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Technical Article

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.

Nanotechnology is an exciting new fi eld that deals 
with the design of extremely small structures having 
critical length dimensions on the order of a few 
nanometers. Because of the broad fi eld 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, 

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 fi eld 
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 a result 
of the rapidly growing number of examples which demon-
strate how materials with exceptional 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, usually 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-fi ne 
crystals, usually less than 100 nm in size, which were 
initially introduced as interfacial materials about two 
decades ago.1 The main structural characteristic of these 
materials is the 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 signifi cant 
at 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 a result of having such 
a large fraction of atoms located at the interfacial defect 
structure.
 Well over 100 different routes for the synthesis of nano-
structured materials have been developed in the past few 
years,3 using one or combinations of several techniques 
from the following list of processing methods:
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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.
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1. Vapor phase processing (e.g., physical 
or chemical vapor deposition, inert gas 
condensation),

2. Liquid phase processing (e.g., rapid 
solidifi cation, atomization),

3. Solid state processing (e.g., mechanical 
attrition, crystallization of amorphous 
precursors),

4. Chemical synthesis (e.g., sol-gel, pre-
cipitation) and

5. Electrochemical synthesis (e.g., elec-
trodeposition, electroless deposition).

Many of these techniques operate far from 
equilibrium conditions so that crystal/grain 
size is controlled in the nanometer range 
by favoring nucleation of new grains and 
reducing the growth of existing grains.
 Of particular interest to the commu-
nity served by AESF are nanostructured 
materials produced by the electrochemical 
synthesis routes. Tremendous progress 
has been made in recent years in the 
understanding of the basic physical and 
chemical principles that control nanostructure formation during 
electrodeposition and electroless deposition. In view of the exten-
sive activities in this fi eld, AESF has recently established a new 
subcommittee on Nanostructured Materials under the auspices of 
the Emerging Technologies Committee, which had its inaugural 
meeting at SUR/FIN® 2002 in Chicago.4

 This paper addresses the synthesis of nanocrystalline materials 
by electrodeposition methods as well as structure-property rela-
tionships for a variety of nanocrystalline pure metals and alloys. 
Unlike other techniques, electrodeposition is usually carried out 
in a single step and produces fully dense materials without the 
need of a secondary consolidation of powders or the annealing 
of amorphous precursors. Comparison with structure-property 
relationships observed for materials produced by other synthesis 
methods will be given wherever possible. Some emerging indus-
trial applications will also be discussed.

Nanostructured Materials by Electrodeposition
There are numerous early reports in the literature describing elec-
trodeposits with ultra-fi ne structures.5 The fi rst systematic studies 
on the synthesis of nanocrystalline materials by electrodeposition, 
in an attempt to optimize certain properties by deliberately con-
trolling the volume fractions of grain boundaries and triple junc-
tions in the material, were published in the late 1980ʼs.6,7 In fact, 

the synthesis of nanostructured materials, with grain size control 
during the electrodeposition process can be considered a distinct 
form of grain boundary engineering in which the grain boundary 
content (types and quantities of grain boundaries) of a material is 
controlled during material processing to achieve certain physical, 
chemical and mechanical properties.8 The fi nal result is thus a bulk 
interfacial material, as originally defi ned by Gleiter,1 which does 
not require any further processing of precursor powder material. In 
this respect electrodeposited nanocrystals are quite different from 
other nanostructures that are based on consolidated particles.
 There are a very large number of pure metals, alloys, composites 
and ceramics that can be electrodeposited or co-electrodeposited 
with grain sizes less than 100 nm. The scientifi c literature reports 
numerous examples identifying electrochemical processing win-
dows for the synthesis of nanocrystalline pure metals (e.g., Ni,9,10 
Co,11 Pd,12 Cu,11) binary alloys (e.g., Ni-P,6,7 Ni-Fe,13,14 Zn-Ni,15,16 
Pd-Fe,17 Co-W,18) and ternary alloys (e.g., Ni-Fe-Cr19-21). Even 
multi-layered structures or compositionally modulated alloys (e.g., 
Cu-Pb,22 Cu-Ni,23-25 Ag-Pd,26 Ni-P27), metal matrix composites 
(e.g., Ni-SiC10), ceramics (e.g., ZrO

