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ABSTRACT
SEVERAL HIGH-STRENGTH STRUCTURES HAVE BEEN PRODUCED BY ELECTRO-

FORMING. FOR SPECIFIC MISSILE AND AEROSPACE APPLICATIONS. SEVERAL
ORGANIZATIONS HAVE ELECTR'FORMED NICKEL WITH ULTIMATE TENSILE
STRENGTHS OF 90.000 rO 100.000 PSI. OR MORE. TOUGH (NOTCH INSENSITIVE).
200.000-PSI NICKEL HAS BEEN ELECTROFORMED BY ONE OR TWO ORGANIZATIONS,
BUT ADDITIONAL INFORMATION MUST BE DEVELOPED BEFORE SUCH A HIGH
STRENGTH MATERIAL CAN BE ELECTROFORMED CONSISTENTLY IN A COMPLEXLY
SHAPED FORM. THIS STATE-OF-THE-ART REPORT DESCRIBES ADVANTAGES AND
LIMITATIONS OF ELECTROFORMING. SUMMARIZES AVAILABIE PROPERTY DATA
OF MATERIALS. AND DISCUSSES ELECTROFORMING CONDITIONS THAT MUST BE
MAINTAINED FOR GOOD CONTROL OF STRUCTURAL PROPERTIES.
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Section 1. INTRODUCION

Electroforming. first employed 120 years ago for realized in the engineering profession. This survey was
prodlucing printing plates and art forms, has emerged as ui-dertakcn to determine the advantages, scope, and
a practical fabrication procedure for structures. Appli- limitations of electroforming as a practicaii and eco-
cations have been more extensive than is generally nomical method for faibricating structures.
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Section II. SUMMARY

Diverse and numerous applications for electroforming the metal. Factors overlooked or disreardet in many
have been noted more recently in the engineering litera- instances included the concentration of the addition
turc, and additional applications ha e been described in agent, the concentratioa of metallic impurities and of
responses to a questionnaire circulazed to organizations suspended particulate matter, filtration rate, and agita-
engaged ii clectroforming. tion rate. Vendors of electroformed structures must

In typical case histories, be'ter structures have been accept the fact that good process controls have to be
obtained at a iower ccst by clectroforming than with rigidly followed.
other fab.-ication methods. Pinhole-free siructures with Property data are less extensive and detailed for
good dcns;ty and strength ha-ve been produced by clec- electroformed than for rolled or forged metals, and engi-
troforming. Unlike free-standing bodies formed by neering development is much farther advanced for
plasma arc, electrophoresis, and other molecular-deposi- conventional methods of fabrication than for electro--
tion methods. electroformed structures do not require forming. Yet the available property data for electro-
compaction for densitication. formed nickel and the information developed on

Nickel, a metal that has ,isually been selected for electroforming techniques, provide a sound basis for
electroformed structures. is the strongest material Cdec- commercial growth. A few organizations have used
troformed at the present time. The ultimate and yield these data and this information suc-essfully in supplying
strengths over th.e temperature range of about -- 423 to acceptable structures. In other instances, facilities, engi-
1000 deg. F for sonie nickel specimens electroformed in neering, and/or instrumentation must be improved to
sulfamate solutions are similar to those of the popular maintain the necessary control. Some of the present
grades of stainless steel. A tensile strength of about commercial sources need personnel trained in metallurgy
200,000 psi with no ntch sensitivitv can be obtained and/or engineering. One recent report"5" states that a
with a sulfur contnt of (, 01 to 0.617 percent, but a special "in-house capability was established" for electro-
higher sulfur content causcs a reductuon iii the tens-le forming lightweight solar concentrators because "the
strength of notched specimens. For toiel: (not,'h in- required degree of process controls was not available"
sensitive) structures at cnogenic nrper.;ture-c. the ia shops using the ckctroforniing process.
maximum sulfur content of nickel appearQ to be 0.01 Businesses installing appropriate facilities and instru-
percent. The tensile strength of such nickel at -423 mentation for good control of properties must risk
deg. F %as about 300.000 psi. Sulfur is inio,-porated in capital investments. They need assurance that the risk
the nickel as sulfide, and originates from sulfur-bearing is reasonable. The fluidity of the demand from the in-
organic covipounds originally added to reduce st'ess, dustry (chicfl aircraft) supporting structural electro-

Electronic gear, molds, reflectors, electrotypes, and forming is clouding the risk question. Industries that
cerlain other specialties have been produced by electro- can profitably make use of elbcirof.rmed structures to
forming for many years, but thc control of properties solve problems in struLtural uniformity and homogeneity
important for structural items has net yet reached a should expect to support. either directly or indirectly,
truly satisfactc:y lcel on an industry-wide basis. Im- the cost of installing the equipment and instruments
provement in the control of properties is mandatory if required for high-quality, property-controlled electro-
the demand for electroformed structures continues to iorming. The risk clement is too large for the relatively
grow. Also, supplemental property data must be devel- small organizations that are technically qualified for
oped, and the conditions for producing electroformed expanding and improving their electroforming facilities.
structures need to be correlated in detail with the prop- The development of property data and procedures for
erty values developed f'ýr the material. Reported data producing electroformed structures began only three or
show only a general correlation with dhe type of solution, four years ago. Future development could match the
temperature, and electrical current density. Property advance-; made during the last ten years in developing
data for nickel electrofornied in like solutions at the high-strength stecls. There are prospects for a tougher
same temperatures, using the same levels of electrical and sronger clectiofermcd metal. Grain-size control
current density, span a broad range, which shows that by regul.ating the cathode potential during electrodeposi-
unreporrted factors greatly influenced the properties of tRefcrenccs cited are Siven on page 25.
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lion deserves study. Commercial organic addition agents have a significant harmful influence on performance.
exist for bri.-ht plating which do not contain sulfur, but Improvements in performance, and/or reductions in
which reline the grain sizc considerable. The influence cost, have been reported when some design changes were
of these agents on mechanical properties should be introduced for eliminating certain features that are in-
caluatcd. A nickel alloy of cobalt, and perhaps manga- compatible with the electroforming process.
nese, might mczt the need for a stronger tougher ma- Some organizations with experience in electroforming
tcria . Electroformcd nickel or nickel alloy with rein- are more optimistic than others in predicting successful
forced fibers and/or dispersed, submicron-sized particles electroforming of a large variety of structural shapes.
of dispersed oxides is another possibility. The not-so-optimistic opinions are based, at least in part,

For producing structures with high strength at high on experience with specifications requiring unnecessarily
temperatures, methods developed for electrodepositing rigid dimensional tolerances for difficult-to-form con
allo) s of cobalt or nickel and tungsten have been adapted tours which were "frozen" before an electroformiug
for elctroforming on a small scale. Procedures for specialist was consulted. In such case, electroforming
clectrodepositing these alloys and the dispersion-hard- was not feasible or was too costly.
cned metals that can be produced by electrodeposition It may be possible to fabricate several missile com-
hb:.% recently advanced to an engineering stage of de- ponents by electroforming to improve reliability and/or
S:lopmcnt and show good prospects for future exploita- reduce costs. It might be feasible, for example, to
tion electroform in one piece the pressure-tank segments for

In appraising the potential of the electrofotming SATURN V, although facilities would have to be in-
process. clectroforming should be looked upon as poten- stalled for handling such a large part. The appointment
tially useful for a large number of structural applications. of a team of spicialists, including engineers experienced
Limitations that have been documented for some con- in electroforming capabilities, and structural engineers
tours and shapes will require modifications in the designs with knowledge of property and performance require-
that engineers are accustomed to make for structure. ments, is suggested to e;ablish the feasibility of electro-
produced by conventio-al fabricating procedures. These forming specific missile tructures.
modifications wi!l not always be major, no- will they
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Section III. ELECTROFORMING CAPABILITIES

