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ABSTRACT

. . e
WA bt T o A Y s ity

The electrodeposition of thick deposits of rhenium co-deposited
with the iron group metals (binary systems) from various electrolytes .
has been invostigated. Microstructures of some-of the alloys are ;

shown and some of their properties have been evaluated and discussed,

»n

The bghavior of the alloys-® (15-45 weight per cent Re) after heat

) treatment at temperatures ranging from 600-1800°F have been studied
and the microstructural and microhardness changes are presented, 3
Crystallography of éhe Co-Re system before ancd after heat treatment

is also discussed, The effects of inert sub-micron sized dispersoids

of A1203 on the microstructure and properties of Co-Re alloy

coatings is presented.

Electrodeposits of Co-Re and Fe-Re alloys can be obtained that

are sound, thick (3~7 mils) and smooth and which could be considered
for industrial applications. The results for the Ni-Re system were

less satisfactory, The Co-Re alloys exhibit a significant increase

J A e I

in microhardness after heat treatment at 600°C which does not
decrease until heat treating temperature exceeds approximately 1S00°F,

The microstructures of the alloys are laminar superimposed over a

columnar structure. DUata showing the increase in hardness and in the

) _ recrystallization temperature of cobalt with alloying additions of Re

MA(

S Ve et

and Al 0, dispersoids are also given.: .
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PART T

INTRODUCTION

Hurerous claims are reported in the literature on the electro-
depcsition of refracﬁory metals in the pure state in aquecus
l .Q . . . ‘.
electrolytes, The oripginal claims and failures of investigators to
\

reproduce Ehe,results with metals such as tungsten or molybdenum have

.

been reported in a number of publications and patents which have been
\

,revzewed by Blum § Hogabooml, Lowenhe1m2, and more recently evaluatod‘

in an excellent treatise by BrennerB. The evidence indicates that

rhenium is the only refractory metal which can be electrodeposited.

\  The properties of rhenium have Leen the subject of increasing,

interest in recent years, Some of the more important properties of

3 \ - - - - -
rhenium deP051ts which are responsible for its commercxal success are

\
its high meltlnd point anﬂ high values of chemical resistance, hardness,

and wear resistance. However, elec%rodenoqlted rhenium has, some short-
a?mings which have limited its use to a minimu; of industriél
applications, For example: 1. The cathéde cyrrent efficiency of
rheniur in aqueous solutions is lcw. 2. Deposits which exceed
approx. 2 microns are generally cracked due to reéidual'stresses. \

3, TRhenium is known to have rel§tively po;r oxjdation resistance. ,Par

more important than the above limitations is the high cost (similar to

platinum) which has k?pt rhenium from being a valuable engineering \

¥

. ) ‘
material, Most of the abovel shortcomings can be circumvented, however,

1
H

b& codepositing rhenium with the iron group met%ls. In this manner the

current eftriciency is ipcreased, stress cracks are minimized or

\ !
}

B
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. \ . elinrinated, rechanical and chemical properties are ‘moroved, thickness

%‘, can be increased and mest important of all will be the consumption of
Jt ‘ [}

g - . - - . . \
& . less rhenium, Furthermore, rhenium and its alloys possess manv other
2. . l *

L3

\ - . .
valuable properties, althourh many of these have only been studied with -

5. ' .
N -

the thermally prepared forms of the metal and its allovs.
“hile as-deposited alloys are not normally in thermodvnamic

equilibrium, it has been well established by X=ray diffraction data
that they are true allovs and can form crystal types whichk aré the sare
. -1 1

as predicted by the phase diagﬂam determined from therrally nrepared

I B \

a’llcys . ) !
The remarkable difference between electrocrystallized alloys and
\
- those from the melt arée the ﬁresence of solid solutions of }

simultaneously discharged metals whether or not the phase diagram shows

-

o4 the solid soluytion phaseu. For exampl?, according to the phase

i
\ diagram lead is esséntially insoluble in copner but electrol&ticallv

prepared copper-lead deposits have been found to be solid solution

type alloys which are metastable. Another imﬁortant difference is ;

A

. that the hardness, grain size and microstructure of electro-

i3 . crystallized alloyﬁ can be altered considerably b{ varying plating

s . s ' : .
conditicns in addition to heat treatment. Therefore, electio-

it s e n in & i oy in man erci
deposited alloys can perform in & superior manner in many commercial

applications such as electrolytically prepared brass, bronze, Pb-Sn,

Ni-qo as well as others. A reasonable expectation, therefore, is that
iﬂ not only should some of the alloying effects of rhenjun found in

thermally prenared alloys be imparted to electrolytically prepared
E... i

alloys after suitable‘héat.treatment bdF improved alloys may be

obiained. ' \ _ . \

\

i ™




“his thesis will deal with scme of the metallurgical promerties of

raeriur alloyed witn the iron group metals by electrodeposition. A

brief review of rhenium from its origin to this present day is given

Lelcw which includes other properties, alloying effects z1d successful

applications,

PART II

BACKGROUND

A. HISTORICAL

Credit for the discovery of rhenium (in 1925) was given to Noddack,
Tacke and Berg of Germany, who first isolated and concentrated the nure
metal which was given the name rhenium (Rhinemetal) after the river
rhine, Shortly after its discoyery, rhenium ?eceived little
cormercial attention because of its being widely scattered in the
-earths surface in small concentrations which“resulted in high cost.
Hewever,during the past two decades, rhenium has gained significant
recognition as a high performance enpineering material prapared either

thermally (e.g., arc cast or sintering) as a metal or alloy or in a
few cases electrolytically as a metal.

B. METALLURGICAL STUDIES

An excellent survev combined with further investigations on the

fabrication and forming of rhenium and its alloys has bcen coenducted by

Sims et a15’6’7 under the sponsorship‘of an Air Torce contract. In

recopnizing the notential of the metal,the Llectrochermical Society

(in 1960) held a symposium on rheniums. At this symposiun,
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ccany iensive coverage was given to the rhvsical metallurgy and
pronerties of the metal and its allovs which have led %o zcme

sueccessful industrial apnlications. liore recent data on the
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C. ELECTRODEPOSITION STUDIES

1. RHENJUM

Rheniun electrodeposition uvas first reported bv Fink and
nerenlo‘ll ir 1934 from a nurber of aqueous nlating haths. TFollowing
their work, a number of publications and patents on the electro-
denosition of rhenium were added to the literature by other
investigatorsl2'?0.