2
,28 ZnO29) and ceramic nano-

composites (e.g., Tl
a
Pb

b
O

c
30) have been successfully produced by 

electrodeposition methods. However, the present discussion is lim-
ited to equiaxed pure metals and alloys with grain sizes less than 
100 nm, without considering grain shape modifi cations.19

Fig. 2—Transmission electron micrographs (brightfi eld, darkfi eld and diffraction pattern) of nanocrystalline nickel produced by pulse electrodeposition from a modi-
fi ed Watts baths following the procedures outlined in Ref. 9.

Fig. 3—Top view (top) and cross sectional (bottom) scanning electron micrographs of conventional polycrystal-
line Ni (left) and nanocrystalline Ni electrodeposits (right) after potentiodynamic polarization in 0.25M Na

2
SO

4
 

solution.55
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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 ones.31 These two 
processes are in competition with each 
other and are infl uenced by different 
factors. The two key mechanisms that 
have been identifi ed as the major rate 
determining steps for nanocrystal for-
mation are charge transfer at the elec-
trode surface and surface diffusion of 
adions on the crystal surface.32 One of 
the key factors in the microstructural 
evolution of electrodeposits in terms of 
grain size and shape is inhibition, e.g., 
resulting from reduced surface diffu-
sion of adions by adsorption of foreign 
species (such as grain refi ners) on the 
growing surface. A large number of 
grain refi ners have been described in 
the literature.33 Their effectiveness 
depends on surface adsorption char-
acteristics, compatibility with the elec-
trolyte, temperature stability, etc. For 
example, saccharin,34 coumarin,35 thio-
urea35 and formic acid36 have all been 
successfully applied to achieve grain 
refi nement down to the nanocrystalline 
range for nickel electrodeposits. 
 The second important factor in nanocrystal formation during 
electrocrystallization is overpotential.31,32 Grain growth is favored 
at low overpotential and high surface diffusion rates. On the other 
hand, high overpotential and low diffusion rates promote the for-
mation of new nuclei. These conditions can be experimentally 
achieved when using pulse plating, where the peak current den-
sity can be considerably higher than the limiting current density 
attained for the same electrolyte during direct current plating.
 While many of the processes associated with the crystalliza-
tion stage are currently not well understood the previous work has 
shown that electrodeposition will result in nanostructured materi-
als when the plating variables (e.g., bath composition, pH, tem-
perature and current density) are chosen such that electrocrystal-
lization results in massive nucleation and reduced grain growth. An 

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 negligible.37

 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 hardness,14,21,38-49 wear resistance 
and coeffi cient of friction,50 electrical 
resistivity,11,51 coercivity,52 hydrogen 
solubility and diffusivity,53 resistance 
to localized corrosion and intergranu-
lar stress corrosion cracking47,48,54-58 
and thermal stability.38,44,47,48,59-66 The 
other group of properties is relatively 

unaffected by grain-size changes and includes bulk density,67 ther-
mal expansion,68,69 Youngʼs modulus,45,70-73 resistance to salt spray 
environment37 and saturation magnetization.35,42,52,70,74-79 In the fol-
lowing sections some of these properties are discussed in more 
detail and comparisons with properties observed in nanostructured 
materials produced by other methods are made.

Mechanical Properties
The plastic deformation behavior of electrodeposited nanocrystal-
line materials is strongly dependent on grain size. Much of the early 
work was concerned with room temperature microhardness mea-
surements on free-standing sheet samples (typical thickness 0.1-0.5 
mm) that were initially electrodeposited onto a Ti substrate and then 
removed from the Ti for hardness measurements. For many nano-
crystalline electrodeposits it was shown45 that the hardness increases 
considerably with decreasing grain size, initially following the well-
established Hall-Petch relationship. For example, for nanocrystal-
line Ni the Vickers hardness increased from 120 VHN at a grain size 
of 100 µm to more than 650 VHN at a grain size of about 10 nm. 
However, for even smaller grain sizes (6 nm) a slight reduction in the 
hardness to about 590 VHN was observed. This unexpected behav-
ior, often referred to as the inverse Hall-Petch relationship, also was 
observed in nanocrystalline materials produced by other synthesis 
methods, e.g., the inert gas condensation technique,81 while others82 
have only observed a reduction in the Hall-Petch slope, but no clear 
transition to inverse Hall-Patch behavior.
 A more complete study on mechanical properties of nanocrystal-
line materials was performed in conjunction with the development 
of the fi rst large-scale industrial application of electrodeposited 
nanocrystalline materials.47,48,* The results of various mechanical 

