
Journal of Power Sources, 36 (1991 ) 57-67 57 

Effect  of  b i s m u t h  on  the  c o r r o s i o n  b c h a v i o u r  of lead  in 
s u l p h u r i c  ac id  

N. P a p a g e o r g i o u *  and M. Sky l las -Kazacos  
School of Chemical Engineering & Industrial Chemistry, University of  New South 
Wales, P.O. Box 1, Kensington, N S W  2033 (Australia) 

(Received July 27, 1990; in revised form March 19, 1991) 

Abstrac t  

To determine the maximum tolerable level of bismuth in lead/acid battery grid manufacture, 
a series of anodic corrosion experiments is carried out under conditions closely simulating 
those experienced in the positive-plate grid of an operative lead/acid battery. Weight 
loss is taken as a measure of the corrosive destruction of a series of binary lead-bismuth 
alloys with bismuth contents up to 2300 ppm. The results reveal the crucial role of both 
bismuth itself and the metallurgical structure (e.g., grain size) of the alloy. In particular, 
the alloy composition determines both the mechanism and the kinetics of the corrosion 
process. Long-term exposure tests show that the resistance to corrosion is significantly 
reduced at bismuth concentrations above 200 ppm. 

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

To date, there  has been  limited research  on the  effects of  b ismuth  on 
lead /ac id  ba t te ry  pe r fo rmance  (e.g., grid corrosion,  cycle life, gassing,  etc.). 
Fur thermore ,  the  publ ished da ta  provide  conflicting views on whe the r  b i smuth  
is deleter ious or, in fact, beneficial  to  ba t te ry  pe r fo rmance .  

The effects of  calcium, tin and bismuth on the initial s t rength  of  
c a l c ium- l ead  alloys was  s tudied by  Myers e t  a l .  [ l l .  Bismuth  (up to 1000 
p p m )  was  shown to increase  the rate at  which ca l c ium- l ead  alloys age harden.  
This was  b rough t  about  by grain refinement.  Moreover ,  b i smuth  was  found  
to  exer t  no  deleter ious  effects on alloy strength.  

Life-cycle tes ts  were  carr ied out  by Devitt and Myers [2] on au tomot ive  
bat ter ies  with P b - C a - S n  grids conta in ing  var ious  amoun t s  o f  bismuth.  The 
bat ter ies  were  cycled  to failure using two procedures :  one des igned to cause  
failure by corros ion,  the o the r  to closely model  service in an automobile .  
Bismuth,  up to  420  ppm,  was  found  to  have no effect on the  ra tes  of  either 
gass ing  or  grid cor ros ion  in the batteries.  There  was  no deleter ious  effect 
on  cycle  life with increas ing bismuth.  In fact, endurance  improved  as the 
b i smuth  con ten t  was  increased.  In an earlier s tudy  [3], however ,  b ismuth  
was  seen to p r o m o t e  the co r ros ion  of  the lead lattice. More specifically, the 
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corrosion resistance of bismuth-containing alloys was found to pass through 
a minimum at ~ 3.5 wt.% Bi. Another detailed investigation [4] showed that 
the presence  of bismuth both encourages grid growth and increases the 
shedding of positive active material. 

More recently, Hampson e t  al .  [5] carried out  a detailed study of  the 
effect of bismuth on the electrochemical behaviour of lead. Using cyclic 
voltammetry and potential step techniques, these workers showed that con- 
centrations as low as 0.06 wt.% Bi in lead render  the alloy much more 
susceptible to anodic corrosion than either pure lead or antimonial (5 wt.%) 
lead alloy. The relationship between bismuth content  and depth of corrosion 
attack was not  linear; a maximum stability concentrat ion was observed at 
~0 .15  wt.% Bi. These workers suggested that if the beneficial propert ies  
of bismuth, as repor ted  elsewhere in the literature (i.e., lower self-discharge 
and gassing rates than antimony and increase cycle life), were combined 
with the opt imum level of the alloy for minimum anodic corrosion, then 
bismuth could be a suitable replacement  for antimony in lead/acid batteries. 

