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Rare-earth doped zirconia fibres by sol-gel 
processing 

M. K. NASKAR, D. GANGULI  
Sol-Gel Laboratory, Central Glass and Ceramic Research Institute, Calcutta 700 032, India 

Polycrystalline zirconia fibres, doped with 2-8 mol % of oxides of trivalent lanthanum, 
Praseodymium, neodymium, samarium, gadolinium, and dysprosium (in decreasing cation 
size), were prepared by spinning of acetate-derived sols and baking the gel fibres thus 
obtained at 900-  1300~ for 1 h. The larger sized dopants lanthanum, praseodymium and 
neodymium (Group A) gave rise to tetragonal zirconia, with or without cubic zirconia, at 
900 ~ which converted partly or fully to monoclinic zirconia, in certain cases accompanied 
by a cubic zirconate phase at higher temperatures. The smaller sized dopants samarium, 
gadolinium and dysprosium (Group B) generated only tetragonal or cubic, or both 
polymorphs of zirconia, depending on the cation type, concentration and temperature. This 
"stabilization" of higher symmetry polymorphs with Group B dopants was associated with 
relatively large crystallite size (especially when calcined at 1300 ~ The maximum tensile 
strength values of usable fibres calcined at 1300~ were found to decrease with increasing 
size in dopant dysprosium > gadolinium > samarium > neodymium, praseodymium, 
lanthanum = 0). Although all the dopant cations were larger in size than Zr 4+ (in the same 
oxygen coordination), the relative closeness in size of Group B cations with Zr 4+ was 
considered to be the reason behind the obtained differences in properties. 

1. Introduction 
Zirconia fibres have gained importance in recent times 
for application in high-temperature insulation, and 
lately, ceramic-ceramic composites [1, 2]. Different 
variants of the sol-gel processing technique have been 
used recently to prepare partially and fully stabilized 
zirconia fibres. The dopants commonly used were 
magnesium, calcium and yttrium [3 7]. 

While some rare-earth (RE) ions have been used in 
the preparation of partially and fully stabilized zirco- 
nia powders and ceramics [-8, 9], little systematic in- 
formation is available on the effect of RE ions on the 
properties of zirconia fibres; the main controlling fac- 
tor is, of course, the size of the RE ion with respect to 
that of zirconium with similar oxygen co-ordination. 

Therefore, different percentages (2-8 mol % oxide) 
of RE ions (lanthanum, praseodymium, neodymium, 
samarium, gadolinium and dysprosium, in decreasing 
cation size), were used for the preparation of doped 
zirconia fibres by sol spinning and calcination of gel 
fibres, and their evaluation. 

2. Experimental procedure 
2.1. Sol and fibre preparation 
A precipitate of hydrated zirconia was obtained by the 
action of 1:1 vol/vol aqueous ammonia solution 
(25 wt %, pure, E. Merck, India) on a solution of 
zirconium oxychloride octahydrate (ZrO2, 36.5%, 
Indian Rare Earths Ltd) in deionized water. The pre- 
cipitate was peptized with glacial acetic acid (99.8%, 

AnalaR, BDH, India) under stirring at 60 70 ~ The 
mother sol thus obtained (1.47 M equivalent ZrOa 
content) was divided into parts, and in each part an 
aqueous nitrate solution of one of the cations lan- 
thanum, praseodymium, neodymium, samarium, 
gadolinium, or dysprosium in 2, 5 and 8 equivalent 
oxide reel%, was mixed under stirring. Hydrogen 
peroxide (molar ratio H202 :ZrO2 = 5:1) was added 
dropwise in these sols during stirring. The sols were 
kept at 5 ~ for 24 h. The:eighteen sols thus prepared 
were aged at 70 80~ for different times to obtain 
spinnability (checked by hand-drawing of the fibres). 
The sols thus prepared were spun in a laboratory spin- 
neret and the gel fibres gathered from a receptacle drum. 