Fig. 4—Hardness (a) and Taber wear index (CS-17 
wheel) (b) as function of grain size for Ni.101

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 microhard-
ness value (VHN) is given on top of the bar for each material on the chart.100

** Electrosleeve® Process, Framatone Technologies, Inc., Lynchburg, VA. 
[www.framatech.com].
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properties of nanocrystalline nickel 
with grain sizes of 10 nm and 100 
nm as compared to conventional 
polycrystalline materials are 
shown in  the table. In addition to 
the remarkable increases in hard-
ness, yield strength and ultimate 
tensile strength with decreasing 
grain size, it is interesting to note 
that the work hardening coeffi cient 
decreases with decreasing grain 
size to virtually zero at a grain size 
of 10 nm. In tensile tests the duc-
tility of the material was found to 
decrease with decreasing grain size 
from 50% elongation to failure for 
conventional material to 15% at 
100 nm grain size and about 1% 
at 10 nm grain size. Generally, 
somewhat greater ductility was 
observed in bending. A slight 
recovery in tensile ductility was observed for grain sizes less than 
10 nm.49 Considerably higher ductility was recently observed for 
nanocrystalline cobalt electrodeposits. That at 12 nm grain size, 
displayed strain to failure values of 8-10% at a remarkable tensile 
strength of 1860 MPa, compared to 10% ductility for polycrystal-
line Co (5 µm grain size) with 800 MPa tensile strength.83 

Corrosion Properties of Nanocrystalline Metals  
& Alloys
The corrosion resistance of nanocrystalline materials in aqueous 
solutions is of great importance in assessing a wide range of poten-
tial future applications. To date research in this area is still scarce 
and relatively few studies have addressed this issue. In the case of 
the corrosion behavior of nanocrystalline materials produced by 
crystallization of amorphous precursor materials84-88 both benefi -
cial and detrimental effects of the nanostructure formation on the 
corrosion performance were observed. The confl icting results to a 
large extent are due to the poorly characterized microstructures of 
the crystallized amorphous materials. On the other hand, for nano-
structured materials produced by electrodeposition, considerable 
advances in the understanding of the effect of the microstructure on 
the corrosion properties have been made in recent years.47,48,55-58

 Electrochemical studies of nanocrystalline Ni,54-56 have shown 
that when compared to polycrystalline nickel, the material shows 
slightly higher general corrosion rates but a reduced tendency to 
localized corrosion. Figure 3 shows planar and cross-sectional 
scanning electron micrographs of polycrystalline and 
nanocrystalline nickel after potentiodynamic testing 
in a 0.25M Na

2
SO

4
 solutions. Both specimens exhibit 

corrosion damage but the nanocrystalline Ni is more 
uniformly corroded while the specimen with 100 µm 
grain size shows extensive localized attack along 
the grain boundaries and triple junctions resulting in 
excessive material loss due to grain dropping. X-ray 
photoelectron spectroscopy of similar specimens cor-
roded in 2N H

