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A Ce-Hf oxide porous glass and glass-ceramic 
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Substitution of the binary CeO2-HfO2 mixture for SiO2 in the ternary Na20-SiO2-B203 system 
resulted after melting in glassy and/or crystalline materials, depending on subsequent heat 
treatments. At least one of the phases present was water soluble. Quenching, heat treating, 
leaching and sintering altered the state of this ceramic. Crystalline forms found were cubic 
CeO2, monoclinic Ce(BO2)3 and monoclinic HfO2. Specific surface areas of the leached 
materials were from 1 20-233 m 2 g-1 with a calculated pore radii from 1.3-2.5 nm. 

1. Introduct ion 
A review of the literature (1938-1980) concerning 
porous silica glass produced by phase separation and 
leaching of Na20 SIO2-B203 and NazO-SiO2-P205 
glasses has been given by Res et al. [1]. This 1982 paper 
also was the commencement of a comprehensive study 
intended to replace SiO2 in the Na20-SiOz-B203 glass 
by heat resistant and/or alkali resistant oxides. Into 
the Na20-B203 matrix either single oxides of A1, Ce, 
Ge, Hf, La, Nb, Nd, Sc, Ta, Th, Ti, Y and Zr, or their 
binary combinations were introduced. Portions of the 
melts were quenched or annealed. The annealed por- 
tion was phase separated by heat treatment and then 
leached, resulting in porous glassy or partially crystal- 
line materials. These porous materials were then den- 
sifted by sintering. Publications associated with this 
effort are listed by Richter et al. [2]. 

The purpose of the work presented here was to 
produce a binary CeO2-HfO 2 rich, porous material. 
The single replacement of SiO 2 by either CeO2 or 
HfO2 in the Na20-SiOz-B2Os glass was reported by 
Reset al. [3, 4]. After the phase separating and leach- 
ing steps, porous materials resulted having specific 
surface areas between 25.5-119.3 m 2 g-i for the CeO/ 
single replacement and between 41.3-290mZg -l 
for the HfO2 single replacement. Sintering tempera- 
tures of 1380-1500°C were higher than those for 
porous silica glass, e.g. 900-1200°C mentioned by 
Reset al. [5]. 

Replacement of SiO2 by binary oxides, one of the 
binary being CeOz, was reported by Res et al. [1] for 
a NaO2-[CeOz-Nb205]-B203 glass and by Res et al. 
[6] for a N%O-[CeO2-TiO2]-B203 glass. This study 
was extended by Bednarik et al. [7] who introduced 
into a Na20-B203 matrix a combination of CeO 2- 
Ta205 oxides. After phase separation and leaching 
porous materials resulted giving surface areas between 
10_308m2g i. The presence of CeO2 together with 
two to five other oxides selected from HfO2, La203, 
ThO2, Y203 and ZrO 2 introduced into a NazO-B203 
matrix resulted, after phase separation and leaching, 
in porous glass-like materials as seen in [8, 9]. The 
structure produced remained glassy even after sin- 
tering at 1520 ° C for 30 min. The surface areas between 
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58-315m2g -I are comparable to those of porous 
silica and the alkali resistance of 5.12 x 10-3-9.77 x 
10 -2 mgdm 2 is superior to that of porous silica. 

These properties along with the HfOz solubility of 
up to 35 mass % and the CeOz solubility of up to 40 
mass % in the Na20 B203 matrix were the reasons for 
commencing the study of phase separation in the 
Na20-[CeO2-HfO2]-B203 glasses with the intention 
of developing heat resistant CeO2-HfO2 rich porous 
materials. This is supported by the high melting tem- 
perature of CeO2 (,-~ 2600 ° C) and of HfO2 (,-~ 2812 ° C). 

