
S T U D Y  OF T H E  S T R U C T U R I Z A T I O N  K I N E T I C S  

H A R D E N I N G  D I S P E R S I O N  S Y S T E M S  BY T H E  

I N T E R N A L  F R I C T I O N  M E T H O D  

Y a .  M. Y u f i k  a n d  N.  I .  G a m a y u n o v  

IN 

UDC 541.182:532,135 

An experimental study was made concerning changes in the internal friction in a disperse 
material during hardening and the effect of the initial solid-to-liquid contents ratio on the 
structurization process. 

According to our la test  concepts [1-4], changes in the rheological  proper t ies  of a d ispers ion  sys tem 
a re  the main indicator of a s t ronge r  interact ion between par t ic les  of the d ispersed  phase and of the spatial 
s t ructur iza t ion during hardening. The rheological  p roper t i es  of a mater ia l  a re  determined by the nature 
of the relaxation p r o c e s s e s  which develop in a s t ruc ture  as a resul t  of a depar ture  f rom thermodynamic 
equil ibrium during deformation.  

The magnitude of internal  friction, which can be calculated f rom measuremen t s  of the rheological  
p a r a m e t e r s  of a mater ia l  [5, 6}, does most  general ly  charac te r i ze  the total effect of the various relaxation 
p r o c e s s e s .  

Res tor ing  a thermodynamic  equil ibrium within the boundaries  of individual mic ros t ruc tu re  elements  
in a deformed specimen requi res  much less  time than the t ransi t ion of an entire sys tem to an equilibrium 
state.  Fo r  a study of the mic ros t ruc tu r i za t ion  kinetics in a d i sperse  mater ia l  during hardening, therefore ,  
one must  measure  the rheological  p a r a m e t e r s  during short  loading per iods  which cor respond  to the high- 
f requency range of the relaxation spec t rum.  

At present ,  the response  of a disp~ersion sys tem to shor t - t ime  loads is studied by ul t rasonic  pulse 
[71 or other  dynamic methods [8, 9]. Indirect  dynamic methods yield only a qualitative descript ion of the 
s t ruc tur iza t ion  p rocess ,  however,  inasmuch as the p a r a m e t e r s  which charac te r i ze  the propagation of an 
acoust ic  wave through a nonhomogeneous d isperse  medium are  determined not only by the rheological  prop-  
e r t ies  of the s t ruc ture  but also fo remos t  by the effects of sca t t e r  at the inhomogeneities [10]. 

F o r  a more  thorough study of the rheological  p roper t i es  of a s t ruc ture  during its formation,  it is 
n e c e s s a r y  to follow both the deformat ion p roces s  and the s t r e s s  field in a specimen di rec t ly  while a shor t -  
time quasistat ic  load is applied. 

In this ar t ic le  we show the resu l t s  of such studies which have been made on aqueous cement  
d ispers ions  according to the procedure  outlined in [11]. 

The gist of the test  p rocedure  was as follows. A longitudinal s t r e s s  pulse was induced by a cyl indr i -  
cal specimen of the test  mater ia l  1 (Fig. 1), which had been shaped in a special  vessel ,  by str iking one end 
of it. A change in the s t r e s s  field of the mate r ia l  during relaxation within a time equal to the pulse dura -  
tion was determined by the displacement  mode of a bal l is t ic  pendulum 2 touching the cyl indrical  specimen 
at the other end. The s t r a i n - t i m e  relat ion was establ ished on the basis  of the velocity of the free speci -  
men end when unconst ra ined by the pendulum [12]. Owing to the low strength of the mater ia l  during the 
initial s tages of the hardening p roce s s  and, therefore ,  also to the necess i ty  of measur ing  displacement  
pulses  of smal l  amplitudes,  we used for  this a l a se r  with an external  adjustable m i r r o r  [13]. In o rde r  to 
r eco rd  the motion of the pendulum and of the specimen,  we had mounted on them miniature m i r r o r s  3 
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Fig. 1 .  Schematic diagram of the measur ing  
apparatus:  1) specimen;  2) bal l is t ic  pendulum; 
3) m i r r o r ;  4) l ase r ;  5) photorece iver ;  6) am-  
pl if ier ;  7) osci l lograph with memory  circui t .  

adjustable by means of a mechan i sm re la t ive  to the 
optical axis of the l a se r  4. A displacement  of such a 
m i r r o r  caused modulation of the l ase r  beam a t  a f r e -  
quency 

2vs f :  

The modulated beam was picked up by a photorece iver  
5 and a signal f rom here ,  a f ter  amplification, was 
t ransmit ted  to the input of an osci l lograph 7 with a 
memory  circui t .  Using a he l ium-neon  lase r  (wave- 
length l = 6328/~) ensured a resolution of 0.3 ~ in  our 
measu remen t s .  

