23 March 2007 _1 Process For El ectroplating Metallic and Metall Matrix
Conposite Foils, Coatings and M croconponents 5 Field of 28Martlh@est i on The
invention relates to a process for form ng coatings of pure netals, netal
al - loys or netal matri x conposites on a work piece which is electrically
conductive or contains an electricaljy conductive surface |ayer or fornng
free-standi ng de- posits of nano-crystalline netals, netal alloys or netal
matri x conposites by em 10 pl oyi ng pul se el ectrodeposition. The process

enpl oys a dr i n s for .the nt L.AYoUsS Rproduct i of

ngﬁoc)r/yst al | f#r?gpésg%‘f"s’ %&%ﬁf”%‘“ﬁe Spltic “Héﬁ‘ﬁf‘ta!!%ff’é‘ ng'PHﬂEeaﬁ%l trix
conposites or a selective oatingthrdMiGdcathpbhdid) Process, the proc- esses
i nvol ving pul se el ectrodeposition and a non-stationary anode or cat hode.
Novel nano-crystalline nmetal matrix conposites are disclosed as well. The
inven 15 Lion also relates to a pulse plating process for the fabrication
or coating of mcro- conponents. The invention also relates to

m cro-conmponents with grain sizes be- |ow 1,000nm The novel process can be
appl i ed t Fieldtodithe lahcevmar resi stant coatings and foils of 20 pure netals
or alloys of netals selected fromthe group of Ag, An, Cu, Co, C, N, Fe,

Pb, Pd, PtThefivenidn rédbtes 16 a pibderd forToanmgoh@gdsT pRieBRlsSmel get ed from G,
P, S and,Si and netal matrix conposites of pure ' netals or alloys with
parti cul aly's ARl nREixsapposites Ae aarork pigse vdichistelgctridallygopdnative s and net al
o110 pouigonfhg o Rk bl o e e 48" 5 9%, g
or gani ¢ nposits dflmans-unstAlincihEtls aetal alloys or metal matrix composites by em-
- 10 ploying pulse elcctrodeposition. The process employs a drum ‘platihg process for
the continuous production of nanocrystalline foils of pure metals, metal alloys or
metal malrix p_ompo‘sitcs or a selective plating (brush pléting)_ process., the proc-
esses involving pulse electrodeposition and a non-stationary anode or cathode.
Novel nano-crystalline metal matrix composites are disclosed as well. The inven-
‘15 tion also relates to a pulse plating process for the fabrication or coating of micro;
components. The inveation also relates to micro-components with grain sizes be-
low 1,000nm.

‘The novel process can be applied to establish wear resistant coatings and foils of
| 20 pure met;ils or alloys of melta'ls'selectcd from the group of Ag, Au, Cu, Co, Cr, Ni,
Fe, Pb, Pd, Pt, Rh, Ru; Sn, V, W and Zn and alloying elements sciéctcﬂ_ from C, P,
'S and Siand metal matrix composites of pure metals or alloys with particulate |
additives such as metal powders, metal alloy powders and metal oxide powders of
‘Al, Co, Cuy, .I‘r.a, Mg, Ni, Si', Sn, V, and Zn; nitrides-of Al, B and Si; C (graphite or
25 diamond); carbides of B, Cr, Bi, Si, W; and organic materials such as PTEE ahd
polymer spheres. . The selective plating process is particularly suited for in-situ or
field applications such as the rcpair or the-reﬁ:rhi’sl*unént of dies ahd moulds, tur-
bine plates, steamfgen'eratqi' tubes, core reactor head penetrations of nﬁclear power

_plants and the like. The continuous plating process is particularly suited for pro- -




pol ynmer spheres. The selective plating process is particularly suited for
-in-situ or field applications such as the repair or the pgiMucth 3dovent of
di es and nmoul ds, tur- bine plates, steam generator tubes, core reactor
headpenetrations of nuclear power plants and the |ike. The conti-nuous

pl ating process is particularly suited for pro 23 March 2007 -2 ducing
nanocrystalline foils e.g. for nmagnetiZ-applications. The process can be
applied to high strength, equiaxed m cro-conponents for use in electronic,
bi o- medical, tel econmunication, autonotive, space and consuner

appl i cat i odscing nEeseystylinofoileie. Pforanagietié Bapikauions) dTRf probess cavent | on
Nanocrystal line materials, also referred tows ultra-fine grained materials,
nano- phas épﬂhegégﬁ'égerbst@%ﬁhame@ﬁmﬁ‘k@ﬁ“mﬁ 81 usednielestropisgbigy er age
grains siz i ‘ i I ‘ hesi zed by a
nunber of ﬁeﬁdh%ggélﬁgﬁlﬁg?lﬁ%f@ga@gﬁg g??ﬁ%‘%@ggﬁ%%rg&tpp gﬁé%?%fert gas :
condensation, high energy ball mll- ing, sot-gel deposition and

el ectrodeposition. Electrodeposition offers the capa- bility to prepare a

| arge nunber of ful l.y dens tal agn al alloy conpositions at high
product?u_onEreﬁ‘frﬁ’émﬁ'r?ﬂ’F‘BWE%r&ﬁfouina\?g91 ¥EntBqui rements in a single syn-
thesis step. 15 The prior art primarily describes the use of pulse '
el ectrodeposition for producing nanocrystalline materials. Erb in US
5,352,266 (1994) and in US 5,433,797 (1995) describes a process for 20
produci ng hanowrystalliat hiatesialsablse refemed pastulzaifme lgyainadwnateyistsabdnione ni.ckel .
The na- nocjystall laTe mat er i {’:’l| - sdel %ect liod%%)%i ted onto the, cathode i'‘n an
aqueous acP g materials or nanometer-sized matenals exhibifing average grains sizes

smaller or equal to 100nm, are known to be synthesized by a number of methods

10 including sputtering, laser ablation, inert gas condensation, ﬁigh energy 'balll mill-
ing, sol-gel deposition and electrodeposition. Electrodeposition offers the capa-
bility to prepare a large number of ﬁll‘ijdériée metal and metal alloy compositions -

at high pro'ductiqn ratcs‘and low éapita! investment requirements in -arsingle syn-
| thesis step. | - | : | '

15

The prior art primarily describes the use of pulse eléctrodeposition for producing

nanocrystalline materials.

Erb in US 5,352,266 (1994) and in US 5;43-3 797 ( 1995) describes a process for
20  producing nanocrystalline materials, -p;ir'ticular;[y.nanociystalliné hi;‘:ke[. The na-
_ hoc‘rystélline. material is elcctrodepdsited onto the cathodc in an aqueous acidic
glectrolytic,‘cell'b).r application of a pulsed DC current. The cell also optionally
“contains stress rélievers. Products of the ihvéntidn'ihclude wear résistant coat-
ings, magnetic materials and@atal”’ysﬁ for hydro_géh evoldtibn. | -
25 | | |
--Mori in US 5,496,463 (1996) describes a process and appérams for composite :
' electroplating a metallic material containing SiC, BN, SiaN;, WC, TiC, TiOs, -
oL AL03, ZnBs, diamond, CiC, MoS;, colering materi_alé, pbiytetraﬂuorqeﬂlyleﬁe




el ectrolytic cell by application of a pulsed DC current. The cell also
optionally .contains stress relievers. Products of the inggMarcin200vcl ude
wear resistant coat= ings, nagnetic materials and catal ysts for hydrogen
evolution. 25 Mori in US 5, 496,463 (1996) describes a process and apparat us
for conposite electroplating a netal-lsi.c material containing SiC, BN,

Si3Nd, WC, TiC, Ti02, Al203, ZnB3, dianmond, CC, MS2, coloring materials,
pol ytetrafl uoroethylene - ---------- 23 March 2007 -3 (PTFE) and

m crocapsu : t into the
el ectrol ytgq%ﬁ% l'e niﬁﬁ%ﬁ%sﬁﬁ%gﬁgg‘%@%@%@é %‘ES@'?‘?‘%‘@S&"J ﬁiri]ﬁfgnfg)‘qgl{@er for

el ectrodepthsieiaetto@tefml 5 productlon Cu is plated onto a rotating netal
drumthat is partially submersed and rotated in a Cu plating solution. The
Cu foil is stripped fromthe drumsurface energing fromthe electrolyte,
which is clad wwth electroformed Cu. The rotation speed of the drum and’

t he Cu”enﬁ\dﬂ:? 11334 2%9&9‘43? 0)Ae8Hbds bk dnllf p ﬂﬁé‘fb?&e&tmﬁaﬁﬁﬁ CiPfoilt he Cu

foil. The Cu strippe fromthe drum surface I's subSequently washed to
and drised pmduwmnﬂu nmleted ogita a pisitingouetal diugxghaf is padially 3gbmased QI@QGO)

I

hand- mani pthérphfd f?dimﬁefélé&folﬁérw&%hi’sscl@w&ﬂiﬁ efdtthofiRleH €. qhsmtstain sol uti ons
to the 15 netal surface of the work piece to be plated. The work piece to

be pl ated speedefthedmim amll\tlwecun':néddmaﬁﬂawp}sbd toeadiust dheodrsiredt thicknges wi ck
_ Cont. _al ni ng ot tn _ C%lfg’ﬁ.t '&'Rc—& _mel stripped from the drum surface is subsequently washed

10 and dried and wound inte a suitable coil.

Iexi in US 2,961,395 (IQGO)_-disle_ses a process for electroplating an article with-
: out the necessity to immerse the surface being treated into a plating tank. The.
| hand—manipulated applicator serves as anode and applies chemical solutions to the
15  metal surface of the work p_.iet:e to be .blatcd. The work piece to be plated serves
as cathode. The hand appii’cat‘o; anode with the wick containing the electrolyte
and the work piece cathode are connected to a DC power source to generate a

‘metal coating on the work piece by passing a DC current.

20 - Micromechanical systems (MEMS) are m'a'c‘hines constructed of smalt moving
- and stationary parts having overall dimensions ranging from 1 to 1,000um e.g. for
“use in electronic, biomedical, telecommunication, autombtiv’e, space and con-

sumer technologies.

25  Such cpmp.ohents are '-ma_df_:- e.g. by pho_tofelectrdfonning, which is an additive
~ process in which powders are deposited in layers to build the desired structure e.g.
by laser. enhanced electroless platmg Lithography, e[ectroformmg and molding

(LIGA) and other photollthography related processes.are used to overcome aspect :




and the work piece cathode are connected to a DC power source to generate a
netal coating on the work piece by passing a DC current. 290Mééd Zovgchani ca
systens (MEMS). are machi nes constructed of small noving and stationary
parts having overall dinensions ranging froml to 1,000pme.g. for wuse in
el ectroni c, bionedical, telecommunication, autonotive, space and con- sumner
technol ogi es. 25 Such conponents are nmade e.g. by photo-el ectroform ng,
which is an additive process in which powders are deposited in layers to
build the desired structure e.g. by |ader. enhanced el ectrol ess plating.

Li t hography, electroform ng and nolding (LIGA) and other photolithography
rel ated processes are used to overcone aspect 23 March 2007 -4 ratio
(parts hei ghtrato(paitslhdight teewithe dlgsedyrble erss. Obbdn éachiigads singloyed ipdipdoyed i ncl ude

silicon m cromachini ng, .t.hrough sk, plating, and m cr.ocontact printing. 3.
Surmary: | The SRBrButPeEbe ORIty B AR AT b1 & pul se

pl ati ng process for formng coatings or free-standi ng deposits of
~nano-crystallme netals, nmetal alloys or nmetal nmatrix conposites. The

di scl osure hgaein rovides mcro conponents with significantly inproved
property-dep den? MYbility and i nproved and tail or-made desired
properties for overall performance enhanced m crosystens. Preferred
enbodi ments as disclosed herein are defined in the correspondi ng depend-

ent clains. According to a first aspect, there is ?rpvided a process for
cat hodi cal | y The disclosure herein provides a reliable and flexible pulse plating process for

forming coatings or free-standing deposits of nano-crystallme metals, metal alloys

or metal matrix composites.

The disclosure herein provides micro components with significantly improved
property-dependent reliability and improved and tailor-made desired properties for

overall performance enhanced microsystems.

Preferred embodiments as disclosed herein are defined in the corresponding depend-

ent claims.