2
SO

4
 solution showed that the passive 

fi lm formed on the nanostructured specimen is more 
defective than that formed on the polycrystalline speci-
men while the thickness of the passive layer was the 
same on both specimens.89 This more highly defective 
fi lm on the nanocrystalline specimen allows for a more 
uniform breakdown of the passive fi lm, which in turn 
leads to more uniform corrosion. In contrast, as has 

been previously shown, in coarse-grained Ni the breakdown of the 
passive fi lm occurs fi rst at the grain boundaries and triple junctions 
rather than the crystal surface, leading to preferential attack at 
these defects.90 
 More recently the corrosion behavior of nanocrystalline Ni was 
also studied in 30 wt% KOH solution58 and pH neutral solution 
containing 3 wt% sodium chloride.91 The results were similar to the 
corrosion behavior observed in sulfuric acid. The general corrosion 
was somewhat enhanced compared to conventional polycrystal-
line Ni. However, the nanostructured materials were much more 
immune to localized attack, which often can lead to catastrophic 
failures.
 Using the ASTM B-117 salt spray test it was found that the 
microstructure of Ni has little effect on the overall corrosion per-
formance under these electrochemical conditions.37 Both conven-
tional polycrystalline and nanostructured coatings gave the same 
corrosion protection to mild steel substrates.
 Further corrosion testing was performed on nanocrystalline Ni 
under conditions required for steam generator alloy application.47 
The results showed that electrodeposited nanostructured Ni with 
a grain size of 100 nm is intrinsically resistant to intergranular 
processes such as intergranular attack and intergranular stress cor-
rosion cracking. The material was found to be resistant to pitting 
attack and only slightly susceptible to crevice corrosion. Excellent 
corrosion performance was also reported for nanocrystalline Zn-
Ni92 and Co93 electrodeposits.

Table 1
Mechanical Properties of Conventional & Nanocrystalline Nickel

Property Conventional*** Nano-Ni Nano-Ni 
  100nm 10 nm

Yield Strength, MPa (25°C; 77°F) 103 690 >900
Yield Strength, MPa (350°C; 662°F) --- 620 ---
Ultimate Tensile Strength, MPa (25°C; 77°F) 403 1100 >2000
Ultimate Tensile Strength, MPa (350°C; 662°F) --- 760 ---
Tensile Elongation, % (25°C; 77°F) 50 >15 1
Elongation in Bending, % (25°C; 77°F) --- >40 ---
Modulus of Elasticity, GPa (25°C; 77°F) 207 214 204
Vickers Hardness, kg/mm2 140 300 650
Working Hardening Coeffi cient 0.4 0.15 0.0
Fatigue Strength, MPa (108 cycles / air (25°C; 77°F) 241 275 ---
Wear rate (Dry air pin-on-disc), µm3/µm 1330 --- 7.9
Coeff. of friction (dry air pin-on-disc) 0.9 --- 0.5

***ASM Metals Handbook, Vol. 2, ASM International, Metals Park, OH, 1993; p. 437.

Fig. 6—(a) Backscattered scanning electron micrograph of nanocrystalline nickel matrix (20 nm 
average grain size) containing Al

2
O

3
 particulates (black), (b) bright fi eld TEM micrograph of 

same deposit showing the interface between the matrix and the Al
2
O

3
 particles.
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Thermal Stability of Nanostructured Metals 
& Alloys
Of particular importance for any nanocrystalline material is its 
thermal stability. From an applications point of view, it is the 
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 available.94 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 wt% P alloy with a starting grain size of 10 nm was evalu-
ated from in-situ electron microscopy observations.59 At 200°C 
(392°F), no grain growth was observed and the material was stable 
as a solid solution. At 400°C (752°F), substantial grain growth was 
observed within the fi rst few minutes of annealing, resulting in a 
microcrystalline two phase (Ni + Ni

3
P) structure. However, at 300 

and 400°C (572 and 752°F) the grain size initially increased rap-
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).61

