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METALLIC STRUCTURES WITH VARIABLE 
PROPERTIES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This is a continuation-in-part of U.S. patent appli 
cation Ser. No. 12/003,224, filed Dec. 20, 2007. 

TECHNICAL FIELD 

0002. The invention is directed to the direct current (DC) 
or pulsed electrodeposition of a metallic material to provide a 
variable property product containing, at least in part, a fine 
grained metallic material with an average grain-size between 
2 and 10,000 nm. 

BACKGROUND OF THE INVENTION 

0003 Modern lightweight and durable articles require a 
variety of physical properties which are oftentimes not 
achievable with a monolithic material synthesis approach. 
Materials with variable properties, that is variation in a prop 
erty among levels or layers, throughout the depth of the 
article, are described in prior art. These include parts with 
graded properties (such that the distinct levels or layers 
exhibit differing porosities, chemical compositions, grain 
sizes, filler amounts and/or hardness values), that is having in 
different levels, different porosities, compositions, grain 
sizes, filler amounts and/or hardness. 
0004 One approach to providing metallic articles graded 
according to one or more properties, that is multilayers with 
different properties in different layers, is by compaction of 
sintered powder. This method is limited in its practical utility 
insofar as deleterious impurity contamination is frequently 
unavoidable, component shape flexibility is limited, the pro 
cess is energy intensive, and is not readily scalable. 
0005. It has been recognized that a superior method for 
producing multilevel and or multilayered products compris 
ing metallic material is by pulse electrodeposition. Detor et 
al. Patent Application Publication No. U.S. 2006/0272949 A1 
teaches an electrodeposition process involving bipolar puls 
ing and selection and variation of Polarity Ratio to provide 
graded structures with different grain sizes and/or composi 
tions in different grades solely in the deposition direction. 
Varying the Polarity Ratio involves changing amplitude and/ 
or duration of negative portions of a pulse relative to positive 
portions. This method has the disadvantages that it is not 
applicable to pure metals, i.e., is only applicable to alloys, and 
that it is dependent for grading on changing Polarity Ratio, a 
parameter that is not directly supplied to the system. The 
employment of reverse (anodic) pulses requires expensive 
power Supplies and results in a significantly reduced plating 
efficiency as metal dissolution occurs during the reverse 
pulses. Detor uses electrodeposition to produce nanocrystal 
line Ni-Walloy coatings of varying composition and grain 
size by modulating a pulse waveform consisting solely of a 
forward pulse on-time immediately followed by an anodic 
pulse on-time. 
0006 Podlaha in US 20040011432A1 (2002) discloses 
microstructures for use in micro-gears and micro-devices 
with moving parts comprising metal alloys containing tung 
sten, nickel, iron, and/or cobalt. Ni Wand Ni Fe alloys are 
electroplated using pulse electrodeposition techniques using 
a duty cycle of less than 20% to heights of 500 um or greater, 
and the alloy composition may possess a controlled gradient 
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if it is desired to impart different properties to different parts 
of a structure. Ni Walloys are used where increased hard 
ness is important, for example in micro-gears and other micro 
devices with moving parts; while the Ni Fe alloys may be 
primarily used where a small coefficient of thermal expansion 
is desirable. The techniques are especially useful for plating 
Ni W or Ni Fe into deep recesses of a microstructure. No 
mention is made of grain size whereas the invention herein 
requires an average grain size ranging from 2 nm to 10,000 
nm enabling variation from Soft, ductile properties to hard 
wear resistant properties. 
0007 Erb in U.S. Pat. No. 5,352,266 (1994), and U.S. Pat. 
No. 5,433,797 (1995) describes an electroplating process for 
producing nanocrystalline metals and alloys. The nanocrys 
talline material is electrodeposited onto the cathode in an 
aqueous acidic electrolytic cell by application of a pulsed 
current. No variation of properties within a metallic deposit is 
described. 
0008 Palumbo U.S. Ser. No. 10/516,300 (2004) discloses 
an electroplating process for forming coatings or free-stand 
ing deposits of nanocrystalline metals, metal alloys or metal 
matrix composites using high deposition rates. The process 
can employ tank, drum or selective plating processes using 
pulse electrodeposition and optionally a non-stationary 
anode or cathode. Novel nanocrystalline metal matrix com 
posites are disclosed as well. No variation of properties 
within a deposition coating is described. 

