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The work recounted in the tollowing chapters represents the
writer's first venture in the field of electroplating., After a sober
consideration of the various fields of engineering endeavor open to one
with a background training in metellurgy, electrcplating was chosen ag

a field in which much fundamental work is needed, and in which any fu Ja-
mental work would be directly applicable to practical indusirial precilems.
This project was undertaken as the first step in entering the field :.-ith
the idea that a lifetime of interecsting and profiteble work might be

found beyond this i.itial project. Events of the pust year have con-
firmed this ideu.

The writer oncc thought that a consid=rable opportunity existed
in application of the principlcs and tools of metallurgy to the study of
clectroplates, After over twelve months intensive work on this funda-
nertal problem, this view is no longer held. It is now believed that
the opportunity exists in the application of the principles and tools of
science, along with a modicum of logic and a dash of hsrd work. As the
scerch for facts carries the worker furthcr and further into the frnda-
mentels of any one science, it becomes clear that no dividing line .xists
between the true scicnces, whether metallurgy, physies, chemistry, or
otheér. As regerds hoard work, this is a matter of mental attitude and
need not fatiguc the stientist who is working in a ficld which furnishcs
exhilarating discoveries at reasonably close intervals to maintain his
interest and whet his inquisitivencss., If such discoveries are not forth-

coming «~— well -— there arc other fields of cndeavar.

.
PP SO

'/:.‘x';'_l'.&..ia ;

BATTELLE MEMORIAL INSTITUTE

> W-'f e e T Tt TN e TRy R W e E e e e e P S T S e e e

Sy
o

PR
e alegtad

9,

e i s s - p 5

b

PP

4

QTS e e
gorgiag'lp cg o0t

-'-A. P

PP L I}




it o domiall cdtie b uia o Mt A i e A A M i RN A e bl Sbice L 1‘w.\-‘..w..,_ﬁ*.~\' A ‘N‘m:mm

d

3

).

0.

i

b -
- -

The present work was undertaken without a .oncrete plan as to

where it would end. The in:itial aim, to develop a reason fir the cracks 0.

in chromium plate, proved to be a fortunate choice, :s all of the con-

siderttions later developed center around this cracking phenomenon., It

was recognizvd at the outset that any contribution to the understanding .i
| of the subject would be of value. In fact, from this standpoint, it is g
bulieved that the subject has been an ideal one for the purposc. So -;i
little hos oeen understood about chromium plate that & sc¢rious investi- ’;
gation, using the unsurpassed array of cquipment at hand, was bound to E

turn up a recsonuble umount of new information on the sub ject.

In the opinion of the writer, rcsearch at its worst consists of
long scries of meticulously conductcd tests, the rcsults of which are
tabuluted, plotted, divided, squarcd, or extrapoluted to make them fit
into somc pattern which can be put forth as the product of the rescarch.
Resecarch et its best, on thc cther hund, consists of the development of
theorcticul considerutions first, then, by use of a limited number of
propcrly dirccted simple tosts, the proof or disproof of the hypothetical
tenets, New hypotheses arc built upon the results of thesc tests and,
in turn, subjected to experimentel serutiny, It is o matter of personal
pridc that the prescnt project, whilc not ideally procecuted in many
rcspects, has followed thc latter coursc in consideruble part. In fuct,
the chief sutisfrction derived from the project is connected with this,
rather than with the specific rcsults,

The chupters which follow havc been written with the thought that
the possible rcadcrs might be soeciully interested in engincering fields

other thaen clectropluting. Chapter I is meunt to serve as a general
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introduction to chromium plating., Chapters II and III cover the theo~ fg
retical and factual developments which are the main product or the pro- iﬁ
jects Chupter IV is ea attempt to rationalize the uses of chromium plate .i
in terms of the ntinciples set forth in the preceding chapters. Chapte: 3
V is somethirg apart. Here are presented some thoughts which could not be iﬁ
3
dovetasiled into the earlier chapters b=scause they are entirely too specu- \g
lative, or because they are related to the main subject orly by the fancy :i
of the writer. Some of these speculaticns point to possible researches ,E
in which the writer would like to heve a hand. 3Barring this, it is hoped 3
that others will find somc¢ of the considerstions worthy of thcught and é
possible further development. ii
The writer wishes to express his gratitude to those responsible {
for the founding and edministration of Battclle lMemorial Institute for
the sponsorship of this work, They have provided the necessary funds,
the necessary equipment, and the necessary "atmosphere" for the presecu-
tion of the croject. Special thanks are due certeain elements of the

"atmospherc<": to Dr. J. R, Vun Pelt, for administiativ: supcrvision,

advicc, end cncouragemont of the highest type; to Drs. H.o W. Gillett and

} % E. Harder for tecchrnical criticism of the work as it progresscd; to

i} Dr. C. L. Faust, for all of these things, end technical supervision as

.

ii well; to Dre Co M. Schwartz, D. A, Vaughan, snd J. R. Doig for instruction
f

2 and help in the use of X-ray equipnment, and the interpretac:ion of X-ray
i‘ ' results,  Apart from tre Bettclle "atmosphere", Professor D. JJ. Demorest,
5 the writer's faculty advisor at The Chis State Univerwity, followed the

g work closcly and interjeeted timely wdvice when such was nceded. In many
4

X

Lo 2 s ek e e

BATTELLE MEMORIAL INSTITUTE

¢ o ailia e 01

h(_\.ﬁ-\ pavie Ca o S Wt te o e i T 3 S ke toae Tummal Bt e e oy el ek L T, T L L s SR Sy e o s e e e T Ty L e T e s el el S e e el s e e TR

x




el o i b i s v el o v T e T A B Wl o bt ol i R A I i i I G i e R S St VO e Ut bl i B 1
-.“

.

.-n

J—

O

=

L
. » e
B @ B R B

instances the lack of expressed criticism from these men was of consider-

.-
.

able help tecause this carried with it the implied opinion that the vork

o
T

was proceeding on a theoretically sound besis.

In conclusion, the writer would like to express the usual thought

)
 CPPI LT EPpw

0 | oI one looking back on a completed research, "I shoulda done it in helf

the time",

Clovd . Sauvely

@& o ®
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February, 1947
Buttelie Mermorisl Institute
(‘clumbus, Ohio
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CHAPTER I

AN THTRODUCTICH TO CHROMIUN PLATING

Chromium ¢ .ating has assumed industrial importance because of
the special characteristics of the metal chromium, and of the rlated
~etnl chromium, & distinction is made becausr somewhat different char-
scteristics are observed in chromium plate as compared to ¢ hromiwn pro-
duced oy pyrometallurpical methods. These differences, in ;eneral, are
herein aseribed to the fact that chromium mey be electroacrosited ss an
unstable hydride which decomposes to u normul metallic structure with
occlude? hydrosen.

"Pure" chromium has been described (1) as u soft, fairly ductilc
metal with a bluce-=white metuellic luster. Chromiun plute is ordinarily
neither ductilc nor soft by the seme standards. The chemical properties
of "purc" wurd electroplated chromium ure very similar. They are both
attack-c¢ by the helogen acids, wnd passivated in the same monner by
other, oxidizing, acids. They wure wlike in their resistance to surfuce
tarnish or discolorution. It is thereforc the rhysical propertics of
chromium plute, its hordness, ductility, und rcluted propertics, which

' chromium.

sct it uside from "pure!
As to purity, chromium plute normally contuins larpge quantities
of hydrogcn, uand consideruble amounts of shromium oxide. The oxide is
probebly in u hydruted form. Furly scarchers for the reasons underlying
the speciul physicul properties of chromiuwm 2lute pounced upon the pros-
ence ¢ hydrog.n in the plute as indicitive of the formution of a hurd,

brittle hvrdride. This theory wus largely discarded in favor of the

view that the hydrogen is occludcd within voids in the plate and produces

TR
o)
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considerable interral stress within the plate. In sddition, the fine :ﬁ
9

grain size of bright chromium plate was discovered, and this was related D.
3

. . . . N

to c<ic hardnoss of the plate, Other investigators studied the chromium i
oxide inclusions in the plate. From such studies, they related the g
) =3

t e hrsical proporties of the plate to the size and distribution of tho Y
ph prop P ?
inclusions. g
Though many competent investigetors gave attention to the probe '}

3

lem, the fact romains that, after thrcc decades of intensiv: industrial ;:
cxploitation of the chromium plating process, no coherent theoreticul ?
s

background cxplanatioa for the physical properties of chromium has been {
prosented. A similar lack of coherent theory exists as regards the ]
3T

. . o : . . 4
functioning of thc various componcnts of the chromium plating bath, ~
Looking beyond the immediate ficld of chromium plating, an iden- z

tical situation ecxists in the plating ficld in gencral, The various b
3

clectroplating procosses arc significantly interrcleted, C(-nsidcration Q
. . e . . . |

of thu chromiwn plating process has produccd fauctual information whish i
;|

apoears oqually appliceble to other pluting processcs. &lectraplat.s 1

arc very often observed to contein contractile stresscs, and, cccusien=
elly, sccmingly cxpensils strusses, Elcctropletes vary greatly in
hardness, grain size, and erystal oricntation. Certein specivic materials
edded in smell amount to plating baths, and described under thu goneral
term "brightencrs", produce wide variantions in the characteristics of
plates. The cuthodic procoss is reversiblc for ccortain metals while for
certain others it is irreversible, Satisfactory cxplancticns for these

and mony similer phenomcena simply have not becn edvancede It is often

stated that cloctroplating i3 currently undergeing tho change from an

srt to a scictncc. Consideration of the typo of information avnilatle

3 BATTELLE MEMORIAL INSTITUTE
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in the field leads to the opinion that a« considerable elucidation of

v

R
.

background theory is necessary to complete the yet impending metamor-
phosis.

The considerations pressnted herein are built around two main

(e principles: 1. The phenomena occurring in the chromium plating bath
under different plating conditicns appear to bs closely related to the
hydrozen ion concentration of the diffusior layer, or "cathode film",
immediately adjacent to the cathode; 2. The specinl characlerislics
of chromium plate may be related toc structiural changes occurring in the
metal during, and after, deposition. A complete chapter is devoted to
each of these principles in the later, detail~d discussion.

The chromium plating bath in gencral commercial use consists
simply of anhydrous chromic wcid dissolvaed in watcr with a small amount
of added sulfuric scids The concuntration of the solution constitucents
nmay be varicd over e considorshle renge with satisfactory rosults in
terms of a bright, rclatively smooth, chromium plate. A satisfoctory
solution mirht contuin 300 g./1. Cr0z and 3.00 2/ L HoS04. More ime
portunt than th. totwud concentration of chromic cr sulfuric wecids in
the bath is the weight ratio between thosce acids, This ratin, termsd
the "acid ratio" (Cr03/304), is generally controlled ot 80/1, 125/1, b

or in the jeneral repgion of these limits., Acid rutios consiacrably

S v e .t
PRSP P T3

sbove ard below thece limits ars somctimes used, purposely or inadvort-

Jrace: o

'

T ey

ently, tut arce coldom recomme.ded.
In fonoral, comacrcial uses for chromium plute have demended a

tright plute shove 2ll clsc, Praccically all investigoators have been

primerily concernad with studying solution phenoricna leading to the pro=-

duction of a bright piate, With any given ploting solution composition,

BATTELLE MEMORIAL INSTITUTE
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any number of conditions may be set up which will produce a plate which
is not brigat. By deliberately selecting solution compositions and
plating conditions outside the normal bright ranges, and studying the
resulting plates, the effects of the various possible composition and
condition changes have been largsly determined in the present work,

"Insoluble anodes" composed of antimonial lead are recommended
for chromium plating. Pure lead or iron anorf.s have been used but are
loss satisfactory because both are less inert than are lead alloy anodes
to the chemical environment prevailing in the bath, Iron unodes also
seem Lo lack the desirable properties associated with the leud oxide
coatings formed on lead or lead alloy anodes during clectrolysis of the
chromium plating bath,

Tho chromiur deposited on the cathode is taken directly from the
plating bath with no anodic replenishment. Poriodic additions of chromic
acid to tho bath arc theroforo necessurye. The sulphate concentration
of the bath is not similarly roduced, the only uapprociable losscs of
this constitucnt being the amount rcmoved frow the bath in the solution
2ilm clinging to the plated work. Such lessss are referred to as "drage-
out" losscs, Periodiec chocks arc necessary to keop the acid ratio within
desircd limitse

Elcctrolysis of the chromium plating bath producos scieral ro-
sults othor than the roduction of chromium to the metallic stutc.
Hydrogen is discharpged at the cathodc and oxygen at the anode, Chromium
is also reduccd from the hexavelent to ths trivelent state ut thu cath-
odo, und the roverse process occurs at tho anode, This partinl reduc-

tion and rcoxidation of chromium appears to have an extremely importunt

function in the plating process. The trivalont chronmium has beon shown

8
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to exist in the plating bath as discretoc dispersoicd particles of posi-
tive charge rathor than as simple ions, The bath is thus e colloidal
systcm consisting of a dispersoid in an eloctrolyte rather than a
simple tra> solution,

°© The concentration of trivalent chromium in a bath oporating ),
under a given set of conditions normally reaches an oquilibrium value,

L
%' At this cquilibrium concentration, the partial reduction of chromium at
l
4

{g the culhodu matches the reoxidation prococéins at the anode. It has been
shown(z) that lcad or loud ulloy anodes establish an equilibrium concen=

g tration at a considorably lowar value than do iron anodos, This is as=

iz

cribed to the oxygen overvoltago characteristics of a lead oxidc layer

s ©
B wvhich forms on chc anodes during elcctrolysis, The oquilibrium concen=
. tration of triva.e¢nt chromiwn varies with the rclation between the arcas
{.
i(ﬁ of anodo and caothode being used., For usual commercial work, the oquilibwe
2 ; c q : .
e rium concontrotion is kept as low as possible by meking the mnode arce
\-I"
K
A scveral times as large us the cathodo area,
o
() Tho trivalont dispersoid particles have beon considered urdesire
able in the bath for scvercl rcasons., Thoy reduce the effectivo ionic
% concentration of the bath and thus reduce the bath conductivity., In
1'
il
| © this way tho plating tank potentizl drop is incroused with an attendant
1 decroase in clectrical efficiency, When tho trivalont chromium concen-
-
3 tration of & bath cxcecds scvaral per cent of the total chromium in tho
3
. © 14 bath, thero occurs :wn appreciable narrowing of the range of current
- densities producing a bright plate. This is o very undesirable effect,
o
? especially if cthe work boing pluted is of somewhat complex shapo, nnd
X .
. © thereforeo dots not draw a uniform current density over its surfuco. q
. - In such a case, it is likely that somc arces of the work might reoceive i
‘ 3
a dull, commercially unsatisfactory plate, A
L= ]
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The effect of cathode current density on the character and ap-
pearance of the chromium plate is of considerable importance. A current
density just suifficiently high to produce a plate gives a light-colored,
but milky=-appearing plate. A somewhat higher current density precduces
& bright plate, As the current deusity is further increased, a value
is rcached at which dull=-white dernosits are produced. These high current
dinsity, dull deposits are oftcn rcferred to as "burnt" plates. Above
6 certain hirh current density, «ll plating ceascs. The rangc of currcnt
drnsities producing bright pletes is termed the "bright" pletine renge.
The bath temperaturc has o considerable cffcct on the bright range. If
the temperature is ruiscd, the upper and lower limits of the bricht range
ero both incrcused and the range is aulso widened. This relation con=-
tinues from wtmospheric temperuturcs to a temperature of the order of
60°C, it timperaturces noar the boiling point of the solution,bright
plutes cannot be produced regerdless of the current density uscd.

The hardness of chromium plute varics considerubly as plating
conditions «re vuried. In genceal, the conditions producing the
brightcst plute nlso produce the hurdest plate. Dull pletes may be
produccd with un equivalent Brinell hardness of under 4C0, Bright
plates of equivulent Brinell hurdness as high as 700 have been produced.

The physical structure of chrorium plate hes becn studied by
numcrous invcstigator5(3’4’5’5’7). It hes been shown thet thin bright
plutes,of the type ordinerily uscd for decorutive applications, (cp=
proximstely 0.00002" in thickness) contain scattered porcs receching
from the pl.tc surfuce to tho tusis metal, Somewhat thicker bright
plates are not porous but are cracked, the cracks appeering clways to

extend in o direction normesl to the hasis mctal. While the decorative
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plates appear to be ductile to a certain degree, thicker plates of
0,0005" or more in thickness are extremely btrittle., Metallographic
examinations of cross-sectioned and etched thick plates have revealed
that the craclis vary considerably in length and dispersion accerding
to the platiag conditions used, In addition, it has been found that
the cracks are not voids, but are filled with a chromic oxide (prob-
ubly hydrated). This enclosed chromic hydroxide has been termed
"inclusions" in the plate. The form of these inclusions is such that
they constitute coll-liko walls around sections of plate, the walls
always being perpendicular to the basis motal,

The porosity of thin chromirm plato, and the lack of ductility
in thicxer plates, accounts for the applicetion of deposits of more
ductila, corrcsion resisting plates such as coppsr and nickel under
chromium plates used for docorative purposes,

The normal atomic structure of chromium which is stable at
atmosphoric temporaturo is the body-csntsred cubic arrangement. An
unstable hexagonal form of chromium was first produced by electrodepo-
sition two dccades QgL (R) The hexagonal fTorm has since been studica
to some extcnt, It has bezon shown that it sponteneously transforms to
the body~centered cubic arrangement during a relatively short period

of timc.( The prescent work hus shovm the hexagonal form of

9, 10)
chromium to be a hydride of general formula CrpoH to CrH. When a formula
range is stoated in this manner hercafter, the existence of a continuous
rarge of formulac bztween tho two limits is implicd, In the prescent

case, a composition rengo is defined botweon 33 atomic por cont hydro-

gen and 50 atomic pur cent hydroge..
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A third form of electrodeposited chromium, in the face-centered
cubic arrangement, has been produced during the present work, This
form too, is an unstable hydride, decomposing to the body~centered cubic
metallic arrangement spontaneously at atmospheric temperatures. This
hydride is of the general formula CrH to CrHs,

An important feature of these decompositions is the amount of
volume shrinkage involved. The specific volure of the hexagonal hydride
is decreasad by 15,6 per cont in deccmposing to the body-ccntered cubic
metallic arrangement. A slightly groccor shrinkogo occurs during a
shift from the face-centered cubic hydride to the body-centcred cubic
form. This information is calculated from X-ruy data.

