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Summary 

A rapid, accurate, and non-destructive X-ray-diffraction (XRD) tech- 
nique, based on the direct-comparison (or matrix-flushing) method, has been 
developed for the routine crystalline phase analysis of positive plates from 
lead/acid batteries. 

Analysis has shown that less than 45% of the total positive plate active 
mass is utilized during battery operation under simulated electric-vehicle 
service. Although individual plates within a given battery develop different 
compositions under such conditions, a positive correlation exists between 
the initial cw-PbOs :/3-PbOs ratio and the battery cycle life. The a-PbOs 
content initially decreases, then levels off to about half the original amount. 

The exact nature of plate failure in test batteries has not been resolved, 
but XRD studies provide strong evidence that grid passivation by sulphate 
films is a key factor. Other life-limiting phenomena include electrochemical 
inactivation of both (Y- and &PbOz and breakdown of the cr-PbOs micro- 
structure. 

Introduction 

Both the capacity and the cycle life of lead/acid traction batteries are 
strongly dependent on the performance of the positive plate. In the charged 
condition, the positive plate consists of lead dioxide supported on a lead- 
alloy grid. The lead dioxide is known to exist in two well characterized 
modifications, e-PbOs and fl-PbOa. The (Y form has an orthorhombic struc- 
ture related to that of columbite, and the p form has the tetragonal struc- 
ture of r-utile. Both structures consist of Pb(IV) ions at the centres of dis- 
torted octahedra formed by close-packed layers of oxygen ions. In a-PbOz, 
the neighbouring octahedra share edges to form zigzag chains, whilst in 
/&PbOz linear edge-shared chains occur [ 11. The p form occurs in nature as 
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the mineral plattnerite, but no natural occurrence of the (Y form has been 
reported. The laboratory synthesis of a-PbOz was first described in 1946 
[ 21. The CY form is precipitated electrochemically in a neutral or alkaline 
environment, the fi form in an acidic environment. 

Many workers [3 - 221 have identified cu-PbOs in the anodic corrosion 
products of lead and its alloys in sulphuric acid. Following these studies, it 
is now generally agreed that the corrosion product is a multiphase system 
consisting of p-PbOs on the outside of the film facing the electrolyte and 
PbO, - where x varies from 1 (tetrPb0) to 2 (a-PbOz) - in the inner region 
adjacent to the metal surface. Thus, corrosion of the supporting grid pro- 
vides a source of a-PbO, in the interior of lead/acid battery plates. 

The presence of cu-PbOz in the active material of positive plates of lead/ 
acid batteries was first detected by Bode and Voss [23]. Dodson [24] later 
showed that the ratio of cu-PbOz to P-PbOs in the formed active material 
depends on the manufacturing conditions, e.g., the positive paste density 
(pore volume), the specific gravity and temperature of the formation acid, 
the rate of formation, etc. More recent studies on commercial plates have 
suggested [25, 261 the presence of an additional, amorphous form of PbOz. 
Caulder et crl. have also hypothesized [27 - 291 that an “inactive” type of 
PbOs develops in increasing amounts during charge/discharge cycling and 
results in a decrease in plate capacity. The identity of inactive PbOz, the 
mechanism by which it forms, and an explanation for its ineffectiveness in 
reacting to give lead sulphate during discharge have yet to be established. 

The distribution of (Y- and fl-PbOs in positive plates has been studied 
by various authors [ 30 - 351. These investigations have shown that whereas 
p-PbOz predominates in the outer surface layers of plates, the inner zones 
may contain appreciable amounts, e.g., up to 47 wt.% [31, 331 of the (Y 
form. Since a-PbOz is preferentially formed in less acidic solutions, it has 
been proposed [ 24, 35 - 381 that the initial ratio of (Y- to p-PbOz upon plate 
formation is influenced by local pH changes brought about by diffusion 
processes within the plate. Ikari et t& [ 111 have shown that the factors 
promoting a high pH through the restriction of acid to the interior of the 
plate include a dense coating of lead sulphate on the plate surface, a dilute 
forming electrolyte, a high PbO content in cured material, and a high paste 
density. 

Differences have been observed in both the electrochemical and the 
morphological properties of (Y- and P-PbOz, and this has encouraged efforts 
to relate plate performance to the relative amounts of the two species in the 
positive active material. The /I form has been found [24, 30, 32, 39 - 461 
to provide more capacity per unit weight during discharge, whereas the (Y 
form is believed [36, 47 - 501 to extend the cycle life of positive plates by 
imparting greater mechanical strength to the structure of the active material. 
Direct evidence of a possible beneficial effect of e-PbOs was demonstrated 
by Dodson 1401, who tested plates containing large amounts of a-PbOz and 
found that they slightly outlasted plates without cw-PbOz. It has, how- 
ever, been suggested [51] that any beneficial effect will not be very 
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enduring since cu-PbOs, after conversion to PbSOd during battery discharge, 
reverts to the 0 form upon battery recharge [ 7, 8, 11, 23, 24, 39, 41, 461. 

In view of the important roles of CY- and p-PbOa in the performance of 
lead/acid batteries, we have developed a sensitive X-ray-diffraction (XRD) 
technique for accurate quantitative phase analysis of the crystalline compo- 
nents in positive plates. Although the literature abounds with phase analyses 
of the positive active material present during both the formation and the 
cycling of automotive (SLI) and stationary batteries [ 23 - 25, 40, 46, 52 - 
581, little information is available on compositional changes in batteries 
designed specifically for traction applications. Differences are expected with 
this type of battery because of the different plate geometry, paste prepara- 
tion and density, rate and depth of discharge, mode of charge, etc. In this 
paper, we give details of the XRD technique developed in our laboratory 
and present initial results obtained for batteries subjected to simulated 
electric-vehicle duty cycles. 

