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ABSTRACT

This report presents the results of the application of X-Ruy diffrection
metnods to the study of lead-acid storsge cells. The [undamental chemistry
of leau zompounds with oxygen and sulfate was established by X-Ray methods.
Then these date were used in studying actual storage cells--nature of freshly-
pacted plates, formution processes, effects of charge and discharge, ete.

It is believed that the work has established the importeance of X-Ray methods
in ressuarch work necessary to the improvement in the life and capecity
cheructeristics of storage batteries.



£UTHORLZATION

1. . This probiem was authorized by reference (a). This is a final
report on the problem and supersedes the interim reports, relerences (b} and
(cs. Other references pertinent to this study are listed as references (d)
and (ej.

Reference: (a) Bulng. ltr. SS/S62(7-30-Di; of 7 August 1935.
(b) NRL Report No. P-1254 dated 24 March 1936.
(c; HNRL Report No. P-1334 dated 16 December 1936.
(d; G. L. Ciuark, "Appiied X-reys", 2nd Edition.
(e} MNRL lst End. to Bufng. S5/19 dated 2 July 1932.

STATEMENT OF PROBLEM

2y The object of this work was to study tne application of modern
X-ray diffraction methods which have proved so fruitful in studying the
crystal structure of various materizls to the study of lead-scid submarine
storzge cells.

KNOWN FACTS BEARING ON THE PROBLEM

3. Studies of lead-acid storage cells by chemicel and physical-
chemical methods have shown that the mechanism in the generation of electric
current by these cells is givean by the chemical equation expressing the
classical double sulphate theory

Discharge

Pb02 # Phet zﬂszA 2Pb504 + 2H20

Charge

This equation describes merely the initial and finzl states in the operation
of the cells and, given certain physical chemical data, the voltage znd the
temperczture coeffizient of voltage of the cells under no load. The capacity
wnd life characteristics of the actusl storage cells, which zre of zuch im-
portance in the Navy applications, depend on the physical charzcter of the
chemical compounds meking up the active material. The zctive matericl in
iged storage cells is initiclly made of & paste composed primarily of the
severel oxides of lead in vericus proportiens. The type of oxides used &nd
their propertions &re determined by the severel menufucturers by empirical
methods; end the optimunm characteristics of the individual oxides, such as
their perticle size, crystal structure, ete., are determined empirically by
the menufacturer of the oxlides. Since the cepacity characteristics of the
{ined battery are so lergely determined by the charscteristics of the oxides
from which it is mede, &« knowiedge of the physical chemistry of these oxides
is important for an understanding of &and improvement in the action of the
storage cells. Afncther importent factor in determining the capzeity of the
leud storsge cell is the process used in initielly forming the active material.
So fer, the forming processes hsave been develeped by purely empirical methods
without en adequuate appreciztion of the physics and chemistry involved.

L The common chemical methods are inadeguate for & study of the
battery oxides and of formation methods, the effectiveness of which depends
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not zlone on the chemicel substances which are present but zlso on the
physical structure - the perticle size and whether the particles are crystal-
line or non-crystalline, whether or not the crystals are strained or dis-
torted, ete.

5. Given a properly menufectured storage cell, its capacity and
lifle characterictics depend then on its operation and msintenunce. The
methcds used for charging, the operuting temperazture, the consistency or
variekbility of the tempersature, the type of service, the presence or absence
of "sulfetion", ete., all affect the czpacity and life. The effecte of these
influences have so far been studied by empirical methods. Chemical methods
eglone geve little information, while most physical methods, such as micros-
copic exemination, are likewisce inadeguate to study these effects.

6. Recent research in physics has supplied two powerful research
tools for the study of such problems. These zre: (a) Electron optical metheds,
end (bj X-ray diffrection methods. The former have not as yet been developed
sufficiently to enable them to be used on storage battery problems. Hence
the latter methods were used in this work.

T The theory und methods of using X-ray diffreaction for the stucdy
of technicel problems zre given in detuil in reference (dj. The theory of
A-ruy difirection nmethods given therein is briefly as follows. When ordinary
iight of known wave-length falls upor & ruled diffraction grating and the
iight reflected from it is caused by & suitazble optical system to form zn
imuge on & photogrephic plite, the nzture of this imege gives Information
concerning the structure of the grating. In an anslogous manner, if & mono-
chromatic besm of X-rays impinges on a solid materizl, the reflected X-rays
ferm on & sultably disposed photographic film & series of images constituting
& diffrzction pettern the nature of which affeords detuiled informaticn con-
cerning the structure of the materizl. The principal types of informetion
thus cbiueinzble zre:

{a}Wmﬂwra;mmmameiscmsudhneornmhmyﬂ&uhm. For
exemple, whether the lead in the negative active materisl of
a storage cell is crystalline or zmorphous in structure.

(b) The type of structure of & crystal--crystallographic systen,
space group, unit cell dimensiocns, ete. For example, the type
of structure of the lead oxides used in menufacturing storage
cell plates can be determined.

{c) The chemical identity and chemical znd crystallographic changes
ir. the matericl. For example, whether the "pernicious sulfate"
in the cell is the same &s ordinary lesd sulfeate. '

(d) The size of particles making up a matericl. Thus, the size of
the psrticles of oxide comprising a newly made positive plate
can be determined and the effect of various manufecturing con-
ditions upon this grain size determined.

The internal strain or distortion in the matericl.

[}
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(f) The analysis of the effect of grain growth. For example, the
effect of various charging procedures upon the change in the
grain growth of the positive and negative pletes.

(g) Differentiction between surface and interior structure of a
materiai.

NARRATIVE OF ORIGINAL WORK DONE AT THIS LABORATORY

8. The first important use of X-ray diffraction methods in the study
of submarine storage batteries was made at this Laboratory by Dr. C. 8. Barrett
and reported in reference (e). Unfortunately, this work could not be carried
forward owing to the separation of Dr. Barrett from the staff of this Labora-
tory. The present work was done by Professor G. L. Clark and Dr. N. C.
Schieltz in the laboratory of the Department of Chemistry of the University
of Illinois.

METHODS
(a) Apparstus

9. Experience with and studies of different types of X-ray diffrac-
tion apparatus led to the design and adoption of the circular csmera showm
schematically in Plate la. The common flet plate type of camera proved
decidedly unsatisfactory since in this particular work most of the spacings
are rether smell and conseguently only a few lines would be cbtzined on flat
patterns.

10. Copper target X-ray tubes were used. DNickel filters, which zre
often used to filter out the beta-rays of copper, proved unsatisfactory since
they did not completely filter out the stronger beta lines.

11. Numerous studies were made of the best method of holding the
camples under investigation in the camera. Glass capillary tubes, commonly
used by many workers, proved unsatisfactory; fine glass rods, silk threcds,
etc., the sample being attached thereto with colledion, similerly were un-
satisfactory. The best sample holders proved to be wedges (Plate 2b). The
45° wedge was used to obtain a rather thin sample with & resultant pattern
with lines appearing on both sides of the central spot, making mezsurements
more zccurate. For other work the 30° wedge was adopted; for heavy materiszls
this gives lines on only one side of the central spot but decidedly better
definition with & shorter exposure time.

12, A specizl 30° wedge was adopted in studying actual storage cell
plates. This wedge permitted the use of a solid section of a plate as a
sample, thus retaining any orientation or other charuacteristics which might
exist. These wedges gave the combined effect of transmission end reflection
which is desirable in general quslitstive work. Other zpparatus designed
znd built for the present work comprised a view-box for permitting the com-
parison of film patterns simultaneously; & measuring instrument which enables
measurements to be made with an accuracy of 0.1 mm; and various other sample
holders and special devices.



(b} Materials and kxperiments

I. Lead and its Compounds with Oxygen

(a) Lead

13. Lead has & tendency to grow into crystals of such size that only
a few large spots appear on the pattern, which makes it useless for comparison.
This difficulty was finally overcome by melting the test lead, permitting it
to cool almost to freezing, and then suddenly chilling it by cuenching in
cold water. The specimen was.then filed with a cleszn fine file and screened
by meuans of a 200 mesh screen. Thus finally, after numerous trials, a pat-
tern wae obtained with grain size sufficiently small so that it could be
used as & stendard in examining the negative charged plates. This standard
pattern was taken with the 30° wedge and without a nickel filter (Plate lcj. ==
The lines marked (.) are due to the Ka radiation and those not so designated
to KB.

14. In negative plate studies and in the lead-entimony elloy inves-
tigations severzl additional lines appesred from time to time which could
not be accounted for. Finally in one series of studies they appeared in &
sufficient number to trace their origin and it was found that they were
caused by the characteristic radiation of the "." series of tungsten, which
had plated out cn the copper target as the filament of the tube evaporated.

(b) Lead monoxide (PbQ)

15, Patterns cof orthorhombic end tetragonal lead monoxide were made
from oxides cbtained from the storercom (Plate 2 & and b). These patterns
were to serve as standards of comparison throughout the entire work. X-rsy
studies later disclosed the presence of & lead carbonate (structure I, and
very probubly a basic carbonate) in both samples. This compound forms very
readily when the oxides are exposed to air and will be discussed further under
the trectment of carbonates.

16, Fused Baker's analyzed orthorhombic oxide was submitted by
Rensseleaer Polytechnic Institute and found to be s mixture of the orthorhombic
and tetragonul forms. Distortion effects appeared to be quite evident since
some planes were characterized by decidedly fuzzy lines while others remained
sharp. This effect was so proncunced that it became difficult to recognize
the individual patterns.

T Yeliow and red crystals obtained from hot sodium plumbate solu-
tions during Pb0, preparsticns were the orthorhombic and tetragonsl forms of
the moncxide respectively.

18. lihen 15 g. PbGs, 5 g. NaOH and 20 ce H-O were heated in a steel
bomb overnight zt, or above, 360° C., during attempts to prepure Simon's
crystalline PbOo, the orthorhombic form was obtained. Over a period of three
days osnd with some grinding the tetragonal form was found to be dominating.

19. Orthorhombic oxide when heated with H20 at 150-180° for thirteen
hours had been completely converted over into the tetragonsl form.