 Grain growth kinetics leading to a constant characteristic grain 
size is common for systems subjected to large grain boundary 
dragging forces. Considering the extremely large driving forces for 
grain growth expected in these materials (e.g., about 200 J/cm3 at a 
grain size of 20 nm60), the observed thermal stabilization may not 
be attributed solely to such a mechanism. In nanocrystalline mate-
rials an additional dragging force may be due to triple junctions.59 
It has been shown that grain growth in fi ne-grained polycrystal-
line materials may be controlled by the intrinsic mobility of triple 
junctions.95 A further contribution of triple junctions to the thermal 
stability of nanostructured materials is the result of preferential 

solute segregation to these sites.96 Such solute enrichment at triple 
junctions in annealed nanostructured Ni-0.12 wt% S was recently 
observed by EDX measurements with a dedicated scanning trans-
mission microscopy.63 
 The benefi cial effect of microalloying on the thermal stability 
has been further demonstrated for nanocrystalline nickel (approxi-
mately 100 nm grain size).47,48 In this case the thermal stability was 
assessed indirectly by measuring the hardness of pure nanocrystal-
line Ni and nanocrystalline Ni-P (<3000 ppm P) annealed at 343°C 
(649°F) as a function of annealing time. For pure nanocrystalline 
Ni the hardness decreased rapidly from about 420 VHN to 150 
VHN within the fi rst 100 minutes of annealing. However, for nano-
crystalline Ni-P the hardness remained unchanged at 420 VHN for 
annealing times of in excess of 106 minutes. In this case, the ther-
mal stability of microalloyed Ni was attributed mainly to solute 
drag and possible Zener drag by microprecipitates.
 A recent theoretical and experimental study97 on the effect of 
grain growth on resultant grain boundary character distributions 
indicates that the thermal stability of nanocrystalline materials may 
be further enhanced by the tendency for these ultra-fi ne grained 
materials to form “special” low-energy grain boundaries during the 
early stages of grain growth. 

Electrical Properties
A comparison of results of electrical property measurements 
performed on nanostructured materials produced by different 
synthesis routes (e.g., gas condensation,98 electrodeposition11,51,99) 
shows that for all nanocrystalline metals the electrical resistiv-
ity increases with decreasing grain size. For example, the room 
temperature resistivity for Ni was increased from about 6 µΩ-cm 
at 100 µm grain size in fully annealed material, to about 22 µΩ-

cm at 11 nm grain size in electrodeposited material.51 
This can be attributed to electron scattering at defects, 
such as grain boundaries and triple junctions. In fact, 
a more comprehensive study99 has recently shown that 
the contribution of the grain boundaries to the electri-
cal resistivity in nanocrystalline electrodeposits can 
be quantifi ed in terms of a specifi c grain boundary 
resistivity. The temperature coeffi cient of resistivity 
also behaves similarly for materials produced by dif-
ferent synthesis routes. Both nanocrystalline materials 
produced by inert gas condensation98 and electrode-
posited Ni51,99 and Co11,99 show decreasing values with 
decreasing grain size.

Fig. 7—Summary of mechanical properties for nickel/silicon carbide composites 
for conventional and nanocrystalline Ni matrices produced by electrodeposi-
tion.102 

Fig. 8—Self-lubricating nanocrystalline nickel + molybdenum disulfi de 
composite coating on hydraulic expansion mandrels.

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 
Hardfacing coatings see extensive use in numerous industrial applications. 
These coatings require a high intrinsic hardness (600-1000 VHN) and low 
friction coeffi cient (<0.20) in order to impart the desirable wear perfor-
mance. Electrodeposited nanocrystalline metal and alloy coatings display 
properties such as hardness and ductility that may make them excellent 
hardfacing material.100,101 
 Figure 4 shows the effect of average grain size on both the hardness 
and Taber Wear Index (a measure of volume loss due to abrasive wear) 
for nickel. As shown, decreasing the grain size of Ni from 90 µm to 13 nm 
results in hardness increases from 125 to 625 VHN; commensurately, the 
Taber Wear Index (using a CS —17 wheel) is reduced from approximately 
37 to 21.
 Figure 5 shows the Pin-on-Disk (POD) volumetric wear loss for vari-
ous nanocrystalline Co alloys relative to those obtained with mild steel, 
tool steel and hard chromium that are commonly used for hardfacing 
applications. As noted in this fi gure, the wear resistance is no longer a 
simple function of the material hardness. When tested under identical 
conditions, the wear resistance of most of the nanocrystalline deposits 
exceeded that of hard chromium, even though their hardness values were 
lower. The POD volumetric wear loss values for nanocrystalline cobalt 
decrease with the addition of phosphorus and with precipitation harden-
ing. The addition of iron results in a further decrease in the wear loss. 
 Further increases in hardness, and wear resistance may be achievable 
through the incorporation of second phase particulates in the nanocrystal-
line metal/alloy matrix. One approach is alloy deposition followed by heat 
treatment to precipitate a fi nely dispersed second phase.
 Nanocomposite coatings can also be produced by co-deposition, 
whereby the second phase particulate is kept in suspension in the plating 
bath. In this manner, insoluble second phases of metal, alloy, ceramic or 
polymer can be uniformly distributed in the host nanocrystalline metal or 
alloy matrix. Figure 6a shows an example of nanocrystalline nickel (13 
nm avg. grain size) containing a uniform dispersion of aluminum oxide 
particles (approx. 1 µm in diameter), produced by electrodeposition. 
Figure 6b presents a bright fi eld TEM image of two Al