A well documented characteristic behavior of the shinv as-
plated rhenium found in the cited litepature is its unstablenress *n
moisture (turning dark in color). Heat treatment at 950-1009°C in
hvdrogen (15-60 min.) is reaquired to impart tarnish-resistance to
the metal., A proposed exnlanationQO is that rnenium is deposited
as rhenium hydride which is decomposed to metal and hvcrogen curing
firinpg at 950°C, Camp18 reported that the darkening of rhenium can
also be overcome by plating in a proprietary slipghtly acid phosvhate
bath at a lower cathode efficiency, thus avoiding the heating in
hydrogen,

2. RHENIUM ALLOYS
The work performed by Fink and Deren also stimulated the

21,22 whereby they prepared armoniacal

efforts of Netherton and Holt
citrate baths for the electrodeposition of binary alloys of rhenium

with the iron group metals, Their work involved the study of effects

-
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of bath ccmpcsition and fléting cenditions on cAathode efficiency and
on the compesition of relativelv thin alloy deposits. These alloy
depcsits were found to be highlv resistant to the darkering which nure
rhenivn deposits exnerienced when exposed to air for a long time. The
latter vork was further exolored with Ni-Re by Sominskava et 21 as
reported by Savitskiy, et a123.

Xorovin and RonzhiﬁQu co-depesited high percentages of Re with
Nickel using ammonium sulphate to improve the huffering capacity of the

electrolyte. Their results showed that alloy composition was deterwined
Ly the li: (MitRe) ratio in solution and depended little on current
dersity, temperature or pl of the electrolyte. Savitskiv et al?3
rerorted that more recent studies by Sominskava and Nikitina produced
sound Re-li devosits up to 30 microns (approx, 1 mil).

¥henium-chromium binary coatings were reported by Kvokova and
Lainer16 in studies of thick, dense coatings.
D. PROFERTIES OF RHENIUM

The physical and mechanical properties of rhenium is considerablv
scatterad in the various literature previously cited. However, a
consolidated review of many of these proverties can be obtaired in a
paper by Sims, et a125. Some of the more attractive properties which
illustrate rhenium's potential as an engineering material are as
follows:

Phenium is hexagonal close-pacﬁed (HiCP) in structure; has a high

relting point (3167°C), and density (21,04 g/cc), is relativelv hard

e e
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.e., electrolytically 494 Vickers compared to 525 for Cr) and has

(

high wear resistance and a low coefficienc of friction. Phenium work-

I

hardens mcre than any other known pure metal, but on annealing,
hecomes quite 8oft and ductile, The metal has a low vapor pressure,
outsta. g resistance to the "water cycle effect" * and does not
form stable hydrides, carbides or nitride§25.

The metal has high strength (160 Ksi T.S. in the annealed
cendition for 106 mil sheet or 1/8" rod)27 and retains its strength at
high temperature (e.g., 80 Ksi T.S. at 1100°F), It has been well
established that unlike molybdenum or tungsten, rhenium does not go
through a ductile~to-brittle transition26 (even in the recrystallized
conditicen).

Its distinctive property among the refractory metals is its
high ductility, retention of ductility after thermal cyeling (unlike
tungsten) and jts ductilizing effect when alloyed with other
refractory metals (e.g., tungsten and molybdenum)., It has also been
established that adding as litfle as 2% rhenium to nickel shifts the
temnerature at which recrystallization starts from 400°C to 600°C28.

The electrical resistivity of the metal is about u4 times that

of tungsten (19,14 vs 5,5 microhm-cm at 20°C). FRhenium has shown

.#Llectrical or electronic filaments in vacuum or inert gas tubes are
exnosed to unavoidable residual water vapor, Therefore in the
presence of water vapor, detrimental reactions occur with metals such
as tungsten which results in transfer of metal from the filament to
envelope walls, Rhenium and Re-W alloy is resistant to this effect,




hish erosicn resistance as an electrical contact material in high
current c¢ycling in both air atmosphere and submerged in 0i1?, The
lower cxides of rhanium are semiconductive3® which offers high
reliability in elegtrical contacts.

The best established uses for rhenium and rhenium alioys to
date are in the lamp and electronics field, For example tungsten-
rhenium (¥-3% Re) allovs are used for heated cathodes and power
tubes. Also 1-10% rhenium in nickel improves the high temperature
mechanical properties of thermionic cathodes 3?1,

Rhenium is unattacked by hydrochloric acid, resistant to
sulfuric acid but dissolves readily in nitric acid. It is hiphly
resistant to attack by molten tin, silver, copper and aluminum,

" A rather thorough quantitative study on the corrosion and electro-
chemical behavior of rhenium in various media was conducted by
Tamashov and Matveevaaz.

Rhenium and its compounds, corresponding to all of the
oxidation states from -1 to +7%, have been extensively treated in a
nonograph by Druce33, The most common of its oxides i; rhenium
heptoxide, Re207, which is readily formed b¥ exposure of the metal

to moist air, or by heating and the oxide is highly volatile. The

melting point of Re207 is 297°C and it can be reduced by hydrogen,

“According to Paulingau this is the only known occurrence of a metal

with a negative oxidation number,
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€0, 50, an? other reducing agents to lower oxides or the pure metal.

?
Tre czicde Re 04 is readily soluble in water, hydrolyzing te form the
strong acid, HRe0.

It the case of hot working of the metal, rhenium appears to he
characterized by hot shortness 0, The hot shortness is reported to be
causeé bv the low melting Re 04, which readily forms at grain boundaries
when rhenium is hot worked in air. It appears that unless rhenium is
alloyed, the metal must be protected by other coatings, or reducing or
irert atmosphercs in order to utilize its high temperature strength
capabilities,

The favorable wear and frictional properties of rhenium coatings

3 and more recently by DePew and Larsenss.

were reported by Rabinowicz
Buckley & Johnson37 have shownvthat for low friction and low wear, a
retal should have not only a hexagonal crystal structure, but a high
ratio of ¢ to a dimension in its crystal lattice., Thus cobalt, with a

35 shows

c/a ratio of 1,625, results in low friction and Rabinowicz
rhenium, with a c¢/a ratio of 1,615, to also result in low friction. The
wear and frictional behavior of silver-rhenium alloy coatings were
reported by Turns38.

Root and Beach3? successfully demonstrated the ductilizing effect
of rhenium by first plating rhenium on a tungéten wire (for filaments)

and then heating to attain diffusion, ‘he resulting wire was found to

to be very ductile in bend tests while an uncoated tungsten wire was

o
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generally brittle. In their electrodeposition studies, Netherton and
Holtzl osserved trat rhenium-nickel alloys were less effected than

rhesiun when-exposed to air, water, acids and bases.

PART III

OBJECTIVES

Ir summarizing the general properties of rhenium metal cne may
conclude that the greatest benefits which may be derived from the use
of the metal is by utilizing its alloving effects on other metals to
tailor their properties for high performance applications. However
the metallurgical properties of coatings of rhenium when codenosited
with the iron group metals have not been studied and the depmosition of
relatively thick (> 1 mil) rhenium alloy depmosits have not been
reported, As previously discussed, studies of electrodeposited rhenium
alloys have been directed to the concentration of the bath and process
controls and their effects on the composition of the deposits produced
whick were relatively thin (<1 mil),

The purpose of this present study was to:

1., Explore the plating conditions to produce sound_and relatively
thick (3 to 7 mils) deposits of various compositions of rhenium co-
deposited with the iron group metals with emphasis given to cobalt.

