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Nanotechnology Opportunities for
Electroplating Industries

by G. Palumbo, F. Gonzdlez’, K. Tomantschger, U. Erb & K.T. Aust

Nanotechnology is an exciting new field that deals
with the design of extremely small structures having
critical length dimensions on the order of a few
nanometers. Because of the broad field of potential
applications, ranging from tiny robots and computers
to tissue engineering and completely new materials,
this technology has not only captured the atten-
tion of researchers and businesses in many different
disciplines but also enjoys enormous public interest
through widespread coverage in the media, in particu-
lar following the recent announcements of substantial
government-sponsored nanotechnology initiatives in
many countries around the world. This paper deals
with nanostructured materials produced by electro-
deposition which, over the past decade, have already
been advanced from a laboratory-scale phenomenon
to a practical materials technology. After presenting
some of the fundamentals dealing with synthesis,
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Fig. 1—The effect of grain size on the volume fractions of atoms
associated with the interface component (grain boundaries, triple
junctions) assuming a grain boundary thickness of 1 nm.

Nuts & Bolts:
What This Paper Means to You

This paper is a survey of what is the most exciting area of tech-
nology today ... nanotechnology, the deposition of coatings and
structures on the scale of nanometers (thousandths of microns).
This time around, there are real opportunities for electroplating,
which in this case has advantages over vacuum technology. This
is so important that the AESF has formed a New Technology
Subcommittee in this area. Read on and see what the future has
in store.

structure and properties of electrodeposited nano-
crystals, several examples of fully developed and
emerging applications of these materials will be dis-
cussed. The overall objective of this paper is to help
increase the awareness for this rapidly growing field
in the electroplating community and to point towards
opportunities for this industry.

In recent years, nanotechnology, i.e., the science and
technology of controlling and manipulating matter on
the nanometer scale, has created tremendous research and
business opportunities in many different areas. As aresult
of the rapidly growing number of examples which demon-
strate how materials with exceptiona strength, e.g., tiny
machines or supercomputers, manipulation of nucleic acid
or miniaturization of drug delivery systems and biosen-
sors, can revolutionize our approach to solving problems
in engineering, medical and life science applications, it
is not surprising that many countries have established
comprehensive national and international nanotechnol-
ogy initiatives. In these programs, substantial funding
is provided to support basic and applied research on all
aspects of nanotechnology, usualy with strong emphasis
on interdisciplinary approaches and involving universities,
government laboratories and industries.

One particular aspect of nanotechnology deals with
nanostructured materials, i.e., materials with ultra-fine
crystals, usually less than 100 nm in size, which were
initidly introduced as interfacial materials about two
decades ago.! The main structural characteristic of these
materialsisthe enhanced volume fraction of their interface
component, i.e., the volume fraction of atoms associated
with grain boundaries and triple junctions. As shown in
Fig. 1, this volume fraction is negligible in conventional
polycrystalline materials. However, it becomes significant
a grain sizes of less than 100 nm and exceeds 50% for
grain sizes below 10 nm.2 Consequently, nanocrystalline
materials show considerable changes in many mechanical,
physical and chemical properties as aresult of having such
a large fraction of atoms located at the interfacial defect
structure.

WEell over 100 different routes for the synthesis of nano-
structured materials have been developed in the past few
years,® using one or combinations of several techniques
from the following list of processing methods:
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Fig. 2—Transmission electron micrographs (brifibtd, darkield and diffraction pattern) of nanocrystalline nickel produced by pulse electrodeposition from a modi-
fied Watts baths following the procedures outlined in Ref. 9.
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2. Liquid phase processinge.¢, rapid |70 ki E'”
solidification, atomization), .

3. Solid state processing.§, mechanical 'f’”lh {H-Sy |';: ;
attrition, crystallization of amorphous}! 1'ﬁT e .
precursors), g

4. Chemical synthesit.g, sol-gel, pre- '
cipitation) and ;

5. Electrochemical synthesi®.¢, elec-
trodeposition, electroless deposition).

1. Vapor phase processing.q, physical "-"Il'l 'Y
or chemical vapor deposition, inert gzﬁ. |r.|.|.f|
condensation), :

Many of these techniques operate far fr
equilibrium conditions so that crystal/grai
size is controlled in the nanometer ran
by favoring nucleation of new grains an
reducing the growth of existing grains.
Of particular interest to the commu