Is thosz decompositions, wnd in tho solution phcnomena produc=
ing the unstable hydridos, lie tho solution to tho special charactcr-
istics of chromium plate. Here als: is provided a clue to the reasons
for the special characteristics of other plates such as iron und nickel,
on insight into the mochanism of stress raising in uny selectroplate,
and an initial elcment of factusl evidence supporting an established
hypothesie for the true causs of "metal overvoltage",

Tho information presented thus far has beon in the nature of
background material to prepare the reader for the dotailed, argumenta-
tive chaptors to follow., It is to be omphasized that while the thoo-
retical aspects of chromium plating, or of most othor plating processcs,
arc not well developed in the publiched literature, a wecalth of practical
and empirical literature oxists in the field., Such a bockground of in-
formation is an almost indispcnsable aid in thc development of o compre-
hensive theory for a process. Indecd, a fitting test for a new theory
often consists of trying it to explain all oxisting empirical data

related to it in any way.
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CHAPTER II

THE CHEMISTRY OF Tiz CHROWIUII PLATINC PROCESS

e

complex process such as chromium plating is often diflicult

to discuss lopically by reason of the incerrelation of the various

factors which contribute to the characteristics zf the end product of

the processe, Operating conditions of bath temperature and current
density, alons with batr concentration in terms of total chromic acid,
trivelent chromium, sulphate ion, hydrogen ion, and "foreign" ions
(Fe**m, ALY™™ otc,) are the interrelated variables which are to be
considerad in this chapter, Other related problems involve the churacter
end function of the bath constituents as they exist during the plating
pracess,

It is usuul to rrosent a rgview of provious work, then an ac-
count of oxporiments conrducted, and rinally a discussion of the =xperi-
mernts which onds in the propounding of a thoory. In this case, it is
belic...d bthat such a pres:ontation would lewd to much back thumbing and
goneral confusion. Therefere, o romplote review of the theory of the
chromium plating proccss as dsveloped in the present nroject w.1l bo pre-
scnted first, Following this, experiments in support of the theory will
be rccounted and discusscd. Tuae work of previous investigators will be
mentionad and discussed whercver appropriate, rather then in a scparate

sz2clion,

The Theory of tho Chromiwn Plating Procnss

It is belicved that the reduction of chromium ions is actually

accomplisacd by hydrogen atoms rather than by diroct electron transfer

from cathodc to chromium ion. Such reduction rcquires s cethodo film
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a

pH within certain pH limits, and a sufficient supply of atomic hydro=

.
.

0.

©.

gen. Fortunately, the factors governing the pH of the cathods film
and the supply of atomic hydrogen operate to satisfy both of these con~

ditions for plating at the same time.

é — : o
The hydrugen ges produced at the cathode during meny electro- b

1rtic nrocesses erigizates in the water in the electrolyzed bath, The i
-

watsr is disscciated into hydrogen ions and hydroxyl ions., The posi- 3
. ; : Lo . . 0
tively chorpged hydrogen ions (or hydronium ions, if such a concept is 3
" d S

prefe. r2d) are aitractod to the cathode (neratively charged elcctrode) 3
3

end mirrate through the bath to the cathodes Upon roaching tho cathode ]
-

. : ; o

he hydroyen ions rouceive an electron and becoue hydrogen atoms, AsS -
hydrogun atoms oru very active, they do not long romain as such in tho :
bath. Sevoral distinet paths of action arc possible, When tho cathodo ;
c : ‘ - s ' c o
matoriel is cupable of rocoiving solute hydrogen, a portion of the atomic A
rydrogen ronerutod at the cathode surface will enter the cathode by dif= ]
fusion, This accounts for but o very small portion of the hydrogon gen- .
: c ne T PP L3

erated in chromium plutinge. A s cond possibility is that twe hydrogen ]
. . , 4
stoms will come in contact near the cathode snd form a hydrogen molccule, K
Such molocules arc relatively inert et ordinury temporatures and tend to g
v b] Y, . 1 .
join together to form gas bubblss which escape near the cathode at the =3
. . . -

bath surfec., This process accounts for o major portion of th. hydrogen &
"

ronoruted in chromium plating. The third possibility is that hydrogen 2
: @
ateas will mect positive ions or complex forms wnd reduce them by trans- 3
B

ferring olectrons to them., The result of such clectron transfer is that
the positive ion is reduced to a lower oxidation stute and the hydrogen
atoms arc "oxidized" to hydrogen ions, Such hydrogen ions miy thon be

in the sam: state as when first attractced to the cathode, may bo combined o
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with negative ions wrested from the reduced material (such as hydroxyl '_}
. 5 . . . @,
ions) or may become a part of complex particles formed by some of the 3
5

partially r=ducsd ions, A considerable portion of the atomic hydrogen .
3

produced in the chromium plating process follows such paths, g
ES

™
’A\.

When lydrogen ions are discharged at a cathode, the previously

.

existing cquilibrium between hydrogen ions und hydrexyl lons is upsct, g
The hydre-on ion comcentration in the vicinity of the cathode is lowoeraed, k
t -

. : . . . o

und the hvdroxyl ior concentration therefore increwses to roestublish 3
-e

the squilibriwm for the dissociation of watere This process muy be cone J
z

sidered from soveral vicwpoints but oll will egree that the net offuct 4
PR

| | . e e = . o
is an inercase in the pH of the cathode film (diffusion filam surrounding g
the cathods). Thus, the effact of hydrogen discharge ut the cathodo is, g
O

first, to produce a cathode film contuining highly reducing atomic hydro- 3
. o 5 . L

run, ood, sccond, to raise the cuthodo film pd ¢bove *hat of the solution 3
?

prop=r, o
The concontration of both atomic hydrozsn and hydroxyl ion in b

. . . N . . . .«1

the cathode fils may bo incrersed by impoding diffusion within the cathe- 3

ode film and the solution proper. Such a role js usswnod by the

P Ly

trivalent chromium in the chromium pluting bathe Some of thu hexavalont

)

chromiwr in a now chromic wcid plating bath is cathodically roduced as Chi

=

soon as clectrolvsis of the bath begins, providing the ccll potentiel ";ﬁ

5

p is abovs a certain minimume This minimun potential is slightly bolow E
] l ®
) the tubbls potuntizl of the cathode, The bubble potential of a solution 3
3 .
] is dofin.d .5 the lowest potential at which o visible cvolution of gas g
.. 3
y occurs, oJuch rcduction is incomplote as it apparently stops at the -
- s : s . . - .‘
; trivalant (chromic) stuge. It is ontircly possible thet the divelont 3
(chromous) stage is reachod and that this divelent chromium then reoacts 'F

3

-
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with hexavalent chromium to form trivalent chromium from both the higher
o
and lower valer. . .orms. At any rote, trivalent chromium is produced R
in consider. .e quantities in the vicinity of the cathode, nis triva- E
&
lent chromium forms & complex basic oxide particle which exists in the 3
L e
€ o y B . . °
plating tath as a dispersoid, The bath is thus a colloidal systom, The E:
dispersoid is electropositively charged «nd is attracted to the cathode, ;
A
. - . . . . .4
The dispersoid increases the viscosity of the cathode film and 4
. AP . . . . o
thus impedes diffusion with and into that film, In this way, hydroren 7
atoms may exist for a longer time in tho film without contucting other 3
N
hydrogen atoms with which they may combine, Similarly, the migration .
.‘:
speed and/or diffusion rate of hydrogcn ions moving into the cathodo T
W
\
aren from the solution proper is docrcasod, further, tho sffective 3
,
cross-scctional arca through which hydrogen ions may move to the cathodo 3
. . k3 - . 03 ¥ 3 .
is roduced by the disporsoid particles which may bo comparcd to a semi- 3

pormezble membrane around the cuthode. Identical considerations apnly

to th: migration or diffusion of hydroxyl ions away from the cathods, !
. . ) . . ..;-l
This phonomenon is considered of lossor importance than the hydrogen ion 1
transior becausc of the greater trunsport number of the hydrogen ion. 5
Tho pH of tho cuthode film :muy not only be incroeased by the dis- 2
-3
persoid, it ney also bo controlled within certain limits by tho dispcrsoid. -7
-4
If the ratc of romoval of hydrogen ions (ieze,current density),and tho k
k
other rclevant conditions arz auch thet the cathode film pH is increased -3
@ |

to a value cxcooding the isozleetric point of the dispersoid, then the

23}

it e

1

dispersoid is repulsed by the cathode and moves awey from it. This, in

cffoct, destroys the scmipormeuble membrane about the cathode znd allows

b s i i e

Caniia

froe accoss of hydrogon ions to the cuthode aroa. The film pH is soon

lowsred and the mombrano again clogos in, Thus, by a sort of dynamic

VTR
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t pquilibrium mechanism, the pH of the cathode [{ilm is controlled near the o
S dispersoid's isoelectric point, ®
- Other factors also exert an influence on the cathode film pH. {
- 1
An increass in chromic acid concentration increases thu viscosity of 0
(I . : : : . )
1 tho entira plating bath and therefore favors an 1ncrease in cathode 3
- film pH by lowering diffusion rates, A decresse of bath temperuture !
- :
- kas the same offect. An increcase in the amount of trivalent dispersoid K
ﬁ( in the bath also incranscs the over-zll viscosity of the bath. An in= o,
> !
| cranse in current demsity increases the rote of removal of hydrorcn ions. :
1 This cxplains the intcrdependency of temporature wnd current density in )
‘ -
F- chromium plating, If the temperoturc of the bath is changed appreciably, .:
1 . . . . . 3 '-,
. a proportionate chenge in current density is nocessary to maintain the 3
N
1 cathodo film pH within proper limits. The trivalent chromium dispersoid i
;c 3
; . . e
3 membrano can only control the film pH to a certain extent, and the other
factors of bath tomperaturs, current density, totel trivalent chromium 3
B
concentration, and totel chromic acid ccncentration must be maintained :
]
s i p— : : . e
within cortain related limits in order to obtain chromium plates, %
N '1
' Anothor important factor in the functioning of the dispersoid A
. S
? membrans romeins to be discussod. This is the sction of the sulphate zd
»—' -é‘
— . . . . . . . . b
] ion., The main cffact of the sulphate ion in the chromium plating bath i
i = - .
-
. is to roduce the isoclectri . point of the trivolent chromium dispersoid, 3
L I 2 g
' . . . . o.s ~i
N This, in turn, causzs tho dispersoid to control tho cuthode  iilm pH at j
y
| { ()
k- o lower valuce The dispersoid particles strongly adsorb the sulphato A
1 ion, This oxplains why so small a concontration of sulphate can have 5
g :
1 . , . . . - [
3 such en important cffocet on the functioning of tho bath. It also cx-
i 3
¢ ®
3 plzins why an increcas: in sulphwnte concentration scrves to counteract
N
4 N . . . .
3 the offcet of too grewt u trivalent chromium concentration in the bath,
b
o
R -
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Cortairn 'foreign" ions which are sometimes added to th~ chromium
cravive tath similarly affect the isoelectric point of the dispersoid.
Ar.ongz these are re*** and 1777, Appreciabls additions of thesc elements
to the chromium plating bath cause the dispersoid to control the cath-
ode film pH in tho lower portion of the plating range. This produces
a milky-appearing, relatively unstrossed plato. The physical charac-
teristics of such plates are dzalt with in ths uext chapter. It is
believed that the _ron or aluminum ions aro taken into the trivalent
chromiun: dispersoid and thus change its propertics somewhat in the di-
rection of lower isoclectric point.

The reduction of chromium to the purcly metallic state (body-
centored cubic lattice arrangement) occurs only within a very narrow
cathods film pH range which is at the very bottom of the larger pli
ranr2 within which plates are produced. At en intermediate film pi,
the liexagonal close~packed hydride is produccd. At himh film pil valuus,
the facc-sentered cubis hydride is produced., Betweon theso ranges of
vl velues, mixturus of the verious plate structurcs are produced. Figurc
1 illustrates this rolation of ilm pH to plate structur: schematically.
The actual pE valucs which should bo assivned to the various points on
the figurc aro not kmown, It is estimeted that they ranpge between valuos
of 1 to G,

Tho reduction of chromic acid is sntirely a stepwise process
since it is accomplishoed by single clzctron transfor. The first steps,
from the hezavalont to tho trivalont stags, may occur through o
chromic /chromous couplc as illustrated by the cqueation:

cr*d + acrte —>= 4cr™S,

It is balioved that trivolont chromium is reducod to the chromous state
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il pH RANGE PRODUGING PURE FACE~CENTERED CUBIC 3
HYDRIDE (CrH—Cr Hp) "i

)-.".A.

=

pH RANGE PRODUCING MIXTURE OF HEXAGONAL :L'g

HYDRIDE AND FACE—CENTERED CUBIC HYDRIDE ] .‘1

7 »:

pH RANGE PRODUCING PURE HEXAGONAL
HYDRIDE (CryH—CrH)

pH RANGE PRODUCING MIXTURE OF HEXAGONAL
HYDRIDE AND BODY-GCENTERED CLB8IC METAL

pH RANGE PRODUCING PURELY METALLIC
CHROMIUM OF BODY-CENTERED CUBIC STR.CTURE

A
[ R

T oAy
O e vl

e
e
o 3

——~L___ pH OF CHROMIUM PLATING BATH

FIG.1 — SCHEMATIC REFRESENTATION OF RELATION BETWEEN
CATHODE-FiM pH AND THE STRUGYURE OF THE
PLATE PRODUGED IN THE CHROMIUM PLATING
PROCESS (ACTUAL pH VALUES OF ALL POINTS
EXCEPT BOTTON OF SCALE ARE UNKNOWHN)
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within the cathode film by atomic hydrogen, 1f any of this chromous 5
4

3 P . c . ).
chromium (probably existing as a hydroxide at toe environmental pH) &
tM

cd

oscapes to the outskirts of the film, it hun the cpportunity to reduce 3
X

he:ravalsnt chromiume Since the chromous hydroxide is thought to exist j
i o PR . . . 2!
as positively charged particles, such orcape would appeer unlikely if i
i

it were not for the extremec apitation offect of the molecular hydrogen -4
ras escaping from the cathode film in bubble form, OSuch agitation is 1
y

believed culficient to carry a considerable portion of the chromous 3
)

chromium formad at the cathode to the outside of the catheds film whero i
3

it may contact hexavalent chromium. A
-t

. . : Co b

The mechanisn o' reduction of chromous io metcllic chromiwm 1s 3
beliaved to be through an intermedinte hydride stage. If the pH of the -
-"

cathodo film is reolatively low, hydroger atoms reduce the chromous ions 4
; J

. . . b

und combinc with tho hydroxyl ions wrosted from the chromium. Any hy- K
drises formcd wre unstuble to the cxtont that they break up when the g
chromium a*om nssumes its proper pesition in tic body-centored cubic 'j
lattice of the plate., If the ph of the cathode film is of intermediato q
3

value, hydrides of gener.l formula MpH to M ar: formed, Thesc hydrides .Q
\

porsist during erystallization of ®the plato and the rcsultant strueture 3
. o R ),
is the hoxaponal close-pucked hydride of chromium, ‘hen tho cathode 3
Silm pl e higlk (rolatively), hydrides of general formula MH <o o are R
A

formed and crystallizes as the Cace-c: ntercd cuble hydride ol chromiun, A
=

¢ ‘ . ' v,
The theory cnds hore. No cxplan tion of the busic rousons for 3

2

tho apparcnt relotion betwosn film pH <nd the type of plats produced, li
hydrice or otherwisoc, hus yot beun developod, Fectual wvidonce in sup~ 3
b

port of the theory as given above will now be presented. %
b

-

3
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Experiments in the Electrolysis of Chromic A id

Consider an experiment in which a small portion of chromic
acid solution (250 g./1. reagent grade CrOz in Ho0) is placed in a
small beaker and & strip of lesd sheet (an anode) is hung in the soluw
tion along one side of the besker. Along the opposite side of the
beaker is hung a length of copper wire., After some time the surface
of the portion of the wire immersed in the solution will be observed to
be brightencds This brightening is ascribed to chemical attack on the
wir: by the chromic acid. The outer layor of the wirc is dissolved,
exposing a ncw, clcan metal surface.

If the wire is now made cathodic to tho lead anode through an
oxtornal sourcc of potential, & small amount of clectrical curront passes
through the soluticen, As the cell potential is raised, the cell cur-
rent gradually increases, At a cell potential of the order of 1.9
volts, a dark laycr is obssrved to bo forming on the cuathnde surfacoc.
This layocr,or film, wppears to increase in thickness for a short time,
thon mey be seen falling away from the cathode toward the bottom of tho
booker as a sorics of dark, cloud-lik2, formations. Although these
durk formations appear always to be falling to ths bottom of the beeker,
no approciable dark layer builds up on the bottom. In soms menner the
materinl is dispersed through ths solution, :s shown by the gradual
darkening and loss of transparcncy in the centire solution. Psriodic
anclysis of tho darkened solution shows thut ths trivalent chromiw
concuntration is stceadily ineressinm, It is concluded that the dark
motorial is the trivalont chromium disporsoid which is produccd by cath-

odic reduction from the hexavalent state,
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As the cell potentisl is further increased, a point is reached
tt which hydrogen gas bubbles begin to form on the cethode. These
bubbles slowly grow in size, fineily detach theriselves from the cuthode,
«nd risc to the solution surface where they burst. In this fashion, a
large portion of the utomic hydrogen produced at the cathode escapes
from the soluticn without performing uny useful service, A somewhut
smuller porticn is known to penetrate into the cathode in the stomic
form. The cvolutinn of hydrogen continies for w time, then ruther
abruptly stors. The cell amperige, which hud considerubly dccrcuscd
when hydrogen evolution begun, goes buck to u higher velue when hydrogen
evolution stops. The ccll voltage decreuses considerubly., After o
short period, the ¢volution of hydrogen begins agein, the cell cmpor-
“ge cguin is reduced in value, and the cell potentiul is increased
t.ccordingly. The non-gussing period is soon repeated, however. This
periodic phonomenon goes on for some time., The upper end lower |.imits
of ccll voltuge gruduzlly wpprouch o common midpoint, and the frequency
of the cycles is incrcused. Finelly, cquilibrium is reached at an inter-
medicte cell voltege and the cvelution of hydrogen proceeds st an inter-
medicte rote, but continuously. This type of periodic performance hus
been studied by various investigators. The conclusion appears to be thet
& continuous film of somc sort tends to form on the cathode, then brevks.
The neture of the film is u mutter of consideruble speculution. This
will be discussed in morc dcteil in o luter chapter. The cxistonce of
@ surface film on the cithode :hich hus rcuched equilibrium «fter o num-
ber of periodic cyeles cun be substanticted by « few simple tests. Such
& cethode muy be removed from the solution, ullowed to dry, cnd exposed

to the wir for 24 hours. When reintroduced into the solution, it will
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=2Ca
still exhibit equilibrium characteristics, However, if it is now wiped
€ briskly with a dry towel, and reintroduced into the solution, the
periodic performance again may be produced, Thus, the existence of a
fairly stable, but easily sbraded, {ilm is established. Identical re=
sults are obtained when an iron cathode is substituted for the copper
cathode in this apparatus.