SUMMARY OF THE INVENTION 

0009. It is an object of the invention to produce a thick (20 
microns to 5 cm) variable-property electrodeposit comprising 
metallic material and optionally containing particulates, hav 
ing a crystalline microstructure with a fine grain size, i.e., 
with an average grain size between 2 nm and 10,000 nm 
through at least part of its thickness, which may be a coating 
(on at least part of a surface of a Substrate) or in free-standing 
form. The microstructure, in part, can also containamorphous 
and/or coarse-grained sections. The term “variable property' 
in this context refers to several structures: (1) graded struc 
tures, wherein at least one property is being varied by at least 
10% and as much as infinity in the deposit direction between 
deposit grades (levels) and optionally also within a deposit 
grade (level), i.e., along the length or width of a deposit grade; 
(2) layered structures, comprising multiple Sublayers with 
different properties sandwiched/stacked on top of each other 
and (3) mixed variable property and layered structures 
wherein the deposit contains sub-structures comprising both 
(1) and (2). Properties within a sublayer which each are 
defined as having a minimum thickness of 1.5 nm, typically 
remain the same. Therefore there is a stepwisefabrupt change 
in properties (e.g., grain size) between Sublayers. Sublayers 
with different properties can then be alternated or new prop 
erties can be introduced in Subsequent Sublayers to assemble 
the final deposit. 
0010. The property being altered can be, for example, 
grain size, crystallographic orientation, crystallographic tex 
ture, hardness, yield strength, Young's modulus, resilience, 
elastic limit, ductility, internal or residual deposit stress, stiff 
ness, chemical composition, corrosion rate, porosity, coeffi 
cient of thermal expansion, coefficient of friction, electrical 
conductivity, magnetic coercive force or in the case of metal 
matrix composites, Volume particulate fraction, particulate 
particle size, particulate shape and/or particulate chemistry. 
As indicated above, the variation in a property between 
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grades (levels) is by at least 10%. The variation in property 
between grades is preferably by at least 50%, more preferably 
by at least 100% and up to 2,500,000%. Engineered articles 
with coatings or layers of varying properties are lighter and 
more durable than their conventional homogenous counter 
parts. 
0011 Coatings or layers of varying properties improve 
durability by minimizing Surfaces and interfaces of dissimilar 
materials which are prone to failure. In the case of the varying 
the microstructure Such as the grain size, grading enables the 
transition from a softer, tougher core to a hard, wear resistant 
outer Surface. 
0012. In the case of coatings, the substrate surface can be 
“even including flat and/or constituted of complex parts, i.e., 
without narrow and/or deep recesses. The term “even” in this 
context means Substrates to be plated do not contain Small 
holes, recesses, vias, etc. which could be characterized by the 
term “inaccessible recesses' from a plating, electrolyte pen 
etration point of view. 
0013. Of special interest is that the variable property 
deposit is prepared in a single plating tank. In the past, layered 
structures of different composition but with uniform proper 
ties in the layer were obtained by using several plating tanks 
each containing a dedicated electrolyte and without varying 
the plating conditions. The workpiece was simply moved 
from one tank to the next, with repetitive washing steps in 
between, to effect the property change The disadvantage of 
this approach is increased floor space, increased capital 
equipment and increased processing cost due to the cost of 
water purification and disposal for the wash water. An added 
cost/ risk is cross contamination particularly with complex 
parts which may form cups etc. entrapping electrolyte which 
cannot be easily removed by washing steps significantly 
increasing the bath maintenance and overall operating cost. 
0014. It is a further object of this invention to provide 
uninterrupted formation of variable property structures using 
a DC and/or pulse electrodeposition process relying on no 
pulsing, monopolar pulsing and/or bipolar pulsing in a single 
plating tank by adjusting one or more electrodeposition 
parameters, e.g. two or more electrodeposition parameters, 
for the single tank process. The invention contemplates 
changing microstructures within the fine-grained crystalline 
range and/or from fine-grained crystalline to coarse-grained 
crystalline (average size greater than 10 microns) and/or to 
polycrystalline and/or to amorphousand/or to quasi-crystal 
line (aperiodic structures that produce pure Bragg point dif 
fraction spectra and lacking a regular repeating structure). In 
all cases the fine-grained metallic microstructure is provided 
to a thickness over a layer cross-section in the deposition 
direction of at least 1.5 nm, preferably at least 2.5 microns, 
more preferably at least 30 microns, and even more preferably 
at least 50 microns. Overall the fine-grained material is con 
tained in a single layer or multiple layers that in total represent 
at least 5%, preferably 25%, more preferably 50%, even more 
preferably 75%, of the cross-sectional thickness, of the total 
deposit. 
0015 These objects are obtained in a first embodiment of 
invention herein which is directed to a method of preparing a 
variable property metallic deposit, comprising the steps of 
electrodepositing a metallic material from an aqueous elec 
trolyte bath in a single electrolytic cell having at least one 
anode and at least one cathode with electrodepositing param 
eters being average current density ranging from 5 to 10,000 
mA/cm; forward pulse on timeranging from 0.1 to 500ms or 
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as provided by DC electrodeposition processing: pulse off 
time ranging from 0 to 10,000 ms; reverse pulse on time 
ranging from 0 to 500 ms; peak forward current density 
ranging from 5 to 10,000 mA/cm; peak reverse current den 
sity ranging from 5 to 20,000 mA/cm except when reverse 
pulse on time is Zero and them peak reverse current density is 
not applicable; frequency ranging from 0 to 1000 Hz; a duty 
cycle ranging from 5 to 100%; working electrode rotation 
speed ranging from 0 to 1,000 rpm, bath temperature ranging 
from 0 to 100° C.; when two or more soluble anodes of 
different chemical composition from each other are used, 
average current fraction in each anode ranging from 5% to 
95%; bath agitation rate ranging from 1 to 6,000 ml/(min 
cm) anode or cathode area; bath flow direction at cathode 
ranging from tangential to incident (i.e. perpendicular); 
shielding anode(s) by physically covering between 0-95% of 
the geometrical anode surface area(s); and electrochemically 
inert material concentrations in the bath between 0 and 70 vol 
%; and modulating at least one of these parameters, e.g. two 
or more of these parameters, during electrodepositing to 
cause variation by more than 10% of at least one property in 
the depositat least in the deposition direction. The property in 
the deposit which is varied is selected from the group con 
sisting of grain size, hardness, yield strength, Young's modu 
lus, resilience, elastic limit, ductility, internal or residual 
deposit stress, stiffiness, chemical composition, corrosion 
rate, coefficient of thermal expansion, coefficient of friction, 
electrical conductivity, magnetic coercive force, grade thick 
ness, and in the case of metal matrix composites (metallic 
compositions with particulate therein), Volume particulate 
fraction, particulate particle size, particulate shape and/or 
particulate chemistry. The method provides a deposit thick 
ness ranging from 20 microns to 5 cm having a fine grained 
microstructure with grain size ranging from 2 nm to 10,000 
nm throughout 1.5 nm to 5 cm of said thickness. 
0016. In a second embodiment of the invention herein 
there is provided an article having an electrodeposited metal 
lic layer, where the metallic layer can be, for example, a 
metal, metal alloy or metal matrix composite layer, having (a) 
a thickness between 30 Lum and 5 cm and a weight between 5 
and 100% of the total weight of the article, (b) at least one 
property of said metallic layer being selected from the group 
consisting of chemical composition, grain size, hardness, 
yield strength, Young's modulus, resilience, elastic limit, duc 
tility, internal stress, Stiffness, coefficient of thermal expan 
Sion, coefficient of friction, electrical conductivity, magnetic 
coercive force, thickness, and in the case of metal matrix 
composite layer, Volume particulate fraction, particulate par 
ticle size, particulate shape and/or particulate chemistry, Var 
ied by more than 10% in a layer height direction; said metallic 
layer having a fine-grained microstructure with an average 
grain size ranging from 2 nm to 10,000 nm throughout 1.5 nm 
to 5 cm of said thickness. 