CHIEF ADVANTAGES tion of design engineers in the aircraft industry on

The capability of forming complex structural shapes electroforming in preference to other fabricating pro-

with good dimensional accuracy, surface finish, and cedures.
The strength of many commercially clectroformed

homogeneity of properties and structure is the chief

advantage of the electroforming process. Many corn- structures has been comparable with the strength of the
radantlyeo electroformed, iati proe ss. thin- alled st c- popular grades of stainless steel. For example, typical

mercially electroformed, relativelq thin-wa!led strut- values for the yield strength of unalloyed electroformed
tures, and many prototypes produced in pilot qnickel are in the range of 55,000 to 75,000 psi. Also,
have replaced welded or brazed assemblies of deep- the superior corrosion resistance of nickel compared todrawn or extruded sections. In these instances, struc- stainless steel has been advantageous for some appli-
tural strength has been improved, distortion has been
eliminated, and costs usually have been reduced. For
higi -precision geometry, as required for solar collectors,
electroforming appears to be unexcelled. A:aminum- DIMENSIONAL, SHAPE, AND
faced, electroformed nickel solar collectors have proved FINISH CAPABILITIES
more efficient than stretch-formed aluminum or cast Structural applications for electroforming that are
plastic reflectors.,- described in the literature are listed in Table I. Electro-

Electroforming thick-walled structures has competed formed structures described in c-mimunications from
successfully with forging. Tooling for electroforming organizations engaged in electroforming are given in
such a structure costs generally only 5 to 10 percent as Table II. Dimensions and finishes are detailed in Tables
much as a forging die for the same structure. I and II.

By comparison with the multiplicity of operations SIZE CAPACITIES
required for fabricating complex shapes from sheet stock, The largest dimension of most of the structures pro-
the electroforming process is relatively simple. The duced by electroforming has been 6 feet, but some larger
chief steps in electroforming representative structures
are shown in Figure 1. In typical cases, these operations parts have been produced. The largest dimension thatsnn has been reported in the literature is 21 feet. Capabili-
replace roiling, searin stamping, drawig,spinn ties of shops engaged in commercial electroforming are
swaging, welding, and/or brazing of stainless steel sheet. limited to a length of about 25 feet or a diameter of 10
Thus, potential sa~ings in tooling and labor are incen- feet. Two vendors indicated plans for installing tanks
tives for considering clectroforming. A saving in ma-teralscoss i alo uual bcaue srapis realy e- large enough to electroform 30-foot-diameter parts.
terials costs is also usuas , because scrap is greatly ri- Others have pointed out that no size limit really exists
duced in many cases, and completely cli.ninated in if the demand justfied th'ý installation of larger equip-
others. ment.

Electroforming has been especially advantageous for
fabricating up to a few hundred identical or nearly DIMENSIONAL ACCURACY
identical parts, particularly for the aircraft industry, A dimensional accuracy of 0.002 to 0.005 inch is
because tooling costs, inevitably high for stamping, draw- relatively easy to obtain for small or large parts, but a
ing, and other fabricating operations, are usually much greater tolerance (up to perhaps 0.010 inch) is some-
lower for electroforming, but several examples can be times necessary for some dimensions of very complex
cited in which several thousand ieentical parts have shapes which require the use of expendable mandrels
been produced by clectroforming in preference to other made of wax, plaster, low-melting alloys, or flexible
methods of fabrication not only because costs were rubber. As a rule, a 0.001- or 0.002-inch tolerance is
lower, but also because structural characteristics were maintained with expendable plastic mandrels or perma-
improved. Also, changes in items subject to frequent nent, reusable metal mandrels. Distortion beyond these
design or dimensional changes sometimes can be made tolerances has* been encountered in the past when the
quickly and inexpensively by modifying the contour or internal stress in the electroformed metal was not con-
dimensions of the mandrels employed for electroform- trolled at a low level (below about 5000 psi). Organiza-
ing. These advantages have recently focused the atten- tions engaged in electroforming are now aware of the
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importance of stress control to avoid such distortion, any shape with a wall thickness of 0.1 inch, or less, by
A dimensional accuracy of less than 0.001 inch has maintaining good filtration, anode diaphragming, and

been obtained for some not-too-large or not-too-complex agitating facilities. Particle roughness that is difficult
shapes. In such cases, the costs of making the mandrels to avoid with a wall thickness of ¼ inch or more must
have been greater than they would have been for making be removed by polishing, grinding, or machining. Pro-
mandrels with larger dimensional tolerances. cedures for machining and grinding electroformed

WALL THICKNESS nickel have been examined.2-

The wall thickness of most structures produced by
electroforming ranges from 0.010 to 0.050 inch. For DESIGN LIMITATIONS AND MANDRELS
lightweight solar concentrators, 0.002- to 0.004-inch The relatively poor distribution of electricat current
walls have been generally produced, and for one experi- a, different areas on complex shapes limits electroform-
mental 21-inch prototype, the wall thickness was only ing of certain contours and shapes, even when specially
0.0013 inch." Several objects with a wall as thick as ¾ shaped anodes are employed to equalize the current
inch or more have been electroformed. distribution as much as possible. Deep and narrow re-

With anodes that conform, or partly conform, to the cesses in mandrel surfaces receive much less current and
shape of the mandrel, wall-thickness variations are re- less thickness of metal than the surfaces lying closer to
stricted to between 5 and 20 percent on where variations the anodes, for example. While specially shaped anodes
of 100 percent, or more, would occur with ordinary can be inserted in the recesses to compensate, at least
anodes. Conforming anodes are particularly appropriate in part, for the unequal current distribution, recessed
for articles with large, recessed areas, and can some- areas narrower than about ¾ inch would require com-
times be used without excessive cost. plex and costly anode fixturing that would greatly limit

Electrical current shields placed over comers and the practicability of the process. The depth of a recess
edges reduce the wall thickness at those places and with a width less than ¾ inch should be not more than
increase the thicknesses in holes and recessed areas, 30 or 40 percent of the width if economical factors do
thereby improving thickness uniformity. Good uniform- not justify complex and costly fixturing.
ity of wall thickness is possible with plastic or plastic- The limiting depth-to-width ratio for a narrow recess
coated steel shields integrated with the electroformng depends on the radii specified for angles between planes.
fixture. It is understood that nickel-thickness variations A generous radius is recommended wherever it is ac-
on the bellows vonvolutions (1/8 inch deep by % inch ceptable on a performance basis. Inside right angles
wide) of expandable joints is restricted to only 15 with a radius of less than about 0.03 inch are not prac-
percent by employing shields. tical, because the metal that is formed in such angles is

The nonuniformity in wall thickness reported for some structurally unsoundF.3,5,s3.7- 8.3,,104 Acute angles with
CENTAUR bulkheads" probably could have been de- sharp comers result in voids in electroformed metals
creased to ±0.001 inch if conforming anodes had been with a columnar grain structure." Specially shaped
used, or if openings had been cut into a plastic shield to anodes do not overcome these difficulties, but grow-ins,
equalize the current distribution to all areas of the or preformed inserts, can usually be employed, at a
hemisphere. premium in cost, to accommodate sharp right angles or

Shields permit controlled wall thickness when varia- acute angles, if they are necessary.
tion is desirable. For example, on electroformed nickel Metal distribution on complex shapes, and improved
cones used for measuring heat transfer in a Mach 6.8 filleting in inside angles, can be obtained by periodically
airstream, thickness has been graded with an accuracy of reversing the direct current when electroforming copper,
0.0( inch, from 0.005 to 0.025 inch. 12 7  deposited in cyanide solution, but periodic current re-

SURFACE FINISH versal provides no such benefit when electroforming
A surface finish of 8 to 16 rms microinches has been nickel.104

fairly common for the mandrel side of electroformed Several authors have regarded as limiting features
shapes. A better finish (2 rms microinches, for exam- sharp angles on exterior surfaces opposite the mandrel
ple) has been obtained for some objects when the side of the electroformed structure. While larger radii
identical finish was applied (at a premium cost) on the on exterior angles doubtless facilitate electroforming
mandrel surfaces. with minimum cost, ietal can be deposited around sharp