If the cell potential is raised to just above the potentisl
rangs producing the periodic phenomenon, cither while the periodicity
is occurring or with a fresh cathod~ which hes not undergone tho pori-
odic porformance, the evolution of hydrogen at the cathode is contiauous,

end the cathodo is brightened. This brightening occurs more rupidly than

that occurring when no current is flowing. It is belicved that tho N

ctomic hydrogen roleased at the wire catiode surfacn quickly reduces any

[t

metel oxides or other compounds prescent, thus brightening the surfeuce

P WO TOPRgR o

zlmost instantancously, io motel deposits are produced at this ccll
potential or b-low it, In fact, the matul avpears to suffar extromely

rapid attick from the pleting solution at this pot:ntial. Regardless

.

4.%-‘ C
candanzaal

P oy 3

of statements in tho literaturc thaot deposits should be produced at or

below the potential et which gas cvolution begins, the fact remains
thot no deposits arc obtained.

A further increase in ccll potenticl does producsz o metal de-
posit in addition to morz rapid ras cvolution. The first dewosit is

P thin and gray sppeuring. Attempts to build it to greator thickness by

CRORLL- 3 WP ok 2

prolonged clectrolysis only serve to cover it with o black coatings. B
This black coating has be:n doseribed as an oxide or hydroxide, The
proesent work indicanted that it is the faco-centored cubic aydride, Fur-

ther inercases in cell potential produce plates in which only theo bluck

hydrides is visible,
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Addition of sufficient H,50, to the solution to bring the acid
ratio (Cr03/904) to 100/1 produces different results, The periodic perw
formance is rspeat- ! at approximately the same cell potential as before,
and e simi” wr range of potential exists within which hydrogen is evolved
and no metal deposition occurs, However, when the potential is raised
to ths point at which metal deposition does occur, thec deposition con-
tinues uninterrupted, and thick deposits may be produced. As mentioned
in the provious chapter, dull, bright, and again dull dcposits ars pro-
duced as the cell potentinl is successively raised., The sulfate ion "hus
has an cextromely important offect in the chromium plating solution,

ihon a new plating solution is preparecd, it is reddish-brown
colored and rcasonably transparent, so that things occurring at anodes
and cathodes hung in the solution may be observed. After a short period
of usc, however, the solution becomes darkor and opaque so that objects
within the bath cannot be scen. This opacity is cuused by the trivalent
chromium dispcrsoid particlos producod in the bath., Whilec thesc particles
are sufficiently small to be difficult, or impossiblo, to detect with
the ultramicroscope, they are sufficiently large to interrupt the passage
of light through the solution. As previously montioned, the dispersoid
particlos are cloctropositively chargod. Their oloctric charge and the
Brownian movement evidently serves to kesp them widely dispersed in the
bath, The fact that these dispersoid particles appear in the chromium
plating bath in appreciable concentration very soon after plating bepins,
indicates that their concentration near the place of their origin, the
cathode surface, must be considerasble at the very beginning of motal depo-
sition, Kaspar(l) made a detailed study of thcse dispersoid particles

and of their behavior under various conditions. The pres:cnt knowledge

@, .
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of the character and composition of the dispersoid particles is, for

the most part, a result of that study.

The Reduction of Chromic Acid by Atomic Hydrogen

A Lucite cell was constructed, then sawed in two equal parts.
The parts were then cemented back together with a nickel foil membrano
placed at the cement joint., Thus, the cell was divided into two com=
partments oy the nickel foil, The foil consisted of electrolytic nickel,
0,0012" thicks. A stecl strip was placod in one compartment near the ond
of tle coll, This compartmont was fillod tc within a half inch of *he
top with a 30 g./l. Na,C0z solution. The cpposite compartmont was filled
to the same lovel with unused chromium platipg solution (300 g./ia re-
agent gradcCrOz, 3 g./l. H2304). The volume of solution in each compart-
ment was then approximately 17 ce., The foil aree in contact with the
solutions was approximately 1% sq. in. on each side. Figure 2 illustrates
the cell setupe The stecl strip in the sodium carbonate solution com-
pertmont was madoe anodic und the nickel foil cathodic., The cell amporage
was controllcd so that the eathode current density was in the rango be-
tween 0,75 and 1,0 amps./sq. in, This produced a rapid evolution of
gascous hydrogen at the foil cethode and of oxygen at the stecl anods,
The current also produced a considerable heating effect iu the cloctro-
lyzed compartment. Aftsr about an hour, the tomperaturc held steady at
60°C, A color chenge in the chromi: acid solution was noted soon after
tho experiment was begun. The solution graduclly darkened gnd, after
an hour, was as coffec colorcd and opaquc as a usad plating solution,
The elcctrolysis was continucd for eight hours, The chromic ncid solu-

tion was then pipctted from the ccll and analyzed for trivelent chromium,
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Ten anc¢ nine-tenths per cent of the total chromium in the bath was in A
the trivalent state. Only a negligible amount of trivalent chromium -
3
existed in the solution initially put intec the cell. %
[
. . 3

This experiment is presented as proof of the fact that chromium 3
can be reduced from the hexavalent to trivalent state by atomic hydrogen. i"
3
The only relucing agent present in the chromic acid compartment was B
atomic hydroren which difr'used through the nickel foil to reduce the 1
chromic acid at the foil-chromic acid solubion inte-face. Whether or .;
=

not the crromium was reducasd to the divalent stete, then rcooxidized to ]
the trivalent state by the chromic /ohremens couplo mechanism is en unan- ]
N

swered question. fhe pH at the foil solution interfuace must be even >
lower than that of tho solution proper because of the hydrogen atoms dif- -
4

fusing through the foil and being changad to hydrogen ions when they re- .
linquish clcctrons to chromiwn ions. Under such acid conditions, it is ;
3

doubtful tha*t chromous ions could exist {'or any apprncieble length of 2
ti.’nC. %
L

. o . . b

The Production of the Hexagonal Hydride of Chromium =
.j

%

. - . l‘

Several authors(2 3) definsd conditions under which a hexagonel <Y

) -\}

(sic) form of chromium was produced. Thcy did not realize that the B
—

hexcponal form was othor than a purce metal, In both cases, the chro.aium "3
beth was recduced by an addition of sugar or other reducing agoents so "4
thot the trivelent chromium concontration of the bath was :auch higher D
than cver used in commercial opcrotions. In the onc cusce(z), o both -
t -

formula wus given involving the addition of 10 g./1. of cano sugar to ):
]

a 600 g./1, chromic zcid solution with an acid ratio (CrOS/SO4) of 163/1. D
By folleowing these instructions for bath proparction, it has been found b
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that epproximately 12 per cent of the chromium in the bath is reduced to
the trivalent state. Electrolysis of this bath at a temperature of 1R8°C,
and at a current density of 1.3 emps./sq. in. was recommended to producs
i1he hexezonal structure., In the other case(z), the condition established
for the nroduction of hexagonal (?) chromium was the presence of over 18
per cent of the bath chromium in the trivalent state. In this cuase, the
acid ratio (Cr03/804) was 4771, Ths current density used was 0.7 amp./
sq. in. and the bath temperature was 16°C, It is noteworthy that in
both cases the bath tempersture wes kept low, The diffcrence in total
chromic acid, sulphate additinns and por cent of reduced chromium in tho
baths is also significant,

A bzth was prepoared containing 251 g./l. CrO3 with an acid ratio
of anproximatcly 100/1. Surar was added untii 24.8 per cent of the bath
chromium was reduced to the trivalent stutc. The bath was cooled to
various temperatures below 10°C., and plates were produced at various curw
rent densitics, The samples so producced ware X-rayed soon after pleating,
The data obtained are given in Chart I, (Bath No, 2). The hoxagonal hy=-
dride of chromium was producod from this bath,but extreme difficulty was
cxporicnced in trying to obtain thick plates considered suitable for
metallorraphic studics. In most cascs, the platcs obtained on continued
eloctrolysis wore dark and cover2d with a black layer. Bright platves were
obtuinebls in thin layers only, as produced by a few minutes electrolysis,

Metallographic examination of somo hexuagonal plates prepured from
this bath rovealod discrete crystal forms oricnted with respect to tho
besis motul. Apparcntly the C-cxis of cach of the crystals was perpone
dicular to the basis motal. The besal plancs at the plate surfuce wera
bounded at the corners by many 60° and 120° angles, as shown in a photo-

micrograph of a typical sample (Figure 3)s This sample was heated to

!
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CHART I

l ] i ; , -~ .
| | A T B B TN ik
(O AT - B e
. & & o] .
i : | v |k o ; ;
: S T b e 3 '}
s 13 1309 le 1% -
- ) S ) Fole 3 =t ot - 2
( S o e e ¢ ..
E [ ’ | 1 ' N %! 7 omments g
: ] i) 359 { - - -] - 3.6 | 100 |Conventional chromium plating ¢
! | i 1 bath. A definite increase f
i | i | in hardness of plate with i
- ; ! ‘ increase in thickness of -
- ‘ | plate was noted., Bath tem= ..ﬂ
. 1 perature 50°C, ﬁ
I —~ ~ E
- 2 261 {130 | 93 32 |24.8 2,5 | 100 |Narrow bright range at approxi- g
. } | il metely 0,12 amps./sq. ine. for 3
- | ! short plating cycles. Longer 2
5‘ plating times at this C.D. ».1
' produced grayish hexagonal _-I
, i plate. -é
i T = 0°C. to 10°C. 3
- !
' 3 289 {131 '108 | 48 |25,9 |2.34 123 |Varrow bright current density 1
.‘ ; | 1 range at approximately 0,1 Sa
}‘ i :ap./sq. in. No hexagonal i
4 i deposits obtained, 3
: g0 k) 5 e ]
| ! - . . .f
W 4 276 |144 ;107 37 125.8 [5,05| 50 iNarrow bright range botween ‘Q
e~ | 1 0.2 and 0.25 amps./sq. in, B
E } No hexagonal deposits ~j
- obtained. |
! T=NEGTCH & 12l 3
:‘ 5 256 (134 | 92 |42 |8l.2 [4.02] 64 |Bright range from 0.15 to 0425 .j
, | 1 anps./sq. in. No hoxagonal =
[ i deposits obtuined. 'i
! T = 20°C. * 2° 1
| ;
E € 256 1133 111! 22 |16.5 ;4.81 | 53 |Fo bright range found. Gray 3
\ r 1 |plates with scattered bright “1

; arcas produced. No hexagonel
F : deposits., 4

% l ; i T = 20°C, t 2°
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°3,
[ 1
o
(’\3 (‘3 -.._c
%) ¢ '":f
[\ [\ (o] e
o _..1‘*
= — o~ & = -
< o s N0 | 9 & G
+ £ R 2 + £ - o i
Cg 69« ros ' S tL; RN S)) 21 Commments 0;:
% 570 |296| 272| 24 | @,1 - 5.90| 97 |Clear white plates in current ;
i density range from 0.1 to k.
0.4 amps./sq. in, No hexa- -
gonal plates obtained, ‘.f
T = 0°C. to 20°C. 3
— = 1 g
8 575 | 300|256 44 [14,5| 5.86 | 58 | Gray-white deposits obtained A
'l at high current densities of b
1.5 to 7 amps./sq. in. .
Bright deposit obtained at '.*
0ab amps./sq. in. Gray plates -
pecled leaving bright, thin 8
layer of plate on the basis :3
netal, fg
T = 5%, ito, hO°Ch F \ig
9 631 |318{239| 79 [24.7| 6,00, 105 | Bright range between 0.1 and e
| il 0.6 amps./sq. in. for plating -
} ’ times 10 minutes. Long time . %
i plate at 0,2 amp./sq. in. -3
gave gray-white plate.
Higher current densities
produced brown {ilm on gray
' plate.
T = 5°, to 10°C,
10 587 |305|28l| 24 | 7.9|3.00}196 |Very white plates &t current
| 1 densities from 0.3 to 0.6
amps./sq. in, All plates =
, produced ot temperatures o
| { below 12°C, werc completely e
' ; hexagonal. S
i | ! § | T = 0°C. to 34°C. .
-]

Note: T given for cach bath indicates temperature or tomperuture
renge investigated,
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Unetched Surface 49457 1000X

Figure 3. Surface of chromium plate produced as hexagonal
hydride of largec crystal size, Photogruphed after heating

in oven at 160 C. for 45 minutes. This decomposed the hydride
and caused formation of the crucks visible in the photograph,
Note cruck through crystal indicated by urrow. Note also

60° &nd 120° angles in boundaries of many of the crystals,

The structurc wus body-centered cubic eas photographed und the
observed crystals represcnt pscudomorphs of the prior hexagonul
structure,
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150°C, for 45 minutes in an air oven to complete the transformation to h
the body-centerad cubic form, Cracks visible in the crystal faces are ~§
0.
the result of the shrinkage cttendant to the decomposition of the hy= K
dride. The hexagonal forms remcin as pseudomorphs regardless of body- o
g centered cubic structure existing when photographed. -4
o
Other samp’es produced from this bath were more finely crystel= ??
line. Eloctrolysis for twelve or more hours under carefully controlled 'lg
R
conditions was necessery to produce large crystuls of perfect orientotion, .
A number of veristions of total chromic acid, trive.ent chromium, 5
ond sulfate ion in the bath wore then used in an attempt to obtnin more
satisfactory hoxagonal chromium depositse. The data obtainud are summarized =
3
in Chart I (Bath ¥os., 3 to 10, inclusive)e. As annotated, a numbar of the ;
baths were operated at temporaturss ncar 20°C, It was hoped to obtain ,
hexsgonal plates at such temperatures and relieve experimental difficultics .a
exncrienced in mainteining baths ut lowoer temperatures for long plating :
periods. o
A both (Wo. 10 of Chart I) was prepuwred containing 587 g./i. Cr0z o
B
(600 g./1l. intended) und sulphate to give an acid ratio 195/1 (200/1 in- E
tended).  Sugar was added in the amount of' 10 gt/l. his reduced about by
12 per cont of the bath chromium to the trivalent stato. This bath was ‘4
el
similar to Bnth No. 2 in that cooling to 12°C, or below was aeccessary to )
P be sure of producing o hexagonal structurs, Higher temperaturces produced 4
3 E
1 ' mixturcs of hexagonol und body=-contered cubic structures vs belorc. The o
3
i 1
N type of structurcs producced at o given temperature bolow 12°C, wus found .
ol F
'!‘ : o
2 to bs somewhat dopendent on the current  usity. Low current donsity L
3 E
3 produccd some body-centerad cubic chromium in an otherwisc hexagonal plate, 3
- ®
. . 2 - 5
X even when all other conditions favored the hoxagonal structure. “hon tho 3
- :
.
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current density was increased, « purely hexagonal plave was produced,
These plates were white, could be built to any desired thickness at good
platin:s spsea, and were satisfactory in evory way for sindy. After a
nusber of sarples had besn plated from this bath, the cr*d contont had
been reduced to 7,9 per cent of the total Cr content as noted in the
churt,

In a2l of thoase cases, the surfuces of the plates, which were from
ong to caveral thousandths of an inch in thickness, wereo X-ruyecd on on
X-ruy spactrometer to determine the structure prcsent, The X-raying was
done within an hour after plating in ecch cuse, as the hexagonal hydrido
is liable to decompose spontancously to the body-centercd cubic metal
form within a rclatively short time after plating. The first laycr of
nlate to be deposited was studied in several samples by dissolving off
the brass basis metal slug with nitric acid and X-raying the surface ol
the platz formerly in contact with the basis metal., In cll cases, tais
rcar surfucs of Lh. plate was r'ound to bo body-centered cubic even though
the front surfaco wes hexuponul, Somples were then produced under the
identical conditions of bath somposition, temperoture, and curr:nt density,
producing a hoxaponal plate on continued plating, The plating was intere
rupted aftor thres wainutes ond the samplcs X-raysd o5 soon as possible.
This involved a peried of aprroximatcly 30 minutes till the X-ray work was
complotods  The plate co produced was entirely body-centercd cubice This
led to the coneclusion that the platcs produced ~: low pH, before the cath-
ode film has rcached an wquilibrium at o higher pH vulue, are always body-
contered cubie in structurc,

At this point, it would scem thut hoxagonal plates arce favored

-

by an increasc in chromiec zcid concentration, an incrowsc in trivel: t
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chromium concentration within limits, = decrease in bath temperature, an
increase in current densitv, and a decr-~ase in sulphate concentration.
Of these, the changes in chromic acid concentraticn, trivalent chromium
concentration, and temnerature, mey be inlurpreted as favoring o high
cathode filr. pH by increasing the viscosity of the plating bath and im-
peding diffusion, An incrsase in current density may be interpreted as
favorine an increased cathode film pH by removing hydrogon ions from the
film at an increased rate. Tho effect of the sulphate is not so easily
interpreted in physical terms. It is only possible to say that a decreusc
in sulphate ion concentretion has the same effect as factors tending to
inersase the Path visensity., I% is not at once apparent that the presence
or absence of a small additinn of sulphatsz ion in the bath could have any
uppreciable effect on the bath viscosity. Therefore this possibility is
laid nside,

Some viccosity mocasurementg were conducted on chromic acid soiue
tions to supply definite informetion on this scorc. Thesc data woro used
to plot the curve shown in Fivure 4, Althouch three points are considerad
insufficient to use for plotting s curve with any degree ol accuracy, o
curve has been dravm with tho limitetions of the data in mind. Tho most
concentrated of the solutions was partially reduced by «n addition of canc
sugar., Aftor sevaoral days, 8,8 per cont of the chromium in the solution
wes reduced to the trivalent stetc. Some ovaporation hed cccurrcde The
solution was carcfully dilutcd back to the origincl totel chromium cone
centrations The viscosity of the reduced solution wes then mcasurod und
found to bo considerably increuwscd over tho viscosity cf the same solution
before tho roducticon occurred, Tho results of thesc measurcments ere also

indicated in Figurc 4,
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Another experiment was conducted in which a 250 g./1. solution
of commercial chromic ecid was electrolyzed at temperatures between
4° and 8°C. Since the sulphate present in the commercial acid as im-
purity was just under O.l per cent, the acid ratio in this bath was ap-
proximately 1000/1. The current density was held between 0.4 and 0.6
amp./sq. in. The plate produced was dark and rough. X-rayed nine hours
after removal f{rom the bath, it was found to be composed of & mixture of
hcxagonal-and body=centered cubic structures with the hexagonal prcbably
predominating (as deduced from the relative strengths of the lincs on
the X-ray pattiorn).

This eczperiment confirmed the opinion that trivalent chromium and
sulphute ion in the bath have opposite effects. A bath containing a
normal (fer bright commzrcial plating) sulphatc ion concentration will
produce « hexngonal plate only when the trivelent chromium content is
highs If thc sulphate content is lowercd, the trivalent chromium content

muy nlso be lowered and the hexagonal plate still obtuined.

