
R esults and D iscussion

Chapter 4

4.1 Raw material characterization

4.1.1 Phase analysis

The phases of as-received raw materials were determ ined by XRD. The 

XRD results of S rC 0 3  and A l2 0 3 as illustrated in Fig 4.1 showed their own single phase, 

correspond ing to the JCPDS no. 05-0418 and no. 43-1484, respectively. The XRD 

patterns of La2 0 3 and MgO showed the impurity phase. The extra peaks found in as- 

received La2 0 3  could be observed at 20 27°, 28° and 47°, correspond ing to JCPDS no. 

36-1481 of La(OH)3. The XRD result of MgO revealed the small peaks of M g(O H ) 2  at 20 

18°, 38° and 51°(JCPDS no. 07-0239). These indicated that La2 0 3 and MgO easily 

absorbed moisture from the a ir to form hydroxide. To obtain accurate content of La2 0 3 

and MgO, the as-received La2 0 3  and MgO were calcined before in troduced as starting 

materials fo r sample preparation.

4.1.2 Thermal analysis of as-received La2 0 3 and MgO

Hydroxide found in commercial La2 0 3 and MgO could cause the 

deviation from the desired composition. To eliminate the hydroxide, the calcination of as- 

received La2 0 3 and MgO was necessary. The DTA and TGA were used to determine 

the appropria te  firing schedule. The resulting curves of La2 0 3 and MgO were illustrated 

in Fig 4.2.



Fig 4.1 XRD patterns of received raw materials
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Fig 4.2 DTA and TGA traces of as-received (a) La2 0 3 and (ช) MgO
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Accord ing to Fig 4.2 (a), there were two endotherm ic peaks at 344°c and 514°c, 

correspond ing to TGA result. Similarly, TGA curve of MgO raw material in Fig 4.2 (b) 

showed the w e igh t loss around 350°c. corresponding to the endotherm ic process of the 

DTA curve. These peaks p robab ly  represented the decom position of hydroxide.

From these results, the firing schedule of La2 0 3  and MgO raw materials 

as shown in Fig 4.3 was set up. The maximum temperature was 1000°c along with the 

soaking time at each reaction temperature. After calcining, there was no La(OF03  and 

Mg(OFI) 2  left as appeared from XRD results in Fig. 4.4.
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Fig 4.4 XRD patterns of as-received and calcined (a) La2 0 3 and (ช) MgO
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4.2 Determination of calcining temperature for La1.xSr)(A11.yMgy0 3.5

Fig 4.5 showed the DTA results of std, S15, and M15 from 100°c to 1200°c. 

They all appeared the same characteristics. Expectedly, the reaction peaks of the 

com positions the range between std and S15 or M l5 should be the same. Therefore, 

these results also used as the representative of the com positions รร , S10, M5, and M10.

There were two steps of endotherm ic processes at 350-380°C and 530-550°C. 

Also the exotherm ic peak occurred at 470-480°C; it p robably related to the structural 

transition from rhom bohedral to cub ic perovskite. This result was in good agreem ent to 

that reported by the earlier studies (8,19'22>. Gellar and Bala observed that the lanthanum 

aluminate perovskite structure was rhombohedral at room tem perature and transformed 

to cub ic above 435°c. However, an accurate determ ination of the transition temperature 

could not be conducted. H.M. O 'bryan et al.(21> reported that transition temperature was 

near 500°c. From this result, the firing schedule of all com positions was set up and 

illustrated in Fig 4.6. A lthough the reaction peak could be observed at 700-1200°c, XRD 

pattern of powder calcined at 1200°c showed the second phase. Thus the powder 

mixture of all compositions was calcined at 1350°c. The calcination was necessary to 

be repeated at the same condition to obtain homogeneous com position. Thus the XRD 

patterns of std, S5, S10, and รา 5 as shown in Fig 4.7 confirm ed that the perovskite 

single phase was obtained. However, the XRD results of Mg m odified S10 showed 

some second phase and the amount of the second phase increased with the increasing 

of Mg content.
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Fig 4.5 DTA curves of LaA I0 3 (std), La0  3 5 รท0 1 5 A I0 2  9 2 5  (S15) and 

