscopic "plastic-zone" concept  d e s c r i b i n g  the  crack t i p  region of some 
metals and polymers is a p p l i c a b l e  t o  ceramic m a t e r i a l s  on a microscale .  The 
con t roversy  remains unresolved. There appears  t o  be, however, a u n i v e r s a l  
concensus tha t ,  whatever the  e x t e n t  of the  v a l i d i t y  of LEFM t o  b r i t t l e  f r ac -  
tu re ,  the  informat ion ga the red  has  been v a l u a b l e  i n  bo th  c h a r a c t e r i z i n g  
m a t e r i a l s  and providing i n p u t  t o  the  des ign  process.  

Some c r i t i c s  have suggested t h a t  f r a c t u r e  terms c a l c u l a t e d  us ing  maximum 
load values  (obta ined from load-def lect ion curves )  a r e  e s s e n t i a l l y  i n d i c a t o r s  
of r e s i s t a n c e  t o  crack " i n i t i a t i o n "  and do n o t  n e c e s s a r i l y  a s s e s s  r e s i s t a n c e  
t o  crack "propagation." The t o t a l  work of f r a c t u r e ,  however, determined by 
i n t e g r a t i o n  of bo th  ascending and descending branches of load-de f l ec t ion  
t r a c e ,  r e f l e c t s  r e s i s t a n c e  t o  bo th  crack i n i t i a t i o n  and propagation.  
I n t e g r a t i o n  of a r e a s  under t h e  ascending branch only r e f l e c t s  r e s i s t a n c e  t o  
c rack  i n i t i a t i o n .  

Experimental  

Mate r i a l s  

The composit ion of the  HAC was a s  follows: A1203 = 40.02%; 
Fe203 = 17.71%; CaO = 37.26%; Si02 = 3.46%; MgO = 0.91%; SO3 = 0.08%; 
Na20 = 0.08%; K20 = 0.08%. Bla ine  f i n e n e s s  was 394 &/kg. 
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E igh t  s e r i e s  of samples were prepared. Each cons i s t ed  of a s e t  of samples 
f o r  the following waterlcement r a t i o s :  0.25, 0.30, 0.35, 0.40, 0.45 and 
0.50. Mixes were c a s t  i n  moulds 1.2 x 7.5 x 20 cm t h a t  were f i t t e d  w i t h  
metal  shims 0.6 x 0.025 cm thick (running the l e n g t h  of the mould) t o  provide 
a p r e c a s t  crack i n  the  specimen. The samples were removed a f t e r  3 days a t  
100% RH and sawn a t  0.127 cm i n t e r v a l s  a long t h e i r  l e n g t h  t o  produce the  
f i n a l  t e s t  specimens. Thus, the t e s t  p i e c e  was a beam 1.2 cm deep x 0.127 cm 
thick x 7.5 cm long wi th  a mid-span notch 0.025 cm wide x 0.6 cm deep. A l l  
beam samples were s t o r e d  a t  11% RH f o r  a minimum of 14 days p r i o r  t o  t e s t i n g  
o r  pretreatment.* Various t reatments  a r e  summarized i n  Table I. Their  
o b j e c t i v e  was t o  produce systems having var ied  amounts of hexagonal and cubic  
phases. 

The systems were charac te r i zed  us ing  a d i f f e r e n t i a l  scanning ca lo r imete r  
(DSC). Within each s e r i e s  the r a t i o  of peak he igh t s  a t  approximately 300 and 
140 t o  155OC was k e p t  constant.** Endothermic peaks a t  300 and 140 t o  155OC 
represen t  the thermal decomposition of cubic  and hexagonal phases,  
r e spec t ive ly .  I n  s e r i e s  1 t o  5 the  peak a t  140 t o  155'C decreased w i t h  
l e n g t h  of hea t  t reatment  a t  80°C due t o  dehydrat ion of CAHL0. 

Technique 

DSC 

D i f f e r e n t i a l  thermograms of the  samples were obtained by DSC suppl ied a s  a 
module t o  Du Pont 900 thermal a n a l y s i s  system. This  u n i t  u t i l i z e s  chromel- 
cons tantan thermocouples f o r  d i f f e r e n t i a l  temperature measurement. The 
re fe rence  m a t e r i a l  was i g n i t e d  cr-A1203 and the  hea t ing  r a t e  20°C min-l . The 
d i f f e r e n t i a l  temperature was r e g i s t e r e d  a t  a s e n s i t i v i t y  of 0.02 mV in.'l. 
Thermograms were obtained i n  a i r ,  and i n  each experiment 20 mg of the  sample 
was sub jec ted  t o  ana lys i s .  