™
nity served by AESF are nanostructure *-T . m

. . it £ .
mate”al_s produced by the eIeCtrOChemIQ—alb. 3—Top view (top) and cross sectional (bottom) scanning electron micrographs of conventional polycrystal-
synthesis routes. _ Tremendous Prograse Ni (left) and nanocrystalline Ni electrodeposits (right) after potentiodynamic polarization in 0.28®Na
has been made in recent years in thgutionss

understanding of the basic physical and
chemical principles that control nanostructure formation duringpe synthesis of nanostructured materials, with grain size control
electrodeposition and electroless deposition. In view of the extediring the electrodeposition process can be considered a distinct
sive activities in thidield, AESF has recently established a newjorm of grain boundary engineering in which the grain boundary
subcommittee on Nanostructured Materials under the auspicescentent (types and quantities of grain boundaries) of a material is
the Emerging Technologies Committee, which had its inauguré@ntrolled during material processing to achieve certain physical,
meeting at SUR/FIRI2002 in Chicagd. chemical and mechanical propertiéghefinal result is thus a bulk
This paper addresses the synthesis of nanocrystalline materiitsrfacial material, as originally tieed byGleiter! which does
by electrodeposition methods as well as structure-property ref2t require any further processing of precursor powder material. In
tionships for a variety of nanocrystalline pure metals and alloy#is respect electrodeposited nanocrystals are quite different from
Unlike other techniques, electrodeposition is usually carried o@ther nanostructures that are based on consolidated particles.
in a single step and produces fully dense materials without theThere are a very large number of pure metals, alloys, composites
need of a secondary consolidation of powders or the anneali@gd ceramics that can be electrodeposited or co-electrodeposited
of amorphous precursors. Comparison with structure-propentyith grain sizes less than 100 nm. The scintiterature reports
relationships observed for materials produced by other syntheBl¢merous examples identifying electrochemical processing win-
methods will be given wherever possible. Some emerging indudews for the synthesis of nanocrystalline pure metaty, (Ni,**°

trial applications will also be discussed. Co/* Pd,”* Cu) binary alloys €.g, Ni-P*" Ni-Fe** Zn-Ni,15*
Pd-Fel” Co-W,'8) and ternary alloyse(g, Ni-Fe-C#*2), Even
Nanostructured Materials by Electrodeposition multi-layered structures or compositionally modulated alleys,

) ) o Cu-Pb,2 Cu-Ni®»25 Ag-Pd,® Ni-P¥), metal matrix composites
There are numerous early reports in the literature describing el?@_-gq Ni-SiC!9), ceramics &.g, ZrO,*® Zn(®) and ceramic nano-
trodeposits with ultrdine structure$Thefirst systematic studies compositesd.g, TIPb.0 %) have f)een successfully produced by
on the synthesis of nanocrystalline materials by eleCtrOdepOSiti(E?ectrodeposition r;etbhocdSowever, the present discussion is lim-
in an attempt to optimize certain properties by deliberately cofiaq 1o equiaxed pure metals and alloys with grain sizes less than

trolling the volume fractions of grain boundaries and triple junciog nm. without considering grain shape nfiediions®
tions in the material, were published in the late 1980Is. fact, '
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Additives & Pulse Plating
Promote Nanocrystal
Formation

Electrocrystallization occurs either by
the build up of existing crystals or the
formation of new one¥. These two
processes are in competition with eac
other and are fluenced by different
factors. The two key mechanisms the
have been iderfted as the major rate
determining steps for nanocrystal for
mation are charge transfer at the ele
trode surface and surface diffusion o
adions on the crystal surfa&eOne of
the key factors in the microstructura
evolution of electrodeposits in terms o
grain size and shape is inhibitiang,
resulting from reduced surface diffu-
sion of adions by adsorption of foreigr
species (such as grairfirers) on the
growing surface. A large number ol
grain rdiners have been described ii
the literature®® Their effectiveness
depends on surface adsorption cha
acteristics, compatibility with the elec-
trolyte, temperature stability, etc. Fol
example, saccharidcoumarin® thio-
ured® and formic aciéf have all been
successfully applied to achieve grain
refinement down to the nanocrystalline
range for nickel electrodeposits.

Taber Wear Index
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Fig. 4—Hardness (a) and Taber wear index (CS-17

wheel) (b) as function of grain size for 1.

example of a pulse plated Ni sample
is shown in Fig. 2. Under these con-
ditions the effect of the substrate on
the resulting bulk electrodeposit often
becomes negligibl&.

Electrodeposition of nanocrystal-
line materials is not limited to coating
applications. As will be discussed in
more detail below, it can also be used
as a cost-effective method in the pro-
duction of free-standing forms such
as ultra-thin foil, wire, sheet and plate
as well as complex shapes.