0017. As used herein, the term “article' means an item, a 
portion or all of which contains the variable property deposit. 
0018. As used herein the term “deposit” means deposit 
layer or free-standing deposit body. 
0019. As used herein, the term “thickness” refers to depth 
in a deposit direction 
0020. As used herein, the term “level” means a portion of 
thickness of the deposit in a deposit direction. 
0021. As used herein, the term “deposit grade” means 
deposit level or layer. 
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0022. As used herein the term “average cathode current 
(I) means the “average current” resulting in depositing the 
metallic material and is expressed as the means of the 
cathodic minus the reverse charge, expressed in mAxms 
divided by the sum of the on-time, off-time and reverse time 
expressed in ms, i.e., -(ext-I, ext)/(t+to+t); 
where “x” means “multiplied by’. 
0023. As used herein the term “forward pulse' means 
cathodic deposition pulse affecting the metallic deposit on the 
workpiece and “forward pulse on time” means the duration of 
the cathodic deposition pulse expressed in ms: t 
0024. As used herein the term “off time” means the dura 
tion where no current passes expressed in ms: to 
0025. As used herein the term “reverse pulse on time' 
means the duration of the reverse (anodic) pulse: t 
0026. As used herein “electrode area” means the geo 
metrical surface area effectively plated on the workpiece 
which can be a permanent Substrate or a temporary cathode 
expressed in cm. 
0027. As used herein the term “peak forward current den 
sity’ means the current density of the cathodic deposition 
pulse expressed in mA/cm: peak 
0028. As used herein the term “peak reverse current den 
sity’ means the current density of the reverse/anodic pulse 
expressed in mA/cm: I, or I. 
0029. As used herein the term “duty cycle” means the 
cathodic on time divided by the sum of all times (on time, off 
time and anodic time (also referred to as reverse pulse on 
time)). 
0030. As used herein, the term “deposit stress' means the 
internal stress of the deposit which can be compressive or in 
tension and is typically expressed in psi or ksi. 
0031. As used herein the term “stiffness” means the resis 
tance of an elastic body to deflection or deformation by an 
applied force. 
0032. As used herein the term “chemical composition' 
means chemical composition of electrodeposited matrix. 
0033. As used herein the term “directions' refers to the 
three dimensional Cartesian coordinate system defining the 
three physical directions/dimensions of space-length, 
width, and height which are perpendicular to each other The 
depth or height of an electrodeposited layer is defined by the 
deposition direction as indicated hereinafter and indicates the 
thickness of the deposit layer. Length and width directions are 
perpendicular to the depth or height direction. If a substrate to 
be plated is a plate, deposit occurs perpendicular to the plate 
in the height direction defining the thickness of the deposit 
layer Ifa Substrate to be plated is cylindrical in shape Such as 
a tube the length is the axial direction and deposition occurs in 
radial direction. 
0034. In summary, variations in properties from one grade 
(level) to a Subsequent grade (level) are obtained by modu 
lating at least one parameter selected from average current 
density, I., In, on time, off time, anodic time (also 
referred to as reverse pulse on time), frequency, duty cycle, 
workpiece rotation rate, agitation and flow rate, shielding, 
temperature, bath composition and particulate bath content 
and overall plating time. In Summary, resulting deposit prop 
erties which can be varied by modulating the deposition con 
ditions include grain size, hardness, yield strength, Young's 
modulus, resilience, elastic limit, ductility, internal and 
residual stress, stiffness, chemical composition, thermal 
expansion, electrical conductivity, magnetic coercive force, 
thickness and corrosion resistance. Based on the teachings 

Oct. 20, 2011 

provided, a person skilled in the art will know which param 
eter(s) to modulate to achieve the desired property variation 
which is also illustrated in examples below. 
0035 Variation in volume particulate fraction from one 
grade (level or layer) to a Subsequent grade (level or layer) is 
obtained by modulating inert material additions. Minimum 
electrochemically inert particulate concentrations suspended 
in the bath can be, for example 0%, 5% or 10% by volume (Vol 
%). As only particulates Suspended in the electrolyte and 
contacting the cathode will be incorporated into the deposit, 
agitation rate and flow direction can be used as Suitable 
parameters to change the particulate content in the bath and 
therefore in the deposit. Maximum electrochemically inert 
particulate concentration Suspended in the bath can be, for 
example, 50, 75 or 95 vol%. When the agitation rate is 
reduced, particulates, depending on their density relative to 
the electrolyte, will either settle at the tank bottom or float at 
the top and thus not be incorporated in the deposit. Particulate 
content in the electrolyte in the vicinity of the cathode is 
modulated to effect a particulate content in the deposit rang 
ing from 0 to 95% by volume. 
0036 Variation in particulate particle size, particulate 
shape and particulate chemistry from one grade (level or 
layer) to a Subsequent grade (level or layer) is obtained by 
changing inert material additions i.e. filtering out particles for 
providing one grade (level or layer) and adding particulates 
for providing another grade (level or layer). 
0037 Modulating average cathodic current density and 
the peak forward current density and peak reverse current 
density cause a variation in grain size, alloy and metal matrix 
composition. Increasing average and peak forward current 
densities typically cause a decrease in grain size. 
0038 Modulating forward pulse on time, off time and 
anodic time (reverse pulse on time) causes variation in grain 
size, alloy and metal matrix composition. Increasing the on 
time usually increases grain size, increasing the off time 
usually results in decreasing grain size and increasing the 
anodic time usually increases grain size 
0039 Modulating duty cycle, cathode rotation speed, bath 
composition, pH and agitation rate cause variation in grain 
size, alloy and metal matrix composition as illustrated in the 
examples. 
0040 Shielding of anode is to shield from 0 to 95% of the 
anode geometrical area using, i.e., a polypropylene sheet or 
other electrolyte impermeable foils or membranes. 
0041 Modulating inert material addition causes variation 
in the composition of the deposit as illustrated in the 
examples. 
0042. In summary, variable property electrodeposit can be 
obtained by Suitably adjusting electrodeposition parameters 
(conditions) during the course of electrodeposition to pro 
duce functionally variable property structures to satisfy 
requirements for components that no single unvaried property 
material can meet. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0043 FIG. 1 is a cross-sectional view of result of Working 
Example I and shows electrodeposited variable property Ni 
layer consisting of three sections each about 160+10% 
micron thick) with average grain sizes of 40 nm, 85 nm and 
275 nm, respectively (hardness respectively 470/416/ 
214VHN) and a stepped variable property profile. The inden 
tations created by the tip of the hardness tester indicative of 
the different hardness are visible, 
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0044 FIG. 2 is an SEM image (backscattered electrons) 
from an electroformed nanocrystalline Co- SiC material 
after removal from the substrate with variation in property 
stepwise by changing the flow configurations from an inci 
dent flow (20 vol% SiC) to a tangential flow (5 vol% SiC)and 
shows results of Working Example VIII. 
0045 FIG.3 is a cross-sectional view of the electrodepos 
ited variable property Nilayer consisting of three layers and 
shows results of Working Example IX. The first layer (thick 
ness: about 60 micron) is composed of pure nanocrystalline 
Ni with an average grain size of 20 nm, the second layer is 
comprised of a nanocrystalline-Ni-5.6% Player having an 
amorphous microstructure (thickness: about 75 micron) and 
the third layer is a metal matrix composite comprising a 
nanocrystalline-Ni-5.6% Player (average grain size: 12 nm) 
with BC particles (thickness: about 60 micron) therein. 
0046 FIG. 4 shows iron concentration, coefficient of ther 
mal expansion and yield strength as a function of distance 
from substrate surface and shows results of Working Example 
X. 
0047 FIG.5 shows a fine-grained Ni Fe alloy infiltrated 
into a porous vitreous carbon Substrate to grade the porosity 
and composition according to a preferred embodiment of the 
invention and depicts results of Working Example XI. 
0.048 FIG. 6 shows Fe-content across the cross-section of 
an electrodeposited fine-grained NiFe-alloy foil and depicts 
results of Working Example XII. 
0049 FIG. 7 is a cross-sectional view of the electrodepos 
ited variable property and multilayered Festructure of Work 
ing Example XIII consisting of several layers. The first layer 
(thickness: about 12 micron) near the top of the image is the 
initial copper layer that was used to render the polymeric 
Substrate (removed subsequent to electrodeposition and not 
shown in the image) electrically conductive. The second layer 
(thickness: about 100 micron) is composed of pure ductile 
coarse-grained Fe with an average grain size of 20 micron; 
subsequent layers (individual layer thickness: about 2.5 
micron) are alternated between fine-grained Fe and coarse 
grained Fe. The thickness of the entire structure is approxi 
mately 540 micron. 
0050 FIG. 8 shows graphs of weight% Fe versus distance 
from center and shows concurrent grading in the deposit 
direction for Working Example XIV. 
0051 FIG. 9 shows graphs of wt % iron versus distance 
from bottom and shows results for Working Example XV. 
0052 FIG. 10 is a cross-sectional view of result of Work 
ing Example XVI and shows electrodeposited variable prop 
erty 500 micron thick Cu sputter target consisting of two 
layers, the first layer being about 300 micron thick with an 
average grain size of 650 nm followed by an ultra-fine grained 
layer 200 micron thick with an average grain size of 70 nm. 
The indentations created by the tip of the hardness tester are 
indicative of the different hardness values. 