From the above, it is obvious that there is still considerable disagreement 
concerning the influence of bismuth on battery performance,  particularly 
with regard to grid corrosion and the level that can be tolerated in grid 
alloys. Most of the results published to date have been obtained either from 
fundamental electrochemical  studies on lead alloys in sulphuric acid, or from 
tests on a small number  of lead/acid batteries. In most  instances, it is difficult 
to make direct comparisons between the different investigations as both the 
experimental  condi t ions  (i.e., electrode potentials, acid concentration, ex- 
posure time, etc.) and the examined range of bismuth concentrat ions vary 
widely. 

In the present  study, the corrosion of Pb-Bi  alloys (Bi content  0 to 
2300 ppm) over a range of experimental  conditions has been systematically 
investigated using weight-loss analysis. 

Experimental 

Potentiostat ic anodization experiments were performed on test  electrodes 
immersed in solution at room temperature.  A basic three-compartment  cell 
was used containing a 'multiple' working electrode, a pure lead counter  
electrode, and a Hg/Hg2SO4 reference electrode. All potentials are reported 
with respect  to this latter electrode. The cell was interfaced to an AMEL 
model 551 potent iostat  and the potential of the anodic oxidation was regulated 
at a preset  value. The experimental  set-up (Fig. 1) was designed to allow 
the simultaneous oxidation of a maximum of 10 specimens under  the same 
conditions, including exposure  time. 

Two types of  specimens were tes ted namely, rods and coupons. The 
rods were made by machine turning, while the coupons were produced by 
mechanically rolling the rod-shaped samples. Both specimen types were 
etched in 10 wt.% nitric acid and polished by very light application of dry 
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ri= const,  

Fig. 1. Potentiostatic corrosion cell. 

TABLE 1 

Experimental  condit ions for weight- loss  tes t s  

Exper iment  Potential H2SO4 
no. (V) concentra t ion 

(M) 

Exposure  time 
(h) 

I 1.00 5 235 
II 1.00 2 480 
III 1.00 2 333 
IV 1.12 2.2 168 
V 1.10 4 212 
VI 1.10 4 220 

tissue paper. The dimensions and weight of  each sample were recorded. 
After termination of the corrosion experiment,  the specimens were washed 
with water and collectively placed in a hot  bath of  hydrazine-mannitol  for 
stripping of  the corrosion product .  Finally, the specimens were dried and 
the individual weight-losses determined. The latter were calculated in terms 
of  electrode unit area (ram 2) and plotted as a function of  bismuth content. 

The experimental  conditions employed for each set of weight-loss ex- 
periments are given in Table 1. The test  parameters  were selected in order  
to  simulate the operating conditions experienced by the grid of  the positive 
plate in a healthy lead/acid bat tery during open-circuit stand. A potential of 
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1.00 Y has  been  ~imwn [b, 7j to c o r r e s p o n d  Lo Lhe m a x t m u m  corro~iolt  raLe 
o f  lead in HeS04 solut ion;  while the  va lues  o f  1.10 and  1.12 V reflect ,  
r espec t ive ly ,  the  po ten t i a l  o f  a d i scha rged  and  c h a r g e d  pos i t ive  p la te  at  open  
circuit .  Cor re spond ing ly ,  the  e lec t ro ly te  concen t r a t i on  is 2 M in a d i scha rged  
cell and  4 M in a fu l ly-charged cell. 

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

Before  d i scuss ing  the  resu l t s  o f  the  co r ros ion  s tud ies  shown  in Figs.  
2 - 7 ,  and  the i r  impl ica t ions ,  it is n e c e s s a r y  to  e x a m i n e  the  role  of  a few 
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exper imenta l  fac tors  o f  a m o r e  implic i t  nature.  Earlier s tudies  [8 ] d e m o n s t r a t e d  
an a s s o c i a t i o n  b e t w e e n  the  ex ten t  o f  anod ic  ox ida t ion  and the  bas ic  grain 
s tructure  o f  the  metal ,  at l east  for  short - term e x p o s u r e s .  Pr imary crysta l l izat ion 
during cast ing  o f  an al loy m a y  p r o d u c e  a certain micros t ruc ture  but  the  
latter can alter through  an intrinsic  m e c h a n i s m .  This  is  b e c a u s e  b o t h  lead 
and its a l loys  p o s s e s s  the  abil ity to  recrystal l ize  at r o o m  temperature ,  wi th  
the  t e n d e n c y  to  f o r m  a larger gra ined and m o r e  stable  s tructure .  S ince  the  
rate o f  th is  trans ient  p h a s e  o f  recrysta l l izat ion is inI luenced by  t emperature ,  
it wil l  be  referred to  hereaf ter  as  ' thermal  treatment ' .  A l t h o u g h  the  p r o c e s s  
can  be a c c e l e r a t e d  f r o m  a f e w  w e e k s  at r o o m  t e m p e r a t u r e  to  a f e w  h o u r s  
at around  100  °C [9], the  final grain format ion  can  be c o n s i d e r e d  to  be  an 
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Corrosion experiment VI on a rod electrode at 1.10 V, 4 M H2SO 4 for 220 h exposure. 