La0 9 Sr0 1 A l0  8 5 Mg0150  2  3 7 5  (M15)
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Fig 4.6 Firing schedule of all compositions
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Fig 4.7 XRD patterns of std, รร, ร10 and S15 calcined at 1350°c fo r 4 hours
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Fig.4.8 XRD patterns of Mg doped in S10 calcined at 1350°c for 4 hours
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4.3 Determ ination of L3 AIO 3 structure

The ca lc ined pow der was mixed with Si used for an internal standard to calibrate 

the d -spacing values. Many controversies in the structure of lanthanum aluminate were 

reported. Many researchers have observed that lanthanum alum inate (with or without 

dopant) posses rhom bohedral structure, corresponding to JCPDS no. 32-0022, 

however, the cubic structure was also reported by p.s. Anderson et a l<9). เท this study, 

although it was looked like the cubic so-called pseudocubic, most perovskite 

com pounds always had the distortion in their structure obtained from either the dopants 

or the synthesized processing. To detect the structure distortion of LaA I0 3  and its 

m odifications, the line splitting of (2 2 0 ) reflection was observed around 70° 2 0 . 

Theoretically, the splitting of (220) could be seen clearly in rhom bohedral but not cubic. 

The XRD data of std calcined pow der were collected in the range of 20 69.5-71°using 

the slow step scan of 0.01° and the long count time of 6  sec. As seen from the result in 

Fig 4.9 the splitting of (220) could not be observed clearly and this im plied that its 

structure was either cub ic or rhombohedral in which a  was closed to 90°. If LaA I0 3  

responded to an electric field, the (2 2 0 ) reflection would be splitted after an electric field 

was applied . However, this was beyond the objective of this research.

3 ; /|<3dO<Vl0/<;
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Fig 4.9 XRD pattern of std calcined at 1350°c for 4 hours
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T a b le  4.1 s h o w e d  the  20  a nd  d s p a c in g  from  th e  X R D  m e a s u re m e n t o f the  

u n d o p e d  L a A IC 3 c o m p o s it io n  as c o m p a re d  to 20  w h ic h  w a s  c a lc u la te d  fro m  c u b ic  

s tru c tu re . T he  2 0 ca! w a s  d e r iv e d  from  e q u a tio n s  4.1 a nd  4 .2 .

X = 2 d s in 0  (4 .1 )

1 _  ( / r  +k2 +  / 2 )  (4 .2 )

d '  a 2

W h e re  X is the  w a v e le n g th  o f C u  (1 .5 4 0 5 6  Â )  a nd  a is the  la ttic e  p a ra m e te r  o f 

L a A I0 3 (3 .7 9  Â )  c o u ld  be  c a lc u la te d  fro m  (100).

T he  2 0 cal s lig h t ly  d e v ia te d  fro m  2 0 ob5, s u g g e s tin g  th a t the  s tru c tu re  s h o u ld  n o t be

c u b ic .

T ab le  4.1 T he  XR D  d a ta  o f s td

h k I 20 obs 20 ca d0Sร เ/เ0

1 0 0 23.443 23.443 3.783 48

1 1 0 33.383 33.395 2.677 100

1 1 1 41.183 41.206 ' 2.187 43

2 0 0 47.943 47.941 1.894 37

2 1 0 54.023 54.039 1.694 21

2 1 1 59.663 59.689 1.547 33

2 2 0 70.143 70.149 1.340 17

2 2 1 75.063 75.10 1.263 10

H o w e v e r  the la ttice  p a ra m e te r  re p o rte d  in th is th e s is  w a s  d e te rm in e d  b y  a c u b ic

a p p ro x im a tio n  s in c e  the  a n g u la r  d is to rtio n  w a s  less  a nd  in s ig n if ic a n t ly  in flu e n c e .
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4.4 Effects of dopant on structural parameter of calcined powder