For thin-walled objects, the exterior surface finish is angles without excessive thickness or roughness by using
usually the same, or nearly the same, as the mandrel electric current shields to limit the current distributed
side. A 16 or 32 rms-microinch finish is practical for to comer areas. Very uniform thicknesses have been
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obtained for objects with sharp right angles by using cured epoxy-filled mandrels embrittled nickel bulkheads
plastic rods to shield the corner areas from a part of the electroformed for CENTAUR structures. 14 Metallic im-
electric current. The optimum d~ameter and placement purities such as iron tend to reduce ductility and increase
of a plastic rod (or tube) depends on the desired wall stress, and can reduce dimensional accuracy.
thickness.39 Some commercial electroformers are now
taking advantage of not-too-costly current shields for PREFORMED INSERTS
improving thickness uniformity. Shielding will undoubt- Many of the limitations that were at first imposed on
edly be more widely used in the future. designers of electroformed articles were later overcome

Plastic shields, closely fitted to the ends of mandrels by the use of preformed inserts that are integrated with
used to form cylindrical objects having one or two open the electroformed object. Tables I and II list several
ends, will prevent excessive thickness and roughness near examples. Figures 2 and 3 show how some of these
the open ends. Plastic shields are used for hemispheres. inserts, or grow-ins, were incorporated with the electro-

The complexity of the shape affects the selection of iormed structures. Inserts have been proposed for rein-
the material used for mandrels, which affects costs. forcing structural beams.s2

Permanent, hard-surfaced mandrels are useful for cyl- In some instances, the insert% have been fabricated
inders, hemispheres, and other shapes with no undercuts separately by an electroforming procedure before being
or recntrant angles. When the number of parts to be attached to the mandrel prepared for electroforming the
electroformed justifies the fabrication of such mandrels, structural unit. In other cases, inserts have been ma-
usually result in keeping costs lower. chined from bar stock. The bond that can be obtained

Permanent mandrels with fusible coatings of tin or between nickel inserts and electroformed nickel struc-
graphite-wax mixtures can be used for parts requiring tures is equally as strong or stronger than the nickel.
no draft or having undercuts up to 0.0005 inch deep. Any bond failures encountered in practice can be attrib-
Th.e part is removed by pulling it away from the mandrel uted to an improper selection of cleaning and activating

while the coating is melted, and the mandrel must oe procedures.
resurfaced after each cycle.prcdesresurfaced mafte rea le mustb useInserts must be tightly fitted against the mandrel and

De•:ructible mandrels must be used for complex aligned carefully. If a gap of more than 0.001 inch

shapes having large undercuts or concave sections. Ma- es between In a mandrflori theninsert and
terils or estuctblemanrel inlud boh lcqured exists between insert and mandrel, or if the insert and

terials for destructible mandrels include both lacquered mandrel are aligned on different planes, the strength of

plaster (broken out mechanically), plastic and low- the elro ed ai wilbere dued there, an

melting lead alloys (melted out), and die-casting alloys

of aluminum or zinc (dissolved chemically). Parts cleavage might occur during the final separation step.

made on such mandrels are usually the most expensive. Gaps of the order of 0.0005 inch or less are strongly

Nonmetal mandrels must be metalized to make their bridged with a wall thickness of 0.015 inch or more.

surfaces conductive. Silver deposited by chemical reduc- Preformed flanges and segmented mandrels mrst be as

tion has replaced graphite as the surface-conducting film closely fitted as inserts.

employed in the electrotyping industry, but graphite and Strength of the joint over adjacent, preformed inserts

graphite-wax mixtures are still used for small lots of usually is about the same as the strength of a welded
parts with complex shapes. Electroless copper or nickel joint. For example, bond strengths of 59,000 psi forpart wih cmple shpes Eletroesscoppr o nikel electroformed nickel joined to unhardened steel inserts
have been useful for metallizing nonconductors. It is eentropormed ck j edto unh reqed selinsnote tht slve hasbee deosied b th vauum have been reported. No heating is required duringnoted that silver has been deposited by the vacuum electrojoining, so the strength and dimensions of the in-
process for metallizing glass mandrels employed for eect n se strength and dimenins ofatin-
electroforming small, experimental solar concentrators.80  serts can be preserved without the damaging heatingManymatrias hve ben mplyedfor ermnen or effects that can occur during welding or brazing. InsertsMany materials have been employed for permanent or employed in electroforming have included metals, plas-
destructible mandrels and for metallizing the noncon- em in elets, pdqs-
ductors. These are described in several literature refer- tics, ceramics, cermets, and quartz.
ences. 3 .43 44,73.9 2 .10

6 Metal and glass mandrels have been
evaluated for solar concentrators,"0 and a subcommittee ELECTROFORMING RATES
(VII) of ASTM Committee B-8 has balloted on a Rates for electroforming structural components usu-
recommended practice for the processing of mandrels ally range from 0.002 to 0.005 inch/hour, except for
for electroforming. relatively simple shapes that can be formed at 0.01 to

Materials for mandrels, heat exchangers, agitators, 0.02 inch/hour with higher-than-nomal current densi-
and other equipment must be selected with care. To ties. For thin-walled structures, less than about 0.04
illustrate this need, amines leached from incompletely inch, a rate of 0.003 to 0.005 inch/hour is fast enough

6



to complete the elcctrodcposition process in a normal of the questionnaires returned from commercial sources
working da%. Thicker walled structures must be eclc- pointed out that a higher electrofoiming rate was needed
troformed during off hours, when good attention to all to make the process more practicable.
factors intluencing properties might be lacking. Several
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Section IV. METALS, ALLOYS, AND SOLUTIONS FOR ELECTROFORMING

COPPER, IRON, AND NICKEL because the deposits became too hignly stressed andcracked.
Copper, iron, or nickel usually are selected for electro- cracked.

formuri because thev' are low in cost and because elcc- A crack-free chromium alloy containing about 10t. bpercent iron has been electroformed experimentally in atrodcpkition procedures have been further advanced trivalent chromium solution, and some property data
for thesce metals than for others. The copper sulfate- have been developed.9' However, the alloy was too
sulturic acid bath is customarily selected for electroform- brittle to meet the requiremenis for structural applica-
ig copper. Nic-cl is the most useful of these metals for tions, and the throwing power of the electrodeposition
sIT uctures because it is much stronger than copper and is bath was not sufficient to provide complex shapes with-
both ,tronger and more ductile than electrodepositediron. Property data for these metals are detailed later out accurately conforming anodes.n PA few not-too-complex-in-shape articles have beenin this report. electroformed by depositing alternate layers of nickel

For elcctroforming nickel, high-concentration nickel and chromium, with the objective of achieving good
,ulfamate solutions at about 125 deg. F are preferred for oxidation resistance at elevated teriperatures. Some
high-strength (>100,000 psi) structures. A tempera-
ture of 140 deg. F improve- ductility and minimizes property data have been developed for a nickel-20 per-stresý Organic addition agents containing sulfur in- cent chromium alloy produced by diffusing multiple,stres Ogani aditio agntscontinig sufurin- alternate layers of nickel and chromnium.:" Experience
crease tensile strength to about 200,000 psi, but use

must be controlled to avoid brittleness and notch sensi- with this diffusion alloy as a protective coating at high

iti it% Sulfide embrittlement resulting from these addi- temperatures"' presages favorable characteristics for
tion agents is particularly evident after heating the some electroforming applications.
electroformed structure to 500 deg. F, or higher. The procedure used experimentally for producing a

diffusion alloy of nickel and aluminum30 suggests a

NICKEL-COBALT AND method of electroforming a nickel-chromium-aluminum

NICKEL-MANGENFSE ALLOYS alloy.

