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Abstrac t  

The curing process is the longest step in the manufacture of lead/acid batteries. In this 
work, curing of lead/acid battery pastes is undertaken by a hydrothermal method with 
the aim of shortening the duration of the process. The effects of curing temperature, 
time and atmosphere on the composition and toughness of the positive plates are 
investigated. Both the latter parameters are found to be strongly influenced by these 
curing conditions. In particular, the strength of positive plates prepared either in the 
presence of water vapour or in an atmosphere containing 02 and water vapour is lowered 
with increasing temperature and time. This is due to the formation and growth of large 
tetrabasic lead sulphate (4PbO. PbSO4) crystals. By contrast, ff the hydrothermal curing 
is conducted in an atmosphere containing CO2 and water vapour, plate strength is increased 
as a result of the formation of small crystals of PbCOa and a reduction in the number 
of large 4PbO-PbSO4 crystals. 

I n t r o d u c t i o n  

The l ead ]ac id  b a t t e r y  c o n t i n u e s  to  be  the  m o s t  i m p o r t a n t  e l e c t r o c h e m i c a l  
s y s t e m  for  e n e r g y  s to rage .  I ts  e c o n o m y  has  no t  b e e n  s u r p a s s e d  by  any  o t h e r  
s y s t e m  [1]. W h e n  us ing  p a s t e d  pos i t ive  p la tes ,  cu r ing  is t he  m o s t  t ime-  
c o n s u m i n g  s t a g e  in b a t t e r y  m a n u f a c t u r e .  The  fo l lowing  p r o c e s s e s  o c c u r  
s i m u l t a n e o u s l y  dur ing  cur ing:  (1)  r ec rys t a l l i z a t i on  o f  bas i c  l e ad  s u l p h a t e s  
(ma jo r  p a s t e  c o n s t i t u e n t  is  t r i ba s i c  l e ad  su lpha te ,  3 P b O . P b S O 4 - H 2 0 )  and  
l ead  ox ide  to  fo rm a m a t r i x  o f  s t rong ly  i n t e r c o n n e c t e d  crys ta ls ;  (2)  c o r r o s i o n  
o f  the  grid,  w h e r e b y  the  c o n t a c t  b e t w e e n  the  g r id  and  the  p a s t e  is  enhanced ;  
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(3) ox ida t ion  of  f ree- lead  par t ic les  in the  pas t e  to give PbO (an e x o t h e r m i c  
p r o c e s s  f rom which  the  r e l ea sed  hea t  ma in t a ins  the  p la te  t e m p e r a t u r e  a b o v e  
a m b i e n t  and  t h e r e b y  c a u s e s  the p r o c e s s e s  tak ing  p l ace  dur ing  cur ing  to  
p r o c e e d  a t  a h igher  rate) ;  (4) evapo ra t i on  of  w a t e r  f r o m  the pas t e  resul t ing  
in dry ing  of  the  p l a t e s  [2]. 

In c lass ic  t echno logy ,  cur ing is p e r f o r m e d  at  40 °C fo r  72 h, including 
24 h a t  100% rela t ive  humid i ty  [3]. I t  is known  tha t  m o i s t u r e  is n e c e s s a r y  
for  the  e x o t h e r m i c  ox ida t ion  of  meta l l ic  lead and  tha t  hea t  is requi red  to  
e v a p o r a t e  the  m o i s t u r e  f r o m  the  plate.  W h e n  this  ox ida t ion  p r o c e s s  p r o c e e d s  
a t  a h igher  rate ,  a g r e a t e r  a m o u n t  of  hea t  is re leased .  Natural ly,  this  ra i ses  
the  p la te  t e m p e r a t u r e  and  causes  w a t e r  to e v a p o r a t e  m o r e  rap id ly  f r o m  the  
pas te .  Under  such  condi t ions ,  the  ex ten t  o f  lead ox ida t ion  will dec r ea se  
be fo re  cur ing  is c o m p l e t e d .  On the  o the r  hand,  if  the  t e m p e r a t u r e  is inc reased  
and  an a p p r o p r i a t e  humid i ty  is main ta ined ,  the  cur ing p r o c e s s e s  will be  
e n h a n c e d  and  will p r o b a b l y  enab le  the  p r o c e s s  t ime  to  be  shor tened .  

This  p a p e r  de sc r ibe s  inves t iga t ions  of  the  ef fec ts  o f  h y d r o t h e r m a l  cur ing  
condi t ions  on the  c o m p o s i t i o n  and  t o u g h n e s s  of  pos i t ive  pla tes .  