2
O

3
 particles and 

the surrounding nanocrystalline matrix showing that the nanocrystalline 
matrix structure continues up to the particle/matrix interface.
 The benefi t of utilizing a nanocrystalline metal-ceramic composite is 
shown in Figure 7 for Ni + SiC. Signifi cant increases in hardness, yield 
strength and ultimate tensile strength are achieved by utilizing a nano-
crystalline rather than a conventional nickel matrix. In this work,102 it 
was noted also that the nanocrystalline composite possessed signifi cantly 
improved ductility compared with nanocrystalline Ni without SiC.
 The incorporation of second phase particles offers the opportunity to 
tailor specifi c functional properties. For example, hard-facing coatings 
with self-lubricating properties are highly desirable in certain applica-
tions. Such properties could be achieved through the use of dry lubricant 
particles such as graphite and PTFE. Such co-deposited systems are 
already commercially available with a conventional grain size matrix 
(e.g., Ni). However, the use of a hard, nanocrystalline matrix extends 
the applicability of these coatings to more severe industrial applications 
because, by application of the rule of mixtures, the relatively “soft” lubri-
cating second phase can be incorporated to larger volume fractions with-
out signifi cant compromise of the overall hardness of the coating. Figure 
8 shows a photograph of hydraulic expansion mandrels, coated with a 
nanocrystalline Ni-MoS

2
 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 nanocrystalline Ni-P matrix containing hexagonal 
boron nitride (BN) particles (mean particle size ~ 10 µm). The presence of the BN particles in the material results in a coating that “self-lubri-
cates” during wear.
 

Grain Size—Independent Properties
Grain size has little effect on the saturation magnetization, thermal expansion and heat capacity of nickel produced by electrodeposition as 
shown in Figure 10.103 Another property that is constant for nano- and microcrystalline metals is Youngʼs modulus. These results are in strong 

Fig. 10—Grain size dependence of saturation magnetiza-
tion, thermal expansion and heat capacity of nickel at room 
temperature.
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disagreement with earlier reports 
for nanocrystalline materials that 
were produced by consolidation of 
precursor powders (See Ref. 72 for 
further discussion.), which showed 
major reductions for these proper-
ties with decreasing grain size. 
 Theoretical analysis of the 
effect of grain size reduction and 
its impact on the material defects 
and structural disorder have shown 
that grain size should have little 
effect on the properties addressed 
above,73,78 at least in the grain size 
range from 10 to 100 nm. These 
studies and further experimental 
evidence clearly show that the 
previously observed strong grain 
size dependence of these properties stem from internal porosity 
and associated impurities and/or internal oxidation effects. More 
recent results of materials produced by powder consolidation, but 
with low residual porosity, are comparable with those of the elec-
trodeposited, fully dense equivalent material.