Alloy comtaining 50 to 70 percent nickel and 50 to 30 HIGH-STRENGTH ALLOYS AT
percent cobalt, which can be depoited in sulfate- HIGH TEMPERATURE
chloride or sulfamate baths,!" has been u:ed for electro- A dense alloy of cobalt and 35 to 45 percent tungsten
forming a few shapes. The alloy has received less atten- was electroformed in a high-temperature, ammoniacal
tion thtan it deserves, in view of the encouraging data solution about 20 years ago,30 and this alloy has been
a' ailable on its tensile strength-I150,000 to 200,000 re-examined recently for electroforming applications in
psi without organic additihe agents. several laboratories. The alloy must be deposited under

Nickel-manganese alloy with a tensile strength of carefully controlled conditions to avoid excessive stress
180.000 psi has been reportLd.1'3 No supplemental data and cracking, and must be heat treated to induce suffi-
are available, but it is understood that the manganose cient ductility to witbhtand machining or finishing opera-
content was about 2 percent and tmat the alloy was tions. A 35 percent tungsten alloy exhibited high
electroformed in a nickel sulfamate-manganese sulfamate strength at high temperatures (18,000 psi at 2200 deg.
solution. F), but its strength at about 70 deg. F was about the

same as that of the relatively ductile nickel electroformedCHROMIUM AND in nickel sulfamate solutions containing no additive
C M A Oagents for increasing strength or reducing stress.

The development of a satisfactory procedure for Dense and coherent cobalt alloy containing 60 to 65
electroforming chromium or chromium alloys has been percent tungsten was electrodeposited about ten years
the goal of several research projects, and the electro- ago while the direct current was interrupted for 1½
deposition literature includes at least fifty references to seconds during-each 2½/2-second cycle,4 .l but no record
clectrodeposited "stainless steel." Attempts to thicken of electroforming applications was identified.
either unalloyed chromium or iron-chromium-nickel al- The prospect of developing a procedure for electro-
loys to produce structural items have been tnsuccessful forming a super-strength alloy at high temperature was
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recognized four years ago by several specialists.' 1 -1  nickel solutions. Electroforming of columbium and
One approach examined during a recent three-year re- tantalum is offered commercially."?
search program was based on dispersing fine particles of Tungsten was electrodeposited in a dense, consoli-
a chrominim-tungsten-aluminum-fitanium master allory in dated form up to a thickness of 0.016 inch in a fused
electrodeposited nickel and "solutionizing" the particles alkaline-salt bath at 1500 to 1650 deg& F.67 Use for
during heat treatment at about 2000 deg. F.19 2-m.2  The electroforming does not appear feasible, because the
tensile strength at room temperature was 49,000 psi for metal deposited in excess of a 0.016-inch coating was
an alloy containing about 25 percent of these alloying particulate.
constituents, and only 5,800 psi at 1800 deg. F. Dense electrodeposits of mlybdenum were claimed

Another approach to the development of a procedure recently for electrolysis at 1850 deg& F of a molten bath
for electroforming tough structures for high-temperature of molybdenum oxide, sodium pyrophosphate, sodium
applications was conceived about five years ago. 46-1  chloride, and sodium borate.1m
In this approach, small particles of oxides or carbides For electroforming applications of any high-tempera-
were dispersed in electrodeposited metals by several ture, fused-salt deposition process using a refractory
investigators,,2,4."124m.I and one 19 reported a tensile metal, copper, nickel, steel, or another metal with a
strength of 3,300 psi at 2,000 deg. F and an elongation higher melting point would have to be used as a mandrel.
of 34 percent for nickel containing 30-micron particles
of alumina. Relatively little attention has been given to SILVER, GOLD, AND RHODIUM
the dispersion of submicron-sized particles which are A composite of silver or gold, and either copper or
needed for effective dispersion strengthening, but yield- nickel, has been useful for electroforming high-fre-
strength data for nickel containing 0.02-micron particles quency radar waveguides. A few structural applications
of alumina were encouraging.t have been considered for gold and gold alloys because a

The feasibility of controlling the dispersion of >0.1- tensile strength of >35,000 psi has been obtained for
micron,very lowly stressed, ductile, 99.9+ percent gold de-
tion solutions has been demonstrated on a commercial posited in acid cyanide baths. Gold alloys containing
scale for decorative-plating applications. 78.41 Thus, ap- 1 percent nickel and/or cobalt probably would be even
plications for electroforming with dispersions of the stronger, based on hardness data.
,ubmicron particles are worthy of further investigation. With present-day procedure for electrodepositing

One-mil-diameter tungsten wire ments have been rhodium, this metal is too highly stressed and brittle to
used for increasing the strength of f. 'oformed copper fabricate electroformed stnctures. A project was started
to between 160,000 and 205,000 si." The copper in 1963 to determine the feasibility of electroforming
contained 25 to 35 percent, by volume, of the tungsten rihodium seals.7

fibers. Such tungsten-wire reinforcement offers pros-

pects for improving both the room- and high-temperature ALUMIMUM
properties of electroformed nickel. Two organic solutions have been employed experi-

REFRACTORY METALS mentally for electroforming aluminum.1 '. In each case,
costly precautions are necessary to prevent water coa-

Columbium has been electroformed in fused, mixed tamination from humid air. The aluminum chloride-
fluoride baths operated at about 1400 deg. F by a process lithium hydride-ether bath.." has been used on a semi-
announced in 1963."4" Wall thickness has been built commercial scale. for electroforming radar waveguides
up to ¼ inch. Densities were reported to be 99.8 per- and reflectors. The most recent application for electro-
cent or more of the theoretical density, but no me- formed aluminum is classified information. Experiments
chanical-property data were reported. The process might are beiag conduced with aluminum reinforced with fine
be useful for complex shapes because the throwing power beryllium wire and with alumina dispersion-strengthened
of the bath is said to be better than that of commercial aluminum.12
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Section V. PROPERTIES OF ELECTROFORMED METALS AND ALLOYS

PHYSICAL AND MECHANICAL conditions of deposition. Typical properties for nickel
PROPERTIES AT ROOM TEMPERATURE formed in four solutions are given in Table V. Stronger

nickel with a higher yield strength is obtained with the
The physical properties of the relatively popular ele.- nickel chloride and nickel sulfamate solutions than with

trofornicd metals are given in Table III. The minimum the other solutions. The sulfamate bath is the most
density values here correspond to structures that con- popular, not only because its deposits are strong, but
tained pores or voids. The maximum values closely because they exhibit less stress (without organic stress-
approach or exceed the ASM Handbook ,alues for reducing agents) than those produced in the other baths.
dense, annealed metals. Nickel electroformed in the chloride bath is highly

Room-temperature strength and ductihty data for the stressed, which sometimes causes distortion or warpage.
metals and alloys commonly selected for electroforming Nickel, with an ultimate tensile strength of about
are given in Table IV. Minimum, maximum, and a 90,000 to l10,000 psi and a yield strength of 60,000 to
typical or nominal value are given in the table for each 78,000 psi, has been electroformed by several sources
metal or alloy. The minimum and the typical strength in a nickel sulfamate solution containing no organic
values correspond -to specimens produced without or- stress-reducing agent. Elongation in 2 inches for these
ganic addition agents which are fairly common in elec- specimens ranged from about 6 to 14 percent. Although
troplating applications for refining grain structure no stress reducer was added, the stress level probably
(brightening), hardening, or reducing stress. The data was relatively low, below 9,000 psi in tension, because
in Table IV detail the properties for metals with a wall solution temperatures were in the range of 120 to 135
thickness of 0.02 inch, or more. Significant differences deg. F.
hale been reported for very thin-walled electroformed Nickel, with an ultimate tensile strength of about
metals (W 002 inch. or less). 200,000 psi and a yield strength of about 100,000 psi,

The current density, the temperature, and the comn- was formed in nickel sulfamate solutions containing a
position of the electrodeposition solution and other stress-reducing agent (saccharin or trisulfonated naph-
factors influence the properties of the electroformed thylene) and maintained at a temperature in the range
metal. Addition agents for grain refining frequently have of 115 to 125 deg. F. Tensile and yield strengths were
a profound effect. For example, a two- to three-fold reduced when the temperature of the electroforming bath
increase in the ultimate tensile strength can be obtained was increased, as shown in Figtire 4.50.11 A current
"%ith specific additives to either copper or nickel electro- density of about 30 to 40 amp/sq ft was employed for
deposition baths. these tensile specimens.