DETAILED DESCRIPTION 

0053 A suitable electrolytic cell for use in the method 
herein is depicted and described in Erb et al., U.S. Pat. Nos. 
5,352,266 and 5,433,797 and Palumbo in U.S. 2005/ 
0205425A1 describes tank, barrel, drum and brush plating set 
ups for plating fine-grained metallic materials. 
0054 The electrolytic cell has an anode or more than one 
anode and a cathode or more than one cathode and contains an 
aqueous electrolyte bath containing ions of metallic material 
to be deposited. The cathode(s) and anode(s) are connected to 
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a source of D.C. or pulsing current which is provided by a 
Suitable power Supply. Deposit is on the cathode. 
0055. The plating tank or plating cell is equipped with a 
fluid circulation system. 
0056. The anode can be dimensionally stable, e.g. of plati 
num or graphite, or can be a soluble anode that serves as a 
source of material to be deposited. 
0057. In the case of a free-standing deposit, the cathode is 
fabricated from a material that facilitates deposit stripping, e 
g. titanium and graphite, and is reusable. 
0058. In the case of deposit as a layer or coating, the 
cathode is a metallic material, e.g. metal or metal alloy, Suit 
ably metallized plastic (polymer) or other material as 
described later and is therefore used as a permanent Substrate. 
0059. The process of the invention in one case, comprises 
the steps of positioning a workpiece which is inherently con 
ductive or suitably rendered conductive, i.e., which is to be a 
permanent Substrate to be provided with a layer or coating of 
electrodeposit as a cathode or relying on a reusable cathode 
where electrodeposit is to be stripped, in the electrolytic cell, 
providing electrical connections to the cathode to be plated 
and to one or more anodes and electroplating a metallic mate 
rial with a predetermined microstructure and composition on 
at least part of external Surface of the cathode using direct 
current or direct current with pulsing and modulating operat 
ing parameter(s) described above or below to obtain elec 
trodeposit variable property in a deposit direction according 
to functional property or properties as described above. 
0060 Ranges for cathodic current density, forward pulse 
on time, off time, reverse (anodic) pulse on time, peak for 
ward current density, peak reverse current density, duty cycle, 
electrode rotation speed, bath temperature, bath composition, 
bath agitation rate, shielding and inert additions are given 
above. 
0061 Operating parameters include frequency ranging 
from 0 to 1000 Hz, forward pulse on time ranging from 0.1 to 
500 ms, off-times ranging from 0 to 10,000 ms, and reverse 
pulse on time ranging from 0 to 500 ms. 
0062 Weturn now in more detail to modulation of process 
parameters. 
0063 Modulation of all electrical parameters, i.e., cathodic 
current density, forward pulse on time, off time, reverse pulse 
on time, peak forward current density, peak reverse current 
density, duty cycle and frequency can be carried out using the 
power Supply. 
0064. Modulation of electrode rotation speed can be car 
ried out by using a variable speed motor coupled to the cath 
ode to enable its rotation. 
0065 Modulation of bath temperature can be carried out 
by a heater, i.e. an immersion heater. 
0.066 Modulation of bath composition can be selectively 
and reversibly carried out, by one or more steps comprising 
using a metering pump to add solution (component(s)): add 
ing, removing or modifying selected components using a 
circulation/bypass loop; using soluble anode with anodic cur 
rent control to Supply ionic species; using soluble anode and 
a dimensionally stable anode; using two or more soluble 
anodes of different composition with individual current con 
trol in the case of alloy deposit; using air agitation to selec 
tively oxidize bath component(s); using agitation to control 
particulate contents; and mixing to affect local ion concen 
tration(s) at the cathode Surface. 
0067 Modulation of bath pH, e.g. over the range of pH 0 
to 12, can be carried out by addition of acid or base, 
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0068 Modulation of bath agitation rate can be carried out 
by varying pump speed, flow direction, use of eductors. 
0069 Modulation of anode(s) area(s) can be carried out by 
varying the electrochemically effective, geometrical anode(s) 
area(s) by shielding. 
0070 Modulation of particulate inclusion can be carried 
out through enhanced bath agitation and as described later. 
0071 Property result parameters are listed below. 
0072 Minimum thickness of the electrodepositum: 25; 
30:50 
0073 Maximum thickness of the electrodeposit Imm: 5; 
25; 50: 
0074 Minimum thickness of a fine-grained sublayer 
Inm: 1.5: 25: 50 
0075. Maximum thickness of a fine-grained sublayer 
um:50, 250, 500: 1,000; 25,000 
0076 Minimum average grain size Inm: amorphous (i.e. 
no grains but glassy structures); 2: 5 
0077. Maximum average grain sizenm: 250:500; 1,000; 
5,000; 10,000; 250,000 
0078 Minimum stress of the sublayer or the electrodepos 
ited layer (in tension or compression) Iksil: 0; 1; 5 
0079 Maximum stress of the sublayer or the electrodepos 
ited layer (in tension or compression) ksi): 25; 50: 200 
0080 Minimum ductility of the electrodeposit 96 elonga 
tion in tension: 0.5; 1; 2.5 
0081. Maximum ductility of the electrodeposit 96 elon 
gation in tension: 5; 15: 30 
0082 Hardness VHN: 50-2,000 
0083. Yield strength MPa: 100-3,000 
I0084 Young's modulus MPa: 50-300 
0085. Resilience MPa: 025-25 
I0086 elastic range (%: 0.25-2.5, 
0087 coefficient of thermal expansion ppm/K:0-50 
0088 coefficient of friction: 0.01-1 
I0089 electrical resistivity micro Ohm-cm): 1-100 
0090. Deposition rates used are at least 0.001 mm/hr, pref 
erably at last 0.01 mm/hr and more preferably at least 0.10 
mm/hr. 
0091. As used herein, the term “deposit direction' means 
the direction of current flow between anode and cathode in the 
electrodepositing cell and the resulting build-up in the elec 
trodeposited layer on the cathode and if the cathode is a flat 
plate the direction of deposit is perpendicular to the cathode. 
0092. We turn now to the metallic materials that are elec 
trodeposited. 
0093. In one case the metallic material is a metal selected 
form the group consisting of Ag, Au, Cu, Co, Cr, Mo, Ni, Sn, 
Fe, Pd, Pb, Pt, Rh, Ru and Zn. In other words, electrodepos 
iting pure metal to obtain a variable property product is an 
option unlike in the case of Detor U.S 2006/0272949 and is 
illustrated in Working Example I. 
0094. In another case the metallic material is an alloy of 
one or more elements selected from the group consisting of 
Ag, Au, Cu, Co, Cr, Mo, Ni, Sn, Fe, Pd, Pb, Pt, Rh, Ru and Zn 
and optionally one or more elements selected from the group 
consisting of B, PC, Mo, S and W: wherein in a binary alloy 
in which an element is Ni, Fe, or Co, the other element is not 
W. Moor P; and wherein inabinary alloy in which an element 
is Ni, the other element is not Fe; and wherein in a binary alloy 
in which one element is Co, the other element is not Zn; and 
wherein inabinary alloy in which one element is Cu, the other 
element is not Ag; and wherein in a binary ally in which one 