Properties of
Nanostructures

A critical assessment of the properties
measured to date on electrodeposited
nanocrystals shows that these can be
classified into two categories. The
first group of properties is strongly
dependent on grain size. These
properties include strength, ductility
and hardnes%%4wear resistance
and coeficient of friction®° electrical
resistivity!*coercivity>? hydrogen
solubility and diffusivity?® resistance

to localized corrosion and intergranu-
lar stress corrosion crackifig®54-%8
and thermal stabilit§f#4448596¢ The
other group of properties is relatively

The second important factor in nanocrystal formation duringnaffected by grain-size changes and includes bulk déhsiist-
electrocrystallization is overpotentfaP? Grain growth is favored mal expansiof® Young's modulug}™* resistance to salt spray
at low overpotential and high surface diffusion rates. On the othefvironmeri¥ and saturation magnetizati&t>°77 |n the fol-

hand, high overpotential and low diffusion rates promote the folowing sections some of these properties are discussed in more
mation of new nuclei. These conditions can be experimentalletail and comparisons with properties observed in nanostructured
achieved when using pulse plating, where the peak current dématerials produced by other methods are made.
sity can be considerably higher than the limiting current density
attained for the same electrolyte during direct current plating. Mechanical Properties

While many of the processes associated with the crystalllzzfl
tion stage are currently not well understood the previous work h
shown that electrodeposition will result in nanostructured materj-
als when the plating variables.g, bath composition, i, tem-
perature and current density) are chosen such that electrocrys
lization results in massive nucleation and reduced grain growth.

he plastic deformation behavior of electrodeposited nanocrystal-
e materials is strongly dependent on grain size. Much of the early
work was concerned with room temperature microhardness mea-
|rements on free-standing sheet samples (typical thickness 0.1-0.5

) that were initially electrodeposited onto a Ti substrate and then
rdmoved from the Ti for hardness measurements. For many nano-
crystalllne electrodeposits it was shdfthat the hardness increases
considerably with decreasing grain size, initially following the well-

- establisheHall-Petch relationship. For example, for nanocrystal-
line Ni the Vickers hardness increased from 1PIN\at a grain size

of 100pum to more thar650 VHN at a grain size of about 10 nm.
However, for even smaller grain sizés(n) a slight reduction in the
hardness to about 590N was observed. This unexpected behav-
ior, often referred to as the invetdall-Petch relationship, also was

= observed in nanocrystalline materials produced by other synthesis
methodsge.g, the inert gas condensation technigjuehile other&

have only observed a reduction in thall-Petch slope, but no clear
transition to inversélall-Patch behavior.

A more complete study on mechanical properties of nanocrystal-
line materials was performed in conjunction with the development
of thefirst large-scale industrial application of electrodeposited
nanocrystalline materiaf$#%" The results of various mechanical

Fig. 5—Pin-on-disk (POD) wear loss values for various nanocrystalline materi-
als along with mild steel, tool steel and hard chromium. The Vickers microhardElectrosleeve Process, Framatone Technologies,
ness value (VHN) is given on top of the bar for each material on the'€hart.  [www.framatech.com].
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properties of nanocrystalline nickel

with grain sizes of 10 nm and 10(C Table 1

nm as compared to conventiona Mechanical Properties of Conventional & Nanocrystalline Nickel
polycrystalline materials are

shown in the table. In addition to Property Conventional™  Nano-Ni Nano-Ni
the remarkable increases in harc 100nm 10nm
ness, yield strength and ultimate yijgo|g Strength, NPa (25C; 77°F) 103 690 >900
tensile strength with decreasin¢ vije|q Strength, NPa (350C; 662°F) — 620
grain size, itis Interesting to note jitimate Tensile Strength, Rk (25C; 77°F) 403 1100 >2000
that the work hardening cdafient — jjiimate Tensile Strength, Rh (350C; 662°F) 760
decreases with decreasing grai tepgjle Elongatior® (25°C; 77°F) 50 >15 1
size to virtually zero ata grain size  g1ongation inBending,% (25°C; 77°F) — >40
of 10 nm. In tensile tests the duc  y;oqyys of ElasticityGPa (25C; 77°F) 207 214 204
tility of the material was found 10 \jckersHardness, kg/mn 140 300 650
decrease with decreasing grain siz Working Hardening Codfcient 0.4 0.15 0.0
from 50% elongation to failure for i e Strength, a (10 cycles / air (25C; 77°F) 241 5
conventional material to 6 at  \year rate Dry air pin-on-disc)umum 1330 7.9
100 nm grain size and abou¥6l  coeff, of friction (dry air pin-on-disc) 0.9 05

at 10 nm grain sizeGenerally,

somewhat greater ductility was **ASM Metals Handbook, Vol, BSM International, MetalBark, CH, 1993 p. 43.