The maximum strength values in Table IV have been The strength of the nickel is influenced by the amount
reported in the literature for electroformed metals pro- of stress-reducing agent added to the nickel sulfamate
duced with organic addition agents. Reducible sulfur- tion. Figure 5 compares tensile strength values for
containing additive agents, which are popular for nickel electroformed nickel as a function of the sulfide content
plating, should never be used for electroforming articles ef the material.s0.51 High strength was obtained con-
that will be heated to a temperature of 500 deg. F or sistently when the sulfur content was 0.012 percent, or
higher, because included sulfides greatly reduce the more.
ductilit, of the material (copper or nickel). Sulfated,
straight chained, alcohol derivatives do not ordinarily
contribute sulfur to electrodeposited nickel, and are NOTCH SENSITIVITY
considered essential for reducing the surface tension of Comparison of tensile strength data for notched and
the bath and preventing pitting. Such a wetting agent unnotched specimens of nickel electroformed in the
was very effective in eliminating pitting, reducing in- Watts-type solution without addition agents showed
ternal porosity, and refining the grain structure of ratios of notch strength to tensile strength greater than
electroformed cobalt-tungsten alloy." 6  I, indicating no notch sensitivity (at room temperature)

The physical and mechanical properties of electro- for the electroformed nickel. The notch and tensile
formed nickel are related to the type of solution and strength data were as follows: 97
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Tensile 
Strength 

seam welds, corresponding 
to joint efficiencies 

of about

Nickel 103 psi) Ratio of Notched 50 percent and 60 to 90 percent, respectively. The
Thickness Notched to Unnotched

(mils) (K, = 5) Unnotched Tensile Strength nickel was elcctroformed in sulfamate solutions in all
85 74 69.5 1.07 cases, and contained 0.01 to 0.025 percent sulfur in
58.6 59 58.6 1.01 some cases.
A high ratio of notched to unnotched tensile strength The weldability of electroformed nickel appears to be

values was also observed for a nickel dclctroformed in satisfactory for cryogenic applications if the concentra-
valus ws aso bsered or nikel lecrofrme in tion of stress reducer is below about 0.15 az/gal,51 but

sulfamate baths when no stress-reducing agent, or only a weld efficiencies were lower in the case cited than the
relatively small amount, was added to the bath.4 r9c.s t omaryifficienci for sinles cstel welds An im-Nickel with a high sulfur content, greater than 0.017 customary efficiency for stainless steel welds. An ima-
Nickent. a hoth senstie, w reas el tan provement in the nickel weld efficiency may be possiblepL cent. was notch sensitive, whereas nickel containing
,0.018 percent sulfur usually was not. The influence of by miilifyiig the welding piocedure or by establishing

the material factors that influence joint efficiency. The
the sulfur content on a series of 21 specimens is shown few high values (77 to 80 percent) reported in weld

At -423 deg. F, nickel containing >0.010 percent efficiency for a few individual specimens indicate that} At-42 de. F nicel ontinig >0010perent high efficiencies might be reproduced consistently if

sulfur was notch sensitive, as a rule. Yet high ratios of h

notched to unnotched tensile strength were observed for clectroforming and welding operations were controlled
nickel containing 0.0005 to 0.01 percent sulfur. In effectively. Factors that must be controlled for repro-

ducing a high efficiency must be established by research
Figure 7 the ratios are shown as a function of the sulfur and development.

content. 
a

FATIGUE DATA STRESS IN ELECTROFORMED METALS

Krouse-type fatigue specimens machi'ied from Watts Internal stresses in electrodeposited metals can cause

type electroformed nickel failed at 39 to 41 x 10. cycles wa-page and dimensional changes (or crackih'g) when

when the relatively fine-grained mandrel side of the the electroformed part is separated from the mandrel.

specimens was subjected to a maximum tensile stress of A high internal stress reduces the stress that can be

29,000 psi.9 Specimens with the mandrel side subjected applied externally during service. Thus, much effort

to a compressive stress failed at 8 and 27 x 106 cycles, has been given to development of procedures for elimi-

a previous investigating, endurance nating internal stress or keeping it at a low level.
Himitsfower, d g cCopper electroformed in copper-sulfate baths is nearly
limits for 10T cycles for Watts-type nickel ranged from stress-free when no additive agents are used in the solu-
30,000m t 44,000 psi.97 Endurance ratios were approxi- tion. The highest stress reported by several independent
mately 0.5. inve tigators was only 4,000 psi0-'3 Periodic current

reversal reduced the stress from about 2,000 to 1,400

STRENGTH OF WELDED JOINTS psi for copper electroformed with one set of condi-

Data from one source8 for electroformed nickel weld tions."s A high tensile stress-up to 21,400 psi-was
showed strengths of 34,700 and 38,900 psi for TIG reported for copper electrformed in solutions containing
welds. Yield strengths were 19,110 and 25,100 psi, and gelatin,a5 and a compressive stress (-8,000 psi) was
elongations were 5.3 to 9.1 percent. Higher strengths, observed when thiourea was added to the copper sulfate
up to 68,800 psi but usually 38,400 to 44,700, were bath."8

developed by another source for nickel-to-nickel butt Values for stress in iron electroformed in a ferrous
welds.50 3 These values corresponded to a joint efficien- chloride--calcium chloride bath span a broad range,
cy of about 40 percent. A higher joint efficiency of about from 5,000 to 135,000 psi. To keep stress at a rela-
50 peicent was obtained with stainless steei filler welds. tively low level (10,000 to 16,000 psi), a high tempera-
Neither the joint-strength data nor the reported efficiency ture (195 deg. F or more) and a relatively !.,w hydro-
variations correlated directly with the sulfur or oxygen chloric acid concentration is desirable.63 Addition of
contents of the electroformed nickel; the available data saccharin to a ferrous ammonium sulfate-amr, onium
are too limited to establish the effects of welding- fluoborate solution operated at 140 deg. F reduced :u-ss
procedure variations, from about 9,000 to 1,800 psi.

Higher weld-strength values also were reported for Nickel electroformed in nickel chloride solutions is
nickel-to-301 stainless steel joints: 50,700 to 59,800 highly stressed. Stress levels usually are between 40,000
psi for butt fusion weld and 59,800 to 72,400 for roll- and 50,000 psi.si
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Stress in nickel clectroformed in Watts-type solutions Stress in cobalt alloy containing about 30 percent

usually ranges from about 16,000 to 24,000 psi, but tungsten was reduced from about 80,000 to only 17,000

lcvels up to 60,000 psi have been measured for nickel psi by employing isooctyl phenyl polyethoxy ethanol as a
deposited in high pH solutions."' A lower stress level- nonionic wetting agent.
about 8,000 psi--can be achieved with good electrolytic
purification for removal of iron and other impurities MECHANICAL PROPERTIES AT
from the solution. Organic additive agents that keep CRYOGENIC AND HIGH
stress a' a low level (below 10,000 psi) include sac- TEMPERATURES
_charm, cysteine hydrochloride, "s sodium benzene Strength and ductility data for electroformed nickel at
disulfonate.vo and p-toluene sulfonamide. f n cryogenic and high temperatures were reported from

-The low level of stress that is customary for nickel several sources and are given in Figures 8, 9, and 10.
clectroformed in sulfamate solutions is one of the rea- The ultimate and yield strengths and elongation for
sons for the popularity of these electroforming baths; nickel were generally much greater at -373 or -423
500 psi is the lowest stress reported for nickel deposited deg. F than they were at room temperature. But the
in sulfamate solutions containing no chloride ions or elongation of nickel electroformed in a sulfamate bath
organic stress-reducing agents.s°80 .'o5 This low value was containing a stress reducer was lower at -423 deg. F
obtained in a 60-ounce bath operated at 140 deg. F with than it was at 70 deg. F, Curve 3 in Figures 8 and 10
an average current density of 60 amp/sq ft, and it has and Curve 2 in Figure 9 for nickel electroformed in a
been confirmed by others. A slightly higher stress was nickel sulfamate bath were comparable with the data
observed for nickel electrodeposited at a low current reported for nickel electroformed in a chloride bath.97

dcnsit% (20 amp/sq ft) and a high current density (100 Supplemental data for the properties at -320 deg. F
amp/sq ft). A decrease in the temperature of the elec- for nickel containing <0.08 percent sulfur and electro-
troforming bath, or the addition of chloride ions to formed in nickel sulfamate solutions containing no stress
improve nickel anode dissolution, causes an increase in reducer were as follows:57

stress. :-A stress of 5,000 to 10,000 psi is customary for
high-strength nickel (>100,000 psi) electroformed in Bath Yield Elongation in