The gel fibres were oven-dried at 200 ~ for 1 h and 
finally calcined at 900, 1100 and 1300~ all for 1 h, 
with a heating rate of 1 ~ min- 1 and a cooling rate of 
5 ~ min- ~ down to 200 ~ followed by furnace cool- 
ing. The weight loss was 48-50% in all cases. 

2.2. Characterization of fibres 
Crystal-phase developments in the gel fibres after cal- 
cination were examined by X-ray diffractometry (Phi- 
lips PW-1730 X-ray unit). The crystallite sizes of the 
different ZrO2 (solid solution) phases were calculated 
using Scherer's formula [10] 

D = (0.9X)/[3 cos 0 (1) 

where X is the wavelength of the radiation (CuK~), 0 
the diffraction angle and [3 the corrected half-width of 
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the strongest diffraction peak of the respective phase. 
According to the method of Klug and Alexander [10] 

[3 = ( B  2 - -  b 2 )  1/2 (2)  

where B and b are the observed line-widths at half- 
intensity of crystalline ZrO2 and o~-quartz (in this 
case), respectively. The peaks (0 in Equation 1) used 
for the measurement of D were ( l l i )  for monoclinic 
(m), (111) for tetragonal/cubic (t/c), (111) for 
cNdo.25Zro.750,.87 s (N) and (2 2 2) for cLa2 Zr2Ov(L ) 
or cPr2 Zr207 (P). Lattice strain was calculated from 
the equation [11] 

]3cos0/X = 1/D + qsin0/X (3) 

The tensile strength of the fibres was measured on 
an improvized apparatus as used by Kamiya et al. [6]. 
The measurement followed the relationship [12] 

fracture load 
tensile strength = fibre cross-sectional area (4) 

The grain sizes in calcined fibres were measured from 
scanning electron micrographs by the line-intercept 
method [13]. 

3. Results and discussion 
3.1. Crystalline phases 
The development of different crystalline phases as 
a function of dopant concentration and temperature 
of calcination of the gel fibres is shown in Table I 
where the cations have been arranged according to 
decreasing size to emphasize the control of size on 
phase development. The salient features of these re- 
sults are summarized below. 

(i) After calcination at 900 ~ fibres with 2 mol % 
dopant yielded t-ZrO2 as the only crystalline phase; 
with increase in dopant concentration, c-ZrO2 formed 
(5 mol%) and apparently increased in proportion 
(8 mol %). 

(ii) On calcination at  ll00~ fibres with 2 mol % 
lanthanum oxide and praseodymium oxide showed 
the formation of the m-phase along with t-ZrO2. The 
other dopants (2 tool %) yielded only t-ZrO2. With 
increasing dopant concentration, the t-phase was ac- 
companied by the cubic Ln2Zr207-type zirconate 
phase in the case of lanthanum, while for the others, 
the additional phase was c-ZrO2. Zirconate phases are 
also known for all the other cations of Table I 
[8, 14, 15]; however, up to l l00~ calcination, none 
of these phases could be detected. 

(iii) Calcination at 1300~ yielded only the 
m-phase for 2 tool % doping with lanthanum and 
praseodymium; for neodymium, the m-phase was ac- 
companied by the t-phase. For t-he rest, only the t- 
phase was obtained. When the dopant content was 
increased, the zirconate phases crystallized in the case 
of lanthanum, praseodymium and neodymium in ad- 
dition to the m-phase or a mixture of (m + t)-ZrO2. 
For samarium, gadolinium and dysprosium, no zirco- 
nate phase was formed, and the product was t-ZrO2. 
For the two smallest cations, cubic zirconia solid 
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T A B L E  I P h a s e  ident i f ica t ion  of  r a r e - ea r t h  o x i d e - d o p e d  z i r con ia  

fibres a t  va r i ous  t e m p e r a t u r e s  b y  X R D  

C o m p o s i t i o n  Phase(s)  a t  

(mol  %) 