The Production of the Fuce-Centered Cubic Hydride of Chromium

A solution containing 911 g./l. CrOz with e 300/1 acid rotio was
prepared.  Ten ﬁ./l. of sugar was udded to this buth. Approximetely five
per cent of the chromium wus thus reduced to the trivalent state. aiples
pleted from this buth at temperaturcs below 5°C. end st current densitics
of upproximutcly 0.8 amp./sq. in. produccd an X-ray spectrometer pattorn
different than cither the hexeronnl-or body-centored cubic forms. After

a 17-hour interval, .u X-roy rattern wes obtriined contuining the

lines of body-centered cubic chromium in addition to the unidentifiea

]
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lines, It became evident that the plate was changing to the bod = i
*d
. : , = . .
centered cubic form. The previously uaidentified lines were found to be 3
: £
those of a face-centered cubic structure with a lattice parameter (ao) §
L
of 3.84 A, It was concluded that a second unstable structurs of chrom- %
-
6 o = vmom : : o
ium he.l been produced in adlition to the hoxaronal forn. The information ik
leadinz to thoe conclusion that this and the hexagonal structurc are both '_!
’ . L . K
hydrides will bLe discussed in the next chapter. N
4
x : 5 » ®
Reinspoction ol the X-ray patterns for all the hexagonal samples ke
X-rayved preoviously revealed that many of these contained th: first strong f
linc of the face-centered cubic pattern, Failurs of additional lines of !
‘4
this nattern to appear, and the proximity of the line obtained to a ki
possible line of tho hexagonal pettern,had caused a frilure to interpret JA
those X-ray pat“erns proporly in the first analysis. Indications of face- )
.. . » 3 ‘
centered cubic structure in addition to the hexagonsl structure were thus i
B
id ntified in somc plates from Bath No, 2 of Chart I, and in tho plate 4
9
- N
from the 250 g./l. solution of commercial chromic nacid with no sulphate ]
W
. . 0
addition (1000/1 acid ratio bath). The plates from the latter bath con- Ty
tained body-centered cubie chromium us well as the two hydridec forms. 3
-
Considoration ol' these frets londs to the conclusion that the conditions 3
N
. A . . ®
producing the facc-centeraed cubic plute erc simply more extreme cascs of -3
the conditions producing “he hoxagonal plate, In other words, a cathode :
filia »f zlevated pi produces a hexagonszl plate and a cathode film of y
U ®
more elovatoed pl producos o face-ccontered cubie plate. -
A tath prepered with 1021 g./l. Cr0z, ond with an weid retio of
-J
aporoximetely 200/1 was rcduccd with sugar in the amount of 20 g./f- :
L
o Q + 1 1 .‘
1 Seven and four-tcnths per cent of the bath chromium was thus reduced to i
| the trivalent state. Samples plated from this bath were cntirely face- :
E :
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centered cubic and had a smoother, more lustrous, surface than previous
fece-centered cubic plates., The color wes still black, however. These
plate surfaces were extremely scratch resistant. Thess plates were
comparatively stavle structurally and were held for approximately a week
et laboratory temperature before any evidence of decomposition of the
hydride was detoctable by X-ray tests. The performance of this bath
further bears out the idsa that a high cathode film pH favors a fuce-cen-
terad cubic structure — and the hicher the pH the more stable the
structuroc,

Factual information which led to the construction of Figurc 1 has

novi becn proscnted.

bl

xperiments Concerning tne Effect of Sulphate

Kasper(l) pronosad a theory for the anction of sulphate in the
chromium plating bath which involved a reduction of the electrophoretic
velocity of the trivalent dispersoid end a conpgulating effect on the
dispersoid collected at the cathode. He made oxtensive studies of the
chersctor of the dispersoid and wmuch of the present knowledge concerning
this muterial is based on his work. le showed experimentally that the
isoslectric point of the dispersoid is about 6(pH of 6) when no sulphate
oxists in its onvironment, He also show:ed that the elccirophoretic
velocity of the dispersoid is considerably reducad by smell umcunts of
sulphatr ione A noruszl of the literature on colloidal systems indicates
that when the clectrophorctie veloeity off a positively charged dispersoid
is reduced, the isoeclsctric point of the dispersoid is reduced at the
same tinme(q)e If such reasoning is applicd to the sulphute-trivalent

chromium dispoersoid relation, the concept of cathode film pH control by
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- the dispersoid operating at its isoelectric point is the logical result, 1
igj In the experiments thus far described, the acid ratio was fixed )
at or botween the limits of 49/1 and 1000/1. An acid ratio of 20/1 was
N selected as a proper extreme in the direction of high sulphate concentra- i
'-' 2 tion, A 250 g./i. Cr0; bath was prepared and the sulphate concentration %
sdjusted to 1265 z./l. Plates produced from this bath at atmospheric
k- temperature und below were found to peel., The peeling was not from the ¥
_(% basis matal, howsver. A thin chromium plate alwuys rcmained on the basis E

b neval., The overlying plate pecled from this initial layer. The plates
vere always entircly body-~centered cubic, bright to dull-white, and ex-
3 tremely hard. Plates produced at temperatures above atmospheric showed
:. less tendency to peecl.

; It appears that the effcct of sulvhate concentration of the bath -
on the type of derosits is Jjust es spceific as the offect of current iy

i density, of trivalunt clromium concentration, or of total chromic acid

[ concentrutions Baths low in sulphate ion concentration produced compar- :
e . . : , . - 3
3 ctively statle hydridos when electrolyzed undsr proper conditions. Baths P
Y
- higli in sulphatec concuntration produced extremely unstablc hydrides whe k
b elcetrolyzed under similur conditions. g
L ® : ! . 2
" Cross=scectionad, polisaed, ard 2tched samples of plate produced -
i A
a from the baths of various sulphate ion concentration ravezaled that the 3
- R
. inclucions in the olate ;irow shorter ond mors nuncrous os the sulphate ~é
K -
| o e : 3 . . . T & : ’
3 concontration incrcascs, The length of the inclusions is takon s o di- by
S rcet indieation of the amount und relative stobility of the hydride orige
s inally dsposited. Those structural considerations are more fully discussed
]

2 in the next chapter,
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The theory for the action of sulphate in the bath is now sup-

ported by factual evidence. First, a higher than normal sulphate concen-

ration in the plating bath causes plates similar to those produced from
cathode films of relatively low pH., Second, the sulphate ion is strongly
adsorbed by the trivalent chromium dispersoid. Third, the dispersoid is
electropositively charged in strong acid mediae. Fourth, adsorbed sulphate
ion reduces the electrophoretic velocity of the dispersoid and from this
may be considered to reduce the isoelectric point of the dispersoid,

No tosts of tho effect of "foreign" ions such as Fe**' and A1ttt
in the chromium pleting bath were made during the present work. However,
from the descriptions of such plates in the 1iteratur0(5,6) and by appli-
cation of the principles of colloid chemistry, o satisfactory explanation
of the role of these foreign ions in the bath mey be developed,

In high-temperature plating (85°C. or above) the pressnce of cone
siderable conccuntrations of Fo*** or Al*** in the bath is said(g) to favor
soft platoss This is intorprected as favering a low cathode film pH so
that the proportion of body-centcrad cubic chromium in the plate is ine
creasad and the grein sige is increescd, In plating at more normal tcme
puruturOS(G), approciable concontrations of theso "forcign" ions ars soid
to producc "milky", soft, and rclatively ductile jlatess Such plates are
producible from an ordinary bath at the very lowest limit of curront

density at which any plate at all is obtaincd, Therefore, a low cathode

£ilm pH is apain indicatsd. It is commonly bolieved that colloidal particles -

are often intermediate betwsen the propertics of cither cf the componentse
Such is definitely knovn to bec the casc for cortain iron and chromium come

binotions. The view hore ltaken is that both iron and aluminum ions tend

to combinc with the trivalent chromium disporsoid and reduce the isoeloctric

)
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point of the dispersoid, In this way the pl of the cathode film is cone

trolled at a lower value when the "foreign" ions are present in the bath,

The Trivalent Salt Chromium Plating Baths

tthile a very limited smount of experimental work was done with
trivalent salt chromium plating baths during the present investigation,
some obvious shortcomings of this type of bath may be pointed out. The
low cathcde efficiency end the reduction from the hexavalenc state ine
herent in the chromic acid bath are incentives to the search for a more
¢fricient process, If chromium could be reduced from e trivalent salt
bath, the necessary valence chango would require only half the electrical
energy required to reduce hexavalent chromium, With othar conditions
properly ncld within reasonable limits, an increase in cathode officicncy
might also be possible and a considerable increase in clectrical effici-
ency would be assurcd, Attempts to formulate a satisfactory trivalent
salt bath hove thus far been unsuccessful,.

Apparcntly, hero, us in the chromic acid bath, the cathodo film
pH is the important factor., Trivalent salts, and the various mineral and
organic acids used in bath formulac to dato, do not control the cathode
film pH at o sufficiently low value to allow continued platinge. The true
test of o plating bath is its stability on continued electrolysise. Triva=-

lent salt chromium baths do not appear to "wear

" well under this tosts
Glowing firct reports of results with trivalent salt baths have been given
on the basis of pletes produced during electrolysis periods of a fow mire
utes, However, a half-hour plate is usually found to be 2 black or

groonish messe Often the bright plate deposited during the {irst minutes

of plating dissolves or falls off on continucd el .strolysis. A greon or
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black hydroxide layer or precipitate on or around the cathode shows thet
the cathode film has become so alkaline that hydrolysis of the chromium
salts has taeken place,

The importance of the strong acidity of the chromic acid bath
is thus emphasized, The dynemic equilibrium between the hydrogen ion
content of the cathode film and of the solution proper is the key to
the success of this bath, It would appear that a similar equilibrium

must be established in any successful trivalent salt bath.

Discussion of the Thsory

The theory for chromium plating elucidated at the beginning of
the chapter is partially new and partially a further development of pre=
viously presented theories, Kasper(l’7:8), Liebrich(g), and Rogers(lo)
ar: each responsitle for portions of *ha theory., Kasper's work was of
use mainly in that a detailed study was imade of the nature and properties
of the trivelont dispersoid in the bath. He elso suggssted the importance
of tho cathode film pH in the production of bright plates or of niy plates
at all, Liebrich's contribution is lcss tangible. ‘hile his paper is
in the nature of a gencral discussion of cathodic phenomena and gives
few definito suggestions concerning any strong points of the present theory,
generel support of the concept of the roduction by hydrogen and the iso-
electric performanco of the disparsoid is there found. Rogers further
emphasized the importance of the cathode film pH. Rogers' outstanding
contribution was the view that atomic hydrogen is responsible for the re-
duction of chromium, He ulso made passing mention of a belief that high-
current d nsity plating produced chromium hydrides. However, the only

evidonce presented to support this belief wus the fact that chromium
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plate contains large quantities of hydrogen, It is believed that all of
Rogers! plates, as he saw them, were body-centered cubic in structure and
contained hydrogen in entrapped rather than combined form.

Aside from the helpful portion of Kasper's work, much was said
in his papers, and in Kasper snd Blum's(ll) criticism of Rogers' paper,
which unfortunately discredited Rogers! work. Kasper flatly stated that
the reduction of hexasvalent chromium to the trivalent state by atomic
hydrogen is thermodynamically impossibles The present work confirms
Rogers' opinion to the contrary. Kasper's third paper(z) was devoted to
a supposed proof thet chromium is cathodically reduced directly from the
hexavalent to the metallic states, This conclusion wus based on the cx=
perimentally determined fact that iron, copper, cadmium, zine, and nickel
cnn exist in tho chromiwm plating bath in the ionic form aad not be de=
posited in prefcersnce to chromium. The false reasoning from this point
arose from a failwre to recognize the possibility that such simple ions
might exist in the bath proper but not in the cathode film,

The concept tha the plate structure varies with cathode film pH
is probubly a logical outgrowth of the previous work, once the fact that
the structures can vary is prasented, ilowever, this outgrowth is a product
of the prescnt work and therefore is new material. The concept of the
functinsn of the sulphate ion und the so-celled "foreign" ions in the bath
is cntirely new, although it is supported as much by Kesper's work as Ly
the present investization. This concept muy represent the weokest part
of the theory and will most certainly be atta.keds The weakness lies in
the indirect nature of the proof materizl rather than in a lack of agroo-

mont with emy observed or theoretical fuctc,
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The strongest attacks are expected on the concept of reduction
by atomic hydrogen. This is true, not because of eny weakness in the
theory but rather because the theory is so far depurted from the now

cconted ideas, It is fortunate that the experimental evidence very

&

stronzly supports this portion of the theory. :
The theory horein doveioped should prove useful in future ate
3 P

tempts to improve the chromium plating process, and also should be

FN S S AL FURL

amencble to limited extension to other plating processes. The present s

W N — )

vork has vroupght the theory of chromium plating to the point where it

"

expluins this cmpirically developed process as used comuercially. Future

-

improvements in the process may be hoped for by feollowing paths of ine

I}

vestization indicated by the basic theory now available, The possibility

of extension of the theory to othsr plating processes is discussed in a

[YRPRDY SR SR W S A g

later chaptor,
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CHAPTER III

THE METALLURGICAL ASPECTS OF CHROMIUM PLATE

The Lydrides of Chromium

vy

As previously stated, chromium plate may be deposited as a body-
centered cubic metellic structure, as a hexagonal hydride, and es a faoe-
centered cubic hydride, Both hydrides contain the hydrogen e&s inter=
stitial -toms in a2 metal atom lattice, Data based on X-ray and chemical
anc.vsis nre now offered as proof of the existence of these hydridcs.

Tabtle I gives data obtained by culculation and experiment. Xe-ray
cquipment used in obtuining the experimental data was an X-ray spec-
trometer as described by Friodman(l>. Approximately 250 samples of ptate
wcre producced during this investigation und most of these were X-ruyed
from 1 to 10 times to identify their initial structures and any structural
chonges oceurring after the initisl determinstion. Samplc A of Table I
wes plutcd in the hexagoril hydride structure, After an X-ruy examinu-
tion, the sumple wus trcated for aw hour in an oven wt 150°C. Upon re-
cxemination by X-ray, it wus found thut the plute wes entirely body-
cintored cubic. Sample B was plated in the face-centicred cubic hydride
structure <s shown by X-ray cxamination immediately after plating. After
en oven trestient at 150°C. for an hour, this plute too hud changcd to
the body-centered cubic atomic urrangement.  In other cxperiments, the
rute of decomposition of ¢ given sumple of chromium hydride was found to
depend on its relative stubility, us influenced by pluting conditions,
und orn thu wmbient temperature after the sumple woas removed from the
plating bath, Tho decomposition wt wtmospherice temperuturce wus obscrved

to continuc for from thrco to cipht wacks in specific cuses studied.
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Chapter 111

TABLE 1

Cu Radiation
20 (In Degrees)
Sample 38.2 10.7 40.8 143.5 44.447.25 57.164.668.8 8§3.]1 87.2 |
BC.E. i
CHROMIUM

F.E€.Cs ¢
CHROM UM X X X X X
HYDR I DE

H.C.P, . I
CHROM I UM X X X
HYDR IDE

SAMPLE A
AS PLATED

SAMPLE A **
AFTER HEATING X X

SAMPLE B
AS PLATED X X X | XX

SF\'-"F’L[ B -
AFTER HEATING

¢ Values of 28 for B.C.C. and H.C.P. structures calculated from
established lattice constants. 2+ values for F.C.C. structure
are experimental values obtained in tne present work.

it g }
“% fHeating” consisted of placing samples in an oven held at 150°C.
for an hour to decompose the hydride structure.
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The lattice dimensions of hexegonal (now known to be the hexag- R

g

onal hydride) chromium are given in the literature(z) as a = 2.71(7)4 ®

S ¥ vy S

and ¢ = 4,41(8)A. The face-centered cubic strv-cure hes a lattice

paremeter ag = 3.854.*% The distances between centers of adjacent chrom-

.k.m—zl.. WSS EPSIPIE o T

& iun etoms in hoth of these structures is approximately 2,712A.%* The o;i

N

lottice paorameter of body-centered cubic chromium is given in the lit- E

ht

-

erature as ag = 2,87(6)A. The distance between centers of edjacent atoms k

-

in this structure is 2.492(9)A. The ccordinction number of & given - ¥

3

atomic arrangeaent is defined as the number of equidistant atom neighbors 3

-

4

each atom possesses. For the body-centered cubic arrangement, the co- 3

ordination number is 8. For the face-centered cubic &nd hexagonal 9

A

close~prcked srrangemencs, the coordination number is 12, N

T

Cousiduring the atoms of chromium to be of sufficient size to ol

just muke cortect with euch of their neighbors in each of the threc L

. s . . Q -‘3

structures, the wtomic rzdius of the body-centercd cubic chromium is then &

A 1,24+A and th. vtomic radius of chromium in the fice-centered cubic or -1
| ¢
[i hexwponal structurcs would be upproximutely 1.35+A. It is well established o,
\ -
1 that the «tomic radius of u given clement is dependent on the type of ' ;
9 i 3
- .-
[ structure in which the cloement appears. Goldschmidt(s) devcloped the i
A Y
= principle thet the stomic rodius decrcascs us the number of closc neigh- »
bors which thc «ctom possesses is dcereased, This decrease is given os 3 y

- per cent for o chinge of coordinstion number from 12 to 8., If this is

TP e Ty e vy
3 )

corrcct, then one or the other of the atomic redii vulues given sbove as -..

