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RESEARCH W O R K  

TECHNOLOGICAL FEATURES OF CASTING Z I R C O N I A  PARTS 

G . P .  KALLIGA,  V .A.  KOLBASOVA AND D.N.  POLUBOYARINOV 
(Mendeleyev  Chemica l  Technology  Inst i tute)  

The technique  of c a s t i n g  z i r c o n i a  p a r t s  f r o m  aqueous  
s u s p e n s i o n s  of s t ab i l i zed  z i r c o n i u m  dioxide i s  of  defini te  
p r a c t i c a l  va lue ,  desp i t e  i t s  comp l ex i t y  and l a b o r i o u s n e s s .  

The p a r t s  a r e  c a s t  f r o m  s l u r r i e s  wi th  a r e l a t i v e l y  low 
m o i s t u r e  content  and the g r e e n  wa re  is  f a i r l y  dense  and 
s t rong ,  which  keeps  the  s h r i n k a g e  down dur ing  f i r ing  and 
r e d u c e s  the pos s ib i l i t y  of f laws  o c c u r r i n g  dur ing  th i s  t e ch -  
nologica l  p r o c e s s  [1-3]. 

The method  m a k e s  it pos s ib l e  to u se  p a r t s  made  f r o m  
" d a m p "  m i x t u r e s  which  had been  spoi led by f i r ing .  The 
method  i s  a l so  usefu l  for  the  m a n u f a c t u r e  of z i r con ia  p a r t s  
with improved  t h e r m a l  s tab i l i ty  by s y n t h e s i z i n g  t hem f r o m  
cubic  ZrO 2 with the  addi t ion of monoc l in i c  ZrO 2 [4-6]. 

As  a r e s u l t  of a n u m b e r  of i nves t i ga t i ons  [1-3,  7-9] ,  a 
t echnolog ica l  p r o c e d u r e  ha s  been worked out for  w a t e r  c a s t -  
ing  p a r t s  f r o m  s t ab i l i zed  ZrO2,  and the p o s s i b i l i t y  h a s  been  
shown in p r i nc ip l e  of  c a s t i n g  p a r t s  both  in ac id  and  a lka l ine  
m e d i u m s .  

The fol lowing m e t h o d s  have  been put  fo rward  for  f inely  
p u l v e r i z i n g  the  ma te r i a l :  a) r u b b e r  l ined m i l l s  with  z i r eon i a  
ba l l s  p roduc ing  "a lka l ine"  s l ips ;  b) s t ee l  m i l l s  with  s u b s e -  
quent  t r e a t m e n t  of the m a t e r i a l  with  hyd roch lo r i c  acid to 
r e m o v e  the i ron ,  p roduc ing  "ac id"  s l ips .  

The  technolog ica l  adv i sab i l i ty  of t h e s e  m e t h o d s  of p r e p a r -  
ing the m a t e r i a l ,  however ,  the acid t r e a t m e n t  and cas t ing  of 
the p a r t s  in d i f fe ren t  m e d i a  have  not been  de sc r i bed  a d e -  
qua te ly  in t echn ica l  l i t e r a t u r e .  

Th i s  a r t i c l e  is  devoted to the  s tudy  of t h e s e  p r o c e s s e s .  

For the investigation we used zirconium dioxide stabilized 
with 6% CaO. The industrial zirconium dioxide contained 
97.55% ZrO 2 and i. 15% TiO 2. The initial materials were in- 
dustrial ZrO 2 and CaCO 3 (type 'eh') and were pulverized in 
ball mills by the wet method. The zirconium dioxide spent 
40 hours in the metal mill, after which it was washed with 
HCI and decanted with water unitl the pH value was 3; the 
CaCO 3 was ground in a rubber-lined corundum-ball mill for 
15 hours. The amount of corundum impurity was not more 
than 0.2go of the CaCO weight. 