Oct. 20, 2011 

element is Cr, the other element is not P; and wherein the 
ternary alloys Ni W B and Co. Ni Pare excluded. 
0.095. In still another case, the metallic material contains: 
0096 (i) one or more metals selected from the group con 
sisting of Ag, Au, Cu, Co, Cr, Mo, Ni, Sn, Fe, Pd, Pb, Pt, Rh, 
Ru and Zn; 
0097 (ii) at least one element selected from the group 
consisting of C, O and S; and 
0.098 (iii) optionally at least one or more elements 
selected from the group consisting of B. P. Mo and W. 
0099 Group (ii) elements are provided in the range of 10 
ppm to 5%, group (iii) elements in the range of 500 ppm to 
25%, the balance being group (i) elements which typically 
range from 75% to 99.9%. 
0100 We turn to a case where the electrodeposit is of 
metallic material containing particulates, i.e., of metal matrix 
composite. The metallic material is as described above. Suit 
able particulate additives for preparing metal matrix compos 
ites include metals (Ag, Al, Cu, In, Mg, Si, Sn, Pt, Ti, V. W. 
Zn) powders; metal alloy powders; metal oxide powders of 
Al, Co, Cu, In, Mg, Ni, Si, Sn, V and Zn; nitrides of Al, Band 
Si; carbon (graphite powder, carbon powder, graphite fibers, 
Buckminster fullerenes, carbon nanotubes, diamond); car 
bides of B, Cr, Bi, Si, W: glass, organic materials including 
polymers such as polytetrafluoroethylene, polyethylene, 
polypropylene, acrylonitrile-butadiene-styrene copolymer, 
polyvinyl chloride, epoxy resins. The particulate average par 
ticle size is typically below 10,000 nm (10 um), more prefer 
ably, below 500 um, still more preferably below 100 um. 
0101. In the case where product contains particulates, the 
particulates are part of the plating bath and are deposited with 
the metallic material. In other words, metal matrix compos 
ites are electrodeposited. The particulate components do not 
participate in electrochemical reduction as is the case with the 
metallic components and simply get incorporated into the 
electrodeposited deposit by inclusion. For grading, the fol 
lowing applies. The Volume content of particulates can be 
controlled for a Subsequent grade by adding a higher concen 
tration of particulates to the bath to increase particulate con 
centration in the bath, or by decreasing concentration of par 
ticulates in the bath, e.g., by filtering of particulates to lower 
the Volume of particulates in a following electrodeposit. 
Alternatively, agitation rates and/or flow patterns can be used 
to control the amount of particulates Suspended in the bath, 
with higher agitation rates generally resulting in increased 
particulate contents in the deposits. 
0102 We turn now to where the electrodeposit is for a 
free-standing form. The free-standing form is stripped from 
strippable cathode such as a titanium cathode as described 
above. The utility of free-standing form is, for example, for 
electroformed articles Such as foils, plates, tubes and complex 
shaped articles. 
0103) We turn now to where the electrodeposit is as a layer 
or coating on a permanent Substrate. In this case the perma 
nent substrate is the cathode. 
0104 Suitable permanent substrates include a variety of 
metal Substrates (e.g. all steels; metals and alloys of Al, Cu, 
Co, Ni, Fe, Mo, Pt, Ti, W and Zr), carbon-based materials 
based (e.g. carbon, diamond, graphite, graphite fibers and 
carbon nanotubes) Substrates; and polymer Substrates. Suit 
able polymeric materials for polymeric Substrates include 
thermosetting polymers such as filled or unfilled epoxy, phe 
nolic and melamine resins, thermoplastic polymers such as 
thermoplastic polyolefins (TPOs), polyamides, mineral filled 
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polyamide resin composites, polyethylenes, polypropylenes, 
chlorinated polymers such as polyvinyl chloride (PVC), flu 
orinated polymers such as polytetrafluoroethylene (PTFE), 
polycarbonates, polyesters, liquid crystal polymers such as 
partially crystalline aromatic polyesters based on p-hydroxy 
benzoic acid and related monomers, polycarbonates and 
acrylonitrile-butadiene-styrene (ABS) and their blends. Suit 
able fillers for the filled epoxy resin composites included 
glass fibers, carbon, carbon nanotubes, graphite, graphite 
fibers, metals, metal alloys, ceramics and mineral fillers such 
as talc, calcium silicate, silica, calcium carbonate, alumina, 
titanium dioxide, ferrite, and mixed silicates (e.g. bentonite or 
pumice), and are present in amount up to 70% by weight 
Mineral-filled polyamide resin composites contain powdered 
(e.g. 02-20 microns) mineral fillers such as talc, calcium 
silicate, silica, calcium carbonate, alumina, titanium dioxide, 
ferrite and mixed silicates (e.g. bentonite or pumice) and min 
eral contents of up to about 40% by weight and provides high 
strength at relatively low cost. 
0105. We turn now to cases where coatings or layers are 
electrodeposited and are anchored into at least part of a com 
plex, perforated or porous structure, e.g., a foam, a felt, 
clothes, or a perforated plate or are infiltrated into at least part 
of a solid structure, to grade the structure (e.g., the composi 
tion and porosity) of the resulting article. The solid structures 
include, for example, cores for sandwich panels, energy 
absorbing structures i.e. crash boxes for automobiles such as 
bumpers, energy absorbing layers in multi-component body 
and vehicular armors or applications requiring blast protec 
tion from mines and the like. The porous structures include 
random cellular foams (e.g. reticulated carbon open cell foam 
coupons) and periodic cellular architectures (e.g. honey 
combs). This is illustrated in Working Example IX and FIG. 
5 