(Y

O

v

ce.leulated frem lattice constonts must be incorrect. 1.35 dimished by

*Kotc: Refcr to Appondix for culculutions lending to this figurc.
*¥Notc: The hexagonsl structure has 6 atoms at a distance of 2,709A
- from uny given eatom, wnd 6 morc atoms ct <.7174. This dif-
ference 1s so smull thut the structure is here discussed o
i en idenl close-paciced onc,

TP Ty
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3 per cent (X 0.97) is 1.31A which would be expected for the stomic radius Rt
of chromium of coordinetion number 8., On the other hand 1.24A x 1.03 is ;‘
1.284 which might be expected to be the atomic redius of chromium with a 3

coordination number of 12. Clearly there is a discrepancy in the theory
or in the lattice constants. .:
Westgren(é) reviewed the literature concerning the structures
of alloys containing chromium and the other transition elements. The
collected data presented show that, within certain atomic size re- ‘ ‘;
strictions, the transition elemerts combine with the metalloids, hydro-
gen, boron, carbon, or nitrogen, to form interstitial alloys of simple
structure. The size restriction requires that the retio of the atomic Y
rizdii, R metulloid:R metwl, be less than 0.59. If this ratio is over
0.59, the structures assumed are complex. The interstitial positions of
thc metulloid atoms in the metal etom lattice cre determined by the size .“
of the interstitial openings in the lattice end the size of *he metalloid .
ontoms, In generul, hydrogen atoms arc bclieved to occupy the sccond
lergest openings in the lattice. Mobal-hydrogen combinctions of the .;_
general formula MH to MHp crystullize in the fece-centered cubic atomic
arrongement with metal atoms at the normel corner and foce-centered po-
sitions of the unit cell. The hydrogen =loms then occupy half of the .i
second largest interstitinal openings to form o zincblende type structure

(Figure 5) for the formule MH, and all of the second luargest interstitial

openings to form a fluorite type structurce (Figure 6) for the formula (]

My, .
Metal-hydrogen combinctions of the formula MpH to MH tend to

crystallize in the hexegonal close~packed arrangemeat. Here too, the o8

hydrogen ntoms occupy the sccond largest interstices in he lattice,
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Figure 5. Zincblende type ~ BT Y
structure (taken from Westgren, - :
Jnl. Franklin Inst., 212, (1931), ia~f\\ \
577). The face-ceitered cubic L , e
nydride of chromium may assume ! !
this structure, the circles ®. | o L
representing the chromium atoms, N had )
and the black dots representing =
the hydrogen atoms. This struc= \}“ 3
ture corresponds to the formula %
CI‘H . L \- :‘ :':
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Figure 6. (Fluorite type
structure (teken from
Westgren, Jnl. Franklin
Inst., 2127 (1931), 577).
The face-centered cubic
hydride of chromium may
assume this structure,
the circles repre .enting
the chromium atom: , and
the black dots represent=-
ing the hydrogen atoms.
This structure corresponds
to the Formula CrHj,.
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producing cn incomplcte or complcte wurtzite type structure (Figurc T7)
deponding on tho proportion of the interstitisl positions filled. Tho
positions given for the hydrogen atoms aro logical deductions from the
cxperimental data rather than experimontally proven facts, The motalloid
atoms are too small to produce X-ray diffraction c¢ffccts and therefore
do no% produce lines on X-roy patterns. It should alsc bo montioned
thet thcro arc several exceptions to the gencral rules given above, Tor
instance Pd-il crystallizes in the body-centercd cubic system and the
hydrogan atoms occupy the largest interstitial openings in the latticc,
It is now not surprising that thc hexagonal and face=-centoered
cubic structures mey be trcated as hydrides. As mentioned above, the
atomic radius of chromium in the body-contared cubic arrangement is
1,24+A, and the Goldschmidt corroction applicd to this would requirc a
radius »f 1,28+A for atomic arrangomonts of coordination number lz. If
abonus of radius 1428+A orc considored to boe the metnl atoms in a faco-
centored cubic lattice of paramoter I.854, tho largest oponing in tho
structurc is ot the contor of the unit cube, This oponing is 1.294 in
smallest diamcter., The suvcond largost opunings arc 0,784 in smallest
diamctor and arc countcrcd on positions in the unit cube of £ % &, and
tho scven corresponding positions in the lattice (Figurc 6). The diamcter
of iatorctitisl ‘twdrogon atoms in facc-contarcd cubie structures is given
by wostgran as beoine botween 0,804 and 1,00i, It is cvident that a hydro-
ron atom of this auroximate size can account for the lorger than oxpocted
lattice paromotise of the freo.-contercd cuhie chromium plats, On tho
basis of this i fermctic:, it wwy be concluded that the [acs-contered
cubic plate is in raality o hydrids of tho zineblunde type of structurc.

Since the fluoris. type structure is only & mors filled up version of
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Figure 7. TWurtzite type structure (taken from Pauling,
"The Nuture of the Chemict:l Bond", Cornell University
Press), The hexagonal hydride of chromium assumes this

e
3.

general type of structure. The large circles represent =
chromium atoms and the smalle. circles represent hydro-~ 3
gen utoms. The structure shown is represented by the 4
formula CrH. As many as helf of the hydrogen atoms may
be missing from this structure. In such a case the b
structure is represcnted by the formula CrpH. .",
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the zincblende structure, it is likely that any combination of chromium-
hydrogen atoms from 50 atomic per cent Cr—50 atomic per cent H (zincblende
type) to 33 atomic per cent Cr-—67 atomic per cent H (fluorite type) should
be possible.

A similar calculation in the case of the hexagonal plate serves
to illustrete that a chromium atom of radius 1.284 and a hydrogen atom of
dismeter 0.76i will account for the lattice spacing, if the hydrogen
atoms are agcin assigned to the second largest interstices in the latticeo.
This produccs a wurtzite type structure as might be expected from Westgren's
date. It is thercfore logical to conclude thet the hexeogonal plate is
also a hydridc. It is significant that half of the intcrstivisl atoms
may be rcmoved from the vurtzite structure without destroying the stability
of the structurc. Thus, o hydride composzition of from 33 atonic per cent
hydrogen (with half of the interstitial atoms of the wurtzite structurc
present) to 50 atonic per cont hydrogen (completed wurtzite structurc)
is possible.

The ccordination nunber of the interstitinl atoms in both the
wurtzitc and zincblende type structures is 4. It is perhops significent
that this is so, but the significence is not <t once cvident. Posaibly
sone further studics of bonding in crystals will illuminatc the situa-
tiori. No further discussion of bonding ill be given here, bul sonme
speculations on the mattcr will be prescnted in o latter chapter.

To provide further proof that the hexagonnl nnd face-centered
chromiun plates ere hvdrides, sone hydrosen cxtroetion tests wers under-
taken. A sanplic of face-centered cublc plite was produced from o bath

contnining 1021 ¢./1. CrOB, 300/1 ncid ratio, and with 7.4 per cent of

the totsl bath chroniun in the trivelent stotc. The btath terperature
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was 0° to 4°C., the current density 0.8 amp./sq.in. and the plating time
7%‘hours. The bucking for this plate was copper fcil, 0,002 inch thick.
Upon removal from the plating bath, the sample was .ickly rinsed,
sponged dry with a towel, and r..ced under mercury in an inverted test
tube, This operution required approximately two minutes. Gas wns
evolved from the specimen for less than twenty-four hours at en appre-
ciable rate, no further cold evolution being noted in thres deays. The
sumple wes then sransferred to a gas extruction apparutus where it was
hested to 650°C. snd held wt this tomoerature for 30 minutes while under
vucuum, The gus cxtrected by this troatment was annlyzed and found to
be pure hydrogen ss was the gus obtained by cold evolution. Culculuted
ut S.T.P,, the cold evolution gus wus 1.4l ml, «nd the wuarm extraction
gas wuas 10,80 ml. in volume, giving & totul gus content of 12,21 ml,

for the sample. This umount of hydrogon was cousidercd to be evolved
entirely from the chromium pluete as previous cxperience has shorn thet

& negligible umount of hydrogen may be held in o copper disc measuring
only % inch in diemcter und 0.C02 inch in thickuess. Thce apparatus used
to uxtract the hydrogen was similar to that described by Newcll(16).

The copper backing was stripped off the sample in nitric ecid
und the residue was weighed, It was then treated with hydrochloric acid.,
Some of tho chromium wus thus dissolved, but much was not. The undis-
solved residuc wus « green powder wnd it was concluded that it we
chromic oxide (Crp0z). This was fused with potussium bisulfete but
some residue rom.ined after this treatment., 4 sodium peroxide fusion
treatment served to dissolve this residues The cntire lot of dissolved
chromium vwas then oxidized with sodium peroxide und titrated by the

iodine =~ thiosulphi.te mcthods The umount of chromium in the semple
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; was thus found to be 0,0329 gram, Since the weight of the sample was ;~1

: 0.0511 gram, it is evident that roughly haelf of the sample was in the j;;

form of Cr,0; after the high-tempercture extraction treatment. 3

3 ‘The chromium atom to hydrogen atom ratio calculated from the 3

{é € above deta is 1:1.7*. This result entirely agrees with the exrectutions "ii
::E as o chronium:hydrogen ratio anywhere within the limits of 1:1 und 1:2 ‘E
'.? would sutisfy the requircments previously esteblished for the face-cen=- I'i
F tered cubic structure, _éi
, No similar tests were undertoken for the hexagonul hydride us E

'f‘ it wes doubtted thet w sufficiently purc sample could be obtuined, The ;
1 first layer of plate deposited is invariably predominantly body-ccnteorcd ‘%
cubic undcr plating conditions producing the hexagonal hydride after %

equilibrium is rceched in the cuthode film, ;

It is notural to inguirc into the possibility that the body-cen- .j

§ tcred cubic form of chromium plute muy be o hydride., The only interstices %
' in the body-centered cubic atomic arrangement are thosc ot the fecc- %

centered positions. In the chromium lattice, thesc openings arc 1:584 Qa

j in lecast diamcbor,  Since no cases of hydrogen atoms essuming so great | j
: & size cre known, it is concluded that those face-centercd interstices i

could not he occupicd by hydrogen atoms., All indications ur< that an i.;

interstiticl ctom must he sufficicntly lurpe to contact all surrounding -

] atoms if a stablec or cven metustable interstitial solid solution type ;i

. of structure is to be established. It is therefore conecluded thut the .:
1 hydrogen present in body —wentercd cubic chromium plate is occluded us ;€
molccular hydrogen in voids somewhu® lurg.r then thc crystal latiiecc ~§

! interstices. This is in agreement with the conclusions of previous ,Qj

’ *aee s pTenay or onldulatious, - *
- 3
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investigators(s 6)* Apparently much of the hydrogen of the hydride forms Zj
’ -3

does not escape when the hydrides decompose but 1s occluded in the body -~

centered cubic decomposition product,

The Cuuse of Inclusion-Filled 4racks in Chromium Platg

_\
o
PR

Huving established the fact thet chromium may be plated as an ;
unsteble hydride form, the properties and structure of chromium plate Ei
may now be examined in a new light. Culculationg*indicate that the é
volume shrinkage attending the decomposition of the hydrides is over z
15 per cent if a completely unstrained body-centered cubic lattice is jf
assuned, ‘vhen the hydrides dccompose, & considerable number of crachs i
may be obsrrved to form, presumably caused by this shrinkage. Examina- ié
tion of the cross c~ction of the plate shows that these cracks are per- :}
pendicular to the basis mctal and reach from the surfuce of the plate to ;i

3
the basis metel, -E

Consider the possibility that n similar decomposition and .E
cracking occurs during the plating of the common commercial variety of ;
bright, hurd, chromium. A&s shown by Cymboliste(7) the length of the in- ?
clusions in chromiwn plete is influenced by the pleting solution com= 'é
position and the plating conditions. Cymbolisto's observativas have ]

been corroborated in the present work, In addition it has been ncced
1 that, within the limite of the brizht plating range, those constituents
] ' and conditions favoring u higher cathodc film pH produce & plute with

more und smaller crucks thun these favoring a somewhat lower film pH,

Lt 1o ny

It was indicated in the previouc chapter that the proportion of

g

] q the huxagonul hydride in the plate increascs as the cathods film pH

Q.' *See ppneudix for calcuiscions,

. -
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increases. This may be brought forward to explain the change in the Lk
crack pattern as the pH of the film increases. If a plate consisting of ki
e
a mixture of body-centered cubic and hexagonal crystals is predominately o
body-centered cubic, but a small emount of over-ail shrinkege will occur y
when the hexagonul crystals decompose to make the plate wholly body=~ )
¢ o
centered cubic. The strain produced by this shrinkege may lie within i
=
the elastic and plestic deformation limits of the pletc and no cracking -f
{
need occur., Another plute, also u mixture of the body-centercd cubic ol
LA
end hexagonal crystal forms, but predominately hoxsgonel, will shrink so '
grestly during the decomposition of the hexagonel crystals thet the .
i lastic ¢nd plastic deformation limits of the plate 1ill be exceeded and o
j ®
! =
| crucking will occur on a large scalce hen such decomposition and crack- |
4
ing occurs auring the pluting operation, und the cracks extend to the 4
L
plute surface, then u purtial vucuum will bc ereated within the crack 61
voids and a sumple of the solution at the cethode surface will rush into o
3
™
the crucks., Thus, the crucks will not be empty voids but will be filled 12
" with cuthode film materinl. As pleting continues, thesc cruaeis will he -
i bridged over and the enthode film muteriul will be seeled inside the
A
-
3 plute s inclusions. The prescnee of such inclusions wus shown by
=
( Cymbollsto(7). Cohenfe) conducted c¢xporiments which showed that, after
. haating, the inclusion muteriul woes chromic oxide (Crzﬁs). In the suame
: work, the cell-like structure of the inclusion-crock networl was cstub-
0 lished., The walls of thc cells werce prescented os being perpendicular
-
% to the surfucc of the plate., The structurc of the inclusion cells is
% illustrutcd by Figures 8 and 9, which show the inclusion-fillod erack i
K -
[ pattern of u typicual bright chromium plite from plate surfuce wnd cross- .”
;. bt
% . . . X
> svetionuwl views, Fipure 10 rcpresents the sume surface at a greute UQ
. | magnification, 3
i3 BATTELLE MEMORIAL INSTITUTE
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Unetched Surface 49458 200X 3

Figure 8. Surface of hard chromium place showing crack
system and nodular appearance, Bath composition, T
250 g./1. Cr0;, 2.5 g./1. $0;,. Bath temperature 60°C. ;
(140°F.). Current density 1.8 amps./sq.in. Plating S
time 7 hours. DNodular eppearance is emphasized by o
limited depth of focus of microscopc at this inegnifi-
cation.
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Figure 9. Cross section of chromium plate shown in Figure
8., A five-second electrolytic etch has been applied at 6V,
in 10 per cent chromic acid solution at atmospheric tempera-
ture, Note form of inclusions, Chromium has been etched
awey, allowing inclusions to full sidewise on etched surface
of plate in many cases. Some inclusions have broken off
during the etching process leaving the cracks they formerly
filled visible as thin lines. 1Inclusions at an acuts angle
with the etched surfuce eppear as large dark ureas.,
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Figure 10, Same surface of chromium plate as is shown
in Figure 8. Note the various steps in the formation
and covering over of cracks as they are illustrated in
this photograph. Freshly formed cracks are very prom-
inently evident. Old cracks are more obscure, Very
faint indications of many cracks which are nearly ob-
literated by coveri» z metal deposit are yet visible on
close inspection,
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The presence of the inclusion-filled voids in bright chromium
plate is taken cs proof that the plate is deposited lergely as the hy-
dride which decomposes to form & cracled plate while the plating process
is in nrogress. The length of the cracks (i.e. inclusions) is deter-
mined by the proporticn of hydride iu the depesit, and by the stability
of the hydride under the plating conditions in usc. A lerge proportion
of very unstuble hydride in thc plate dccomposes repidly and crack-pro-
dusing struins ure estoblished in relutively thic layers of plutc. This
limits the length of the crucks to the thickness of the plute layere s
nleting continucs, the old erucks arc sealed over und new cracks develop.
The new crucks wlways c¢x-cnd from the surfuce of the plute to o depth
in the plate «t which dccomposition shrinkugs stresses howve been consid-
crubly rolicved by provious eracking. Thus, the length of the crucks
is indicative of, but rnot an absolutc messure of, the thickness of' plate
in which hydrid: dccomposition is procceding at any given time during
the pluting process, Cther considerations mey considercbly influcnce
the l:ngth of the cracks. In a platc contuining only a smull amount of
the hcxagoinul hydride, cruck-producing stresses mey not be built up un-
©¢il oruecticsclly w1l of tho hydride hus decomposed. This muy reguire so
much time that when crucking docs occur, the pletc is thick and the
crucks ure comrporatively long., This view is substaniiuted by the dis-
trivuticn of crocks in plutes which heve beon cross scetioned.  When
crucks ure short, they urc zlso vory numerous und closcly spuced. Vhern

crecks arc longer, thoy ore considerebly less numcrous, sre widely
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sprrecd, and uppear to to considerably less in aggregate volume than the -
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i short creacks, 3
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The Grain Size of Chromium Plate

Wood(g) made studies of the pgrain size of bright chromium plate
by measuring the broadening of the lines of X-ray diffraction patterns.
It was shown that the grain size of bright chromium plate is of the
order of 14 x 107 cm, whereas the smallest grains producible in metals
by cold working are of the order of 1074 cm. in average diameter. This
led to the conclusion that the grain size of chromium plate is an in-
herent property of the plate and that the grain size measurements were
not confused by strained crystal latticess No reason was offered for
the fine=grained character of the plate. However, the effect of the
grain size upon the properties of the plate iras discussed,.

In the plating process, the first atoms to be deposited are con-
sidered to form crystal nuclei about which subsequently deposited atoms
arrange themselves in a regular fashion to build up the crystals which
compose the finished plate. The grain size of the initial plate layer
depends simply on the number of crystal nuclei formed, as each nucleus
tends to grow in directions parallel to the basis metal until further
growth in these directions is interrupted by contact with sdjoining
crystals. At the same time, growth away from the basis metal occurs,
This latter type of growth also continues until interrupted. Inter-
ruption may oecur by encroachment of a neighboring ecrystal, by formation
of & new nucleus at the plate surface which receives depositing atoms
in preference to the cstablished crystal, or by verious other mechanisms
which have been advanced to explain the phenomenon as observed in many
instances. In the case of chromium pleting, & new reason for the forma=-

tion of new nuclei at the plute surface may be introduced. This new view
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involves the decomposition of the crystal nuclei after they have experi-
enced only limited growth. This removal of the nuclel forces depositing
atoms to form new nuclei which in turn decompose, Thus,a fine-grained
structure is produced.

It has been indicated herein that bright chromium plate is de=-
posited largely as a chromium hydride which decomposes spontaneously to
form o body-centered cubic metal structure, Such a decomposition must
occur within each individual hydride grain, When a normal allotropic
transformation occurs in e metallic structure, the nucleation of the new
phase is considered to begin at the grain boundaries. Transformation
then proceeds from the grain surface to the interior. At some time in
the process, a shell of the new phase surrounds a core of the old phase,
It is not at once evident if a similar situation exists in the decompo-
sition of chromium hydride. It appears logical te assume that hydrogen
is lost first from the outside etom layers of each hydride erystal and
that nucleation of the body=centered cubic structure therefore begins
in these layers, If such layers then extend completely around a crystal,
that crystal is effectivcly removed from the action as & nucleus for
further hydride deposition, even though it may yet be composed meainly
of the encireled hydride. Depositing hydride must then form new nuclei
overlying such cncircled oncs. Deposition on these new nuclei muy con-
tinue only until they are similarly encircled. By such & mechanism,
formation of an aggregate of fine grains may be pictured.

However, this need not be the ultimete step in the production
of the grains of the final plate., When the outer shell of a hydride
crystal decomposes to the body-centercd cubic arrangement, it cen no

longer completely reach around the hydride core by reason of the shrinkage
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involved in the decomposition. Rupture of the shell is inevitable. As
the decomposition zone moves to the center of the crystal, these surface
ruptures must be propagated to the center also, so that the parent hy-
dride orystal is divided into a number of smaller metal crystals. The
peths followed by the ruptures then become grain boundaries in the final
ageregates During the decomposition of the hydride, the interstitial
hydrogen is released. This hydrogen is soluble in the body-centered
cubic metal decomposition product without any lattice distortion (refer to
page 51), so long as it remains in the atomic form. It may be occluded
as molecular hydrogen in any ruptures or irregularities in the crystel
structure which ere of sufficient size to accommodate the hydrogen mcle
cule, It is considered likely that such oocclusion may occur in the
rupturcs pictured sbove as occurring within the grains during the hydride
decomposition.