Experimental 

Posi t ive  p a s t e  was  p r e p a r e d  by  mix ing  leady oxide  with H20,  H2SO4, 
and  cer ta in  addi t ives .  Tab le  1 gives  the  c o m p o s i t i o n  of  the  leady oxide  which  
was  p r o d u c e d  in a ball  mill. The  c o m p o s i t i o n  of  the  pos i t ive  pa s t e  is p r e s e n t e d  
in Table  2. The  a p p a r e n t  dens i ty  of  the  pa s t e  was  4.2 g c m - 3  and  the  w a t e r  
con ten t  was  12 wt.%. The  pas t e  con ta ined  main ly  a -PbO and 3PbO-  PbSO4 • H20,  
t o g e t h e r  wi th  s o m e  fl-PbO, 4PbO.PbSO4 ,  Pb3(CO3)2(OH)2 and  Pb.  (Note,  
a -PbO is a lso  r e f e r r ed  to  as  te t -PbO,  and  fl-PbO as  o r t h o r h o m b - P b O ) .  The  
p a s t e  c o m p o s i t i o n  will d e p e n d  u p o n  the  holding t ime.  The  lead  con ten t  in 

TABLE 1 

Composition of leady oxide (wt.%) 

Sample a-PbO fl-PbO Pb 

1 69.5 0.7 29.8 
2 65.6 4.9 29.5 

TABLE 2 

Composition of positive paste (wt.%) 

Sample a-PbO ~8-PbO 3PbO. PbSO4 • H20 4PbO- PbSO4 Pb3(CO3)2(OH)2 Pb 

1 50.8 15.4 18.5 11.2 2.6 1.5 
2 29.6 12.5 43.7 6.1 4.2 3.9 
3 29.8 23.5 27.5 6.5 5.2 7.5 
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Fig. 1. Autoclave for hydrothermal curing of positive plates: (1) spring holding bolt; (2) disc 
for pressing spring; (3) dish-type spring; (4) well-type spring case; (5) Teflon packing; (6) 
Teflon liner; (7) test sample; (8) Pt mesh; (9) water or solvent solution; (10) bottom disc; 
(11) stainless steel body. 
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Fig. 2. Effect of curing temperature on composition of positive plates. 
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the  p a s t e  is lower  t han  in the  s tar t ing  ox ide  b e c a u s e  meta l l ic  lead is oxid ized  
dur ing  the  mix ing  p rocess .  

C o m m e r c i a l  gr ids  m a d e  f rom P b - 0 .  l w t . % C a  al loy w e r e  p a s t e d  with p a s t e  
no. 2. Two sizes o f  gr id  we re  used,  namely ,  2 8 x 2 8 × 3  m m  and  1 2 x 1 7 x 3  
ram.  The  pos i t ive  p la t e s  were  cured  in an au toc lave  u n d e r  h y d r o t h e r m a l  
condi t ions .  

The  au toc l ave  is shown  schemat ica l ly  in Fig. 1 [4]. I t  is m a d e  of  s ta inless  
s teel  and  has  a cyl indrical  c h a m b e r  wi th  a Teflon l iner  o f  30  m m  i.d. A t e s t  
s a m p l e  of  pos i t ive  p la te  was  p l aced  on  a p la t inum m e s h  inside the  c h a m b e r  
and  10 ml  water ,  o r  so lven t  solut ion,  was  in t roduced  into the  b o t t o m  of  the  
vesse l .  The  au toc l ave  was  hea t ed  to  a des i red  t e m p e r a t u r e  in a convec t ion  
oven  and  then  the  cur ing  p r o c e s s  was  car r ied  out  in the  p r e s e n c e  of  w a t e r  
vapour .  After  curing,  the  au toc lave  was  coo led  down to  r o o m  t e m p e r a t u r e  
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Fig. 3. X-ray diffraction patterns of cured paste at different temperatures 
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Fig. 4. Effect of curing temperature on the toughness of positive plates (conditions of needle 
depth test: falling weight 50 g; drop distance 36 mm). 
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(a) (b) 

(c) (d) 

::i? I 

(e) (f) 

Fig. 5. Electron micrographs of paste structure and crystals after curing at the different 
temperatures indicated. (a) 100; (b) 110; (c) 120; (d) 130; (e) 140; (f) 150 °C. 
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Fig. 8. X-ray diffraction patterns of cured paste at 100 °C for different curing times. 
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Fig. 9. X-ray diffraction patterns of cured paste at 120 °C for different curing times. 

by an electric fan. The cured sample was removed and dried in air at 100 
°C for 1 h. 