T he  re s u lts  o f XR D  p a tte rn s  fo r  s td , S5, S10, a n d  S 15 s h o w n  in Fig 4.7 

s u g g e s te d  th a t th e y  all e x h ib ite d  the  sa m e  s tru c tu re . The  la ttic e  p a ra m e te r  a n d  X -ray  

d e n s ity  o f th e s e  c o m p o s it io n s  w e re  c a lc u la te d  a fte r c o rre c t io n  w ith  Si s ta n d a rd  a nd  

d e te rm in e d  b y  c u b ic  a p p ro x im a tio n . T hese  resu lts  w e re  s u m m a riz e d  in T a b le  4 .2 .

T he  XR D  p a tte rn s  o f M g  d o p e d  in S 10 w e re  sh o w n  in F ig 4 .8 . T he  u n kn o w n  

p e a ks  e x h ib ite d  a n d  th e  n u m b e r  o f p e a ks  in c re a s e d  w ith  an in c re a s in g  a m o u n t o f M g. 

A lth o u g h  th e re  w e re  s e c o n d  p h a s e s  in M g m o d ifie d  S10, th e  la ttic e  p a ra m e te r  w a s  

a tte m p te d  to  c a lc u la te  fro m  the  m a in  p e a ks  a n d  the  ex tra  p e a k s  w e re  n o t c o n c e rn e d  in 

th is  s tu d y .

T a b le  4 .2  T he  la tt ic e  p a ra m e te r  d e te rm in e d  b y  c u b ic  a p p ro x im a tio n  a n d  X -ra y  d e n s ity  o f 

all c o m p o s it io n s

C o m p o s it io n S y m m e try La ttice

P a ram e te r (Â )

C e ll vo lu m e

(A )3

X -ra y  d e n s ity  

(g /c m 3)

S td. P s e u d o -C u b ic 3 .787 54.31 6 .54

S5 P s e u d o -C u b ic 3 .786 54 .27 6 .44

S10 P s e u d o -C u b ic 3 .788 5 4 .35 6 .32

S 15 P s e u d o -C u b ic 3 .792 54 .5 3 6 .24

M 5 P s e u d o -C u b ic 3 .797 5 4 .74 6 .30

M 10 P s e u d o -C u b ic 3 .799 5 4 .8 3 6 .33

- M 15 P s e u d o -C u b ic 3.801 54 .9 2 6 .22
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T a b le  4 .3  Io n ic  rad ii
(22)

Ion R ad ius  (Â )

L a 3' า .36

A l3- 0.53

M g 2- 0.72

S r2' 1.46

T he  s u b s titu tio n  o f ca tio n  w ith  2 +  in to  th a t o f 3 +  c re a te d  the  o xyg e n  v a c a n c ie s  

re s u lt in g  in a d e c re a s in g  o f la ttice  p a ra m e te r. H o w e v e r, the  re s u lts  s h o w e d  in T a b le s  

4 .2  re v e a le d  th a t the  ce ll vo lu m e  in c re a s e d  w ith  an in c re a s in g  a m o u n t o f 2+  ca tio n . The 

o n ly  o ne  o x y g e n  v a c a n c y  o c c u rre d  w h e n  re p la c in g  tw o  tr iv a le n t c a tio n s  w ith  tw o  

d iv a le n t c a tio n s . T h is  re s u lt m a y  im p ly  th a t the  e ffe c t o f  c a tio n  s ize  on the  ce ll vo lu m e  

w a s  s tro n g e r  than  the  e x is te n c e  o f o x y g e n  v a c a n c ie s . F rom  T a b le  4 .2 , the la ttice  