observed in bending. A slight

recovery in tensile ductility was observed for grain sizes less thhren previously shown, in coarse-grained Ni the breakdown of the
10 nm# Considerably higher ductility was recently observed fopassiveilm occurdirst at the grain boundaries and triple junctions
nanocrystalline cobalt electrodeposits. That at 12 nm grain sizather than the crystal surface, leading to preferential attack at
displayed strain to failure values of 8%t a remarkable tensile these defect¥.

strength of 180 MPa, compared to 2@ ductility for polycrystal- More recently the corrosion behavior of nanocrystalline Ni was
line Co (5um grain size) with 800 Ma tensile strengtfs. also studied in 30 Wb KOH solutiorf® and g1 neutral solution
containing 3 Wi sodium chloridé! The results were similar to the
Corrosion Properties of Nanocrysta"ine Metals corrosion behavior observed in sulfuric acid. The general corrosion
& Alloys was somewhat enhanced compared to conventional polycrystal-

line Ni. However, the nanostructured materials were much more

The corrosion resistance of nanocrystalline materials in aquegufimune to localized attack, which often can lead to catastrophic
solutions is of great importance in assessing a wide range of potgfjures.
tial future applications. To date research in this area is still scarceysing the ASTMB-117 salt spray test it was found that the
and relatively few studies have addressed this issue. In the casenfifrostructure of Ni has little effect on the overall corrosion per-
the corrosion behavior of nanocrystalline materials produced yrmance under these electrochemical condittéBath conven-
crystallization of amorphous precursor mateftdfsboth bené-  tional polycrystalline and nanostructured coatings gave the same
cial and detrimental effects of the nanostructure formation on tlgrrosion protection to mild steel substrates.
corrosion performance were observed. Thelatiimg results to a  Further corrosion testing was performed on nanocrystalline Ni
large extent are due to the poorly characterized microstructuresy@itler conditions required for steam generator alloy applic&tion.
the crystallized amorphous materials. On the other hand, for namgre results showed that electrodeposited nanostructured Ni with
structured materials produced by electrodeposition, considerableyrain size of 100 nm is intrinsically resistant to intergranular
advances in the understanding of the effect of the microstructuregidcesses such as intergranular attack and intergranular stress cor-
the corrosion properties have been made in recent {fé&s? rosion cracking. The material was found to be resistant to pitting

Electrochemical studies of nanocrystalline®Nt, have shown  attack and only slightly susceptible to crevice corrosion. Excellent
that when compared to polycrystalline nickel, the material showgrrosion performance was also reported for nanocrystalline
slightly higher general corrosion rates but a reduced tendencyNp2 and Cé* electrodeposits.
localized corrosion. Figure 3 shows planar and cross-sectional
scanning electron micrographs of polycrystalline and )
nanocrystalline nickel after potentiodynamic testir :"-'-:!-".', I
in a 0.25M NgSO, solutions.Both specimens exhibit "_ o B
corrosion damage but the nanocrystalline Ni is ma.! ) '-t__. b
uniformly corroded while the specimen with 106 _a
grain size shows extensive localized attack alo' r‘
the grain boundaries and triple junctions resulting =, 'f" iy i
excessive material loss due to grain droppXgay * ©“ur*.

photoelectron spectroscopy of similar specimens c_ . L3 A L=
roded in 2NH,SO, solution showed that the passiv = " L.l:
film formed on the nanostructured specimen is m¢ < ® i 5
defective than that formed on the polycrystalline spe?_a_', AL
men while the thickness of the passive layer was oo

same on both specimefisThis more highly defective s . =
film on the nanocrystalline specimen allows for a mdtig. 6—a) Backscattered scannlng electron micrograph of nanocrystalllne nickel matrix (20 nm
uniform breakdown of the passifiém, which in turn average grain size) containing A, particulates (black), (b) brightield TEM micrograph of

leads to more uniform corrosion. In contrast, as e deposit showing the interface between the matrix and,@gpatrticles.
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I ——— PR solute segregation to these sffeSuch solute enrichment at triple
I a Ll s s junctions in annealed nanostructured Ni-0.12\& was recently

W s e HM

e observed by BX measurements with a dedicated scanning trans-
mission microscop$?