inherent  p rope r ty  o f  each  alloy spec imen that  is d e p e n d e n t  mainly upon  the 
b ismuth  concent ra t ion .  Thus, in this work,  all samples  were  subjected to 
sufficient ageing condi t ions  (i.e., shelved for  a few m o n t h s  at r o o m  tempera ture )  
before  p repara t ion  as cor ros ion  specimens.  

The grain mic ros t ruc tu re  was  es t imated on a cross-sect ional  gra in-count  
basis. The var iat ion in grain size for  the rod- type  alloy series is shown in 
Fig. 8. Of course ,  in the  case of  coupon- type  spec imens  p roduced  f rom 
rolled rod  samples ,  mechanica l  deformat ion  initially causes  e longat ion of  the 
pr imary  grain s t ruc ture  in the direct ion of  rolling. This resul ts  in a heavily 
s t ressed s t ructure  tha t  is p rone  to a spon t aneous  release of  internal (free) 
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energy through recrystallization. With coupons, therefore,  it is appropriate 
to distinguish between 'as-rolled' and 'thermally treated'  specimens due to 
the degree of recrystallization that has been allowed to take place from the 
stressed and partially elongated state to the totally relieved state. 

Experiments  I to VI have all been conducted on the same fully annealed 
set of rod specimens with the grain structures shown in Fig. 8. Under the 
corrosion conditions of exper iment  I, the extent  of corrosion appears  to 
fluctuate almost in unison with the corr. esponding grain size (cf., Figs. 2 and 
8). There are no indications that  the corrosion rate depends on the bismuth 
content  p e r  s e .  Similar behaviour  was observed under  the conditions of  
exper iment  IV (Fig. 5). Despite the shift towards a milder potential [7] and 
lower exposure,  weight loss has been on a slightly larger scale, possibly due 
to the more aggressive electrolyte concentrat ion [6]. The observed corrosion 
faithfully follows the grain size pattern of  Fig. 8. A weight loss of the same 
order  was found with exper iment  VI (Fig. 7), in which the experimental  
parameters  were fixed at values between those used in experiments  I and 
IV. The data for  exper iment  VI presented in Fig. 7 are less reliable than 
those in Figs. 2 and 5 because  of  random errors introduced through the 
lack of a wax shield on the stems of the rod specimens. Nevertheless, the 
results of exper iment  VI present  further evidence to support  the notion of  
a non-monotonic relationship between corrosion rate and alloy bismuth 
content,  under  the specific range of test  conditions chosen in this study. 

The viability of the present  technique in assessing the corrosion within 
this narrow window of  bismuth concentrat ion was verified through estimation 
of  the order  of  magnitude of  the fixed (or systematic) error  associated with 
each process  during the exper iment  and through computat ion of the uncertainty 
in the weight loss. The extent  of this uncertainty is indicated by the error  
bars shown in Figs. 2 to 7. 



In summary, the findings from experiments I, IV and VI show, for short- 
term exposure levels, that the grain structure and the corrosion rate are 
inter-dependent. Moreover, the relationship between alloy weight loss and 
grain size is unequivocally inverse, i.e., large grains deter the destructive 
loss of the metal base during anodization in the short term ( ~ 200 h exposure). 

With longer exposure times, e.g., 333 h in experiment III (Fig. 4), the 
grain size factor ceases to dominate the weight-loss trend. Rather, the corrosion 
appears to escalate far more steeply with bismuth content, in a convincingly 
monotonic fashion. Hints of a grain size effect are still evident (around 
1700-1900 ppm Bi) but corrosion appears generally aggravated by the 
bismuth content. The same situation holds at an even longer exposure of 
480 h (experiment II, Fig. 3) where the corrosion rate rises sharply above 
the 920 ppm Bi level. 

