
C H A P T E R  V

R E S U LT S  A N D  D ISCU SSIO N

With a promising results revealed by many previous works, this research has set 
its aim to develop a modified method for preparing transparent poly-crystal alumina 
by using slip casting technique. Effect of the starting materials and process variable 
on the properties of specimen obtained in each preparation stage will be thoroughly 
reported and discussed in this chapter.

5.1 Characterization of alumina powder as starting material

In order to get alumina sintered body with grain size in nanometer to 
submicrometer order, the starting raw material must be smaller than the target grain 
size otherwise growth of grains (or particle) during the sintering process will be 
hinder light transmission due to multilevel scattering inside the specimen [Apetz, et 
al. (2003)]. Therefore the particle size distribution (PSD) of starting alumina powder 
was taken into account as the first factor.

In this work, commercially available TM-DAR alumina powder was used as 
raw material. The TM-DAR alumina powder is sampled and dispersed in water and 
then ultrasonicated for 15 minutes in order to give the well-dispersed suspension. The 
suspension was characterized by the dynamic light-scattering technique to get particle 
size distribution (PSD), which is shown in Figure 5.1. From the result, alumina 
powder has an average size of 162 nm and its figure, which could be observed from 
typical image, is spherical as shown in Figure 5.2.
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F ig u r e  5.1 P a rtic le  s ize  d is tr ib u tio n  o f  T M -D A R  a lu m in a  p o w d e r  (a) %  N o . o f  

freq u e n c y  (b) %  c u lm u la tiv e  N o . o f  p a rtic le
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F ig u r e  5 .2  S E M  im ag e  o f  T M -D A R  a lu m in a  p o w d e r

5.2 R h e o lo g ic a l  b e h a v io r s  f o r  p r e p a r in g  o f  th e  a p p r o p r i a t e  a lu m in a  s lu r r ie s

5 .2 .1  E f fe c t  o f  o r g a n ic  c o n te n t  o n  th e  p r o p e r t ie s  o f  a lu m in a  s lu r r ie s

In  w e t p ro c e sse s , su c h  as s lip  cas tin g , p rep a ra tio n  o f  a  s lip  o r  su sp e n s io n  p lays 
an  im p o rta n t ro le  in  o b ta in in g  g reen  b o d y  sp ec im e n  w ith  h ig h  h o m o g e n e ity  and  h igh  
d en sity . In  o rd e r  to  id en tify  su itab le  co n d itio n s  fo r p re p a ra tio n  o f  w e ll-d isp e rsed  
a lu m in a  s lu rr ie s  w ith  h ig h  so lid  co n ten t, ro le  o f  o rg an ic  a d d itiv e s  a d d ed  to  s lu rries  
w as in v es tig a ted .

5 .2 .1 .1  E f fe c t  o f  P M A A  d e f lo c c u la n t  c o n c e n t r a t io n  o n  th e  v isc o s ity  o f  
a lu m in a  s lu r r ie s

P o ly m e th a c ry lic  a c id  (P M A A ) is an  e ffec tiv e  d e f lo c c u la n ts  w h ic h  cou ld  
p ro v id e  e le c tro s te r ic  re p u ls iv e  fo rce  due  to  a c cu m u la tio n  o f  e le c tr ic a l c h a rg es  and 
p o ly m er b a rr ie rs  o n  p a r tic le  su rface , re su ltin g  in p re v e n tin g  th e  a g g lo m e ra tio n  o f  
a lu m in a  p a rtic le s .
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A c c o rd in g  to  th e  re su lt in  F ig u re  5 .3 , o p tim a l v a lu e  o f  d eflo ccu lan t 
c o n c e n tra tio n  to  g e t s lu rry  w ith  m in im a l a p p a re n t v isc o s ity  c o u ld  b e  o b se rv ed  to  re ly  
o n  p e rcen tag e  o f  so lid  lo ad in g  in  s lu rrie s  w ith  a  ro ta tio n a l sp e e d  o f  100 rpm . It can  be 
c lea rly  seen  th a t e ffe c t o f  d e f lo ccu lan t ad d itio n  is d iv id e d  in to  2 reg io n s . In the  first 
reg io n , w ith  a  lo w  c o n te n t o f  d e flo c c u la n t v isco s ity  o f  a lu m in a  s lu rrie s  p rep a red  w ith  
an y  so lid  lo a d in g  w a s  v e ry  h igh . B u t w ith  fu rth e r  a d d it io n  o f  d e f lo c c u la n t th en  the  
s lu rrie s  v isc o s ity  b e c a m e  d ra s tic a lly  d ec rea sed . T h e  lo w es t v isc o s ity  o f  a lu m in a  slu rry  
w ith  so lid  lo a d in g  o f  70 , 75 an d  80 w t%  c o u ld  b e  a c h ie v e d  w ith  d eflo ccu lan t 
c o n c e n tra tio n  o f  1 .18, 1.25 and  1.50 w t% ., re sp ec tiv e ly . In  c o n tra s t, a  fu rth e r  in c rease  
in  d e f lo c c u la n t c o n c e n tra tio n  ab o v e  each  o p tim u m  p o in t re su lte d  in  a  s ig n ifican t 
in c rea se  in  s lu rr ie s  v isco sity . T h e re  re su lts  lead  to  im p lic a tio n s , w h ich  cou ld  be 
sch em a tica lly  d e p ic te d  in  F ig u re  5.4. W h en  in su ffic ien t a m o u n t o f  d e flo ccu lan t is 
ad d ed  in to  a lu m in a  slu rry , it is re a so n ab ly  su p p o sed  th a t th e re  is in sig n ifican t 
rep u ls iv e  fo rce  a c tin g  am o n g  each  su sp en d ed  p a rtic le . T h e re fo re  th o se  p a rtic le s  trend  
to  a g g lo m e ra te  as c o u ld  be  d ep ic ted  in  F ig u re  5 .4 (a ), re su lt in g  in  s lu rry  w ith  a 
re la tiv e ly  h ig h  v isc o s ity . A t th e  o p tim a l a d d itio n  o f  d e f lo c c u la n t, su ffic ie n t am o u n t o f  
d e f lo c c u la n t m o le c u le s  w o u ld  be  a ttach ed  to  th e  su rface  o f  e a c h  su sp e n d e d  a lu m in a  
p a rtic le , b r in g in g  a b o u t eq u ilib r iu m  o f  rep u ls iv e  an d  a ttra c tiv e  fo rc es  a c tin g  am o n g  
each  p a r tic le  (F ig u re  5 .4  (b)). T h e re fo re  a  u n ifo rm  su sp e n s io n  o f  a lu m in a  p artic les  
co u ld  be  p re p a re d  w ith  a  m in im a l v isco s ity  reg a rd in g  to  e a c h  so lid  lo ad in g . H o w ev er, 
w ith  a  fu rth e r  in c rea se  in d e f lo ccu lan t co n c e n tra tio n , an  e x c e ss iv e  am o u n t o f  
d e f lo c c u la n t m o le c u le s  co u ld  h in d e r m o v e m e n t o f  p a r tic le s  an d  resu lts  in 
ag g lo m e ra tio n  o f  d isp e rse d  p a rtic le s  as sh o w n  in F ig u re  5 .4  (c).
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Aron A6114 deflocculant content (%  based on dry weight o f slurry)