2, To evaluate some of the metallurgical properties and micro-

structures of the alloy coatings after post heat treating in the range

600° - 1800°F,
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3. 7o determine the effects of inert sub-micron sized disper:oids

of Al,03 on the microstructures and properties of Co~Re alloy coatings.

PART IV

THEORETICAL CONSIDERATIONS

A. ELECTROCHEMICAJ], PRINCIPLES

The fundamentals of alloy deposition have becen rresented by a
number of authors, among which ave Brcnnerao, Raub and Mullerh, and
Faustal. The same princinles and control variables apply to alloy
deposition as to single-metal deposition but the problems which
evolve in codeposition become more complex. In order to codeposit two
o; more mctals, the variables must be combined in a way that causes
the metals to codeposit at the same potentia]hl. The deposition
potential of a metal or alloy is determined by the activities of
cations and anions in the cathode "film'" and by the temperature., The
activities are functions of the ion concentrations which, in the
cathode film, are determined by the rates of deposition, by the ion
conicentration in the bah, and by the rates of diffusion of the ions
involved,

An oxidation-reduction reaction can be represented42 by the follow-
ing general equation:

(¢9) X0 + mX + ne = yR + 22

in which "0" and "R" reoresent the two components of the oxidation-

reduction couples; X and Z are substances involved in the process

[R———




(which in many chemical equilibria are hydrogen ion and water); and
X, m, n, y and z are stoichiometric coefficients.

To determine the potential "Z" of a system in which the reactants
ace not at unit activity, the familiar Nernst equation which corres-
ponds te reaction (1) has been employed:

a_ .
9 E = g° + RL_ 1 ._oxid
) of ared.

# of electrons transferred

»
=
[}

%oxid = activities of oxidized smecies
%red. = activities of reduced species
or
(3: E=©E +-RL 1n ag aﬂ

in which the a's are the activities of the substances involved, R is
the gas constant, T the absolute temperature, and F the faraday con-

. stant. E° is the normal or standard potential for the redox couple
being considered.

If the E® values fer the two metals to be plated are far apart in
the standard emf series then codeposition prospects would appear to
be remot :. This difference in potential can be eliminated or even
reversed by changing the values of the activities of the depositing
cation in the f£ilm of the electroiyte at the cathode surface. The
change in activities can be accomplished by a large change in the
concentration of the ions of the depositing metals, such as by

complex ion formatiomn.
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The discharge potential of rhenium depends on the hydrogen ion
concentrationza, Therefore, the reaction for rhenium electrodeposition
in acid media has been expressed as:

ReO; + B8H" + 7e - Re + 4Hy0
in which the reaction occurs via an intermediate stage. From equation

(3), the potential of this reaction is given by the equation

= §O RT 8
*) ERe =E Re + 7F In aReOl: . agt :

Lccording to Latimerq3, the st.ndard potential of Re in acid media is:
0 -
E Re = 0.353 volt
Similarly, in the case of alkaline media, the reaction for rhenium
electrodeposition can be expresscd as:
ReO; + 4H)0 + Te - Re + 80H™

The potential of this reaction is given by:

4Re0”
RT 4 .
(5) Ep, = E%Re * In
€ 7F 380}1-
The standard potential of Re in alkaline media43 is:
E® = =0,584 volt
Re

The Wernst relation, presented above, has been quoted in many
texts as a bacic principle of alloy plating. However, it is
applicable only in cases in which both metals of an alloy are
depositing near their equilibrium potentials. Unfortunately, very

few alloy plating systems satisfy this condition and the use of the
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Nernst equation often has led to incorrect notions concerning alloy

depositionAa. While the equilibrium electrode potentialis of the

individual metals may be several hundred millivolts apart, alloy

deposition occurs in many cases.

In. view of the above, theorctical principles have not becn very
fruitful in the study and development of new alloy plating processes.
Therefore, the establishing of suitable types of complexes and bath

composition which yield sound alloy deposits can only continue to be

done by experimental research,

B. THEORY OF RHENIUM ELECIRODEPOSITION

Niketina and Sominskayalg investigated the mechanism cf rhenium

electrodeposition and found that the cathodic current efficiency
depcnded on the state cf the electrcde surface and that the state of

the electrode surface depended on the additives present in the

electrolyte. Their studies indicated that ammonium sulfate added to

the electrolyte activated the cathode surface,

C. THEORY OF RHENIUM ALLOY ELECTRODEPOSITION

According to Netherton and Holtzz, the mechanism of the cathode

process involved in the electrodeposition of rhenium alloys reported

by them is somewhat uncertain but they presented the following: The

assumed presence of certain types of coordination complexes could

explain the alioys with high rhenium content. The formula for one of

the cobalt ammine complex rhenium salts that has been previously

prepared is Co(NH3)g(ReO4)3. According to Werner's theory of

|
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coordination compounds this type of compound may undergo isomerism

in solution to give types of icns as £ollows:

(Co(NH3)5 ReOa)++ and (Co(NH3)4 (Re04)2)+

The positive charged complex ions would be transported to the
cathode more readily than a negative ion which would approach the
cathode by diffusion, It is speculated that the citrate ion in the
bath affects the types of complex inns present and thus adds to the
complexity of the reduction process, It is evident from the above
that the mechanism of the electrodeposition of rhenium alloyed with
iron, nickel, and cobalt will not be understood until the electro-
deposition of the single metals (Ni, Co, or Fe) from citrate solu-
tions has been studied more extensively.

D. PHASE DIAGRAMS OF IRON GROUP METALS ALLOYED WITH RHENIUM

Property benefits can be realized from each of the three alloy

systems considered in this study in which the major one is to increase

the wmelting point of iron group metals and still hopefully retain a

marginal degree of their ductility. An interesting part of this study

is that each of the iron group metals has a different crystal structure

which dissolves with HCP rhenium to form single phase solid solution

strengthened alloys for the concentrations studied in this investiga-

tion.,
Ni-Re The diagram in figure 1 is the work of Pogodin and
Skrvabina (1) (see figure 1) as presented by Eliotas,
who determined the equilibrium by thermal, metal-

lographic, and X-ray analysis of alloys prepared

14
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Co-Re

Te=Re

\
i
\

from high purity N; and 99.6 - 9018% Re, There is
extensive mutual solubility of the elements with nd
components existiny. The solubility of ée in Hi
Cecreases rapidly with decreasing temperature& vherea
the solcbility ofiNi in Re varies\less with
tomperature. Eliot remorted that the minimum in the

solidus of Ni is obviouslv inconsistent with the

liouidus since there is no tangency. Since [1] pives

i

data for both liquidus and seolidus, ig is impessible

to iudﬁL which is in error. Reproduced lromrly %

i ‘best available co

- s . . ’ T
The diagram in figure 2 was oresented by,Ellot‘r who

. modified the ..ork of¥%ndtskii\and Tylkina [2] to

N N 1
indicate thq peritectic formation of C>{-Co as i

: ; 47 s
predicted by Hansen ', The solidus temperature of

\
seven all?ys ovex; the whple range of compositiors was
l ) 1
originally determined by Savitskii and Tylkina [2]

who, according to Eliot, erroneously iddicated

16
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so%&bility between Pe (HCP) and the high temperature -

allotrope of CO\(FCC). The flat portion of the

\
solidus curve observed by Savitskii and Tylkina [2]