Microhardness 

Hardness was measured w i t h  a Le i t z  miniload t e s t e r  i n  a condi t ioned box 
(11% RH) f r e e  of C02 using the Vickers pyramid indentor .  Five determinat ions  
were performed on the  s u r f a c e  of each sample. 

F rac tu re  Tes t ing  

An environmental chamber (Fig. 2) was mounted on t h e  cross-head of an 
I n s  t ron  t e s t i n g  machine (10,000 kg capac i ty ) .  Notched beam specimens 
conditioned t o  11% RH were simply supported i n  i t  and loaded a t  the mid- 
point .  The mid-span d e f l e c t i o n  was measured using an LVDT with  a readout  
a c c u r a t e  t o  0.0001 mm. The cross-head speed was 0.005 mm/min. Load- 
d e f l e c t i o n  curves were obtained from the I n s t r o n  c h a r t  records;  the 
maximum loads  were genera l ly  l e s s  than 1 kg ( t h e  s t i f f n e s s  of the  I n s t r o n  
machine is extremely l a r g e  r e l a t i v e  to  the f l e x u r a l  s t i f f n e s s  of the t e s t  
p ieces ) .  

*Strength and f r a c t u r e  of hydrated cements a r e  humidity dependent. The 
11% RH cond i t ion  minimizes the  r i s k  of carbonat ion,  f u r t h e r  hydrat ion,  
excess volume change and is a convenient r e fe rence  s t a t e .  

**This was achieved by pre-select ing t reatment  times from the r e s u l t s  of time 
s e q u e n t i a l  DSC runs ,  i .e . ,  t reatment  times f o r  samples were increased 
incremental ly  u n t i l  the des i red  DSC peak r a t i o  was a t t a i n e d .  
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TABLE I 

Descr ip t ion  of Sample Treatments f o r  F r a c t u r e  S tud ies  

S e r i e s  Treatment 

100% RH, 3 d; 11% RH, 21°C 

100% RH, 3 d; 11% RH, 21°C; 
vacuum 3 h, 80°C; 11% RH 

100% RH, 3 d; 11% RH, 21°C; 
vacuum 6 h, 80°C; 11% RH 

100% RH, 3 d;  11% RH, 21°C; 
vacuum 24 h, 80°C; 11% RH 

100% RH, 3 d;  11% RH, 21°C; 
vacuum 21 d, 80°C; 11% RH 

100% RH, 3 d; 11% RH, 21°C; 
100% RH, 80°C; 11% RH 

100% RH, 3 d; 11% RH, 21°C; 
100% RH, 80°C; 11% RH 

100% RH, 3 d; 11% RH, 2 1 ' ~ ;  
autoclaved, 216OC; 11% RH 

Very l i t t l e  cubic  
phase 

Mostly hexagonal 
i n  o r d e r  1 2 3 4 5 

Cubic and hexagonal 
approximately equa l  

Approx. 80% cubic  
20% hexagonal 

Mostly cubic  

*For s e r i e s  6 and 7 the times a t  100% RH, 80°C, var ied w i t h  
water/cement r a t i o  from about  10 t o  25 min. S e r i e s  7 was 
t r e a t e d  f o r  longer  periods.  

**Approximations made by es t imat ing  DSC peak he igh t s  a t  300°C 

'allowing is  a d e s c r i p t i o n  of the express ions  d e f i n i n g  the cond i t ions  of 
i r a c t u r e  and t h e i r  method of determinat ion from load-def lect ion curves: 

1 Kc: S t r e s s  i n t e n s i t y  f a c t o r ,  K, has been descr ibed a s  a s ing le -  
parameter d e s c r i p t i o n  of the s t r e s s  and displacement f i e l d s  i n  the region 
of the  crack t ip .  The c r i t i o a l  s t r e s s  i n t e n s i t y  f a c t o r ,  Kc, is the 
va lue  of K f o r  u n s t a b l e  f r a c t u r e .  