F ig u r e  5 .3  T h e  e ffe c t o f  A ro n  A 6 1 1 4  d e f lo c c u la n t c o n c e n tra tio n  o n  th e  v isco sity  o f  
70 % , 7 5 %  an d  8 0 %  so lid  lo ad in g  o f  a lu m in a  slu rries .
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(c)

Figure 5.4 T h e  m o d e l o f  P M M A  d e flo c c u la n t q u an tity  o n  th e  su b m ic ro n -a lu m in a  
s lu rr ie s  w ith  h ig h  so lid  co n te n t in  case  o f  (a ) in su ffic ie n t d e flo c c u la n t

(b ) a p p ro p r ia te  d e f lo c c u la n t in  w e ll-d isp e rse d  s lu rrie s  (c) e x ce ss  o f  d e f lo ccu lan t
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5 .2 .1 .2  E f fe c t  o f  C M C  b in d e r  c o n c e n t r a t io n  o n  th e  v is c o s ity  o f  w e ll-d is p e rs e d  
a lu m in a  s lu r r ie s

T he  re la tio n sh ip s  b e tw e e n  v isco s ity  and  b in d e r c o n c e n tra tio n  fo r a lu m in a  
s lu rrie s  w ith  so lid  c o n te n t o f  7 0 %  an d  75 %  are  sh o w n  in  F ig u re  5.5 . It can  be c lea rly  
seen  th a t a p p a re n t v is c o s ity  o f  a lu m in a  s lu rry  d ra s tic a lly  in c rea sed  w h en  a  few  
am o u n t o f  C M C  b in d e r  is ad d ed . T h is  ev en t c au se s  th e  p re se n c e  o f  ab so rb ed  b in d e r 
m o le c u le s  re su lts  in  th e  h in d e rin g  o f  p a rtic le  m o v em en t. P ra c tic a lly , s lu rrie s  w ith  ov er 
1200 M P a .s  w e re  to o  v isc o u s  fo r c a s tin g  it in  g y p su m  m o ld . H en ce , th e  ava ilab le  
co n te n t o f  b in d e r  e m p lo y e d  fo r fu rth e r  p ro cess  sh o u ld  in  th e  ran g e  o f  0 - 0.1 w t%  for 
75 %  so lid  lo a d in g  a n d  le ss  th a n  0 .2  w t%  fo r 70  %  so lid  lo ad in g .

A c c o rd in g  to  th e  re su lts  in  F ig u re  5.3 an d  5.5 , th e  c o m p o s it io n s  o f  s lu rrie s  to  
b e  s tu d ied  fu rth e r  a re  d e c id e d  as  sh o w n  in T ab le  5.1.

F ig u r e  5 .5  T h e  e ffe c t o f  b in d e r  c o n cen tra tio n  on  th e  v isc o s ity  o f  7 0 % , 7 5 %  an d  80%  
so lid  lo ad in g  o f  w e ll-d isp e rse d  a lu m in a  s lu rrie s
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T a b le  5.1 T h e  c o m p o s itio n  o f  s lu rries

S am p le  ID. C o m p o s itio n  (w t.% )
A lu m in a W ate r * D e flo c c u la n t * B inder

A 70 30 1.18 -
B 75 25 1.25 -
c 80 20 1.5 -
D 70 30 1.18 0.05
E 70 30 1.18 0.1
G 75 25 1.25 0.05
H 75 25 1.25 0.1

* B a se d  on  th e  d ry  a lu m in a  p o w d er

5 .2 .2  E f fe c t  o f  s p in d le  sp e e d  o n  th e  v is c o s ity  o f  th e  a lu m in a  s lu r r ie s

T h e  v isc o s ity  o f  s lu rrie s  g e n e ra lly  d ec re a se s  w ith  in c re a s in g  th e  sp in d le  speed  
d u e  to  th e  re a rra n g e m e n t o f  a d d itiv e  m o le c u le s  an d  a lu m in a  p a rtic le s . F ig u re  5.6 - 5 .8, 
sh o w  th e  re su lts  fo r  th e  s lu rrie s  w ith  d e f lo c c u la n t an d  F ig u re  5 .9  -  5 .1 0  sh o w  the 
s lu rrie s  w ith  d e f lo c c u la n t and  b in d er. T h is  k in d  o f  b e h a v io r  c o n fo rm ed  to  the  sh ear 
th in n in g  f lo w  m o d e l w h ic h  v isco s ity  v a rie s  on  tim e  and  sh e a r  fo rce  a c tin g  on  slu rries  
d u rin g  m ix in g .

J J S 1  q ร ê J l
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S p in d le  sp eed  (rp m )

F ig u r e  5 .6  T h e  e ffe c t o f  sp in d le  sp eed  o n  th e  v isc o s ity  o f  th e  a lu m in a  s lu rrie s  w ith  
70 %  so lid  c o n te n t a t v a r io u s  c o n cen tra tio n s  o f  d e flo c c u la n t
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10 -G  ■ 1.00 % o f del . 
«  1.25% o f def 

1.49% o f def. 
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1.15% o f def. 
-A -  1.40% o f def. 