Applications
Electrodeposited nanostructures have advanced rapidly to com-
mercial application as a result of (1) an established industrial infra-
structure (i.e., electroplating and electroforming industries), (2) a 
relatively low cost of application whereby nanomaterials can be 
produced by simple modifi cation of bath chemistries and electrical 
parameters used in current plating and electroforming operations, 
(3) the capability in a single-step process to produce metals, alloys 
and metal-matrix composites in various forms (i.e., coatings, free-
standing complex shapes), and most importantly (4) the ability to 
produce fully dense nanostructures free of extraneous porosity. The 
importance of the latter cannot be overemphasized with regard 
to industrial application because, as has been outlined in previ-
ous sections, many of the unusual properties initially attributed 
to nanostructures have since been demonstrated to be an artifact 
of residual porosity in these materials. From the outset, the fully 
dense nanomaterials produced by electrodeposition have displayed 
predictable material properties based upon their increased content 
of intercrystalline defects. This “predictability” in ultimate mate-
rial performance has accelerated the adoption of nanomaterials by 
industry, whereby such extreme grain refi nement simply represents 
another metallurgical tool for microstructural optimization. It is 
important to note the importance of property-specifi c grain size 
“optimization” rather than grain miniaturization for its own sake 
since different properties scale differently with grain size. 

Structural Applications
As would be expected from Hall-Petch considerations, numer-
ous practical applications for nanocrystalline materials are based 
upon opportunities for high strength coatings and free-standing 
structural components. The superior mechanical properties of 
these electrodeposited nanostructures have led to one of their 
fi rst large scale industrial applications for in-situ repair of nuclear 
steam generator tubing.47,48,** This proprietary process104 has been 
successfully implemented in both nuclear Canadian CANDU and 
U.S. pressurized water reactors, and has been incorporated as a 
standard procedure for pressure tubing repair.105 In this application, 

a nanocrystalline Ni-P microalloy 
(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 
11 shows a cut-away view of the 
results. The high strength, good 
ductility and thermal stability [up 
to 400° (752°F)] of this nanocrys-
talline material permits the use of 
a much thinner “sleeve” (0.5-1.0 
mm) than if a polycrystalline 

material is used. The low thickness of the repair also minimizes 
the impact on fl uid fl ow and heat transfer in the steam generator. 
The fi rst installations were done in 1994 in a CANDU unit and in 
1999 in a PWR unit. Their performance to date has met all expec-
tations.
 Recent geometric models and experimental fi ndings106,107 have 
shown that nanostructured materials can also possess a high resis-
tance to intergranular cracking processes, including creep crack-
ing. Several emerging applications for nanocrystalline materials 
possessing high intergranular cracking resistance include, lead-
acid battery (positive) grids and shaped charge liners (Cu, Pb, Ni) 
for military and industrial applications (e.g., demolition, oil well 
penetrators, etc.). These are applications in which durability and 
performance are frequently compromised by premature intergranu-
lar failure. 

Functional Applications
A major application for drum-plated nanocrystalline material is 
in the production of copper foil for printed circuit boards, where 
enhanced etching rates and reduced line spacing/pitch can be 
achieved by reducing grain size. Grain size can be optimized on the 
basis of calculated electrical resistivity for nanocrystalline Cu,99 as 
summarized in Fig. 12. A 50 to 100 nm grain size provides opti-
mum etchability while maintaining good electrical conductivity.

Fig. 11—Cut-away view of an installed 
nanocrystalline Ni electrosleeve on a host 
Alloy 600 nuclear steam generator tube.

Fig. 12—Calculated room temperature electrical resistivity of Cu as a function 
of grain size.99** Electrosleeve® Process, Framatone Technologies, Inc., Lynchburg, VA. 

[www.framatech.com].
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Coating Applications
The improved hardness, wear resistance and corrosion resistance, 
coupled with undiminished saturation magnetization and predict-
able thermal expansion, elastic properties and electrical resistivity, 
make nanocrystalline coatings ideal candidates for protective and 
functional applications (e.g., as used in hard facing on softer, less 
wear resistant coatings, recording heads, electronic connectors, 
replacement coatings for chromium and cadmium in automotive 
and aerospace applications). For applications as thin coatings 
(in the order of a few µm thick) the microstructural evolution 
of the deposit with increasing coating thickness can be a major 
concern. Many previous studies on conventional electrodeposits 
have shown that the grain size usually increases considerably 
with increasing coating thickness.108 In contrast, nanocrystalline 
Ni electrodeposits9 showed that in most cases the nanostructure 
was fully established right at the interface with the substrate and 
that the grain size was essentially independent of coating thick-
ness.109 For certain electrochemical and substrate conditions a thin 
transition layer of larger grains was observed in which the initial 
structure was infl uenced by the larger grains of the substrate, pre-
sumably by an epitaxy mechanism. However, even in this case a 
constant, thickness—independent structure was fully established 
within the fi rst 200 nm from the interface.