] The benécial effect of microalloying on the thermal stability
has been further demonstrated for nanocrystalline nickel (approxi-
mately 100 nm grain sizé)* In this case the thermal stability was
assessed indirectly by measuring the hardness of pure nanocrystal-
line Ni and nanocrystalline N¥-(<3000 ppmP) annealed at 348
(649°F) as a function of annealing time. For pure nanocrystalline

y Ni the hardness decreased rapidly from about 420! \fo 150

o T g, W

Microhardnesa, WHN or Stengih, BFa
[

';;;,::_’.; g VHN within thefirst 100 minutes of annealingowever, for nano-
- e e wa crystalline NiP the hardness remained unchanged at 428 Yor
Canventianal Wi

. : . . = . _annealing times of in excess offinutes. In this case, the ther-
Fig. 7—Summary of mechanical properties for nickel/silicon carbide composites

for conventional and nanocrystalline Ni matrices produced by eIectrodepo.J,iT—"aI stability of microalloyed Ni was attributed mainly to solute

tion.1? drag and possiblBener drag by microprecipitates.

A recent theoretical and experimental stidyn the effect of
Thermal Stability of Nanostructured Metals grain growth on resultant grain boundary character distributions
& AIons indicates that the thermal stability of nanocrystalline materials may

be further enhanced by the tendency for these fitieagrained

Of particular importance for any nanocrystalline material is itfaterials to forntspecial low-energy grain boundaries during the
thermal stability. From an applications point of view, it is thexarly stages of grain growth.

onset of grain growth that ultimately limits the temperature range
in which these materials can be used in service. A comprehensive
summary of studies on the thermal stability of nanocrystalline elec-
trodeposits is availabR.In this section we discuss some of the
critical issues associated with grain growth in these materials.
In an early study the grain growth kinetics of a nanocrystalline
Ni-1.2 wit% P alloy with a starting grain size of 10 nm was evalu-
ated fromin-situ electron microscopy observatiotisAt 200°C
(392°F), no grain growth was observed and the material was stable
as a solid solution. At 40C (752°F), substantial grain growth was
observed within théirst few minutes of annealing, resulting in a
@ microcrystalline two phase (Ni Ni,P) structure However, at 300
and 400C (572 and752°F) the grain size initially increased rap- _.-f- »
idly by a factor of 2-3 and then became essentially independent of #
annealing time. Similar behavior was observed for a Ni-S alloy at
300°C (572°F) & ) o o
Grain growth kinetics leading to a constant characteristic grain 9: 8—Sef-lubricating nanocrystalline nickel + molybdenum disia
. . . . composite coating on hydraulic expansion mandrels.
size is common for systems subjected to large grain boundary
dragging forces. Considering the extremely large driving forces f . .
grain growth expected in these materielg( about 20Q@/cm*at a ﬁecmcal Propertles
grain size of 20 nff), the observed thermal stabilization may no#A comparison of results of electrical property measurements
be attributed solely to such a mechanism. In nanocrystalline maperformed on nanostructured materials produced by different
rials an additional dragging force may be due to triple juncBonssynthesis routese(g, gas condensatidh electrodepositiofh®%9
It has been shown that grain growthfine-grained polycrystal- shows that for all nanocrystalline metals the electrical resistiv-
line materials may be controlled by the intrinsic mobility of tripldty increases with decreasing grain size. For example, the room
junctions® A further contribution of triple junctions to the thermaltemperature resistivity for Ni was increased from alfou€-cm
stability of nanostructured materials is the result of preferentiat 100um grain size in fully annealed material, to aboutu®®>
) cm at 11 nm grain size in electrodeposited mat@&rial.
L - This can be attributed to electron scattering at defects,
' - such as grain boundaries and triple junctions. In fact,
e, a more comprehensive stddizas recently shown that
g e the contribution of the grain boundaries to the electri-
- ; cal resistivity in nanocrystalline electrodeposits can
be quanfied in terms of a spdii grain boundary
resistivity. The temperature cdieient of resistivity
s ' also behaves similarly for materials produced by dif-
ferent synthesis routeBoth nanocrystalline materials
produced by inert gas condensatfoand electrode-
: * posited Nit*®and Cé"% show decreasing values with
| decreasing grain size.

