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stora&ve	
  procedures.	
  Objec&ve:	
  Our	
  objec&ve	
  was	
  to	
  introduce	
  gas	
  adsorp&on	
  porosimetry	
  
as	
  a	
  viable	
  method	
  for	
  evalua1on	
  of	
  general	
  porosity	
  and	
  specific	
  pore	
  characteris1cs	
  of	
  set	
  
Portland	
  cement	
  used	
  in	
  subs1tute	
  for	
  MTA,	
  to	
  inves1gate	
  the	
  effect	
  of	
  two	
  different	
  obtu-­‐
ra#on	
  methods	
  (compac#on	
  and	
  compac#on	
   in	
  conjunc#on	
  with	
   indirect	
  ultrasonic	
  agita-­‐
!on	
  of	
  the	
  cement	
  paste),	
  and	
  to	
  evaluate	
  the	
  correla.on	
  between	
  the	
  specific	
  pore	
  cha!"
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!"#$%&"'(")*!"#$%&'!#()*&+$,-.)!/&0&'12-­‐tailed	
  student	
  t-­‐!"#!$%&#$'#"($)*+$#!&,#,-&.$-*!"
parison	
   of	
   data,	
   and	
   a	
   regression	
   analysis	
  was	
   done	
   to	
   evaluate	
   the	
   correla6on	
  between	
  
each	
  specific	
  pore	
  characteris-c	
  and	
  compressive	
  strength	
  in	
  general.	
  Results!"#$%"&'(")o-­‐
rosimetry	
  method	
   provided	
  measurable	
   values	
   rela2ng	
   to	
   specific	
   pore	
   characteris2cs	
   of	
  
Portland	
   cement.	
   The	
   stereomicroscopy	
   evalua6on	
   revealed	
  marked	
  differences	
  between	
  
samples	
  from	
  the	
  two	
  groups,	
  namely	
  visibly	
  larger	
  pores	
  both	
  on	
  the	
  outside	
  surface	
  and	
  
in	
  cross-­‐sec$ons	
  of	
  specimens	
  prepared	
  by	
  the	
  indirect	
  ultrasonic	
  ac$va$on	
  method.	
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  volume	
  of	
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! !"#$	
  
Compressive	
   strength	
   vs.	
   Pore	
   size	
   dis-­‐
tribution!

	
   A	
  negative	
  regre! !"#$%&"'(%)%*#! ! !"
!! !"#$% &! ! !!!!"#$%& '(&-­‐!"#$% &'()&% *'+*% ,-% *'.%
!"#$% &'($% ")% &*! !"#$% &! !"#$%#&'( )*#(!" !"
!"# ! !"#$% !&'$()&*% +,% !-! !"#$% &#'($% &)% (!"
!"#$%#&'()! !"#$! !"#	
  
!"#$#%&'($%! !"#$ !

	
   !"# $%&' !!!! ! !"#$%& #'& ()! !"#$%&
! ! !"#!!"# $%&'(!$# )*+&# !%,-# .*+/'# 0!*!#
!"#$%&' ()&%' *+' ()&%,' ' -.)/)#!!"# $%# &'()*%+#

!"#"$%&' ("))&! !"#!$% &"% '(!% $)! face	
   appear-­‐
ance	
   of	
   the	
   two	
   cylindrical	
   specimens.	
   The	
  
sample	
   prepared	
   by	
   vertical	
   compaction	
  
force	
   alone	
   presented	
   a	
   more	
   uniform	
   ap-­‐
pearance	
  of	
  its	
  outside	
  surface	
  area	
  with	
  no	
  
obvious	
   large	
  porosities	
   or	
   transition	
   lines.	
  	
  
However,	
  this	
  specimen	
  presents	
  numerous	
  
larger	
  porosities	
  and	
  a	
  number	
  of	
  transition	
  
lines	
  which	
   co! respond	
   to	
   the	
   junction	
   be-­‐
tween	
  aliquots	
  of	
  cement	
  paste	
  place	
  on	
  top	
  
of	
  each	
  other	
  during	
  the	
  segmental	
  compac-­‐
tion	
  of	
  the	
  cement.	
  