The m a t e r i a l s  we re  mixed  by the s l ip  method  and then 
dehydra ted;  the m i x u t r e  was  dr ied ,  pu lve r i zed  and p r e s s e d  
at 500 k g / c m  2 into cy l indr i ca l  c o m p a c t s  50 m m  in d i a m e t e r  
and length.  The c o m p a c t s  w e r e  f i red  at  1750 ~ for  2 h o u r s .  
the f i red  c o m p a c t s  w e r e  then ground  in jaw and r o l l e r  
c r u s h e r s ,  the  powder  w a s  p a s s e d  th rough  a 0 .5  m m  s c r e e n !  
and then  underwen t  m a g n e t i c  s epa ra t i on .  Mic roscop ic  and 
x - r a y  a n a l y s e s  showed v i r tua l ly  comple te  s t ab i l i za t ion  of 
the z i r c o n i u m  dioxide in the f i r ed  p r o d u c t s .  

The  s l ip  for  ca s t ing  the p a r t s  was  m a d e  with powder  by 
two methods :  

a) by the wet method of grinding for 80 hours in a rubber- 
lined mill with zirconia cylinders or in certain cases with 
corundum balls. The weight ratio of the balls, material and 
water was 2.5 : 1 : i. The zireonia were made as rolled 
stabilized ZrO 2 cylinders 15-20 mm in diameter and height; 
the bulk density of the cylinders was 5.1-5.3 g/em 3 and 
their porosity 1-2%. 

The grinding impurity resulting from abrasion of the 
zirconia cylinders amountedto40% of the weight of the zircon- 
ium dioxide charged. A grinding time of 89 hours was 
selected on the basis of [I] which states that 52 hours grinding 
produces adequate dispersion of the material. 

b) by the wet  method  of g r ind ing  in a s t ee l  mi l l  for  45, 60, 
80, 100 and 120 h o u r s  with s i m i l a r  load r a t i o s  and subse q u en t  
t r e a t m e n t  with hy rdoch lo r i c  acid and decan ta t ion  with wa t e r  
to a pH value  of 1 . 5 - 1 . 7  (bulk); the  effect  of the d i f f e rence  in 
the pu lve r i za t i on  t ime  was  s tudied  s ince  t he r e  i s  no r e l e v a n t  
da ta  on s t e e l - m i l l  g r ind ing .  

T h u s ,  for  our  work  we used two types  of init ial  sl ip:  
a lka l ine  s l ip  with a pH value  of 10.5 and ac id ic  s l ip  with a 
pH value  of 1 . 5 - i .  7. 

Study of the ca s t ab i l i t y  of a lka l ine  s l i~ .  Sed imenta t ion  
a n a l y s i s  of di luted s l ip  s u s p e n s i o n s  shows  that  in the  a lkal ine  
m e d i u m  the ZrO 2 p a r t i c l e s  a r e  p r e s e n t  in a m o r e  aggrega ted  
s ta te  than  in an acid m e d i u m  at  a pH va lue  of 2 . 0 - 2 . 5  (Fig. 1). 

The n u m b e r  of Z rO  2 p a r t i c l e s  l e s s  than  5 m i c r o n s ,  even  
in the acid m e d i u m ,  did not  exceed  36%, w h e r e a s  the 
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Var ia t ion  in d i s p e r s i o n  of ZrO~ p a r t i c l e s  
as  funct ion  of pH va lue  of m e d i u m  

m i c r o s c o p e  r evea l ed  65-70% of t he se  p a r t i c l e s .  T h i s  indi-  
c a t e s  the agg rega t ion  ins tab i l i ty  of  the s u s p e n s i o n ,  which  
was  f u r t h e r  shown by s t r a t i f i c a t i on  of the s l ip  and low c a s t -  
abi l i ty .  Thus ,  the s t r a t i f i c a t i on ,  p a r t i c u l a r l y  in an  a lkal ine  
m e d i u m ,  shows  up c l e a r l y  in the c u r v e s  obtained (Fig. 2) 
for  the dependence  of the he igh t  of the  c l e a r  pa r t  of the s l ip  
on the pH value  of the  m e d i u m  when it h a s  been left  to s tand  
for  d i f fe ren t  pe r i ods  of t ime .  