20. Tetragonal oxide when boiled for a long time with water changed
over to 2PbCGjathOH)o (compound II zs discussed under carbonates), and a
small zmount of compound I.

(c) Minium (Pfjoé)

1. 4 pure sample of red lead was obteined frem the storercom and
a standard psttern made {Plate 2c). When comparing this pettern with those
made from the well defined neecle-like crystals obtained by heating 10 g.
Ph0,, {Mallinckrodtts), 5 g Pbﬁﬂ (Merck's), 5 g. NaOH and 20 cc of water, or
sediur plumbate and water, pec*aliv between 355 to 375° C., it was observed
that the patterns from the ground large ecrystals showed numerous planes that
vere character*zed by diffuse lines. The spacings otherwise agree perfectly
{Plete 3a). These patterns show no evidence of the presence of other oxides
as Pblo, PbO, etic.

22 The ebove procedure produces exceptionally good specimens (COne
quurter inches long znd one thirty-second inches in cross-section) for struc-
ture determination, which thus far has never been determined. From a pre-
limirary crystzllographic analysis of these crystals Dr. T. T. Quirke of the
Geclogy Depurtment of the University of lllineis has obtained the following
resuitss

:heue red lead crystals are distinctily privmutlc in
habit. They are entirely tramsparent and under polarized
light show plecchroism, yellow to red. Extinction is in-
clined thirteen degrees to the long axis. They have well
marked cleavage, prismatic in tjpe, making angles of L_O0
with cne ancther with conchoidal fracture transverse to
the long 2xis., The crystals belong to the moneoclinic sys-
tem, are characterized by almest sgusre cross-secticns and
with great length in proportion to their dismeter, terminat-
ing in a combination of busul pinuacoid and deme with a very
high angle betz. OSome pr:sms are terminstec by a basal
pinzcoid with a 101 dome and twe faces of the Oll dome,
neking & four--sided pyrumidul terminaztion., In other cases
the termination is wedge shaped with the domes Gll. B8till
snother ternination showed besgal pinaceid and the dome 011
terminsting the priam 110 and the orthopinaceid 100.

(d} Lezd dioxide {Pb0: }
{d} I (

i —— . —

itortion characteristics found in charged positive
plates, more or less extensive efforts were made to produce various lead
dioxides with the expectation of reproducing this distorted pattern. The

tendurd pattern wos msde from & sample of dioxide cobtezined f rom the store-

it Due to dis

rii
nsiy
tion
reor [(Plaete 2d).

Z24. = Other samples were prepared according to the following proce-
dures: lesd nitrate was treated with sodiuwm hydroxide to give lead hydroxide
which was then filtered off znd washed. Thereupon it was dissolved in con--

centrated sodium hydroxide and:

(1) Oxidized with bromine. One pattern was taken with a
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sample that was removed immedietely from the solution, washed and dried at
105° . Another with a2 sample that had been left in the solution for 48 hours.
Both patterns showed mostly colloidal lead dioxide and some red lead. A
second preparation gave almost identical results with the exception of grain
size which was considerably lerger.

(2) Oxidized with chlorine. The pattern showed a product ap-
proaching the standard pattern in particle sizes and possibly containing a
very small amount of red lead.

(3) Oxidized with hydrogen peroxide. This gave a product similar
to lead dioxide in color but which had the structure of red lead.

254 A1l three preparations failed to show any signs of distortion
and zitempts were made te produce such & product by:

(1) Mixing lead dioxide and 5% (by wgt.) sulfuric acid and re-
fluxing for two hours. Some of the dioxide was converted to normzl lead
sulfate of rather large grain size while the remsinder was unmodified. The
experimeni was repeated with the refluxing time of ten hours giving identical
resulte, It was also modified in that 5% (by wgt.) of 2.682 N sulfuric acid
was added to the dioxide and the mixture heated to dryness with low hest.
Agair the results were identical with the exception of grain size which was
smaller. Lesd cdioxide and sulfuric acid were alsc mixed in a 50/50 ratio
(by wgt.) and heated to dryness with low heat. Results in this case showed
that all of the dioxide had been converted to lead sulfate of rather large
grain size. The tempersture at which this conversion teakes plece may be of
considerable importance in storage battery operation where higher tempera-
tures are invelved and further investigations may be advisable.

(2) ALdding sufficient sulfuric zcid (1.250 gravity) to red lead
to completely wet it and then drying it in & vacuum desiccator. The product
obtained was dark brown in color (much like the dioxide color) but the

results showed & mixture of approximately 60% red lead and 40% lead sulfate.
The particle size of the red lead had increased considersbly. It may be
possible that the smaller particles reacted leavirg only the larger ones.

The same procedure was repeated with a red lead to acid ratio of 1:2. The
filtrate in this case was still zcid and the X-ray results showed approximately
50/50 mixture of lead dioxide snd lead sulfate. All evidence of red lead
lacking.

o

&

L4/]

Wa

(3) To 10 greams of red lead nitric acid was added in 30 cc of
water in the ratios:

PbBO A Hi 3
1 1
1 2
1 3
1 4
4, 3

The procedures were run in duplicate and cne sample was permittea to stand at

L



roon temperature for one hour while the other one wes refluxed for the same
length of time. After the rezction time had expired, the products were
promptly filtered, washed free from lead salts and dried in vacuum over
?alcium Thloride. The results are most conveniently given in table form
Teble 1).

26. All of the ubove preparations failed to show any signs of dis-
tortion. OSuch a product was later successfully prepared in the leboratory by
Dr. J. N. Mrgudich. (Patterns of distorted and colloidal PbGp are shomm in
Plates 3b and 3c respectively.)

27. Large crystalline lead dioxide. The distortion evidences in
positive plate material referred to above and eiways present in batteries,
especially the better brands, are unquestionably related to the internail fine
structure of the lead dioxide. On account of the great difference in scat-
tering power between the lezd and the oxygen, it has thus far been impossible
to determine the complete structure, that is, to identify the exact position
of a1l the atoms, or melecules, in the unit cell from powder patterns. Such
information is highly desirable in pestulating & working principle for this
oxygen deficiency as reported by LeBlanc and Eberius. Rotlation patterns eare
very frequently & great asset in suwch determirations if single crystuls can
be found which are sufficlently large and efforts were made to obtuain natural
crystals of Plezttnerite which, however, were quite unsuitsble for this type
of work. 4As a last resort large crystalline lead dioxide was to be prepared
according to the method of Simon, who, in the estimustion of LeBlanc and
Eberius was the first person to ever succeed in preparing the dioxide cor-
respending exactly to the formule PbOj. These efforts, houwever, remsined un-
revurded since it was found that Simon's ldrge cr"s*ﬂlllne msterial was not
tetrczonzl Phl.. 4 chemical analysis shewed 1t corresponded to PbzO3 and
X-rauy “results gave & distinetively different pattern than that of any known
oxide of leaud. A preliminary crystallogrephic examination shows the crystals
to be triclinic. In connection with this work another new oxide, PbsOg, was
aloo found and identified.

?‘

28, fihen Simonfs results appeared ambiguous, that is, the physical
properties, but not the formuls, agreed with his description, he submitted
& szmple of his prﬂduct upon reguest and it was found that he had used the
large clusters of Pbz03 crystals for the photomicrographs which he included

his publication, ﬂhllc the X-ray analysis wos made on small crystalline
sterial hardly more than a coarse powder. The pattern of this product is
stinctly a composite pattern of Pb0, snd Pbj0; (Plate 3d). The lines of
the Puqu;, somewhat depressed in in ntensities Sy wpre entirely disregarded in
s nterﬁretaulonn

e

23. Protomicrographs of these oxides may be of interest at this
pcint (Plate 4). The generzl description and methods of preparation will be
given leter under the section, "Gther Higher Oxides of Lead."

30. The folleowing procedures employed in attempts to prepare this
large crystalline dioxides

(2) Red lesd with nitric azcid in wsater was refluxed for
one week. This produced a product with a rather coarse

AL



particle size when considering the general behavior of the
compound but entirely unsztisfactory for the purpose in-
tended.

(b) Lead dioxide heated with water in a steel at 200° C. for
three days. The results in this experiment were negative.

(c) Sodiumm plumbate heated in water should, according to Sinmon,
produce large crystalline PbO,. However, the product ob-
tained from this procedure was Pby03.

23.. The actions of sodium peroxide, sodium hydroxide and hydrogen
peroxide on lead dioxide were studied as preliminary bomb experiments.
Sodium peroxide with water or hydrogen peroxide readily decomposed lead di-
oxide to minium. OScdium hydroxide with hydrogen peroxide gave the same
results but less rapidly, while hydrogen peroxide alone did not show decom-
positien.

32. Difference between Merck's and Mallinckrodt'!s lead dioxide was
studied. This study was suggested by the fact that Merck's product {mangan-
ese free) failed to zive any PbzUswhile Mallinckrodt's (low mangsnese) di-
oxide produced a splendicd product. Addition of z very small amount of man-
ganese dioxide to the Merck's product ceused it to yield results identical
with those obtzined from low mungunese dioxide. X-ray investigations failed
to disclose any difference between the two oxides.

33. Pluttnerite was found to have & siructure identical to lead
oxide prepared from various procedures. The oxygen content upon analysis
with the modified Bunsen method was found to be 5.68%.

(e) Other higher oxides of lead

3. The resnlts given in this section were obtained in sattempts to
duplicate Simon's work in the preparation of the large erystzlline lead di-
oxide which has been discussed above. Oince the work is of considerable
interest, because it produced severazl new oxides which in the opinioms of
other 1nvestw..tm should not exist and because certzin catalytic effects
seem to be of major importance the different procedures used will be given
somewhat in detail.

35, a. The preparation of the large black crystals (Pby03):

(1) By heating lead plumbate, which had been prepared
sccording to the methoa of Fremy (from filtrate),
in a steel bomb at 250° C. for two or three days.
This produced in most cases, only NayC03.Hy0 or a
mixture of Na- 603.H20 and NanCOB but not the ex-
pected oxide.