9 0 0 ~  l l 0 0 ~  1 3 0 0 ~  

98ZRO2 2 L a 2 0 3  t t + m m 

95ZRO2 5 L a 2 0 3  t + c (small) t + L (small) m + L 

92ZRO2 8 L a a O 3  c + t t + L L + m 

98ZRO2 2 P r 2 0  3 t t + m m 

9 5 Z r O 2  5 P r 2 0 3  t + c t + c m + P 

+ t (small) 

92ZRO2 8 P r 2 0 3  c + t c + t P + m 

98ZRO2 2 N d 2 0 3  t t m + t 

95ZRO2 5 N d 2 0 3  t + c t + c t + N 

92ZRO2 8 N d 2 0 3  c + t c + t (small) N + t 

98ZRO2 2 S m 2 0  3 t t t 

95ZRO2 5 S m 2 0  3 t + c t + c t + c 

92ZRO2 8 S m 2 0 3  c + t c + t (trace) c + t (small) 

98ZRO2 2 G d 2 0 3  t t t 

95ZRO2 5 G d 2 0 3  t + c c + t c + t 

92ZRO2 8 G d 2 0 3  c + t (small) c c 

98ZRO2 2 D y 2 0 3  t t t 

95ZRO2 5 D y 2 0 3  t + c c + t (small) c + t (small) 

9 2 Z r O  2 8 D y 2 0 3  c + t (trace) c c 

Note: t = t e t r a g o n a l ,  m = monoc l in i c ,  c = cubic ,  L = c L a 2 Z r 2 0 7 ,  

P = c P r 2 Z r 2 0 7 ,  N = cNd0.25Zr0.75Ol.875. Hea t ing  rate = 1 ~  

s o a k i n g  t ime = 1 h. Ion ic  r ad iu s  in 8 - c o o r d i n a t i o n  (nm): 
Z r  4§ = 0.0840, L a  3+ = 0.1160, P r  3+ = 0.1126, N d  3+ = 0.1109, 

Sm 3§ = 0.1079, G d  3§ = 0.1053, D y  3+ = 0.1027. 

solution could be obtained as the single phase with the 
highest level of doping at 1100 and 1300 ~ indicating 
full stabilization. 

The effect of size of the dopant cation on the crystal- 
lization behaviour of the fibres is clear from the above 
results. Thus, with relatively large cations lanthanum, 
praseodymium and neodymium as dopants, the prod- 
ucts of calcination at 900~ for all concentrations 
proved to be metastable t- and c-phases which 
changed to m-phase with or without an accompany- 
ing zirconate phase at higher temperatures. However, 
with the smaller ions samarium, gadolinium and dys- 
prosium, the zirconates or the m-phase could not be 
detected under any conditions of this work, indicating 
better stabilization of the t- and c-phases (the latter at 
higher temperatures). Based on these essential differ- 
ences, a tentative line is drawn between the two groups 
of cations, i.e. the large-sized lanthanum, praseody- 
mium and neodymium (Group A cations) and the 
small-sized samarium, gadolinium and dysprosium 
(Group B cations). Table I compares the ionic sizes of 
the relevant cations. 

3.2. Crystallite growth, lattice strain 
and grain growth 

Variations in crystallite size of the different zirconia 
phases obtained at different temperatures of calcina- 
tion (Table II) indicate not only the effects of dopant 
content and temperature, but also that of the size of 
the dopant cation (i.e. Group A or B). The basic 
observations are noted below. 



TABLE II Crystallite sizes of the doped ZrO2 fibres 25 

Composition Temperature Crystallite size 
(mol %) (~ (nm) 

98ZRO2 2La203 900 16.67 (t) 
1100 25.41 (t) :a. 