0106 Where substrate to be provided with an electrode 
posited layer or coating is poorly conductive or nonconduc 
tive, it can be metallized to render it sufficiently conductive 
for plating, e.g. by applying a thin layer of conductive mate 
rial, e.g. by electroless deposition or by applying an electri 
cally conductive paint. Thus the Subject invention encom 
passes providing layer or coating to virtually any substrate 
material. 
0107 The variable property electrodeposit can be suitably 
exposed to a finishing treatment, which can include, among 
others, electroplating, i.e., chromium plating and applying a 
polymeric material, i.e., a paint or adhesive. 
0108 Weturn now to benefits of and utility for the method 
invention. 
0109. It is noted that the invention requires a single elec 

trolytic cell system, i.e. a single plating tank Benefits of this 
include elimination of Washing steps when Substrates are 
moved from plating tank to plating tank, reducing water cost 
and eliminating the drag out/cross contamination issue which 
is significant particularly when complex shaped parts are 
plated retaining electrolyte in grooves, cups and cavities 
which do not drain on removal of part from plating tank. 
Benefits also include no need to use several deposition setups 
and no need for sequential application of distinct layers by 
moving the Substrate form tank to tank as commonly 
employed in fabricating laminates or achieving variable prop 
erty properties by simultaneously employing two processes 
or by employing plural post treatments. 
0110 Variable property metallic material electrodeposits 
containing at least in part a fine-grained microstructure pro 
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vide Superior overall mechanical properties compared to 
monolithic fine-grained (average grain size of 2 nm-5 
microns), entirely coarse-grained (average grain size >20 
microns) or entirely amorphous metallic material deposits, 
e.g. the Surface benefits of fine-grained deposit of high hard 
ness (high wear resistance), high resilience to provide a high 
degree of elastic deformation; the high ductility and improved 
corrosion performance benefits of coarse-grained metallic 
deposits, and/or the high hardness, high wear resistance and 
lack of intergranular corrosion benefits of amorphous micro 
structure of no porosity. 
0111 Numerous applications benefit from different prop 
erties in different sections/locations of a part. As an example, 
a complex part such as an artificial hip joint can require 
different properties in different sections of the part, e.g. the 
ball joint Surface needs to have high hardness to reduce wear 
(achievable by grain refinement and/or metal matrix compos 
ite grade, i.e. level or layer) and to be lubricious (achieved by 
use of Suitable particulates, e.g. graphite, diamond, quasic 
rystalline metals or organic compounds in a metal matrix 
composite grade) for ease of movement, while the stem 
should be more ductile and rough and porous at an outer 
surface to enable bone in-growth. This is preferably achieved 
for the ball joint by employing a smooth coating employing 
grain refinement at an outer Surface and/or by inclusion of 
particulates to form a metal matrix composite in the outer 
Surface. This can be accomplished in the Stern by modulating 
the grain size, deposit and particulate composition. Suitable 
articles include medical equipment including orthopedic 
prosthesis, Stents and Surgical tools; cylindrical objects 
including gunbarrels, shafts, tubes, pipes and rods; molds and 
molding tools and equipment; sporting goods including golf 
shafts, heads and faceplates, arrow shafts, baseball bats, 
hockey Sticks, fishing, skiing and hiking poles; skis and Snow 
boards as well as their components including bindings; com 
ponents and housings for electronic equipment including cell 
phones, personal digital assistants (PDAS) devices, walkmen, 
discmen, MP3 players, digital cameras and other recording 
devices; automotive components including heat shields, 
cabin components including seat parts, armature parts; liquid 
conduits such as fuel rails; spoilers, grill-guards and running 
boards; brake, transmission, clutch, steering and Suspension 
parts; brackets and pedals, muffler components, wheels, 
vehicle frames; fluid pumps such as fuel, coolant, oil and 
transmission pumps and their components, housing and tank 
components such as oil, transmission or other fluid pans 
including gas tanks; electrical and engine covers; turbo 
charger components and the like; and industrial components 
including, but not limited to, cutting tools, blades and sharp 
ening devices as well as Sputter targets. The metallic material 
layer(s) can be electrodeposited onto the inner or the outer 
Surfaces of permanent Substrates and can thereafter be cov 
ered by or coated with metallic or non metallic materials 
including polymeric materials. The metallic material layer(s) 
can also form the structural member of a part which is embed 
ded in another material Such as an organic polymer, produced 
by inserting the metallic material layer(s) into a suitable mold 
followed by injection or compression molding of a polymeric 
material. 