	
   The	
  same	
  side	
  by	
  side	
  comparison	
  
of	
  cross	
  sections	
  of	
   samples	
  were	
  arranged	
  
as	
   before,	
   but	
   at	
   10X	
  magni+ication	
   reveals	
  
similar	
   arrangement	
   of	
   larger	
   pore	
   sizes	
  
and	
  transition	
   lines	
  present	
   throughout	
   the	
  
interior	
   bulk	
   of	
   the	
   sample	
   prepared	
   by	
  
compaction	
   in	
   conjunction	
   with	
   ultrasonic	
  
activation	
  (Figure	
  3a).	
  A	
  closer	
  look	
  at	
  tran-­‐
sition	
   lines	
  visualized	
   at	
   25X	
  magni2ication	
  
reveals	
   weak	
   faults	
   created	
   between	
   ali-­‐
quots	
   of	
   cement	
   samples	
   placed	
   by	
   the	
  
combined	
  compaction	
  and	
  ultrasonic	
  activa-­‐
tion	
  method	
  (Figure	
  3b).	
  

!

Discussion!

	
   In	
   this	
   study,	
   we	
   introduced	
   gas	
  
adsorption	
   porosimetry	
   as	
   an	
   acceptable	
  
method	
   for	
   evaluation	
   and	
   distinction	
   of	
  
speci&ic	
   pore	
   characteristics	
   of	
   a	
   dental	
   re-­‐
storative	
   material,	
   namely	
   its	
   BET	
   speci4ic	
  
surface	
   area,	
   pore	
   volume	
   and	
   pore	
   size	
  
!"#$%"&'$"()*+ + ,-"#+ ./$-(!+ (0+ 1)123#"#+ 4/n-­‐
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!"#$ -­‐!"#$%#&'#()&*#&+*,-.%",/#.,-,*"0$%-1#"*#
suitable	
   for	
   the	
   materials	
   with	
   apertures	
  
smaller	
   than	
  50nm	
  or	
   the	
  powder	
  with	
   the	
  
!"#$%&'()*%+()*,"''(#)$-".)/00.,)1 20].”	
  Our	
  
!"#"$%&'()!$#&"#$*"%$"!%'+,#-'.$,'+'%-/ !"
!"#$ %&'()$ *+$ ',+)$ -&"$ %&./0"0!12+$ +20('!"
!"#$%&$'%(!&!"(!")&*%&$&*+("(%#,%-#./%)0&.&!"
!"#$%!$&%'()' *$))"#"+!' *"+!,-' .,!"#$,-%'$+' ,!"
!"#"$%& #$& '()*+)#"%,& #-'& '..'/#0& $.& /-'1"/)*&
or	
  physical	
  manipulations	
  on	
  the	
  materials’	
  
speci&ic	
  pore	
  characteristics.	
  Lee	
  at	
  al	
  stated	
  
that	
   gas	
   adsorption	
   technique	
   gives	
   the	
  
largest	
   amount	
   of	
   information	
   for	
   the	
   po-­‐
rous	
  structure	
  of	
  solids	
  [21].	
  
	
   When	
  comparing	
   the	
  pore	
  charac-­‐
!"#$%!$&%' ()' %*+,-"%' ,-*&".' /0' "$!1"#' ()' !1"'
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!"#!$%&'()*'$+,-"!&('%&."!/)%0((1.%(")23%$,(
!"#$%&'()&*$#+&$+&,#(*#+-($#$+.,/#0&1&#2(!"
!"#$% $&#% "'% "(#% (!)(% *'+"% ',% -% .-/)#/% +*-.#%
analysis.	
  
	
   Based	
   on	
   the	
   limited	
   number	
   of	
  
samples	
  tested,	
  eight	
  samples	
  per	
  group,	
  no	
  
statistically	
   signi+icant	
   differences	
   in	
   either	
  
the	
  average	
  BET	
  speci0ic	
   surface	
  area,	
  pore	
  
volume	
  or	
  pore	
  size	
  distribution	
  of	
  samples	
  
from	
   either	
   of	
   the	
   two	
   groups	
   may	
   be	
   re-­‐
ported.	
  	
  However,	
  from	
  this	
  data	
  trends	
  may	
  
!"#$!%"rved.	
  	
  First,	
  our	
  data	
  showed	
  a	
  trend	
  
toward	
  larger	
  average	
  surface	
  area	
  of	
  pores	
  
in	
   those	
   samples	
   prepared	
   by	
   compaction	
  
alone.	
  	
  In	
  contrast,	
  there	
  was	
  a	
  trend	
  toward	
  
smaller	
   average	
   surface	
   area	
   of	
   pores	
   in	
  
those	
   samples	
   prepared	
   by	
   compaction	
   in	
  
conjunction	
  with	
  ultrasonic	
  activation	
  of	
  the	
  
paste	
   during	
   its	
   placement.	
   	