16.42 (m) ~o 20 
1300 33.65 (m) 

95ZRO2 5La203 900 16.94 (t/c) .g 
1100 27.46 (t) 

18.38 (L) ".~ 
1300 27.74 (m) 

o 
92ZRO2 8La203 900 11.87 (c/t) 1 5 

1100 17.42 (t) o 1;2 

16.02 (L) 
1300 N.D? 

98ZRO2 2Pr~O3 900 16.49 (t) 
1100 31.41 (t) 

15.74 (m) 
1300 28.41 (m) 

95ZRO2 5Pr203 900 16.23 (t/c) 
1100 21.59 (t/c) 
1300 27.74 (m) 

27.79 (P) 
92ZRO2 8Pr203 900 12.45 (c/t) 

1100 15.27 (c/t) 
1300 23.30 (m) 

34.62 (e) 
98ZrOz 2Nd203 900 16.31 (t) 

1100 27.24 (t) 
1300 24.70 (m) 

27.24 (t) 
95ZRO2 5Nd203 900 15.46 (t/c) 

1100 24.83 (t/c) 
1300 37.13 (t) 

92ZRO2 8Nd203 900 10.79 (c/t) 
1100 20.65 (c/t) 
1300 29.58 (N) 

35.95 (t) 
98ZrO 2 2Sm203 900 14.95 (t) 

1100 35.94 (t) 
1300 37.97 (t) 

95ZRO2 5Sm203 900 14.67 (t/c) 
1100 27.16 (t/c) 
1300 22.04 (t/c) 

92ZRO2 8Sm203 900 11.67 (c/t) 
1100 27.23 (c/t) 
1300 27.84 (c/t) 

98ZRO2 2Gd203 900 15.05 (t) 
1100 35.10 (t) 
1300 41.51 (t) 

95ZRO2 5Gd203 900 14.34 (t/c) 
1100 31.40 (c/t) 
1300 38.81 (c/t) 

92ZRO2 8GdzO3 900 1t.76 (c/t) 
1100 45.99 (c) 
1300 52.90 (c) 

98ZRO2 2Dy203 900 15.05 (t) 
1100 31.13 (t) 
1300 38.89 (t) 

95ZRO2 5DyzO3 900 13.5l (t/c) 
1100 27.96 (c/t) 
1300 37.12 (c/t) 

92ZrOz 8Dy203 900 11.29 (c/t) 
1100 44.8l (c) 
1300 52.92 (c) 

N.D. = could not be determined. 

10 I I i I l I 

800 1000 1200 1400 

Temperature (~ 

Figure 1 The change of average grain size with calcination temper- 
ature for 98ZRO2 2Sm203 fibres. 

calcination temperature of fibres containing any per- 
centage of Group B cations (giving rise to t- or c-phase 
or their combination) the crystallite size was found to 
increase drastically. The increase was especially signi- 
ficant for the transformation (t + c) --+ c, i.e. total con- 
version of t- to c-phase (again, for the two smallest 
cations). In case of Group A cations, a relatively small 
increase in crystallite size was noted with t --+ m trans- 
formation, and small decrease was evident for the 
t-phase with increase in dopant level. 

The dramatic growth of the crystallites with in- 
crease in temperature for Group B cations, as men- 
tioned above, was accompanied by a sharp decrease in 
lattice strain, which is an inherent feature of Equa- 
tion 3. Thus, there was a general trend of decrease in 
lattice strain with increase in calcination temperature 
in all cases. 

Crystallite size is also inversely related to surface 
area  and  energy, as shown by Garv ie  [17]. The  con- 
vers ion (t + c) --+ c, a c c o m p a n i e d  by a large increase in 
crystal l i te  size and  co r re spond ing  decrease in lat t ice 
strain,  thus also indicates  a significant decrease in 
surface energy, and  hence, achievement  of relat ive 
s tabi l i ty  of the cubic s t ructure  with the given d o p a n t  
contents .  