Fig. 9—Parallel (a) and through-thickness (b) SEM micrographs of a nanocrystalline Ni-P
matrix with BN particles.
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Wear Properties 800

Hardfacing coatings see extensive use in numerous industrial applica ouy | |

These coatings require a high intrinsic hardné88-0000 VHN) and low
friction coeficient €0.20) in order to impart the desirable wear perfc
mance. Electrodeposited nanocrystalline metal and alloy coatings di¢
properties such as hardness and ductility that may make them exc
hardfacing materiaP®0:

Figure 4 shows the effect of average grain size on both the harc
and TabeWear Index (a measure of volume loss due to abrasive w
for nickel. As shown, decreasing the grain size of Ni fromqu@Go 13 nm
results in hardness increases from 1262 VHN; commensurately, the
TaberWear Index (using a GS17 wheel) is reduced from approximatel
37to 21.

Figure 5 shows thBin-on-Disk (POD) volumetric wear loss for vari-
ous hanocrystalline Co alloys relative to those obtained with mild st
tool steel and hard chromium that are commonly used for hardfa
applications. As noted in thisgure, the wear resistance is no longet
simple function of the material hardne¥8hen tested under identica 14 TRRdL
conditions, the wear resistance of most of the nanocrystalline dep
exceeded that of hard chromium, even though their hardness values
lower. ThePOD volumetric wear loss values for nanocrystalline cob
decrease with the addition of phosphorus and with precipitation har
ing. The addition of iron results in a further decrease in the wear loss

Further increases in hardness, and wear resistance may be achi
through the incorporation of second phase particulates in the nanocnr
line metal/alloy matrix. One approach is alloy deposition followed by
treatment to precipitatefenely dispersed second phase.

Nanocomposite coatings can also be produced by co-depos
whereby the second phase particulate is kept in suspension in the p
bath. In this manner, insoluble second phases of metal, alloy, ceran
polymer can be uniformly distributed in the host nanocrystalline mete
alloy matrix. Figureéa shows an example of nanocrystalline nickel ( Pt K. B T L L oy 8 L AL |
nm avg. grain size) containing a uniform dispersion of aluminum o» 40 1o’ e 10 L 1g°
particles (approx. Jum in diameter), produced by electrodepositio Grain Size. nm
Figure6b presents a brigtiteld TEM image of two AD, particles and
the surrounding nanocrystalline matrix showing that the nanocrysta
matrix structure continues up to the particle/matrix interface.

The bengt of utilizing a nanocrystalline metal-ceramic composite
shown in Figure? for Ni + SiC. Signficant increases in hardness, yie
strength and ultimate tensile strength are achieved by utilizing a n
crystalline rather than a conventional nickel matrix. In this 8rk,
was noted also that the nanocrystalline composite possessditaiglyi
improved ductility compared with nanocrystalline Ni without SiC.

The incorporation of second phase particles offers the opportunit
tailor spedic functional properties. For example, hard-facing coatir
with self-lubricating properties are highly desirable in certain appli
tions. Such properties could be achieved through the use of dry lubr
particles such as graphite affFE. Such co-deposited systems a
already commercially available with a conventional grain size ma
(e.g, Ni). However, the use of a hard, nanocrystalline matrix exte a0 -
the applicability of these coatings to more severe industrial applicat 10" 10’ s o w o
because, by application of the rule of mixtures, the relati\ssft’ lubri- Graii Slze. nm
cating second phase can be incorporated to larger volume fractions ......
out signficant compromise of the overall hardness of the coating. Figure
8 shows a photograph of hydraulic expansion mandrels, coated with a
nanocrystalline Ni-Mog composite, which utilize the self-lubricating
mechanism in order to extend their service life.

Figures 9a and b show planar and through-thickness SEM micrographs, respectively, of a nanocrystatiaest\iontaining hexagonal
boron nitride BN) particles (mean particle sizelOpm). The presence of tHN particles in the material results in a coating thetf-lubri-
cate$ during weatr.
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Fig. 10—Grain size dependence of saturation magnetiza-
tion, thermal expansion and heat capacity of nickel at room
temperature.

Grain Size—Independent Properties

Grain size has little effect on the saturation magnetization, thermal expansion and heat capacity of nickel produceddpositatras
shown in Figure 1€°3 Another property that is constant for nano- and microcrystalline me¥asrig)'s modulus. These results are in strong

Plating & Surface Finishing ¢ February 2003 41

@ 6/25/03, 11:14:31 AM



disagreement with earlier reports
for nanocrystalline materials that
were produced by consolidation of
precursor powders (See Ré2 for
further discussion.), which showec
major reductions for these proper Tuba .
ties with decreasing grain size.
Theoretical analysis of the Electroslaave
effect of grain size reduction anc
its impact on the material defects
and structural disorder have showi

a nanocrystalline NRmicroalloy
(grain size approximately 100
nm) is electrodeposited on the
inside surface of steam generator
tubes to a thickness that ranges
from 0.5 to 1 mm to structurally
repair those sites in the tubes
where the original structural
integrity has been compromised
(e.g, localized corrosion, stress
corrosion cracking, etc.). Figure