- According to a first aspect, there is provided a process for cathodically
electrodepositing a selected metallic material on a permanent or temporary
substrate in nanocrystalline form with an average grain size of less than 100 nm at a
deposition rate of at least 0.05 mm/h, comprising: providing an aqueous electrolyte
containing ions of said metallic material, agitating the electrolyte at an agitation rate
in the range of 0.0001 to 10 liter per min and per cm” anode or cathode area or at an
agitation rate in the range of 1 to 750 milliliter per min and per Ampere, and
passing single or multiple cathodic-current pulses between said anode and said
cathode




el ectrodepositing a selected netallic material on a permanent or tenporary
substrate in nanocrystalline formw th an average grain spz&iaeéh 2@ys than
100 nmat a deposition rate of at least 0.05 nm h, conprising: providing
an aqueous el ectrolyte containing ions of said netallic material,
agitating the electrolyte at an agitation rate in the range of 0.0001 to
10 liter per mn and per cn2 anode or cathode area or at an agitation rate
inthe range of 1 to 750 milliliter per mn and per Anpere, and passing
single or nultiple cathodic-current ptéses between said anode and said

cat hode 23 March 2007 -4a In one enbodinent, there is provided a pul se

pl ati ng process, consisting of a single cathodic on tine or nultiple

cat hodi ¢ on Iniamesmbbditientf thexrris provideda pulseplsiing recean domsisting of asimgle mul ti pl e
of f times per .cycle..Periodi | se reversal....a bipol vef gr.m

a1 ter nat 1 ng U R drounioip Al G i plreBe i e Bhar 1y be
used as We'%ie od MBI imEeP ST 1dTRYridiRC hilseGEvdl, labigoldrhaviforef or m bef ore,
~after or in be- tween the on pul se and/or. before, after_or in the off tine.
The anodi ¢ piicEatiag betwaen cafiedisipulses,angd agadie palpesymprortipnally edsed ayr eat er t han
t he cat hodi F ﬁiﬁﬁ- i ( i _he "reverse
pul se" per §§§'3%§§%9 sﬁéﬁFZEQ?ﬁgn t th%Q?%o |é£§ﬁ§%g§h§gﬁkérch 2007 -5
Cat hodi ¢ pul seecwthetonipese amdjorrbafige afteramithe offoink) The swdicpub®rurraff ti mes

fromO to 500nmsec (1-100), and anodic pulse, tines.my range fromO to 50
e, pr ef er S A PR b Foveli gt meaReh o bR e SRR R, ¢ he
cat hodi ¢ on dnbaShatpe/(FIEE) 8thd Heverse pulse” per cycle may be smaller than the

cathodic charge (Qcathodic)-




sum of the cathodic on tines, the off tinmes and the anodic tinmes, may range
from5 to 100 % preferably from10 to 95 % and nore pr2$ szl J007r om 20
to 80 % The frequency of the cathodic pulses may range froml Hz to 1kHz
and nore preferably from 10Hz to0350Hz. Nano-crystalline coatings or
free-standi ng deposits of netallic material smay be ob- tained by varying
process paraneters such as current density, duty cycle, work piece
tenperature, plating solution tenperature, solution circulation rates over
a wide range of conditions. The follémnng | isting describes suitable
operating paraneter ranges that may be used for practising the invention:

Aver age cur nt.. SI t if deter bl e, anod C or thodl c ally):
0.01 to %PB%@EE%‘BW”B@ °’P§ 129 AP Brige (1 n‘@Lé’}{f %i" to |

QA cn® Dut yso@fﬁécm&o@)%amc PR GRS Eidy rngE ﬁ'oﬂaQﬂQB@nﬁéceﬁlteféPébW e sol ution
tenperature; - 20 to 85C Electrolyte solution circul atlon/ng)ltatlon rates:

<10 |iter pgemm i Hmsee. Thedutyepde eapressed asibe eathgdicon tongeiivideddytha/ m n. cm

Work pi ece 0 350
osci | Ioat i on&%@%e%%oggc \(/)Iérglglﬁst% %g;})?ﬁ r@%&%ﬂ?ﬁh&%ﬁéﬁ%@éﬁ &8§ %&E%g%nﬁsre?erl mn
(brush) 0. 008 %,greféralil@ figomi mtoﬁﬁms;)an&ﬂlomrcﬂaraﬁlyﬂfbm 20to BR&s.dilecl osure herein

Pt 1 x comtBevES StaeRRER Gt e LT AR SR R oot

from 10Hz to350Hz.

Nano-crystalline coatings or free-standing deposits of metallic materialsmay be ob-
tained by varying process parameters such as current density, duty cycle, work piece
temperature, plating solution temperature, solution circulation rates over a wide range
of conditions. The following listing describes suitable operating parameter ranges

that may be used for practising the invention:

Average current density (if determinable, anodically or cathodically): 0.01 to
20A/cm’, preferably 0, 1 to 20A/cm?, more preferably I to 10A/cm®

Duty Cycle 5 to 100%
Frequency: 0 to 1000Hz
Electrolyte solution temperature: - 20 to 85°C

Electrolyte solution circulation/agitation rates: <10 liter per rain per cm” anode or
cathode area (0.0001 to 101/min.cm?)

Work piece temperature: -20 to 45°C
Anode oscillation rate: 0 to 350 oscillations/min

Anode versus cathode linear speed: 0 to 200 meter/min (brush) 0.003 to
0.16m/min (drum)




0.05 mmh, preferably at least 0.075 mi h, and nore preferably at least 0.1
mmh. In the process as disclosed herein the el ectrol yte psefgeaior my be
agitated by neans of punps, stirrers or ultrasonic agitation at rates of 0
to 750 mM/mn/A (mM solution per mnute per applied Anpere average
current), preferably at rates of O to 500 m/mn/A |In the process as

di scl osed herein, optionally a grain refining agent or a stress relieving
agent selected fromthe group of saccharin, coumarin, sodiumlauryl

sul fate and thiourea can be added to tde el ectrolyte. The disclosure herein
provi des a process for plating nanocrystalline netal matri x com posites on
a permanent or tenporary substrate optionally containing at |east 5% by

vol une partnmnbatbsuehﬂah@nﬁhmMy@ﬂﬁ&hyam@huﬁﬁnpamhgnmkﬂmﬁmhwnnre preferably
20% by volu articul ates, even refer VO

ar t1 oul at eSS MGk Epap SR e apr PTG e ey 6ot iar

appl i cat i ons).05uadVhasrefambl of &@stn@ssmgh@ﬁlbtellﬁefahupwwtanmﬁm val ve
-refurbi shnent, val ve and machi ne tool coatings, energy absorbing arnor
panel s, sound danpi ng systens, connectors on pipe joints e.g. used in oi

drilling applications, refurbishnment of roller bearing axles in the
railroad in S and gener ator
parts, repamgé%éc%sg%%&fsﬁdg%}{ﬁﬁtﬁweﬁ 815’{6 ?Jrggrgélgﬁfggﬁbg émﬁqg@t ack, selective

(e.qg. br ushnphtwtdfpgjlpastmemnﬂtrasmwsgﬂ(am@traﬂeswﬂ)pxb%Sﬂm@unmanl ng processes

usi ng pul se_el ectrodeposition..The partlculates e sele d fromthe
orou bf metaMESGERER b e By Betbas L B a3 B ucier s of Al
Co, Cu, In, s0mli/NivASI, Sn, V, and Zn; nitrides of AI, B and Si; C

(graphite or dianond); carbides of B, Bi, C, Si, W MS2; and organic
materials such as PTFE and pol yner spheres. 23 March 2007

In the process as disclosed herein, optionally a grain refining agent or a stress
relieving agent selected from the group of saccharin, coumarin, sodium lauryl
sulfate and thiourea can be added to the electrolyte.

The disclosure herein provides a process for plating nanocrystalline metal matrix com-
posites on a permanent or temporary substrate optionally containing at least 5% by
volume particulates, preferably 10% by volume particulates, more preferably 20% by
volume particulates, even more preferably 30% by volume particulates and most
preferably 40% by volume particulates for applications such as hard facings,
projectile blunting armor, valve refurbishment, valve and machine tool coatings,
energy absorbing armor panels, sound damping systems, connectors on pipe joints
e.g. used in oil drilling applications, refurbishment of roller bearing axles in the
railroad industry, computer chips, repair of electric motors and generator parts, repair
of scores in print rolls using tank, barrel, tack, selective (e.g. brush plating) and
confinuous (e.g. drum plating) plating processes using pulse electrodeposition. The
particulates may be selected from the group of metal powders, metal alloy powders
and metal oxide powders of A1, Co, Cu, In, Mg, Ni,,Si, Sn, V, and Zn; nitrides of Al,
B and Si; C (graphite or diamond); carbides of B, Bi, Cr, Si, W; MoS,; and organic
materials such as PTFE and polymer sﬁheres. |




-7 The particul ate average particle size may typically be bel ow 10m
preferably below 1,000nm (1m, preferably 500nm and nore3 pieéer@dd y bel ow
100nm The process as disclosed herein, optionally provides a process for
continuous (drum or belt) plating nanocrystalline foils optionally
containing solid particles in sus- pension selected fromnetal powders,
netal alloy powders and netal oxide powders of A, Co, Cu, In, My, N, Si,
Sn, V, and Zn; nitrides of Al, B and Si; C (graphite or dianond); carbides
of B, Bi, Si, W MS2, and organic mdterials such as PTFE and pol yner
spheres to inpart desired properties including hardness, wear resistance,

| ubrication, magnetic properties and the like. The drumor belt provides a

tenporary T bartlcuiate aferapmpatticlesizt by pipivaligbé ssldw MBym, ipecfealsly bylownd
contlnuoushégrenn ed. In a prefered enbodinent, it is also possible to

produce nar8eon tum).i H@QEW&§9%E%aﬁimmﬁﬂé@?ﬁbbﬁﬁbwﬁgmﬂﬂthout the need to

subnerse the article to be coated into a plating bath Brush or tanpon
plating may be a suitable alternative to tank plating, particularly when
only a portion of the work piece is to be plated, wi thout the need to nast

ar eas notThaprb@s&pﬂsaﬁwﬂasedmmeimropﬁdmaﬂy atavitlgs apgmaesalfarsomtymbusa(ﬂim may enploy a
sol uble or si onal | ed | bsor bent separat or
felt to fo?r]ﬁlt)z@r} r%ﬁtaj ﬁsrfg’t’B'r‘%lé(ﬁo n§e°‘°fr? %Séﬁélfsnst the surface
to be pl atgsioh selecilfith mefal d\ﬁ@ﬁaﬂkﬁpﬂl Fdas dnEhmesl dxdleyosdse! uti on
containing ions of the netal or metal a oys to be g‘aate nmay be injected

into the s‘éfpﬁslrg? &1, e Mg, Niypdij Ih asdzm,mtgdwfu”th%ﬁnd ¢ (gppite@dnt ai n sol i d
ticl 1 | wd
ool USROS AT gl BRI et g 0 Do

nitrides qiolyﬂdle;r sﬂaemsdo Bnpar(deélgadqmdspertms ﬂrcludn@rhanhi):ss wearbestt%c@f Bi , SI W
E and pheres to |rrpart

(I\j/g§|2r egngr%g‘i‘gf fr)]rlé gnaggtlecrﬂrglgemess%g{? th%?lke -Iilile drum o bel prowdes a temporary

substrate from which the plated foil may be easily and continuously removed.