The XRD technique 

Most of the previous phase analyses of positive plates in lead/acid 
batteries use the first of the following four basic XRD methods: (i) simple 
correlation of the diffracted peak height with the amount of the phase 
present, (ii) the internal (or external) standard method [ 591, (iii) the doping 
method [60,61], and (iv) the direct-comparison [62], or matrix-flushing, 
method [63] . 

In the present study, our objective was to develop an accurate, rapid, 
and nondestructive technique for analyzing large numbers of necessarily 
small samples taken from the positive plates of lead/acid batteries at various 
stages of their cycle life. The method finally chosen, and described in detail 
below, is a further development of the direct-comparison technique. This 
technique offers several advantages over the previously used methods: 

(1) No internal standard is added. This means that the sample is not 
contaminated and can therefore be used for microscope examination, chemi- 
cal analysis, thermal decomposition study, etc. Furthermore, since weighing 
errors do not have to be considered, the amount of sample removed can be 
kept to a minimum, with negligible effects on battery operation. Also, the 
possible conversion of /3-PbOz to a-PbOz [ 251 during the milling required for 
sample homogenization is avoided. 

(2) Calculated, rather than experimental, calibration constants are 
applied. This eliminates the usual uncertainty associated with materials 
chosen as calibration standards in terms of degree of crystallinity, micro- 
absorption, extinction, particle size, and lattice distortion [64]. 

(3) The effects of preferred orientation [65] are minimized by the 
measurement of the intensities of groups of four reflections, rather than a 
single peak, for each phase. 

(4) Rapid turnaround is facilitated by the measurement of integrated 
peak intensities with an automatic step-scan procedure, and by the batch 
processing of the punched-tape output on a computer. 
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(5) Although only three-phase mixtures of the lead dioxides and sul- 
phate are discussed in the present study, the method has been used for simul- 
taneous phase determinations of five-component mixtures of Q- and p-PbO, 
(Y- and P-PbOs, and PbSO,. The method can also be adapted for the corre- 
sponding analysis of Pb and PbS04 in negative plates. 

Theory and method of phase analysis 
If Wi and Ii are the weight percentage and X-ray intensity (for a partic- 

ular plane or set of planes) of phase i in a mixture, and if IV, and 4 are the 
corresponding quantities for phase j, then a “normalization” constant 
NCi exists [63, 651 such that 

NCi =( Wj/Wi)(Ii/lj)* (1) 

This constant is the ratio of the absolute intensities of the two sets of 
diffraction peaks under consideration, and it can be obtained by calculating 
from the known structural parameters of the compounds or by measuring 
the corresponding observed intensities from mixtures of known composition. 
If appropriate NCi values are obtained relative to a particular “reference” 
phase j (p-PbOs in the present case) for the n - 1 other phases in the mix- 
ture, then the weight percentages of these phases in samples of unknown 
composition can be obtained from the relationship 

Wi = (Ii/NCi) 5 (li/~Ci) 
[ 1 

-1 . (2) 
i= 1 

Because of the well known problems associated with purity, crystal- 
linity, crystal size, and degree of preferred orientation of prepared samples 
of lead dioxides, especially in relation to the determination of their XRD 
properties [25, 53, 55,64,66, 671, we decided to use calculated normaliza- 
tion constants as determined from the calculated diffraction patterns of 50: 
50 (by weight) binary mixtures of (3-PbOs with cll-PbOz or PbSOd. These 
calculated patterns of two-phase mixtures are displayed in Fig. 1. They 
provide a convenient basis for discussing the experimental procedure used 
for phase analysis of the battery plate material. 

After an extensive series of trials, a compromise was reached between 
the length of diffraction record required to give a sufficient number of 
intense peaks from each phase and the time to achieve a reasonable turn- 
around in the subsequent phase analyses. The powder patterns given in 
Fig. 1 and Table 1 were therefore calculated (and subsequently scanned) 
over the 28 range 20.0 - 44.3”, using a local version of the Rietveld [68] 
powder diffraction profile refinement program modified by Wiles and 
Young [69] to accommodate two phases and two wavelengths (X-ray or 
neutron). Parameters for the unit cell and the thermal vibration and position 
of the atoms were determined from neutron powder diffraction data [ 701 
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Fig. 1. Calculated X-ray diffraction patterns for 50:50 (by weight) mixtures of /3-PbOz 
with or-PbOz or PbS04, together with their associated normalization constants (NC). 
Except where otherwise indicated, the patterns are calculated with a peak width at 
half-peak-height (HW) of 0.3”, a preferred orientation (PO) of zero, atom site occupan- 
cies (OC) of 1.0, and an overall thermal vibration factor (BO) of 0.0. 

for near-stoichiometric, chemically prepared (Y- and fi-PbOs, and from 
single-crystal X-ray data [ 711 for PbS04. Except where otherwise indicated, 
the patterns were calculated for Gaussian peak profiles with a peak width 
at half-peak-height (HIV) of 0.3”, a preferred orientation (PO) of zero, 
atom site occupancies (OC) of 1.0, and an overall thermal vibration factor 
(BO) of 0.0. The upper and lower rows of vertical lines under each pattern 
in Fig. 1 represent the positions of all possible Bragg peaks (calculated for 
copper KaI radiation) for, respectively, the first- and second-mentioned 
compounds in each pattern. 