p a ra m e te r  o f S r2 d o p e d  L a A I0 3 in c re a s e d  w ith  s l ig h t ly  in c re a s in g  o f d o p a n t 

c o n c e n tra tio n  b e c a u s e  ion ra d iu s  o f S r2 w a s  la rg e r  th a n  th a t o f La3 . The  la rg e r  ion ic  

ra d iu s  o f M g 2 than  A l3 a ttr ib u te d  to the  la ttic e  p a ra m e te r  o f M 5, M 10 , a nd  M 15 w e re  

la rg e r  th an  S10 as re p re s e n te d  in T ab le  4 .3 . T he  un it c e ll in c re a s e d  w ith  the  a m o u n t o f 

M g d o p a n t. เท a d d it io n , the  la ttice  p a ra m e te r  in c re a s e d  s ig n if ic a n tly  w ith  M g 

s u b s titu tio n  as c o m p a re d  to S r su b s titu tio n .
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4.5 Effect of dopant on properties of specimens after sintering

4.5.1  P h a se  a n a ly s is

T he  s p e c im e n s  p re p a re d  from  p e ro v s k ite  o x id e  p o w d e r  w e re  s in te re d  a t 

1 5 0 0 °c  fo r  s td  a n d  ร ร .  T he  b u lk  d e n s ity  o f S10 a n d  S 15 w a s  to o  lo w  if th e y  w e re  

s in te re d  a t 1 5 0 0 °c  a n d  1 5 5 0 °c  (see  s e c tio n  4 .5 .2 ). To o b ta in  d e n s e  p e lle ts , S 10 a nd  

S 15  w e re  s in te re d  a t 1 5 7 5 °c . T he  p h a se  o f th e  s in te re d  s p e c im e n s  w a s  d e te rm in e d  by  

XR D  a n d  s h o w n  in F ig 4 .10 . It w as  e v id e n t th a t th e re  w e re  s l ig h t ly  u n k n o w n  p e a ks  

sh o w n  a t 2 9  4 5° in a ll c o m p o s it io n s . H o w e ve r the  a m o u n t o f s e c o n d  p h a s e  w a s  less 

a n d  m a y  b e  c a u s e d  b y  in a p p ro p r ia te  s in te r in g  te m p e ra tu re  a n d  s o a k in g  tim e .

T he  X R D  p a tte rn s  o f M g -m o d ifie d  S 10 w e re  illu s tra te d  in F ig 4 .11 . A s  

se e n  fro m  XR D  re s u lts  o f M 5, th e  e x tra  p e a k  e x is te d  a t 2 9  45° w h ic h  c o u ld  b e  o b s e rv e d  

in S10. T h e  X R D  p a tte rn s  o f M 10  a nd  M 15  s h o w e d  th a t th e  p e a k  a t 2 9  4 5 ° d is a p p e a re d  

a n d  th e  e x tra  p e a k  o c c u r re d  a t 29  31°. Th is  w a s  p o s s ib ly  b e c a u s e  th e  s u b s titu tio n  o f 

M g  d e c re a s e d  th e  s in te r in g  te m p e ra tu re . A lth o u g h , w ith  th e  a m o u n t o f M g u p  to  

1 0 -1 5 m o l% , th e  s e c o n d  p h a s e  o b s e rv e d  in b o th  S10 a n d  M 5 d is s o lv e d , th e  s e g re g a tio n  

o f o th e r p h a s e  to o k  p la c e  d u e  to  o ve r lim ita tion  o f the  s o lid  s o lu tio n  o f M 1 0  a n d  M 15.
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Fig 4 .1 0  XR D  p a tte rn s  o f s td  a n d  S5 s in te re d  a t 15 0 0 °c  and  

S10 a nd  S 15 s in te re d  at 1 5 7 5 °c
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Fig 4.11 XR D  p a tte rn s  o f M 5, M 10  a n d  M 15  s in te re d  a t 1 5 7 5 °c
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4 .5 .2  D e n s ity