In a prefered ernbodiment, it is also possible to produce nanocrystalline coatings by
electroplating without the need to submerse the article to be coated into a plating bath
Brush or tampon plating may be a suitable alternative to tank plating, particularly
when only a portion of the work piece is to be plated, without the need to mast areas
not to be plated. The brush plating apparatus typically may employ a soluble or
dimensionally stable anode wrapped in an absorbent separator felt to form the anode
| brésh. The brush may be rubbed against the surface to be plated in a manual or
mechanized mode and electrolyte solution containing ions of the metal or metal
alloys to be plated may be injected into the separator felt. Optionally, this solution
may also contain solid particles in suspension selected from metal powders, metal
alloy powders and metal oxide powders of Al, Co, Cu, In, Mg, Ni, Si, Sn, V, and Zn;
nitrides of Al, B and Si; C (graphite or diamond); carbides of Bi, Si, W; MoS,; and
organic materials such as PTFE and polymer spheres to impart desired properties

including hardness, wear resistance, lubrication and the like.




i ncl udi ng hardness, wear resistance, lubrication and the like. 23 March
2007 8 In the ease of drum belt or brush plating the rebaMateh pO7a on

bet ween anode and cathode nmay range fromO to 600neters per mnute,
preferably from0-003 to 10neters per mnute. In the process as disclosed
herein mcro conponents for mcro systens including mcro-nechanical
systens (MEMS) and mcro-optical-systens with grain sizes equal to or
smal | er than 1, 000nm may be produced. Jhe maxi mum di mensi on of the

m croconponent part nmay be equal to or below Inmand the ratio between the
maxi mum out si de di nensi on of the m croconponent part and the average grain

size my ual .0 0 r f er abl reater than 100, The
mcro conpgﬁléﬁ eosfdﬂméé?l%srg) %@%}gﬂg‘fﬁe@%‘e ‘gqoﬁ%%ﬁvﬁé‘ré\(}%ag equi axed

m crost r uct ¢attedt imayptagfectitim 0 EOPMeEe geranifime,pestirablVibm 0-003 to'lehetiks vel y

i ndependent of onponent thickness and structure. According to a second
aspect, thefEMWS, ovided a micro conponent produced by a pul se

.el ectrodeposition process as described above, having a maxi num di nensi on of
1 mm an average grain size equal to or smaller than 1000 mm the ratio

bet ween the maxi mum di nension and the average grain size being greater
than 10. | rntheprasesses distlesnbhektimminrg canponentaiopmjsrasystamsiinaiuding conponent s

where t he der of ni tude
e er ot EpAAhata okl (f R ST e bR SHer T i s elBE 1 " i g
| evel of summgﬁmmﬁhmnﬁmybemmﬁeMm@imadnbM@l n may have

Si nlflcantl roved propert dependent reliability and i roved and
t a|g| or - grocoqﬁ) nent parp ma;Pbe eq%al to or below 111111 ar the raho et\);(reen r‘rp

maximum outside dimension of the microcomponent part and the average grain size

may be equal to or greater than 10, preferably greater than 100,

The micro components as disclosed hercin preferably may have an equiaxed
microstructure throughout the plated component, which is relatively independent of
component thickness and structure. '

According to a second aspect, there is provided a micro component produced by a
pulse electrodeposition process as described above, having a maximum dimension of
1 mm, an average grain size equal to or smaller than 1000 mm, the ratio between the

maximum dimension and the average grain size being greater than 10.

In a preferred embodiment, there are provided micro components where the average
grain size remains at least an order of magnitude smaller than the external dimensions
of the part, thus maintaining a high level of strength.

The micro components as disclosed herein may have significantly improved property-
dependent reliability and improved arid tailor-made




23 March 2007 -8a desired properties of MEMS structures for overal
performance enhanced m crosystens by preferably equi axed2ghegth pegposits,
elimnating the fine grain to columar grain transition in the

m croconponent, and sinul taneously reducing the grain size of the deposits
bel ow 1, 000nm 4. Preferred Enbodi nents of the Invention: 23 March 2007 -9
O her features and advantages of of this invention wll becone nore
apparent in the follow ng detail ed description and exanpl es of preferred
enbodi nents of the invention, toget$ser with the acconpanying schenatic
drawings, in which: 5 Figure 1 shows a cross-sectional view of a preferred
enbodi nent of a drumplat- ing apparatus. Figure 2 shows a cross sectional
view of a preferred enbodi nent of a brush plat- to ing apparatus; and
Figure 3 shQi&d propeHREofMMENSSrudukBpantidiiriimihQtnRiRa at us for. generating
a mechani zed stroke of the anode brush. "15 Figure | schematically. shows
of a pl at | méFresyseEmsdry preierglly cquigxed plesteodepppitshelimnaing®e fipe grigte (2) cont ai ni ng
‘the ions o b- mersed into
t he electr%ﬁ%- gﬁﬁfﬁ%§@§% éh%hx' %#?% %mgﬂ%é?ﬁﬁﬁM ?%n1(3) el ec-
trically CgﬂmamheﬂmédqﬂmﬁbWBwlﬁ@&mﬁe (4). The drumis rotated by an
electric notor (not shown) with a belt drive and the rotation speed is
vari abl e. The anode (5) can

4. Preferred Embodiments of the Invention:




20 be a plate or conform ng anode, as shown, which is electrically
connected to the power source (4). Three different anode2givdes?dd7ons can
be used: Conformal an- odes, as. shown in Figure 1, that follow the
~contour of the subnerged section of the drum (3), vertical anodes
positioned at the walls of the tank (4) and horizontal anode positioned on
the bottomof the tank (1). In case of a foil _(16) of netallic 25 materi al
bei ng el ectrodeposited on the drum (3), the foil (16) is. pulled fromthe
drum surface energing fromthe electrolyte (2), which is*clad. with the

el ectro- forned netallic material., 23 March 2007 10 Figure 2
schematically shows a workpi ece (qg_po be plated, which is conpected to

t he negat iQtherdaatrens apg adwantaassef ok@irinkention wiltthecememwre spparashil sts of a

handl e (7 it 0, i ‘ 0 arNs channel s
(3 for - st fMbifh GARMEAH TR BBl o prorehid ANIENGRTOANDT

contr ol | ednveatibn,(togdthahwitinthetaocdmanyingeianaicdawaispinbelith:separ at or) (10)
. The electrolyte dripping fromthe absorb- ent separator (10) is
optionglly collected in a tray (11) and recirculated to the tank. The

absorbent separator (10) containing the electrolyte (2) also electrically

absor b taining t ol y el ectrically
paci ng_ bolBeey Tanoag pEr e A PR PR GS SR oA © 1 can

be noved ng=ppatmuslO wor kpi ece (6) nmanual |y during the plating operation,
‘alternatively, the notion can be notorized as shown in figure 3. Figure 3
schematically shows a wheel (12) driven by an adjustable speed notor (not
shown). A traversing arm (13) can be rotatably attached (rotation axis A)

Eﬁsmlﬁgt Nigfudd SLhS\es ABARL sdotignal Yhew B 4 BHtTerRATedt oF'a thushlplh- (14) wi th 2
" 10 ing apparatus; and , : ‘

Figure 3 shows a plan view of a mechanized motion apparatus for generating a

mechanized stroke of the anode brush.

15 Figure I schematically shows of a plating tank or vessel (1) filled with an elec-
tro_lyté (2) containing the ions of the metallic tilat;:rial to bé'piat_ed-: Paﬂiél!y sub- .
mersed into the electrolyte is the cathode in the form of a rotating drum (3).elec-
tﬁcally connected to a power source (4). The drum is rotated by an eieéfﬁc motor
(not shown) with a belt drive and the rotation speed is variable. The anode (5) can

.20 be a plate or conforming anode, as shown, which is elechicélly.connect'cd to the
power source (4). Three different anode dispositions can be used: _Cdnformal an-
odes, as;shown in Figure 1;_that follow the contour of the submerged section of
the drum (3), vertical anodes positioned at the walls of the tank (1) and horizontal -
anode positioned on the bottom of the tank (1). In case ofa foil (1 6) of metallic

25  material being elec_ﬁodepositcd on ﬁe drum (3), the foil _(1-6) is pulled from the
drﬁ_m Smfaq¢ emerging from the electrolyte (2), which is clad with the electro-

formed metallic material.




set screw (not shown) to generate a desired stroke. The stroke | enght can
be ad- justed by the position x (radius) at which the rotashacazo®? A of
traversing armis nounted at the slot (14). In Figure 3 the traversing arm
(13) is shown to be in an no-stroke, neutral position with rotation axis A
in the center of the wheel (12). 20 The traversing arm (13) has a second

pi vot axis B defined by a bearing (nofg. shown), that is slidably nounted in
a track (15). As the wheel (12) rotates, the rotation of the traversing
arm (13) around axis A at position x causes the travers--:ing arm(13) to

reci procatEjghs 4 Qﬁxeﬁ{aﬁgﬁ‘liy(slié)vs Q%‘rﬁ[ﬂeu%: (g?{oz@elr @H@Q @%%gé??bﬁ?ﬁ@@%de (5)

having the sane features as shown iI'n attrac e traversing

ai m 25 ( 13he apgativewudeonfghe piwersonicp(4c Fheahoila( %) condistoof a Rapkadhng on t he

position ... Usual | v. the ti 1as, t he ,shape, of figure eight. The anode

(5) and tﬁgl%lpgr-' “ﬁ?{[ 83“?@%3’3820 ‘Hiogﬁc?‘?faﬁ'éﬂ‘wg(ﬁ)\g’fﬁ%ﬂqnge outlets

of a pomermse&bﬁ&g(dlﬂiluticﬁf(gy\ﬂbm art@:%B&‘éEdré/g%Mrzoll-Eﬁ%rﬁ{(‘ﬂ@f%%)rﬁc?hﬁt ion is
rch |

very simlar to_ that of a steam engine. 3 Ma 2007 S invention
rel i es Son 3edeniskigbsarhentsoparatp) (HY . dbaelactrolyté diipmng frdmnthe absort em

conponent ¢ ctr. oshiion, tignally solid particles are
suspended %Ing ¥%ﬂ%‘éﬂt§‘ﬁe@k r%o PE/’? g‘ﬁgyn%hécft%& 1%33)%@3? iaﬂ‘y feracalsgde %h.e '%'%‘
Nanocr yst dltel abeorbest sepgratok 10)wemainimsths ERBroBRN(2) 6Bb eRRFicaly e have
f ocused oga increa‘ii ng wear resi st'ance.%i_ncreasi ng hardness and

decr easi ng@ehtheranpde paigh (Sdrom thesyarkpieead$ gnd geiakts thei spacingdetwéeon bel ow
100nm It d I R- rper.aty ng.a suffi ciepnt vol une
fraction g? aﬁ%ﬁ%@??@ﬁ‘%@c%@%ﬁ F ?i’éurSﬁglﬁﬁglﬁg@ ?%' e%‘éerd PEEEt ance of
nanoc rlys_.t ad'd;kpiecm(aﬁt) enidnkbBy during the plating operation, alternatively, the motion can -

be motorized as shown in figure 3.

Figgrc 3 gche;ma_tical_-ly shows a wheel (12) driven by an adjustable. speed motor -
(not shown). A tfavérs'ing arm (13) can be rotatably attached (rotation axis Ay to.
15 the rotating wheel (12) at yarious.posit.ions X at a slot ( 14) with a bushing ai_1d a
set screw (not shown) to generate a desired s&oke. The stroke lenght can be a&- :
Jjusted by the position x (radius) at which the rotation axis A of traversi-rig arm:is
" mounted at the slot (14). In Figute 3 the traversing arm (13) is shown to be inran -
no-stroke, neutral position with rotation axis A in the center of the wheel (1 2); .
20 The traversing arm (13) ‘has_ a second pivot axis B'defined by a bearing (not
shown), that is slidably mounted in a track (15). As the wheel (12) rotates, the -
rotation- of the traversing arm (13) around axis A at position x céﬂscs‘the travers—
 ing arm (13) to reciprocate in the track (15) and to pivot around axis B. An aiiode
_ (5) having the same features as shown in Fig. 2 is'attached to the tra\i.e'rSing arm
25 (13) and moves over the workpiece (6) in  motion depending on the position x.
Usua.lly the motion has the shape of figure eight, The anode (5) and the work- |
piece (6) are connected to positive and negative outlets of a power source (hot;'- S
shown), respectively. The cingxﬁa’tic.relat_ion' is’_féry sﬁnilar- to tﬁat Of 'a‘st‘eam*'

engine.