Temperature Solution Tensile Strength Strength 2 inches
sulfamate-chloride solutions containing no stress reducer. (*F) (pH) 103 psi) 10o psi) (percent)

A compressive or near-zero stress can be controlled 120 3.5 101 to 122 59 to 89 9 to 16

with organic stress reducers. Trisulfonated napthalene 120 4.5 133 to 141 83 to 87 7 to 8
is effective for this purpose.32 Saccharin, p-toluene sul- 140 3.5 104 to 157 62 to 96 4 to 14

fonamide, and nickel dibenzene sulfonate also reduce 140 4.5 145 to 153 90 to 98 8 to 12

stress ,1" An automated procedure has been described Tensile-strength data for an alloy of cobalt with 35
for regulating stress at a low tensile level with continuous percent tungsten, 2 percent iron, and 1 percent nickel

addition of saccharin to a Watts nickel-plating bath.7" are given in Figure 8, as a function of temperature.
The stress in nickel-cobalt alloy, which is relatively high Tensile data from two sources".16 show that cobalt
%ithout a stress reducing agent, can be reduced to a alloy containing less than 30 percent tungsten is not as
maximum of 7,000 psi in tension by adding saccharin.110  strong at elevated temperatures as the alloy containing ,

Additions of sulfur-containing stress reducers induces >30 percent tungsten.
notch sensitivity if the sulfur content of the nickel ex- Stress rupture data have been reported for nickel
ceeds about 0.017 percent, and will reduce ductility if electroformed in a Watts bath*7 and a nickel sulfamate
the structure is heated, as noted previously in this report. bath.10
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Section VI. SPECIFICATIONS AND TESTS

SPECIFICATIONS structPres," but these inspection methods are un-
The specification on electroformed nickel prepared in common.

1962 for consideration for POLARIS fleet ballistic mis- DELAMINATION TENDENCY
siles" included three classes, as follows: Transverse-section bending is useful for detecting

weakly coherent layers that were electrodeposited with
Tensile Strength Elongation in 2 Inches current interruptions or sudden lar chag in bathClass (minimum psi) (minimum percent)

1 15,000 20 composition or current density. Bending after heating
2 60,000 10 at 1100 deg. F was proposed for electroformed nickel
3 100,000 4 This test seems more appropriate for detecting sulfur-

Class 3 requirements appear realistic for structures embrittled nickel and, thus, might be more appropriate
that can be electroformed in nickel sulfamate baths with for eliminating embrittled nickel subject to a high-
good control of solution composition, pH, temperature, emperatore service.
agitation, and other factors. INTERNAL FLAWS AND INCLUSIONS

Section B, Subcommittee VII*, ASTM Committee Microscopic examination (at 500 to 1000X) of sec-
B-8", is engaged in preparing a specification on electro- tions from "trimmed" metal has been employed for
formed metals. After it is prepared, it will be submitted detecting internal porosity and inclusion of foreign par-
to Subcommittee VII, Committee B-8 for balloting. tides. Grain size, which also cat, be estimated with this

procedure, provides information that is valuable in the
TESTS absence of mechanical-property data.

MECHANICAL PROPERTIES DENSITY
In some cases, specimens machined from areas cut No one seems to be checking density as a means of

from the :ilectroformed part during the final trimming assaying acceptar ce, but density measurement would be
step are inserted in tensile-test machines. In others, a simple, useful ut st for screening electroformed material
special flat specimens are electroformed at the same time containing a largt number of internal pores. Undesira-
as a part or group of parts are electroformed. In this ble, thermally unslable inclusions can be detected by
case, there is no assurance that the fiat specimens are comparing density before and after heating.$'
representative of the parts tring electroformed. Tensile PERMEABIL.TY
test specimens from trimmed stock are better samples. Helium pressure tests have been employed for check-
EXTERNAL FLAWS ing permeability of pressure vessels, diaphragms, ex-

In addition to visual inspection, radiography, ultra- pansion joints, and other structures.
sound, and eddy-current conductivity measurements SPECULAR
have been employed for detecting flaws in electroformed The specular reflectivity of solar concentrators was

evaluated by spectrophotometer reflectance measure-
*Subcommittee VII, A. D. Squitero, Chairman, incluids ap menlteds b o r efi encytas c dtmieds
proxinately 75 members of vendor, purchaer, or gerAl meats." Conexaion effiiency was determined by
intereot status, making calorimetric tests.
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Section VII. IMPORTANT FACTORS FOR CONTROL OF
PROPERTIES OF ELECTROFORMED STRUCTURES

Many factors are known to affect the properties of brightness and smoothness of the nickel deposits. These
elcctrofornimd metals. Important factors that should be treating procedures have not been adopted for electro-
controlle- for electroforming nickel structures are out- torming to the extent that they have been for decorative
lined herein, by way of example. plating, yet they are essential for good control of me-

MAJOR BATH CONSTITUENTS chanical properties. Facilities for these procedures are
nonexistent -n some electroforming shops and iade-The high concentrations of nickel salts desirable in quate in others.

the sulfamate bath for good smoothness and density q n
(especially in low current density areas) can be ade- TEMPERATURE
quately maintained by regular (weekly or biweekly) Personnel engaged in electroforming are generally
chemical analysis. This generally poses no special prob- cognizant of the importance of good temperature con-
lem. Large fluctuations in concentration caused by large trol and arc usually assisted with automatic thermo-
additions of water should be avoided by adding the water regulator devices. These devices sooner or later fail,
continuously, or at least hourly. and defective work is the result when the failure is

Acid concentration (pH) has a considerable influence overlooked. Because electroforming is a slow process
on grain structure and stress and must be controlled (as practiced now), requiring from 8 to as many as 250
within 0.5 pH unit for consistent results. A pH of 3.6 hours, there is a special need for a better regulation
-0.3 is customary for the nickel sulfamate bath. A device and/or a secondary warning or take-over system.
reduction in strength has been observed for nickel elec- Temperature changes cause large variations in the me-
troformed in a solution with a lower pH. Ductility is chanical properties (tensile strength and elongation) and
reduct 'cr nickel electroformed at a high pH. in the internal stress in electroformed nickel.

WETTING AGENTS AND SURFACE TENSION CURRENT DENSITY
Control of su rface tension to avoid pitting does not The average current density for electroforming nickel

always p.ceive the attention it deserves. A wetting agent in sulfamate solutions is in the range of 35 to (4) amp/sq
shoul.I be added to keep the surface tension near 35 ft. but the current density varies considerably (perhaps
dynes/crn, checked with a 50- to 60-drop stalagmometer. 5 to 150 amp/sq ft) at different surface areas of objectb
Other devices foi checking surface tension have not with complex shapes. Increasing use should be made of
always been reliable, conforming or semiconforming anodes and current

shields to insure better uniformity of mechanical prop-
ADDITION AGENTS AND erties and thickness at different surface areas of such
MECHANICAL PROPERTIES shapes.