2. Experimental  procedure 
2.1. Glass preparation 
The glasses were prepared from the following labora- 
tory grade chemicals: Na2COs, H3BO3, CeO2 and 
HfO 2. The six starting compositions are given in 
Table I. Batches of 50 g or 100 g were melted in Pt/Rh 
crucibles in an air atmosphere. The melting tempera- 
ture was 1400 ° C for a duration of 4 h. A small portion 
of each melt was quenched and the remainder was cast 
in iron moulds lubricated with graphite. The cast 
samples were annealed from 600 ° C to room tempera- 
ture overnight and then heat treated. The heat treat- 
ment consisted of additionally holding the annealed 
samples at 600 ° C for 2 h followed by cooling to room 
temperature overnight. 

After the heat treatment step to produce phase 
separation and/or crystallization the water soluble 
phase was leached out in boiling distilled water for 
72h (96h for sample No. 1). The samples were then 
rinsed in distilled water and dried at 120°C. The 
remaining porous skeleton was measured for void 
volume and surface area and also subjected to inves- 
tigation by SEM, X-ray and wet chemical analysis. 
Different portions of leached sample No. 1 were sin- 
tered at different temperatures for 30 min in the 950- 
1400 ° C range. For each temperature a separate amount 
was used. These sintered samples were subjected to 
analysis by SEM and X-ray techniques and also tested 
for alkali resistance. 

2.2. Analytical techniques 
Pore size and surface areas were measured using a 

1563 



T A B L E I Starting compositions and initial characterization for six glasses 

From batch CeO2 HfO2  B203  ~la20 wprt Void (Pore) Bet Pore radii Consistancy after 
mpr~ volume (ml g 1) (m 2 g 1) (rim) leaching 

No. 1" Mass % 16.69 8.27 65 .06  10.01 2/1 0.1408 216.18 1.3 Opaque, gray 
Mole % 7.87 3.18 75 .84  13.11 2.5/1 crumbled grains 

No. 2 Mass % 12.51 12.51 62 .49  12.49 1/1 0.1126 151.16 1.5 Opaque, grayish 
Mole % 5.90 4.83 72 .90  16.37 1.2/1 brown crumbled 

grains 

No. 3 Mass % 8.34 16.65 60.01 15.00 1/2 0.1272 120.64 2.1 Lighter grayish 
Mole % 3.94 6.42 69 .99  19.65 1/1.6 brown crumbled 

grains 

No. 4 Mass % 20.01 9.99 60 .00  10.00 2/1 0.2945 233.63 2.5 Sandy brown 
Mole % 9.80 4.00 72.61 13.59 2.5/1 crumbled grain 

No. 5 Mass % 15.00 15.00 55 .00  15.00 1/1 crumbled 207.63 - Fine sandy 
Mole % 7.32 5.99 66 .36  20.33 1.2/1 slightly golden 

brown grain 

No. 6 Mass % 9.99 20.01 55 .00  15.00 1/2 0.0964 140.99 1.4 (As No. 5) but 
Mole % 4.90 8.02 66.66 20.42 1/1.6 richer colour 

coarser grains 

Cumulative melt weight 33.33 g. 
* Batch No. 1: the only batch sintered and analysed further (see Table II). 
+Weight % ratio of CeO2/HfO2. 

Mole % ratio of CeO2/HfO2. 

me thod  relying on n i t rogen abso rp t ion  and desorp-  
t ion curves and on void vo lume de te rmina t ion  [5]. 

S E M  imaging  was used to establ ish the qual i ta t ive  
degree o f  phase  separa t ion  and the visual m o r p h o l o g y  
o f  the po rous  mater ia ls .  A wet chemical  analysis  indi-  

ca ted  the compos i t i ona l  changes between the s tar t ing 
mate r ia l  and  tha t  o f  the mate r ia l  resul t ing af ter  hea t  
t rea tment  and  leaching. Alkal i  resistance was measured  
accord ing  to D I N  52 322 on a n o n - p o r o u s  sample  (the 
1400 ° C sintered po r t i on  f rom ba tch  No.  1) which had  
a surface area  o f  1.57cm 2. Dens i ty  o f  t he  sintered 

sample  was de te rmined  by the Arch imedes  me thod  
with correc t ions  for  air  bouyancy .  The  crystal l ine 
p h a s e s  present  and  their  t r ans fo rma t ion  into glassy 
states as a funct ion o f  s intering t empera tu re  was deter-  
mined  by  powder  X- ray  diffract ion (R igaku  D / M a x  
II I ;  0.02°/step; 10 s/step; Si s t anda rd  m a x i m u m  error  
_+ 0.025°). The Joint  Commit tee  on Powder  Diffract ion 