0112 Similarly, many industrial parts require grades (lev 
els or layers) and/or areas requiring different properties, that 
is, grades with high hardness, grades (levels or layers) with 
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high lubricity and grades with good ductility. The high hard 
ness and high lubricity are for an outer grade and the good 
ductility is for an inner grade. 
0113. One kind of article herein can be a component or 
part of a sputter target. A specific example of commercial 
parts benefitting from layering includes sputter targets having 
a typical total thickness between 50 microns and 2.5 cm and 
up to 5 cm. Sputter targets with fine-grained microstructures 
(grain size less than 10 microns) provide improved overall 
sputter uniformity and reduced target arcing compared to 
their chemically equivalent coarse-grained counterparts. As 
only about /3 of the total thickness of the target can actually 
be used it is only necessary to obtain the benefits of fine 
grained microstructure in the near Surface layer utilized in the 
sputtering process. This consumable near-Surface layer has a 
microstructure which is fine grained and quasi isotropic with 
equiaxed grains with little texture (texture intensity values of 
between I and 20 times random, preferably between 1 and 10 
times random). A sputter target having a randomly oriented, 
fine-grained microstructure in the region utilized in the sput 
ter target therefore results in uniform sputtering and conse 
quently uniformly deposited films. A fine grained sputter 
target near-Surface layer also results in maintaining an accept 
able Surface roughness with increased sputtering time and, 
ultimately translates into increased target longevity and target 
material utilization. The remainder of the sputter target other 
than the near Surface which is actually consumed during 
operation, on the other hand, need not have fine-grained 
microstructure so a non-surface grade can have greater grain 
structure which allows reduced power consumption. Thus in 
one case, the Sputter target contains at least two distinct grain 
sizes with the Surface layer of the Sputter target comprising a 
fine-grained layer of equiaxed grains with a texture intensity 
value of between 1 and 10 times random and a thickness of 50 
micron to 2.5 cm. Suitable metallic sputter targets may com 
prise any metallic material listed above including Au, Co, Co. 
Fe, Ni and their alloys. Layered sputter targets can benefit 
from being Subjected to a recrystallization heat treatment to 
further enhance the Sputter target performance by reducing 
stress and texture of the near Surface to preserve near Surface 
coherency. 
0114. The deposition direction variable property approach 

is particularly suitable when a fine-grained layer exhibits 
significant internal stress and/or brittleness and when applied 
as a coating tends to crack and/or delaminate from a substrate 
or in the case of free standing structures crack and disintegrate 
upon forming or forming in use (i.e bending or tension). This 
is accommodated for by the invention herein by also provid 
ing grade or grades (levels or layers) with different micro 
structures, ranging from an amorphous section of essentially 
no ductility via fine-grained sections of limited ductility to 
coarse-grained section of high ductility. 
0115 Particular examples of this problem follow. 
0116. A specific example of a fine-grained deposit that 
exhibits significant internal stress and are highly brittle when 
deposited infine-grained form is an iron deposit. When iron is 
electrodeposited in nanocrystalline form, it is highly stressed. 
Typically internal stress values observed range between 
10-100 ksi (tensile) for a plate with a hardness value of 
550-650 VHN. High residual stress adversely impacts achiev 
able thickness and results in a microstructure that is either 
micro-cracked or too stressed to accommodate any signifi 
cant amount of plastic deformation in service, that is 
extremely hard but exhibiting poor toughness. These defi 
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ciencies cannot be accommodated for by heat treatment since 
likely due to impurities introduced during electrodepositing 
(e.g. O. C. S and H), a resulting deposit embrittles upon heat 
treatment. These deficiencies preclude the use offine-grained 
bearing structural applications. These deficiencies are 
accommodated for by also providing a grade or grades (levels 
or layers) with alternating ductile and brittle layers as illus 
trated in Working Example XI. 
0117. Other “high stress' metallic deposits include fine 
grained electrodeposits of Pt, Pd, Rhand Cr where cracking in 
deposits is a problem. Variable property structure also includ 
ing, for example, levels or layers of alternating highly 
stressed and low stressed layers enables the build up of thick 
deposits provided by the invention herein, provide both high 
strength and acceptable overall internal stresses so that crack 
ing is not induced in the electrodeposit as a whole. 
0118. Other circumstances that benefit from varying prop 
erties by the invention herein include the incorporation of 
amorphous or quasi-crystalline grade (level or layer), which 
are known to provide significant hardness at the expense of 
ductility, together with alternating or underlying layers of 
ductile deposits (e.g. coarse grained layers) to provide high 
overall hardness and acceptable overall ductility so that 
cracking is not induced in the electrodeposit as a whole as 
Soon as the article is exposed to a small degree of bending or 
deformation. In addition to their high hardness, amorphous 
metallic materials lack intergranular corrosion so amorphous 
Ni P or Co. Pouter layers provide for excellent corrosion 
protection. Quasicrystalline metals, much like fine-grained 
metallic materials exhibit a low coefficient of friction and are 
therefore suitable “skins' or outer layers in applications 
requiring low friction, i.e., involving moving parts sliding 
against each other as occurs in combustion engines, electric 
motors, hydraulic components, automotive or industrial 
shocks, actions in firearms etc. 
0119 Parts made from or coated with variable property 
materials, which are fine-grained in whole or in part, made by 
the invention as disclosed herein, are particularly useful for 
components requiring great dimensional stability over a wide 
operating temperature range and are not prone to cracking, 
spalling or delamination. The electrodeposition process 
herein is particularly Suitable for synthesizing stiff, strong, 
tough, ductile, lightweight, wear and corrosion resistant free 
standing parts and coatings and layers of low internal stress. 
I0120 When used as coatings on substrates of similar 
chemistry, the coefficient of thermal expansion (CTE) 
between the coating and the permanent Substrate can be 
closely matched despite grading according to the invention 
described herein, to prevent delamination during repeated 
temperature cycling, as the CTE is dictated by the chemical 
composition of the part and relatively unaffected by changes 
in the grain size. In the case of free-standing parts (not utiliz 
ing a permanent Substrate) minimizing dimensional changes 
within the operating temperature range of interest (-80°C. to 
600° C.) can be achieved with grading (varying properties 
between levels or layers) according to the invention herein. 
0121. In a number of applications, e.g. the automotive and 
aerospace field, the dimensional stability of articles with criti 
cal dimensions which do not change over the operating tem 
perature range, are vital. Among metals and alloys selected, 
nickel-iron alloys (e.g. Invar R, an alloy containing about 36% 
by weight of nickel and 64% by weight of iron) provide 
unusually low CTEs. Traditionally such articles are 
machined from cast or rolled alloy feedstock metal. This 
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approach is expensive and time-consuming, and very ineffi 
cient. Electroforming or Suitably coating Such articles by 
electrodepositing alloys of nickel is known. This invention 
enables the fabrication of articles using CTE matching, pro 
viding the added strength through a grain refined grade and 
enables grading (varying properties between levels or layers) 
e.g. to further enhance the Surface hardness, strength, etc., as 
required. 
0122) The variable property and multilayered-elec 
trodeposition process herein is also suited for the repair of 
worn surfaces and enables the refurbishment of parts by 
selectively coating, e.g., worn areas or the entire part with a 
layer of similar chemistry but, e.g., grading to provide grade 
with Small grain size, to enhance wear performance and 
increase the service life 