Sa.charin, sulfonated naphthylene, or another sulfur- The design of effective conforming anodes ;nd shields
containing compound sometimes is added to redt:.c and is largely empirical. but the "trial and error' approach
control stress. In view of the data reported recently,0o.S gradually is being replaced by an accumulation of ex-
on strength and notch sensitivity, the influence of these perimental data and experience. The charting of equipo-
agents on the sulfur content of. the nickel should be tential lines on a two-dimensional plane, based on cur-
checked and controlled to avoid notch sensitivity. If rent resistance measurements, has been used for
stress in the nickel exceeds a tolerable limit when the establishing current relationships between anodes and
sulfur content is controlled at a low, tolerable value, cathodes."
impurities (iron and other metals and organic con-
taminants) should be removed from the nickel bath by AGITATIONelectrolytic purification and activated carbon treatment. Although agitation at cathode (mandrel) surfaces has

considerable influence on the mechanical properties of
METALLIC AND ORGANIC IMPURITIES clectroformed nickel, little attention is given to it in

Continuous electrolytic purification, activated carbon some electrofcrming shops beyond installing a mechan-
treatment, and filtration are rather commonly used for ical rocker or an air-bubbling device. The lack of
decorative plating, to remove impurities affecting the quantitative data on the effects of variations in agitation
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is a handicap in some instances, but profound effects An increase in the average cathode current density
arc suspected. A difficulty exists in other cases in above about 60 a-np/sq ft is precluded at the present
achicing uniform agitation at different areas of objects time for electroforming nickel, because anodes do not
with complex shapes. Cathode potential measurements dissolve efficiently unless a large stress-inducing concen-
employed now as a research tool would be helpful for tration of chloride ions is added to the bath. Agitation
ch,:cking and controlling agitation effects. Engineering at anode surfaces is helpful for efficient anode dissolu-
development is recommended for determining the use- tion and avoiding the injurious effect of sulfamate ion
fulness of such measurements and adaptation to produc- oxidation products. Effects at nickel anode surfaces
tion control. A study could show that improvement in probably could be monitored with anode potential
mechanical properties and/or clectrodeposition rates measurements.
would result if agitation rates were increased.
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Section VIII. COMMERCIAL SOURCES AND CAPABILITIES

Excluding the many electrotypers, there are at least addition agent was used in excess in the nickel electro-
25 commercial electroformers, some specializing in forming bath It was not established that the organiza-
molds, electronic gear, or record stampers. About tion supplying the electroformed part was fully informed
twenty have had experience with property-controlled of the planno environment (temperature) or of the
structures; others expressed interest in structural appli- need for avoiding sulfur addition agents.
cations. Representatives of some of the companies supplying

Organizations that supplied information on facilities electroformed structures described difficulties with con-
and capabilities are listed in Table VI; twelve of these tractors ordering the parts. In two or three cases,
furnished mechanical-property data representative of information and specifications were relayed on a piece-
structures they had electroformed. meal basis; complete drawings and specifications were

A few aircraft companies that have purchased electro- delayed so long that delivery schedules could not be met,
formed nickel structures supplied property data for the and costs skyrocketed because new requirements were
electroformed material. These data, summarized in introduced after tooling was completed. Communica-
Table VII, show strength and ductility values that are tions between the purchasing arm and the engineering
about the same as many (but not all) of the values staff of some of the larger contracting companies also
reported for nickel by the electroforming companies appeared to need improvement. Instances were de-
(Table VI). scribed in which electroforming companies delivered

Some individuals called attention to examples of in- prototypes of a structural part after absorbing all or part
consistency in the properties of the electroformed nickel of the tooling costs in their general overhead, expecting
supplied by a commercial source. For example, speci- to obtain orders for a large number of identical or similar
mens from different areas of the same part varied Lon- cormponents. Only later did they learn that property
siderably in mechanical properties: requirements and, sometimes, dimensional specifications

(a) 135,000-psi ultimate strength; 8 percent elonga- had to be changed extensively. This made necessary
tion extensive and costly changes in equipment and tooling.

(b) 55,000-psi ultimate strength; 30 percent elon- The electroforming of structural parts appears to be a
gation. marginal profit-making business. A chief reason has

Microscopic examination of cross sections showed been the procedures adopted by contractors in sub-
variations in grain structure and in occluded "dirt.' The contracting electroforming.
"dirt" particles resolved microscopically indicated a The total value of electroforming facilities in dhe hands
need for more effective solL ion filtration, which should of thirteen businesses with facilities for electroforming is
be recognized as an important control iactor. Variations about $3,500,000. A large part of this total is undoubt-
in grain size and properties from one area to another edly devoted to the electroforming of molds, mirrors,
probably reflect nonuniform agitation or current density. and other nonstructural items. The facilities do not
Current density (and wall thickness) should have been appear to match the potential demand for their use in
controlled within tolerable limits by using conforming making electroformed structural parts. However, offi-
or partly conforming anodes and/or current shields. cials of three of the larger organizations said that their

Some comments were received on ductility after facilities could be expanded 25 to 50 pe.rcent if the
welding or annealing, indicating that a sulfur-containing demand for structural items were increased.
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Section IX. COSTS

The literature includes a few examples in which cost when tooling costs had to be charged to the production
of structural parts was reduced by electroforming. For of just one part. Cost data supplied by vendors replying
example, an $8.10 unit cost for stamping and soldering to questionnaires ranged from about $2 to $667 per
small nickel chutes was reduced to $0.85, by means of pound of nickel. Three vendors reported examples of
electroforming."' Air scoops costing $344/unit when parts they had produced at <$3 per pound of nickel,
faoricated by bending and welding wire electroformed and another reported examples in the range of $5 to $9
in nickel, at first for $239, later for $185, and finally pcz pound of nickel, including the tooling cost which
were purchased from an electroforming vendor for was prorated over at least 100 parts in each case.
$15.1"" A $1700 cost for electroforming 20 hollow guide Some vendors evidently are not accounting costs
vanes represented a 66 percent cost reduction when accurately, judging by information received from per-
compared with a $5000 estimate for fabrication by bend- sonnel representing an organization asking for quotations
ing and welding.""' Costs for an air-intake lip were on a 2-ft-long electroforned air duct. Quotations from
reduced 50 percent by adopting electroforming.2ol four established sources were $5.35, $42, $108, and

In a survey conducted in 1962 on molecular forming $275 per unit, not including tooling. Tooling cost esti-
procedures, typical total costs for electroforming simple mates also spanned a broad range, from about $600 to
shapes were estimated at about $25 per pound of $2000. The lowest quotation probably was not realistic.
nickel.4t The estimate was misleading, because several The highest might have reflected an anticipation of
structures have been electroformed at a much lower stringent specifications on dimensional tolerances and
figure. Some single prototypes cost a great deal more properties beyond the actual requirements.
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Section X. CONCLUSIONS

The feasibility of commercially electroforming a more, an elongation of about 5 percent, and no notch s
variety of structural shapes with attractive properties sensitivity, appear within reach; but conditions affecting
for some missile and aircraft applications has been these properties, and procedures for controlling condi-
demonstrated. Some commercial sources have not tions to produce them, must be precisely identified. A
demonstrated the good control of properties required development program appears desirable to establish the
for reproducing structures because some factors affect- feasibility of controlling such a high-strength electro-
ing properties have not been adequately controlled. The formed material and identifying how conditions should
equipment and instrumentation for good control appears be controlled to reproduce such high-strength properties
to be beyond the capital-risk capabilities of the organ- consistently. Such a program should include a study of
izations that have begun to supply electroformed the feasibility of accelerating the electroforming opera-
structures. tion, which is relatively slow at the present time and

The potential utility of electroforming for fabricating requires two- or three-shift attention for structures with
structures appears attractive and board enough to justify a wall thickness of 0.04 inch, or more.
an incentic program for encouraging and guaranteeing Research supported by the Air Force may lead to the
conformance with specified properties. A 90,000- or
100,000-psi minimum tensile strength for notch-insensi- development of a practical procedure for electroforming
tive electroformed nickel, and a minimum elongation of an alloy with high strength at high temperatures (> 1600
5 or 6 percent, are now within the capabilities of several deg. F). However, there appears to be no emphasis in
businesses, and could be encouraged in others. these programs on the development of a process for

Electroformed nickel or nickel-alloy structures with electroforming an alloy with very high strength
an ultimate tensile strength of about 200,000 psi or (> 150,000 psi) at room temperature.

t,
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Table 1. EXAMPLES OF ELECTROFORMED STRUCTURES CITED IN THE ENGINEERING LITERATURE

I Surface
WaUl Metal Tensile Insert Dimensional Finish,

Dimensions, Thickness, or Strength or Accuracy. rms
Structure (a) inches inch Alloy 10' psi Grow-fit inch microinches

Bulkheads"b) 48 deep X 120 in 0.0 14, Nickel or nickel- 90 to 160 None - 16
diameter 0.020, iron alloy

and 0.05

Capsules"*' Y ¾ to 2 in di- 0.020 to Nickel Ca 110 None - 40, outside
ameter x 24 0.030
long