TABLE II Crystalline analysis 

Processing C e O 2  Ce(BO2)3 H f O 2  unknown(s) 
stage: cubic No. monoclinic monoclinic 

40593 No. 230877 No. 60318 

Quenched No peaks:glassy 

Heat treated X 0 0 0 

Heat treated X 0 0 0 
&leached 

Sintered: X X X X 
950°C 

1050°C 0 0 X 0 

1150 ° C 0 0 X 0 

1250°C 

1350°C No peaks:glassy 

1400°C 

S tanda rds  (JCPDS) ,  was searched by  the J o h n s o n -  
Vand  c o m p u t e r  m e t h o d  and  also by  the usual  visual  
method .  Resul ts  are  given in Table  II .  

3. Results and discussion 
The s tar t ing compos i t ions  o f  C e O 2 : H f O 2  were 2:  1, 
1 :1 ,  l : 2 i n m a s s  ra t io  (2 .5 :1 ,  1 .2:1,  l : l . 6  in mole  
rat io)  together  with the var ia t ion  o f  N a 2 0 - B 2  03 addi -  
tions are given in Table  I. Also summarized  in Table  I 
are results o f  void  (pore)  vo lume and  surface area  
measurements  and  pore  radi i  ca lcula t ions  as well as 

the results  o f  visual  obse rva t ion  o f  the leached samples  
with respect  to appea rance  and  consistency.  The  quen-  
ched samples  were all glassy. As  the CeO 2 con ten t  
increased,  the quenched samples  changed  f rom light 
o r ange -b rown  to da rk  o range-brown.  Sample  No.  1 
f rom Table  I was selected for  a larger  mel t  and  fur ther  
processing and eva lua t ion  because  o f  its relat ive high 
poros i ty  c o m p a r e d  to sample  No.  4, bu t  lesser con ten t  

o f  the expensive HfO2. 
Detec t ion  o f  mic rophase  segregat ion in glass b3 

e lect ron mic roscopy  has been repor ted  in some detai l  
by Vogel  [10]. S E M  methods  were used to observe the 
s tructures  o f  the mater ia l s  after  different  stages o f  

X: Phase present. 
O: Phase absent. 

Figure 1 Scanning electron fractograph of the as quenched sample 
No. 1 showing droplet-like micro-heterogeneities. 
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Figure 2 After a heat treatment the droplet-like micro- 
heterogeneities of  sample No. 1 coarsened. For crystal- 
line data see Table II. 

treatment. The micrograph in Fig. l shows the pres- 
ence of droplet-like micro-heterogeneities contained 
in the quenched portion of sample No. 1. A magnifica- 
tion of 30 000 was required to observe these droplets. 
Table II shows that these microphases are still in the 
glassy state. After a one stage heat treatment this 
microphase became more pronounced as the necessary 

magnification to see these droplets was only 3000 
(Fig. 2). This was also confirmed by X-ray diffraction 
(XRD) (see Table II) which indicates the starting of 
crystallization. This heat treated sample was then 
leached and the micrograph in Fig. 3 shows its frac- 
tured surface. There can be seen a crystalline habit 
which was identified by powder X-ray analysis to be 

Figure 3 After leaching the crystalline nature of  sample 
1 seen in Fig. 2 becomes more pronounced. 
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Figure 4 Scanning electron micrograph showing varied 
crystalline habits of sample No. 1 sintered at 950°C for 
30 rain. 

cubic CeO2 (JCPDF:40593). This phase of the heat 
treated and leached sample No. 1 was more pronoun- 
ced than that of its only heat treated counterpart. 
Leaching does not promote ordering of the present 
structure (phase) but removes only the soluble glassy 
Na20-B203 phase. Therefore the ratio of Na20-B203: 
CeO2 in the heat treated phase changes in favour of 
C e O  2 after leaching. This resulted in a decreased X-ray 
absorption and an increased signal/noise ratio of  the 
CeOz phase. At this treatment stage no crystalline 
form of HYO 2 w a s  detected. 