T he  b u lk  d e n s ity  o f the  p e lle ts  s in te re d  a t v a r io u s  te m p e ra tu re s  w a s  

d e te rm in e d  b y  A rc h im e d e s  m e th o d  and  s u m m a riz e d  in T a b le  4 .4 . It w a s  c le a r ly  seen  

tha t the  d e n s ity  d e c re a s e d  w ith  the  in c re a s in g  a m o u n t o f S r b u t in c re a s e d  w ith  the  

in c re a s in g  a m o u n t o f M g  a t the  sa m e  s in te r in g  te m p e ra tu re . T h e re fo re , th e  h ig h  s in te r in g  

te m p e ra tu re  w a s  re q u ire d  fo r  S r-d o p e d  c o m p o s it io n . The s tru c tu ra l p a ra m e te r  o f M 15 

w as  n o t c o r re c t b e c a u s e  the a m o u n t o f the  im p u r ity  p h a s e s  w a s  v e ry  h ig h . To o b ta in  

h ig h e r  d e n s ity , the  s in te r in g  te m p e ra tu re  o f ร า 0, S15, M 5, M 10 a n d  M 15  w e re  se t u p  to 

1 5 7 5 °c . H ig h e r  te m p e ra tu re  than  1575°c w a s  n o t ab le  to a p p ro a c h  b e c a u s e  o f the  

lim ita tio n  o f e x is t in g  fu rn a c e  in the  la b o ra to ry . T h is  sh o u ld  b e  n o te d  th a t the  p e rc e n ta g e  

o f the th e o re tic a l d e n s ity  w a s  n o t c a lc u la te d  d ue  to the e x is te n c e  o f o th e r  p h a s e s  in the  

c o m p o s it io n .

Table 4.4 Density of sintered samples

C o m p o s it io n S in te rin g

T e m p e ra tu re

X -ra y  d e n s ity

(g /c m 3)

B u lk  D e n s ity  (g /c m 3)

S td า 500 6.54 6 .3 3 + 0 .0 7

ร ร า 500 6.44 6 .2 1 + 0 .0 8

S 10 1500 6.32 4 .9 6 + 0 .0 3

S 10 1550 6.32 5 .0 4 + 0 .0 5

ร า 0 1575 6.32 5 .2 1 + 0 .0 6

รา  5 1500 6.24 4 .7 7 + 0 .0 2

ร า ร 1550 6.24 5 .0 1 + 0 .0 2

ร า 5 1575 6.24 5 .9 2 + 0 .0 5

M 5 1575 6.30 5 .7 5 + 0 .0 8

M 10 1575 6.33 5 .8 5 + 0 .0 9

M 15
1

1575 6.22 5 .9 0 + 0 .0 7
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4 .5 .3  E le c tr ic a l c o n d u c t iv ity

เก g e n e ra l, the  e le c tr ic a l c o n d u c tiv ity  (a )  o f the  m a te r ia l d e p e n d s  on the 

te m p e ra tu re  a n d  ca n  be  e x p re s s e d  b y  A rrh e n iu s  e q u a tio n  as fo llo w s

ฮ' =
A
— exp  
T

(4.3)

w h e re  T is the  a b s o lu te  te m p e ra tu re  a n d  k is the  B o ltzm a n n  c o n s ta n t. Ea 

is a c tiv a tio n  e n e rg y  (kJ /m o l) a n d  A  is the  p re -e x p o n e n tia l c o n s ta n t. Ea is d e r iv e d  from  

the s lo p e  o f A rrh e n iu s  p lo t b e tw e e n  า/T vs . log  (ctT) on  th e  x  a n d  y -a x is , re s p e c tiv e ly .