The g r e a t e s t  d e g r e e  of c l a r i t y  was  obse rved  be tween  pH 
va lues  of 10 and 5 wi th  a subsequen t  r educ t ion  to pH = 2 .5 .  
At pH va lue s  of 2 .5  and 2, the  s l ip  did not become  comple t e ly  
c lea r .  

The  ca s t i ng  p r o p e r t i e s  of the s l ip  we re  checked  at the  
ini t ia l  pH value  10 .5 ,  with s l igh t  ac id i f ica t ion  to pH = 2 .5 ,  
and with the addit ion of 0.8% s u l f i t e - c e l l u l o s e  b a s e  to the  
ini t ia l  a lkal ine  s l ip  (in t e r m s  of d ry  weight)  in o r d e r  to s t ab -  
i l ize the suspension. 

For  p u r p o s e s  of c o m p a r i s o n  we a lso  c a s t  e x p e r i m e n t a l  
s p e e i m e n t s  ( c ruc ib l e s  40 m m  high) f r o m  the ini t ia l  ac id ic  
s l ip  with pH = 1.7.  

The r e s u l t s  of e x p e r i m e n t a l  c a s t i n g s  with p r e - v a e u u m e d  
s l ip  a r e  shown in Table  1. The p o o r e s t  c a s t i ng  p r o p e r t i e s  
(high f i l l ing r a t e  of body, l a rge  amoun t  of spoi lage ,  low 
dens i t y  of the  g r e e n  ware)  a r e  shown by the  ini t ial  a lka l ine  
slip.  The  addi t ion of s u l f i t e - c e l l u l o s e  ba se  and ae idu ia t ion  
to a pH va lue  of 2 .5  does  not  i mprove  the s t r e n g t h  of the 
g r e e n  w a r e ,  a l though it i m p r o v e s  the c a s t i n g  p r o p e r t i e s .  
At t h e  s a m e  t ime  w a s h i n g  the s l ip  with hyd roch lo r i c  acid 
does not only improve its casting properties, but increases 
the density from 2.5 to 2o 8 g/era 3. 

The poorer casting properties .of the initial slip are 
evidently due to the presence of calcium compounds (on 
account of the CaO which has not entered the solid solutions), 
which are frequently leached out by long wet grinding of stab- 
ilized ZrO2, shown by the high pH value of the initial slip 
(10.5).  

The coagu la t ing  ac t ion  of the c a l c i u m  is not  of fse t  by m o r e  
ac idu la t ion  of the s l ip ,  a l though the pa r t i c I e s  do become  
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Fig. 2. Variation in height of clarified part of 
slip at different pH values. 
Duration of experiment: 

1) 10 minu te s ;  2) ha l f  an hour;  3) one hour;  4) 
two h o u r s ;  5) 3 hou r s ;  6) 4 h o u r s  

s l igh t ly  d i s p e r s e d .  The m a t e r i a l  ha s  to be washed  with 
hyd roch lo r i c  acid du r ing  which  the  ca l c ium compounds  a r e  
comp le t e ly  r e m o v e d ,  an  ac id ic  m e d i u m  is  c r ea t ed  and z i r -  
con ium ox i ch lo r i de s  a r e  f o r m e d ,  which  al l  t oge the r  s h a r p l y  
i n c r e a s e  the s tab i l i ty  of the s l ip  and improve i ts  c a s t i ng  
p r o p e r t i e s .  

The positive effect of the oxiehlorides and acidic medium 
is observed, for example, when casting parts from "crude" 
mixtures, using non-stabilized ZrO 2 washed with hydrochloric 
acid and supplemented with calcium zireonate as the stabilizer 
for the zirconium dioxide [2]. 

The beneficial effect of the zirconium oxichlorides on 
the stability of the suspension and the d-aggregation of the 
particles is well illustrated by curves for the precipitation of 
fine-ground non-stabilized ZrO plotted on the basis of the 
accumulation of sediment in the plan of a tortion balance 
(Fig. 3). Here the addition of zirconium oxichlorides, even 
to a saturated solution of ca(OH)2 results in peptization of the 
particles in the same way as when the material is washed with 
hydrochloric acid. 