   Second,	
   we	
  
observed	
   similar	
   results	
  with	
   samples	
   pr!"
!"#$%&'(&)*+!"),-*.&"/*.$&01*2-.3&"&,#$.%&
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!"#$%!&$!'#!" #$%&'!(#)$" )*" (+'" %,-&.'%"
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!"#!$%&!'(!!"% ')!% '(*+%%,'%-ppeared	
   that	
   a	
  
sample	
  prepared	
  by	
  compaction	
  alone	
  had	
  a	
  
more	
   uniform	
   outer	
   surface	
   	
   which	
   was	
  
devoid	
   of	
   any	
   noticeably	
   large	
   sized	
   air-­‐
entrapped	
   pores	
   that	
   were	
   more	
   readily	
  
observed	
  on	
  the	
  outer	
  surface	
  of	
  the	
  sample	
  
prepared	
   by	
   the	
   indirect	
   ultrasonic	
   activa-­‐

tion	
   of	
   the	
   paste	
   during	
   its	
   placement.	
   	
   A	
  
similar	
   pattern	
   was	
   also	
   observed	
   in	
   mid-­‐
!"#$%&'())%)$&*"(#+!%,'$,+rations	
  of	
  samples	
  
from	
   both	
   groups.	
   	
   These	
   cross	
   sectional	
  
preparations	
   also	
   revealed	
   the	
   presence	
   of	
  
more	
   numerous	
   air-­‐entrapped	
   pores	
   in	
  
samples	
   prepared	
   by	
   ultrasonic	
   activation.	
  	
  
Similar	
  observations	
  have	
  also	
  been	
  report-­‐
ed	
   in	
   other	
   investigations	
  where	
   a	
   “direct”	
  
activation	
   of	
   the	
   cement	
   through	
   insertion	
  
of	
  the	
  vibrating	
  ultrasonic	
  tip	
  into	
  the	
  paste	
  
is	
   thought	
   to	
   create	
   a	
   “whi!"
ping”	
  motion	
  in	
  the	
  paste,	
  lead-­‐
ing	
  to	
  introduction	
  of	
  larger	
  air	
  
bubbles	
   into	
   the	
   paste	
   [14].	
  
Another	
   explanation	
   for	
   this	
  
observation	
  may	
   be	
   related	
   to	
  
a	
  phenomenon	
  of	
   the	
  action	
  of	
  
!"#$asonically	
   vibrating	
   in-­‐
struments	
   in	
   liquid	
  media,	
   call	
  
“acoustic	
   cavitation	
   [22]”.	
   This	
  
phenomenon	
   may	
   potentially	
  
introduce	
  larger	
  bubbles	
  into	
  a	
  
more	
  viscous	
  medium,	
   such	
   as	
  
that	
   of	
   our	
   Portland	
   cement	
  
paste	
  specimens.	
  	
  	
  
	
   Another	
   noteworthy	
  
observation	
   that	
   was	
   made	
  
only	
  in	
  the	
  sample	
  prepared	
  by	
  
the	
   indirect	
   ultrasonic	
   activa-­‐
tion	
  was	
   the	
   presence	
   of	
   hori-­‐
zontal	
   demarcation	
   lines	
   be-­‐
tween	
   aliquots	
   of	
   cement	
  
placed	
  during	
  obturation	
  of	
  the	
  
mold.	
   	
  A	
   plausible	
   explana!"#$%
for	
   formation	
  of	
  such	
  demarcations	
  may	
  be	
  
that	
  the	
  agitation	
  provided	
  by	
  the	
  ultrasonic	
  
energy	
  may	
  have	
  potentially	
  forced	
  the	
  solid	
  
particles	
   of	
   Por!land	
   cement	
   to	
   stack-­‐up	
  
more	
   closely	
   against	
   each	
   other	
   by	
   forcing	
  
any	
   unbound	
   water	
   out	
   of	
   the	
   spaces	
   be-­‐
tween	
  those	
  particles,	
  and	
  essentially,	
  caus-­‐
ing	
  sediment! tion	
  of	
  the	
  solid	
  entities	
  in	
  the	
  
!"#$%-­‐cement	
   paste	
  mixture.	
   Other	
   reports	
  
have	
   shown	
   that	
   a	
   critical	
   increase	
   in	
   the	
  
liquid	
   component	
   of	
   hydraulic	
   cement	
  
would	
   lead	
   to	
  a	
  decrease	
   in	
   the	
  strength	
  of	
  
the	
  material.	
   	