Generalizing over the entire series of experiments on the corrosion 
behaviour of these alloys, it can be asserted that the mode and overall rate 
of corrosion are the product of a combined effect of both grain structure 
and bismuth content. The relative significance of the latter two parameters 
varies with time for exposures of up to 480 h. This exposure period may 
cover a transient phase in the corrosion mechanism or mode of attack, before 
a steady-state corrosion process is established. 

A possible explanation for this behaviour can be given through the 
following process scheme: alloys corrode by an inter-dendritic mechanism 
rather than uniformly [10]. This mode of corrosion is definitely enhanced 
by the richer distribution of bismuth around the boundary lengths (caused 
by microsegregation in cast binary alloys [11-13]) because of the less 
adherent product film from the corrosion of the boundary phase. The number 
of intergranular regions exposed on the alloy surface decreases with increase 
in grain size and, consequently, the corrosion rate will be reduced. In the 
short-term, therefore, grain size controls the extent of corrosion in an inverse 
relationship. Prolonged exposure, however, results in a mechanism whereby 
the corrosion front, while progressing along grain boundaries, results in the 
engulfing of the larger grains and isolation of metallic lead from the base 
structure. Weight loss is thus boosted to much higher levels, as more material 
is removed with the corrosion product layer. Metallographic samples that 
were prepared from alloy specimens with three different bismuth levels (0, 
1500, 2300 ppm) and exposed to long-term corrosive conditions (1.1 V, 4 
M H2SO4, 7 weeks) yielded corrosion profiles that  well substantiate the 
assumption of the above mechanistic scheme, as confirmed by the micrographs 
show in Fig. 9. 

~kLrther feedback on the mechanisms of the alloy corrosion is obtained 
from experiment V (Fig. 6) which employed rolled coupon specimens and 
constitutes a short-term test under similar conditions. The corresponding 
graph (Fig. 6) depicts a similar fluctuation with grain size, and resembles 
the mechanism of the short-term experiments I, IV and VI on rod specimens. 
The average weight loss in experiment V is, however around 25% of the 
levels recorded for the rod specimens under identical conditions. The lower 
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Fig. 9. Comparison of corrosion profiles on  lead and two l ead -b i smu th  alloys: (a) pure  lead, 
(b) 1500 ppm Bi, (c) 2300 ppm Bi ( × 2 3 ) .  
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weight-loss levels for the rolled coupon specimens are thought to be due 
to increased passivity of the planar surface films, compared with the rod 
curvature where product growth occurs radially and results in mechanical 
incoherence of the passivating corrosion surface layer. 

An additional important finding is that  the recrystallized grain structure 
depends on the primary structure in such a way that the grain-size proportions 
of the primary cast structure are virtually retained, in the examined bismuth 
range. This conclusion is based on a comparison of grain-size analyses on 
the cast and rolled alloy series, and does not claim to be conclusive. 

Conclusions 

From the results of the present study, it can be concluded that for a 
given potential, corrosive environment, and exposure time the corrosion of 
Pb--Bi binary alloys (max. 2300 ppm Bi, assuming weight loss is a direct 
measure of the extent of anodic attack) is predominately governed by three 
distinguishable physical parameters: (i) bismuth content; (ii) grain size; (iii) 
boundary length. 

The bismuth content of the alloy proportionally influences the rate of 
penetration of the corrosion front, either along the grain boundary or within 
the grain itself, or both. As regards the resistance or passivity of these alloys 
to anodic conditions, therefore, the effect of bismuth appears to be detrimental. 
Grain size has justifiably been related to a process of encapsulation of the 
alloy mass by the corrosion product and its obvious implications. On the 
other hand, boundary length (a function of grain size and shape) determines 
the extent of corrosive attack, by multiplying the pathways through which' 
corrosion may take its course. 

With the realization that lead-bismuth alloy corrosion is a multi-facetted 
problem and that comprehensive elucidation of its mechanism is difficult, it 
is suggested that for a given bismuth level in the alloy, the optimization of 
the performance of these alloys as grid positives for the lead/acid battery 
lies in a compromise between grain size and boundary length. 
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