1.62% o f def.

0 20  40  60  80  100
S p in d le  s p e e d  (rp m )

F ig u r e  5 .7  T h e  e ffe c t o f  sp in d le  speed  on  th e  v isco s ity  o f  th e  a lu m in a  s lu rrie s  w ith  
75%  so lid  co n te n t a t v a r io u s  c o n cen tra tio n s  o f  d e f lo ccu lan t
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F ig u r e  5 .8  T h e  e f f e c t  o f  s p i n d l e  s p e e d  o n  t h e  v i s c o s i t y  o f  t h e  a l u m i n a  s l u r r i e s  w i t h  

8 0 %  s o l i d  c o n t e n t  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  d e f l o c c u l a n t

Sp ind le  speed (rpm)

F ig u re  5 .9  T h e  e f f e c t  o f  s p i n d l e  s p e e d  o n  t h e  v i s c o s i t y  o f  t h e  a l u m i n a  s l u r r i e s  w i th  

7 0 %  s o l i d  c o n t e n t  a n d  1 .1 8  w t %  d e f l o c c u l a n t  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  b i n d e r
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0 2 0  40  60  80  100
S p in d le  speed (rpm )

F ig u r e  5 .1 0  T h e  e f f e c t  o f  s p i n d l e  s p e e d  o n  t h e  v i s c o s i t y  o f  t h e  a l u m i n a  s l u r r i e s  w i t h  

7 5 %  s o l i d  c o n t e n t  a n d  1 .2 5  w t %  d e f l o c c u l a n t  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  b i n d e r

5.3  E ffe c ts  o f  d e f lo c c u la n t  a n d  b in d e r  o n  th e  p r o p e r t ie s  o f  a lu m in a  g re e n  b o d y  
p r e p a r e d  b y  s l ip  c a s t in g  te c h n iq u e

F r o m  t h e  p r e v i o u s  r e s u l t s ,  t h e  a v a i l a b l e  s l u r r i e s  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  

t h e  a l u m i n a  p o w d e r  a n d  C M C  b i n d e r  w e r e  d e c i d e d  a s  s h o w n  in  t h e  T a b l e  5 .1 .  T h e  

d e n s i t y  a n d  s t r e n g t h  o f  t h e  g r e e n  b o d i e s  w e r e  c h a r a c t e r i z e d .

5.3 .1  E f fe c ts  o f  s o lid  lo a d in g  c o n c e n t r a t io n s
5 .3 .1 .1  D e n s ity  o f  th e  a lu m in a  g r e e n  b o d y

T h e  r e l a t i v e  d e n s i t y  o f  a l u m i n a  g r e e n  b o d y  w i t h  v a r i o u s  s o l i d  c o n c e n t r a t i o n s  

is  s h o w n  i n  F i g u r e  5 .1 1 .  I t  c a n  b e  o b v i o u s l y  s e e n  t h a t  w e l l - d i s p e r s e d  s l u r r i e s  w i t h  7 0 ,  

7 5  a n d  8 0  w t %  o f  a l u m i n a  p o w d e r  c a n  p r o v i d e  g r e e n  b o d y  w i t h  d e n s i t y  o f  5 6 .5 % ,  

6 0 .4 %  a n d  6 1 .7 % ,  r e s p e c t i v e l y .  I t  is  u n d e r s t o o d  t h a t  t h e  c o m p a c t i o n  o f  h i g h e r  s o l i d  

l o a d i n g  s l u r r y  p r o v i d e s  t h e  l o w e r  i n t e r p a r t i c l e  v o i d s  o c c u r r e d  d u e  to  v a p o r i z a t i o n  o f  

m o i s t u r e  in  s p e c i m e n  d u r i n g  c o n s o l i d a t i o n  a n d  d r y i n g  p r o c e s s .
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T h e re fo re , it can  be in d ica ted  th a t s lu rrie s  w ith  h ig h e r  so lid  frac tio n  can 
p ro m o te  g re e n  b o d y  w ith  h ig h e r  d en sity .

F ig u r e  5 .11  T h e  e ffe c t o f  so lid  co n ten t o f  s lu rrie s  o n  th e  re la tiv e  d en s ity  o f  the 
a lu m in a  g re e n  b o d y

5 .3 .1 .2  S t r e n g th  o f  th e  a lu m in a  g re e n  b o d y

M e c h a n ic a l s tren g th  o f  g reen  b o d y  is a n o th e r  fac to r fo r  e v a lu a tio n  o f  han d ling . 
T h e  s tre n g th  o f  a lu m in a  g reen  b o d y  as a  fu n c tio n  o f  so lid  co n te n t o f  s lu rrie s  is sho w n  
in F ig u re  5 .12 . T h e  f lex u ra l s tren g th  o f  1.67, 1.81 and  2 .15  M P a  w ere  o b ta in ed  for 
7 0 % , 7 5 %  an d  8 0 %  so lid  co n ten t o f  s lu rrie s , re sp ec tiv e ly . It sh o u ld  be  n o ted  th a t the 
g reen  b o d y  w ith  80 %  so lid  s lu rry  p ro m o te s  th e  h ig h es t f lex u ra l s tren g th  b ecause  
a m o u n t o f  in te rp a r tic le  c o n tac ts  in  h ig h  c o n cen tra ted  su sp e n s io n  is m u ch  m o re  than  
th a t o f  lo w -c o n c e n tra te d  su sp en sio n . T he  in te rp a r tic le  co n ta c ts  p lay  an  im p o rtan t ro le  
to  su p p o rt w e ig h t an d  fo rce  th a t ac tin g  o n  sp ec im en .