Note that the intensities of the peaks in the 28 range 38.8 - 43.3” have 
been omitted from the patterns since this region contains many low-intensity 
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TABLE 1 

Miller indices and their calculated and observed relative intensities for the 28 ranges 
scanned during the phase analysis procedure 

scanning 28 range 
region (" ) 

&PbOza a-PbOzb PbsOQ 

(hW LJC Lb0 W) hc [cabs WO Llc I,,, 

1 20.01 - 21.60 (101) 
(020) 

59.9 54.2 

2 22.60 - 24.10 (110) 20.9 17.4 (111) 30.6 28.3 

. 

3 24.11 -27.22 (110) 104.3 103.0 (120) 
(200) 

(021) I 
78.0 11.2 

4 27.23 -30.89 (111) 
(020) I 100.0 100.0 I;;;; 

t 
100.0 100.0 

6 30.90 - 33.66 (011) 100.0 100.0 (002) 16.8 17.0 (211) 
(002) 

1 
60.4 66.7 

(220) 

6 33.66 - 36.09 (021) 18.2 16.1 (130) 6.0 6.6 

7 35.10 - 37.10 (020) 
(111) 

I 
31.8 34.0 (200) 10.6 11.3 

8d 37.11-38.66 

(102) 

0.6 0.0 

(112) 
(221) 11.7 12.6 

(131) I 

9 43.30 -44.30 (212) 
(311) 

t 
68.4 68.8 

%nivar Analytical Reagent. 
bPrepared by oxidation of fl-PbO at 340 “C [ 661. 
‘Unilab Laboratory Reagent. 
dThis scanning region was used as an additional determination of the PbS04 content in 
those cases where the &PbOg content was negligible. 

overlapping peaks (Fig. l(f)) and was skipped during the scanning procedure. 
The remainder of the record between 20.0 and 44.3” was divided into nine 
discrete scanning regions (regions 1 - 9, Fig. l(a) and Table 1) for peak 
intensity measurements, as well as two regions (the thick bars in Fig. l(a)) 
for background determinations (assumed to be linear). For mixtures of the 
three phases, seven of the nine scanning regions contain overlapping peaks 
from two or more phases. The remaining two regions (1 and 9 in Fig. l(a) 
and Table 1) contain peaks only from PbS04 (Fig. l(f) and Table 1) and 
were used at the start of the phase analysis procedure (after subtraction of 
the background) to define the amount (in counts) of sulphate present. With 
knowledge of the complete pattern for PbS04, the amount (in counts) of 
ar-Pb02 in the sample was determined by subtracting appropriate numbers of 
PbS04 counts from the total counts accumulated in scanning ranges 2, 4, 
and 6 (Table 1). The amount (in counts) of (3-Pb02 was in turn determined 
by subtracting appropriate numbers of cw-Pb02 and/or PbS04 counts from 
scanning ranges 3,5 and 7. The net counts for each phase were then normal- 
ized by the NCi values and weight percentages were determined by eqn. (2). 
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Analysis of calculated patterns 
Although pooling the intensities of four peaks from each phase serves 

to minimize the effects of preferred orientation, the need to undertake a 
certain amount of peak stripping because of the presence of severe peak 
overlapping means that detailed prior knowledge of the relative intensities of 
reflections from each phase in the scan is necessary. Here, the calculated 
patterns in Fig. 1 are particularly important since they both provide theoret- 
ical intensities (Table 1) and illustrate the effects of several potential diffrac- 
tion problems. 

For example, in Fig. l(b), HW has been doubled relative to the value 
used in Fig. l(a), an effect that would be produced by a significant reduction 
in particle size. This causes a corresponding reduction in the peak height, 
but the integrated peak area (as measured by the normalization constant) 
remains identical, illustrating the futility of using the diffraction peak height 
to estimate phase abundance. On the other hand, the normalization constant 
and the a-PbOs peak height increase dramatically when- the presence of 
moderately severe preferred orientation about zone [loo] in cu-PbOs is 
modelled by increasing PO to 0.4 (Fig. l(c)). The presence of structural 
disorder in a-PbOs is simulated in Fig. l(d) by imposing a BO value of 5.0 
on all atoms in this phase. As a result, the peak areas (and the NC value) have 
decreased by 23%, and the or-PbO, content of the mixture will therefore be 
overestimated by the same amount. The presence of an extreme level of non- 
stoichiometry has been modelled in Fig. l(e) by using an OC value of 0.9 for 
a-PbOa. In this case, the NC value drops by 19%, and the e-PbOa content 
will again be overestimated. 

With these theoretical diffraction patterns available for comparison, 
and with a knowledge of how the patterns are affected by a variety of 
diffraction problems, it has been possible to carefully scrutinize various 
samples of PbO, and PbS04 in order to determine the degree of both crys- 
tallinity and phase purity as well as the presence of any preferred orienta- 
tion. Several commercially available samples of P-Pb02 and PbS04, together 
with cz-PbOs prepared by oxidation of /3-PbO at 340 “C [66] and 01- and p- 
PbOa prepared by electroformation of positive battery plates in 1M NaOH 
and 4M H2S04, respectively, were submitted to different periods of mechan- 
ical grinding and then subjected to X-ray analysis. Only in the case of p-PbOa 
did prolonged grinding produce any observable change in the diffraction 
pattern, and this involved the appearance of small amounts of ar-PbOs, no 
doubt produced in response to intermittent regions of high pressure in the 
ball ,mill. For all samples of p-PbOs and PbS04, and for chemically prepared 
ol-PbOs, the integrated observed peak intensities agreed satisfactorily with 
the calculated values (Table 1). However, compared with the diffraction 
patterns from chemically prepared a-PbOa, the patterns from cu-PbOs pre- 
pared by electroformation in 1M NaOH had much higher backgrounds and 
displayed small differences in peak positions and intensities. The latter be- 
haviour can be related primarily to a small change in the y coordinate and 
the site occupancy of the Pb atom in the cu-PbOs structure [ 701. Although 
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pertinent to the overall discussion, the small differences observed for electro- 
formed a-PbOa can be considered to be extreme since the alkaline synthesis 
was invoked in order to obtain pure a-PbOs and thus was not performed 
under the conditions encountered in normal battery manufacture and opera- 
tion, i.e., a sulphuric acid electrolyte. 