30




10 The material propérties can also be altered by e.g. the incorporation of
| ubricants (such as MoS2 and PTFE). CGenerally, the parti gshgairgisoomn be
selected fromthe group of netal powders, netal alloy powders and netal
oxi de powders of Al, Co, Cu, In, My, Ni, Si, Sn, V, and Zn; nitrides of
Al, Band Si; C (graphite or dia is nond); carbides of B, Bi, Si, W MS2;
and organic materials such as PTFE andll -pol yner spheres. Exanple | 20..
Nanocrystal | i ne Ni P-B4C nanoconposites were deposited onto Ti and mld
steel cathodes imersed in a nodified Watts bath for nicekel using a

sol ubl e an®hiis invemtien ofliea onipeddeking| rahecrastalline Byatiigs OBI1Y ahDHIGOSstdDPR

20- 30- 1002]gjpul se P wer sullppl y. The followi ng conditions were used; 25
Anode/ anod&apaEntshy Rljeslentigleposijony Qptienaliinsalisl padigipmare susncRdet ar ea: . Ti

or mld Stﬁ%eéf&@ﬁ&l@%ﬁgééﬁﬁﬁldemmgg posgd Xed 23 March 2007 -12 Anode:

fi xed Anode versus Catho I near speed: A Average cathodi c current
density: 0.06A/cn2 t/tR 2nmsec/ 6nsec 5 Frequency: 125Hz Duty Cycle: 25%

.Deposition time: 1 hour .
5 Nanocrystal[ine coatings for wear resistant applications to date have focused on
increasing wear resistance by increasing hardness and decreasing the friction coef-
ficient though grain size reduction below 100nm. It has now been found that in-
cor_p(')ra_ting a sufficient volumie fraction of hard particles can further enhance the

wear resistance of nanocrystalline materials.
10

The material properties can also be altered by e.g. the incorporation of lubricants
(such as MoS; and PTFE). Generally, the particulates can be selected from the
~ group of metal powders, metal alloy powders and metal oxide powders of AI,- Co,
Cu, In, Mg, Ni, Si, S, V, and Zn; nitrides of Al, B and Si; C (graphite o dia-
15 mond); éarbides of B, Bi, Si, W; MoS,; and organic materials such as PTFE‘ ﬁnd
polymer sphieres. R

Example 1

20.. Nanocrystalline NiP-B,C nanocomposites were depOSitédﬂ onto Ti am-i“mil-d',Sféell
_ cathodes immer;ed in'a modified Watts bath for nickel using a solubl,e_andde
made of a nickel plate and a Dynatronix (Dynanet PDPR 20-30-100) pulse power

~ supply. The following conditions were used:

25 Anode/anode area: soluble anode: Ni plate, 80cm?

* Cathode/cathode area: Ti or mild steel sheet/appr. Scm’
- ‘Cathode: fixed ‘ '




Deposition Rate: 0.09mm hr Electrolyte tenperature: 60C 1o El ectrolyte
circulation rate: vigorous agitation (two direction nechaps &arch 2007¢el | er)
Basic Electrolyte Formul ation; 300911 N SO4.71320. 45¢g/i N Cl 2. 6H20 15
45811 H3B03 18 g/1 H3PO4 0.5-3m /1 surfactant to a surface tension of
<30dyne/cm 0-2g/|l sodium saccharinate 360 g/| boron carbide, 51m nean
particle diameter 20 pH 1.5-2.5 The_kardness values of netal matrix
conposites possessing a nanocrystalline ma- trix structure are typically
twi ce as high as. conventional coarse-grained netal ma- t1iXx conposites. In
addi tion, m%dgeg,ggess and wear properties of a nanocrystalline 25 N P-B4C
conposite containing 5.9weight% P and 45vol une% B4C are conpared wth

t hose of puinede oasaredlicalelR@datpeedd /A nanocrystal line N and

el ectrodeposited N -P of an equi val_%?t ghem cal conposition in the

adj acent t AyeEge rathedicgurmatdensity: 0.06A/cm” . 23 March 2007 13 ening is
(_:'on_jt roll ed b,yoﬁ!—%gécﬁg}ng grain size strengthening, while abrasive wear

resi stance 1s concurrently optim zed by the incorporation of B4C

" parti cu$ at Erequdiady: 250k P- BAC nanoconposite properties

Duty Cycle: 25%

. Deposition time: 1 hour |
Deposition Rate: _0.09mri1fhr :
Electrolyte temperature: 60°C

.10 Electrolyte circulation rate: vigorous agitation (two direction mechanical impeller)

Basic .Eiecﬁolyte Formulation:.
300g1 NiSOs.7H,0
45g/1 NiCl,.6H,0

15 - 45g/1 H;BO; |
18 g/l H;PO,

0 0.5-3ml1 _surfactanf toa sﬁac¢ tehsidn of <30dynefcm

0-2g‘/1 sodium saccharinate -
360 g/l boron carbide, Sum mcan-parti'é:lé diameter

20 pH1.5-2.5

The hardness values of metal matrix comp(')sités .poSscssiﬁg a nanocrystalline ma-
trix structure are typically twice as high as conventional coérse-grained metal ma-
trix éom_;iosites. In additioﬁ, the hardness and Wear properties of a nanocrystalline .
25 NiP-B4C composite containing 5.9weight% P and 45volume% B.C a.ré.comga;jdd‘ |
with those of pure'coarsé—g'raiﬁed Ni, pure nanocrystalline Ni and eléctrodepos_ited :

Ni-P of an equivalent chemical composition in the adjacent table. Material hard-




5 Sanple G ain Size Vickers Hardness Taber Wear Index [VHN] [TWJ Pure N
90 m 124 37.0 Pure Ni 13 nm 618 20.9 N -5.9P Anor phous 6%3M6c22007

Ni -5.9P-45B4C 12 nm 609 1.5 Exanple 2 Nanocrystalline Co based

nanoconposi tes were deposited onto Ti and mld steel 10 cathodes i mersed
in a nodified Watts bath for cobalt using a sol uble anode nade of a cobalt
plate and a Dynatroni x (Dynanet PDPR ¥0-30-100) pul se power supply. The
foll owi ng conditions were used: Anode/ anode area: soluble anode (Co plate)/
80cn®? 15 Cat hode/ cat hode area: Ti (or mld steel) sheet/appr. 6.5cn®2

Cat hode: feanyigds ppetgelledibiyxdatl-Ratst grain siga strengthodes, | winbsabrsspeedearN/ A Peak

cat hodi ¢ cyr.rent .density: 0. 1004/ 20 Peak anodi urrent, density:
0. 300A/ cnﬁ'gé%%rlﬁﬁo%ﬂ%ml! Tﬂt[%eﬁﬁit%e ’tnc?rpf)&)“o&rfglﬁ“ép ’t’m{'?'g‘?‘f&i c): 16nsec /
Orsec / 2nsec Frequency: 55.5Hz Cathodic duty cycle: 89 %

Table: NiP-B,C nzinocomposite;' properties

5
Sample | Grain Size . Vickers Hardness  Taber Wear Index
| - {IveN] [TwYj

[Pureri | 90 pm i 37.0

Pure Ni 3nm 5T 209

Ni-5.9P - | Aniorbﬁous .611 '26.2

I Ni5.9P.45B,C_ 12 nm | 609 T1s

Example 2

Nanocrystalline Co based nanocomposites were deposited ont(; Ti and mild steel
10 . cathodes immersed in a modified Watts bath for cobalt using a soluble anode
made of a-cobalt plate and a Dynattohix (Dynanet PDPR: 20-30-1 00) pulse power

o supply. Thcrfollowing’_con-ditions were used:

- Anode/anode area: soluble anode (Co-plate)/ $0cm?®
_Czl_thodc; fixed
Aode:fixed
Anodc 'vér'sus; cathode ‘l'iﬁear-é.pgq;i:; N/A _
Peak cathodic current density: 0.1 thﬂu'cm2

20 . Peak'ahb'dic_currgnt- deﬁsity: 0.300A/clmz,' ‘

1s  Cathode/cathode éféa: Ti (61' mild steel) shef;t/gp'pr.. 6.57'cm‘2




Anodi c duty cycle: 11%5 Deposition tine: 1 hour Deposition Rate:

0.08m hr Electrolyte tenperature: 60C El ectrol yte, circg}atdretn200t e:
0.15literl m nlen2 cathode area (no punp flow, agita- tion) 10 El ectrolyte
Formul ati on: 300 g/l CoSO4. 7H20 45 9/1 CoCl2.6H20 45 g/1_H3B03_..15 2 g/l
C7HANO3SNa Sodi um Saccharinate 0 .1 g/l Cl12H2504SNa Sodi um Lauryl Sul fonate
(SLS) 100 g/I SIC, d mnean particl p4gli aneter pH 2.5 20 In the adjacent
tabl e, the hardness and wear properties of a nanocrystalline Co- SiC
conposi te containing 22vol une% Si C are conpared with those of pure

coar se- grghned,. d,pure. na II| | I'-Petch grain size
strengt h- ﬁﬁ%‘é‘%ﬁ?“%%"ﬁﬁ?‘@?? fic hL‘%ﬂ%eﬁl ﬁ&‘s"%ﬂ% Cabrasi ve wear resistance
i s concur reghencyop.sAEzed by the incorporation of SiC particulate. 25 23
Mar ch 2007 5 TabI e: Co nanoconposite properties

Cathodic duty cycle: 89 %
Anodic duty cycie: 11%
5  Deposition time: 1 hour

" Deposition Rate: 0.0Snunﬂlr'
Electrolyte temperature: 60°C
Eleqtroiyte.circulatibn rate: 0.15liter/min/cm? cathode area (no puxhp flow; agita-

tion)
10
Electrolyte Formulation:
300 g/i CoSO47H,0
.45 g/l CoC‘l-_;'-cSILIIzO
45 g/t H3BO;
15 2g/lCHNOSNa  Sodium Saccharinate
0 1 g/l Ci2H25048Na. Sodium Lauryl Sulfonate (SLS)
100 #18iC, <lpm mean partlcle diameter

pH 2.‘5

20 - In the adjacent table, the hardness and wear ﬁroperties of a nanocrystalline Co-
SiC composite con_tainilig 22volume% SiC are bomj)aied with those of pure o
céarsc-grained Co and pure nanocrystalline. Co. - Hall-Pé_tch grain size strengﬂl- :
ening controls material hardening, while abrasive wear resistance is concurrently

optimized by the incorporation of SiC particulate.

25




Sampl e Grain Size Vickers Hardness Taber Wear

| ndex

[VHN] [TW]

Pur e

5m 270 32.0 Pure Co 14 nm 538 38.0 GCo 22Si C 15 mm 529 7. 33 MGe@k eUFOUS

plating to produce foils e.qg.

usi ng drum pl ati ng nanocrystalline foils

optionally containing solid particles in suspension selected from pure

metals or 5 alloys with particul ate additives such as netal
I n,
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the bot t ooalinidif plating to produce foils e.g. using drum plating nanocrystaltine foils

. 10

optionally containing solid particles in suspension selected from pure metals or

alloys with particulate additives such as metal poWders, metal alloy powders and
metal oxide powders of Al, Co, Cu, In, Mg, Ni, Si, S, V, and Zn; nitrides of Al, -
B and Si; C (graphite or diamond); carbides of B, Bi, Si, W; and organic materials--'

such as PTFE and polymer spheres to impart desired properties ‘:incl-uding, hard-

ness, wear resistance, lubrication, magnetic properties and the like has beén ac-

complished. Nanocrystalline metal foils were deposited on a rotating Ti dmm

partially immersed in a“plating electrolyte. The nanocrystalline foil was electro-

- formed onto the drum éathodicaily, using a soluble anode made of a titanium -

15

20

container filled with anode metal and using a pulse power supply. For. alléy.'-fpil’

production, a stream of the additional cation at a predetermined corncentration was

continuously added to the electrolyte solution to establish a steady state concen-

tration of alloying cations in solution. For metal and alloy foil p‘roduction'con-' |

taining matrix composites, a stream of the composite addition was added to the

plating bath at a pre,deteﬁnined .riat_e to establish a steady state content of the addi-

tive. Three different anode dispesitions can be used: Conformal anodes that fol-

low the contour of the submerged section of the drum, verticai anddes positioned

at the Walls of the vessel and horizontal anode positioned on the bottom of the -

vessel.  Foils were produced at average cathodic current densities ranging from

0.01 to SA/_cm2 and pfeferably from 0.05to O.'SA/cmz. The rotation speed was




vessel . Foils were produced at average cathodic current densities ranging
from 0.01 to SA/enR and preferably from0.05 to 0.5A cnR2y3 MiecK ed@t | on
speed was 23 March 2007 -16 used to adjust the foil thickness and this
speed ranged from 0.003 to 0.15rpm (or 20 to 1000crn/hour) and preferably

from0.003 to 0.05rpm (or 20 to 330cn hour) Exanple 3: netal matrix
conposite drumplating 5 Nanocrystalline Co based nauoconposites were
deposited onto a rotating Ti drum astédescri bed in exanple 3 imersed in a
nodi fied Watts bath for cobalt. The nanocrystalline foit, 15cm w de was
el ectroforned onto the drum cathodically, using a-sol-uble cobalt anode

cont ai ned tsed o arijushiirecfol dbicknesaard hityneed rasges fromy0.003 fohdIPMIPR 20- 30- 100)
| The fol | Qwi i : d :
ont or m <5 b and st (Yo 0 8 (o A aa08RABLAY e ar e

Cat hode/ cat hode area. Ti 600cnz Cathode: rotating Anode: fixed Anode

versus cathode |inear speed: 0.018rpm Average Current Density: 0.075A/ ent

20 Peak cathodic current density: 0.150A/cn2 Peak anodic current density:
N A Example 3: metal matrix composite drum plating