F ro m  th e se  re su lts , it can  be su m m arized  th a t th e  h ig h e r  f lex u ra l s tren g th  o f  
g reen  b o d y  sp e c im e n  c a n  be o b ta in ed  w h en  th e  su sp e n s io n  w ith  h ig h  so lid  co n ten t is 
em p lo y ed .
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F ig u r e  5 .1 2  T h e  e ffe c t o f  so lid  co n ten t o f  s lu rrie s  o n  th e  s tre n g th  o f  th e  a lu m in a  g reen  
b o d y

5 .3 .2  E f fe c ts  o f  C M C  b in d e r  c o n c e n t r a t io n
5 .3 .2 .1  D e n s ity  o f  a lu m in a  g re e n  b o d y

F ig u re  5 .13  sh o w  th e  e ffe c t o f  C M C  b in d e r o n  th e  d en s ity  o f  g reen  b o d ies  
w ith  w e ll-d isp e rse d  su sp en s io n . It sh o u ld  be  n o ted  th a t a u g m e n ta tio n  o f  b in d er 
c o n c e n tra tio n  ca u se d  d im in u tio n  o f  g reen  b o d y  d e n s ity , p a r tic u la r ly  in  th e  75%  w ell-  
d isp e rse d  s lu rry , b e c a u se  b in d e r  m o lecu le s  p ro v id e  e x c e ss iv e  b a rr ie rs  a ro u n d  each  
p a rtic le s  w h ic h  c a u se d  in c rem en t o f  the  d is tan ce s  an d  v a c a n c y  a m o n g  p a rtic le s . T h is 
k in d  o f  p h e n o m e n o n  lead s  to  th e  red u c tio n  o f  th e  g re e n -c o m p a c t d en s ity .

In  c o n tra s t, sp e c im e n s  fo rm ed  w ith  7 0 %  so lid  c o n te n t o f  s lu rry  sh o w ed  the 
d iffe ren t b eh av io r. In th e  firs t reg io n  (0 -0 .5  w t%  o f  b in d e r  c o n c e n tra tio n ), g reen  body  
d en s ity  w as in c re a se d  fro m  56 .5  to  58 .8 %  b eca u se  th e  b in d e r  w ill a id  to  m ak e  the 
p a rtic le s  c o m e  c lo se r. M ean w h ile , C M C  ad d itio n  o v e r  0 .05  w t%  p ro m o te d  sligh tly  
lo w er d e n s ity  d u e  to  th e  sam e  e ffe c t in  case  o f  75 w t%  s lu rry . E x c e ss  b in d e r  caused  
so v isc o u s  b u b b le s  in  s lu rrie s  w h ich  w ere  d iff ic u lt to  re m o v e , an d  p ro v id ed  som e
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d efec ts  in  g reen  b o d y . W h erea s , s lu rry  w ith  80 w t%  so lid  co n te n t w as n o t tak en  in to 
acco u n t fo r  c h a ra c te r iz in g  th e  g reen  b o d y  s in ce  its v isc o s ity  w as  too  v isco u s  for 
casting .
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F ig u r e  5 .1 3  T h e  e ffe c t o f  b in d e r  co n c e n tra tio n  in  s lu rrie s  o n  th e  re la tiv e  d en sity  o f  
th e  a lu m in a  g re e n  b o d y

5 .3 .2 .2  S t r e n g th  o f  a lu m in a  g re e n  b o d y

T h e  a v e ra g e  f lex u ra l s tre n g th  o f  a lu m in a  g reen  b o d y  d ep en d ed  on  b in d er 
c o n c e n tra tio n  as  sh o w n  in  F ig u re  5 .14 . It c an  be  c lea rly  se e n  th a t b in d e r ad d in g  up  to
0.1 w t%  in  s lu rr ie s  w ith  70  w t%  so lid  co n ten t im p ro v ed  th e  av e rag e  s tre n g th  from  
1.67 M P a  to  2 .13  M P a . A s w ell as 75 w t%  so lid  co n ten t sp e c im e n , ad d in g  o f  b in d e r to 
0 .05 w t%  a lso  in c re a se  s tren g th  up  from  1.70 to  2 .18  M P a. O n  th e  o th e r  hand , 
s tren g th  o f  sp e c im e n  w ith  75 w t%  so lid  lo ad in g  an d  0 .1 0  w t%  C M C  d e c rea sed  to  1.43 
M P a d u e  to  th e  v o id s  f ro m  b u b b le s  in  slu rry .

-♦ - 70% solid loaing with 1.18% of deflocculant 
- 1 -  75% solid loading with 1.25% of deflocculant

0 0.05 0.1
C M C  b in d e r  c o n c e n t r a t io n  (" /o b ased  o n  d r y  w e ig h t  o f  a lu m in a  p o w d e r )
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1,0 0 0.05 0.10 0.15

B i n d e r  c o n c e n t r a t i o n ( %  b a s e d  o n  d r y  a l u m i n a  p o w d e r )

F ig u r e  5 .1 4  T h e  e ffe c t o f  b in d e r  co n c e n tra tio n  in  s lu rrie s  o n  th e  s tren g th  o f  a lu m in a  
g reen  b o d y

5.4  E ffe c t  o f  a c id  t r e a tm e n t  o n  th e  p r o p e r t ie s  o f  a lu m in a  c a lc in e d  b o d y

F ro m  th e  p re v io u s  e x p e rim en t, th e  re su lts  o f  g reen  b o d y  d en s ity  an d  stren g th  
w ere  o b ta in e d  to  ju s t ify  w h a t k in d  o f  sp ec im e n  sh o u ld  c o n d u c t to  fu rth e r p ro cess.
B an d  G  sp ec im e n  w ere  se lec ted  to  in v es tig a te  fo r fu rth e r  ex p e rim e n t co n s id e rin g  
fo rm er d a ta , su ch  as  d e n s ity  an d  s tren g th  o f  g reen  b o d y  an d  v isco s ity  o f  s lu rry .