CastinT:~A~rop~t_ies of 2_ acid sl_ip_madee~y___g_rinding_jn a s t ee l  
mi l l  and subseq~_nt~was__hing with h_5{droehlorie acid.  Study 
of the effect  of the  g r ind ing  t ime  on the  p r o p e r t i e s  of the  s l ip ,  
g r e e n  wa re  and f i red  produc t  h a s  e s t ab l i shed  the fact  that  a s  
the g r ind ing  t ime  is  Iengthened ,  the f i n e n e s s  of the pu lve r i zed  
m a t e r i a l  i n c r e a s e s  unevenly .  Af t e r  60 h o u r s  the e f f e c t i v e n e s s  
of l eng thening  the g r ind ing  t i m e  is  sha rp Iy  redueed  (Fig. 4). 
When the grinding lasts 45 hours, the material is still more 
c o a r s e l y  d i s p e r s e d  and h i g h - g r a d e  p a r t s  cannot  e a s i l y  be c a s t  
f r o m  th i s  s l ip  (Table 2), Af t e r  60 h o u r s  of g r ind ing ,  it i s  
pos s ib i e  to e a s t  p a r t s  f r o m  the s l ip ,  but the  g r e e n  wa re  shows  
a low bulk dens i ty  of 2 .54  g / e r a  3 . 
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TABLE 1 

VARIATION IN CASTING PROPERTIES OF SLIP, CHARACTERISTICS OF GREEN AND FIRED MATERIAL 

In i t i a l  s l i p  

m ,  

Alka l ine  . . . . . . . . . .  

A lka l ine  wi th  addi t ion  
of 0.8% su l f i t e -ce l lu los~  
b a s e  . . . . . . . . . . . . .  

A lka l ine ,  ac idu la t ed  witS: 
h y d r o c h l o r i c  ac id  . . . 

T r e a t e d  wi th  hydro -  
ch lo r i c  ac id  and then 
decanted  wi th  w a t e r  to 
p H =  1.7 . . . . . . . . .  

0,5 45 

S lip Green material 

i] 

9,5 45 

2,5 45 

1,7 45 

*De te rmined  on b a r s  65 • 15 • 

I0 2, 49 

4,2 2,49 

],7 2,56 

1,2 2,80 

mm in size. 

52,4 

52, 4 

48,4 

6,1 

10,7 

6,4 

7,5 

Quali ty  of c a s t i ng  

Extremely unstable r5, 18 0,2 
cas t ing ;  l a r g e  n u m b e r  o i  
c r y s t a l s  w e r e  c r a c k e d  

Specimens cast well; 
no cracks or flaws 

Unstab le  cas t ing ;  
some  c r a c k i n g  

Very  good s p e c i m e n s  
cast 

Specimens fired 
at 1700 ~ 

5,27 0,2 
I 

5,171o,2j 
i 

I 

1,0 21,9 

1,0 22.5 

1,0 ~1.0 

1,0 L9,0 5,24[3,2 
I 

60 

40 

30 

20 

fO 

O 

fO 20 30 ~o 
Fig.  3. T ime  t aken  by n o n - s t a b i l i z e d  ZrO 2 p a r t i c l e s  to se t t l e :  

1- in  m e d i u m  of s a tu r a t ed  Ca(OH)2 solut ion;  2 - in  m e d i u m  of s a t u r a t e d  Ca(OH)2 so lu t ion  and in 
p r e s e n c e  of z i r c o n i u m  o x i c h l o r i d e s .  
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2 

~3 

Fig. 4. 

grinding time, hrs, 
Variation in mean diameter of ZrO 2 

particles as function of pulverization time 

Slip obtained after grinding for 80-120 hours shows good 
casting properties, ensures a high and even degree of density 
in the green material, and specimens fired at 1700 ~ are close 
in density (5.43-5.50 g/cm 3). Densities of this kind in the 
green and fired material were not obtained when zirconia 
parts were cast from "crude" mixtures. 

k 
f ~ 

0 , j 3 '  
Effect of hydrogen iron concentrat ion 

1-var ia t ion in ~ potential; 2- degree of d i s -  
pe r s ion  of par t ic les ;  3 -v i scos i ty  of sl ip 

Fig. 5. 