(2) From by-product obtained as imsoluble precipitate
in plumbate preparation (assuming it to be NayPbOs):
Heat

NapPb03 + Hp0 PbOs + 2NaOH

(Presuure)

o



(aa) Heating three days at 250-265° gave some red lezd,

(bb)

a good crop of the large black crystals and a f1ve
crystalline dark brown to black substance later
shovm to be a lesad sodium oxygen compound.

5 second sample heated at 230-275° for three days
gave relatively the same results.

(3) From the constituents of sodium plumbate:

Heat

PbG, + 2NaOH + H)0 (20 cc) —>— Pb0,

(az)

(vb)

(ced

{da}

(Pressure)

Reagents were mized in above propertions and hezated
for three days at range of temperature given above
gave very good results; red lead crystals, the large
bleck crystals and the lead sodium compound.

Three attempts were made using Merck's (mangenese-
free) PbO, with 20, 15 and 10 cc of Hp0 consecu-
tively, keeping the procedure otherwise identical.
The first case gave a good crop of pure red lead
(emall) crystals, the second not quite so good a
yield and the third a reasonable crop ugain. The
second case also produced a rather coarse crystol-
iine materiel laster identified as Pbs0g snd referred
to 28 "small black crystals", rather similar to
octehedral forms and decidedly of twinning or inter-
growing nature. All three cases produced this

dark brown to bluish black sodium lead compound.

Ne lerge triclinic (Pb U } crystels were obtained
from this oxide. The thﬁprdture for these experi-
ments was 260-275° C.

A4 mixture of 1C &. Ph0y; (unidentified and same as
under {1) - the ast of the reagent), 5 g. Merck's
Pb0,, 5 g. NaOH @nd 20 cc [0 under ldenthdl con~-
ditions as used above gave & reasonable vield (not
any too well developed) of the lerge bleck triclinic
crystuls; a very good and well develcped sample of
the smsller PbgOg crystale; some red lead znd some
lead sodium compound.

15 g. Mallinckrodt's PbOs, 5 g. NaCH and 20 cc Hy0
for three days at 260-2750 gave a good flelﬂ (about
50/50) of red lead and the lerge black crystals with
practically no lead sodium compound. It shounld be
noticed that a new bomb (walls not previously oxi-
dized) was used for this experiment, and a large
amount of red lead resulted.

It wes observed that Mallinckrodt's Pboq contained
0.0003% (as max.) manganese while PbOp obtained
from Merck's was manganese free.
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(7)

(8)

Thereupon an experiment was perforumed using
derck's Pb0, and 0.0003% manganese as Mnd, (see
Chem. Ztg., 39, 858-859 (1915), J. Miloauer on
"Minimun" for catalytic effecis of oxides for the
formation of Pb30,). Otherwise the conditions of
the experiment were kept identical (proportions
the same, and three days at 260-275° c.§ Ain excep-
tionally large crop of well developed large black
crystals and 2 small amount of lead sodium compound.

The same procedure was repeated with 1% Mn as
iin0, and again the same results were obtained al-
though the yleld was noi nearly so good.

(f£) A mixture of 10 g. Mallinckrodt's Pb0,, 5 g. Merck's
Pb05, 5 g. NeOH und 20 cc Hy0 hezted Tor three days
at 260-2750 C. and peramitted to cool while in solder
bath gave a very good crop of well formed large blaek
crystals, a fairly good yield of the small black
erystals and some lead sodium compound.

Density: The censity as reported by Simon apparently was
taken on the powder sample of lead dioxide since he reports
9.604 while tne density as determined on the true Pb203

wrstal wrry e f’ 2 1 & ¥ O Gor lemasses = e cotoraina
crystals was found to bhe 2.925 laveraze of three determinz-
tions).

DJecomposition by Heat: The crystals are very resistant to
decomposition by heat requiring bright red hsat. On decom-

pesition a mixture of the tetrugonal and orthorhnombic forus
of leud oxide was found.

Solubility in Acid: Sulfuric and nitric acids show very
little, if any, visible effect either at room or boiling
simperatures. Cold (con.) hydrochloric acid gradually
changes the crystals over to lead chloride over a period
of several days, while the other known oxides are usually
converted over in a relatively short tine.

Crystallographic analysis: In & preliminary examination

these elongated crystals were found to be definitasly of the
triclinic system, the axes a to b to ¢ approximately equszl

to one to one to five. The angle beta eguals 46°, gamms 98 §
and alpha 8<°. Twins sare common with b as the twinninzg axis
and 0l0 as the composition plane. Common crystal forms are

the three pinacoids, the prism 110 but not 110, the dome Oll,
the dome 101, the dome 101 and occasionally another prism 130.
The crystal has conchoidal fracture and apperently no cleavage,
although repeated twinning on the 010 face sometimes simulates
cleuvage. The luster is brilliantly vitreous; color, jet black.

Cheuical Analysis: Due to possible Instability the sample was
not dried in oven previously. To ilasure & relatively pure



sample the crystals had been separated by hand with the
aid of a 10x hand lens. A sample of red lezd (pure cry-
stals) was analyzed simultaneously to obtein some sort of
a check on the methods used. For active oxygzen the U.3,
Burean of Standards Method was used since it had been
shovm that the modified Bunsen metaod was giving results
approximately 0.2% low. For lead the sulfate method,
using HCl as solvent, was employed on account of its
simplicity even 1if it has a tendency to be somewhat in-

consistent.
Large Black Red Lead
{Pb203) (Pb_gOA)
Actnal Th=oret. Aetual Theoret.
Leed 83.5 83.62% 29.1% 90.64%
and
83.5
Oxygen active 3.445 3.46% 2.32 2.34%
and and
3.46 2.33%

In sftempting to dissolve the crystals for analyses
with nitric scid and hydrogen psroxide a very small pre-
cipitate rex Liﬂed which was later identified by meauns

f z-r

36. Hydrated lead sesguioxide (?bﬁJB 3H;0): To serve as a compuri-
son with the sbove described crystals Pb"UB *HvO was prepared accordiag io
the method of Glusstone and x-ray analysis showsd the prepsaration to be truly
amﬂrphals as reportuu by Darbyshire. 1n the wet 5t"tn it decomposes with age
inte lead dioxide and b]S;C carbonate ()PoCuﬂ._ B{OH) 5 According to Darby-
shire, these wet prepq ations all give an umurpﬂoug z ray pattern even 1f the
Pb0. PJﬂtent veries from 17% to 57.1% as compured with the theoratical value
oI ,a"’or’Oo

37 Preparation of the small black crystals (Pb508):

{1) & mixture of 15 g. ﬂallinck“oat" Pb0z, 15 g. NeOH and 60 cc
H30 for three deys at 260-275° produced s swall amount of
these small bleck ecrystals, a few individusl larze crystals
end mostly the lead sodium compound.

(z) see (3)-{vb}, {cc} and (ff) abovs.

Mixture of 10 g. Mallinckrodt's Podd, 5 g. Herck's Pb0s uﬂa
20 cc HpO heated three days at 295-310° C. guve a very good
yield of the small black crystals--no large black crystals
and seme lead scdium compound.

—
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X-ray studies showad them to have an iadividual structure



not possessed by any other known lead oxide. A preliminary
interpretation of the pattern would indicate a tetragonal
structure where the value of the ¢ axis is very nearly equal
to unity.

(4) Chemical snalysis: Crygtul had been hand sorisd and were
dried overnight at 105° C.

Using U.S. Bureau of Standards snd sulfate methods:

Pbs0g Actual Theoretical
Fb 88.6 and 83.7% 29.0%
Active Oxygen +  4.03 and 3.975% 4.12%

(Contained some in-
soluable fibrous mater-
ial.)

(5) Densitys 9.514 {av. of three determinations).

(6) Stability: These cryatals are also appreciably stable to
dissolving action (H,80,, HNG, or HCl con.), although not
as much as the Pbp03 crystals, and to temperature decomposi-
tion.

They form at a higher tempersture (approximately 300°)
than do the Pby03.

(7) Crystallographic analysis: These small crystals seem to
vary habit between a double pyramid und & short prism
terminated with double pyramids, apparently of the tetra-
gonal gystem. The axial ratios make c approximately equual
to one. The crystal appears to be tetragonal although not
coapletely measured. Liunes on sozme of the pyramid {uces
p*rullﬂl Lo the base give some indicuation of its symmetry.

ince no measurements have been made on thess crystsals it

apparently is possible that they may be orthorhombic with

& very nearly eoguul to b since certsin pyramids terminate

in an edge instead of a point. This, however, m&y be due

to distortion.

&
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38. Effsct of lower temperatures in the azbove procedures: Heating
the mixture, 10 g. #lallinckrodt's Pb02, 5 g. Merck's Pbl2, 5 g. NaOH and 20
ce of water at temperatures lower than 210° C. for three days did not change
the Pb0; structure in any manner whatsoever.

39. Temperature ranges at which these different crystals grow: The

sults of the general prooedura (15 g. PhOs containing some MnOp, 5 g. NaOH

4 20 cc of water heated in bomb for three duys) =s regards temperature may
be summarized as:



Product Formation Temperature

Sodium lead oxygen compound 225 to 350° C.
Pb03 248 &6 2757 €.
Pbs0g 270 to 320 °C.
Pb30,, 220 to 370° c.

(mostly above 350°)

PbO Lbove 350°

(f) Lead Sulfates and Basic Lead Sulfates

z. Lead Sulfate

40. Since lead sulfate and probably basic sulfates are some of the
primary constituents which we may expect to find in battery plates at the
various stages of discharge a careful study of these substances is essential.

1. Normal lead sulfates were prepared by the following procedures:

{a) Lead oxide {tetragonal) in contact with excess sulfuric acid for
several days.

{p} Test lead dissolved in dilute nitric acid, cooled and concentrated
sulfuric acid added, washed and permitted to dry naturally.

lead dissolved in dilante nitric acid, evaporated to drymess,
,j I
i

l_
L
issolved with acetic acid and dilubte (1:1) sulturic acid added
le the solution was boiling hot. The mixture was then heated
o dryness, washed and dried at 110° C.

%

e
e
l

(d} Sample was prepared by and obtained from Dr. J. H. Reedy.

{e} Tetrugonal lead oxide was digested with excess (1.280) sulfuric
ascid for thirty-six hours, heated to dryness, washed and dried.