As expected,  the gra in  size of z i rconia  in calc ined 
fibres increased with increas ing ca lc ina t ion  temper-  
a ture  in general .  Fig. 1 shows da t a  on the growth  of 
t -ZrOz  grains  in, for example,  2 mol  % S m 2 0 3 - d o p e d  
z i rconia  fibres as a funct ion of ca lc ina t ion  temper-  
ature. The micros t ruc ture  of the fibres calc ined at  
1300 ~ was found to be rela t ively dense, as shown in 
the f rac tured  cross-sect ion of one such fibre (Fig. 2). 

The  fibres calc ined at  900 ~ showed a small  de- 
crease in crystal l i te  size with increased conten t  
(2-8  mol  % oxide) of any  of the dopan t s  [16]; no size 
effect of d o p a n t  ca t ions  was apparen t .  Wi th  increase in 

3.3. Tensile strength 
As in the case of hand-drawn sol-gel zirconia and 
zirconate-containing fibres of earlier work [-6, 18], the 
tensile s t rength  ind ica ted  a wide scatter,  in spite of  the 
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Group B-containing fibres, the increase in maximum 
strength with decreasing dopant size is probably re- 
lated to decreasing structural distortion of zirconia 
solid solution and increasing tendency of the cation to 
occupy Zr 4+ sites in t-ZrO2. 

Figure 2 Scanning electron micrograph of 98ZRO2 2Sm203 fibres 
calcined at 1300~ h. 
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Figure 3 Variation of tensile strength with cross-sectional area of 
2 tool % LnzO 3 (Ln = Sin, Gd, Dy) containing ZrO 2 fibres calcined 
at 1300~ (o) 98ZRO2 2Dy203,  (IZ) 98ZRO2 2Gd203,  ( •  
98ZrOa 2SmzO3. 

fact that the present fibres were not hand-drawn but 
spun. There could be various reasons for this scatter, 
including incomplete densification (especially at 900 
and 1100 ~ surface roughness and microcracks, de- 
fects due to sticking and bundling of gel fibres emerg- 
ing from the spinneret, etc. A scatter plot for 2 mol % 
Group B oxide-doped fibres calcined at 1300~ is 
presented in Fig. 3. A gradual fall in strength with 
increase in cross-sectional area [61 is evident in all 
cases, but a maximum strength of 1-2 GPa for the 
thinnest fibres [5, 61 is confirmed. 

An interesting feature was that the maximum 
strength for 1300~ calcined fibres decreased with 
increasing size of the dopant cation: 2.19, 2.01 and 1.55 
GPa, respectively, for dysprosium, gadolinium and 
samarium; for the still larger neodymium, the fragility 
of the fibres prevented the measurement of their tensile 
strength. The same was true also for the other Group 
A cations, i.e. praseodymium and lanthanum. The case 
of Group A fibres is easily explained, as the fibres 
contained essentially the m-phase. In the case of 

6 2 6 6  

4. Conclusion 
Zirconia fibres doped with 2-8 mol % oxide of lan- 
thanum, praseodymium, neodymium, samarium, 
gadolinium and dysprosium were obtained by spin- 
ning acetate-derived sols and calcining them at 900, 
1100 and 1300 ~ The nature of the calcined products 
divided the fibres into two groups: (a) those containing 
relatively large cations, i.e. lanthanum, praseodymium 
and neodymium (Group A) and yielding t-ZrO2 at 
900~ but partly or fully m-ZrO2 with or without 
a cubic zirconate phase at higher temperatures, and (b) 
those containing smaller cations, i.e. samarium, gado- 
linium and dysprosium (Group B), yielding only t-, c-, 
o r  ( t-  + c-) Z r O 2 .  This difference also caused differ- 
ences in crystallite size, lattice strain and maximum 
tensile strength for 1300 ~ calcined fibres. Although 
all the above cations are oversized compared to Zr 4 +, 
such results indicate facile formation of m-ZrO2 in the 
case of Group A cations and probably less structural 
distortion in c- and t-ZrO2 in the case of Group 
B cations as dopants. 
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