Normalization constants for a-PbOs and PbS04 in 50: 50 (by weight) 
binary mixtures with /3-PbOz, using Univar AR /3-Pb02 as the reference 
phase (NC = l.O), are given in Table 2. Similar results were observed for 
corresponding binary mixtures of ol-PbOz and PbS04 with electroformed 
fl-PbOa. Whereas NC values obtained for PbS04 from different commercial 
sources were close to the calculated normalization constant, a wide range of 
values was observed for e-PbOs samples prepared either by chemical oxida- 
tion of /3-PbO or by electroformation in 1M NaOH. 

The normalization constants for chemically prepared e-PbOz were 
always greater than the calculated value. This result disagrees with the con- 
clusions of other workers [ 64,721, who maintain that cw-PbOs displays an 
“abnormally low intensity” (and hence a low NC value) in mixtures with 
fl-PbOz. Since the &Pb02 sample used as the reference phase produced 
satisfactory agreement between the observed and calculated NC values for 
PbS04, the high observed NC values for chemically prepared a-PbOP 
must be related to slight effects from micro-absorption, extinction, or 
residual preferred orientation in this variety of dioxide. On the other hand, 
binary mixtures of electrochemically prepared samples of ar-PbOz with 
/3-PbOs gave a range of NC! values well below that obtained by calculation*. 

TABLE 2 

Observed and calculated normalization constants (NC) for 
o-PbOg and PbS04 in 50:50 (by weight) mixtures with 
Univar Analytical Reagent &PbOg 

Compound (hkl)a N&s NGdC 

PbS04b (210) + (121) 0.50 - 0.53 0.50 
a-PbOzc (111) + (020) 1.38 - 1.60 1.24 

a-PbOpd (111) + (020) 0.51 - 0.68 1.12 

??he reflections listed arbitrarily define NC in terms of the 
most intense peaks of each phase relative to the (011) reflec- 
tion of fl-PbOg (Table 1). 
bCommercial Unilab and BDH Laboratory Reagents. 
‘Prepared by oxidation of /%PbO at 340 “C [ 661. 
dPrepared by electroformation in 1M NaOH. 

*Note that the calculated NC value given in Table 2 for electroformed o-PbOg is 
slightly smaller than that for chemically prepared (Y-PbOg. This is a result of small struc- 
tural differences between the two varieties, as mentioned earlier. 
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As discussed above in relation to Fig. 1, this variation in experimental NC 
values can be attributed to electrochemically prepared c+PbOz having one or 
more of the following characteristics: (i) an amorphous content of up to 
50%; (ii) structural disorder to an extent much greater than the level simu- 
lated in Fig. l(d); (iii) a lead deficiency greater than that modelled in Fig. 
l(e). The high background levels for electroformed cw-PbO, relative to 
chemically prepared material, together with the results of neutron dif- 
fraction structural studies currently in progress in our laboratory [ 701, sug- 
gest that the first of these possibilities is the most likely. 

The marked variation of a-PbOz normalization constants on both sides 
of the calculated value confirms our decision to use calculated peak intensi- 
ties and normalization constants in the phase analyses. The calculated values 
of these parameters were obtained from an X-ray single-crystal structure 
refinement in the case of PbS04 [ 711, and from an analysis of the neutron 
powder diffraction pattern from only the well crystallized material in the 
case of the lead dioxides [ 701. In this way, we have avoided the uncertainty 
associated with micro-absorption, preferred orientation, degree of crystal- 
linity, level of non-stoichiometry, structural disorder, etc., that is present 
when calibration is based on the selection of a particular “standard” mate- 
rial. Under these circumstances, the phase analysis results apply only to the 
crystalline components in samples collected from batteries. Estimations 
of the amounts, and studies of the properties, of amorphous material that 
may be present in positive plates will be reported elsewhere. 

Accuracy and precision of the analytical method 
Determining the accuracy of the phase analysis technique is diffi- 

cult in the case of samples containg a-PbOa since this material is of variable 
quality and has observed NC values that are known to be significantly 
different from the corresponding calculated values. Nevertheless, since the 
NC value calculated for chemically prepared a-PbOz differs by only 10% 
from the NC value calculated for c+PbOz prepared by alkaline electroforma- 
tion (Table 2), one might expect that the maximum uncertainty in the 
calibration constant for this material is of that order. For a sample contain- 
ing about 50% (by weight) of e-PbOa, the resulting phase composition 
would therefore be in error by a maximum of about 5 wt.%. 