Thus, in our experiments an 80-hour grinding period 
provided sufficient for high-grade casting and for producing 
green and fired material wish a degree of density. All further 
experiments were conducted with slip obtained after this 
amount of grinding. 

EFFECT OF GRINDING TIME ON CASTING PROPERTIES OF SLIP, 
CHARACTERISTICS OF GREEN WARE AND FIRED MATERIAL 

TABLE 2 

45 45 

60 45 

Iso 4s 

I a !100b 45 

12o~ 45 

[_ I 

no flaws 

0.7 

0,6 

0.6 

! 
2,79 17,3 48,3 
2,81 17,0 48,0 

2,78 17,4 I 48,4 
2,81 17,0 I 48,0 
2,79 17.3 48,3 
2,77 17,4 48.5 

I 

5,3 

5.4 
5,4 

5.5 
5.4 
5.5 
5,4 

0.5 19.6 
0,5 19,7 
0 20,4 
0,5 19,8 

20,2 
20,3 

* pH value of slip = 1 .2 -1 .9  
a spec imens  made by cast ing 
b spec imens  made by modling dried slip 
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Quality of Casting and Properties of Green and Fired Material at Various Moisture Contents 
of Original Slip. 

TABLE 3 

Slip* 

0 ~ 

20 75 
25 33 

13 

Quality of casting 

Green material 

i 

Slip is less mobile 
Slip is more mobile 
Product casts well 
Product casts well 

Material fired at 1700 ~ 

0 

0 

o 

~e 

2.8 I 
2,82 
2 .80  
2 ,79  

48.1 
47 ,8  
48 .4  
48, 3 

5 .45  
5 .44  
5 ,45  
5 ,50  

0 .3  
0 .3  

I 

~ o  
0 

.6 
01,6 19.81 

2 0 , 2 [  

*pH value of slip = 1.5. 

Duration of Standing Time and its Effect on the Slip Properties and Density of the Castings. 
TABLE 4 

. ~  ,+~ o~ 

Slip Green material 
'j ! 

" ~  o 
o 

Quality of casting 

0 
l 
4 
6 

55 

0 
2 
4 
9 

55 

28,2 

i 

0,5  

36 

m 

2,5 2.74 
2.79 

i 2 , 8 9  
i 2 , 9 3  

2,98 

Casting difficult to remove from mold; after 
4 days of standing the quality of the casting 
improves. 

28,2 1,1 

30 2, 0 
26 1,6 
24 l ,  5 
22 1,1 
21 1,0 

2,85 

' 3.00 
3,01 
3,02 

Product casts well. 
deffects. 

Castings have no 

3 

0 
l 
2 
7 

55 

0 
l 
4 

55 

28,0 

28,5 

1,9 

2.5 

22 
I 

m 

L 

40 

1,!  2,95 
3.10 
3,16 
3,16 
3,16 

I 

2,7  2.86 
2,86 

N 2.86 
- -  2,86 

Product cast well. Castings have no 
defects. 

I 
Part of the products cracked. Products 

difficult to remove from mold. After 55 days 
of standing the quality of the casting 
improves. 

5 02 42" 4 ,2  6 ,2  2,722'72 iProducts crack on casting. 

*At a moisture content of 28% the slip was too thick for casting. 



28 G .P .  Ka!l iga,  V.A.  Kolbasova  and D.N.  Poluboyar inov  

Experiments on the aggregation of particles in diluted 
suspensions made with the 80-hour slip, washed to a pH 
value of 4.8, with variation of the acidity of the medium, 
showed that the greatest peptization is achieved between pH 
values of 1.5 and 2.5 (Fig. 5). 