a) D C  fo u r  p o in t m e th o d

T h e  e le c tr ic a l c o n d u c t iv ity  o f re c ta n g u la r  b a rs  s in te re d  a t 15 0 0 ° c  fo r  s td . and  S5, 

and  1 5 7 5 ° c  fo r  S10 a nd  S15 w a s  m ea su re d  as a fu n c t io n  o f te m p e ra tu re . T he  g o ld  

e le c tro d e  w a s  a p p lie d  on the sa m p le  fo r  e le c tr ic a l c o n ta c t  b e fo re  m e a s u re m e n t. S ince  

u n d o p e d  L a A I0 3 w a s  v e ry  re s is tive  m a te ria l, the c o n d u c t iv ity  c o u ld  be  m e a s u re d  at the 

te m p e ra tu re  a b o v e  8 0 0 °c . From  th is  resu lt, the  A rrh e n iu s  p lo t c o u ld  no t be  o b ta in e d  

and  the  d c  c o n d u c t iv ity  o f u n d o p e d  w as  n o t sh ow n . T he  p lo ts  o f log  (ctT) a n d  1/T o f S5 

s in te re d  a t 15 0 0 °c , S i 0 and  S 1 5 s in te re d  a t 15 7 5 ° c  w e re  illu s tra te d  in Fig 4 .12 . As seen 

from  th is  f ig u re , the p lo t fo rm  each  c o m p o s it io n  e x h ib ite d  tw o s lo p e s  to o b ta in  a 

re g re s s io n  c o e ff ic ie n t g re a te r  than  0 .997 , the tw o  re g io n s  o f e ach  c o m p o s it io n  w ere  

s e p e ra te d  as a p p e a re d  in Fig 4 .13 . This s tra ig h t line  e q u a tio n  o f e a ch  re g io n  w as  

d e te rm in e d  fro m  the fitt in g  p ro g ra m  and  a lso  g iv e n  in Fig 4 .13 . The c a lc u la te d  

a c tiv a tio n  e n e rg y  w a s  s u m m a riz e d  in T ab le  4.5.
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Fig. 4.12 Electrical conductivity vs reciprocal temperature of S5 sintered at 1500°c, S10
and S15 sintered at 1575°c
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Fig 4.13 Electrical conductivity vs. reciprocal temperature of S5, S10 and S15
illustrated the two regions
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Table 4.5 Calculated activation energy of S5, S10 and S15

Composition Temperature range (°C) Ea (kJ/mol)

S5 350-580 158

580-800 109

S10 350-510 126

510-800 107

ร 15 350-620 162

620-800 112

The calculated activation energy d ec ea sed  with the increasing of temperature. 

This result agreed with the works of the previous studies (89'12,23). This charactëristic 

commonly observed in other ionic conductor. The apparent activation energy (Ea) is 

expressed  by the sum of a migration enthalpy (A H J and the dopant-vancacy  

association enthalpy (AHa). At low temperature, both are present but with increasing 

temperature the coulombic forces between positive (oxygen vacancies)  and negative  

defect (A and B site dopant) decrease due to increased thermal energy leaving only 

AHm at the elevated temperature. From this result, the activation energy at the high 

temperature w as lower than that in the low temperature. เท addition, Nomura K.(8> 

su ggested  that the symmetry of the (La, J5rx)M 03_§ compound where M was Al, Ga, Sc, 

เก and Lu w as presumed to increase gradually due to the phase transition from 

rhombohedral to cubic. As a result, the activation energy of ion for migration 

decreased. เท addition, S10 had the lowest activation energy of 126 and 107 kJ/mol. 