In o rd e r  to  d e c o m p o se  th e  o rg an ic  co m p o s itio n  in  th e  g reen  b o d y  sp ec im e n , B 
and  G  w ere  f ired  a t 80 0  ° c  fo r 2 h in  a ir  a tm o sp h e re  w ith  th e  h ea tin g  an d  c o o lin g  ra te  
o f  10 ° c  /  m in . A fte r  th a t sp ec im e n s  are  ca lled  ca lc in ed  bo d y . T h e ir  d en s itie s  w ere  
s lig h tly  in c re a se d  fro m  g reen  b o d y  as sh o w n  in F ig u re5 .1 5 .
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Type of specimen

F ig u r e  5 .1 5  T h e  ca lc in ed  b o d y  d en s ity  o f  B  an d  G  sp ec im e n s

R em ark s:
B sp ec im e n  is fa b r ic a te d  by  u s in g  7 5 %  so lid  lo ad in g  w ith  1.25 w t%  d e f.lo ccu lan t 
G  sp e c im e n  is fa b r ic a te d  by  u s in g  7 5 %  so lid  lo ad in g  w ith  1.25 w t %  d e flo c c u la n t and  
0 .05 w t%  b in d e r

S o m e o f  c a lc in e d  b o d ies  o f  B  and  G  sp ec im e n  w ere  im m ersed  1 M  HC1 
so lu tio n  fo r  l h  in  o rd e r to  in v estig a te  the  e ff ic ie n c y  o f  a c id  on  e lim in a tio n  o f  
im p u ritie s  re m a in e d  in  ca lc in ed  sp ec im en . T h e  en e rg y  d isp e rs iv e  X -ra y  (E D X ) 
sp ec tro sc o p ic  a n a ly s is  h as  b een  p e rfo rm ed  fo r e lem en ta l a n a ly s is  as  sh o w n  in F ig ure  
5 .16. It is fo u n d  th a t ca lc in ed  sp ec im e n  w ith  ac id  tre a tm e n t sh o w n  the  lo w er 
c o n c e n tra tio n  o f  c a lc iu m  co m p are  w ith  u n trea ted  co n d itio n .
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Al

C . Â  A

Element W eight0/» Atom ic%
O K 45.42 58.41
N a K 0.04 0.04
A l K 54.41 41.48
S K 0.03 0.02
C a K 0.1 0.05
Totals 100

C a
' F12 3

F u ll  S c a l e  4 3 8 0 5  c t s  C u r s o r :  4 . 6 8 6  k e V k e V

(a)

Element W eight0/» Atom ic %
O K 53.34 65.84
N a K 0.09 0.08
A l K 46.56 34.08
S K 0 0
C a K 0.01 0
Totals 100

O

F u ll  S c a l e  4 3 8 0 5  c t s  C u r s o r :  4 . 6 8 6  k e V _____________________________ k e V

(b )

F ig u r e  5 .1 6  E D X  a n a l y s i s  o f  t h e  c a l c i n e d  b o d y  o f  ( a )  B  s p e c i m e n  w i t h o u t  a c id  

t r e a t m e n t  ( b )  B  s p e c i m e n  w i t h  a c i d  t r e a t e m e n t
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5 .5  E ffe c ts  o f  t e m p e r a tu r e  a n d  a c id  t r e a tm e n t  o n  th e  p r o p e r t ie s  o f  th e  a lu m in a  
s in te r e d  b o d y

5 .5 .1  A p p e a r a n c e  o f  a lu m in a  s in te r e d  b o d y

R em ark : B U : B sp ec im e n  w ith o u t a c id  tre a tm e n t
B T ะ B sp e c im e n  w ith  ac id  tre a tm e n t 
G U : G  sp ec im e n  w ith o u t a c id  tre a tm e n t 
G T  : G  sp ec im e n  w ith  a c id  tre a tm e n t

F ig u r e  5 .1 7  A p p e a ra n c e  o f  a lu m in a  s in te red  b o d y  a t v a r io u s  s in te red  tem p e ra tu re
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T he  a p p e a ra n c e  o f  p e lle t sp ec im e n s  s in te red  in  a ir  a t v a rio u s  s in te rin g  
te m p e ra tu re  a re  sh o w n  in  F ig u re  5 .17 . It w as  b een  c lea r ly  seen  th a t th e  co lo r o f  h B 
an d  G  sp ec im e n  w ith o u t tre a tm e n t w ere  w h ite  at 1250 °c an d  ch an g ed  in to  y e llo w ish  
iv o ry  a t 1350 °c. O n  th e  o th e r  h an d , c o lo r  o f  ac id  tre a tm e n t sp ec im e n s  d id  n o t change  
from  w h ite . T h e  c o lo r  k ep t w h ite  ev en  a t 1350 °c, o n ly  w ith  a  few  y e llo w  sp o t at 
1 2 5 0 °c.

5 .5 .2  D e n s ity  o f  a lu m in a  s in te r e d  b o d y

S in te r in g  T e m p e r a tu re !  °C )

F ig u r e  5 .18  T h e  e ffe c t o f  s in te r in g  tem p e ra tu re  in  a ir  a tm o sp h e re  fo r 2h  on  the 
re la tiv e  d e n s ity  o f  B  an d  G  sp ec im e n s

In th e  s in te r in g  p ro c e ss , te m p e ra tu re  and  a tm o sp h e re  are  a lso  s ig n ifican t 
fac to rs  th a t m u st be  c o n tro lle d  to  g ive  th e  p ro d u c t w ith  h ig h  d en s ity  and  sm alle r 
g ro w th  o f  g ra in s . F ig u re  5 .18  illu s tra ted  th e  e ffec t o f  s in te r in g  tem p e ra tu re  on  the  
d en s ity  o f  s in te red  sp ec im e n . It sh o u ld  be n o ted  th a t d e n s itie s  o f  s in te red  B and  G 
sp ec im e n  w ere  s lig h tly  d iffe re n t a t a ll tem p e ra tu re s  s in ce  B and  G  sp ec im e n  have  
s lig h tly  d iffe re n t in  c o m p o sitio n . T h e  sp ec im e n s  w ith  ac id  tre a tm e n t p ro m o ted  the 
h ig h e r d en s ity  th a n  u n tre a te d  sp ec im en . T h is  m u st be  c o m e  fro m  an  e ffe c t o f  im p urity  
in  sp ec im en . In th e  p re v io u s  p ap ers , m an y  re se a rc h e rs  rev ea l th a t so m e k in d s o f  
im p u ritie s  su ch  as  c a lc iu m  su p p ress  d e n s if ic a tio n  o f  s in te re d  sp ec im e n . M o reo v er,
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p re sen ce  o f  c a lc iu m  in  a lu m in a  cau se s  ab n o rm a l g ra in  g ro w th  o f  s in te red  bo dy  w h ich  
lead s to  g ive  sp e c im e n  w ith  n o n -u n ifo rm  m ic ro s tru c tu re , an d  h ig h  p o ro sity . It shou ld  
be  su p p o sed  th a t a c id  tre a tm e n t a id s  to  in c rea se  th e  d e n s if ic a tio n  o f  s in te red  spec im en  
by  e lim in a tin g  c a lc iu m  p e n e tra te d  in to  sp ec im e n  d u rin g  c a s tin g  in  g y psu m  m old.