When the pH value  of the s l ip  is  1 .5 ,  the work ing  m o i s -  
tu re  content  can  be se l ec t ed  (Table 3). P a r t s  wi thout  c r a c k s  
o r  any o ther  f laws  we re  c a s t  with  s l ip  of all the convent ional  
p e r c e n t a g e s  of m o i s u t r e  (20, 25, 30 and 45%). In all  c a s e s  
the dens i ty  of the g r e e n  wa re  was  2 .8  g / c m  3 and that  of the 
f i red  m a t e r i a l  5 .45  g / c m  3. 

When slip with a moisture content of 20% was cast, how- 
ever, the operation proved rather difficult on account of 
increased viscosity and a relatively high gathering rate of 
the body. When the moisture contentwas 25%, therewasfar 
less difficulty, and at 30% there was none at all. 

The viscosity of the slip and the zeta-potential as a func- 
tion of the pH value of the medium (see Fig. 5) were deter- 
mined concurrently with the research described. The 
optimum point on the curves lies at close pH values ranging 
from i. 2 to 2.0. The slight shift in the optimum values is 
apparently due to the experimental conditions (at different 
concentrations, experiments at different times, and so on). 

During the investigation we observed a change in the 
casting properties of the slip with time. Similar changes 
due to ionic exchange, dispersion of the particles and other 
factors have been observed during the casting of parts from 
clay slip [10] with the addition of i]uidizing additives. 

On account of this some of the slip was washed untll the 
pHvaluewas 0.5, 1.1, 1.9, 2.5 and 4.2; after this treat- 
ment and after being allowed to stand from 1 to 55 days, 
experimental castings were made with subsequent deter- 
mination of the bulk density of the green material and other 
characteristics (Table 4). 

When the slip with initial pH values of 0.5-i. 9 was 
allowed to stand, its properties changed and showed a reduc- 
tion in the gathering rate of the body, a slight reduction in 
viscosity and an increase in the bulk density. Over the pH 
range I. i-i. 9, when the green ware has stood for 2 to 4 
days, the increase in bulk density is 0.15-0.2 g/cm 3. 

A further period of standing has virtually no effect on the 
density. The increase in the density of the green material 
should increase its strength and reduce shrinkage during 
firing. For example, if the bulk densityis 3. i g/cm 3 for 
the green ware and 5.5 g/cm 3 for fired parts, the theore- 
tical linear shrinkage is 17% as opposed to 20 when the bulk 
density of the green ware is 2.8 g/cm 3. 

CONCLUSIONS 

Alkaline slips made of zirconium dioxide stabilized with 
calcium oxide, which have been obtained by grinding the 
materials in a rubber-lined zirconium-ball mill, exhibit poor 
casting properties and a tendency to stratification. Thegreen 
ware obtained shows a low bulk density of the order of 2.5 
g/cm 3. The inadvisability of preparing material for casting 
in this way is further confirmed by the need to restore alarge 
number of the grinding balls which quicklywear out during 
operation. In order to obtain a uniform degree of fineness of 
the material, the grinding time for zirconium balls, as 
opposed to the process in metal mills, should be increased. 

A sharp improvement in the casting properties of slip, an 
increase in the porosity of the green ware and a reduction in 
shrinkage during firing can be obtained by casting acidic slips 
treated with hydrochloric acid. This determines the technolo- 
gical advisability of washing the stabilized ZrO 2 with acid 
after grinding, and the possibility, therefore, of grinding for 
a shorter period in steel metal-ball mills. 

The most favorable conditions for casting slip made of stabilized 
ZrO 2 treated with hydrochloric acid are a moisture content of about 
30% and a pH value of i. 5-2. Here the density of the casting is 2.8 
g/era3 and the density of the fired part 5.45 g/cm3. 

The casting properties of slip are improved and the density 
of the green ware is raised by 0.2 g/era3 if the materials are 
left to stand for 2 to 4 days after treatment. 
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