The good agreement between the calculated and observed NC values for 
PbSO, suggests that p-PbO, and PbS04 compositions can be determined 
more accurately than the composition of a-PbOz. Indeed, analyses of se- 
lected binary mixtures of fl-PbO, with PbS04 have shown that the calculated 
phase compositions are within about 3 wt.% of their real values. Moreover, 
repeated analyses of samples prepared by different operators using different 
mounting methods, sample thicknesses, grinding times, and step-counting 
times have given results that are reproducible to within 2% (by weight) for 
all three phases in ternary mixtures. 
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Experimental 

Batteries were subjected to charge/discharge cycles that simulated 
service in an electric vehicle. This was achieved with equipment specially 
designed and constructed in our laboratory [ 73,741. The discharge current 
was established from measurements with a test vehicle driven over a standard 
course. 

The driving profile selected for the test vehicle was the one developed 
by the Australian Electric Vehicle Association (AEVA) [75] . The AEVA 
profile typifies the demands placed on a vehicle in an urban environment 
and consists of a schedule of accelerations, constant speeds, decelerations, 
and idle intervals (Fig. 2). The speed and time for each operation are de- 
fined. The total time for one cycle is 120 s, the maximum speed is 60 km/h, 
the average speed is 30 km/h, and the distance travelled is 1 km. The AEVA 
profile is similar to standard profiles that have become part of the legislated 
emission and fuel-consumption control procedures for internal combustion 
engine vehicles in various countries e.g., the European ECE 15 Test, the 
1976 Japanese ll-Mode Test, etc. The profiles are believed to represent 
typical driving patterns and have been developed only after detailed analysis 
of data for a wide range of vehicles, experimental methods, and test routes. 

0 20 40 60 80 100 120 

Time (s) 

Fig. 2. AEVA urban driving profile (- ) and the corresponding 
approximation (- - -) for the Battronic electric van. 

battery current 

A Battronic electric van was used as the test vehicle. The van was built 
by the Boyertown Auto Body Works in Pennsylvania and is powered by 
fifty-six 2 V/350 A h (6 h rate) traction cells supplied by Dunlop Batteries 
Australia. In order to determine the power characteristics of the van during 
operation according to the AEVA profile, we installed instruments to 
measure road speed, battery voltage, and current. Tests were performed 
over a 1 km stretch of level public road near our laboratory. The current 
profile experienced by the van during operation is shown in Fig. 2. Each 
road test was terminated when the vehicle was no longer able to meet the 
acceleration requirements of the driving profile; this occurred at a battery 
voltage corresponding to -1.6 V per cell. 

In the laboratory simulation experiments, the charge/discharge 
cycling procedure was as follows: (i) the battery was charged at a constant 
current of 10 A, followed by a crossover to constant voltage control at 
15.3 V, with charge termination 3 h after a voltage of 14.4 V had been 
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reached; (ii) the battery was discharged following the Battronic van current- 
time profile over the AEVA duty cycle, using smoothcurrent discharge; 
(iii) a switch to charging was made when the terminal voltage fell below that 
found necessary in the Battronic van to maintain the power requiremgnts of 
the driving profile, viz., 9.6 V; (iv) an equalizing charge for 6 h beyond 
14.4 V was provided every eighth cycle, i.e., after seven complete charge/ 
discharge cycles. The procedure was repeated until the battery was con- 
sidered to have reached the end of its useful operational life. This condition 
was arbitrarily chosen as the point at which the discharge capacity, con- 
verted to the 20 h rate, had declined to 75% of the nominal value provided 
by the manufacturer. 

TABLE 3 

Characteristics of lead/acid batteries 

Battery Grid Sb Positive 
content (wt.%) paste 

density 
Positive N$tive (kg/l) 
plate 

Nominal End-of-life Capacity End-of-life 
capacity capacity at at average capacity 
at 20 h rate nominal rate AEVA rate at average 

AEVA rate (Ah) (A h) (A h) 
(Ah) 

Test 
Tl 5.9 6.3 4.09 60.0 46.0 28.6 19.5 
T2, T3 5.9 6.3 4.31 54.2 40.7 25.0 17.1 
T4,T5 4.1 5.6 4.58 50.0 37.5 22.6 16.4 

Golf-cart 
Cl 6.0 6.2 - 220.0 166.0 104.7 71.6 

The above charge/discharge cycling experiments were carried out both 
on test batteries provided by Dunlop Batteries Australia and on commercial 
“golf-cart” systems produced in the United States; battery parameters are 
listed in Table 3. Since each of these batteries has a smaller capacity than 
that of the batteries in the Battronic van, the discharge current profile under 
laboratory conditions was scaled down by a factor equal to the ratio of the 
test-battery capacity to the vehicle-battery capacity. Table 3 also gives the 
initial and “end-of-life” capacities of the test and golf-cart batteries at a rate 
corresponding to discharge at the calculated average current for the corre- 
sponding scaled-down AEVA profile. 

Both the test and the golf-cart batteries consisted of two 6 V modules 
joined in series. The test cells contained 9 plates (4 positive, 5 negative), 
and the golf-cart cells contained 19 plates (9 positive, 10 negative). The 
positive plates in both systems were placed in fibreglass envelopes. The test 
battery plates were housed in two 3-cell, clear styrene acrylonitrile con- 
tainers with detachable lids and specially designed intercell connectors 
[74]. This arrangement allowed the test batteries to be disassembled easily 
for collecting plate specimens at various stages of cycle life. The golf-cart 
batteries, on the other hand, were supplied in sealed containers and could 
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not be periodically opened for inspection. However, samples were collected 
from uncycled units (which were thereby rendered unsuitable for service), 
and cell autopsies were carried out on failed batteries. 