(f} The sbove procedure was repeated using councentrated sulfuric acid.

(g) Sumple consisted of Bakerfs Analyszed Lead Sulfate without any
further treatment.

411 of the above preparations gave the same identical pattern with
grain size as the only variation.

41. Basic Lead Sulfates. Since basic lead sulfates are the most logi-
cal intermediate compounds that cne might expect to find in storage battery
plates, they were studied in considerable detail.



42 There seems to be no guestion in the literature coacerning the
compositions of the basic sulfates of lead prepared by high temperature methods.
The early work of Schenck and Rassbach, in which they studied molten mixtures
of Pb0 znd PbSU, previously described by Berthier und from which they concluded
that the three basic sulfates Pbo ° Pb30, , 2Pb0 -PbS0, and 3Pb0 - PbS0, could
exist, has been amply confirmed by Reinders, Schenck and Albers, Jaeger and
Germs, ochenck znd Borkenstein snd ochenck.

73 fiith respect to the compositions of the basic lead sullates pre-
pared &t low temperatures, however, the literature is somewhat indefinit

& brief chronological summary of tne more important procedures reported
vielding basic sulfates will serve to illustrate the conflicting opinions of
different investigators.

L In 1892 Frankland postulated that 2PbO-PbSOA and Pb02-2PbSO
were formed when sulfuric acid wes added to a lead oxide consisting of a mix-
ture of litharge and red leud. Toelle later patented a process for preparing
2Pb0-PH30, by the slow addition of sulfuric scid to litherge. In 1893 a
patent was granted to Lunge and Lyte for the preparation of basic sulfates of
any desired composition by mixing appropriste amounts of lead nitrate and
ulkuline sodium sulfate solutions. By & very careful study of this reaction,
however, Cloutier was able to find only one basic sulfate, 3Pb0-PbS0, . In
18225 Ganelin prepared PouePbqu by the treatment of lead sulfate with mag-
sing oxide and two yesrs later Schulten reported the formation of the same
ouni by the action of sodium sulfate on & basic lead scetate solution.
owing a rather extensive study of basic lead salts, Stromholm published
5 results concerning the formation of 3PbJ-PbS0,-H,0 when sodium sulfate
wcts with freshly precipitoted lead hydroxide. 'In the same paper he dis-
cusses the preparation of Pb0-PbS0, by the reaction between lead sulfate and
pmnoniun hydroxide. Pleissner uolng the latter process reported the same
aound,  In 1905 a German patent issued to Toelle and vom Hofe described
pa*ﬂ*ion of Pb0-2PbS0,, Pb0-PbS0, and/or 2Pb0-PbS0, by the addition
* Pb0 to moist Pbb0y, while & similar British patent issued to Kronen
“rngw”a.eﬁ bhe formation of 2Pb0-PHS0 In 1910 Hilemen prepared basic sul-
of lead merely by boiling PbiQ0, und Pb0, the composition of the basic
sulfates being predetermined by the amounts oi sulfate and oxide used. In
1920 Mzolnnes, Adler and Joubert in an attempt to explain the fact that
their mﬁasured acid consumption during storage buttery discharge was lower
tnan that demanded by the Gladstone-Tribe equatlons postulated that basic
sulfates f Lﬂv Zeneral form “PDO-VbeOL were formed deep within the plates.

P
e
&

g
o]
(t}

o

ap
L1

B D O

[ )

1

rxt

e

fates

m LA-..-

45 411 of the asbove lnvestigutions, with the possible exceptions
of those of biromholm and Cloutier, are open to the objection that classical

snalytie {al) methods cannot as a rule distinguish {a) between a mixture A
+ B wnd & chemicsl compound A-B, nor (b) between & solid solution of 4 in B
or B in & znd the chemical compound, nor (¢) between an equimolecular mixture
of 4<4B + 4°2B and the single phase 4-3B. These objection have already
been poiniea out by ”hevenuz who suggested the use of X-ray diffraction
qethods since these can readily differentiate between mixturss, solid solu-
tions und true chemical compounds.

1 Briefly outlined, this research consisted in the registration

of wpproximately 200 patterns of basic sulfutes prepured by various methods.

sl



The more importani procedures employed were as follows:

1. Reaction between sulfuric acid and lezd monoxide. General equa-
tion = (x + y) Pb0 + yHpS80, = ,Pbl.yPbS0, + yHyO.

a. Addition of varying amoumts of sulfuric scid to moist tetra-
gonal (red) Pbd.

b. Fast and slow additions of varying amounts of sulfuric acid to
hot and cold water suspensions of tetragonal and orthorhombic
(yellow) P10.

c. Allowing orthorhombic Pb0 to stand in tall glass cylinders under
sulfuric acid solutions of various concentrations followed by
snalysis of samples removed from the ceanters of various segre-
gated layers of residue.

2. Reaction between vurious amounts of PbS0, und PbG (both the
tetragonal and orthorhombic modifications) in both hot and cold water sus-—
pensions for varying periods of time, covering the range from theoretical
Pu0-2PbS0, to theoretical 10Pb0.PbS0;. General equation = ,Pb0 + besoé =
<PPO-yPBEC, .

. Reaction between alkslies (NaOH and NH,OH) and PbS0,. Genersl
resction = (x + y) Pb80, + 2xNaOH = xPbO-yPbSC, + ﬁ apS0y + xE20.

. Slow ung fast additions of virying emounts of alksli to hot and
cold water suspensions of the sullate.

b, Allowing PbSOA to stznd in tall glass cylinders under &alkali
solutions of vearious concentrations followed by znalysis of
samples removed from the centers cf various segregated leyers
of residue whenever such segregations were observed.

FATES During and after the registration of the large number of pat-

, an extensive statistical snalysis of zll the X-ray negatives was

ie¢ out. 4&n idealized example will serve tc illustrate the mechanics
his unalysis. Suppose Pattern S, exhibiting 84 lines, has & set of 40
I metches a co“responding set of 40 of the 78 lines of Pattern ¥. It
ows that Substunces X and Y contain at least one common counstituent 4.
wyiously it is impossible from just these two patterns to say that the 40
.tched lines are due to but one common constituvent (they might arise from
or more). In order to differentizte between a single and a mixture of
cmmon constituents it is necesssry to analyze & large number of other pat-
rme exhibiting the 40 matched lines. If in all cases the 40 lines appear
jmul teneously, slmays have the same relative intensitlies and glweys have
the same characteristics (speckled, indicsting large grain size, or smooth,
indicating smuller grain size), we can assume with & reasonable degree of
aseurance that only one common constituent & is present in Substunces X and
Y und moreover that this component is characterized by the 40 metched lines.
Referring again to Pattern X and Y, the lines of X unmztched by uny of those
of the Y nattern indiczte the presence in X of one or more constituents ab-
sent in ¥ snd the lines of ¥ unmatched in the pattern of X are indicative of
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one or more constituents in Y wbsent in X. Statlistical invesligution again
will lead to sn evalustion of the number of non-common constituents in X and
Y with & determination of the pattern characterizing each constltuent.

Witk approximately 200 patterns, the statistical lebor invelved
s enormeusly lsrge, but =t the sume time it is es gential for the iden-
ificatior of the components of mixtures contzining unknown amounts of un-
knovn constituents. 1t is not necessary here to present the data in lengthy
snd cunhersome tables. The results of the analysis can be summerized best by

the bfucemuﬁt that sll the patterns could be concidered &s composites of but
three primary patterns. The fact that three putterns are necessary to account

for all of the cbserved diffrection effects proves that & minimun of at least
‘hrec basic sulfates of lead exist and implies (the implication is not proof
nee only 200 patterns were regist ered) that only three can exist.

[4}] r‘i
e

49. It is, of course, possible from the zbove anaslysis to calculate
the pattern of each theoretically 100 per cent pure tasic sulfate. 4ny prep-
ration then which msiches one of these patterns exuctly over the entire
‘o of reflections with no evidences whatsoever of extrs lines may be con-
jdered as being homogenecus cnd & subsequent chemical analysis of this
materizl or & knowledge of the amounts of resctants required for its prep-
sraiion wmay be used to determine the chemical formula of the basic sulfate

concerngd. Thus, using the X-ray pattern 28 u criterion of purity and a

chemical uﬂulfilf or synthesis as 'riterion of composition, it is theoreti-
11y possible to assign definite formnlae to each of' the three observed

sulfnies.

50 Certuin preparations msde in the course of the above experi-
wental work zave patteras which corresponded very closely to the three
patterns of the 100 per cent pure bazsic sulfates. HMoreover, it
oosible, uvsing dete obtuained in the synthesis of esch of these
ations, to uassign chemical formulae to each of the three possi ihle

e 5u, pattern Zz is of & substance prepared by boiling
known amecunt (4% fmga} of pure lesd oxide with distilled water unii
the liguid phise was the decantec solution neuirclized with sulfuric
4 and then bhoiled again with the residual oxide, the slow addition of

Z heing continued to complete neutrclization. The residue was then fil-
terad, washed, dricd znd its pattern rezistered. The total elzpsed time
required for the neutrslization approximated 30 hours and the totel smount
of /.46 molar sulfuric acid used was 10.07 ce. The X-ray pattern shows thut
the metericl is very pearly & single homogeneous basic sulfate, since it

-' s quite closely to the theoretical pattern of one of the busic
snd the amcunts of scid and oxide used for its prepuration show
Formmla oorrckpqnu to 4Pb0<PbE0,. It might be added here that if
l b

51 ln Pie
i
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18 n ization is carried out carelessly, espe CchJJ if the endpoints

¢ fur overstepped, & mixture of various %Qaﬁc suifates will result, the X-
ruy puttern in some cases showing +‘9 superi mlOuliIOF of all the theoretlcul
amli"z:tef—.'. This same u.,".“c sulfate in & preg tically pure form cun be

tedined by a a6f.25.0 or of 20 pe“ cent NaGH to a suspen-
gion of ;;5? gmo o “boﬁz in 34111:3 hiot water wnd slso by the bheiling ef

e



& mixture of 20.0 gms. of PbS0, and 58.5 gms. of PbU for approximutely 10
nours. In both of these cases the amounis ol reecctunts correspond to the
formule APbU+PbS0 .