   These	
   “watered-­‐down”	
   inter-­‐
faces	
  may	
  ultimately	
  present	
  as	
  those	
  weak	
  
“fault-­‐lines”	
   seen	
   in	
   the	
   indirect	
   ultr! soni-­‐
cally	
   pre!"#$%& '"(!)$'& *+& ,-#& (".+ i!ied	
  
images.	
  
	
  
	
   The	
   presence	
   of	
   visually	
   larger	
  
!"#$%& '(&%)*!+$%&!+),$d	
  by	
   the	
   indirect	
   ul-­‐
trasonic	
  activation	
  method	
  concur	
  with	
  our	
  
report	
   of	
   larger	
   values	
   for	
   aver!"#$ %&'#$
sizes	
   along	
   with	
   the	
   expected	
   correspond-­‐
ingly	
   smaller	
   average	
   pore	
   volume	
   and	
   av-­‐
!"#$!% &'"!% ()rface	
   area	
   of	
   samples	
   pre-­‐
pared	
  with	
   the	
  aid	
  of	
  an	
   indirect	
  ultrasonic	
  
activation	
   method.	
   	
   Such	
   .indings	
   are	
   in	
  
!"#$%&'$($"( )"'' ibly	
  more	
   sedimentation	
  of	
  
solid	
  Portland	
  cement	
  particles	
  in	
  the	
  paste	
  

pr! pared	
  by	
  the	
  indirect	
  ultrasonic	
  method.	
  	
  
This	
  conclusion	
  was	
  based	
  on	
  the	
  pooling	
  of	
  
water	
   observed	
   on	
   top	
   of	
   each	
   aliquot	
   of	
  
cement	
   paste	
   placed	
   to	
   make	
   up	
   a	
   whole	
  
sample.	
  	
  This	
  would	
  suggest	
  that	
  sa	
  

mples	
   prepared	
   by	
   the	
   indirect	
   ultrasonic	
  
activa!"#$% &'!(#)% *#+,)% '-.'/ tedly	
   have	
  
smaller	
  pores	
  sizes,	
  while	
  presenting	
  larger	
  
pore	
   surface	
   areas	
   and	
   pore	
   volumes.	
   	
   Yet	
  
this	
  was	
  not	
   supported	
  by	
  our	
  quantitative	
  
!"#"$%%&'%(')*'+'%#,"#%#,'%*-!irect	
  ultrasonic	
  

activation	
   creates	
   more	
   densely	
   packed	
  
specimens	
   with	
   smaller	
   pores	
   and	
   poten-­‐
!"#lly	
   larger	
   pore	
   surface	
   areas	
   and	
   pore	
  
volumes.	
   	
  The	
   larger	
   air	
  bubbles,	
   as	
   visual-­‐
ized	
   in	
   stereomicroscopic	
   evaluations,	
  may	
  
!"# $%&'(")*# &+,&# *-".# &+"# /,&,# "0$%1+# &$#
support	
   results	
   reporting	
   larger	
   average	
  
pore	
  size	
  distributions	
  and	
  smaller	
  average	
  
pore	
   surface	
   areas	
   and	
   pore	
   volumes	
   that	
  
contradict	
   the	
   visually	
   observed	
   signs	
   of	
  
!"#$%"&tation	
   in	
   the	
   indirectly	
   activated	
  
ultrasonic	
  method.	
  	
  Excluding	
  these	
  outliers	
  
we	
  report	
  that	
  samples	
  prepared	
  by	
  indirect	
  
ultrasonic	
   activation	
   are	
   indeed	
   more	
  
densely	
   packed	
   at	
   a	
   more	
   microstructural	
  
!"#"!$ %&"'$ ()mpared	
   to	
   those	
   placed	
   by	
  
!"#$%!&'"()%*"ne.	
  	
  Such	
  extrapolations	
  may	
  
be	
   further	
   supported	
   when	
   comparisons	
  
between	
   data	
   re*lecting	
   the	
   average	
   com-­‐
pressive	
   strength	
   of	
   samples	
   from	
   the	
   two	
  
groups	
  is	
  made.	
  
	
   Our	
   data	
   showed	
   that	
   the	
   place-­‐
ment	
   method	
   did	
   not	
   have	
   a	
   statistically	
  
signi%icant	
   effect	
   on	
   the	
   average	
   compres-­‐
sive	
   strength	
   of	
   the	
   samples	
   from	
   the	
   two	
  
groups;	
  however,	
  there	
  was	
  a	
  trend	
  toward	
  
samples	
   in	
   the	
   ultrasonically	
   activated	
  
group	
  having	
  a	
  higher	
  average	
  compressive	
  
strength	
   values	
   than	
   those	
   samples	
   placed	
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