Nanocrystalline Co based nanocomposites were deposited onto a rotziting Ti drum

as described in example 3 immersed in a2 modified Wat_té batﬁ for cobalt. The _

nanocrystalline foil, 15cm wide was electroformed ont_b the drum cathodically, -

using a soluble cobalt anode contained in a Ti wire basket ‘an_d.a Dynatrqniﬁ Dy-
10 nanet PDPR 20-30-100) pu-lﬁe power supply. The follo#vihg conditions were

used:

Anode/anode aréa: conforming soluble anode (Co Pieces inTi -
‘basket)/undetermined
15 'Caﬂiode/éalhoﬁe area: Ti 600crﬁ2_ '

. Cathode: rotating. =~

Anode: fixed

‘ .AI_I'(;)dfj_.‘, versus cathode iiﬁear sbced: 0018rpm _

~ Average Current Density: 0.075A/cm’

.20 Peak cathodic current density: O.I'SGAlcmz' |

Peak anodic_:__ current dehsityﬁ N/A ‘ .. | B
‘Cathodic;-t;,.,l torr/ Anodic ton (tanodic): 1m$.ec { 1msec / _Omséc:- -
-'Freqﬁcncy: 500Hz | |
(’;‘atl_lodic' duty"éycle: 50%

" 25 Anodic duty cycle: 0%




Cathodic ta,/ toff/ Anodic to" (tom.): Inmsec / Insec / QOrsec Frequency:
500Hz Cat hodic duty cycle: 50 % 25 Anodic duty cycle: 0%231dven ctp2007 17
Deposition tinme: 1 hour Deposition Rate: 0.05 mmihr Electrolyte
tenperature: 65C Electrolyte circulation rate: 0.15liter/ m n/en2 cat hode
area (no punp flow, 5 agitation) Electrolyte Formulation: 300 gl1
CoS4x7H20 45 gl11 Cod 2x6H20 to 45 gl1- H3BO3 2 g/ 1 C7H4ANOBSNa Sodi um
Saccharinate 0.1911 C12H25(4SNa. Sodi um Lauryl Sulfonate (SLS) 5 g/l
Phosphorous Acid 35 g/l SIiC, <1 pmnean particle diameter 15 .5 g/l
Di sper sant Dppbsitidn fithe IJohiP- Si C foil had a grain size of 12 nun, a hardness
of 690 VHN, contained 1.5%P and 22volume% Si C. 20

Deposition Rate: 0.05 mm/hr

Electrolyte temperature: 65°C

Electrolyte circulation rate: 0.15liter/min/cm? cathode area (no pump flow;

5 agitation)

Electrotyte Formulation:
300g/l CoSé4X7H20 |
45 g/l CoClx6H0

10 45gIHBO;

2 CHHiNO;SNa  Sodium Saecharinate
- 0.1 gl CpH50,SNa. Sod:um Lauryl Sulfonate (SLS)

5 g/l Phosphorous Acid
35 g/ SIiC, <1pm mean particle diameter

15 .5 g/l Dispersant |

pH 1.5

The Co/P-SiC foil had a grain size of 12 nim, a. hardness of 690 VHN, conitained
- 1.5% P and 22volume% SiC.

20

Example 4




Exanple 4 23 March 2007 ------------- -18 Nanocrystalline nickel-iron

alloy foils were deposited on a rotating Ti drum par- tiabkwdremeseed in a

nodi fied Watts bath for nickel. The nanocrystalline foil, 15cm w de was

el ectrof ormed onto the drum cat hodically, using a soluble anode nmde of a

titaniumw re basket filled with Ni rounds and a Dynatroni x (Dynanet 5 PDPR

50- 250- 750) pul se power supply. The fghl owi ng conditions were used:

Anode/ anode area: conform ng sol ubl e 0de (Ni rounds in a netal

cage) / undet er m ned Cat hode/ cat hode area: submersed Ti-drum appr. 600cn2 10
120cm hour) Anode: - fi Xed, Anode versus

Cat hode: r t in @ L%gﬁr pm

cat hode i Pcrggté e 1y mma 'él‘"éf&é erosiiestiorea Fatingy mafy

0. 07A/ cn? Vi I.E{EIE! e: %
Product i ontl?g#r??ﬁn‘!ésearwgﬁ{oa%gvgﬂtf%ﬁ@md&%%é‘mr‘?% nggt ! "ol yt e

t enper at ur é5¢t60GdEmas eleofryfbemed ontalth drom caglicelically, wsirigla selnblranéden®? cat hode

area 20 Elm% E:B?a%a%ufrg rvwn}{al baz;[sicetrhlied with Ni rounds and a Dynatronix (Dynanet

5 PDPR 50-250-750) pulse power supply. The following conditions were used:

Anode/anode area: conforming soluble anode (Ni rounds in a metal
_cage)/undetermined '
Cathode/cathode area: submersed Ti drum/appr. 600cm’
10 Cathode: rotating at 0.018mpm (or 120cmv/hour) Anode: fixed
- Anode versus cathode linear speed: 120cm/hour
~ Average cathodic current density: 0.07A/cm?
tonltofr: 2msec/2msec | -
" Frequency: 250Hz
15 Daty Cycle: 50 %
“Production run time: 1 day
Deposition Rate: 0.075mm/hr
- Electrolyte temperature: 60°C
_ - Electrolyte circulation rate: 0.15liter/min/cm® cathode area
20 "
Electrolyte Formulation:
260 g/l NiSO4-7H;0
45 g/l NiCl,-6H,0
12 g/l FeCl,-4H,0
25 45 g/l H3BO;
46 g/t Sodium Citrate

o 2g1 Sodium Saccharinate




260 g/ N SO4.71120 45 911 Ni Cl2.6H20 12 g/ 1 FeCl2.4H20 25 45. g/ H3B®
46 g/i SodiumCitrate 2 g/| Sodium Saccharinate 23 March 20@farch 3872.2 m /|
NPA-91 - - pH 2.5 Iron Feed Fornulation: 5 81 g/1 FeS047H20 11911
FeCl2.4H20 13 g/| H3BO3 9 g/l SodiumCitrate 4 g/L H2SO4 10 0.5 gll Sodi um
Saccharinate pH 2.2 rate of addition: 0.3 I/hr Conposition: 23-27-w.%Fe
I's Average grain size: 15 run Har dnedld:- 750Vi ckers Sel ective or brush
plating is a portable nmethod of selectively plating |ocalized areas of a

wor k pi ece without subnersing the article into a pl atlng tank: 'there are
22mi/INPAQY T

pH 2.5

Iron Feed Formulation: -

5 81 g/l FeSOyTH;0
11 g/l FeClydHa0
13 g/1 H3BO;
9 g/l Sodium Citrate
sgLHSO,

10 0.5 g/l Sodium Saccharinate
 pH22

.;ate‘ of addition: 0.3 Vhr

Composition: 23-27 wt.%Fe
15 Avergge 'grziiﬁsize: 15 nm

rHardness: 750Vickers

Selective or brush plating is a portable method of selectively pla‘tiﬁg'idcéﬁzed .

_ areas of a work piece without submersing the article int'o- a platirig tank. There are

20 ..Signiﬁcant_differcnc;es between selective plating and tank and barrel plating appli-
|  cations. In the case of selective plating it is dlfﬁcult to accurately determine the

. cathode area and therefore the cathodic current &'ensity and/or peak current density

“is variable and usually unknown. The anodic current density and/or peak current - -
© density can be determined, provided that 'the'séme anode drea is utilized during.
25  the plating op&;ration, e.g. in the case of flat anodes. In the case of shaped anodes

* the anode area can not be ‘accurately de‘téﬁnine;d e.g. in'the case of a shaped anode




20 significant differences between selective plating and tank and barrel

pl ati ng appli cations. In the case of selective plating ib3narghbfacult to
accurately determ ne the cathode area and therefore the cathodic current
density and/or peak current density is variable and usually unknown. The
anodic current density and/or peak current density can be determ ned,
provi ded that the sanme anode area is_%i__l I zed during 25 the plating
operation, e.g. in the case of flat anodes. In the case of shaped anodes

t he anode area can not be accurately determned e.g. in tthe case of a
shaped anode, 23 March, 2007 .-20 and a shaped cathode:the teffective" anode
area al so %rﬁja% Ee%ﬁap%% %‘ﬁeeﬁ?cé‘[vien@"o%ﬁ’é%a‘ﬂ?%?l}.‘a“ggﬁ ‘é‘t‘:rfrfgv%'e BIa lf’fgng S

per forned &perstivn. Relédi®e pRAEE is f_:]m'fmea HyGRVERE the abl e WHiEh Rlxeoeteant
separator wi ck and containing the electrolyte, back and forth over the
wor k pi ecewithihecabspebentseipartaryvil paceqriaining the elspleelytep Packandiforthe desi r ed
5 overall i d: t. . [ ' I j ting

t echni ques%?gt'ep‘g?'?ﬁo@%ﬁ%aﬁh@&slg%%ﬁg d{eﬁirag%g# ﬁ? %’gﬁgermtr%g ﬁfri{)ﬂlhéﬁigﬁ%% articles
becauses broewshalpires is\hatdiio ipsrequredthidkabise, easy to operate and do not re-
quire the disassenbly of the system containing the work piece to be plated.
Brush to plating also allows plating of parts too large for imersion into
plating tanks. Brush plating is used to provide coatings for inproved

Con 0% on SRk i W RSy AN PR e e
pl ating systicasbeadspbrash pigtisg bettupsase portabls easyneropeitd andadeendtabdl e e. g.
o € e B o s X Bl S b, B 1
x’: E 1bhe fRhilg 41 AR SpIEFHER S Rirdd for ARRMEsi6PRo Bfatiﬁg Hﬁﬁ&k.e) , covered
Brush plating is used o provide coatings for improved comosion resistance, im-
proved wear, improved appearance (decorative pléting) and can be used to salvage |
worn or mismachined partsBmsh plating systems and plating solutions are com-
imercially available e.g. from si;fco-sélecﬁve Plating, Cleveland. Ohio, which also
15  provides mechanized and/or autématéd- tooling for use m hlgh ‘vo'_l'urﬂt-: pioduéiion
wofk. The plating fools, used coi-np'rise the anode (DSA or soluble), ‘covr;-fed with
an absorbent, clectrically non-conductive material and an insulated handle. In the
case of DSA anodes, anode_s_aré typically made of g_raph-itepr Pt-clad titanium and
rﬁay contain means for regulatihg the temperature bjz means of a heat éxéﬁaﬁgcr
20 system. For instance, the electrolyte used can be'heated or cooled and passed
through the anode to maintain the desired température fange. The absorbeﬂt'sepa-
rator material .Qqntains andrdistrib_u'tcs the electfolytg solution between the -andde
. énd' the work piece (cathode), prevents shorts. _bétween anode and cathode arid. _
brdshes.aggii'ns._tf the surface of the area béing ;:;la_téd_;_ This -meghanicél_ mbbi’r;g.br
25 brushing motion imparted to the work piece during the plating process influénces
the quality and the sm_'fat:jc finish of the coatihg and enables fast ,ﬁlatihg rateé, |
Sclcctive plating electrolytes are formulated to pfodgce acceptable coatings in a
wide temperature range rangmg from as low as —20°C to 85°C. As the work piece
is frequently large in '(:Qmparison.;to' the area being coated selective plating is often

30 - applied to the work piece at ambient temperatures, ranging from as low as ~20°C




an absorbent, electrically non-conductive material and an insul ated handl e.
In the case of DSA anodes, anodes are typically made of ¢Baphth eo®r

- Pt-clad titaniumand may contain nmeans for regulating the tenperature by
‘neans of a heat exchanger 20 system For instance, the electrolyte used can
be heated or cool ed and passed through the anode to nmaintain the desired
tenperature range. The absorbent sepdl-rator material contains and
distributes the electrolyte solution between the anode and the work piece
(cathode), prevents shorts. between anode and cathode and brushes agai nst
t he surf aceasiigh hed$HCe ddietyyptadl ebctroflhiing oppcatamisdalthe casbiofisg-or 25

brushi ng. gpot.i on i. rted to the rk piec uri t.h latin ocess
i nfl uence c“f’ﬁ@“’ﬂﬁﬁ]ett?mgﬁ‘af“trﬁ8f§f?raf‘ %CF“?‘H %’?‘P‘g%e‘ftﬁgytt%(f&? ivﬁlg Sﬁhﬂ enabl es
fast plat kﬂaﬂﬁin% %mngiﬁk%%le&&olgk@édngameh@eaﬂ 8otk 8610 @nipefafikat ed to

produce acceptable coatings in w de tenperature range rangjng from as
| ow. as. aodtiecla®iolytamay bavetsr be prrodically or ¢ontimuensly yehieated o #i5- conpari son

to the_areg bejng coated seleective plating is often 30 applied to the work
pi ece ht éﬁﬁ?@“?gﬁ”% actt\ﬁ?"écf;?s'rangi ng fromas |ow as -20C 23 March 2007