52. Pattern 2b in Plate 5a is of & meteriel prepared by refluxing

17.2 gns. of Pb0 with 7.8 gms. of PbS0,; for approzimstely 40 hours. The X-
sy pettern indicates homogeneity while the amounts of Pb0 and Pbi0, used

sign « formula 3Pb0-PbS0,; to the compound formed. This trioxysulfete of
esd is prohably the most Gifficult to prepare pure since & definite ten-
dency exists for the rezclunts to precipitate a cixture of the tetrs, the
tri, and the dioxy lead sulfates. uioreover, bciling the trioxy form with
PO results in the formation of 4PbU.PbS0,; while boiling with Pb30, precipi-
tates the 2PbC-e PbaO/ compound. It is possible that the trioxy form is &
menifestation of excess Pb0 incorporated into the ZPbU-PbSQy lettice or,
what seems less probable, of excess PbS0; in the 4Pb0-PbSCy lattice along
lines described by Strock in his article on defect structures. Pattern 2b
is the only one cbtalned which indicates that the 2Pb0-PbE0, compound is not
losely related structurally to the 2Pb0.PbS0, salt. To this ex ctent, there-
fere, there is some uncertainty as to the existence of the 3Pb0- Pbuoé as a
separate, distinet structural entity.

by 0
=

53 Puttern 2c¢ in Plate 5a iu that ¢f & buasic hulfate prepared by
the addition with continucus and rapid stirriog of 52Z.2 cc of sulfuric scid
{50.11 per cent) to & suspension of 250 gma. of PbO in 1000 ce of water &t
.)EO = ] ‘_;_}... i + i SE o b"' i e g
25 C., the acid addition being so slow thai the mixture never became acidic.
[re I-ray puttern agoin indicates homogeneity and close correspondence to
the nettern of the theoretically possible third basic sulfuete and that amounts

+ = -

of scid and oxide used indicate that the chemicel formuls of this basic sul-
fute ie ZPb0.Pbb0, . The Zc materizl can also be prepared by refluxing &ap-

oprizte mmounts of Pb0 and PbbQ, for approzimately 30 hours.

o}
—~

{z) Lead Carbonate Studies

2L i pattern obtained from various substunces of alverse sources,
sone of T"‘Ic“ indicated o posusible carbonate comp prompted these in-
vestizations., A serles of carbonates were prepurca

. e were uadded to several
¢ of distilled water in & test tube (approximately
LulfA” x 10"). The tube wes suspended in belling water
and COz gss intreduced while the zixture wus vigorously
cted with & mechanical stirrer. At thirty minute inter-
& sample of ithe mixture wes remcved by means of a
specizlly constructed pipette. These samples were immedi-
ately filtered snd dried wnder vscuum. The Z-ray results
showed that at the end of {wo howrs & definite compound,
which frem row on will be referred to as structure 1, had
forned which then rather suddenly (between 2 and g*lfé
hours) changed cver into & new definite compcund, structure
11, (later identified as 2PbCO3-Pb{OH)3), which in turn
graduzily was transformed intc a third compound, structure
111, having the same crystal structure as Baker's nnalyzeu
Ba i( Lead Carbonate, IL was also observed that the lead



oxide availeble for this investigution zlready contained &
small amount of structure I, evidently due to expesure to zir.

b. The above procedure was repeated with yellow or orthorhombic
lead oxide (somewhat larger in grein size than the tetragonal
oxic¢e) and identical results were obtained. It should be
noted, however, thut the reaction time for this oxice was very
nearly double that for the tetragonal oxide or:

Structure Tetrugonal Orthorhombic
1 2 hrs. 4 hrs.
£ 2-1/2 hrs. 6 hrs.
I1I 5 brs. 12-1/2 hrs.
hgain the oxide availaeble contuined u small amount of structure
IQ
555 Comparisons of the above results with the patterns chtained pre-

vicus to this work from substuances of various cther sources und various car-
bonute prepurations gave the fellowing results:

(&) Bagle Picher Fhite Lead (Cld Dutch Process)-structure II.

{ki Precipitate from supernatent liquid from 3ZHNG, + PbBOx — structure
11 > 4

{c) "Peerly” precipitste from supernatent liguid from 9PbO + HpS0,-
structure I3.

{a} Precipitate from dissclving lead scetzte in cold water - structure
b

{e} Sample from Mr. Sesbury, tetragonzl oxide beoiled in water for a
low" time - structures I and II.

{f) Product leached from a partly discharged negative plate (frem
pos. plate formation studles) - structure II with several lines
unacecounted for.

{g) Lead acetate in water treated with CO, gas - structures II and IIl.

{h) Lead nitrate treated with sodium bicarbeonate and lead acetate
trested with sodiwa bicarbenate - structure 1I1 with several lines
mission indicating that Baker's analyzeo product was & mixture
containing some of structure II.

(i} Excess lead nmitrate treated with sodium bicarbonate gave & new
unidentified structure.

(j} Excess smmonium cerbonate treated with lead nitrate gave the same

e ” . Mt
results as "h'.



(k) Lead nitrate treated with sodium carbonate (both solutions hot)

- same as Buker's analyzed product or II1I und several strong
lines of II (both solutions celd) - structure 11 &ad I1I.

(L) Lead acetuate trected with sodiwn carbonate - structure 111 - one
line hard to account for.

{(m) Lead acetate trested with CO-; the precipitate washeda und kept
s - -1 - . T
for several duys in water made slightly slkaline with NHy OH (one
drop). OSame as Buker's asnalyzed - two extra lines.

{n) Eyc ss lead nitrate treated with sodium curbon - zpparently
is & transition from structure 11 to IIl. OSome of the fuzzy
‘1nes are hard to explesin otherwise.
{o) Cerussite from the Geology Department - same results as "h" above.
56 4 correlation of the above facts, together with the resulis of a

chemical analysis from Mr. Lindgren's lsboratory showed that Baker's Analyzed
Busic Leud Carbonate was essentially normal lead carbonate and thus gave a
soluticn to this rather complex problem.

57 o The compound with structure I1 is of specizl interest since 1t
readily cobteined from such a variety of sources snd & definite know-

, .

concerning its composition wus essential at this point. The fucts
tc these conclusions muy be briefly stated as follouﬂ'

(1) Tzgle Picher White Lead (0ld Dutch Process) is supposedly
basic lead curbonate ané agrees with structure I1.

{z) Cerussite is norsal lead carbonate and agrees with struc-
ture II11.

-’,-‘}

(3) Baker's aneslyzed Busic Lead Curbocnate agrees e
with structure 11l.

sentially

(4)

¥r. Lindgren's report gives as average resultis:

Structure Ko, 1 No. 2 No. 3
Ph0 38.15% 87.18% 83.8%
€02 10.58% 11.71% 16.05%
H-0 {by absorption) 1.82% 2.26% 1.59%

(by difference) 1.27% 1.11% 0.15%

(5) The theoretical values for 2PbCC3-Pb(OH)p are:

PrO 86.35%
Ho0 2.32%
and for PbCOs3;

Pho 83.53%
€Oz 16.47%



57 Thus the composition of the compound with structure II is in good
agreemen® with the theoretical vaines for the busic lead carbonate - EPBCOB-
Pb(OH); - znd that of 11I with the values for normal lead carbonate - PbCO3z
(Plete 5b).

(h) Distortion Studies

58. Numerous distorted effects obtained in various cases, especially
when therc was & question of transformetion from one compound to another, or
addition or rewoval of oxygen to uzn oxide without any cbserved changes in
erystel structure, led to the following preliminary investigatlons. The two
substznces were inbtimately mixed together and enough water was sdded Lo ucke &
paste which wus then worked with & spatula for lhirty minutes. Thereupon the
speeimen was dried uader vecuum pricer to the X-rey studies.

54, In all cuses new compounds are formed as is shown by the new
lines coming iﬁto the pattern while at the same time the lattice of the oxide
ig decldedly distorted before the crystal structure finally changes over. The
lines do not ji sappeer uniformly from the patiern =nd in some cases exhiblt
onsiderable fuzziness.

60, From hasic sulfute studies it wae fommc that where HpSG, had been
added in smounts too small Lo produce a basic sulfate the lattice of the oxide
expunded uncuestiopably beyond any ex perimentzl errcr. This effeect can be

perhups best, in graphic form (patterns 156-200}).
Bl Seme veristion for line
cshifting can at times be exuplezined by

iantion of the ssmple height which,
ourse, in uLL cases is quite small

ked by = full size
of the e“lspmﬁﬂ* used. No such
ns were possible in these pat-

Dt itive plates from commercial teries were sfudiea by mount
ing the powdersd sctive materisl in the 45 The following were studied:

¢, Materisl from Prest-0-Lite formed plzte gave u puttern lden-
ical with that of lead dioxide.

b. Plates from & Prest-C-Lite "mercury" which was completely
dead, supposedly due to standing without charging, showed a
few large, scattered, white crystsals on the surface which were
evidently deposited lead sulfate. X-ray 5

showed the plates to coneist of lead dicxice including & very




small amount of large grained material, the spots being too
much scattered for absolute identification. The material
from the intericr gave a similer pattern but without the
large grain specks. This would indicate that the positive
plate is not resdily subject to self dischzrge. These re-
sults were also verifiea, although not so completely, from
studies of other mukes of batteries as Firestone, etc.

c. & group from the above battery wus charged and then dis-
mounted. OSome of the plstes were only rinsed in water anc
then dried on the radiator while the remainder wus thoroughly
washed in running water (five hours) and dried. All results,
both from surface and interior, were very nezrly identical
with pure lead dioxide indicating that washing for positive
plates is not so very importeant.

d. Material from & Globe Union plate, formed, dismounted and
washed several years agc gave a pattern identical with lead
dioxide.

e. The third cell of the above "iMercury" battery was cherged in
reverse order for 97 ampere hours expecting te find the posi-
tive plate converted, at least to some extent, to lezd. The
results, however, showed very coarse lead sulfute on the sur-
fuce with just un indicaticn of dioxide (the strongest line).
Toward the center (light brown regicns) finer grained lead
sulfate was found, containing considersbly more dioxide, while
azlong the grid wires conversion tc relatively fine grained
lezd had taken place. A very small amount of lead sulfate
was found in this lead, as well as some leud oxide, no doubti
formed from very finely divided active lead cduring washing.
Severzl of the fzint lines aleo appesared which could not be
accounted for.

f. #illard positive material gave the dioxide pattern but in
zddition showed a distorted structure (fuzzing between first
pair of triplet snd one weak line considerably heavier than
expected). Careful examination of the positive plate material
from old butteries nesr the grid wires shows the formation
of a very dark brown scale while between this scale znd the
grid proper & thin film of a white material is found. X-ray
results showed the scale to be & mixture of smell grained
lead sulfate and what appears to be highly distorted lead
dioxide, and the white film to be principally composed of
finely divided lead sulfate.