¥
at the Co-rich end is consistent with such an
interpretation. (The inset will be discussed later)
This system is the most extensivelv studied of the

three binary svstems, The phase diagram of the

partial system Fe-Re?FeS-(Gﬁ.qﬂ wt. % Re) presented
! \
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by l!ansen["8 in figure 3 is based on thermal analysis
and microscopic data by Eggers (3). X-ray powder
patterns, obtained by exposure samples at high
temperatures, corroborate the existence of the
phases shown., Alttough the diagram cannot be
regarded as representing equilibrium conditions, at
least it outlines the phase relationships shown. The
five phases found by Eggers (3) in establishing the
equilibrium diagram up to 50% rhenium are:

1. €E ~-phase - This is probably FegRe, according to
Sims et a1®? and showed a low solubility for irom
down tc room temperature, It was very hard,

2, Tl ~-phase ~ A phase of wide solubility, appar-~

eatly based on Fe,Re, formed at 1205°C,

3

3. 8 -iron - Decomposes eutectoidally to X - and
]\ -phases at 1540°¢.
4, 2{ -iron - Face-centered gamma fron which dis-
solves up to 40% rhenium at 1205°C,
5. ©X -iron - Body-centered alpha which dissolves
up to 29% rhenium,
From the standpoint of melting point and ductility, Fe-Re should be
the best candidate since iron has & higher M.P. and is BCC in structure.

However, iron is allotronic and phase transformations take place at

clevated temperatures which must be taken into consideration when rapid

18
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Figure 3. Equilibrium Diagram of the Iron - Rhenium System
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chanpas in temperature take place during service, In addition,

compound formaticn which exists iIn the Fe-Re svstem mav be detrimental

Reproduced from

avoiced, best available copy.

From the standnoint of alleyins duving co-demosition of twe
metals, metals with the same crystal structure should alley easier and
nroduce more homogeneous alloys than two metals with different
structures, Therefore Co-Re would meet these requirements and the
phase diapgram shows a continuous increase in M.P. with increasing Pe
which is desirable. -Howevcr, cobalt is also allotronic and
urnfortunately HCP structurcs would be expected to be mere brittle than'
cubic structures.

The ¥i-Re system is of interest because of the extensive mutual
solubility; absence cf compound formation; rno phase transformaticns
and frem a metallurgical standpoint should be less brittle than Co-Re

since Ni is FCC in structure,

The above evaluation for the three allov systems is primarily

: bYased on the metallurgists’viewnoint in forming thermal allovs which

{ should also take atomic radii differences into consideration. Frem
this standpoint one may consider the selection of an alloy system
without experimentation., liowever, the success of forming allevs by
co-deposition which are sound and which meet tﬂe property reouirements

must also depend on other factors which are based on electrochemical

factors., The above metallurgical considerations can only be
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cersidered as a guide and the selection of such alleys by co-
deposition for engineering applications must be determined bv

experirentation and process development,

" PART V

EXPERIMENTAL PROCEDURE

A. PLATING BATHS ‘

The acqueous plating baths investipgated (see Table I) were;

1, Nickel plating baths modified by the addition of potassium
perrhenate (KRe0,). (Bath Nurbers 1 and 2)

2, An ammoniacal citrate bath containing KRe9, or ammonium
perrhenate (NHuReOu) and nickel, cobalt or iron sulphate, (Bath
Numbers 3, 6 and 8)

3. Ammonium sulphate and nickel sulphate with additions of
KReOu. (Bath Number 5)

4, The last bath studied which has not heen previously
reported in the literature is the conventi;;al nickel sulfarate
bath with additions of KRe0, or NH, Re0,. (Bath Numbers % and 7)

Bath Numbers 4 and 7 were explored because of the relatively
low stressed Jeposits of iron group metals which have been produced
in a sulfamate electrolyte, Experiments with, Bath 5 follows the
work of Korovin and Ronzhinls, whereby they reported that the usé

of ammonium sulphate improved the buffering capacity of the

electrolyte in contrast to citric acid,

e, ¥ o e
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TABLE I. COMPOSITION OF BATHS FOR CODEPOSITING RHENIUM WITH THE IRON GROUP METALS
Comp'd | As-Metal [Metal
Bath Conc. | Conc. | %Re
No. | Alloy| Bath Formula g/l g/l |InBath | Reference
i Ni-Re | #ickel Sulfate (NiS04.6H40) 225 61
Nickel Chloside (NiCl9.Ho0) 45 ”
Boric Acid (H3803) 30 @n
Potassium perrhenate (KRe0y) 1 0.64 1
2 Ni-Re | Same as bath (1) plus citric acid 21
[B3H4(0H)(EBUH)3.HZU] 10
3 Ni-Re Nickel Sulfate 56 12.5
Citric lcid 66 (2])
Potassium perrhenate 4 2.56 17
Ammonium Hydroxide (NH50H) as required
4 Ni-fe | Nicke! Sulfamate [Ni(NH9S05)9] 323 15
*Nickel Bromide Concentrate 51.2 .
Boric Acid (H3804) 23.9 presen:
*Wetting Agent 0.5 paper
-otassium perrhenate ] 0.64 0.24
] Ni-Re Nickel Sulfate 5 1.1
Ammonium Sulfate [(NH,)9$0,] 50 (24)
Potassium perrhenate 4 2.56 10
§ Co-Re Cobalt Sulfate (CoS04.7H0) 650 12.5
Citric Acid 66
Potassium perrhenate 1-30 0.64-19.2|4.87-60.5| (22)
Ammnnl m ?errhenate (NH4Re0,)
enisher
1 tu-Re Same as bath (4) except
cobalt in place of nickel. present
Potassium perrhenate 1-4 0.64-2.56/0.84-3.3 | Paper
8 Fe-Re Ferrous Suifate (FeSO4.TH,0) 59.4 12
Citric Acid 6.6
Potassium perrhenate 10 6.4 35 (22)
Ammonium perrhenate
for Replenisher

* * Duponol Me Dry" supplied by DuPont Co.