Eech individuel hydride grein has been pictured as breaking into
a number of smaller grains or crystallites, These grains muy be scparated
by smoll distances and should lie in very similar orientation as regards
crystal planess Sincc the intergranular voids do not communicete with
the atmosphere, there is no possibility that oxidation of the void sure
faces will occur,

Hidncrt(lo) showed that chromium plate may underge a volume
shrinkege of approximately 2,2 per cent when heated to a temperature of
500°C. for thec first time, The position is here taken that this shrink-
age may be partly due to rclief of internal stress but is mainly caused
by the closing up of the voids between crystallites, It is probable that
this ciosing up cannot occur until the hydrogen is removed from the voids,
and the mobility of the ctoms comprising the crystal lattice is increased,

Both of these effects occur when the platec is heated,
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Two different shrinkege effects occurring during the plating pro-
cess have now been discussed end it is desired to emphasize the difference
between the two., The large-scale effect is the opening of cracks in the
plaete which are filled with inclusion material drawn from the cathode
film. These oracks are oriented perpendicular to the plate surface. It
is believed that they contain occluded hydrogen in eddition to the so=
called inclusions, The other, small-scale effect is rupture between
sections of the hydride crystals during lecomposition. This divides the
already fine-grained structure into even smaller grains, produces a
multitude of extremely small voids, and provides for the occlusion of
a considérable volume of molecular hydrogen,

In connection with the discussion of the grain size of chromium
plate, Figure 3 of Chapter II is of interest. The plate pictured was
entirely hexagonal in structure when first X-rayed. It was then trcated
at 150°C, for 45 minutes in an air oven. As shown by a subsequent X-ray
test, this treatment completely decomposed the hydride, A number of
cracks werc observed to appeaer as shown in the photomicrograph. Note
the 30°, 60°,und 120° angles at the corners of many of the crystals,
and also the perprndicularity of the crystals to the basis metal, Evi-
dently the 001 erystullographic planes of the hexagonal structure were
purallel to the basis metal. After the decomposition of the hydride,
the crystal outlines remsined s pscudomorphs of the previous structure,
This case illustrates the point that coarsec crystals result if the hy-

dride is produced in a relatively stoble form,

BATTELLE MEMORIAL INSTITUTE




et R S oy R S A g Qi Bt i e e i e b SR B LAMEA RIS A e AR AL S e e A e i e —r—

f

-7 - e

Stress in Chromium Plate =

.

L study of the stress in chromium plate was made by Hume-Rothery b

and Wyllie(l1) vith somewhat anomelous results. A conventional chremium '%

o plating bpeth wus used and plates were p.oduced under conditions of con- o,

: . . '."0;

stant tempersture with current density es a variable. The plates were o

't

based on thin strips of steel and the curvature of the plated strip was ¥

3

measurcd., Precise mathematical culculations were made of the residusl !i

}

stress necessary to produce the measurcd curvatures in the strips. These 3

calculstions rovealed the presence of ¢xtrencly high contractile stross«s 3

in the pletus.  Presumably the euthors rucornized the fact that they were ..ﬁ
measuring zn over-ull stress in o cruclud coating rather than in a sound,

elastically contracting, metal luyer. It must be essumcd that the plates

were crucked, since the pluting conditions uscd inveriably producc p
S A‘n
{ cracked rlates. Therefore, the meosurcd curvatures of the compositc T
3 ik
X : : . ] 7 ] 1
. strips were only a purtial mewsure of the totul contruction occurring in 4
1 K
I the plutes. °,
(- Further cxperiments werc conducted in which the stecl bucking 4
3 strips werc dissolv.d and the deflcection of the unrestrained metul was -
R .
| obscrved. Flutes preduced vt velucs of tompereture ond current duensity -3
favoriug & hirh cathode film pH exhibited no trndency to curl, indicut- ‘
ing thuet any contrectile stress was uniformly distributed through the \
| plate, This might be expected, us such plates centoin w reletively °
large proportion of fuirly stable hydride distributed through the pleote, - X
‘i Decomposition of the hydride then produccs a rcletively uniform con- -
! .
| truction. Crucks, if formed, ocrc likely to cxtend through the cntirce ®
2 thickness of such & plates No crocks were reported by the wuvhors,
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but careful examinction of the specimens at high magnification would have 'i
been necessury to detect them. ;1
Plates deposited at a temperature und current lensity producing E

a somewhat brighter, et surface, were found to curl, She convex side :
being that formerly fucing the steel busis strip. This is explaincble ‘ -.':
on the basis that the first leyer of plute produced was predominately f
vody~centered cubic, and hence contracted little u..d slowly. The tov ;
loyers wers predomimteoly the hexagonal hydride in a relatively stoble :
condition., These luyers therefore decomposed and contrected %o a much 5
greater extent than the first layers, ond tiie result wus a curvature of ,E
.

the type noted.
A plate produced under the optimur conditions for brightnese

curled vith the concave side baing that side fermerly facing the steel

min i _‘.»-.;!M\.

busis strip., This, too, c¢in be 2xplained on the busis of hydride do=-

3

composition. The first plute waos prcdominetely body=-centered cubic and 3
j

.

shrank little., The rostruining cffect of the basis metul wos suflicient k
to muintoin this layoer in tension and the shrinkage stressces were ine )

sufficient to crock it. Theo top luyers of the plute consisted luigely

»

i
3

of very unsteble hydrides. These bright layers of the plute shrank so

i

much, end cracked so ‘rucly, that they no longer acted s a solid co-

.

hercnt body, but rether ¢s so many disconaccted islunds, or chunks, of

mstel., The Jecompesition was rupid cnd complite. The clastic stross:s

L ok it e Mo a s s o
. Bt
. ‘o

remedining in these top layers of metal werc, therefore, within cach
chunk of metul., They could not affeet the plute os w whole., Suffieci-

ent unrclieved shrinkege stresses remained in the initial layers of

R,

¢ plate that, when they were rolezscd by romoval of the backing strip,

Cian it aaici ]
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tne entire plate was curved. Thus, the phenomena considered anomalous
without the concept of hydride formation are completely and satis-
factorily expleined when this concept is introduced.

The stress produced in brigit chromium plate by the decomposition
of the hydride is relieved, for the most part, by cracking. However,
some residugl stresscs must remain in the plate, simply becsuse they are
insuf icient to produce further cracking, These stresses are contractile.
Stresses tending to expand the plate must arise from the occluded hydro-
gen within all the voids in the plate, It is possiblc that such strcsses
contributed to the bending performance of the bright plate described in
the preceding paragraph,

Wilson(lz) measured the latticc narameter of bright chromium plate

before and efter n heat treatment to remove the cntrapped hydrogene. Ho

chenrc in the parameter during this troeastment was neted. It wpncars thut

any intornal stress sufficient to producce lattice ¢xpunsion must be suf-

ficicnt to causce luttice rupture.

Hardncss of Chromium Plute

Several pupars heve been publlshcd(4 5,6,8,10,11) in which moasure=

’
ments of the hurdness of chromium plate were reportod and discusscd,
Seme of the more recont awuthors roecopnized the fuct thut the herdness of
chrowium plate is dependont on buth composition znd plating conditions
and is not a constunt for the muteriul, Mo hardncss ncasurements have
been mede in the prosent work other than & few simple scratch tests, It
1s now well known thut chromium ploted under certein optimum conditions
is very hard. It is nlso cstublished that chromiuwnm plated under other

conditions is considerably softer, The prosent investipation has becen
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more concerned with the "why" of this sxtreme hardness and hardness -
2
difference than in the sctuul numericel value of the hardness. The con- e
clusion has been dravwn trat the grain size of chromium plute is largely 3
responsible for the plate heardness. 3
k
Fully annesled pure chromium is relatively soft, having a hardness )
-3
of the order of 130 Brimnell number or below(jz). The hardness of pure ;g
: .
metals may be incressed in several weys. Stressing a metal, either in- ?
ternally or extcrnally, increases its hurdi:css. Decreasing the grain ¥
b
size increascs the hurducss of a metal. Cold viork increases the hard- A
ness of metals. Iiowever, the cffcet of cold work can be divided into |
the two sbove-mentionud cutegories. 1t decrcases the effective gruin ©
sizc of the metal und also produces residucl internal stress, Alloying, gt
2oy
another wey of herdening n metul,is not herc considered because it was R
-]
shown earlicr (pege 52) thut hydropen atoms cannot be considercd a part L3
of th:: body-centercd cubic chromium plate. Further proof of this is -
found in the work of Guichurd, Clausmenn, Billon and Lanthony(e). It o
. 3
) was shown that 95 per cint of th» hydrogen is driven out of the plate o,
by simultancous hewting and vecuum treatmont before sny appracinble 3
softcning occurs.  The rumuining & per coent of hydropgen is belicved K
i h
.i!
K to be that chemicually combincd with the crack-filling inclusion metcricl. L&
5
E - This smull umount of pgus muy «lso be driven off by heating, tut the
3 tompersture roquirad is sbove thut at which reerystullization probubly
é.
{ boginge
P-- DL R Q q - . .
- Imkareva uwnd Elryukov(s) reported thut heating chromium plute to
=
~ o - ) q
3 585 C. drives off 98 pu. cont of the hydrogen with no hardness loss. o
SR . | = o . c ®
R‘ possiblc alloying clemeonts, other then hydrogen, <rc prescnt in chromium :
o
% platec.

e
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The increase of herdness of a metal with decrease in grain size
has been illustrated to the lower limits of grain size as produced by
cold working and recrystullization(l7’ 18) It is significant *hat the
curve for incrense in hurdness vs. decrease in grein size shows en in-
cressed increment of hardness for a given decrease of grain size near
the lower limibts of grain size attained (refer to Ficure 11, tuken
from Wood(17)). A slight additional decrease in grain size would un=
douttedly produce a considerable inerease in hardness. It is plainly
evident that the grain size of chromium plute must be considered a
strong fuctor in the hsrdening of the plate,

Undoubtedly consideruble intcrnul stress cxists in chromium plote,
as discusscd in a previous siction.  The work of Hidnert and of lirkureva
end Biryukov muy novi be combinad to indiccte that the contribution of
this stross to the hardniss of chrominm plute is of but minor importince.,
4s mentioned befere, Hidnert noted u comsidersbdls shrinkege occurring
in chromium plute heutcd to 500°C. lwkurcva nnd Biryukov found that
the hurdncgs of chromivm plute did not deereinse appreciubly when howted
t~ 585°C, Troutment st this tempercture would be expected to reliove
eny intornul stress prosont. Thercfore, it moy be deducecd thet @ major
portion of the intornel stross was rolioved without u corresponding de-
crense in hardness.

From those arguments, it wppours thet the hurdness of chromium
plute is du meinly to the fing=groined churacter of the plute. In-
ternal stress urising from occluded hydrogen cnd residual stress from
shrinkige sccompunying hydride decomposition are nceossarily considercd
but mlnor contributing fuctors. This scums & satisfuctory situation
from all standpoints, ugrecing with the peneral theory of metals and

with the svaileble expoerimental deto,
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Figure 11, (T¢ken from Wood, Phil. Mag., 10, (1930),
1073). This graph illustrates the general type of curve
for the hardness increese of metels with decrease in
grain size. Chromium plate has been shown to be normally
less than 2 x 10~ cm, in average grain diameter.
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The Brirhtness of Chromium Plute
°

It is considered significant that the same plating conditions '?

which produce the hardest chromium plete also produce the brightest ;é
6? plastz., This leads to the deduction that the same cause, the fine-grained ;:
character of the plate, underlies both harcdness and brightness. y
In ordcr te be bright, a plute must be extremely finc grained E

or bc composea of perfectly oriented crystuls with a thickly populuted ‘f
planc parallel to the platc surfuce (or nearly so). Dull plates consist é
of coarse, randomly oricnted grains, or of powdery eggregates which .
i

function in the seme munnor as coarse crystals, in reflecting light, .i
It has beon nointed out that chromium plate is extremcly fine grained, . f
k

et

S
T P T R TR el DI o

Hume=Rothcry and Tyllie(ll) studicd the orientation of the grains in

chromiuwn plote by X-ray mcthods. They coneluded that the degree of pre-

ferrzd oricntution wrs pgrocter for bright chromium plates than for dull

PRI

platise However, thoy did not make ¢ concurrcnt study of the grein

size of tre plates. In genernl, the (111) plune of the body-centercd 01

3

cubic crystal was found purellel to the plate surfuce. It must be re- 3

membored thut the plutes studicd were, tnd «ll bright chromium pletes S

i X
E_ wro, the decomposition products of hydrides, Presumebly the hydride L3
p-- crystuls wore oriented cs depositaed snd thus goave rise to other oriented y
- crystals whon they decemposed. g
- g
; Conditions producing larp. ecrystels in the plute alwuys produccd ,‘7
g dull or me.t-surfrced plates. Those were produced by plating cither f
% ;
g -
: ubove or balow the bright range.  The dullness of such plates is cxpluined i
| )
3 us a result of the umount and stebility of the hydride in the plate, 2
f ;
3
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At low plating speeds (velow the bright range of temperature
and current density), tne plate is predominately body-centered cubic.
This is & result of the low cathode film pH. Nothing occurs to inter-
rupt the growth of the body-centered cubic crystals. In fect, contitions
are iceul to promote their growth to relatively large size. In this vay
s coarse-prained plate is produced. Hume=Rothery and Wyllie showed that
such plates consist of a considerable proportion of randomly oriented
crystals. Thercfore, such plates huve two reasons to be lull; coarse
crystals, and lack of orientation.

It should be pointed out that orientation ir itself means little
unless the crystals prescnt o planar surface at the plate surface. Plates
were produced during this investigation in which muny of the crystals
had a (111) oricntetion. However, the crystals wer= apparently growing
on ths (100) plancs. When cxumined under & microscope, thrce sidus of
cuch crystal could be scen rising toward the obscrver, The plate sur-
faces were actuully composcd of & myriud of such pyramids. In order to
obtein a bright planar surface, it would be necessery to sheur ecch
erystal uwlong a (111) plrne.

Plates depositod at o currcnt density cbo e the bright pleting
range arc dull becuusce the crthode {ilm pH 1s too high. Such conZiticns
foster production of relutively stuble hydrides. Thesc hydride crystals
grow to lirge size unless decomposition occurs to interrupt such growth,
Figurc 3 of Chapter II is an cxample of cxtremcely coarse-gruined hydrides,
Under norrcl chromium plating conditions, o slightly too high current
density produces dull plutes by producing rroins of consideratly larger
size than ure produccd in the bright runges These compuratively large

proins may still be comsiderubly smallor than those encountercd in most

other plating processes cxcept bright nickel.
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The probable breaking up of hydride crystals into a number of v

1

N

smaller metul crystuls was discussed previously. It is considered that :f
*=3

the orientation of the product crystuls must logically becr some ro= 3
lotion to the crientution of the parent crystels. Thus, the forces which -
L

@ erocte the rupture of the forming, body-centered cubie, crystals might }:
=

pull them somewhs t aswew but still lecve them in ¢ position to indicats
their oripine If the size of the puarent crystul is inercused, the do=
grec of skewasss of the product crystals might bu expected to incrcoscs
The dnta of Hunc-Rothery wund Wyllie(ll) support this vicw us platirng
ubove the bright ronge produced o greater divergence from cxact (111)
oricatation in thr plates,

£11 indic: tions nrc that the hoexearonul hydride is normally do-
positcd with the 001 plune puar:licl to the plite surfuce, The fuco-
ccnbered cubic hydride is belivved normnlly to deposit with « (111)
ericntetion,  Hewe cr, cxcepticns wore noted, ond it is belicved thut
@« furthor study of this matter is necossury before the significunc.
of thr wvailable deti e be fully inteorprotod.

Finc-zruin size wond acar-perfect pr. ferred orientoticn romain

5 the busic fuctors vecounting for the brightncse of chromium plate,

Structurcl Churactoristics of Chromium Plute

The structurel churcet rictics of chromium plutes produced under

various conditions were introduc~d in Lhe preceding chapter to illustrote

&
X . . : .
the ¢ffect of sulphate in the pluting bathe Varicus struetural chiracter-
e
\ . . . . . . 5 IR
N istics were tlse mentioned in the preceding scetions of this chapter,
. !

The discussion in this scction is undertaken with the aim of corrcleting

21l the infermution wviilihle concerning the structurc of chromium plate

prcduced under different conditions.
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j#~ The work of Hume-Rothery and Wyllie(ll) is a fitting introduction
‘fk to the subject of the structure of chromium plate. Figure 12 is repro-
%; duced from their work.
}?' Zonc I of Figure 12 indicates a set of plating conditions which
j5 G} meintain o cecthode film pH above the uright pluting range. Plates pro-
2; duced under these conditions are predomninantly, or entirely, relatively
'i stable hydrides as deposited, and are therefore dull. The stotement
AJ that they arc soft is bslieved a misnomer, Raurer, they are extromely
b brittle and therefore susceptible to scratching, Their tendercy to turn
;» green when exposed to air is beliecved an indication of the inclusion in
the plate surface of chromous oxides cor hydiroxides which oxidize to
B
F\ Crp0z on cxposurc to the atmospherce. These low velence for.as of chrom-
37 ium arc rcally part of thoe cathode film and mey be removed by serubbing
g
.j the plated specimen immedistely upon lifting from the plating bath,
AF Zone II is of more¢ practicul intcrest, 1In this zone, the nlotes
: are predominu:ely the hexugonal hydride of decreasing stability as the
i zonc is treversed from left to right., The plates produced at the left
:; of the zone hove dozp cracks indicuting slow decomposition of the hy-
dridee At the right of the zone the crucks Tecome closcr spoced ond
'f more shallow, indicoting less stability in the hydrides,
i The shuded boundary botween Zones II sand II1 shows the range
; in which ¢ very unstablc nydride is the major pertion of the deposit.
1 Plates produced in this range ure the brightest, the herdest, und con-
.j tain the most inclusicns, ull es © result of the instability of the
§; hydrides.,
i Zoncs III is the renge in which the film pH is not raiscd high
i enough, under the plating conditions, to producc & plate in which
: BATTELLE MEMORIAL INSTITUTE
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Figure 12, Structure of chromium plated under various conditions
(taken from Hume-Rothery & Wyllie, Proc. Royal Soc., 181, (1943),
331). The existence of the various zones shown in the figure is
explained in the context. The shaded area represents the rather
indefinito boundary between Zones II and III. Most commercial
chromium plating is done under conditions shown for the lower
portion of the shaded area or just to the left of this arsa. Bath
used in determining points contuir.d 250 g./1. CrOz and S04 to
give an acid ratio /Cr0z\of 100 .
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hydrides predominate. The high-temperature plates (low contraction)
descridbed by Gardam(14), and the plates from baths high in concentration
of Fe*** and Al*** as described by Peach(1s5), fall in this category.

Zone IV is indicative of a ocathode film pH too low to permit
any plating.