-21 to as high as 45C. Unlike "typical" electroplating operations, in the
case of se- lective plating the tenperature of the anode, cathode and

el ectrolyte can vary sub- stantially. Salting out of electrolyte
const i t ueA Sifedrmugcplatingunit Guodal 3630 aB0Aamax)avas sehep-eTeeg@phiid @-may have to

chen cal SOV RS SBRTL L oo pE R e Stibio RamRbRE' 0., * 0
The' gr aphhizd averSIHE airh in daler td\géciAslthenbAsRing Ghofum R wedved dpanat or and
either attached to a necha- nized traversing armin order to generate the
" br usH ngopasatophy hand baskaad fgrtiy gver the work piece, oras otherwise indicated.
The anode assembly was soaked in the plating solution and the coating was de-
posited by brushing the plating tool against the eathodically charged work area -
that was composed of different sﬁbstratcs. A peristaltic pump was used to feed
the electrolyte at pfedetennined rates into the brush plating tool. The ‘ci'ec'trolytg:
15 was allowed to drip off the work piece into a tray that also served as a,“p!at\ihg-
solution reservoir” from which it was recirculated into the e‘lec-tr'olyte tank. The
anode had flow-through holes/channels in the bottom surface to ensure good
o ~ electrolyte distribution and eléctrolyte/wor‘k.piece contact. The anode was fixed
. to a traversing arm and the éy’c!ic motion was adjusted to-allow uni,foﬁh strokes of
20 . the anode against the substrate surfécc. The -rotatién speed was adjusted to in-
* crease or decrease the rcl_ati(re anade/cathode movement speed as well as the an-
ode/substrate contact time at'_ény one particular ldcatibn. Brush _p-l‘atiﬁé was nor-
| mally carried out at a rate of approximatc_ly'35~.'l75 oscillations per minute, witha
rate of 50-85 oscillations per minute being optimal. Electrical contacts were made
25 on the brush handle (anddé)'arid directly- on the work piece (catho_de). Coatigg_s
- were depoéitéd o,rito iinunibér o:f Slibsitréteé, inchiding copper, '101.8 low cafbbn '
steel, 4130 high carbon steel, 304 stainless steel, a 2.5in OD steel pipe and 4 __
, weldclad 1625 pipc.. The cathode size was 8cm?, except for the 2.5in OD steel.
‘pipe whefe_ a strip 3cm wide around the Voutsid‘e diaxﬁeter was exposed a}rjx‘c_ii the

.30 weldclad 1625 pipe on which a defect repair procedure was performed.




“to operator by hand back and forth over the work piece, or as otherw se
indi cated. The anode assenbly was soaked in the plating sgMirtkpo@End the
coating was de- posited by brushing the plating tool against the
cathodically charged work area that was conposed of different substrates.
A peristaltic punp was used to feed the electrolyte at predeterm ned rates
into the brush plating tool. The elegg%olyte 15 was allowed to drip off the
work piece into a tray that also servéfi"as a "plating solution reservoir"
fromwhich it was recirculated into the electrolyte tank.. The anode had

fl owt hrough hol es/channels in the bottom surface to ensure good

el ectrolyte distribution and el ectrol yte/wrk piece contact. The anode was
fixed- to a fraversing armand the cyclic notion was adjusted to all ow

uni f or m st %QWthQE%WB?H@B“E@BF‘éBS Power sypblyt (RynanstFPBR 20-3Phe rotati on
speed was i Q.lq1- crease or decrease the rel ative anode/ cat hode
novenment sgggﬁéggg%@PYégs the an- ode/substrate contact tine at any one
particular | ocation. Brush plating was nor- nmally carried out at a rate of
approximately 35-175 oscillations per mnute, with a rate of 50-85
oscillatioggﬁger ng%ute bei.ng optial . Electrical contacts were nade 25 on
t he br ush frd sphsiptrsicameg and ativpyongprossiuresgrvided B StisaEBde) . Coat i ngs
wer e deposjiLd onto a nunber of substrates, including copper, 1018 | ow
carbon steel, 4130 high carbon .steel, -304 stai.nless steel, a 2.5in CD
steel pipe and a weldclad 1625 pi pe. The cat hode size was 8cnR, except for
the 2.5in 0D steel pipe where a strip 3cmwde around the outside dianeter
was exposed and the 30 wel dclad 1625 pipe on which a defect repair
procedure &Y Pformed. 23 March 2007 -22 A Dynat roni x programmabl e pul se
pl ati ng power. supply (Dynanet PDPR 20- 30- ' : '

10 Nanocrystalline pure nicket was deposited onto an 8cm’ area cathodé witha
~ 35cm’ anode using the set-up-described.. Usually, the work piece has a substan- '
tially larger area than the anode. . In this example a work pieceé (cathode) was se-
lected fo be substantially smaller than the anode to ensure that t.he oversized an-
| ode, although being constantly kept in motion, always covered the entire work
- 15 piece to enable the determihation of the cathodic current density. As a non- |
- consumable anode was used, NiCO; was perio,diéally added _fo the platingr'bat:h to

" maintain the desired Ni** concentration. The following cen_di-tions were used:

" Anode/anode area: érapliite/?:Scmz
20 Cathode/cathqcie_area; mi‘lci SteelfSsz
‘Cathode: stationary
A‘pode; oscillatiﬁg meéhanicﬁliy automated at 50 osci}lations per ﬁliﬁute"
-Anode_ ve‘rlsu's‘ cathode lmea: spééd: 125cm/min
A"vex;ﬁge cathodic curr;:-nt density: O.ZAchﬁ?'
25 %n[tofl;: 8m$ec/2msec

| Frequency: 100 Hz




100) was enployed. 5 Standard substrate cl eaning and activation procedures
provided by Sifco were wused. Exanple 5: 10 Nanocrystall i pgMigsiezoockel was
deposited onto an 8cnR area cathode with a 35cn2 anode using the set-up
described. Usually, the work piece has a substan- tially larger area than
the anode. In this exanple a work piece (cathode) was se- lected to be
substantially smaller than the anodejga ensure that the oversized an- ode,
al though being constantly kept in notion, always covered the entire work 15
piece to enable the determ nation of the cathodic current density. As a
non- cons tg gﬁg was used, Ni CO3 was peri odically -added to the plating
bath to maintarn the desired Ni 2+ concentration. The foll owing conditions
wer e used de/ano? area: graphite/35cn2 20 Cat hodet cat hode area: mld
steeIIBCnEmpEEFﬂBng ﬁ% 'i onary Anode: oscillating mechanical ly autonated

at 50 osci] | at.i.ons $e({eln,£ nu? Anode versus cat hode |inear speed: 125cm mn
Average ciIeRBgifien &y ity: 0.2A/cn2 25 ton/toff: 8nsec/2nsec

Frequency: 100 Hz 23 March 2007 -23 Duty Cycle: 80% Deposition tine:
| hour
5 Electrolyte temperature: 60°C
Electrolyte circulation rate:l 10ml solution per min per cm” anode area or 220ml |
solution per min per Ampere avérag_c current applied |
Eicctrolyte‘ Formulation:
300 g/l NiSO4-7TH,O
10 - 45 g/l NiCl,-6H,0
45 g/1 H3B0,

2 g/l Sodium Saccharinate

3 ml/INPA-91
pH: 2.5
15
Average grain size: 19nm.
- Hardness: 600Vi;kers
Example 6:
.-20 .

_ Nanbcrys_talline_Co was deposited using the same setup des¢ribed under the fol-

lowing conditions:

‘ .Anod'e/ar_lode' area: graphite/35cm’




Deposition rate: 0.125nm hr 5 El ectrolyte tenperature: 60C El ectrol yte
circulation rate: | Or solution per mn per cn anode arganch Ayl
-solution per mn per Anpere average current applied Electrolyte

Formul ation: 300 g/l N SO4. 7H20 to 45 g11 N Cl12. 6H20 45 g/l H3BG3 2. g1l1
Sodi um Sacchannate 3 m /I NPA-91 pH 2.5 15 Average grain size: 19nm
Har dness: 600Vi ckers Exanple 6: 20 nocrystalline Co was deposited using
the same set. up described under the Fol- |ow ng conditions: Anode/ anode
area: graphite/35cn2 --------- - -- 23 March 2007 24 Cat hode/ cat hode

_ area. m| q:'a?ﬂtu()a(ﬁ:l/c{a%:o earccaat hoﬁ steeﬁkc taonary

Cathode: stationary
h Anode: oscillating mechanically automated at 50 oscillations per minute
Anode versus cathode linear speed: 125cm/min
5 Average cathodic current density: 0. 10A/cm?
ton'tor: 2msec/Gimsec
Frequency: 125Hz |
Duty Cycle: 25%
Deposition time: Thour

10 Deposition rate: 0.05mm/hr

Electrolyte temperature: 65°C

Electrolyte circulation rate: 10 mL solution per min per cm? anode area or 440 ml

SOI.utiQn per min per Ampere average current applied
15 |

.' Eléctrol’yte Formulation:
_300g_/L c_'oSo;-’/Hzo
45 g/L. CoCly6H;0
45 g/L H;BO;

20 2gL C;HNOsSNa Sodium,Saccharinaté ,‘
0.1 g/L C;3H»5048Na- Sodium Lauryl Sulfonate (SLS)
- pH2. 5
| .Avera_gc grain'size: 13nm.

| Hardncss: 600Vickers




Anode: oscillating nechanically automated at 50 oscillations per mnute
Anode versus cathode |inear speed: 125cmmn 5 Average cabhogireh zog7r ent
density: 0.10A cnR2 tJtg 2nmsec/ 6nsec Frequency: 125Hz Duty Cycle: 25%
"Deposition time. |hour 10 Deposition rate: 0.05mi hr Electrolyte
tenperature: 65C Electrolyte circulation rate: 10 nL solution per mn per
cn2 anode area or 440 rat solution 4®- mn per Anpere average current
applied 15 Electrolyte Forrmulation: 300 g/L CoSO4. 7H20 45 g/L Cod 2. 6H20
45 g/ L H3BAB 20 2 g/L C7HANC3SNa Sodi um Saccharinate 0 .1 g/L Cl2H2SO4SNa
“Sodi um Lauryl Sulfonate (SLS) pH 2.5 Average grain si-ze: 13nm Hardness:
600Vi ckers 23 March 2007 -25 Exanple 7: .

Example 7:

Nanocrystalline Ni/20%Fe was deposited using the set up described before. A
5  1.5in wide band was plated on the OD of a 2.5in pipe by rotating the pipe along
its longitudinal axis while maintaining a fixed anode under the following condi-

tions:

Anode/anode area/effective anode area: graphite/35cm*/undeterinined

10 Cathode/cathode,'area: 2.5inch OD steel pipe made of 210A1 carbon

steel/undetermined -
] Cathodc,; rotating at 12 rpm
Anode: statioﬁary-
. Cathode verSus‘.Anode linear .speed: 2ﬂcn}lmin
15 Average cat'i}odiccur'r_ept density: undetermingd;
| Totat current ap,p!icdﬁ JS5A
.:-to.n/toff: 2mscc(6msec
Frequcm::y: 125Hz
Duty Cyele: 25%
0 Depositiqn-'ﬁrﬁe; lfho'ur

'Deposition rate: 0.05mm/hr

Electrolyte temperature:-55°C
- Electrotyte circulation rate: 0.44 liter‘_'solt'l'tién' per min per Ainpgrc applied. -

25




Nanocrystal line Ni/20%e was deposited using the set up described before. A
5 1.5in wide band was plated on the OD of a 2.5in pipe by2stMath pEO he pi pe
‘along its longitudinal axis while maintaining a fixed anode under the

foll owi ng condi- tions: Anode/anode areal/effective anode area:

gr aphi te/ 35cn2/ undet erm ned 10 Cat hode/ cat hode area: 2.5inch OD steel pipe
made of 210Al carbon steel/undeternhed Cathode: rotating at 12 rpm
Anode: stationary Cathode versus .Anode |inear speed: 20cminin 15 Average
cat hodic current density: undeterm ned; Total current applied: 3.5A t"/ta:
2nmsec/ 6nse Fre ncy:. 125Hz Duty Cycle: 25% 20 Deposition time: 1 hour
Deposi ti onﬁkﬁi“él.yﬂ%ls Y9 El ectrol yte tenperature: 55C El ectrol yte
circulation rate: 0.44 liter solution per mn per Anpere applied 25 23

Mar ch 2007260 g6 Nb@c¥HePyt e Formul ation: 260 g/| N SO4. 7H20 45 g/ 1

Ni O 2. 6H20 - :

45 g/l NiCL-6H,0
7.8 g/l FeCldH,0
s 45g/I H3BO;s
30 g/l NayCeHsO7-2H;0, Sodium Citrate
: 72 g/l Sodium Saccharinate

"1 mlt NPA-91

pH 3.0
10
' Aver.a-g:el grain size: 15 nm '
Hardness: 750Vickérs
Example 8:
15

A defect (groove) in a weldclad pipe section was filled in with nanocrystalliné Ni
using the same set up as in Example 1. The groove was about 4.5cm fong, 0.5cm -
" wide and had an average depth of approximately 0.175mm, although the rough
finish of the defect made it impossible to determine its exact surface area. The -
20 area surrounding the defect was masked off and nano Ni was‘_.plé'ted onto the dé-

_fective area until its original thickness was reestablished.