* Supplied by Harstan Chemical Co.,
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B, BATH PREPARATION

All bath constituents (C.P. or reagent grade), except KReOQ, were
added to distilled water to give a bath of the desired composition.
Since KReO, is not very soluble in cold water, it was dissolved in a
volume of 250-500ml of the above rolution using a hot-water bath., Bath
pH was determined by a glass electrode at the operating temperature of
the bath and was adjusted with armmonium hydroxide, except for the
sulfamate bath which was adjusted with sulfamic acid. Since consumable
anodes of cobalt, iron, or nickel were uvsed and periodic additions of
rhenium were niade during plating, the baths werc successfully reused
for several platings after corzecting the pH for cach rur. Tha preo-

liminaryv experiments of shorter plating cycles were performed without

b

¢ renlenishment, in oxrder to attempt to duplicate the results of
Reproduced from

best available copy.%

For the earlier platings, potassium perrhenate was first used in

other investiguators,

the initial bath make-up and as the replenisher, However, durilag the
later experiments, ammonium perrhenate became avallable and wa. pref-
erable as thc replenisher., The solutility of NH,ReQ, is much greater
than KReO, and most useful in baths operated at lower temperatures

(such as the sulfamate bath). The percent of rhenium metal ir KRe(y

is 64,3% us compaved te 69.4% for NHAReC .

C. PREPARATION OF ELECTROCOMPOSITES OF Co-Re WITH A1203 PARTICLES

The preparation of dispersion strengthened alloys by electro-

deposition had originally been repocted by Sauctersc, and later by

51 g2

Browning et al”"; Creco and Baldau and others and, therefore, will
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not be discussed in this writing. Submicron (9.05y) A1,0, particles
were mixed in the electrolyte at concentrations of 50 g/l., Apitation

of the electrolvte during electrodepositicn was sufficient to maintain

the particles in suspension, This permitted the narticles to collide -

on the c:thode surface during deposition and subseauentlv entrap

themselves in the matrix of the Co-Re alloy.

D. TLECTROLYSIS .
Direct current was supplied by a R,0, Hull model selenium tyne

rectifier with a variable voltapre control. The immersed nortion of

the anodes employed were approximately 3/4 in., x 2 in. in dimension.

The cathodes were copper, stainless steel (300 series) or carbon

steel with the effective plating area measuring 3/% in. x 3/4 in, to

1-1/2 in.. Anode to cathode distances were maintained at 3/4 in..

The temperature of the electrolytes was maintained with electric hot

plates combined with magnetic stirrers, Water was added to the baths .

periodically to compensate for evaporation.

E. ANALYSIS OF DEPOSITS
For analysis, the allov deposits were é&ssolved by treatment with

6NoHoS0, and a small amount of 0% H202. The iren groun metals were

separated from rhenium by nrecipitation with hot 5% sodium hvdroxide

solution, The metal hydroxides {iron group) were then dissolved in

6NH?SO“ and the metal determined electrolytically from a strongly

ammoniacal solution. Rhenium was determined gravimetrically as ritren

perrhenate. With alloy deposits weighing approximately 0.2 - 0,3 gms,
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the total of the irom group metal and rhenium found in the deposit

o3 10 TR T e SRR R AR B B e B N

was consistently abowve 985 and in some cases above 0%,
F. HEAT TREATMENT

The effects of heat treatnent on the alloy deposits were
determined for tempexatures ranging from 316 - 982°C {600 - 1ANOOT)
using 3 specimens fromeach kind of experiment for each temperature.
Yhile most speciméns vere Theaed while attached to their substrates,
somre deposits were detache<d and then heated, Specimens were placed
in an alumina tube andbroxght up to temperature and held for 1 hour
and cooled to room tempera-ture with dry argon or hydrogen atmosphere
raintained at a pressure s 1ightly above atmospheric with a flow rate
of 500 mL/min.
G. HARDNESS MEASURETINTS

Hardness measuremnents were made on the cross-sections of the
deposits with a Wils on Tuk on microhardness tester using a 50-100 gm
load and are reported on the Knoop scale. Hardness data plots are
presented with a 90% conficdence limit which is based on the student
"t" distribution for small sam'plings.

H, PHOTOMICROGRAPHS -

Cross~sections of specimens were mounted with and without their
substrates and polished us ing diamond abrasives, The polished
specimens were etched with asolution of 60 parts lactic acid, 30
parts Hi\'o3 + 5 parts HF, by swabbing from 10-15 seconds, The
photomicrographs were mde with & Polaroid camera using a Leitz

MMS Research Metallo granh,
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I, X-RAY ANALYSIS

The diffraction patterns were cbtaired using the powder Debve
Scherrer method. Unfiltered cobalt radiation was employed for an
exposure time of 3 hours. The "d" spacings were obtained usink.the

Bragg relation;

n>\=2dsin9

Lines which represent the "d" spacings of the cobalt-rhenium alloy
plating were indexed and conformed to the positions of a Hull-Davay
chart®? for a hexagonal close-packed structure with a c/a ratio of
1.62,
Je MICRO PROBE ANALYSIS

Allov coatings were also analyzed with the scanning electron
microprobe (Materials Analysis Corp. Model u005) using a smecimen
current of approximately 10-20 nano-amps and ?5 Kv, The specimens
were scanned along the two directions of the mounted cross-sections
(i.e., from the substrate to the top layer of the deposit and along

the center of the coating parallel to the substrate).




PART VI

EXPERIMENTAL RESULTS

A. EVALUATION OT LCLECTROLYTLS
The plating baths were evaluated for ease of operation and control
£ variables in achieving sound and thick alloy deposits. The majority
of alloy deposits produced in this study contained concentrations of
rhenium ranging from anproximately 2-45 weight %, however some deposits
were as rich as 75 weight % Re in cases where the rhenium concentrations
in the bath were increased accordingly., Some pure rhenium deposits
(less than 1 mil in thickness) were produced as standards for surface,
micro-probe, and X-ray examinations.
1, CONTROL OF PLATING CONDITIONS
The plating conditions employed were the same as those reported
in the literature and are included in Table II., Temnerature was
gif%icult to control in the earlier experiments at higher onerating
temperature and generally increased (as high as 5°F) with increasing
current density. The pH changes of some of the baths were significant
during the longer nlating runs .consistegtly increased or decreased
depending on the type bath,” When the volume of the electrolyte was
" increased from 250. to 500 ml better control of the process paraneters
was realized., In spite of ‘the variations In temperature aﬂd pH which
slightly altered the cathode current efficiency and % Re deposited,
the b;th parameters were still within the ranpe in which satisfactory

and sound deposits were reported by the refereanced investigators,
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-The results compiled from the numerous preliminary experiments