5 .5 .3  M ic r o s t r u c tu r e  a n d  g r a in  size

B es id e s  s in te r in g  tem p e ra tu re  an d  ac id  tre a tm e n t p ro cess  hav e  an  im p ac t on  
th e  ap p e a ra n c e  an d  d e n s ity  o f  s in te red  sp ec im e n s , th ey  a lso  ta k e  an  e ffec t on  the  g ra in  
s ize  an d  m ic ro s tru c tu re . T h e  re su lts  o f  s in te red  g ra in  s ize  a t v a rio u s  sin tered  
tem p e ra tu re  a re  sh o w n  in  F ig u re  5 .19  an d  T ab le  5.2. T h e ir  m ic ro s tru c tu re s  o b serv ed  
by  S E M  fo r  sp e c im e n  s in te re d  a t 1250 °c, 1300 °c an d  1350 °c a re  sh o w n  in F ig ure  
5 .20 , 5.21 a n d  5 .2 2 , re sp ec tiv e ly .

F o r c o m p a riso n  B an d  G  sp ec im en , it can  be c le a r ly  seen  th a t G  sp ec im en s 
p ro v id e  th e  b ig g e r  g ra in s  th an  B sp ec im en . T h is  sh o u ld  be  a  c o n seq u en ce  o f  im purity . 
F ro m  th e  m a n u fa c tu r in g  sp ec ific a tio n , C M C  b in d e r in c lu d e d  7 w t%  N a  w h ich  w as in 
th e  ran g e  o f  3 5 -4 4 .5  pp m . in  G  sp ec im en . A t th is  s in te r in g  te m p e ra tu re , N a  (b o ilin g  
te m p e ra tu re , 88 0  °C ) m ig h t be  m e lted  and  reac ted  in to  N a 2Û  s im u ltan eo u sly . T he  
N a 2Û  m u st be  re a c te d  w ith  A I2O 3 and  p ro d u ce  sm all a m o u n t o f  liq u id  ph ase  w h ich  
m ay  su p p re ss  d e n s if ic a tio n  an d  co n d u c t to  th e  ab n o rm al g ra in  g row th .

A c id  tre a tm e n t w as  co n tr ib u te d  to  get h ig h e r d e n s ity  a t lo w er tem p era tu re  as 
sh o w n  in F ig u re  5 .18 . O n  th e  o th e r  han d , sp ec im e n  tre a te d  w ith  a c id  sh o w ed  b ig g er 
ga in  s ize  as  se e n  in  F ig u re  5 .19. It sh o u ld  be n o ted  th a t sm a ll am o u n t o f  N a  stron g ly  
co n tr ib u te d  to  co n tro l th e  s ize  o f  s in te red  g ra in , e sp e c ia lly  at h ig h  tem p e ra tu re  as 1350
°c.
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S in te rin g  T em p era tu re (°C )

F ig u r e  5 .1 9  T h e  e ffe c t o f  s in te r in g  tem p e ra tu re  in  a ir  a tm o sp h e re  fo r  2h  on  the  g ra in  
s ize  o f  B an d  G  s in te re d  sp ec im e n s

T a b le 5 .2  R a tio  o f  p a r tic le  s ize  o f  s ta rtin g  m ate ria ls : s in te red  g ra in  s izes  at v a rio u s  
s in te r in g  te m p e ra tu re

T  R a t io  o f  in te r e d  g r a in  s ize  ะ s t a r t in g  m a te r ia l  size
( ° C ) B U B T G U G T
1250 1.2 2.0 1.5 2.1
1300 2.3 3.4 2.7 3.9
1350 3.1 6.0 3.3 8.2



(c) (A)

F i g u r e  5 .2 0  S E M  m ic r o g r a p h  o f  a lu m in a  s p e c im e n  s in te r e d  a t  1 2 5 0  ° c  in  a ir
a tm o s p h e r e  (a )  s p e c im e n  B  w i th o u t  a c id  t r e a tm e n t  (b )  s p e c im e n  G  w i th o u t  a c id
tr e a tm e n t  (c )  s p e c im e n  B  w i th  a c id  t r e a tm e n t  (d )  s p e c im e n  G  w i th  a c id  t r e a tm e n t



5 0

F i g u r e  5 .2 1  S E M  m ic r o g r a p h  o f  a lu m in a  s p e c im e n  s in te r e d  a t  1 3 0 0  ° c  in  a ir
a tm o s p h e r e  (a )  s p e c im e n  B  w i th o u t  a c id  t r e a tm e n t  (b )  s p e c im e n  G  w i th o u t  a c id
tr e a tm e n t  (c )  s p e c im e n  B  w i th  a c id  t r e a tm e n t  (d )  s p e c im e n  G  w i th  a c id  t r e a tm e n t
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F i g u r e  5 .2 2  S E M  m ic r o g r a p h  o f  a lu m in a  s p e c im e n  s in te r e d  a t  1 3 5 0  ° c  in  a ir
a tm o s p h e r e  ( a )  s p e c im e n  B  w i th o u t  a c id  t r e a tm e n t  (b )  s p e c im e n  G  w i th o u t  a c id
t r e a tm e n t  (c )  s p e c im e n  B  w i th  a c id  t r e a tm e n t  (d )  s p e c im e n  G  w i th  a c id  tr e a tm e n t .
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5 .5 .4  S h r in k a g e