Since samples were obtained by completely removing 1 cm square 
blocks of material from the central region of the plates, the XRD measure- 
ments provide a phase analysis for the full cross-section of each plate. At 
this stage, no attempt has been made to achieve a depth analysis across the 
thickness of the plates. The samples were washed with distilled water, the 
grid pieces removed, and the remaining bulk active material ground in an 
agate mortar under alcohol. The damp mass was then floated onto a ground- 
glass substrate and allowed to dry by evaporation. X-ray intensities for the 
nine scanning regions and two background positions were collected with 
copper Koll radiation in a standard Philips diffractometer fitted with a 
curved graphite monochromator and a 20 stepping motor interfaced to a 
teletype. A step width of 0.01” and a step counting time of 0.4 s were 
employed. These correspond to a continuous scanning rate of 1.5” min and 
an analysis time of about 30 min per sample. 

Results and discussion 

Battery performance 
The performance of several batteries subjected to AEVA charge/dis- 

charge cycling is shown in Table 4. These results are representative of studies 
carried out in our laboratory on many other similar batteries. The golf-cart 
battery (Cl) gave by far the best performance - the service life was much 
greater than that of the test battery (T4) with the nearest positive plate 
composition. The data obtained on the test batteries showed that elevation 
of the operating temperature improved the cycle life (cf. the performance of 
batteries T2 and T3, Table 4). Removal of the fibreglass envelopes around 
the positive plates markedly reduced the cycle life (cf. the performance of 
batteries T4 and T5) because of accelerated shedding of positive active 
material. 

Phase analyses of the positive plates showed that the degree to which 
the active material was utilized depended on both the paste density and the 
operating temperature. Increasing the paste density decreased the utilization, 
whereas elevating the operating temperature improved the discharge capac- 
ity, particularly with the denser plates. In any event, the maximum utiliza- 
tion of positive active material did not exceed 45%. 

XRD analysis of “sludge” collected from the bottom of each cell 
showed that the amount of PbS04 shed from batteries cycled at 40 “C was 
greater than that from batteries cycled at 25 “C. This behaviour may be 
the result of an increase in the crystal size of PbS04 in batteries cycled at 
the higher temperature [ 761. 
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TABLE 4 

Quantitative XRD analyses of the crystalline phases of positive plates in lead/acid batteries 
subjected to simulated electric-vehicle service: major trends for the batteries studied 

Battery Test Initial @PbOz: Cycle life ar-PbOz$-PbOz Mean cx-PbO&Pb02 
temperature &PbOz ratio (AEVA cycles) ratio at failure ratio in grid skins 
(” C) (charged plate) 

Tl 26 

T2 25, 

T3 40 

T3 
(repasted) 40 

T4 25 

TS 26 

Cl .26 

0.21 

0.30 

0.31 

49 

117 

146 

0.04 

0.03 

0.07 

0.33 
(cycle 26) 

0.31 
(cycle 235) 
-- 

0.16 60 0.09 

0.61 160 0.24 

0.61 89* 0.24 

1.07 431 0.36 

- 

- 

0.29 
(cycle 100) 

0.67 

aPositive plates not enclosed in fibreglass envelopes. 
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Fig. 3. Crystalline phase composition (wt.%) of charged and discharged positive plates 
from test lead/acid battery Tl (paste density = 4.09 kg/l) after AEVA cycling at 25 “C 
with smooth-current discharge. Lines are drawn through the average of multiple measure- 
ments at a given cycle. 
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Fig. 4. Crystalline phase composition (wt.%) of charged and discharged positive plates 
from test lead/acid battery T2 (paste density = 4.31 kg/l) after AEVA cycling at 25 “C 
with smooth-current discharge. Lines are drawn through the average of multiple measure- 
ments at a given cycle. 

a-Pb02:/3-Pb02 ratio and cycle life 
The influence of positive-plate phase composition on battery perfor- 

mance was studied by subjecting test batteries containing different initial 
a-PbOs:@-PbOs ratios to the same charge/discharge cycling conditions. The 
ratio was varied first by increasing the paste density (batteries T2 and T3) and 
also by using less acidic charging conditions during plate formation (batteries 
T4 and T5). As explained above, both of these factors enhance the formation 
of cu-PbOa. The data presented in Table 4 for batteries Tl, T2 and T4 show 
that a correlation exists between battery cycle life and the initial relative 
amounts of (Y- and P-PbOs in the positive plate, i.e., battery performance is 
significantly improved by increasing the initial proportion of a-PbO, . Since 
Dodson [40] found that increasing the ol-PbOs content produced only a 
shght improvement in performance under low-rate discharge conditions, the 
results presented here suggest that the cr-PbOs content is more important 
under the more severe conditions of traction service. 
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Fig. 5. Crystalline phase composition (wt.%) of charged and discharged positive plates 
from test lead/acid battery T3 (paste density = 4.31 kg/l) after AEVA cycling at 40 “C 
with smooth-current discharge. Data labelled with the letter r are for the same battery 
after repasting. Lines are drawn through the average of multiple measurements at a given 
cycle. 