The composit ion of both cured and dried samples was obtained by X- 
ray powder  diffraction (XRD) analysis. The fractured surface of  the samples 
was examined in a scanning electron microscope,  while the toughness of 
the samples was determined by measuring the depth of the impression made 
by dropping a weighted needle on to the plates. 

R e s u l t s  a n d  d i s c u s s i o n  

Effect of  cumng temperature 
Curing was performed at different temperatures  within the range 100 

to 150 °C for 0.5 h in the presence  of water vapour.  The changes in phase 
composit ion are shown in Fig. 2 and the XRD patterns are given in Fig. 3. 
Increasing tempera ture  results in the growth of 4PbO. PbSO4 and a decrease 
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Fig. 10. Effect of curing t ime on  the toughness  of positive plates under  hydrothermal  conditions: 
(a) 100 °C; (b) 120 °C. 

in the amount  of 3PbO.PbSO4.H20. At the same time, the amount of 
a-PbO decreases, the /~-PbO content remains almost unchanged, and the 
levels of Pba(CO)3)2(OH)2 and Pb gradually decline to zero at 150 °C. 

Results obtained from the needle-depth test on positive plates cured at 
different temperatures are shown in Fig. 4. It can be clearly seen that above 
120 °C, the toughness of the plates decreases with further increase in curing 
temperature. 

Electron micrographs of the structure and crystal morphology of positive 
pastes cured at different temperatures are presented in Fig. 5. The prismatic 
crystals of 4PbO- PbSO4 gradually grow in size at higher curing temperatures. 
By contrast, the proportions of small-sized crystals of various shapes (probably 
a-PbO and 3PbO-PbSO4-H20) are gradually decreased by conversion into 
4PbO.PbSO4. The large prismatic crystals of 4PbO-PbSO4 have a small 
contact area. This weakens the interconnection between them and, thereby, 
lowers the mechanical s trength of the plate. 

Effect of curing time 
The influence of process time on the composition of  positive plates was 

determined when curing at  100 and 120 °C. The changes in phase composition 
are shown in Figs. 6 and 7; the corresponding XRD patterns are given in 
Figs. 8 and 9. When the curing time is increased from 0.5 to 3.0 h, the 
amount  of 4PbO. PbSO4 formation is obviously increased. 

Results from the needle-depth test on positive plates cured for different 
times are presented in Fig. 10. It can be seen that the toughness of positive 
plates decreases with increase in curing time. 

Electron micrographs of the structure and crystal morphology of positive 
paste cured for different times are given in Fig. 11. Large prismatic crystals 
of 4PbO-PbSO4 are produced and continue to grow with curing time. It can 
be also seen that long curing times cause the formation of a large quantity 
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(g) (h) 

Fig. 11. Electron micrographs of cured paste structure and crystals after curing for different 
times. (a) 100 °C, 0.5 h; (b) 100 °C, 1.0 h; (c) 100 °C, 2.0 h; (d) 100 °C, 3.0 h; (e) 120 "C, 
0.5 h; (f) 120 °C, !.0h; (g) 120 °C, 2.0 h; (h) 120 °C, 3.0 h. 

of ~the flPbO.PbSO4 phase. Under these conditions, plate toughness is de- 
creased. 

Effect of curing atmosphere 
The effect of curing atmosphere was examined by varying the solvent 

solution in the autoclave. In the first experiment, 10 ml of 34% H202 solution 
was added to the autoclave to create an atmosphere containing 02 and water 
vapour. The changes in phase composition of paste cured under this atmosphere 
at  temperatures between 100 and 140 "C are shown in Fig. 12; the cor- 
responding XRD patterns are given in Fig. 13. The formation of 4PbO. PbSO4 
obviously increases with increase in curing temperature. This results in a 
decrease in the mechanical strength of the plate (Fig. 14(a)). 

Electron micrographs of the structure and crystal morphology of positive 
pastes cured at different temperatures in an atmosphere containing 02 and 
water vapour are presented in Fig. 15. The 4PbO. PbSO4 crystals grow up 
to 10 /zm in size and have well-pronounced walls, edges and apices [5]. 
The formation of 4PbO. PbSO4 is easier in an atmosphere containing O2 and 
watervapour  than in the presence of water vapour alone. Since the 4PbO. PbSO4 
crystals are large, there is a decrease in the strength of positive plates cured 
at high temperatures in an atmosphere containing O2 and water vapour.  