For mid-point loading of s i n g l e  edgeno tched  f l e x u r a l  specimens ( 7 )  

Kc = Y 312 (pmaxt%/(b.d2) 

where 
Y = 1.93 - 3.07 a /d  + 14.53 (a/d12 - 25.11 ( a ~ d ) ~  + 25.8 (a /d )4  

Pmax = maximum load;  t = l e n g t h  of beam; a = l e n g t h  of notch; 

b = beam width; d = beam depth. 
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FIG. 2 

Frac  t u re - t e s  t i n g  ar rangement  
showing envi ronmenta l  chamber 
mounted on cross-head of 
I n s  t r o n  machine 

( 2 )  Gc: S t r a i n  energy r e l e a s e  r a t e ,  G ,  is a m a t e r i a l  c o n s t a n t  depending on 
the  phys i ca l  p roces ses  o c c u r r i n g  a t  t he  c r a c k  t i p  and is equa l  t o  twice 
t h e  f r a c t u r e  s u r f a c e  energy p e r  u n i t  a r e a .  C r i t i c a l  s t r a i n  energy 
r e l e a s e  r a t e  is  d e s i g n a t e d  Gc. 

The dependence of compliance ( r a t i o  of cent re-span  d e f l e c t i o n  t o  load)  
on crack  l e n g t h  was determined a t  each  water lcement  r a t i o  f o r  eve ry  
s e r i e s .  For a g iven  c rack  l e n g t h  samples were loaded t o  abou t  70% of t he  
maximum dur ing  each  load ing  cyc l e .  A f t e r  a  compliance de t e rmina t ion  the  
c r ack  was extended u s i n g  a saw and t h e  compliance f o r  t h e  new c rack  was 
determined.  Gc was c a l c u l a t e d  acco rd ing  t o  t he  fo l lowing  exp res s ion :  

Gc = PL, ( d ~ / d a )  12b 

where 

Pmax = maximum load;  C = compliance; a  = c rack  l e n g t h ;  

b = beam width.  

(3) Jc: J is  a p a t h  independent  l i n e  i n t e g r a l  d e s c r i b i n g  t h e  c r ack  t i p  
s t r e s s - s t r a i n  f i e l d  i n t e n s i t y  under e l a s t i c - p l a s t i c  cond i t i ons .  For 
e l a s  t i c  bod ie s  t he  c r i t i c a l  v a l u e  of J - i n t e g r a l  e q u a l s  Gc, i . e . ,  
Jc = Gc. 

This  c a l c u l a t i o n  r e q u i r e s  load-def lec t i o n  cu rves  f o r  b o t h  notched and 
unnotched samples. 

where 

An = a r e a  under  l oad -de f l ec t ion  cu rve  up t o  maximum load ,  P,, 

f o r  notched sample; 
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Au = a r e a  under load-de f l ec t ion  curve of the  unnotched sample up 
to  the maximum load,  P,,, which was determined f o r  the  

notched sample; 

b = specimen width. 

(4 )  Work of f r a c t u r e ,  yT: This  term is  determined by d i v i d i n g  the  a r e a  
under t h e  t o t a l  load-de f l ec t ion  curve by the  a r e a  of the  uncracked beam 
l igament  (b.{d-a)) .  y~ r e p r e s e n t s  the  work of f r a c t u r e  f o r  crack 
i n i t i a t i o n  and propagation.  The a r e a  under the  ascending p o r t i o n  of the  
load-def lect ion curve can a l s o  be determined, and when t h i s  a r e a  is  
divided by the uncracked l igament a r e a  an  e s t i m a t e  of the work of 
f r a c t u r e  f o r  crack i n i t i a t i o n ,  y i, is  obtained. 

FIG. 3 

P l o t  of s t r e s s  i n t e n s i t y  f a c t o r ,  E 
Kc v e r s u s  microhardness f o r  2 20 