63. In sll these preliminary studies evidences cof secondary or inter-
nediate compounds, although not any too positive, were nevertheless not en-

tirely lacking.

(b) Positive Plzte Formation Studies

64, For these studies a small storage battery was constructed which



was mounted in zn X-ray cemera and X-rey patterns were taken during the [orma-
tion of the battery plates. The dimensions of the battery were calculated so
that & plate to electrolyte volume ratio existed in the same proportion as it
does in & commercial wnit. The charging and cycling rates per unit positive
plate srea were slso kept the same as in industrizl practice. The plate under
observation was made the center (of three) plates of the battery. (Plates 6a
end %)

11i. Studies of Negztive Plates

(z) Commerciul Plates

b5 i1l negative materizls were treated and studied in the sume manner
as were the positive materials:

a. Formed Prest-0-Lite material consisted mostly of very finely
divided lead. The pattern also showed @ number of foreign
lines which agree with the basic sulfute pattern No. 188
(3PbO°PbSOL) as far as spacings and relative intensities are

concerned. .
b. & study of "dead" negative materizl from the "Mercury" battery
reveuled very coarse grained lead sulfate on the surface. In

the interior the purticle size was decidedly smaller und -
very small amount of leud still existed. Tnls would indicate
self dischurge in the negative plates, winich phenomenon wag
not observed in the positive plates of the sume group.

c. A group from the zbove battery was charged (152 amp. hrs.)
before di:mouQulng it for examination. During drying these
plutes became somewhat warm due to probably insuffisient
weshing. 4As soon &s this was observed, wuashing was again
continued. The drying was natursl in open air. Results
showed tne surface of the plates to be still mostly lead sul-
fate, of large grain size, and a small amount of lead. The
inside of the plates wes primarily lesd of compesratively
larger grein size end az small amount of normal lead sulfate
which appeared reasonably small in gruin size. Feint extra
wnsecounted lines ulso appeared representing rather long
Spacings (3-5 3). Host of these lines were later shown to
be due te the characteristic radiction of the X-rzy tube.

d. Matericl frow a Globe Union battery {ormed, dismounted und
thoroughly weshed several yesrs ago cshowed sbout a 50/50
mixture of lead and lead oxide.
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ives from the reversed group, as discussed for positive
, were studied with the expectation of finding lead

e. lhe outside surface was still lead sulfute con-

g & very sm:ll smount of leud. Direct comparison of
ns would indicate & smzll change (increase) lattice
ing%; aCtJdl mecsurenents do show = decrease in film
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66. kxternal appeerznce of plates:
(1) brown on surfzace

R (2) hard and gray on surface.
Region "&" was mostly lead
and the remainder lead sulfzate.
A Region "b" was brown (similer
to lead dioxide) in the inter-
ior of the plate, but never-
tl theless showed about z 50/50
mixture of lead and lead sul-
fate. Signs of dioxide were
not found anywhere in the plate.
Later work indicated that the
charging time was much too
short to expect the results
anticipated.

(b} Antimony in Negative Plates

67. Lecording to elementary principles of electrochemistry, antimony
would be expected to dissolve from the positive grid into the electrolyte and
then to be plated out on the negutive plate. This would ultimately cause
fuilure in the positive grid and, more seriously, would cause self dischearge
of the negative plate.

68, Y-rzy studies of pure test lsud (witaout azny antimony, prepeared in
the same menner as woes used for the standard lead pattern, except that some of
the semples were washed in water for 6 hours and then dried under vacuum, showed
oride formation in only the part of the cases where the samples had been washed.
Practicelly all patterns showed numerous additionsl lines which were finally
proved to be due to the individual characteristics of the perticular X-ray tube.

69. Next grid metsl (8-9% antimony as & rule) was studied. The alloy
wne filed with = new file, screened through & 200 mesh sieve and the X-rsy pat-
torn teken immediztely. These patterns were much the same as the general pat-—
torn of tne lead stsndard without zny noticeable shift in lines.

T As the X-ray spectroscopic method proved to be not sensitive enough
for study of antimony, optical spectrogruphic methods were used. Spectrographic
studies showed antimony to be preseat in appreciuble wmounts throughout the
entive negutive plate; various depths of' the plate showed approximztely the
some proportlons of antimony (Plate 6b).

(¢} Negutive Piste Formation snd Cyeling Studies

74 2 For these investigations the same plan and procedures were followed
£ had been used for the positive plate studies with the exception tnat the
negutive plate was now made tae center plate of the battery and the region
ochoerved was chosen reasonably close to a grid wire; & suggestion obtained
from the positive plute studies (Plate 8).



1V. GEffect of Hot-Cold Cycling on the Sulfation of Battery Pistes.

Hidu Two new (possibly had been slightly used) Delco batteries of
seriszl number 134i-WBL were "boosted" before starting these tests; one (No. 1;
for hot-cold cycling and the other (No. 2) for & control test at room tempera—
ture.

Gravities after charging:

Ho. 1 Pos. 1.290 Cen. 1.300 Neg. 1.295
lio. 2 Pos. 1.295 Cen. 1.295 Neg. 1.298
73. Thereupon the center and negative cells were shorted through

emall wires (moderate discharge; teking the negative cell down to complete

discharge and the center cell to half discharged condition. Tre following grav

ties werc then observed:

No. 1 Pos. 1.290 Cen. 1.175 Neg. -- 22° C.
No. 2 Pos. 1.285 Ge#i. 1.175 Neg. == 229 C.
T4 Battery No. 2 was now peranitted to stand undisturbed ut room temp-

erszture for o period of four months. Battery No. 1 was zlternated every 48
Lours between & steam radiator and & refrigerator at 0° C. The radiator was,
of course, of varying temperazture but nevertheless sbove that at which any
battery mirht be stored or subjected to in actual service.

754 Specific gravities were taken &t verious intervels during this

Temg. Pes. Gen. Neg.
Date Ho. 1 No., 2 No. 1 No. 2 No. 1 No. 2 No. 1 _ No.
2f et/ 35 R —n 1.27C 1.265 1.180 1.200 _—— =
3/10/35 e 2 x 1.260 X 1.180 SE—
3/25/35 fj-tjze 299 1.230 1.257 1.170 1.193 —— ==
L)i5/35 229 220 1.218 1.240 1.157 1.179 1.056 1.05
o/ /35 3e° 30° 31.203 1.218 1.143 1157 1.050 1.G5
x - Up to this point a regular bsttery bydrometer had been used
PO Te exumine the condition of the plates by means of X-rays esch
croup wes removed from the container irdividually, a lower corner of one posi-
tive one negative plate cut off by meens of & coping suw and the group

immes ely returned ko the contuiner. These plate sectione were ikhen washed
in running water for three hours and dried in & vacuun desiceator ior 24 hours
or more. These sectlons were then cut Into smzller se ections &and mounted &s
shown in Plate iB for the X-rasy investigetion.

e plates were messured with a micrometer und studied ut the
’;g tc the cenber &nd ab the center, the amount of muterial to
be i¢ieu away being determined from the original plate thicknecs in ecch cas

ed with the micrometer while f'iling.
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T8 Lfter these studies, sll groups were chearged and agein investli-

guted to check up on the degree oi conversicn, particle sizes, etc. £11 ex-
aminctions were made with copper K alpha rodiastion at 30 KV, 25 milliemperes

und three hour exposures.



CONCLUCIONS LMD RIECOMMERLATIONS

(2} Facts Establiched

794 The above work his estublished the following:

L. Chemictry of Lead end its Compounds with Oxygen.

s, The fundamentul X-ray date for the applicetion of X-ray
methods te storage celle have been obteined.

b. The basic dota on the chemistry of the several lead
oxides huave been establiched.

c. Lezd Monoxide:
7 {1} Poth modifications of commercic]l leed monoxide cont&in
sufficient lead carbonete to show the strongest lines

of these patterns superimposed on the oxide pattern.

(2) Changes from the one crystal modificetion to the other
cause strain and distortion in the trensition stazge.

&ting in water czuses the orthorhombic form to change
the tetrzgonal.

(4} Boilirg the tetrzgonal form in water converts it into
13ic lead carbonste.

d. Minium:
{1} Miniun is & definite crystalline compound.

(2} Red lezd tremted with cold nitric acid produces col-
leoidel lead dioxide.

e. Lesed Dioxide:

{1, Lead dioxide from good storage battery plates showed
& very distorted crystal structure.

(2) Synthetic lead dioxide did not show thie distorted
structure.

P s
et
o

The large crystalline "lead dioxide" of Simen proved
to be }’szB.

f. Lezd Sulfate and Bssic bulfates.
(1} approximately 200 preperations ol the basic leswd sul-

fates were made, using severui c¢ifferent methods, and
their Z-ray patterns obteined.

i o



(2) These patterns were found to be composite of three
primary patterys.

(3) The three primsry patterns are due to three basic sul-
fates, 4Pb0-PbSG., 3Pb0-Ph30; and 2Pb0<PbS04.

g. Letd Czrbonates.
(1} X-ray dete for three lead cerbonates were obtained.
h. Distortion Studies.

(1) X-ray data showing the distortion effects due to chemical
interaction of lead oxides were obtained.

I1. Studies of Positive Battery Plates.
0. 2. Commercicl DBatteries.