The etchant used in all of the metallographic work described
herein was 10 per cent chromic acid solution, used at atmoepheric tem=
perature, with the specimen made anodic at 6 volts, The fact that this
etching treatment friled to reveal eny grain structure in bright hard
plates was earlier laid to the fine=grain size of the plate. Another
possible contributing factor is the preferred orientation of the plete.
By etching a metallogruphic specimen, it is hoped to show up the grain
structure by baring crystal foces of the individual grains so that
light is reflected in various directions by the grains and they may
then be distinguished cach from their neighbors. However, if the crystal
fuces arc cssenticlly coplanar, e¢s is the case in hard chromium plate,
then no distinction between grains is likely to be produced by con=
ventionul ctching mcthods. Therefore, a combination of these two
fuctors, finc=grain size and preferredecrystcl orientation, is probably
responsible for the difficulty experienced in revealing the grain struc=-
ture of herd chromium plate. It is to be emphasized that the size and
dispersion of the inclusions should not tc¢ confuscd with the sctual
grain size of the plate, as is sometimcs done.

Upon ennecaling hard chromium plate, the grain structure is re-
vealed by etching. However, the structure is still so fine that high

magnificetions are necessary to inspect individual groins. Figure 13
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{llustrates the structure of aﬁ initially hard plate which was amealed,
It is considered likely that the grains visible in the photomicrograph
are either the prior hydride grain outlines or combinations of those
grains,

Figure 14 illustrates the inclusion and ecrack pattern of a2
normal hard chromium plate as viewed from the cross section. Figure 15
illustrates the structure of o plate produced from a 20/1 acid ratio
bath, The inclusions in this plate are much shorter, more numerous,
end more evenly dispersed through the plate, Plates produced at bath
temperatures near the boiling point of the bath, using procedures simi=-
lar to those deseribed by Gardam(14), were excmined at magnifications up
to 1000X. No inclusions or cracks were found in these plates.

It is shown by these observations, that the number and length
of the inelusions in chromium plate indicate the amount and stability
of the chromium hydrides in the deposit as laid down. The amocunt of the
hydride is determined by the bath composition e&nd the plating conditions,
The stebility of the hydride is determined by these factors and by the
temperature of the plate immediately after it is deposited. This temperc=
turc¢ will be, in general, essentially the same &s the plating bath tempera=-
ture,

The sulphate concentration of the plating bath is very important
in terms of the stebility of the hydrides produced. The plate of Figure
15 illustrates the instebility of the hydrides produced from baths with
higher than nermal sulphate concentrations In order to produce bright
plates from this 20/1 acié ratio bath, it is necessary to use higher
;urrent densities than are used with more normal bath compositions. By

such means the cathode film pH is driven into the range producing hydrides,
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Figure 14. Seme sample and same view as chown in Figure 9, shown
here at greater magnification. Note size, dispersion, and form of
the inclusions. Note also the comp)-te absence of any indications
of ecrain structure., This surface was etched electrolytically for
five seconds at 6V. in 10 per cent chromic acid solution, The
inclusion films left unsupported by this treatment have tallen
sidewisc and their semitrensparcncy is anparent.
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Figurc 15. Cross scction of chromium plate produced from 20/1
acid ratio buth, A current den51ty of 3 amps./%c in. wes

used ot = bath temperature of 50°C. The bath contained 250
g./1. CrO0z. The sample was clectrolyticully etched for five
scconds wt 6V, in 10 per cent chromic acid solution, Note
widc durk arcas vhere inclusiens were lying in the planc of
the ctehed surfuce shown or ut :n wcute angle with this sur-
fuccs Note alsc that here again the inclusions have fallen
siduwisc beside the cracks from which they extend.
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However, the hydrides prcduced are very unstable.

Using the principles now available, it should be possible to

ditions employed in depositing the plate.

examine a chromium plate of appreciable thickness under a microscope

and approximate rather closely the bath composition and plating con-

.
.
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CHAPTER IV

THE RELATION OF THE CHROMIUM PLATING PROCESS
THE USES FOR THE PROD

The common uses of chromium plate may be classified as decorative,
wear resistent, and corrosion resistant. Some epplications involve com=
binations of these general classifications. To obtain optimum results
in any of these applications, the special characteristics of the chrom=
jum plating process should be understood and the plating conditions
controlled accordingly.

The decorative uses for chromium plate are most familiar to
everyone, Chromium plated automobile hardware end plumbing fixtures
are encountered daily, end a surprising number of common household articles
beur the lustrous bluish-white hue of "bright"™ chromium plate. The ex-
treme chemical stability of this bright surface is the real key to the
success of chromium plate in decorative usc. A contributing factor,
thoueh of lesser importunce, is the hardness of the plate.

It is believed that the oxide forming cheracteristic of chromium
is responsiblec for its chemical stubility. The surfece of the plate is
oxidized very guickly when pleting stops. This oxide surfuce is so
thin us to be transperznt, but is very adherent cnd continuous. Thus,
any uppreciable chemicul cttuck may take place only after the oxide sur=
fuce is destroyed. Chemicel stability cxists in no other easily avail-
uble white metsl plute to a compurative degrec. It should be remembered
that the resistance to chemicel attuck is not due to the intrinsie in-
ertness of the metal, but rether to & particular selectivity for oxygen

from the surrounding environment. If environmentel conditions do not
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permit the formation of, or cause the breakdown of, the oxide film, a
considerable vulnerability to chemical attack may be expected.

Regardless of the resistance of chromium plate to surface dis=-
coloration, it is not & good protector for underlying metels when epplied
in the thickness usually used for decorative purposes (approximately
0.00002"). Discontinuities in the plate, consisting of pores in such
extremely thin plates, expose portions of the basis metal to surface
aettack. The presence of pores in thin plates is not well explained by
the literature or the present work. A possible explanstion is related
to the surfece energy of the various crystal faccts composing the sur-
foce of the substrate metal. Presumably some of these facets ure in an
energy condition in which they are more receptive to an electroplate
then others. Thus, certain of the least receptive crystel facets simply
do not receive a plate und a void in the plate exists over them. Upon
continued plating,the edges of the plate grow into this void and gradu-
ally cap it over. Such cn explanation may not be wholly sound and is
merely presented for want of a better one. At uny rate, the pores do
exist and are extremely dcleterious to dccorative appliesztions. If the
plating is continued to produce o plate of sufficicnt thickness so that
the pores are covercd over, then crucking occurs because of the rise
in cathode film pH und deposition of hexagonul hydride erystuls attendent
to continuecd plating. The crecks expose the basis metel in the same
fashion as did the now covered pores.

Since neither of these two cvils, porosity and cracking, may be
entirely avoided, it hus become common practise to provide recal corrosion
protection for pleted steel articles by substrate deposits of copper and

nickel, Chromium is then applied over the nickel in a thin coating to
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impart the prolonged blue=-white brightness of ohromium to the article.
This same procedure is used on other metals such as zinc-base die cast=
ings. Brass erticles may be pleted with nickel, then with chromium, or
may be plated with chromium alone, depending on the service requirements.
As stated above, the thickness of chromium plate generally used is ap=
proximately 0,00002". This thickness of plate ordinarily conteins
essentially no cracks and a miniimum of pores.

The thickness of decorative chromium plates may be increased
somewhat with no loss in corrosion resistance by pleting in the lower
limits of the "bright" range of current densities. In this way, the
rate of cathode film pH increase is minimized and a thicker plate may
be obtained without the deposition of sufficient hydride crystals to
cause cracking. Some sacrifice in brightness may be necessary, however.

The fact that the hardness of decorative chromium plates is much
greater than the hardness of annealed chromium has been discussed to some
extent, This increesed hardness may be attributable to the extremely
fine grain size in the plate and to the presence of shrinkage stresses
below the stress limit nccessary to cause rupture and eracking, Such
stresses may arise from the decomposition of e relatively small propor-

tion of hexagonal hydride crystuls cxisting in the original deposit.

The fauct that thin, decorative coatings of chromium plate are
much softer than thicker coatings is not generelly known. It is also
not well proven. The reeson for this is the difficulty in making accurate
hardness measurements on extremely thin metal leyers. However, a simple
test will serve as & proof, ithen a very fine piece of emery cloth is
rubbed lightly over a surfoce which beurs a decorative chromium plate,

the surface will be scratched and dulled by the grits. If a similer
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test is made on a plate several thousandths of an inch thick, scratches
are produced with much greater difficulty. This was tried at inter=
mediate plate thicknesses and it was found, qualitatively, that the
plate hurdness increases until a thickness near 0.0001" is receched,
This may be interpreted as indicative of the proportion of hexagonal
hydride in the plate as plating is continued.

The comparative wear resistance of pletes of varying degrecs of
hardncss is not definitely known and varies considerably with the appli-
cation, Presumably, a very herd surface produces optimum wear resistance
in & chromium plated surface. In the published literature, industrial
hard chromium is often defined as consisting of deposits of bright
chromium, 0.001" or over in thickness. It is commonly believed that lesser
thicknssses of plate are not inherently less herd but arc suscoptible to
failure by "breaking through" to the ucually softer basis metal., It is
row apparent that this view may contain an element of truth but does
not correctly represent the entire picture. If numerous interconnected
cracks reach from the plate surface to the basis metal beneath, the
plate is effectively divided into isolated sections. The possibility of
failure by "spalling off" of entire sections is then considerable. If
the plate is made thicker, so that an individual erack never reaches
over more than & small fraction of the distance between the basis metal
surface end the plate surface, the entire plate is greetly strengthened.
Failure by crushing or spalling is then much less likely to occur. Eow=
ever, a difference in actuel hardness mey be a major foctor in the
lesser wear resistance of thin plates es compared to thicker plates.

The strength of a chromium plate mey presumably be increased by

shortening the average crack depth in the plate. Very short cracks and
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a very hard plate are produced under the same conditions of bath tempera-
ture end current density from the conventional commerciel plating bath.
These conditions ere temperatures in the range between 130°F. and 150°F.
and current densities as high as can be used without obtaining a dull
plete. Thus, if & plate for weer=resistant service is to be reletively
thin, these conditions should be ocarefully mainteined for best properties
in the plate. If a plate is to be thick, it will probably be sutisfactory
regardless of what purt of the bright current density pleting range is
used,

Applications for chromium pleting in wear-resistant service have
been of industrial importance for a considerable time. A disadvantage
in such applicstions is the poor "wettability" of chromium plate. Ap-
purently the surfane energy of the oxide film is such thet the surface
is simply not wet by oils. This characteristic is reflected in poor
lubrication in wear-resistent service which usually involvgs the use of
the plate on new or used machine parts. The so-called "porous chromium",
or "Van der Horst", process provides a solution to the "wetting" problem
and yet retains the advantages of hardness in the chromium plate. This
proccss was in use before the war but mushroomed to great commercial
importance during the period of war-born shortages of replacement parts.
This process involves plating t“ick layers of chromium on a basis metal
surface under conditions which produce a desired crack pattern and a
desired crack depth in the plate. The plate surface is then etched,
ordinarily by merely reversing the current in the plating bath so that
the plated part is the anode, The cracks in the plate surfac~s are
greatly widened by this procedure and the entire surface is etched to

a certain extent. The etched surface is then honed to provide a surfuce
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consisting of smooth plateaus surrounded by fairly wide, channel-like
voids., These voids serve as oil reservoirs and oil passages so that
the poor wettability of the plateau areas is counteracted. Another type
of surface termed a "pitted" type is produced in which the voids appear
as large pits in the surface rather thean as somewhat narrower, long
charmels, It is not immediately clear why these pit-type voids are
formed upon etching. A study of the crack system rresent in such a
plate before etching would probably reveal the answer. A guess in this
direction is that the pits represent the meeting points of several
cracks,

The porous chromium process has been particularly useful for pro-
longing the service life of cylinders or cylinder liners for internal
combustion engines or for top piston rings in engines not having plated
cylinders., The entire cylinder wall is plated with porous chromium.

In the casec of piston rings, only the top rirng is ordinarily plated as
the lower rings require no such lubrication aid to function properly
over & sufficient service life.

After an engine cylinder is worn to an unserviceable condition,
it may be reclcimed by grinding the cylinder walls to a uniform oversize
dimension, plating with chromium to & slightly undersize dimension, rec-
verse etching to widen the crecks in the plate, snd honing to the desired
finnl dimension. The processing costs attendant to such reclametion
operctions are ordincrily considerably less than the original cost of
the cylinder or cylinder liner, and the reclaimed product may be expected
to wear several times as long as the unplated original.

The lack of corrosion resistance of chromium pinte was discovered
early in the history of chromium plating. This shortcoming did not out-

weigh the advantages of chromium plate and the use of more corrosion-
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resistant substrate plates vas adopted as described earlier. This pro=
cedure is extremely expensive when the volume of total production so
treeted is considered. There is no indication thet a method can be de-
vised to provide more corrosion resistant, decorative chromium plates,
The only way in which the corrosion resistance of a bright plate can be
improved is to make it so thick that no crack reaches from the plate
surface to the basis metal. Such a thick plate is economically out of
the question for ordinary decorative service as it is more costly and
more difficult to produce than the composite plates now in use, For
special service requiring both corrosion resistance and wear resistance,
plates several thousandths of an inch thick may sometimes be very practicel.
This will be especially true if the temperature of the service is some-
what elevated.

Where optimum corrosion resistance is desired and the extreme
hardness of bright chromium is not required, a high-temperature chromium
plate should be applicable. By plating from the conventional commer=
cial plating bath at temperatures close to 100°C. with current densitics
in the range from one to ten amps./%q. in., the cathode film pH is mein-
tained so low that a relatively unstressed, body=-centered cubic plate
is produced, It is believed that the diffusion rates obtaining at such
a high bath temperature are so high as to prevent the cethode film pH
from rising greatly. The plate so produced contains no cracks or in-
clusions and is soft by comparison with bright chromium. It has a dull
surface, though white, and tends to retain fingerprints as oily appear=
ing ercas. It is probably of little usc for decorative purposes because
of the cost involved in buffing such a plate. The most important feature

of this type of plate is its complete lack of cracks and inclusions.
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Because of this it has good possibilities as a corrosion-resistant coat=-
ing. When any chromium plate is heated in air to temperatures in the
region of 1000°F., the surface oxide film thickens to the extent that
interference colors appear. However, the oxide film is adherent and
provides a permanent protective coating, It is believed that the high-
temperature plate would constitute an excellent corrosion-resistant coat-
ing on steel or cther metals for elevated temperature service up to
1000°F, and possibly even higher,

A seocond application for this high-temperature plate has been
found in providing a machineable plates, The plate is sufficiently soft
to be mechined with a high-speed tool. This is a distinct advantage as
all "bright" industrial chromium is so hard end brittle that it mey be
dimensioned only by grinding with abrasive wheels or by honing.

The present outlook for chromium plate in commercial applica=
tions is favorable. While cheaply made plastic articles may replace
chromium plated metal articleS in the decorative field to e considerable
extent, the industrial applications for chromium plate are developing
at a considersble pace. It is expected that these applications as an
engineering material, specificd by technically trained persomnel, will

be aided by the present work.
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CHAPTER V

‘The time hus come', the Walrus said,

'To talk of meny things:

Of shoes - and ships = und sealiug wex =
Of cabbeges - und kings -

And why the sea is boiling hot -

And whether pigs have wings.'

Lewviis Carroll
Through the Looking Glass

The Mechunism of Precipitation of Chromium Hydrides

Since no direct experimental evidence is auvailable, the question
s to how o plute of chromium hydride is luid downa is purely a specu=-
lutive one., Two mechunisms are easily visunlized, It might be supposed
that the cithode surface is proeticually covered by & luayer of hydrogen
vtoms. Chremium ions discharged near the cethode znd precipitating on
it then wviould rimply be codeposited with the hydrogen in the same menner
in which alloys of two or more metals are considered to be deposited.

A second possiblc mechanism involves the formetion of the hy-
drides in the cuthode film und ther svbsequent precipitation on the
cathodc es discrete units of forr e Crol” to CrH2. This mechunism is
perhups most ensily reconciled with the view expressed earlier that the
uctval rcduction of chromium ions to chromium metul is cccomplished by
stomic hydrogon.

A3 hydrogen ctoms reducce chromium ions through the successive
stapgcs from the hexavalent to the divelent forms, the clectron trunsfer
would presumubly result in the hydrogen diffusing off through the solu-
tion as hydrogen ions. However, it is possible that the hydrogen atoms
which then bump into the divelent chromiwva ions do not merely “ronsfer

clectrons gnd detach themselves. A bonded arrengement of hydrogen and
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chromium might occur in which the hydrogen is inescapably held. This
combination would be positively charged and hence yet anttracted to the
cathode, Upon precipitetion ut the cuthoade, the electrons necessary to
release the hydrogen-chromium btonds are avuilcble., However, « netastable
interstitial solid solution now exists and the hydrogen escaves but
slowly.,

The fmct thut hydrides are morc stable the less ncid the en-
vironmert in which they are formud, or from which they ere precipitated,
is clearly cstablished by thc experimental covidoenee. This is not readily
cxpluined, At first glence it would scem more logiesl were the hydrides
mor: stublc when produced from the more vecid cuthede films whore the
hydrogen ion corcentrution is grewtest, This is believed to be un im=
portunt point in clectreinemicel phenemena, and will benr detvilod study.