Aﬁode/anodc area: graphitcBScrﬁ2
_ Cathode/cathode'are&: I625/1_indetenniﬁed

25 Céthode: stationary




7.8 gll FeCl2.4H20 5 45 g/| H3B03 30 g/l Na3C6H5072H20, Sodium Citrate 2
g/l Sodium Saccharinate 1 nmi/1 NPA-91 pH 3.0 10 Average g¢gsaldics2@e. 15 nm
Har dness: 750Vi ckers Exanple 8 15 A defect (groove) in a weldclad pipe
section was filled in with nanocrystalline NI using the sane set up as in
Exanpl e 1. The groove was about 4.5cmlong, 0.5cm w de and had an average
depth of approximately 0.175mm altho2igh the rough finish of the defect
made it inpossible to determne its exact surface area. The 20 area
surroundi ng the defect was masked off and nano NI was plated onto the de-

fective ar aactét ddcillatifg Aleclini@illytaitokneds st e cilladstsidrinsinet. Anode/ anode
area: graphite/35cn2 Cathode/cathode area: 1625/ undeterm ned 25 Cathode.

st ati onary sa3qMarsly AfMdde lindaf spRrAUe25@%mlih! ati ng nechanically automated at
50 oscillations per mnute Anode versus cathode |inear speed: 125cnim n

Average cathodic current density: undetermined
ton/tor: 2msec/bmsec
5  Frequency: 125Hz
Duty Cycle: 25%
Deposition time: Zhour

Deposition rate:0.08 7mm/hr

10  Electrolyte temperature: 556C

Electrolyte circulation rate: 0.44 liter solution per min per Ampere average current

 applicd

Electrolyte Formulation:
15 300 g/l NiSO.7H;0
45 g/l NiCly6H,0
| 45 g/l H;BO;
2 g/l Sodium _'Sﬁccharinate
3 m¥/l NPA-SI

20 pH30

Average grain size: 20nm

Hardness: ._600Vic_:kcxjs




Average cathodic current density: undetermned t/tR 2nsec/6nsec 5
Frequency: 125Hz Duty Cycle: 25% Deposition tine: 2hour23 Bepasidyzon
rate: 0.0S 7mm hr to Electrolyte tenperature: 55C Electrolyte circulation

- rate: 0.44 liter solution per mn per Anpere average current applied

El ectrolyte Formulation: 15 300 g/I NSO4.7H20 45 g/1 N Cl2.6H20 45 W
1431303 2 g/l Sodium Saccharinate 3 §1_/1 NPA-91 20 pH 3.0 Average grain
size: 20nm  Hardness: .600 Vickers 2% March 2007 -28 M croconponents,
havi ng overal | di mensions below 1,000m (I nm), are gaining increasing

o e o ol ShSEL SELG PO SRl JLheco Sttty
component Sncrithstity ponhide ol uflPeh!elBebiie BBRIA L teid corhfini@fn, | M cont ai ning
automotive, space and consumer applications. Metallic macro-system components
with an overall maximum dimension of lcm to over Im containing conventional
5  grain sized materials (1-1,000pum) exhi.bit a ratio between maximum dimension
and grain size ranges from 10 to 10°. This number reflects the number of grains
across the maximum part dimension. When the maximum component size is re-
duced to below lxﬁm using conventional grain-sized material, the component can
be potentially made of ony a few grains or a single grain and the ratio between
10 the maximum micro-componenf dimension and the grain size ranges approaches
1. Iﬁ other words, a single or only a few grains stretch across the entire part,
which is undesirable. To increase the part reliability of micro-components the
ratio between maximum part dimension and grain size ranges must be. incféaécd to
over 10 through the utilization of a small grained ma'teriai, as this material class
TE typically exhibits grain size values 10 to 10,000 times smaller than conventional

materials,

* For cdnﬁcntional LIGA and other plated micro-components, electrodeposition '
initially starts with a ﬁné grain size at the substrate material. With iHCreééihg de-
20 posit thickness in the growth direction; however, the transition to columnar grains
is normally observed. The thickness of the columnar grains typically rangeé from -
~afewtoafew téns of micrometers while their lengths can reach hundreds of mi-
crometers. The consequence of such structures is the development of énisotropiq
properties with increasing deposit thickness and the reaching of a cr_itica'l thi_ck-
25 ness in which only a few grains cover the entire cross section of the components
* with widths below 5 or 10 um. A furthier decrease in Qompbnent thicknes_s results
in.a bamboo structure resulting in a significant loss in strength. Therefore the -
microstructure of electrodeposited micro-components currently m use is entifely
incommensurate with propeﬂy requirements écros-s both the width and th’_ichl'e.i;s -

30 of the component on the basis of grain shape and average grain size.




5 grain sized materials (1-1,000n) exhibit a ratio between maxi num
dimension and grain-size ranges from 10 to 106 Thi s nunbes M£E&l pai7s t he
nunber of grains across the maxi num part di nension. Wen the maxi mum
conmponent size is re- .duced to belowi nmmusing conventional grain-sized

-~ material, the conponent can be potentially nmade of only a few grains or a
single grain and the rati o between *@%he maxi num m cro- conponent di mensi on
and the grain size ranges approaches 1. In other words, a single or only a
few grains stretch across the entire part, which is undesirable. To
increase the part reliability of mcro-conponents the - ratio between
maxi num part di nension and grain size ranges nust be increased to over 10

t hrough t NgerbiofdriZtirts @fadefof dovEatibnglydirmiacsizeaRateddls tiag hitd seeat eri al cl ass
.15 typically exhibits grain size values 10 to 10,000 tines _snaller than

convent i orkaiownrgsufferdiem spare rebiabidiet prohlems witinrespert de meechasnical pepp-

~m cro-conpohent S. .elegtrode it L OLLha S. M i grain
.Size at theé“%slfblgl? %@8%’9& “gﬁ[‘)é)‘ .1‘55\’/\?{%(1 élt%ékigalsdlt%ﬁ%gernts@%%%@}i? f;{t ( gkness in
t he gr ewt hudhgth @hd ereep bek@Na have been shanaith beextremelyl semsitive ormons is

normal |y observed. The thickness of the columar grains t icallﬂ%/ ranges
from a fewsingparamsters asseciated Wit Beaynthestsofithesepmponentsy Mgy oL e each

hundreds globfbms h u{e?%émlég@sea%pmuﬁgﬁﬂ&&c Siafifly SF kU hlitr8nicS t he

devel opmerit “of ani sotropi c roperties I ncreaSi ng ‘deposit thickness
and the raaabfeagires (i.a. gaid sizg praibstape, 2painasenianonhwith tedxteraalisize gr ai ns
cover the entire cross _S%Qti on of@hhe conmponents. with widths below 5 or 10
pro. A furdHiscompanearesyiing B Pronsriy e aionsagsmally nptobsenyad, o

structiyre ik %QHS.F&%? %@P?%l?n%ﬂtﬁ&%c hagsial.n strength. Therefore the

m crostructure o eposited m cro-conponents currently in use is
entirely incomensurate with property requirenents across both the w dth
and t hi ckness ' . : o

Example 9

Metal micro-spring fingers are used to contact IC chips with high pad count and
15  density and to carry power and signals to and from the chips. The springs provide
' high pitch compliant electrical contacts for a variety of interconnection :stmctﬁres,
“including chip scale se_miéonduétdr packages, high-density inférposer- connectors,
and probe contactors. The massively parallel intefface structures and assemb'iigs
énable high speed testing of separated integrated circuit deviceé affixed to a.com-
20 --pliant carrier, and allow test eledt_r_o_nit:sj to be ldcated in close proxinﬁfj}-to'thé' |

. integrated circuit devices under test.

The micro-spring fingers r‘equife h_igh yield strength and ductiﬁty._ A25 pm thick
layer of nanocrystalline Ni was plated on 500 um long gold-coated CrMo fingers

25 using the following conditions:

‘Anode/aniode area: Ni/4.5x10”cm’

- Cathode/cathode aréa_: Gold Plated CrtMo/approximately 1 cm®




30 of the conponent on the basis of grain shape and average grain size. 23
March 2007 -29 Heretofore, parts made of conventional ly g3 aarels2ed
materials that have been known to suffer fromsevere reliability problens
Wi th respect to nmechanical prop- erties such as the Young nodul us, yield
strength, ultimate tensile strength, fatigue 5 strength and creep behavi or
have been shown to be extrenely sensi%'ve to proc- essing paraneters
associated with the synthesis of these’ tonponents. Many of the problens
encountered are caused by incomrensurate scaling of key mcrostruc- tural
features (j,.e. grain size, grain shape, grain orientatiron) wth the

ext ernal s$#BodGAIEIRBAY oponent resul ting in unusual property variations
normal Iy not observed to in macroscopic conmponents of the same naterial.
Exanpl e 9:Anedeabtatipeary- spring fingers are used to contact | C chips with

hi gh pad count and 15 density and to carry power and signals to and from
t he chi ps. At wpsusgthode tucatepedd: dhempninh conpl i ant el ectrical contacts
for a variety of interconnection structures, including chip scale
seniconduq&a@a@a@hmgagmnhﬁgheﬁﬁgsﬂhnAmﬁﬁbrposer connectors, and probe
contactors. The massively parallel interface structures and assenblies

enabl eshi'qg‘,éﬁ_q%s;z%gling& of separated integrated circuit devices affixed
to a com20 pliant carrier, and allow test electronics to be located in

cl ose proxini Oy integrated circuit devices under test. The
m cr o-spr.ﬁg&#%ﬁﬁgéés}ﬁsequi re high yield strength and ductility. A 25 pin

thick layer a angerystalline NI was plated on 500 pmlong gol d-coated
CrMo fi ngéﬁwéﬁ%g% the fol fowing conditions: _

Deposition time: 120 minutes
Deposition Rate: 0.05mm/hr
10 Electrolyte temperature: 60°C

 Electrolyte circulation rate: None

B ‘Elec-t_rolyte Formulation:
N 300"gn NiSO04-7H;0
15  45 g/l NiClz-GHzo '
- 4sglEBO,
| 2:g/l Sodium Saccharinate
3 mVINPA-9T
pH 3.0
| 20
Average grain size: 15~20nrn

Hardness: 600Vickers




Anode/ anode area: N 14.5x10-3cn? Cat hode/ cat hode area: CGold Pl at ed

Cr Mo/ approximately 1 cnR ------ - -- - ---- 23 March 2007 Mard02@@Ft hode:
stationary Anode: stationary Anode versus cathode |inear speed: 0 cninmn
- Average cathodic current density: 50mdcn2 5 t/tfr: | Orsec/ 20nsec

Frequency: 33Hz Duty Cycle: 33% Deposition tine: 120 m nutes Deposition
Rate: 0.05mi hr to Electrolyte tenmpélature: 60C El ectrolyte circulation
rate: None Electrolyte Formulation: 300 g/1 Ni SO4.7H20 15 45 g /|

Ni C12. 6H20 45 g/1 H3B®3 2 g/1 Sodium Saccharinate 3 m#l NPA-91 pH 3.0

The nano-fingers exhibited a significantly higher contact force when compared to

“conventional grain-sized” fingers.