(1) In old batteries which were "dead" due to the combined
effect of working end of standing in charged condition,
no evidence of self-discharge wes cbserved in the posi-
tive plztes.

(2) Particle sizes decrezse when pzssing from the surfzce
to the center of the plete.

(3) in load discherges {as
charge} the reaction alvig
= - N
progresses Inwards.

{4) Charging does not aflect the size of eny lead dioxide
particles which ziready exist.

{5) In the conversicn of the sulfaete, smuller lead diox-
ide particlec msy be formed.

(6 Lead dioxide sturts to
tery standing idle.

(7} Luring "self-dischsrge" the resction occurs on the in-
sicde of the plate.

(8, Distortion of the crystal lattice of lesd dicxide was
found, especitily in the better brands of batteries,
This distortion increzses bowsrds the center of the
plates. '

(9, Considersbly less ti
conversion in the po

me ic reguired to obtzin cemplete
itive plates than in the negztive.

{10)kluch more energy ic
plate than electro
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Lesd dioxide is especiclly slow in changing over to
leud.,

‘ormation Studies:

The "green" plate was composed oi lead oxide which ex-
nibited & ruther distorted iattice structure.

The height of the electrolyte was very critical. Only
& thin film could be permitted over the suriuce to be
studied. More than this would completely absorb the
diffracted radiation.

Finely divided lead suilste wes formed s soon as the
electrolyte wes cdded to the cell. The growth of this
lead sulfate was guite rapid until sn optimum size was
reached.

Conversion of the lead sulfate inte lead peroxide starts
at the surface of the grid and progresses redially oub-
ward from the gric.

veveral weak "fuzzy" extru lines which do not appeer

in C.P. dioxide puztterns sre found in these plate
formetion patterns.

During the conversion not @li the planes break over
simul taneously since most ol the lines reprecenting
the longer spacings are more persistent that the
others

The conversion reaction with discharge starts on the
surface of the plate and gradually moves inwurd. Such
studies may be of considerzble importence in deter-
nining the proper plate dimensions for vurious pur-
pPoEes.

Complete conversion of the lead sulfate into leead
peroxicde is readily obteined.

budies of Negative Plates

Commereisl Plates

{lj

Porticle size decresses when passing from the surfeace
to the interior oi a plate.

Churging does not affect the size of any lead parti-
cies which ziready exist.

e}
5‘..

Ir. load discharges the resction sterts at the surizc
and progreeses inwerds.
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(4) In "self-dischurge" the reacticn occurs in the interior
of the plates.

(5) Lead sulfate from self-discharge is extremely resistent
to conversion into lead.
(6) Negutive plates required more time for conversicn on

charge than do positives.
intimony in Negetive Plates.

(1) X-ray methods are not well adapted to studying zntimony
problens.

(2) Optical spectrogrephic methods are well suited to
studying entimony.

(3) In negative pletes from batteries, zntimony occurs &t
all depths in the plates.

Negutive Plute Formation Studies.

{1; The "green" plete wag composed almost entirely of the
busic sulfate 4Pb0O.PbSO,.

(2) Fine grazined lead sulfate formed immediately with the

addition of the electrolyte.

(3) Free lead appesred after five hours of formation due
to the positicn of the grid wire with respect to the
region studied.

(4) Stending over & period of about four hours produced a
considereble amount of ieud sulfute on the surface of
the lead.

(5) The grein size of the lead sulfate increased rapidly
over & pericd of several days (time forming was in
progress) .

(6) High electrolyte level cuts out the diffracted radia-
tion or the part of the pattern vhere the path through
the electrolyte is longer, namely at the longer spac-
Ings.

(77 Lowering the electrolyte level removed the orientation
B ¥
effects obtzined in many of the patterns.

{(8) The plenes of the lead sulfate crystsls do not break
dovn sirultaneously since some of the weaker lines in
the psttern persist (or perhaps even become stronger;

while the strong lines disappear &imost entirely in

the new pattern. Furthermore, these lines are not
found in the new (Pb) pattern.

—29-
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(9} Grain growth of tbe lead was very noticesble with cycling

(35 cycles).

(10) After thirty-five cycles, the battery was reversed and

charged until the formerly negative plate was converted
to lead peroxide. After reversszl the "close in" spacings
were not present. These lines may have been absorbed by
the electrolyte, or slow to come in &s in &ll obeservations
previously. The dioxide ipacings were otherwise in agree-
ment as regards spucings and intensities. Thereupon the
battery was given an intensive charging in the proper
direction sgain, cycled once &and an X-ruy pattern teken.
This pattern showed the coexistence of lead and lead
peroxide without the presence of any lead sulfate. The
lead during this procedure showed & very decided growth
in grain size, zlthough theoreticszily a decreaze was ex-
pected as given in & previous Progrese Report. Ilts
spacings and intensities were in good agreement with the
stendard pattern. The dioxide, however, showed &n ex-
cessive decrease in lezttice dimensions, probably due

to loss of oxygen from the lattice, zs found by LeBlanc
and Eberius, without any replecement by other atoms or
groups. Decrease in intensities «t shorter spacing

would suggest excessive distorticn or strained condi-
tione in the lattice. Numercus other lines were zlso
present in the pattern which &t present have not been
identified.

IV. Studies of hot-Cold Cycling of Butteries

&3. For the sake of completeness end especielly for future reference
these results will be given somewhat in detzil.
Biia 4. In charged conditiocn the following results were obtalned:

VEJ

£t surfuce:

lo. 1 Positive: OSbanding had deposited u few lerge
scattered lead sulfate crystals on the surface of the
plates. Dioxide crystals showed some grain growth due
to standing, but not to charging. C(hanges in lazttice
spucings were not observed und foreign lines were en-
tirely azbsent.

No. 2 Positive: Here, too, a few scattered sulfate
crystels had been deposited on the surface; however,

less than in No. 1. All this surface was converted by
charging. GUrain growth, due to standing, was also less.
Charging did not alter particle size. Distortion could
hardly be recognized and there wac no change in lattice
dimensions sufficient %o be observed. Foreign iines were
net present.

Ho. 1 Negative: & few large scattered sulfate crystals

=30
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were present. A superimposed pattern which was leter
identified as BPbO-PbeA wes obtained before charging.
Conversion to lead was complete while the lead had grovn
to lerge sized grains (somewhat less than No. 2) while
standing. At least it is assumed that the growth was due
to standing, or charging conditions. No patterns had been
tuken from these supposedly new batteries which may have
been used slightly previously. Charging had & tendency to
smooth out the lines somewhat, perhaps due to the formation
of small grained lead upon conversion from the sulfate.
Taree faint extra lines appeared that could be accounted
for by tungsten radiation from the L series.

No. 2 Negative: Pattern before charging contained same
ﬁupe“1mposad pattern zs No. 1 but & little less pronounced.
The deposited sulfate crystels were agein present. Lead
wes present in large excess and showsd very pronounced
grain growth from standing. Charging could hardly ac-
count for this growth since it was only the equivzlent

of one cycle. Charging again smoothed out the lines.

The charged pattern showed a considerszble amount of lead
oxide and zgain seversl lines due to tungsten radiation.

Helfway to center of plate:

o. 1 Positive: Grazin growth of dioxide less than on
surface. Sulfate of grainy nature present — about 10 or
15%. No change in lattice spacings. Some evidence of
distortion. 4 new line present before and after charg-
ing. (One llne, 48 & rule, is without significance for
identification.) Conversion of sulfate to dioxide was
complete.

No. 2 Positive: ©Sulfate present as in No. 1l; no lattice
changes; grain growth less than on surface; gruin size
not changed by charging, and distortion efTects and new
line a@s ia hNo. 1

No. 1 Nezative’ Showed lead — lead sulfate ratio of about
50/50 (no reason to be that high) the lead being quite
grenulsr and the sulfste of moderste particle size. Sul-
fute conversion was complete and five rather faint lines
zre unaccounted for by tungsten radiation.

~ Fal

2 Hegative: Grain growth much lese than on surfuce
d aiso lese then in No. 1 Contained zbout 30-40% sul-
ate of moderate gruin size before charging. Aflter
arging showed some oxide lines and two lines due to
sten deposite on the target.

Lt center of plate:

lio. 1 Positive: Distortion effects very pronounced (about
6 or 7 new lines with fuzzy) before and after charging.

L



A little less sulfate formation than at helfway position.
Grain size of sulfate was average. Concerning the dioxide—-
it is hard to decide on account of the superimposed cry-
stalline sulfate pattern; spacings did not change on
charging. One line came out stronger than in standard
dioxide pattern (is & combination of dioxide snd sulfate).

No. 2 Positive: Distortion effects were very pronounced;
twelve new lines definitely crystalline in nature appear
after charging of which about six were preseat before.
411 new lines found so far seem to belong to tae sdme
substance which thus far has not been identified.  Some-
whet less sulfute then in No. 1. Dioxide grain size un-
affected by charging.

No. 1 Negative: Showed nearly seme condition as at half-

way position; two new lines before and four after charging
due to tungsten readiation. A small amount of sulfate re-

mained after charging. The lead showed some large greained
structure, very nearly same size as in No. 2.

No. 2 Negativet: Sulfate formation less then in No. 1; of

average grain size, and conversion complete. The pattern

shows a considersable amount of oxide snd severazl lines due
to tungsten both before end after charging.

85, B. Results obtained in half-discharged condition?

s

(z) At surfcce:

No. 1 Positive: Distortion effects were lacking. New lines
were not observed eitner before or after charging. Plate
consisted of sbout 60% sulfate, quite granular in nature,
snd wes converted completely to dioxide after charging.
Dioxide was quite grainy before charging (much less than

in charged condltion,. Cherging overshadowed these purtl-
1es by the formstion of an abundance of new small grazined
material., Chaenges in lattice spacings were not observed.

a

Ho. 2 Positive: Distortion or new lines were not shown.
Plate had about same sulfate content as in No. 1 with com-
plete conversion on charging. The dioxide ef'ter cherging
was more grainy than in No. 1. Lattice chunges were not
ohcerved.

No. 1 Nepative: Lead — lead sulfete ratio was approximately
50/50. The lead was very coarse in particle size before
charging and possibly even larger ufter churging. The
sulfate was of moderate size — about same as the lead. The
pattern showed some oxide and two of the tungsten radiation
lines. On charging the sulfate conversion was complete.