In o rd e r  to  g ive  th e  s in te red  sp ec im e n  w ith  th e  d e s ire d  s ize  and  shape, the  
sh rin k ag e  p ro f ile  m u st be  co n ce rn ed . T h e  sh rin k ag e  o f  sp e c im e n  w as sp ecu la ted  from  
th e  m e a su re m e n t o f  th e  d im e n s io n  in  b o th  b e fo re  an d  a f te r  s in te rin g  by  vern ie r 
ca liper. F o r  th e  p e lle t sh ap e , th e  sh rin k ag e  in  d iam e te r, th ic k n e ss  and  v o lu m e  w ere  
in v es tig a ted  a s  sh o w n  in  F ig u re  5 .2 3 , 5 .24  an d  5 .2 5 , re sp e c tiv e ly . It c an  c lea rly  seen  
e le v a tio n  o f  s in te r in g  te m p e ra tu re  co n d u c t to  in c rea se  th e  sh rin k ag e  in  b o th  
d iam e tric a l an d  th ic k n e ss  d irec tio n . M o reo v e r, It c a n  a lso  b e  n o te d  th a t sp ec im e n  w ith  
ac id  tre a tm e n t p ro v id e d  m o re  sh rin k  th an  u n trea ted  o n e  w h ic h  c o rre la ted  w ith  the  
d en s ity  o f  sp ec im e n .

F ig u r e  5 .23  T h e  d ia m e tric a l sh rin k ag e  o f  sp ec im e n  w ith  p e lle t sh ap e  a t va rio us 
s in te r in g  tem p e ra tu re .
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Sintering  T em p eratu re( °C)

F ig u r e  5 .2 4  T h e  th ic k n e ss  sh rin k ag e  o f  sp ec im e n  w ith  p e lle t shap e  a t v a rio u s  
s in te rin g  te m p e ra tu re .

S intering  T em pera tu re ( °C)

F i g u r e  5 .2 5  T h e  v o lu m e t r ic a l  s h r in k a g e  o f  s p e c im e n  w i th  p e l le t  s h a p e  a t  v a r io u s
s in te r in g  te m p e r a tu r e
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5 .6  T h e  E f f e c t  o f  H I P  o n  th e  p r o p e r t ie s  o f  a lu m in a  s in te r e d  b o d y

T h e  s in te re d  sp ec im e n s  w ith  th e  o v e r  9 5 %  re la tiv e  d e n s ity  w e re  se lec ted  to  
s in te r  in  th e  H IP  fu rn ace . H o t Iso s ta tic  P ress  (H IP ) w as  e m p lo y e d  to  e lim in a te  b o th  
th e  re m a in e d  p o re  w ith in  th e  g ra in  an d  th e  g ra in  b o u n d a rie s  in  o rd e r  to  g ive  th e  fu lly  
d en se  sp ec im e n . F ro m  th e  p re v io u s  re su lts , s in te r in g  in  a ir  a t 1300 °c is th e  lo w  
s in te rin g  te m p e ra tu re  to  g ive  b o th  u n trea ted  an d  tre a te d  sp e c im e n  w ith  ov er 95%  
re la tiv e  d e n s ity . T h e re fo re , B o th  o f  B  an d  G  sp e c im e n s  w ith  sam e s in te rin g  
tem p e ra tu re  w e re  a d o p te d  to  H IP  in  o rd e r to  in v es tig a te  th e  H IP  e ffe c t o n  its  p ro p erty  
chan ges.

5 .6 .1  A p p e a r a n c e  o f  a lu m in a  s in te r e d  b o d y

T h e  a p p e a ra n c e  o f  s in te red  sp ec im e n  b e fo re  a n d  a f te r  h ip p in g  is sh o w n  in 
F ig u re  5 .26 . A p p e a ra n c e  o f  B  an d  G  sp ec im e n  w ere  c h a n g e d  fro m  w h ite  o r  iv o ry  in to  
tra n s lu c e n t a f te r  H IP in g  a t 1300 °c an d  130 M P a  in  a rg o n  a tm o sp h e re . W h en  H IP ed  
sp ec im e n s  w e re  g ro u n d  to  0 .8  m m  an d  p o lish e d  o n  b o th  s id es , it ch an g ed  to  
tra n sp a re n c y  as  sh o w n  in  F ig u re  5.27.

( a )  ( b )
F i g u r e  5 .2 6  T h e  a p p e a r a n c e  o f  a lu m in a  c e r a m ic  s p e c im e n  (a )  b e f o r e  h ip p in g  a n d  (b )
a f te r  h ip p in g  a t  1 3 0 0  ° c  1 3 0  M P a  in  a r g o n  a tm o s p h e r e
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F ig u r e  5 .2 7  H IP ed  sp e c im e n  th a t s in te re d  a t 1300 °c  in  a ir  fo llo w e d  by  H IP in g  at 
1300 °c, 1 3 0 M P a  in  a rg o n  a tm o sp h e re  fo r 2 h  a fte r  g rin d in g  to  0 .8  m m  th ic k n e ss  an d  
p o lish in g  o n  its  b o th  s id es

5 .6 .2  D e n s ity  o f  s in te r e d  b o d y

A s sh o w n  in  F ig u re  5 .2 7  an d  5 .2 8 , it c an  be  in d ica te  th a t H IP  p ro c e ss  is an  
e ffe c tiv e  m e th o d  to  g ive  n o t o n ly  tra n sp a re n t ap p ea ran ce , b u t a lso  fu lly  den sity .