The test batteries showed a consistent decrease in the c+PbOa $5PbOa 
ratio during charge/discharge cycling, irrespective of the operating temper- 
ature (Figs. 3 - 6). This decrease is not the result of actual shedding of oxide, 
for analysis of the battery sludge showed that the proportion of a-PbOs 
in the shed material is at all stages of battery life lower than that in the bulk 
mass of the plate. This observation supports previous findings [36, 47 - 501 
that a-PbOa forms a resilient, skeletal framework within the plate active 
mass, thereby minimizing the amount of material lost through shedding. 
The change in the a-PbOa$-PbOa ratio is therefore predominantly the 
result of conversion of some of the a-PbOa to PbSOd during discharging, 
followed by reconversion of part of this PbSOI to /3-PbOa during charging. 
The conversion of a-PbOa to p-PbOs is particularly rapid during the first 
30 or so cycles of battery life (Figs. 3 - 6). The cr-PbOs content then levels 
off at about half the initial amount present in the bulk active material. 
Note that since it was impractical to sample the same plate (or all plates) 
every few cycles, the analyses shown in Figs. 3 - 6 are for different plates 
and cells in a given battery. Further investigations have shown that each 
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Fig. 6. Crystalline phase composition (wt.%) of charged and discharged positive plates 
from test lead/acid battery T5 (paste density = 4.58 kg/l) after AEVA cycling at 25 “C 
with smooth-current discharge. At cycles 1, 100, and 130, the composition ranges for all 
24 plates in the battery are shown, together with specific values for some individual 
samples. The origin of each sample is indicated by a cell and plate number, e.g., “1.2” 
represents cell 1, plate 2. Lines are drawn to connect measurements for the same plate, 
or for the corresponding plate in a following cell. 

plate develops its own unique charge/discharge characteristics (see below), 
so trends in phase composition rather than absolute magnitudes for individ- 
ual plates should be used in considering the data presented in Figs. 3 - 6. 

Battery T5 was heavily sampled in order to ascertain the range of 
compositions to be expected in an individual plate, and to monitor changes 
more frequently as a function of cycle life. All 24 positive plates of the 
battery were sampled after (i) initial charging; (ii) 100 cycles, i.e., just 
following failure*; (iii) 130 cycles. The results are given in Table 5 and 

*This battery (T5) was used to investigate the effects of shedding of positive active 
material on cycle life and so did not have fibreglass envelopes around its positive plates. 
Thus, failure occurred more rapidly than in the case of batteries having a similar positive 
paste composition but with fibreglass-covered plates, cfi the cycle lives of batteries T4 and 
T5, Table 4. 
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TABLE 5 

Ranges of bulk active-material compositions (wt.%) for the four positive plates in each of 
the six cells of battery T5 at various stages of cycle life 

Cell Initial charge 100 cycles 130 cycles 
no. 

a-PbOa &Pb02 PbS04 a-Pb02 fl-Pb02 PbS04 aPb02 /3-Pb02 PbSO,, 

1 39-41 59-62 0 12 -18 81-84 O-6 12-16 73-83 5-12 
2 36-42 58-64 0 - 0.4 12-19 75-86 2 -12 14-23 75-80 0 -11 
3 41-45 55-59 0 11-20 79-82 o-7 20-26 70-72 3 -10 
4 41-45 55-59 O-1 9 -18 66-80 6-23 11-17 68-76 11-18 
5 34-40 60-66 0 8-22 67-76 5 -25 19-24 60-77 0 -18 
6 35-41 59-65 0 9 -14 64-83 8 -27 13 -18 71-75 lo-16 
Max.-min. 
limits 34-46 55-66 o-1 a -22 64-86 0 -27 11-26 60-83 O-18 

0 40 SO 120 160 200 

AEVA cycles 

Fig. 7. Fractional conversion (%) of /3-PbOa to PbS04 upon charge/discharge for 
various test lead/acid batteries after AEVA cycling with smooth-current discharge. 
The origin of each sample is indicated by a cell and plate number, e.g., “1.2” represents 
cell 1, plate 2. Data labelled with the letter r are for battery T3 after repasting. Lines 
are drawn through the average of multiple measurements at a given cycle. 

Fig. 6. Individual plates developed their own unique phase compositions 
as the battery was cycled, presumably as a result of small variations in the 
initial paste composition and density, grid surface area, etc. Cells 4 - 6, in 
the second of the two 6 V containers of the 12 V assembly, had significantly 
higher levels of PbS04 after 100 cycles than cells 1 - 3 in the first container. 
It is difficult to explain this result since the cells were all connected in 
series. However, continued cycling of the battery resulted in reconversion 
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of the PbS04 to fi-PbOz so that, after 130 cycles, cells 4 - 6 more closely 
resembled cells 1 - 3. This variability between plates can also be seen in 
single samples taken approximately every 10 cycles throughout battery 
operation (Fig. 6), and in plots of the fractional conversion of P-PbOz to 
PbS04 (Fig. 7). From these analyses, it is apparent that failure occurs when 
one or more of the plates is converting little (or no) dioxide to sulphate, 
despite the fact that other plates may still have high conversion rates (e.g., 
plates 1.1 and 2.3 in batteries T2 and T3, respectively, Fig. 7). Some plates 
therefore appear to be more “active” than others and may carry out the bulk 
of the work. 

A more detailed study of the relative behaviour of a-PbOz and fl-PbOz 
could be made with battery T5 since this battery contained a large initial 
quantity of a-PbOz. As stated earlier, the youthful stages of battery life 
(cycles 0 - 30) are characterized by a rapid decrease in the amount of cr- 
PbOz in the bulk active material and a corresponding increase in the fi- 
PbOz content (Fig. 6). During this stage, about 35% of the /3-PbOz content 
(Fig. 7(d)) and about 20% of the a-PbO, content are converted to PbS04; 
this represents only about 25% utilization of the total active mass. All of the 
PbS04 formed from fl-PbOz, and essentially all of that formed from a-PbOz, 
is converted back to fl-PbOs. This situation changes after about 30 cycles, 
when the amount of a-PbOs in the charged active mass reaches an approxi- 
mately constant value of around 20 wt.% (Fig. 6). For some time after this, 
i.e., until about cycle 80, about one-quarter of the cu-PbO, continues to be 
converted during discharging, but now it is regained on subsequent charging 
rather than undergoing conversion to the p-form. This behaviour probably 
reflects the fact that the reactions in the initial and latter stages of cycle 
life take place at different locations in the plate (i.e., u-PbOz converted to 
PbSO* on the exterior of the plate is converted back to /3-PbOs in the lower 
pH environment there, while a-PbOs converted to PbS04 in the interior of 
the plate m-forms to cu-PbOz in the higher pH environment near the grid). 
When there is no longer any a-PbOz on the plate exterior to be lost to fl- 
PbO, on charge/discharge cycling, only the reversible conversion to PbS04 
takes place and thenceforth the cy-PbO, content remains constant in the 
bulk material. 