No. 2 Necative: Lead - lead sulfate ratio as in No. 1.
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Conversion of sulfate complete. Lead of luarge gruin size
before charging; sulfate of average. Pattern before charging
showed one extrz line; after charging it showed & new super-
imposed pattern in very good agreement with that of fused
oxide, which is & mixture of orthorhombic und tetragonal
oxides.

The same scmple tast had been studied after washing wus slso
studied without washing and dipped into collodion insteud.
This pattern showed & small amount of sulfate but no oxide.
One line was stronger than expected. Consequently, oxida-
tion during woshing definitely accounts for the oxide forma-
tion. On the other hand, if the sulfuric zcid is not removed
it will reuxct with the finely divided active lezd. Washing
with zlcohol gives somewhal better results.

Halfway to center of plzte:

No. L Positive: Distortion effects were guite evident and
somewhat overshadowed by charging. OSeversl extra lines ap-
peared and lattice vhangeﬂ were not observed. The sulfute
was preseat in ubout & 50/50 ratio; of moderate grazin size
and coaverted over to dioxide completely. The dioxide grain
size was smaller than in most of tne previous cases.

No. 2 Positive: Distortion end new lines &ppeared as in No.
1. Sulfate wes precent to the extent of about 40 or 50% &nd
converted completely on charging with grein size ac in No. 1.

l

Negative: oulfete present in about 50/50 ratio. Parti-
iZL much less pronounced than at surface. Charging gave
lete conversion. Charged pattern showed some PbO znd two
due to tungsten rediution.
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Ho. 2 Negzstive: A1l conditions and benhavior very similar to
+

those of No. 1.

At center of plate:

No. 1 Pogitive: Distortion was quite pronounced; orientation
indiceted, oSulfate dioxide ratio was about 40/60 before
charging. Grzin size of sulfaute moderate; of dioxide guite
small. Five of new lines present in charged state. Conver-
sion of sulfate not quite complete.

No. 2 Positive: Distortion and orientation as in No. 1.
Six or seven new lines observed. Dioxide grain size alter
cherging somewhat larger than in No. 1. OSulfute conversion
was complete.

No. 1 Negative: Lead — lead sulfate ratio was about 50/50,
with particle sizes about the came &s at haliway to center.
Sulfate conversion complete. Lead grein size rether smal

e



on the sveruge with a few large pertizles. Four of the lines
due to tunzsten radiustion =nd 2ome oxide were observed.
bo. 2 -wtive: Lead - leed sulfate retio was nearly 60/40.

Part;cie eizes were average, that, however, being lorge when
songidered for lead in the interior. Conversion wes compiete
on charging, giving lead grains larger then 1n No. L. Con-
sider hblu smounts of oxide were found while the extrz lines

due to tungzsten were not very pronounced.

a6, C. EResults obtzlined in dischnarged zondition:

uy At surfuce:

—

No, 1 Positive: wo distortion or new lines were observed,
Plates consisted zlmost entirely of sulfute zmidiler in grein
aize than in No. 2. Dioxide after charging showed coasiderable
growth - less, however, than No. 2. Conversion wos complete
snd no chaage in lattice spscings was observed.

No. 2 Positive: Only & very small smount of dioxiue ieft
before charging. The sulfute existed us large particles which
gave correspondingly large grained dioxide; lzrger than No. 1.
Listortion, new lines or chunges in spacings were not ob-
served.

No, 1 Negstive: 4 smell amount of large grained lesd was left
before churging. The suifate perticzie sizes were :bout aver-—
tge. Complete conversion was not obtuained after 162 smpere
hours (about 25% sulfute left even if gravity was well up).
ine lead after charging had approximetely the same groi
size as the sulfate before charging; herdly uﬂJ line greine
lead wus present at all. After 187 amp. hrs. tnere was still
z omall amount of sulfate left (large grains onlyj. The lead
ctill hed zbout the szme size ss after 162 smp. hrs. und sp-
peured in the rstlo zs in No. 2 after same charging time.
Lfter 235 smp. hrs. & very small cmount of sulfute was still
found; grain sizes were still excessive and several extre
lines corresponding to tungsten radiation were observed.

o
,...
5]

Negztive: Only moderutely sized sulfate, smeller in
e than in No. 1, was found before cherging. C
sion was not fully obtzined azfter 12

med hed wpproximately the ceme greln siue as
suliate (very pronounced;. Two of the extr: lines due to
tungsten radiation were found.

'[ |
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The leuwd for

\b; Results halfway to center of plate:

No. 1 Positive: Only & very small wnount of dioxide lef
before cherging. The sulfzte was reasonably {ine in grain
gsize (finer than ususl) and conversion was complete. Dis-
tortion, nsw lires or lattice chenges wers net indicated.

B

Ne. 2 Positive: Dioxiue - sulicte ratiec sz in Ho.
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Sulfute considersbly lerger ir grain size then in No. 1.
Conversion complete giving gruiny dioxide. Distortion wae
nuecsticneble; changes in spaeings unobserved and pew lines
indiceted.

dNo. 1 Negotive: Lewd ¢till present to the extent of about
10 or 15k, Grain zize of sulfete considerzbly below normsl;
lesd ae ueucd. inﬂmnkl€te conversion ziter L6Z amp. hrs.
(sbout 1CY of the more grainy left). Leuwdé rather course
graived. Conversion witer 18“ ﬂmp hr" c-‘E‘ll’* inoompiete.

which is contrary te reculis ottoluec in 101m«tlon studies.
kfter 235 smp. hrs. & very esmell smount of sulfcte Stiii
existed. A&f'ter charging thie lewd was mozily very coarse
greined, Two of the iires cdue toc tungsten were okeserved,

No. Z Megative: HMostly il rether smeil grained suifeat
{az in Ho. 1). The conversion wus quite complete éﬁxing

rzther course grained lesd. Sulfete particles tppesred to
be getting smaller with rounded edges. Lead oxide znd one
faint line due to tungsten were found.

Rezulte at center of plcte:

liv. 1 Positive: w©tmall emount of diexide still present.
Sulfete relutively fine greired, oome dictortion with the
uppeerence of several of new lines wes found, one line being
gquite "fuzzy." DNo changes in lettice spucings.

fal

Neo. 7 Posgitive: Censtituvents befcre charging s in No. i.
; grein size much larger than in Ne. 1. Distortion

somevhat evident; orientation questionszble snd no chonge
in spucings. Seversl of the new lines present - ong rether
n '

fore letd remained then et midwzy region;
i iin svertge. Purticle sizes of gulfete comewhat
i 2 . £y £- =
lezs tban ewpectec. Conversion incomplete wfter 102 amp.

z.; come large gridined uLilEfe ieft. Lesd
r ofter cherging., After 187 amp. hrs. the lead- lezd sul-
te rutioc wes still sbout 75/25. Only large grained sui-
fete was found. After 235 smp, hrs. the results were practi-
a1 denticel with the midwey region. DNow the sulfeute

§
existe@ in decreusing emounte from the surface on in.

grine-

b=y
.5
rn
o
=
-
o

bo. 2 Hegetive: Lewd more pronounced than &t midwey region.
Sulfcte grains rother emell (smaller than No. 1). After
chzrging the results were very nesrly the seme ss at nid-
vey position except that the extre lines due to tungsten
rediction were stronger. ‘The conversion wes complete wnd
some oxice observed.



{b; Becommendations

7 it ie recommended thiet the Bureau of Engineering encourcge the
manufacturers of storage cells to adopt X-ray diffrzction methede in their
resecrch work us & means of improving the charecteristics of Navy storage
tatteries.

m

G
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TABLE 11

Pattern Description %02 PbOy
Pb02 PbOs from storeroom 6.13 %=1.. 917
ol il 1.915
Different triels with 6.155 1.921
different strength K1 6.16 1.921
solutions 617 1.922
Pb0p PbO, prepered with Clp 4..87 1.729
Pb,0, PbO; prepared with Hz0; o B 1.31
Pb30, Pb30, from storeroom Z:05% 1.294
Pb02 Listorted sample 5.69 185
(No. 48} obteined from
Dr. HMrgudich
Fb0sy seme boiled in Hp0 - 5.69 1.85
1 1/2 hours
Seme boiled in NHy hc - 5.96

1 1/2 hours




TABLE 111

Mol Ratics

Order of Effectiveness

Pb(ﬂc)z

PbCO4

Pb(NO3)

PbSOA

FbO {ortho)

EabO4

NagsOy -

PbFo

i

PbCL,

PbClo

Pblip

Pb304

PbS0,

(dry)

A
L

New compound znd some
distortion.

x PbO was com-
x pletely destr-
oyed.

X snd & new comn-
pound formed.

Just a mixture.

Just a mixture.
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Plate 1



1-Pb0 (Tetragonal) 5=Pby0z 3Hp0

2-Pb0 (Orthorhombic) 6-Pb203
3"Pb5oh_ 7"'Pb508
L-Pb0, '

Plate 2



Plate 3



a-PbsCx, 10 diameters.
b-Pbg0z, 9 dismeters,crystals from two different preparations.

c-Pbs0g, 32 diameters.
d-Simon's sample,32 diameters.

Plate 4
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1-Pb0 (tetragonal)

2-Structure I

5»Pb(OH)2)

3-Structure II (2PbCO
lj=Structure III PbCO5

Plate 5
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.l-Lead
2-Antimony

3-Plate:at surfece

4_-Plate:halfway to center
5-Plate:at center

6-Antimony

Plate 6



l-Green positive plate

2- " " " after stoh has been added
3=Formation time:33 to 37 hours
|- i "  :52 to 5l hours
5= " " 266 to 69 hours

6-Condition of plate after discharge

Plate 7



e e

1-Green negative plate
2-Formation time:1 to O hrs.
3- s * :31 to 34 hrs.
4-Complete discharge

after 4th. cycle
5-Charged after 34th. cycle

6-Discharged ater 35th. cycle

7-Reversed-now a pos.plate

8-Charged in proper direction
again(as a negative plate)
and cycled once.