var ious  HAC prepara t ions  + 5 
V) 
V) u, 

E 
VI 

20 30 40 50 60 70 80 90 !OO 

MICROHARDNESS. H x lo-', MPa 

Observations 

Dependence of F r a c t u r e  Terms on Microhardness 

F r a c t u r e  t e r m s ,  K c ,  G c ,  J C  a n d  y T ,  a r e  p l o t t e d  a g a i n s t  
microhardness,  H, f o r  s e r i e s  1-8 p repara t ions  (Figs.  3-6). There is a l i n e a r  
dependence of l o g a r i t h a s  on microhardness f o r  many of the  terms; some depen- 
dences a r e  non-linear. Regression a n a l y s i s  f o r  the l i n e a r  curves  is  presen- 
ted  i n  Table  11, and can  genera l ly  be desc r ibed  a s  follows: semi-log p l o t s  
of Kc, Gc and Jc v e r s u s  H f o r  s e r i e s  1 t o  4 a r e  l i n e a r ,  and va lues  of 
these  terms inc rease  w i t h  microhardness. One curve f o r  each f r a c t u r e  term 
f i t s  t h e  d a t a  f o r  s e r i e s  1 t o  4. A semi-log p l o t  of y, ve r sus  H f o r  s e r i e s  
1 is a l s o  l i n e a r .  A l l  o t h e r  l o g  y ve r sus  H curves  ( s e g i e s  2 t o  8 )  a r e  non- 
l i n e a r  and i n c r e a s e  t o  a maximum value,  then dec rease  a s  H inc reases .  The 
l o g  ( K c  , J c  , Gc, yT) v e r s u s  H curves  f o r  s e r i e s  5 a r e  non-linear and 
genera l ly  i n c r e a s e  t o  a maximum va lue  a s  H inc reases ;  f o r  yT and Gc they 
subsequent ly  dec rease  w i t h  i n c r e a s i n g  H. The curve,  l o g  K, v e r s u s  H f o r  
s e r i e s  8, i s  l i n e a r  and l o g  K, i n c r e a s e s  w i t h  H. Log (Jc,  Gc, Y ~ )  
f o r  system 8 i nc reases ,  however, t o  a maximum and then decreases  a s  hardness 
increases .  Log ( K ~ ,  Gc, Jc) v e r s u s  H curves  f o r  s e r i e s  6 and 7 a r e  
a l s o  l i n e a r  and each  curve has a g r e a t e r  s l o p e  than the  curve f o r  s e r i e s  
1 t o  4. 



J.J. Beaudoin 
Vol. 12 ,  No. 3 

I I I t r J  . . I I 1 1 -  
1 :  
; i 'd 

- 
7 . .  

N 

E 

30 - 
U 

C)  

- 2 0 -  
C 
4 
(L 

HIGH ALUMINA CEMENT 

. I 
m 2 
A 3 

v 4 

1 . 1 ~  [ I I I I I 
0  10 20 30 40 50  60 70 80 90 100 

FIG. 4 

P l o t  of s t r a i n  energy r e l e a s e  r a t e  
ve r sus  microhardness f o r  va r ious  
KAC prepara t ions  
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Discussion 

I n  t h i s  study f r a c t u r e  terms ( K c  Gc, J,) f o r  HAC systems a r e  
dependent: on microhardness, i n  agreement w i t h  measurement of inden ta t ion  
f r a c t u r e  of non-porous ceramic bodies. Hydrated HAC sys  tems con ta in ing  
mixtures  of hexagonal phases and cub ic  phases had l a r g e r  i n c r e a s e s  i n  these  
f r a c t u r e  terms f o r  an equ iva len t  microhardness change than the  s y s  tems 
c o n s i s t i n g  mainly of hexagonal phases alone. 

A p o s s i b l e  exp lana t ion  of t h i s  behaviour is  t h a t  the  denser  cubic  phase 
(dens i ty  of C AH6 = 2.52; CAH = 1.75) occurs  a s  f i n e l y  dispersed i n c l u s i o n s  
t h a t  modify t i e  s t r e s s  f i e l d  i n  t h e  m a t e r i a l  and a c t  a s  crack a r r e s t o r s .  The 
( K c  G,, J,) ve r sus  microhardness curves  f o r  the  mixed morphology 
p repara t ions  c ross  the curves f o r  p repara t ions  c o n s i s t i n g  mainly of hexagonal 
phases. A t  lower microhardness va lues  mixed morphology systems have lower 
f r a c t u r e  values ,  poss ib ly  owing t o  the r e l a t i v e  ease  of crack i n i t i a t i o n  and 
propagat ion through weak a r e a s  a t  p o i n t s  of i n t e r p a r t i c l e  contact .  

The r a t e  of change of Kc w i t h  hardness f o r  the  p repara t ion  con ta in ing  
mainly cubic  phase is  a l s o  g r e a t e r  than the  mainly hexagonal systems. Gc 
and Jc f o r  the  cubic  m a t e r i a l  inc rease  w i t h  hardness i n  the  same manner a s  
do the mixed morphology systems, but  decrease  a t  higher microhardness values.  
The decrease  may be due t o  pore-crack, i n t e r a c t i o n .  F rac tu re  toughness may be 
dependent on c rack-a r res t ing  p r o p e r t i e s  of pores  a s  w e l l  a s  on t o t a l  
p o r o s i t y  (8). Values of Kc f o r  some porous ceramics,  e.g., beryl l ium,  
i n c r e a s e  t o a  maximum and then decrease  a s  s t r e n g t h  inc reases  (9) .  
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TABLE I1 