20 Average grain size: 15-20nm Hardness: 600Vi ckers 23 March 2007 -31 The
nano-fingers exhibited a significantly higher contact forgemsgngmypared to
"conventional grain-sized" fingers. 23 March 2007 -32 Caims 5 1. Process
for cathodically electrodepositing a selected netallic material on a

per manent or tenporary substrate in nanocrystalline formwth an average
grain size of less than 100 nmat a d¥position rate of at |east 0.05 mi h,
conpri sing: providing an aqueous el ectrolyte containing ions of said

netallic material, 10 agitating the electrolyte at an agitation rate in
the range of 0.0001 to 10 li- ter @Okimsi n and per cn2 anode or cathode area
or at an agitation rate in the range of 1 to 750 mlliliter per mn and

per Anpere, and passing single or nmultiple cathodic-current pul ses between
sai d anode and said cathode. 15 2. Process according to claim1, wherein a
duty cycle is in arange of 5to 100% 3. Process according to any of
clains 1 to 2, wherein a frequency of the ca-

5 .1. Process for cathodically electrodepositing a selected metallic material on a
permanent or temporéry substrate in nanocrystalline form with an average
grain size of less than 100 nm at a deposition rate of at least 0.05 mm/h,
comprising; ' '
- providing an aqueous.electrolyte containiﬁg ions of said metallic material,
10 agitating the electrolyte at an agitation rate in the range of 0.0001 to 10 li-
ter per min and per cm® anode or cathode area or at an agitation rate in the

range of 1 to 750 mulliliter per min and per Ampere, and

" passing _singl_e or multiple cathodic-current pulses between said anode and

said cathode.

15

2. Process according to claim 1, wherein a duty cycle is in a range of 5 to

100%.

3. Process according to any of claims 1 to 2, 'wheréin a frequency of the ca-

- 20 thodic-current pulses is in a range of 0 to 1000 Hz.

4. Process according to_ any of claims 1 to 3, wherein the single or mﬁlti’ple
'_ cathp_dic—cufrent pulses between said anode and said céque have a peak
current density in the range of about 0.01 to 20 A/cm?.
‘_‘ 25 . ._ ' - -
5. 4Pxoéesls.'g(>:cor_cling to claim:4,' whé_rein the peak current dgnsity of_ the ca- -

: thOdlc-current pulses is in -_t‘h‘e:rangc of 0.1 t0 20 A/cm2 - -




20 thodic-current pulses is in a range of O to 1000 Hz. 4. Process
according to any of clains 1 to 3, wherein the single or pahdrgth 2007

cat hodi c-current pul ses between said anode and sai d cat hode have a peak
current density in the range of about 0.01 to 20 A/cn2. 25 5. Process
according to claim4, wherein the peak current density of the ca-

thodi c-current pulses is in the range3®»f 0.1 to 20 A/cn2. 23 March 2007
-33 6. Process according to claim5, wherein the peak current density of
the ca- thodic-current pulses is in the range of I to 10 AlcnR. 7. Process

according tg any ,of clains.1 to.6, erein said .selected net ic. 5

ot or i a1 i s Oy KRossieRisarigs briim Suvhesh BReter SER S Abt & A, an,
Cu, Co, C, N, HediPhurrdidpulkdsis BtheRihgedT1 tY10Wengh; or (b) an alloy con-
taining at |east one of the elenents of group (a) and alloying el enents se-
| ected fromthe group consisting of C, P, S and Si. 10 8. Process according

to any of clains 1 to 7, wherein a tocathodic-on- tine period is in the
range of 0.%.to FOoagseacconling tit frguditel@ions 1 6 pehéroi dagl salectddemetatliize of O

to 500 ngec and a talloQj . tine periaqd,i.s_in the range.of to,50 nsec.
9. Proceds accor &?aﬁejl#bg égﬁ P§fe @F@?ﬁ%‘ege‘l ogl,tﬂﬁ%orugicﬁnfa’ﬁté“%?f?§g’c@%l eisin
the 15 range of ChOCLOCHNiYFe, I, PO RETIH FAC SAS Ui WY ZnDof (B} iaafloy vher ei n the

duty cycle is in the range of 20 to 80 % 20 11. Process according to any
of clainms 1 to 1buinippetlepyt angeof depelements of gequp (phand alloying clements se-

lected from the group consisting of C, P, S and 8i.

10 8. Process according to any of claims 1 to 7, wherein a toathodic-on-time period -
‘is in the range of 0.1 to 50 nisec, a teathodicofe-time period is in the range of

0 to 500 msec and a tupodic-on-time period is in the range of 0 to 50 msec.

9. Process according to any of claims 2 to 8, wherein the duty cycle is in the

15 range of 10 to 95 %.

10.  Process according to claim 9, wherein the duty cycle is in the range of 20

to 8(¢ %.

20 11.  Process according to any of claims 1 to 10, wherein the deposition rate is

at least 0.075 mm/h.

12. Process according to claim 11, wherein the deposition rate is at least 0.1

25
- 13.- Process according to any of claims 1 to 12, which comprises agitating the
electrolyte at an agitation rate in the range of 1 to 500 milliliter per min

and per Ampere.




at least 0.075 mm h. 12. Process according to claim1l, wherein the
deposition rate is at least 0.1 mh. 25 13. Process accos tMaagh 207any of
claims 1 to 12, which conprises agitating the electrolyte at an agitation
rate in the range of 1 to 500 mlliliter per mn and per Anpere. 23 March
2007 -34 14. Process according to any of clainms 1 to 13, which conprises
agitating the electrolyte by neans e$4 punps, stirrers or ultrasonic
agitation. 15. Process according to any of clains | to 14, which conprises
a relative 5 notion between anode and cathode. 16. Process according to

cl ai m 15, rei h f the.relatjye t.1.qn - n- and

cat hode ra\rll\%g's flf'rg%:sg a?(go‘%@gg?%fnﬂ ﬁf Cllgﬂnélwo %hégéc%cﬁ%%?ﬁléﬁp%qg? ai m 16,
wherei n the speegedifoltbBy iand biRunipy, stders Hallnaonicapitdiorand cat hode ranges
fromO0.003 to 10 mmn. 18. Process according to any of clainms 15 to 17,
wherein the relative notion is achieved by rotation of anode and cat hode
relative to each other. 15 19. Process according to claim 18, wherein a
rotational bpeedProfess geeariiog tofanyaefoelaimnl te d¢hwlichr edmaprisge atiglaise h ot her

ranges from0.003 to 0 15 rom. _20. Process according to claim 19, wherein
a rot atif{:)nal spelglglttl%l}bert‘g 4 aﬁlgﬁeo g%ﬁ%(%Ode and .cat hode rel ative to each
other ranges from0.003 to 0.05 rpm

16.  Process according to claim 15, wherein the speed of the relative motion

between anode and cathode ranges from 0 to 600 m/min.

10 17.  Process according to claim 16, wherein the speed of the relative motion

between anode and cathode ranges from 0.003 to 10 m/min. -

18.  Process according to any of claims 15 to 17, wherein the relative motion is
achieved by rotation of anode and cathode relative to each other.
15
19.  Process according fo claim 18; wherein a rotational speed of rotation of

anode and cathode relative to each other ranges from 0.003 to 0.15 rpm;

20.  Process according to claim 19, wherein a rotational speed of rotation of

20 anode and cathode relative to each other ranges from'0.003 to 0.05 rpm.

21.  Process according to any of claims 15 to 17, wherein the relaﬁve motion is
achieved by a mechanized motion generating a stroke of the anode and the
cathode rclativ_e to each other. |

25
22, Process according to claim 15 or 21, wherein the anode is wrapped in an

absorbent separator.




21. Process according to any of clains 15 to 17, wherein the relative
notion is achieved by a nmechani zed notion generating a sbsekgciodod7ne anode
and the cathode relative to each other. 25 22. Process according to claim
15 or 21, wherein the anode is wapped in an absorbent separator. 23 March
2007 -35 23. Process according to any of clainms | to 22, wherein said

el ectrolyte con- tains a stress relie¥3ng agent or a grain refining agent
selected fromthe group of saccharin, coumarin, sodiumlauryl sulfate and
thiourea. 5 24. Process according to any of clains 1 to 23, mherein sai d

electrolyte t ai ns tlculateadl ve n.sus ectedfrom
pure met ;I Bg e?‘?cessrf’ﬁ fimﬁltf’cf’g’/"yﬁ’(f\ﬁgaé?‘ 10@%'{“’5\“"6‘2 éf’g es “Yr A, Co,
Cu, In, Ng, N, @ins a Siess VeIMgZE!genﬂ of ki &% &ﬁn@\lfyag%n@%c&d fr6mr Men c

(gr aphl te or d| anond), carbides of B, Bi, Si or organic materials such
as PTFE and pol ygrerB ofigcsisimio e@mmwbgmtlmﬂequé%tera@délmme@ed metal lic
material contains at least 5 %of said particulate additives. 25. Process
according to claim 24, wherein the electrodeposited metallic mate- rial

cont ai ns_at ,} east_ 10 % of .sai d ar uI a ditives 5 2 Process
according torcl % PSS Achrdingith "’Bﬂé’ ﬁ&ﬂggoé‘&’?@&fl ﬁaé%ﬂelcf%lyﬁeaf@ rial
contains at | eastind@afiicalateSRidetivRa it slfs?é@kﬁl Rl fvg tpu?JmetHﬁlﬁﬁﬁﬁs accordi ng
to clainm4, wherein the el ectrodeposited netallic ma
_ metal alloy powders or metal oxide powders of Al, Co, Cu, In, Ng, Ni, Si,
Sn, V and Zn, nitrides of Al, B and 8i, carbon C (graphite or diamond),
carbides of B, Bi, Si, W, or organic materials such as PTFE and polymers
10 spheres, whereby the electrodeposited metallic material contains at least 5

% of said particulate additives.

25.  Process according to claim 24, wherein the electrodeposited metallic mate-

rial contains at least 10 % of said particulate additives.

15
26.  Process according to claim 24, wherein the electrodeposited metallic mate-
rial contains at least 20 % of said particulate additives.
27.  Process abcording to claim24, wherein the electrodeposited metallic mate-

20 rial contains at least 30 % of said particulate additives.

28.  Process according to claim24, wherein said electro deposited metallic ma-

terial contains at least 40 % of said particulate additives.

25 29, Process according to any of claims 24 to 28, wherein the particulate addi-

~ tives average particle size is below 10 pm.

- 30. - Process according to claiﬁ_l 29, ‘wherein the i.particulate‘addi_tives average

_ 'particle size is below 1000 nm.




20 rial contains at least 30 %of said particulate additives. 28. Process
according to claink4, wherein said electro deposited netabt nmarsmzogzeri al
contains at |east 40 %of said particulate additives. 25 29. Process
according to any of clains 24 to 28, wherein the particulate addi- tives
average particle size is below 10 m 30. Process according to claim 29,
wherei ntthe particulate additives av@fage particle size is below 1000 nm
23 March 2007 r -36 31. Process according to claim 30, wherein the
particul ate additives average particle size is below 500 nm 5 32. Process
according to claim31, wherein the particulate additives average particle
size is below 100 run. 33. Mcro conponent produced by a pul se

el ectrodepogj ti rocess .accordi.ng,~to_any of clai |.£0 28, having a
mexi mum di ot ohroBTS FORMRTES SR 3o et ghs oA EhB adiityes AyemBe s | er
than 1000 nm t hearfiélt kiee iciae 500 A@. ma- Xi num di nensi on and the average
grain size being greater than 10. 34. Mcro conponent according to claim
33, wherein the ratio between the rmaximum di nension of the m cro conponent
and the average grain size is 15 greater than 100. 35. Mcro conmponent
accor di g t%ﬂ-anylgreﬂ@s @tcaiing rig cB@mt Bl, 3shereihithé phrtisulate addifiviearavdrage

M Crostructure. .. ke size is below 100 nm.

33.  Micro component produced by a pulse electrodeposition process according
to any of claims 1 to 28, having a maximum dimension of 1 mm, an aver-
10 age grain size equal to or smaller than 1000 nm, the ratio between the ma-

ximum dimension and the average grain size being greater than 10.

" 34, Micro component according to claim 33, wherein the ratio between the
maximum dimension of the micro component and the average grain size is

15 greater than 100.

35.  Micro component according to any one of claims 33 to 34, which has an

equiaxed microstructure.