1
emp;oyiné the variou; baths are presented in Table III,

In peneral, the performance of the sulfamate bath in the
preparation of rheniumlalloys was found to be quite satisfactory for ) \
the studiesjwhich were conducted, The important ohservation made
during the ppglimin;ry investizations.was that alloy denosit% prepared
in the sulfamate bath without wetting agént were far less hrittle
ccm%ared to those from électroly%es with wetting agent, It is
suspected that the molecules of the w%tting agent and the Re ions are
depositing at the same time onto the cathodé surface vhich resuits?in .
structural characteristics different than the role plaved by wetting
agents with puée metals, The sulfamate data in Table III only
bepresents specimens prepared with wetting age%t. The only significant
difference which appears to be'vi;ually evident between these specimens:
and those prepa&ed withoutguetting.agent, is the presence of fine A
hairline crack which appear when flexing specimens prepared with

wetting agent. : \

2, SURFACE APPEATANCE OF ALﬁOY DEPOSITS

Table III shows that in the case of the Ni-Re system, chi.ck

deposits (H-S‘mils) were generally rough when current densities were%
high, When thick Ni-Re deposits were fenerally smcoth, they were

found low in Re content, In the.case ofjthe Co=~Re and Fe~Re systems,
sound, thick and smooth deposits of varying concentrations of rhen%um

were obtained with\an increasing silvery color as the rhenium content

in the deposit increased, The surface view of a typical Co-Re
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depogit is shown in figure 4 to be crack-free in contrast to chromium
deposits (inset) which commonly reveals a crack network due to the
release of high residual stresses. Fe-Re deposits were also found to
be crack-free, This comparison indicates that these denosits could
play a major role in high temperature environments where the substrate
must be completely protected from corrosive and erosive gases and
liquids,

3, WEIGHT % RE IN ALLOY DEPOSITS

Unlike the Ni-Re system, concentrations of rhenium in the Co-Re
and Fe-Re alloy deposits prepared in this study were significantly less
than the data reported by Netherton and Holt%? for the same process
conditions, In view of this difference one may cast doubt on the
accuracy of their data due to the following:

The deposits prepared by the latter authors had a maximum
thickness of 0,3 mils (7,5 microns) while the Co-Re and Fe-Re devosits
in the present study exceeded four mils (100 microns) in thickness.
Their reported weights of alioy deposits used for analysis raﬁged from
0.06 to 0,15 grams whercas the sampies for the present study were over
0.2 grams. Therefore differences could be due to error from their??
small sample weights and/or in our case to variation in bath behavior
when producing thick deposits which are more likely to cause
variations in bath compositions.,

With the alloy deposits of Co~Re and Fe-Re vr.éighing over 0,2
gms in our present study, the total of rhenium plus cobalt or iron

found by wet analysis, ranged from 97,80 - 99,17 weight %, Heating

sy

P

-a«#.«:}

i

B 3 et s IS




32

Figure 4.

Surface View of Crack-Free Llectrodeposited Co-Re in Contrast to
Chromium Revealing Stress Cracks...(Original Magnification x200
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the alloy depcsits in hvdrogen resulted in a weipnt reduction indicating
that oxides or other impurities nreviously existed, Therefore wet
analysis of allov denosits after heat treat should increase the latter

total metal content. Fercent values of Re in the ili-Re devosits for

this study were close to those reported by Metherton and Helt?L, liou-
ever, it may be worthy to mention that thicknesses vere somevhat less

(1-2 mils) and sample weights, in this case, were less than 0,2 arams,

The relation of weipght percent Re in denosits producsd in cur

studies to that of Re concentration in the bath for the Co-Re systems

is piven in figure 5, The relation of weight percent PRe in the

*

deposit to cathode current density is given in figure 6 for two

concentrations of rhenium in the bath for the Co-Re system and one

¥,

2
R~ =
Y

Reproduced from
best available copy.

concentration of rhenium for the Ni-Re system.

§

i

The results show that the Re concentration in the bath has 2
greaier effect on the weight percent Re in the Co-Re deposits than
the effect shown bv the curr.ent density. When the Re content in the
bath decreases, the effect of current density on denosit composition
of the Co-Re system increases., In the case of the Ni-Re system a
sharp initial drop in Re concentration occurs when first increasing
the current density.

4, MICROSTRUCTURES OF RHENIUM ALLOYED WITH IRON GROUP METALS

The crystal structure of electrodgposited allcys can best be
obtained by Xe~ray analysis which will be discussed later., However,
the microscopic examination of the cross-section of deposits is alse

of considerable interest as it reveals the microstructure or growth
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habit characteristics of electrocrystallized alloys. Since it i§
bevond the resolution of the ordinarv microscone ta single out actual
grains, Brennersi‘has suggested that possibly the term texture would he
more apnropriate since an afprepation of grains or crystals is probably
observed in the microstructures of electroderosited alloys.
}:lectrodepos;{ted alloys are in many respects similar to those
of the individually deposited metals in that the grain size is smaller
than that of thermal alloyssu. The microstructure of alloys studied
in the present investigation exhibited either fibrous columnar
structure or a laminar structure and in many cases exhibit both
structures combined, The latter microstructures are somevhat similar
to those reported for other alloy systemssu’ss. The photomicrographs
in figures 7 through 9 represent microstructures of some of tha allov
specimens listed in Table III, The microstructures representing the
Ni-Re system appear to be significantly affected by factors such as
the type bath, current density and rhenium concentration in the
deposi:, Unlike Ni~Re, the microstructure of Co-Re and Fe~Re denosits

anpear quite similar regardless of the bath or nlating conditions

; employed (figure 9),
S. OBSERVATIONS OF SOME GROWTH HABITS
The férmation of preferential sites for electrocrystallization
is strongly influenced by impurities and high metal ion concentration
gradients on the cathode surface which mav result in nodular and
heteropeneous srowth, One type of an irratic gr;wth change from

laminar to tree-like or deddritic texture is shown in figure 7e for

o
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Figure 7. Microstructures and Properties of Ni-Re Alloys Electrodeposited

Under Various Plating Conditions (Cross-Sectioned Perpendicular
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Figure 7. Microstructures and Properties of Ni-Re Alloys Electrodeposited
Under Various Plating Conditions (Cross-Sectioned Perpendicular
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the Ni-Re system, possibly dﬁe to dimini;hing Re ions. Figure 10a and
10b show formation of cones or columnar growth habits similar to pure
cobalt which were found to hgve higher concentrations of cobalt
;compared to the unetched matrix when examined by the miéroprobe.

It is speculated that the formation of these comes is
triggered by clinging hvdrogen bubbles or impurities which settle on
the cathode surface during electrodeposition agd initiate a condition
for the ratr of growth to predominate over the rate of nucleation,

The shielding by clinging gas bubbles or non-metallic impurities would
increase he cathode current density around the minute shield which
results in less deposition of rhenium. Another cbservation from the
review of Co~Re microstructures is the occasional appearance of stress
cracks vhich initiate at the interface rather than the surface which
appears to occur occasionally only with high rhenium concentrations in
the deposit wﬁen deposited on steel, (See figure 10c).