Nanocrystalline Materials  
As a Chromium Replacement
The most widely applied hard facing coating is electrodeposited 
chromium (5 to 250 µm thick), which continues to be used exten-
sively in both industrial and military applications. Hexavalent 
chromic acid baths are normally used to electrodeposit hard chro-
mium. However, health risks associated with the use of hexavalent 
chromium baths have been recognized since the early 1930ʼs. 
Although signifi cant progress has been made in the development 
of less harmful trivalent chromium plating processes, a reliable 
industrial process has yet to emerge. In addition to the health risks 
associated with hexavalent Cr plating, there are several other tech-
nical drawbacks to this technology. As a result of the relatively low 
electrolytic effi ciency of Cr plating processes, deposition (or build) 
rates are relatively low compared to the plating of other metals and 
alloys (e.g., 25-50 µm/h for Cr versus > 200 µm/h for nickel). As 
a further consequence of this low plating effi ciency, high rates of 
hydrogen co-generation occur and precautions must be taken to 
prevent hydrogen embrittlement of susceptible substrate materials 
(e.g., high strength steels). Moreover, the intrinsic brittleness of 
hard chromium deposits (i.e., <0.1% tensile elongation) invariably 
leads to micro- or macro-cracked deposits. These cracks, which do 
not compromise wear and erosion resistance, are wholly unsuit-
able for applications where corrosion and fatigue resistance is 
required.
 Electrodeposited nanocrystalline metal and alloy coatings, pos-
sessing extreme grain refi nement to the 3-100 nm size range, in 
addition to being fully compatible with current hard chromium 
plating infrastructure, have displayed properties that may render 
them a superior alternative to hard chromium coating technology. 
It is important to note that there exist other signifi cant benefi ts pos-
sessed by these nanocrystalline coatings for specifi c applications. 
For example, the higher ductility of the nanocrystalline materials 
relative to hard chromium, and the absence of microcracking, pro-
vides signifi cant advantages in fatigue and corrosion performance. 
Also, the high current effi ciencies associated with the deposition 
of these nanocrystalline materials mitigate problems associated 
with hydrogen embrittlement. Additionally, nanocrystalline single-
phase systems can provide a hard but ductile matrix for incorpora-

tion of second phase particles that can impart even greater hard-
facing improvements.
 Nanocrystalline cobalt, cobalt-phosphorus and cobalt-iron 
alloys have been shown to have microhardness values in same 
range as hard chromium, while maintaining considerable ductility 
and high plating effi ciency. The Taber wear resistance of nanocrys-
talline cobalt-iron alloys approaches that of hard chromium, while 
possessing lower hardness values. Further alloying of nanocrystal-
line cobalt-iron with phosphorus may increase the as-deposited 
hardness thus increasing the wear resistance to values matching 
and/or exceeding hard chromium.110

Conclusions
Electrodeposition has been shown to be a technologically feasible 
approach to produce nanostructured materials with unique physi-
cal, chemical and mechanical properties. Electroplating windows 
for the synthesis of these structures using conventional electroplat-
ing equipment and chemicals have been established for a wide 
range of pure metals, alloys and composite systems. Examples of 
recently developed applications have shown that electrodeposition 
is an economically viable synthesis route for the manufacture of 
many different product forms ranging from thin and thick coat-
ings, freestanding foil and plate, to complex electroformed shapes. 
Consequently, considerable opportunities exist for the electroplat-
ing industry to play a leading role in the development of many new 
nanotechnology applications, which can be readily implemented 
based on predictable metallurgical nanotechnology principles 
established over the past several years.
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