Regression Analysis  of Fracture-Microhardness Data 

S e r i e s  Regression Cor re la t ion  
Equation C o e f f i c i e n t  

( r )  

1-4 K, = 16.86 exp (0.019) H 
G, = 1.88 exp (0.041) H 
J, = 4.29 exp (0.027) H 

1 y~ = 6.12 exp (0.026) H 
6 K, = 9.33 exp (0.060) H 
7 K, = 2.08 exp (0.101) H 
8 K, = 14.45 exp (0.046) H 
6 Gc = 0.51 exp (0.104) H 
7 Gc = 0.71 exp (0.099) H 
6,7 J, = 0.19 exp (0.124) H 
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P l o t  of J - i n t e g r a l  v e r s u s  P l o t  of work of f r a c t u r e  ve rsus  
microhardness f o r  va r ious  microhardness f o r  va r ious  HAC 

HAC prepara t ions  p repara t ions  
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P l o t  of J - i n t e g r a l  versus  s t r a i n  
energy r e l e a s e  r a t e  f o r  va r ious  
HAC prepara t ions  

S T R A I N  E N E R G Y  R E L E A S E  R A T E ,  G c .  J l m  
2 

I t  is apparent  t h a t  i n  cement s y s  terns micros t r u c t u r a l  f e a t u r e s ,  e.g., 
poros i ty ,  pore s t r u c t u r e ,  dens i ty ,  c r y s t a l l i n i t y  and morphology, may a f f e c t  
the  dependence of the  f r a c t u r e  terms on microhardness. Two p ieces  of 
evidence support  the a p p l i c a t i o n  of l i n e a r  f r a c t u r e  mechanics and the bond 
r u p t u r e  process  f o r  the  m a t e r i a l s  s tudied.  

(1) Measured va lues  of G, f o r  ceramic m a t e r i a l s  and f o r  the  HAC systems 
s t u d i e d  approach va lues  of 2-y with in  a f a c t o r  of two o r  t h r e e  ( s e e  
Table  111). Gc is s e v e r a l  o r d e r s  of magnitude i n  excess  of 2y f o r  
m e t a l l i c  and polymeric m a t e r i a l s ,  which f r a c t u r e  according t o  a p l a s t i c  
c rack- t ip  s e p a r a t i o n  process.  

(2 )  I d e a l l y ,  i f  l i n e a r  e l a s t i c  processes  a r e  involved i n  f r a c t u r e ,  
Jc = Gc. F i g u r e  7 is  a p l o t  of Jc v e r s u s  Gc f o r  t h e  HAC 
s y s t e m s .  The d a t a  p o i n t s  a r e  pos i t ioned  abou t  the  " l i n e  of equa l i ty . "  
Regression a n a l y s i s  g i v e s  a l i n e ,  Jc = 5.07 + 0.700 Gc w i t h  
c o r r e l a t i o n  c o e f f i c i e n t  = 79.3%. 

TABLE 111 

Rat io  of ~ , / y  f o r  Various M a t e r i a l s  

Reference 
Mate r ia l s  

HAC 
Series* 

- - - - -  - 

*Values f o r  each s e r i e s  a r e  average va lues  f o r  va r ious  w/c prepara t ions  
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Conclusions 

1. There is  a r e l a t i o n  between f r a c t u r e  behaviour of high alumina cement 
systems and microhardness. This  means t h a t  i t  may be poss ib le  t o  
e s t i m a t e  the  va lues  of the  f r a c t u r e  terms from microhardness 
measurements. 

2. The r e l a t i o n  between the  f r a c t u r e  terms and microhardness i s  dependent on 
t h e  morphology of the  hydrat ion products.  

3. Mixed morphology (hexagonal and cub ic  phases) systems have g r e a t e r  
f r a c t u r e  toughness than systems containing mainly hexagonal phases except  
a t  low values  of microhardness. 

4. Non-linear r e l a t i o n s  between l o g a r i t h n s  of work of f r a c t u r e  and micro- 
hardness a r e  obta ined f o r  most systems. Non-linearity may r e s u l t  from 
energy d i s s i p a t i o n  processes  due t o  pore-crack i n t e r a c t i o n .  

5. Approximate equivalence of J - i n t e g r a l  and s t r a i n  energy r e l e a s e  r a t e  
supports  the assump t i o n  t h a t  l i n e a r  e l a s  t i c  f r a c t u r e  mechanics is app l ic -  
a b l e  high alumina cement p a s t e  s y s  terns. 
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