100

g๐
>

c2

98

96

94

A

อ

o
A

Before HIP

o  A, □ 0
After HIP

♦ ► ■ •

B U  G U  B T  G T

Specimen

F ig u r e  5 .2 8  T h e  in flu en c e  o f  H IP  on  th e  re la tiv e  d en s ity  o f  a lu m in a  sp ec im e n s
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5 .6 .3  A v e ra g e  g r a in  s ize  a n d  m ic r o s t r u c tu r e  o f  H I P e d  b o d y

T he  a v e ra g e  g ra in  s ize  o f  H IP ed  is sh o w n  in  F ig u re  5 .29 . It can  be c lea rly  seen  
th a t sp ec im e n s  w ith  a c id  tre a tm e n t hav e  a  b ig g e r av e rag e  g ra in  s ize  th a n  un trea ted  
one  due  to  e ffe c t o f  im p u rity  e lim in a tio n  an d  u n ifo rm ity  o f  g ra in s.

1.6
1.4 A- 1.2£ไïT 1N A

I 0.8 รDûf 0.6
 ̂0.4 O B specimen without acid treatmentA G specimen without acid treatment0.2 ♦  B speciemen with acid treatment0 ▲ G specimen with acid treatment

B G

Specimen

F ig u r e  5 .2 9  G ra in  s iz e  o f  H IP ed  sp ec im e n s

B ased  o n  F ig u re  5 .29 , th e  m ic ro s tru c tu re  o f  d iffe re n t H IP ed  sp ec im en s are 
sho w n . P h o to g ra p h  (a) sh o w s la rg e r g ra in  th an  befo re  H IP in g  an d  b ro ad  g ra in  size 
d is tr ib u tio n . P h o to g ra p h  (b) sh o w s a la rg e r g ra in  th an  (a ) an d  e lo n g a ted  g ra in  size. 
P h o to g rap h  (c) sh o w s  sm a lle s t g ra in  s ize  and  ra th e r u n ifo rm  gra in . P h o to g rap h  (d) 
sh o w s la rg e  g ra in  s ize  an d  ra th e r  u n ifo rm  figu re . T hese  d iffe re n c e s  o f  m ic ro stru c tu re  
b e tw een  u n tre a te d  an d  tre a te d  sp ec im e n  is due  to  th e  e x is te n c e  o f  C a  fro m  gypsum  
m old . C a  tak es  an  e ffe c t o n  g ra in  g ro w th  w ith  ab n o rm a l b eh av io r, fo r exam p le , 
e lo n g a ted  g ra in  an d  n o n -u n ifo rm  gra in . In  ad d itio n , N a  e x is te n c e  in  sp ec im e n  takes 
a lso  an  e ffe c t to  g iv e  th e  b ig g e r an d  b ro ad e r g ra in  th an  n o rm al.



(c) (d)

F ig u re  5 .3 0  S E M  m i c r o g r a p h  o f  a l u m i n a  s p e c i m e n s  H I P e d  a t  1300 °c, 130 M P a  in  

a r g o n  a t m o s p h e r e  f o r  2  h  ( a )  s p e c i m e n  B  w i t h o u t  t r e a t m e n t  ( b )  s p e c i m e n  G  w i th o u t  

a c i d  t r e a t m e n t  ( c )  s p e c i m e n  B  w i t h  a c i d  t r e a t m e n t  ( d )  s p e c i m e n  G  w i t h  a c i d  t r e a t m e n t
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5 .6 .4  T r a n s m i t t a n c e  o f  a lu m in a  s in te r e d  b o d y

Wavelength (nm)

F ig u re  5 .31 T ra n sm itta n c e  o f  H IP ed  sp ec im e n s  in range  o f  2 0 0 -1 1 0 0  nm  w ith  
th ick n ess  o f  0 .8  m m .

F ro m  th e  p re v io u s  re su lts , th e re  is no  d iffe ren ce  in  th e  d en s ity  b e tw een  four 
sp ec im e n s  as  se e n  in  F ig u re  5 .28 . H o w ev er, o th e r  p ro p e rtie s  su ch  as ap p ea ran ce , g ra in  
s ize , m ic ro s tru c tu re  an d  tra n sm itta n c e  are  q u ite  d iffe ren t. T he  tran sm ittan ce  o f  
d iffe ren t sp e c im e n s  w ith  th e  th ick n ess  o f  0 .8  m m  is sh o w n  in F ig u re  5 .31. T he  
tra n sm itta n c e  o f  B sp e c im e n  is h ig h e r th an  G  b ecau se  g ra in  s ize  o f  B sp ec im en  is 
sm a lle r  th a n  G  as sh o w n  in T ab le  5.3.

F o r c o m p a riso n  the  in flu en ce  o f  ac id  tre a tm e n t o n  the  tran sm ittan ce  o f  
a lu m in a  sp ec im e n , it sh o u ld  be no ted  th a t ac id  tre a tm e n t h e lp  in c rease  the 
tran sm ittan ce  o f  B fro m  3 7 %  to 50%  and  th a t o f  G  sp e c im e n  from  3 1 %  to 37%  at 
1100 nm  (n ea r IR ). T h is  m ay  cau se  u n ifo rm ity  o f  g ra in  p a tte rn  o f  ac id  trea tm en t 
sp ec im en  is b e tte r  th a n  u n trea ted  sp ec im en s. O n  th e  o th e r h an d , at lo w er th an  600 nm  
for B sp ec im e n  an d  lo w er th an  800  nm  for G  sp ec im e n , tra n sm itta n c e  o f  spec im en  
w ith  ac id  tre a tm e n t is lo w er th an  w ith o u t ac id  tre a tm en t. T h is  m ay  causes the
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sp ec im e n s  w ith o u t a c id  tre a tm e n t hav e  m u ch  am o u n t o f  g ra in s  w ith  sm alle r than  
av e rag e  co m p a re  w ith  a c id  tre a tm e n t sp ec im en s.

T a b le  5.3  S u m m a ry  o f  H IP ed  sp ec im e n  ch a rac te ris tic

C h a r a c t e r i s t i c B U B T G U G T
R ela tiv e  d e n s ity  (% ) 100 100 100 100
A v erag e  g ra in  s ize  (p m ) 0 .80 0 .89 1.01 1.4
M ax im u m  tra n sm itta n c e  

(%  a t 1100 n m )
37 50 31 37

G ra in  p a tte rn E lo n g a ted  
an d  b road

U n ifo rm  
and  b ro ad

E lo n g a ted  
an d  b ro ad

U n ifo rm  
and  b road
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