6, EVALUATION OF PLATING BATHS AND ALLOY SYSTEMS

PLATIHG BATHS - From the standpoint of plating baths for

producing rhenium alloys, a choiceiéannct justly be made without
experimentation, For example it was shown that while the sulfamate
bath did not produce satisfactory Ni-Re deposits with high Re contents,
the same sulfamate bath formulation with cobalt.in place of the nickel
ions produced satisfactory deposits, Therefcre the alloy systenm,
rather than the bath appears to be the procblem, It is believed that

bath 6 and 7 and possibly even bath § (with Co in place of Ni) would
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be satisfactory for producing To-Re deposits, idowever, extended studies.

" would be necessary to determine the advantages of one bath over the

- -

other,
ALLOY SYSTEMS - ﬁased on the data compiled up to this noint cf
"the study, the Co=Re .and Fe=Re allov sUs3tems appear mast DAomls’ng. \

The renroduc1b111 of results in obxalnwng sound, smooth and thick
deposits of Co-Re alloys has been demonstrated sufficiently to justify
. R 1

tiore concentrated studies with this alloy system,

o ‘s as .
! Due to a change in deposition conditions, various phases of

the phase diagrahm of a particular alloy system can appear in a coating

. !
while the Fean composition of an alfoy electr&deposit does not change,

. I .
Therefore, the selesction %f an alloy with a wide range.of solubility

\to form a continuous series of solid solutions should be\most
prefarable, This makes the Co-Re system the best candidate since a

change in icomposition should produce no cqmpounds or addmtl?nal phases

! i s
and from the standpoint of problems inhereht in electrolysis', deposits

of Co-Re were much more satisfactory than Ni-Re.

By .EVALUATION OF Co-Re ALLOYS
The extended studies with the Co-Re sys teq were conducted wlrh the

use of baths 6 and 7. The results of the studles are presented as
i N ~

followsy

~

\ 1. 'RELATION OF HARDNESS TO HEAT TREATMENT OF Co-Re ALLOYS
The most significant,characté;istic ofﬂCo-Re derosits after
heating is thé significant increase in ha*dnees which generally

uwproaghes a maximum,somewhere between 600-1?00°F. This effect is"




st

-
—
.
v
.

i - .
shown in“Figure 11 for two Co-Re alloys which were prepared with the

]
%

citric bath nurber 6 and compared with pure cobalt produced in the same
; :

s ) . sus s . s
hasic electroiyte an% nlating conditions. This behavior of increased
hardness is renorted to be characteristic of other alloy denonsigts
| ‘;

s 56 . . s s - .
according to Brenner™ .. He attributes this increase to precipitation
hardening which is convincing with the cobalt-tungsten svstem since it

| : ‘ .
is a precipitaéion hardenable alloy., liowever,,one can not be as easily

convinced when studying alloy systems in which ne precipitates! are

known to form, Some evédence for ewplaining the increase of hardness

after heating Co-Re alloys may be found in the X-ray data which wil) be -

|
discussed\latér. \

\
b Brenner alsc renorted that the maximum hardening which occurs
with the electrodepositedlallovs previqusly studied iras chtained within
a narrow range of ‘temperature which erends on the tyoe of‘allovss.
However the maximum hardness exhibited by the Co~Re alloys covers a
broader range of 'temperature (sé; later plots). ‘
2. ETFERT OF HEAT TRHAT%ENT ON MICROSTRUCTURE OF COBALT AND
| COBALT RHENIUM XI{LOY ‘i

, The changes in micéostructure of th; pure gobalt and Co-Re
(27%)udeposits corresponding to the hardness plot‘gn figure 11 are
' presented ié figure 12. The photomicrogréphs clearly show the%
recrystalliz%tion and annealing which took” place with pure . alt
whlle the alloy still appears to be recrysta11171ng at the highest
temperature with the laminar atructure slowly disaopearing, The latter
changes in micro;tructvre'appeav to be in line with the microhardness

changes shown in figure 11, '

N e e e ey
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3. EFFECT OF Re~CONCENTRATION .ON 'HARDN}'ISS

It was previously menticned that the properties of metals and
alloys prepéred by electrodeposition can be significantly altered by
the plating conditions in contrast to those thermally prepared, For
example, a large range of hardness values can be obtained with as~
plated deposits by merely changing the bath temperatu;e, pH or the |
éﬁnrent density in addition to impurities in the denosit. Therefore
it is difficult to obtain the relation of Re content with hardness in
as-plated deposits, since its effect is superimposed with other effects,
However, the examination of hardness values of a group of specimens -
after being subjected to heat treatment at various temperatures has
revealed that a relationship is first detected after annealing the
deposits for one hour at 1200°F, The relation of hardnes§ vs, Re
content in the deposit is shown in figure 13 for the 1200°F and 1800°F
treatments,

A comparison is also made between specimens heated in an argon
atmosphere and those in a hydrogen atmosbherg. Heat treatment of Co-
Re deposits in a hydrogen atmosphere consistently exhibited higher
hardness values than those heated in argon. Evidence froy this study
to explain the cause of hardness difference due to atmospheres is not
possible, l

4, HARDNESS BAND OF Co-Re ALLOYS

Since plating effects are superimposed with alloving effects

in altering the hardness of alloy deposits, it was decided to plot a

hardness band which represented all of thc specimens which fall into

46
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the comnesition ranpe of 15-15 weight nercent (Fijure 14). The

hardiness of these allovs apneared to increase rapidlv with the first

additions of Re which then decremsed iIn rate with higher additions.

iicever, the cause could not always be attributed to the Re alcre,

Alloy denosits with Re contents exceeding approximately 45 weight

rercent were generally found to be too brittle and exhibited nurerous :
cracks during metallepraphic nolishing. As a safe estimaie, Co-Fe and

Ie-Re alloys exceeding 45 weight percent Re are not recormended jor

thick deposits until improved process conditions can be established, -

Alloys helow 15 weight percent Re are not ciracked but have not heen
presented in the hardness band due to insufficient data,

A sound reason for the increase in hardness of Cc-Re after
heat treatment cannot be offered at this point'of the studv. liowever,
the X~-ray data may provide some strong evidence for the hehavior,

The photomicrographs shown in figure 15 represent the general
microstructures observed before and after heating Co-Re alloys with
the respective concentrations of Re ions in the bath and presumably .
correspondinﬁ increase of Re in the denosit, .As the Re increases in
the as-plated deposits, the laminar interfaces generally become finer.
Some cracks can be observed after heating the deposit prepared in the

30 g/l bath., An interesting ohscrvation is the refinement of the as-

plated laminae and resultant structure after heating of the deposit,

which contains the dispersed sub~micron Aly0 particles, .
5. RELATION OT" HARDNISS TO HEAT TREATMENT OF DISPCRSION
HARDENED Co=-Re ALLOYS
One group of Co-Re specimens were prevared bv disversing sub-

rmicron (.054) ADIUN particles in the matrix alloy during
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electrodeposition. Solution stéengtheﬂing %nd dispersion strengthening
were combined to determine the effects of the particles on the
properties of the Co-Re allovs., The change of hérdness after heat
treatment for one of the alloys is presented in figure 16, The results
show that the particles significantlv increase the hardness of the Co-Pe
allov throughout the heat treatment temperature vange as compared to the
general profile of Co-Re alloys without particles (see figure 1l) and
subsequently re¥ards the recrystallization and softening of the alloys
during heating. It should be mentioned that these sub-micron size
particles do not cause the degradation effects as the previously
mentioned gross foreign particles which decompose upon heating,

The -data presented in figure 16 again demonstrates the effect of
heat treat atmosphere on hardness with hydrogen producing +*he Larder
deposits even with dispersion hardened alloys,

The photomicrographs of Co-Re with dispeised Al203 shown in
figure 15 are representative of the microstructure for the given alloy
for the as~plated and heat treated (1800°F) condition.