The G 100C and G ao0 were calculated from the Arrhenious plot in the region (I) and showed  

in Table 4.6. S10 had the highest electrical conductivity at 1000°c  of 10.35x10'3 s /cm  

and at 800cC of 1.85x10 3 ร■ 'นา-ไ.
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Table 4.6 Calculated ๐ 1000 and ๐ 300 of รร, S10 and รา 5

Composition ๐ 1000(S/cm) ๐ 300(ร /cm)

รร 9.42x1 O'3 1.64 x10 3

S10 10.35 x10'3 1.85 x10 3

S15 8.90x1 O'3 1.47 x 1 0 3

ช) AC impedance spectroscopy

The results of AC impedance as a function of temperature of std were shown in 

Fig 4.14(a) and (ช). The curves of all measuring temperature excep t at 900°c  did not 

intercept the z' axis resulting from very high resistance of this composition. At 900°c,  

the curve intercept the z ’ axis at 450 kohm. However, the plot tended to form a single 

semi-circle at high temperature as observed in Fig 4.14(b).

Fig 4.15 illustrated the effect of temperature on the resistance of S10. The 

resistance decreased  with the increasing of temperature. This characteristic could be 

observed in all compositions.

The density of the pellet affected the resistance of the sample. As Shown in Fig 

4.16, when the density increased, the resistance decreased.
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The conductivity was obtained from equation 4.4

G  = —  { A  A )

RA

when I is the distance between two electrodes, A is the electrode area and R is 

obtained from interception of the z ’ axis. The Arrhenius plots of รร sintered at 1500°c,  

S10 and S15 sintered at 1575°c were shown in Fig 4.17. Also, the plots of M5, M10 and 

M15 sintered at 1575°c were shown in Fig 4.18. Similar to results of DC measurement,  

the activation energy decreased  with increasing temperature. The two straight lines of 

each composition were determined by fitting to a regression coefficient greater than 

0.897 and illustrated in Fig 4.19 and 4.20. The activation energy and the conductivity of 

all compositions calculated from the plots in Fig. 4.19 and 4.20 were summarized in 

Table 4.7 and 4.8.

Table 4.7 Calculated activation energy of รร, S10 and S15 by AC im pedance as a 

function of composition.

Composition Temperature range C o Ea (kJ/mol)

รร 350-550 131

550-800 112

S10 350-450 124

450-800 104

S15 350-600 200

600-800 135

M5 350-550 132

550-800 105

M10 350-450 136
' 450-800 104

M15 350-520 128

520-800 97
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Fig 4.17 AC conductivity vs reciprocal temperature of S5 sintered at 1500°c ,  S10 and

S15 sintered at 1575°c
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Fig 4.18 AC conductivity vs reciprocal temperature of S10, M5, M10 and

M15 sintered at 1575°c
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Table 4.8 Calculated CT1000 and a 800 of S5, S10 and S15 by AC impedance as a function 

of composition.

Composition a iooo (ร/c๓ ) c?800 (S/cm)

S5 9.77x1 O'3 1.62x1 O'3

S10 14.97x1 O'3 2.83x10'3

S15 2.84x10‘3 0.31 x10‘3

M5 15.57x10J 2.96x1 O'3

M10 16.34x103 3.11x1 O'3

M15 301.06x1 O'3 37.23x1 O'3

Similar to the result of dc measurement, the activation energy decreased 

as the temperature increased. This type of phenomenon had been observed in other 

ionic conductors.

i) Effect of the Sr content

It was evident that the electrical conductivity tended to increase as the 

amount of Sr increased. However, when the Sr content was up to 15mol%, the 

conductivity decreased. S10 had the highest electrical conductivity of 14.93x10 3s/cm 

at 1000°c and 2.83x103 s/cm at 8003c, corresponding to the result of dc measurement. 

a 1000 and Og00of S15 were the lowest value of electrical conductivity, 2.84x103 s/cm and 

0.31x103 S/cm, respectively. The low conductivity of S15 possibly resulted from its high 

activation energy due to the presence of second phase. ii)

ii) Effect of Mg content

The results of the activation energy and the temperature dependence on 

the conductivity of pellet sintered at 1575°c 4 h of M5, M10 and M15 were summarized 

in Table 4.7 and 4.8, respectively. The electrical conductivity of M5, M10 and M15 was 

higher than that of S10, although their activation energy at the high temperature was 

slightly different. The conductivity increased with the amount of Mg, especially 15mol% 

of Mg. The (71000 and ๐800 of M15 approached 301.06x103 s/cm and 37.23x103 s/cm,
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The conductivity of dc and ac measurements were compared in Table 4.9. 