The reletive instebility of the chromium hydrides is not sure-
prising in view of their structurcs. The hydrogen stoms heve a co-
ordination number of 4 in both the hcxagonal and ruce-centcercd cubic hy-
drids wrrongemants.  Pouling stutes that such structurcs arc ordinarily
metasteble,s It i1s not entircly clear whether the bonding of the chromium
ctoms is thet of u normul hexaugonnl close-prcked or face-centered cubic
lattice simply somewhut ¢xpanded by th: interstitiul hydrogen atoms, or
whoether the hydrocen stoms sre boaded teo the chromium ntoms in a motillic
type bending arrangement.  The lattor vicw is favor.d. That is to suy;
the hydrogen is belicved present in the hydridez ee protons, «ach of
which has contributcd ar clectron to the structurc, just as nny metal

".lectron cloud"

etom contributcs un c¢lectron or electrons to the so=-called
to bccomc & mctal ion in the structure,

In this lipght, the torm "alloy" is probubly & more exuct onc,

However, the use of "hydride" to describec these metul-hydrogen structures
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B has appeared in the published literature for many years and no attempt .
to chunze this practise is likely to be successful. Py

Hydrides of Other uetals

% Nickel and iron plating are, in many ways, similar to chromium
plating because ol the effects of plating conditions cu the properties
of the plate. It is believed that a properly directed research wr.uld
produce hydridcs of both of these metals and show that some of the

properties oy the plates are related to hydride formaticrn. It is well

known that ircn plates contain large amounts of hydrogen und that they

are hord and brittle until this hydrogen is removed by heetlins, By ]

refriperating an iron plating bath, a plate wus produced during the

. L

Rl T

present work which was extremely harde It could be scretchied with o

tungsten=carbide toel, but witnh difficulty. Similarly, it is vicll

proven that nickel plates commonly contract as they arc deposited und
thut this contraction bcconies more noticesble as the pH of the csthode

film increascs. Nickel plutces huve alsc been obscrved to expand during

. ‘.
Aa bk s s A m matils

depesition, It is entircly possible thet sueir phenomena can be cxplained

on the busis of hydride deposition und decomposition, The situation for
iron und nick 1 is much the sume today &s it was for chromium platc at
the start of the prescnt reswarch,

The prescnt work and cxtensions of it may wlso be of help in

. ¥ PSR e '-.‘;.'«:L. T OR ]

studying electrode reactions such us urc of interest to workers in the
1rield of corrosion of metuls. It is currently postuletcd that sn in=

hibitive hydridce film forms on many mctuls when they arc exposed to con-

1

ditions wherc they tend to reoplece hydrogen ion in solution. The hydride

=

-
film is belicved to form u berricer to further elcctrochemical action. }3
)
4
3
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By producing znd workins with tha hydrides of various metels, and deter-

nining their properties, inform.tion regarding the plausibility of the

postulates will »e obtained,

PRSI gl' P

s
CX SR

The Overvoltuge of Metals o
%

There ure two kinds of overvoltage which arc commonly ccnsidered
in electrochemical wor’s; hydrogen overvoltuage, und metul overvoltagc.
Hydroren overvoltage is defined for a riven system us the nunerical dif-
ference between the theoreticul wnd experimentel values of voltage ncces-
sury to producc visible hydrogen evolution at u cuthode. Metal over-
voltape is defined us the difference between the actunl deposition

potentinl snd the potential vulue to be expected for a reversible clce=

‘ '
. :
LR -

il

AT LP=p 31 Ty . i—-—;—g“’- LR 'J-QIAV "

trode in the sime solution. The prosent discussien is concerncd only Y
4

with metel overvoluage. ©
It is considered significant thet of the ftransition group metuls, -3

Cr, Mn, Fe, Co, and Ni, all heve considerable metul overvoltarges, 1
. . 4

Glesstone hus tdvenccd the view that metal overvolteore is a rcesult of 0!
deposition of the metul in an active, or unstuble staute. A rute control i
phenomenon wus considercd in which the slowness of conversion from the ]
3

unstable form to the normul form of metul on the enthode gives risc to Q%
the overvoltuze, -3
—-"é

The prosent work weould indicute that Glasstone's viows, which i

&

N

incidentully were conjoctural rather than founded on cxperiment, were

probubly a stip in the right dircetion. Hownver, tne rate control feature

is rejecteds It is belicved more proper to swy that the overvoltuge

!

NPT ST

+

of metuls is due to the deposition of unstable structures of greuter free °
encrgy thun the normel form of metul composing the cithode. The rate of :Q
A

-

[
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decomposition of these unstable structures is not seen to have any beur-
ing on the overvoltupge. The spontaneous cdecomposition of chromium
hydride is ample proof that its free energy is greater than the corbined
free encrgy of the chromium mctal and utomic hydrogen which constitute
the decomposition products. “hether the deccmposition occurs during the
pluating proccss or scveral days later is not seen to hove any effect on
the metel overvoltagce.

It is true thuat the only direct cvidence in support of the
ubove hypothesis is that gethered for chromium plating in the presoent re-
search. Similar work with at least one more of the transition clements

appears necessary before u proper theory can bec esteblished.

Properties of Flating Bripghtencrs

So fur cs is known, thc conccpt of the action of the trivaliont
disporsoid in the chromium plating buth prcsented in Chapter II is
originul with the present work. It is desired to consider the casec for
currying over to other types of plating baths thc concept of bath con-
stituents operating neccording to their isoelectric propertics.

Attempts at fundamental studics ot pleting brightcncrs have not
yet mct with any spprecizble degrec of success. The prescnt-day scientist
scarching for a brightener for a ncw plating buth is on apvroximately the
same busis us certuin Edisonian scicntists of the twentics whc ussemoled
u11 the vegetuble products they could ley hands on and tested each of
“hem s bath additions. The ctheorics commonly cccepted for the tunction-
ing of brighteners involve the elcetropesitive character of these
mutorisals which are usuully colloidal or of high molecular weight, Dur-
ing plating, the brighteners urc abtiraeted to the cuthode und purticulerly

__to the urces of highest curren* density on the cathode. The theory holds
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that the brighteners are adsorbed on these areas of highest current
density end thus platirgz on these areas is impeded by the adsorbed
meterial, Since any irregularities projecting from the plate surface
constitute hizh current density areas, these areas are in effect masked,
while any depressions in the plate surface are in a position to receive
depositing plate at an increased rate.

One of the greatest difficulties with this theory is that the
brighteners are brought to the plate surface and adsorbed there, then
simply left hanging there. One author, after an extensive discussion
of the attraction of the brightener particles to the cathode, and their
adsorption +lere, states that "the cycle is then repeated". However,
the complete cycle cannot be repeeted until the cathode surface is back
in its original condition wichout the adsorbed material.

It is true that certain indications of the ineclusion of bright-
eners in plates huve been noted, Cathode efficiencies of over 100 per
cent have been expleined on this basis. In other cases, the appearance
of striations in plates, similar to Liesegang bands in minerals, huve
been ascribed to the periodic adsorption of brighteners which are sup=-

posedly covcred by the subsequently deposited plate. However, these are

exceptional cases. In gencrel, the inclusion of brighteners in platcs
is not estcblished as a usually occurring phenomenon,

Consider the possibility that the above theory is correct to the
point where udsorption occurs at the cethode surface — really as far as
the theory goes. Then alter the conditions at the solution-cathode
interface so ﬁhat the adsorbed brightener is detached from the cathode
surface end leaves the cathode area, Then again revert to the inter-
feeiunl conditions favoring adsorption, end the theory is at least logically

complete.
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Changes in pH of the cathode film may be the only condition
necessary to accomplish these results, If the cathode film pH is brought
into the region of the isoelectric point of the brightener, then the
brightener can be viewed as moving toward or away from the cathode ac=
cording to the pH value existunt in that region. There is a strong pos-
sibility that increase in solution pH may serve to release adsorbed
materials from & surface. The work of Taggart end his colleborators,
end of others in the field of mineral dressing,has illustrated the im=
portance of the solution pH in adsorption phenomena. In many cascs,
materials will be adsorbed from a solution at & solid surface under cer-
tain condition of pH in the solution. Under other conditions of pH
(usually higher pH) the adsorption does not occur, Adjustment of pH,
or other ceonditions, at the solution=solid interface to obtain the desired
results, is termed "conditioning™ in the field of mineral dressing.

Drewing further from the studies of Taggart and others, the
whole concept of adsorption of brighteners becomes suspccts The possi-
bility of dircet chemical bonding of brighteners and the surface atoms
of the cathode is suggested. There is little ground for sonclusive
argument on the deta yet available. Howcver, & course of study is indi-
catcd and also o method of experimentation.

The classification of brighteners into groups hus been attempted

by several authors. Certain types are bclicved to funetion as brighteners

only after rcduction at the cathode, Others are used in combination.
For instance, a metel brightener is alwuys complemented by &n organic
brightenecr,

It is noteworthy that the metul brightceners, which heve been

used in acid plating beths at various times in plating history, are
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metals which readily hydrolyze to form oxides or hydroxides of a colloidal
nature, Among these metals are Se, Te, Zn, and Co. It is also con=
sidered significant that the organic materials used in conjunction with

"proteot™ the hydroxides from precipitation at

these metals are known to
their respective isoelectric points, It appears that the case for cathode
film pH control by brighteners operating at their isoelectric points to
control diffusion to and from the cathode area is most likely to find
substantiation in this class of materiels, 7Vhen such substantiation is

found, the rest of the brightener groups can be studied from the same

point of view with more hope of success than is now apparent.

Pickling Inhibitors

The mechanism by which pickling inhibitors operate is not presented
in entirely convincing erguments in the literature. Here, as in the
case of plating brighteners, extensive studies have led to amasing cone-
clusions, A recognized expert on inhibitors states that the outstanding
property of these materials is that they all can take up hydrogen. The
inference is that the inhibitor takes up the hydrogen being displaced
from solution by dissolving metal. The way that further attack on the

metal is prevented is not mede clear, Other authors seem to have done
little better,

It has been pointed out that plating brighteners arec usually
pickling inhibitors and vicc versa., This leads to an examination of the
two processes, brightening plates, and inhibiting pickling, to sec what
similarity exists between them, Most inhibitors operate by enthodic
control (i.e.,by polarizing the cathodic areas in the metal surface).

Thercfore inhibitors, like brighteners, operate at the cathode., The pH
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tends to rise at the cathode when hydrogen is discharged there. There-
fore, both brighteners and inhibitors operate in media somewhat less
acid than the solution proper. '

The similarities in the materials used in these two applications
and the similarities in the conditions under which they operate are
such that any study of brighteners is also a study of inhibitors. It
appears that experimental evidence obtained in either of these separately
considered fields can be correlated with the other field. A tremendous
volume of empirical information has now been sccumulated. It but ree
mains to devise a theory to encompass this information. The undefined
field of "surface chemistry" certainly offers opportunity for far-

reaching theoretical developments at this time.

The Periodic Phenomena at Cathodes

The periodic cathcde phenomena reported in Chapter II remain
to be discussed. It will be remembered that iron and copper wires were
made cathodic in a chromic acid solution. As the potential across the
cell was slowly raised, the cell potential was observed to undergo
periodic fluctuations between a high end low limit and the cell currcnt
likewise fluctuated. The high cell potential was accompanied by a low
cell current and the low cell potential by a higher cell current., The

two conditions are illustrated by the following listings:

Hp evolved No Hy evolved
Cell current low Cell current high
Cell voltage high Cell voltage low

The explanation logically advanced to explain these phenomena

is that hydrogen bubbles partially mask the cathode during the periods

of hydrogen evolution. This effectively decreceses the cathode area
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and operates to lower the totel cell current and increase the cell volt=-
age., When hydrogen evolution stops, the entire cathode area passes
current and the cell voltage accordingly is low.

The above explanation is but superficial, however, and explains
some of the effects of the periodic performance but not the basic ceuses
of this phenomenon. Also unexplained are the facts that the voltage
fluctuations are gradually reduced to a point of equilibrium, and that
a cathode brought to an equilibrium condition retains that condition
even upon exposure to air, but loses it upon rubbing with a cloth.

Some have postulated the formation and breazdown of an oxide
film as the cause of the periodic phenomenon. Others visualizc *the
formation of a metal hydride layer on the cathode as the cause. It is
difficult to understand why such films should form and then break down
almost completely before reforming, and why, after some time, an equi=
librium condition should arise. A possible explanation of the formation
and breakdown of an oxide film might be advanced as follows: The initial
period of hydrogen evolution is accompanied by a considerable pH in-
crease in the cethode film, When this pH becomes sufficiently high, a
relatively stable oxide suddenly forms on the cathode. The atomic hydro=
gen being generated at the cathode is then used up in reduction of this
oxides At the completion of the reduction reaction,each individual

hydrogen atomis back in solution as a hydrogen ion. Therefore, there is

no drain of hydrogen ions out of the cathode film. Diffusion effects
ocourring during this film reduction period reduce the cathode film pH
to the approximute level of the pH of the solution proper. When the
oxide film reduction reaction is complets, gessing again commences and

continues until a new oxide film is formed.
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This hypothesis meets with difficulty when the attainment of
equilibrium is considered. Vhy should equilibrium be attained at inter=
mediate cell current and voltage values? The experimental evidence
gives no direct support to the idea that an incomplete oxide film is
formed on the metal, allowing hydrogen evolution to proceed at thé
breaks in the film. However, it might be suggested that,during the
initial oxidation = reduction cycles, preferential etching occurs at
the metal surface. This leaves the surface roughened or pitted to a
considerable extent. Now the solution in the pits remains more alkeline
than that around the projections in the metal surface. Therefore, gas-
sing continucs at the surface and the pits remain filled with high pH
solution so that the oxide on the pit surfaces is not reduced. It is
certain that ctching of the cathode surface does occur at potentials
between the bubble potential and the metal deposition potential. Several
times, during the present research, it was noted that brass cathodes
were severely attacked ufter several hours in this potential range in a
chromium plating solution. The attack was considerably greater than
that occurring by chemical action during simple immersion tests,

Some suthors have attributed the extemsive polarization at
cathodes to the formation of metal hydrides at the electrode surface.
This concept would relate the hydrogen overvoltage of an electrode to
hydride formation. It is difficult to visualize a hydride film forming
end breaking at the cathode surface as a causc for the periodic phenomena.

It appears that here, too, additional work is indicuted.
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The Future of the Electroplating Field

It is hoped that the discussions of this chapter will serve to
emphasize the importance of a new, undefined, branch of science, related
to the phenomena occurring at solution-metal interfaces. It would ap=
pesr that study of such phenomena offer the best possibilities for ad-
vancement in the understanding of electroplating. It has been apparent
for some time that e similar situation exists in the field of ore
dressing and in several other not otherwise related fields.

The present research has provided answers to more questions
then the original plens encompassed. However, like most researches,
it has stirred up many questions which remein to be answered. These
represent a challenge to continue the search for the reasons underlying

the phenomena concerned. Let us attack from all directions,
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APPENDIX SHEET 11
Calculations for Hexagonal Close-Packed Chromium Hydride

Copper Radiation

Crystal Plane 0 29
100 1925* 38.2°
002 20°23' 40.8°
101 21°44' 43.5°
102 28°32' 57.4°

A, 4  h7enk ¢+ k2, ;¢

stn 9 = % B ek e e <)

2Y3 a?
a = 2.717
c = 4.418
. ) N | T 2, ’
Vic.p, “0.866 a®c =0.866 * (2.717) 4.418 = 28.24

= volume of a 2-atom unit cell of H.C.P.
chromium hydride,
Va.c.c. °® 23.84A° from Appendix Sheet I
28.24 - 23.84 = 4 40A° = volume of shrinkage during decom-
position of H.C.P. hydride to
B.C.C. metal.

4.40A" = 15.67% of 28.24A°



Body-Centered Cubie Chromium X-ray Data

APPENDIX SHEET II1

Copper Radiation

Plane S h Jog T h log sin 8 e 26 20
== 3 s
110 2 0.15051 1.57754 22°13' | 44°26' | 44.4°
200 4 0.30103 T.72806 32°19/ 64°38' od ©°
A ma A :
o= 0. 76904 log _— = 1.88612
2 2
a, = 2.878 log ay= 0.45909

Calculation of Ratfo of H Atoms to Cr Atoms for Sample of
F.C.C. Hydride

0.0329 gms. - welight of Cr
12.21 ml. = volume of H; (S.T.P.)

52.01 = atomic weight of Cr

22,400 = volume of l-gram

. mol. of gas

0.0329 . § « (,0006326N = No. of Cr atoms £
H52.01 N = Avagadro's No,
12.21%2

= N = . 0010902N = No. of H atoms

,‘_’..‘!2!'.’,"_"_3_- 1.7 + = No. of H atoms for vach Cr atom,
0.0006326

or o w e

.

v .
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APPENDIX SHEET IV
Calculation of Size of Hydrogen-Filled
Interstices in Hexagonal

Close-Packed Chromium Hydride

4.418A = ¢ distance of unit cell

2.T09A = distance of closest
approach of chrominm atoms

COS<A = _3;209

2.709

3 log 2.209 =0.34420
§ log 2.709 =0.43281
" 2, lo -1

g COS<A 1-91139
: P %
;‘-‘l <A = 35°14'14"
-

<A ¢+ <B = 2<A = 70°44'28"

Note: 180° = 179° 59'60"
@ centers of chromium atoms e 428

2 - center of hydrogen atom <C 7197 15'Rn

Sine law

a - sinA log ¢ = 0.43281

sin C log sin A = 1.76257

0.19538

The radius of Cr for a log sin ¢ = 1.97503

coordination number of T

6 is 1.28A log a = 0.22035%

a * |.66A

Radius of the H atom in the '.'_!_‘_"_".ﬁm

hexagonal close—packed »
0.38A L

chromium hydride is 0.38A



APPENDIX SHEET V
Calculation of ry in F.C.C. Chromium Hydride

: X* = (Rg)® 4 (Roy®
| 4 4
| ya .« X% LﬂQ}2
] .
| / 2
l y LI :, {fo
|
: ag = J.85A
| .
. )’ = l-”?A = I'H * r(-r
|
| ’
I tLre@
| |
| |
I
/)_-———' —————
y !
/ 1
/ 1
o |
4 J/

The radius of the chromium atom with a coordination number of 12
is 1.28A.

1.67A - 1.28A = 0.39A = radius of hydrogen atom in face-centered
cubic chromium.
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3 APPENDIX SHEET VI
t
;Z Apperatus Used for Chromium Plating
E The apparatus used in the production of plates for this study ¢
E consisted of only two speciul items. These were a simple arrangement A
3 3
for cooling the plating bath, and an equally simple fixture for holding 'Y
the plating cnode and th. sample being plated. 7§
'
The plating baths were held in glass beakers of from 400-ml. to ;ﬁ
l1-liter capecity, ‘hen the baths were to be neated, this was done on iE
va electric hot plate equipped with a tomperature control. “hen the ?
buths were to be cooled belew wtmospheric temperuture, the rlass bteoakers 5
were suspended in a "refrigerator" consisting of u tinned can insuluted ;?
on the outside with several layers of corrupated cardboard. The can 'E
meuwcured wpproximutely 7 by 7 inches on the bottem, und €,5 inches high, ';
Crucxed dry ice was vsecd as the refrigerant and wes added through a hole !j
in the top of the can beside the suspended beuker. The bath tomperan- :g
turcs could casily be muintained within a range of 4 4°C, by this method 5
end closcr control was pussible through constant surveillunce, ?:
The plating fixture wes constructed of plustic (methyl mctha- .§
erylute) showt.  The wssembled fixture ond its component purts are shown E?
in thec photographs of Figure 1 «nd Figure 2., The anodc was made of !i
untimonial lewd wnd the slectrical conncetion to the anode was cuarried |
through the plustic anode holder, The bross slug cuthodes (5" in 3
dismeter) were held in a 7/16" hole, countcersunk to 5" dismeter. A ;4
ce.thode slug was in position in the cothode holder us shown. The clec~ ;
trical comncetion to the cathode was accomplished through a platinum fé
vire in the ccthode contact member, This member was wedged into the .3
4
count-rsunk nolc ageinst the cathodec, thus masking the buck of the cuthode ;;
while holding it ut the bovtom of the: countcrsunk portisn of the holc, ;
o BATTELLE MEMORIAL INSTITUTE

R T TS U U . PR OO Y P UL G PO S VO S UET SPU SS SR TV SO AT TR - SOR Pk n GV RN PRI T oS e N G




’

k)
K -
1,
&

R
T

e

AL i e S o
TR ok o SR e i |

2

AR CaRE e e

.\ .

SR el T nfe e 1 o L

APPENDIX SHEET VII

Figure 16, Plating fixture

— assembled
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APPENDIX SHEET VIII
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b Figure 17. Plating fizxture disassembled to show component parts. P

A == Anode. C-C = Cathode contact member., C - Sample cathode
slug.
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