N

that grain size should have little 11 shows a cut-away view of the
effect on the properties addresse results. The high strength, good
above?” at least in the grain size Fig. 11_Cut-away view of an installed ductility and thermal stabilitjup
range from 10 to 100 nm. These¢ nanocrystalline Ni electrosleeve on a host to 400 (752°F)] of this nanocrys-
studies and further experimenta Alloy 600 nuclear steam generator tube. talline material permits the use of
evidence clearly show that the a much thinnefsleevé (0.5-1.0
previously observed strong grain mm) than if a polycrystalline

size dependence of these properties stem from internal porositaterial is used. The low thickness of the repair also minimizes
and associated impurities and/or internal oxidation effects. Motiee impact orfluid flow and heat transfer in the steam generator.
recent results of materials produced by powder consolidation, bthefirst installations were done in 1994 in a GAM unit and in

with low residual porosity, are comparable with those of the ele@999 in aPWR unit. Their performance to date has met all expec-

trodeposited, fully dense equivalent material. tations.
Recent geometric models and experimefitalings®'” have
Applications shown that nanostructured materials can also possess a high resis-

tance to intergranular cracking processes, including creep crack-

Electrodeposited nanostructures have advanced rapidly to COlej. Several emerging applications for nanocrystalline materials

rr:erc;al appllcaltlort] aslat_result (()jf (P a}[n ?stat_)llsh_e((jj|n?gstr|aI2|nfr ossessing high intergranular cracking resistance include, lead-
structure {e., electroplating and electroforming industries), (2) cid battery (positive) grids and shaped charge linersRIGU\li)

relatively low cost of application whereby nanomaterials can %r military and industrial applicationg.g, demolition, oil well

produced by simple mafication of bath chemistries and EIGCtrica;ﬁenetrators, etc.). These are applications in which durability and

parameters used in current plating and electroforming operatio Srformance are frequently compromised by premature intergranu-
(3) the capability in a single-step process to produce metals, all P failure

@ and metal-matrix composites in various forme.(coatings, free-

standing complex shapes), and most importantly (4) the abilit . . .

producgully dZnsmancF))strl)Jctures free of Extrane)cgu(s )porosity. Tyhtounctlonal Appllcatlons
importance of the latter cannot be overemphasized with regakdmajor application for drum-plated nanocrystalline material is
to industrial application because, as has been outlined in prewi-the production of copper foil for printed circuit boards, where
ous sections, many of the unusual properties initially attributezhhanced etching rates and reduced line spacing/pitch can be
to nanostructures have since been demonstrated to be an artiéattieved by reducing grain siZérain size can be optimized on the
of residual porosity in these materials. From the outset, the fulbasis of calculated electrical resistivity for nanocrystalliné°@s,
dense nanomaterials produced by electrodeposition have displagathmarized in Fig. 12. A 50 to 100 nm grain size provides opti-
predictablematerial properties based upon their increased contanum etchability while maintaining good electrical conductivity.
of intercrystalline defects. Thispredictability’ in ultimate mate-
rial performance has accelerated the adoption of nanomaterials -
industry, whereby such extreme graifimement simply represents
another metallurgical tool for microstructural optimization. It is LR
important to note the importance of property-sfieajrain size - — el Wity
“optimizatiori rather than grain miniaturization for its own sake
since different properties scale differently with grain size.

=+ Pl e Aamrperin

Structural Applications

As would be expected fromdall-Petch considerations, numer-
ous practical applications for nanocrystalline materials are base
upon opportunities for high strength coatings and free-standin
structural components. The superior mechanical properties ¢
these electrodeposited nanostructures have led to one of th
first large scale industrial applications fiorsitu repair of nuclear
steam generator tubirftf®” This proprietary proce¥$ has been
successfully implemented in both nuclear Canadian BBNind 0
U.S. pressurized water reactors, and has been incorporated a o e e NG &M M) W0 W M) W
standard procedure for pressure tubing réfrdin. this application, Grain Size, nm

Fig. 12—Calculated room temperature electrical resistivity of Cu as a function

“Electrosleev® Process, Framatone Technologies, Inc., Lynchburg, VAQfgrain size?”
[www.framatech.com].