Since Sr substituted in LaAI03were measured by both dc and ac; therefore only S5, S10 

and S15 were shown.

Table 4.9 The CT1000 and CJ800 of S5, S10 and S15 from dc and ac methods.

respectively. The reason for this was possibly due to the large amount of dopants

creating the higher oxygen vacancies concentration resulting in the higher conductivity.

The conductivity of M15 was higher than that of YSZ (0.1 s/cm at 1000°C).

Composition CT,000 (S/cm) g800 (S/cm)

dc ac dc Ac

S5 9.42x1 O'3 9.77x103 1.64x1 O'3 1.62x103

S10 10.35x10‘3 14.97x1 O'3 1.85x1 O'3 2.83x1 O'3

S15 8.90x1 O'3 2.84x1 O'3 1.47x103 0.31x103

It could be concluded from Table 4.9 that the CJ1000 and a 800 which were 

measured by dc method were not different. While the result from ac method had a 

significant difference. เท addition, the a 1000 of S10 measured by ac impedance was in 

good agreement with that reported by Nomura K .181 (15.8 Sx103cm).



57

4.5.4 Microstructure

The microstructures of the specimens were examined by the scanning 

microscope (SEM). Fig 4.21-4.25 showed the SEM micrographs of all polished and 

thermal etched samples. Fig 4.21 showed that the sintered LaAI03 composition had the 

average grain size larger than 1 micron. With 5mol% of Sr (รร), the grain growth was 

inhibited the average grain size was much smaller than that of undoped composition as 

เท Fig 4.22. เท addition, pores could be observed through the polished sample, resulting 

low density as compared to that of std. That was also in good agreement with the result 

of bulk density from Archimedes method in Table 4.4. Similar to รร, intergranular pores 

were observed เท S10 and the average grain size was larger at the sintering temperature 

of 1575°c. The SEM analysis of S15 (Fig 4.23) revealed a dense sample composed of 

two phases. The inhomogeneous of the substitution of Sr has been published by 

Anderson p.s. (9). The dark grains reported were rich in Al and Sr with low La content. 

The amount of the second phase increased with the amount of Sr-dopant.
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4.5.5 Thermal expansion coefficient

A dilatometer was used to determine the thermal expansion coefficient of 

sintered specimens. All compositions exhibited linear thermal expansion coefficient 

from room temperature to 900°c. The results were calculated and listed in Table 4.10

Table 4.10 Thermal expansion coefficient (TEC) of std, S5 sintered at 1500°c and S10, 

S15, M5, M10 and M15 sintered at 1575°c

Composition TEC(100-900°C) X 10 S(K’1)

Std 10.52

S5 11.37

S10 11.57

S15 11.92

M5 11.58

M10 11.67

M15 11.93

The measured TEC of std in this experiment was slightly different from the study 

of Vanderah 111 (11-12 x10 SK า). The TEC increased as Sr content increased. Also, the 

substitution with Mg caused higher thermal expansion and the TEC increased with the 

amount of Mg. The TEC of all compositions except std was higher than that of YSZ 

(า 0.5xา O ' K ). The TEC of M15 which provided the maximum electrical conductivity 

was closed to the TEC of the most common cathode 1,1 (La03Sr01MnO3 12x10 s K"1). Thus 

this composition was acceptable for using with LSM cathode.
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Fig 4.21 SEM micrograph of std sintered at 1500°c

Fig 4.22 SEM micrograph of S5 sintered at 1500°c
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Fig 4.24 SEM micrograph of S15 sintered at 1575°c



Fig 4.25 SEM micrograph of M15 sintered at 1575°c
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