In a further experiment, 10 ml of 2 M (NH4)2CO3 solution was placed 
in the autoclave to create an atmosphere containing CO2 and water vapour. 
The changes in phase composition of paste cured  at temperatures between 
100 and 140 °C for 0.5 h are shown in Fig. 16. The XRD patterns are 
presented in Fig. 17 and peaks due to the formation of PbCO~ are clearly 
discernible. The yield of PbCO3 increases as the curing temperature is raised. 
By contrast, the 4PbO. PbSO4 and a-PbO contents are considerably reduced. 
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Fig. 12. Effect of curing temperature on the composition of positive plates under hydrothe~mal 
conditions of an atmosphere containing 02 and water vapour. 
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Fig. 14. Effect of curing tempera ture  on the toughness  of positive plates under  hydrothermal  
conditions with different a tmospheres :  (a) 02; (b) CO2. 

Finally, there is a slight increase in the levels of both 3PbO- PbSO4- H20 and 
Pb3(COa)2(OH)2, but a slight decrease in the amount of a-PbO. 

Needle-depth tests of positive plates cured in a CO2/water-vapour at- 
mosphere indicate that plates are stronger when cured at higher temperatures 
(see Fig. 14(b)). 

Scanning electron microscopic studies revealed that the paste cured in 
an atmosphere containing CO2 and water vapour is composed of relatively 
equal-sized crystals of PbCOa, 3PbO.PbSO4. H20 and PbO that are inter- 
connected in a homogeneous structure (Fig. 18). The formation of carbonate 
roughens the surface of the 4PbO-PbSO4 crystals [6]. This improves the 
contact between the crystals and, consequently, the toughness of the paste. 

Comparison with commercial plates. 
The phase composition and mechanical strength of positive plates cured 

both in the factory and under test conditions are compared in Table 3. 

C o n c l u s i o n s  

It has been observed that  hydrothermal curing conditions in an autoclave 
strongly influence the composition, morphology and toughness of the positive- 
plate material. 

When either the temperature or the time of curing is increased in the 
presence of water vapour, or in an atmosphere containing 02 and water 
vapour, the toughness of the cured positive plates is decreased due to the 
formation and growth of large 4PbO.PbSO4 crystals. In an atmosphere 
containing CO2 and water vapour, however, the strength of positive plates 
is increased due to the formation of small PbCOa crystals and a decrease 
in the number of large 4PbO. PbSO4 crystals. 
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(a) (b) 

(c) (d) 

(e) 
Fig. 15. Electron micrographs of paste structure and crystals after curing at different temperatures, 
as indicated, in an atmosphere containing 02 and water vapour. (a) 100; Co) 110; (c) 120; 
(d) 130; (e) 140 °C. 
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(a) (b) 

(c) (d) 

(e) 

Fig. 18. Electron micrographs of paste structure and crystals after curing at different temperatures, 
as indicated, in an atmosphere containing CO 2 and water vapour. (a) 100; (b) 110; (c) 120; 
(d) 130; (e) 140 °C. 
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TABLE 3 

Comparison of phase  composi t ion  and toughness  of cured positive plates  

Composit ion of positive plate Sample a 
(wt.%) 

1 2 3 4 5 6 7 

a-PbO 36.4 36.7 34.3 34.7 36.3 37.2 20.4 
~-PbO 2.3 14.0 10.9 19.9 9.4 10.5 8.7 
3PbO- PbSO4 - H20 7.0 39.0 34.2 34.3 40.1 39.2 44.4 
4PbO-PbSO4 33.8 5.9 15.9 3.0 10.0 12.1 3.4 
Pba(COa)~(OH)2 17.0 3.2 3.8 5.1 3.0 1.0 3.6 
Pb 3.5 1.2 0.9 3.0 1.2 - - 
PbCO3 . . . . . .  19.5 

Average needle  depth  (ram) 1.15 0.90 0.95 0.87 1.12 1.22 0.90 

"1, first factory ba tch  ( 1 4 0 × 2 4 0 × 4  mm);  2, second factory ba tch  ( 1 1 8 × 2 2 0 × 3  mm); 3, 
second factory ba tch  ( 1 3 2 × 2 4 0 × 3  nun);  4, third factory ba tch  ( 2 8 × 2 8 × 3  nun); 5, tes t  plate 
cured under  water  vapour  at  120 °C for 0.5 h; 6, tes t  plate cured under  02 and water  vapour  
at 120 °C for 0.5 h; 7, tes t  plate cured under  CO2 and water  vapour  at  120 °C for 0.5 h. 
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