When an acoustic pulse travels  through:a  d i s -  
perse  medium, one notes a change in the pulse f o r m  
and in the spec t ra l  makeup, owing to a s t rong at-  
tenuation of the high-frequency harmonics .  It thus 
becomes  possible to establish nearly quasis tat ic  

loading conditions at the input end of the specimen,  with appropr ia te  specimen dimensions and pulse am-  
plitude. 

The s t ra in  amplitude in our specimen did not exceed the l ineari ty limits of the s t r e s s - s t r a i n  relation, 
which had been determined by p r io r  measuremen t s .  We studied the effect of the initial l iquid- to-sol id  
contents rat io in the suspension on the s t ructur iza t ion kinetics in the d isperse  mater ia l .  For  this study we 
used grade 400 Port land cement  of the following minera l  composit ion: 58.870 C~S, 13.0~0 C2S, 14.20~ C4AF, 
and 5.84% C3A. A study of changes in the rheological  p roper t i es  of the hardening cement  paste has revealed 
the following t rends.  During the f i r s t  35-120 rain af ter  mixing {depending on the wa te r - t o - cemen t  rat io and 
on the conditions of hardening), the s t r e s s e s  genera ted  in a specimen due to s t r a i n s  of a magnitude e ~ 10 -5 
re lax  completely within a very  short  time T ~ (3-4) �9 10 -5 sec.  Here the sensit ivity Of our measur ing  ins t ru-  
ments  was not adequate enough to yield the actual shape of the relaxation curves .  During the next stage of 
hardening the rheological  behavior  of the mate r ia l  changes:  under  a constant s t rain the s t r e s s e s  re lax to 
a cer ta in  l imiting level a r ,  while the shape of the relaxation curves  approaches  an exponential one. In this 
way, the rheological  behavior  of the test  mater ia l  within loading t imes and load amplitudes as in our ex- 
pe r iment  {e ~ 10 -5, t ~ 10 -4 sec) cor responds  to the rheological  behavior  of a model s tandard- l inear  body, 
while the hardening of the mater ia l  may be regarded  as a continuous change in the model pa rame te r s .  

On the basis  of test  data re lat ing to well-known formulas  for a s tandard- l inear  body [5], we have 
calculated the modulus defect A E and the mechanical  loss  tangent tan ~0 at the frequency v = 20 kHz. The 
resul ts  for  a hardening paste with a 0.28 w a t e r - t o - c e m e n t  rat io are  shown in Fig. 2a. 

According to the d iagram,  the initial stage of s t ructur iza t ion is charac te r i zed  by a decrease  in in- 
ternal  fr ict ion within the sys tem.  The modulus defect also diminishes fast .  The regular i ty  of the p rocess  
becomes  interrupted by a shor t  interval  of increas ing A E and t a n r  af ter  which both again decrease  at a 
general ly s lower ra te .  

These observed trends in the mechanical  p roper t i es  of the sys tem indicate that, while the mater ia l  
hardens ,  the relaxation p r o c e s s e s  which occur  in a s t ruc ture  under load abate.  As a result ,  the sys tem 
response  to momenta ry  loads becomes  predominant ly  elast ic .  Inasmuch as the development of elast ic 
s t r e s s e s  is connected with the formation of a polycrysta l l ine  s t ruc ture ,  the phenomenon of a temporar i ly  
increas ing  modulus defect and mechanical  loss tangent should be regarded  as a resu l t  of par t ia l  breakdown 
due to internal s t r e s s e s .  

A complete s t r e s s  relaxation in a deformed specimen,  which is observed during the initial s tages of 
the hardening p rocess ,  indicates that there is no single s t ruc tura l  skeleton in the sys tem which would en-  
sure  elast ici ty levels  measurable  by our method. 