Elnclrcnl Pewistrerly, ji Liem"

42 Plating & Surface Finishing e February 2003

‘ 36-45 42 @ 6/25/03, 11:14:39 AM



Coating Applications tion of second phase particles that can impart even greater hard-

. . . .._facing improvements.
The improved hardness, wear resistance and corrosion reS|stanc(?\,I . .
anocrystalline cobalt, cobalt-phosphorus and cobalt-iron

coupled with undiminished saturation magnetization and predict- . :
lloys have been shown to have microhardness values in same

able thermal expansion, elastic properties and electrical resistivia ) : S ; o
b ' prop rcylhge as hard chromium, while maintaining considerable ductility

make nanocrystalline coatings ideal candidates for protective and . . . .
Y g P and high plating difciency. The Taber wear resistance of nanocrys-

functional applicationse(g, as used in hard facing on softer, less_,,. . . .
L app . sa(9, ) gon ' '®S35lline cobalt-iron alloys approaches that of hard chromium, while
wear resistant coatings, recording heads, electronic connectors

. ) . . . possessing lower hardness values. Further alloying of nanocrystal-
replacement coatings for chromium and cadmium in automotiye . . . .
S - ! . line cobalt-iron with phosphorus may increase the as-deposited
and aerospace applications). For applications as thin coatings . . . :
. ; . - rdness thus increasing the wear resistance to values matching
(in the order of a fewum thick) the microstructural evolution

of the deposit with increasing coating thickness can be a maj%r}d/or exceeding hard chromidff.

concern. Many previous studies on conventional electrodeposj .

have shown that the grain size usually increases consideragf?nduswns

with increasing coating thickne¥8.In contrast, nanocrystalline Electrodeposition has been shown to be a technologically feasible
Ni electrodeposifsshowed that in most cases the nanostructuggpproach to produce nanostructured materials with unique physi-
was fully established right at the interface with the substrate andl, chemical and mechanical properties. Electroplating windows

that the grain size was essentially independent of coating thidisr the synthesis of these structures using conventional electroplat-
ness'® For certain electrochemical and substrate conditions a thifg equipment and chemicals have been established for a wide
transition layer of larger grains was observed in which the initidhnge of pure metals, alloys and composite systems. Examples of
structure was iiluenced by the larger grains of the substrate, preecently developed applications have shown that electrodeposition
sumably by an epitaxy mechaniskiowever, even in this case ais an economically viable synthesis route for the manufacture of
constant, thicknessindependent structure was fully establishednany different product forms ranging from thin and thick coat-

within thefirst 200 nm from the interface. ings, freestanding foil and plate, to complex electroformed shapes.

Consequently, considerable opportunities exist for the electroplat-
Nanocrystalline Materials ing industry to play a leading role in the development of many new
As a Chromium Replacement nanotechnology applications, which can be readily implemented

. . . o _ based on predictable metallurgical nanotechnology principles
The most widely applied hard facing coating is electrodepositegianiished over the past several years.
chromium (5 to 25@m thick), which continues to be used exten-

sively in both industrial and military applicationklexavalent

chromic acid baths are normally used to electrodeposit hard ch'%-d(nOWIedgments
mium. However, health risks associated with the use of hexavalehie authors would like to acknowledge the contributiond &f
chromium baths have been recognized since the early 19304cCreaP Lin, D. Limoges, A. Robertsoig. Panagiotopoulos, M.

@ Although signficant progress has been made in the deve|0pmé¥1ﬁl’COCCiaG. Hibbard and F. Smith from Integran Technologies and
of less harmful trivalent chromium plating processes, a reliabfe Kim, andD. H. Jeong from the University of Toronto. Financial
industrial process has yet to emerge. In addition to the health rigk#pport by the Natural Sciences and Engineering Research Council
associated with hexavalent Cr plating, there are several other teehCanada (NSERC) is gratefully acknowledged.
nical drawbacks to this technology. As a result of the relatively low
electrolytic eficiency of Cr plating processes, deposition (or buildReferences
rates are relatively low compared to the plating of other metals aTd

a”foytsh(e.g, 25-50pm/h fofr tir vlersu9| f_oqlgglh forh_nlﬁkelz. Asf Microstructures, Proc. 2¢ Risz Int. Symp. on Metallurgy
ﬁ (;Jr er consequence of this ow(g)a ing@éncy, hig rﬁ esok and Materials SciengeRisz National Laboratory, Roskilde
ydrogen co-generation occur and precautions must be taken to ponan 19900 15,

preve;_t gyd:ogeqhemtbrlﬁtlemhint of susiﬁptl_blte_ Su.bsgitt? materlﬁfls G. Palumbo, Sl Thorpe& K.T. Aust, Scripta Metall. et
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