Compressive, dis- 2 in diameter 0.015 Nickel Ca 110 None 0.005 Ca 15
charge chambers" x 20 long

Cones'" Ca 72 in diamete / ¼ Copper 32 Stainless steel - 35
support

Cylindrical shells"' 8 in diameter 0.0045 Copper - None 0.905 (c)
x I0 long I

Ducts"'' 6 x 6 x 3 0.030, Nickel 80 Flanges 0.002 to

x 0.060 0.010

Expansion joints"' 7 x 12 x 5 0.008 to Nickel and nickel- 80 None
0.050 cobalt alloy

Jet nozzles"') 3 to 6 in Nickel - Spiral partitions
diameter -, 36 between inner

and outer
%hells

raraboli; panels" -' 132 x 132 Ga 4i Nickel-copper - Fasteners Very high
composite precision

Pressure vessels"' 5 x 9 0.020 Nickel >110 Stainless steel - -

pressure fittings

Pressure vessels"' i 3½ (sphere) I4 Nickel 75 to 110 Nickel pressure 0.015 15
N kefittings

Rings'.' 6¾ in diameter 0.050 Nickel n'e >0.002 8

19
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4

Table 1. (Continued)

SurlaceWall Metal Tensile insert Dimensional Finish.

Dimensions, Thickness, or Strength, or Accuracy, rm,
Structure (a) inches inch Alloy .he psi Grow-In inch croinches

Rocket and venturi 0.2 to l1 in di- Ca 0.04 Cobalt-35% 86 to 95 Ribs for cooling -

nozzles0,. $. 4) ameter x 8 long tungsten alloy passages
and Co-W-Ni-
Fe alloy

Sandwich panels 12 x 12 Ca 0.02 Nickel Ca 110 Electroformed -
aX e4 hyperbolics

Shieldsm'• 252 long 0.006 to Nickel - None -
0.012

Solar concentrators 60 in diameter 0.002 to Nickel - Fittings and turns 0.003 to -
07. W. 20) 0.010 0.005

Solar collector and 5 x 16 segments 0.002 to Nickel Ca 110 None High 2 to 3 inside
frame (Fresnal) 0.003 precision

Tubing with internal 3 in diameter 3 Copper - Copper disks -

fins't) x 66 long

Tubing. thin-walled 'A in diameter 0.003 Nickel Ca 115 None --

for heat exchangers x 6 long
(I.)

Tunnels (nozzles) "' 3 to 24in di- Nickel - (g) 0.00l or 8 inside, 12
ameter x 142 0.002 or 36
or 192 outside

wing tips") 1% x 16 0.020 Nickel - None 0.002 >16
Wagtis' j _____-_ 0.0021

(a) Numbers in parentheses refer to references listed at the end of this report. Other structural components described with incomplete
detail in the literature included anglesa', nickel or nickel-cobalt-alloy bowls (30 inches in diameter with a wall thickness of ¾
to ½ inch)""' channel""', chutes-', corrugated expandable baffies, cutters, floats, fuel injectors, funnels"", nickel-cobalt- alloy
gages (Y inch thick), stone guards', struts, switches plates, shadow masks, screen, wedges, and wind-tunnel sections"'.

(b) Expandable diaphragms for Centaur, which included an integrated, annular diaphragm expansion ring". .

(c) The influence of surface imperfections on buckling loads was determined"'.

(d) Vessels consisting of a 0.020-inch-thick layer of nickel, ½ inch of foamed latex, and an outer, 0.030-inch-thick layer of nickel
(s. U. 1.

(e) Testing to bursting with air pressure. A vessel electroformed in nickel with a tensile strength of about 100,000 psi burst with a
prese of 29,000 psi which was nearly equal to the burst strength calculated from tensile data. Burst strength with a softer
nckel was 20,810 psi. Failure occurred at the joint of the grown-in fitting at a pressure of about 16,000 psi for two other ves-
selhs.

(f) Stress free, dimensionally stable, and vacuum tighti. '".

(g) Tubing was inserted between two layers in some models; beryllium-copper-alloy throats were grown in others0 - 3 1W. s.I

(h) Bolt holes were accurately located for interchangeability"- .
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Table VII. PROPERTY DATA FOR ELECTROFORMED NICKEL STRUCTURES FROM PURCHASERS OF ELECTRO-

Company Components Tensile Yield Elongation Dimensional Required Finish
I Strength, Strength, in 2 Inches, Wall Dimensional Requirement,

0l psi 10 psi per cent Thickness, Accuracy, rms
per cent of length and microinches

xs iecif~ad Width, inch

North American 

kn

Aviation, Los Ducting 80 and 90 50 and 60 10 20 %2 125

Rocketdyne Division - 100') - 10 - - -

Marquardt Corporation Air-inlet ducts, nozzles 100 and 125 65 and 80 7 to 15 20 - -

Northop-Norair Air-intake lips, 80 to 90 55 to 60 9 to 10 10 to 15 0.040 125
manifold ducts("

(a) Tensile strength at -423 F, 163,700 psi; yield strength, 96,500 psi; elongation, II per cent.

(b) Designed for calculated stresses of 75,000 and 60,000 psi.
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DESIGN STRUCTURE WITH CONTOURS COMPATIBLE C0

I ~FOR ELECTROFORMINGI

FABRICATE PERMANENT OR TEMPORARY
MANDREL B INSERT "GROW-INS" IF

REQUIRED *

METALLIZE NON- CLEAN METAL
CONDUCTORS MANDRELS

METAL " ELECTRODEI POSITION l

AND/OR,,

SALT PERMANENT
RE-USABLE

ING MANDREL

INCREASE WALL TRIM, MACHINE, AND/
THICKNESS WITH OR GRIND OUTER
SPRAYED METAL SURFACE

REMOVE MANDREL
BY IMPACTING, PULLING, PRYING, MELTING,

OR DISSOLVING-

*GROW-INS ARE ILLUSTRATED IN FIGURES 2 AND 3

FIGURE I. MAJOR OPERATIONS FOR ELECTROFORMING
A TYPICAL STRUCTURE
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PRESSURE FITTING 4

NICKEL

MANDREL

SKETCH A. PRESSURE VESSEL

-PREFORMED NICKEL
FLANGE

M- NICKEL DUCTING

SKETCH B.

FIGURE 2. SKETCHES OF ELECTROFORMED NICKEL
STRUCTURES WiTH PREFORMED INSERTS
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ELECTROFORMED,
STRUCTURE

EL ECTROFORMED

_______________ORIFICE PLATE NICKEL TUBING DMANDREL

ELECTROFORMED NICKEL

CYLINDER

PREFORMED TAP FOR FASTENING

S~SECOND NICKEL LAYER

SNICK EL LA Y E R

SMANDRE

SEODNICKEL LAYLL

FIRST NICKEL LAYER

ELECTROFORMED COPPER PREFORMED
TUBING

FIGURE. 3 SECTIONS OF ELECTROFORMED STRUCTURES WITH
GROWN-IN INSERTS
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350- 1. SULFAMATE NICKELqMAX. VALUE 51
2. SULFAMATE NICKEL (Co I20rF) 61
3. SULFAMATE NICKEL AT I350FANQ

CONTAINING NO ADDITIVE 65
4. COBALT- 35 % TUNGSTEN ALLOY'

300- 5. SULFAMATE NICKEL MIN. VALUE
(140rF)50

6. PREANNEALED (750OF) SULFAMATE
NICKEL 10 6

7. WATTS TYPE NICKEL (1400F) 97

250- S. PREANNEALED (1500PF) SULFAMATE
NICKEL 108

200-

W2150 3

cI, 4

w

50- 800.

-400 0 400 800 1200 1600 20
TEMPERATURE ,F

FIGURE 8. ULTIMATE TENSILE STRENGTH OF ELECTROFORMED,
NICKEL AND COBALT TUNGSTEN ALLOY AT LOW
AND HIG TEMPERATURES
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FIGURE 9, YIELD STRENGTH OF ELECTROFORMED
NICKEL AT LOW AND HIGH TEMPERATURES
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