Analysis of corrosion-layer material - scraped from the alloy grid after 
removal of the loosely adhering paste - shows that throughout battery cycle 
life the a-PbOz content in the grid skins remains high (Table 4). This further 
supports the suggestion that the a-PbOz on the interior of the plate is 
reversibly converted to PbS04 during battery discharge. 

After about the 80th cycle of the battery T5, no further conversion of 
a-PbOz to PbS04 occurred (Fig. 6). This may represent either the entrap- 
ment of the residual a-PbOs particles by large PbS04 or &PbOz crystals, or 
the development of an electrochemically inactive form of a-PbOz similar to 
that proposed [27 - 291 for fl-PbOs. 
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Mode of battery failure 
As shown above for battery T5 (Fig. 6) and other batteries (Figs. 3 - 5), 

the fraction of PbOs (both OL and p) converted to PbS04 upon discharge was 
around 20 to 40% during initial service and approached 0% on cycling 
beyond battery failure. These figures correspond reasonably well with the 
measured capacities. Throughout the useful battery life, PbS04 continued 
to be converted back to fl-PbOz during charging, indicating a maintenance of 
electrical contact between the grid and the bulk active material. Thus, the 
active mass in the discharged condition gradually assumed the composition 
of a charged battery plate, i.e., high fl-PbOs and low PbS04. This suggests 
that although the p-PbOs active mass was in electrical contact with the grid, 
it was eventually unable to be discharged and could have been converted into 
an electrochemically inactive form as proposed by Caulder et al. [ 27 - 291. 

The poor cycle life of lead/acid batteries under deep-discharge condi- 
tions has also been attributed [ 77 - 791 to the build-up of a lead sulphate 
“barrier layer” at the grid/active material interface. Since scanning electron 
microscope and electron microprobe investigations in our laboratory have 
provided evidence for such a mechanism [ 73, 741, an experiment was 
performed to determine whether battery failure is due to passivation of the 
grids or passivation of the active material. This involved carefully removing 
the active material from the positive grids of a battery (T3) at failure and 
repasting the same grids with fresh paste. The new plates were formed, 
reconstructed into a new battery with a fresh set of negative plates, and 
subjected to the same AEVA cycling conditions (40 “C, smooth-current 
discharge) as their predecessors. 

The capacity of the battery was partially regained (Fig. 5), indicating 
that either (i) the original failure was caused by the formation of electro- 
chemically inactive PbOs (replacement of this oxide returns capacity to 
the battery), or (ii) the original failure was caused by the formation of 
insulating/passivating corrosion layers on the grids (repasting disturbs these 
layers so that electrical contact with the active mass is restored). 

The short cycle life and reduced capacity of the repasted battery are 
evidence against conclusion (i) (see Table 4). However, the c+Pb02 content 
of the repasted battery was about half that of the original. This is almost 
certainly a consequence of different paste densities since the plates in the 
reconstructed battery were prepared by hand rather than by machine. 
Although a reduction in the a-PbOz content has an adverse effect on cycle 
life, the amount of PbOs converted to PbS04 during discharge of the 
repasted battery was, from the outset, consistently lower (by a factor of 
about two, Fig. 5) than it was for the original battery. This observation 
supports conclusion (ii) above, i.e., that the original battery failure was due 
to passivation of the grid. After a short period, the exposed portions of the 
grid in the repasted battery appear to become re-passivated and failure 
occurs. 
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Conclusions 

XRD phase analysis of the positive-plate active material of lead/acid 
batteries operated under simulated traction service has shown that less than 
45% of this material is utilized during discharge and that this conversion rate 
falls soon after the battery is cycled. 

Individual positive plates develop their own unique phase compo- 
sitions during battery service, with the a-PbOz $-PbOz ratio decreasing on 
continuous charge/discharge cycling. This is because of the gradual conver- 
sion of cr-PbO, to /3-PbOz on the exterior of the plates via the PbSO* formed 
upon discharge. Very little a-PbO, is lost through the shedding of active 
material. The a-PbOz$-PbOz ratio in the positive plate exerts a marked 
influence on battery cycle life -’ performance is improved by increasing the 
initial proportion of a-PbOz. 

The failure of only a few positive plates is sufficient to terminate useful 
battery life. The main cause of plate failure in the test batteries has not yet 
been identified, but XRD analyses of repasted, aged grids strongly suggest 
that grid passivation by sulphate films is a key factor. Other phenomena 
contributing to loss of battery capacity include electrochemical inactivation 
of both 01- and fl-PbOs and breakdown of the a-PbOz microstructure. 

XRD analyses of positive plates showed that the amount of PbS04 shed 
from batteries cycled at 40 “C is greater than that shed from batteries cycled 
at 25 “C. However, since indications are that increasing the operating temper- 
ature improves the cycle life, it is likely that shedding is not the major cause 
of battery failure at elevated temperatures. 
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