The next step was then to sinter a portion of the 
leached sample at 950°C for 30 rain. (Other portions 
were sintered at higher temperatures also for 30 rain). 
The 950°C sintering promoted strong crystallization 
as indicated in the micrograph in Fig. 4. The different 
habits of the particles are attributed to the different 
crystalline phases as the powder X-ray diffraction 
results in Table II indicate. The main crystalline 
phases present were cubic CeO2, monoclinic Ce(BO2)3 
and monoclinic HfO2. Besides these there were two 
strong peaks and several minor peaks that were not 
accounted for. CeB 4 fit the strongest of these two 
peaks and it also fit other peaks but all significant 
peaks from the JCPDS on CeB 4 were not accounted 
for. The presence of the crystalline phase CeB4 should 
be excluded with caution. The remaining peaks corres- 
ponded mostly with sodium-boron-oxygen com- 
pounds but not in a convincing manner. Since the 
JCPDS was searched both by the Johnson-Vand com- 
puter method and by the usual visual method with no 
definitive match, the remaining peaks belong to a 
crystalline phase not listed in the JCPDS and should 
be subjected to further studies. 

1566 

At the sintering temperature of  1050°C the phases 
containing cerium present at the 950 ° C sintering were 
transformed to an amorphous state and all peaks 
mentioned above which were not accounted for dis- 
appeared. However, the monoclinic H f O  2 phase 
remained. At a sintering temperature of 1150°C the 
monoclinic HFO2 still remained but with weaker and 
fewer peaks. Sintering for 30 min above 1150 ° C trans- 
formed all crystalline phases into a transparent glass 
as represented by the micrograph in Fig. 5. Here are 
visible cracks common to a glassy state similar to that 
reported in [9]. X RD  results in Table II also indicate 
no detectable crystalline phases in samples sintered 
above 1150 ° C. 

Specific gravity measurements showed an increase 
of density from 2.76gml -~ for a sample of  No. 1 
sintered at 1150°C for 30rain to a density of  
3.68gml 1 for a sample of  No. 1 sintered at 1400°C 
also for 30min. Another sample from batch No. 1 
sintered at 1400°C for 30min had an alkaline resis- 
tance of  509 mg dm 2 which is in the class 3 (strongly 
soluble in an alkaline medium). Fig. 5 shows the glassy 
morphology of this sample indicating that the alkaline 
medium primarily affected the surface. Void (pore) 
volume together with bulk density values are shown 
graphically in Fig. 6 confirming a high densification 
state or no porosity above 1250 ° C. Comparing this 

TABLE III Wet chemical analysis 

Chemical Composition mass % CeO 2 H f O  2 B2O 3 Na 20 

Before heat treatment 16.69 8.26 65.05 10.01 
After heat treatment 46.65 23.50 27.67 1.82 



Figure 5 Scanning electron micrograph showing the 
glassy morphology of sample No, 1 sintered at 1400° C 
for 30 min. 

with the identical sintering conditions in Fig. 6 of Hart 
et al. [11] it can be seen that Na20-[ZrO2]-B203 has a 
higher heat resistance i.e. the asymptoic behaviour in 
pore volume occurs at higher temperatures. 

In Table III the chemical composition in mass % of 
sample No. 1 as calculated from the batch is compared 
with its chemical composition after heat treat- 
ment and leaching. The CeO2 and HfO2 increased in 
mass % by almost a factor of 3 while B203 decreased 

by almost a half. The remaining presence of a small 
amount of Na20 indicates that leaching for 96 h was 
either not complete and/or that Na20 was chemically 
bonded into unidentified compounds as mentioned in 
the evaluation of the X-ray analysis. 
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