It is reasonable  to charac te r i ze  the s t ructur iza t ion kinetics by the time | (Fig. 2a) f rom the s ta r t  
of mixing to the instant  T 1 when s t r e s s  a r  r i s e s  above zero,  the time @2 f rom instant T 1 to instant T 2 when 
t a n r  and A E both become maximum, and time @3 during which A E changes f rom AE max to AE max/10.  
The amplitude of the breakdown effect may be cha rac te r i zed  by the peak height on the tan r curve.  It m a y  
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Variat ion in tan(p (1) and in AE (2) during the hardening of cement  paste with a wa te r - to -  
cement  rat io 0.28 (a), 0.35 (b), and 0.5 (c). 

be assumed  that the time | cor responds  to the induction per iod of the s t ruc tur iza t ion  p rocess ,  i . e . ,  in- 
cludes the induction per iod of hydration plus the time n e c e s s a r y  for  forming the p r i m a r y  crysta l l ine  s t ruc -  
ture.  Fur the r  evolution of the crysta l l ine  s t ruc ture  is accompanied by a par t ia l  breakdown, and @2 r e p r e -  
sents the time interval  f rom the format ion of the p r i m a r y  skeleton to its far thes t  breakdown. Time @3 is 
approximately  the period,  af ter  breakdown, during which the internal  fr ict ion and the modulus defect change 
at a s lower  rate and their  levels  stabil ize.  

In o rder  to study the effect  of the initial concentrat ion of the solid phase in a d ispers ion sys tem on 
the s t ruc tur iza t ion  kinetics,  we p repared  specimens  with different wa t e r - t o - cemen t  rat ios:  0.35 and 0.50. 
The resul ts  a re  shown in Fig. 2b, c. 

A compilation of the data shows that, as the concentra t ion of the solid phase in the original  suspen-  
sion dec reases ,  the s t ruc tur iza t ion  p roce s s  slows down: time @3, i .e . ,  the induction per iod becomes  
longer.  The observed changes in the s t ruc tar iza t ion  kinetics are  related to the effect which the concen-  
t rat ion of the original  solid phase has on the manner  of mois ture  distr ibution in the sys tem and on the con- 
ditions of hydrate  format ion.  

During the initial s tages of hydration there fo rms  a gel- l ike porous shell around stilt  unhydrated 
cl inker grains  [14]. At the same time, although the density of hydrate  par t ic les  at the grain sur faces  does 
not depend on the initial w a t e r - t o - c e m e n t  rat io [15], the volume density and the poros i ty  of the gel s t r uc -  
ture is apparent ly re la ted to this rat io.  In a highly mo i s tu r e - s a tu r a t ed  medium there fo rms  a friable gel 
m a s s  which requ i res  a longer  time for hydration and for  developing a spatial s t ruc ture ,  so that time 03 
becomes  longer.  Reducing the density of the hardening s t ruc ture  should resu l t  in a reduction of its po ros -  
ity, since the c rys ta l l iza t ion  contacts  per  unit overal l  volume become fewer.  On the other hand, however,  
a low supersa tura t ion  level prevents  a fast  format ion  of a spatial  and a superf icial  phase,  thus increas ing 
the fract ion of the contactive phase in the total volume of new s t ruc tu res  [16]. An increase  in the fraction 
of the eontactive phase faci l i tates the format ion of a s t ronger  s t ruc ture ,  since in this case more  new s t ruc -  
tures  par t ic ipate  in building up the s trength cha rac t e r i s t i c s  of the sys tem.  It must  be assumed  that the ef-  
fect of this last  factor  was predominant  in our case,  inasmuch as the breakdown phenomena were appre -  
ciably scaled down at a higher w a t e r - t o - c e m e n t  rat io.  A substantial  role is played also by the decrease  in 
internal  s t r e s s e s  within the crysta l l ine  s t ruc ture  where the supersa tura t ion  level becomes  reduced.  
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is the modulation frequeney of the l ase r  beam; 
is the radiat ion wavelength; 
is the m i r r o r  vetoeity;  
is a geomet r ica l  p a r a m e t e r  of the sys tem;  
is the mechanical  loss tangent; 
is the modulus defect; 
~s the s t rain;  
is the load duration; 
are  the per iods  of the respect ive  s t ruc tur iza t ion  s tages;  
is the relaxat ion period;  
is the duration of the hardening p rocess ,  h; 
is the relaxat ion s t r e s s .  
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