6. X-RAY EXAMINATION OF COBALT—éHENIUM ALLCYS

The X-ray data showed that the as-plated specimens were alloys
of Co-Re of variable composition. Hewever the specimens did not all
consist of single phase alloys of Co-Re as oﬁe might expect from
rebiewing the equilibrium diagram, Instead, in some cases both the
HCP and cubic phase were detected in as~plated and also heat treated
specimens., It was also shown that heat treatment promoted the

formation of oxides of cobalt in the majecrity of specimens, The Y=ray

Tyt g




Co-Re(Al,05)
23.78 % Re

3.48 % Al04

1200 ¢

1000 ¢

600

4004

MICRO-HARDNESS (Knoop)

200 +

0 J I} [ | 1 I o 3. [l i} b de Leed. ) 3 i I i
v T 0\ — Y

200 400 800 800 1000 1200 1400 1800 1800 og
(93) {204) (316) (427) (337) (649) (76¢0)  (871) (982) (°C)

HEAT TREATMENT TEMPERATURE (ONE HOUR)

Figure 16, Relation of Room Temperature Microhardness to Heat Treatment for
a Co-Re (Al903) Alloy (Bath 6)




v apd

Y

o

! “‘cﬁ)«h—.\v’ﬁ

RE

X

33

Loy
.

data from 4 specimens (prenared in Bath No. §) subiected to various
temperatures of heat treatment are given in table IV, The change from
broad to sharp lines of the diffraction profiles after heating

corresponrds somewhat with the microstructural changes from fine to ¢

coarse grains observeG under the microscope. The phases detected

indicates the existence of 1wo behaviors:

a. Specimens 96 and 97 which have 20 - 25 wt % Re contain a
Co-Re phase with a cubic structure, When the Pe % is increased or
when A1203 Js present as with specimen 50 and 52, no cubic structure
is found. The Co-Re alloys with both the HCP and cubic phases
existing indicates that the alloy is not in equilibrium,

Koster and Horn®’ have presented data (see inset in
figure 2) which shows the maximum point of o~ Co (cubic) in the
equilibrium diagram to exist at 25 atemic % Pe (which is above 50 wt
% Re) at 1500°C rather than 15 wt % Re as it is shown by Savitskii
and Tylkina. The X-ray data in table IV seems more cgnsistent with
the tghase diagram presented by Koster and Horn, One can conclude
from the table that when plating alldys having 20 - 25 wt % Re such
as Specimen No. 96, c>(f/3 phases may exist in the as-plated
condition and the two phases may still persist after heat treatment
indicating a non-equilibrium condition, This condition is similar
to what one would expect if the Co-Re alloy was heated up to the

oX+/3 zone of the phase diagram and then cooled by quenching whereby

the cubic phase (&X) is retained in a matrix of Co-Re (HCP) which

is represented as the ﬁ phase. -
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p. Varying amounts of oxides of cobalt were detected in the
rajority of specimens after subiecting them to the various temneratures
of heat treatment as indicated in t;ble IV, Since oxygen was not
introduced during heat treatment, it must be assumed that oxygen must
have been present in the matrix of the as-plated deposits. (In
order to minimize the formation of oxides, specimens probably should
be heat treated in a vacuum furnace,)

The existence of the oxides, formed unon heating <ie

specimens, mav be a contributing factor in the increase in hardness

occurring after heat treatment. However, the extent of oxide

formation detected, after heating the specimens at the different
temneratures, does not, correspond exactly with the hardness

measurements for the same temperatures,

PART VII

CONCLUSIONS

The data compiled in the present investigation offers the

following conclusions,

1. Smooth, sound, thick and crack free alloy deposits of Co=Re
and Fe-Re (up to approximately 60 weight percent Re) can be
successfully produced. While sound énd crack-free Ni-Re devosits
can be successfully produced, thirk deposits’ with the higher

concentrations of Re (i.e. approximately 16 wt, % Re) require more

development work,

g
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2. Post heat treatrent of Co-Re alloys siFnificantly increase

\

hardness decrease does not gencrally oecur until after a 1500-]1800°F

their hardness at the 600°T heat treatment temperature level and the \

' -
heat treatment cvcle, Fhe hardness drop is genérally smallﬁr as the
‘ .
]
amount of Re is increased, and in only a few cases does the hardness \

fail below the as-plated value,
\ . A

3. The nicroséructureslof Co-Re and Fe-Re alloys are laminar

~

superinposed over the columnar type structurs. The columnar structure
1
. i, - . . .
is tybical for the electrodeposited single iron groun metalk,
L; Based on the .lcrostructures and hardness changes,

recrystallization for pure cohbalt ampears to be complete at,
. - ,

approximately 1200°T ahove vhich annealilng takes Place. In the case
: 1
of Co-Re -alloys, laminations do not comnletely disannear\until heated
Fyiv \ -‘

at anproximatelv 1800°F at which recrystallization is still taking
i t

nlace with the degree of recrystallization being generally lesser

with increafe in Re content.

5. Dispeféion strengthening of Co-Re alloys was-very effective

[N

\
n refining the microstructure and theilr hardness profile for the
] ' ! :
. ]
various heat treatments. :

f. Continuous filtration of the electrolyte during nlating is

recommended to prevent fross foreign particles from entering the

\

matrix of the deposit whichl decomnose upon 'eating abd subsequently

nroduce structural defects in the deposit,

7. The heating of Co-Re spbecimens in a high vacuum and at a
\ .
\
lonper time should significantly increase their aqualities bv

pe]
-
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minimizing, oxide formation and aoproach1¥p the state of equiliBrium

and homogenization. . \
S ‘1 : i
. . PART ‘TIII '

RECOMMENDATIONS

1, Further studies| should be conauated to determine which bath

i . is most supeﬁior - the sulfamate or the citric bath, from the stand-
|

point of process controls and repioduclblllty of alloy denosmts.

\* 2. Other engineering nrozerties of electrodeposited rhenxum

alloyed with Co and Fe should be determined.’
I

'
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