0123. Articles made according to the variable property 
and/or layered electrodeposition process of this invention find 
use in a variety of applications requiring durable, light 
weight, high-strength layers or coatings that provide 
improved reliability, durability and performance characteris 
tics. Applications include automotive components, aerospace 
parts, defense parts, consumer products, industrial parts and 
products, medical components and sporting goods. Suitable 
industrial parts include, among others, rods, rolls, tubes or 
shafts used, e.g., in industrial applications such as in continu 
ous-process manufacturing equipment, hydraulic equipment 
and the like. Sporting goods include ski and hiking poles, 
fishing rods, golf club shafts, gun barrels, hockey Sticks, 
lacrosse sticks, baseball/softball bats, bicycle frames; plates 
Such as golf club head face plates; as well as complex shapes 
Such as sports racquets (tennis, racquetball, squash and the 
like), golf club heads and faceplates as well as firearm com 
ponents. Automotive parts include grill-guards, running 
boards, spoilers, muffler tips, wheels, vehicle frames, struc 
tural brackets, fluid conduits including air ducts, fuel rails, 
turbocharger components, oil, transmission and brake parts, 
fluid tanks and housings including oil and transmission pans, 
cylinder head covers, water and oil pumps, gas tanks, pump 
housings, electrical housings and covers. Other applications 
include carbon fiber composite (CFC) parts and molds. Con 
Sumer and industrial products include portable electronic 
appliances such as laptops, walkmen, discmen, MP3 players, 
cell phones and BlackBerry(R)-type devices, cameras and 
other image recording devices as well as TVs and specific 
parts including drills, files, knives, saws, blades, sharpening 
devices and other cutting, polishing and grinding tools, hous 
ings, frames, hinges, Sputtering targets, antennas as well as 
electromagnetic interference (EMI) shields. Parts are at least 
partially coated on or within their structure to contain variable 
property metallic materials by the invention herein. For 
example, electrodepositing can be onto a substrate of an 
orthopedic prosthesis, gun barrel, mold, sporting good or 
automotive component. 
0.124 Varying the particulate content, particulate particle 
size and shape and/or particulate chemistry between levels or 
layers by process of the invention herein can be performed in 
order to control a particle-dependent mechanical property 
Such as wear resistance, or may alternatively be carried out in 
order to vary the coefficient of thermal expansion (CTE) of 
the electrodeposited metal matrix composite. 
0125. The invention of the first embodiment can be 
employed to periodically alternate layers of soft, low internal 
stress metal deposits with harder, higher stressed deposited 
layers of the same metal The overall “bulk” mechanical prop 
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erties depend, at least in part, upon the interlayer spacing 
according to a Hall-Petch relationship and this approach opti 
mizes the overall macroscopic material physical and 
mechanical properties (i.e. strength, ductility, toughness) via 
optimization of the microstructure. 
0.126 In use of the invention of the first embodiment 
herein, alternation between metallic layers at least 1.5 nm. 
thick between fine and coarse grain sizes and high and low 
stress values by modulating the electrodeposition conditions 
in a single plating bath can be carried out to overcome the 
inherently high internal stress of monolithic fine-grained 
deposits while still maintaining a high level of mechanical 
strength thereby relying on the coarser grained/softer metal 
layers to reduce the overall macroscopic plating stress, while 
relying on the high strength metal layers to achieve excellent 
overall mechanical properties. Alternating soft/hard multi 
layer laminates are particularly useful in numerous industrial 
applications including cutting tools as they prevent chipping 
and fracture and can even be rendered self sharpening. 
I0127. The working examples herein show modulation of 
the following parameters to provide variable property elec 
trodeposits: cathodic current density (Working Examples I, 
II, III, IV), plural different composition soluble anodes with 
anodic current fraction modulation (Working Example VI 
and XII), pulse parameters (Working Examples I, II, III, X, 
XIII, XV and XVI), cathode rotational speed (Working 
Example V), porosity (Working Example XI), bath agitation 
condition (Working Example VII), variation in flow direction 
at cathode (Working Examples VIII and XIV), bath compo 
sition (Working Example IX), inert material additions (Work 
ing Example IX) and shielding (Working Example III and 
XV). 
0128. In a use of the first embodiment invention herein 
there is provided alternation between crystalline and amor 
phous and/or quasi-crystalline levels or layers to provide 
benefits of overall mechanical and chemical properties which 
cannot be achieved by a monolithic uniform material. 
I0129. By the invention of the first embodiment herein 
metallic coating can be applied to a part made substantially of 
the same chemistry to achieve excellent metallurgical bond 
ing between a coating or layer and a Substrate and also refined 
grain size toward outer Surface to enhance a physical property 
selected from the group of lubricity, hardness, strength, 
toughness and wear resistance. 
0.130. In one alternative, the invention of the first embodi 
ment herein provides articles with varied grain sizes, internal 
stresses and/or brittleness that do not crack and/or delaminate 
from a substrate during preparation or during use. 
0.131. In one alternative, the invention of the fust embodi 
ment herein provides articles with varied grain sizes that are 
strong, tough, hard and wear and abrasion resistant as well as 
lightweight. 
(0132. In an alternative, the invention of the first embodi 
ment herein provides metal, metal alloy or metal matrix com 
posite coatings or layers with change in the grain size and/or 
crystallographic textures in one or more grades (levels or 
layers) to enhance at least one property selected from the 
group consisting of internal stress, strength, hardness, tough 
ness, ductility, coefficient of friction, Scratch resistance and 
wear resistance due to varying composition and microstruc 
ture between levels and/or layers. 
0133. In an alternative, the invention of the first embodi 
ment herein provides articles and coatings with particulate 
matter therein by process comprising initially electrodepos 
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iting on a Substrate of a given chemistry a layer or coating of 
the same chemistry to achieve an excellent metallurgical 
bond and to match the physical properties (e.g. coefficient of 
thermal expansion) of the coating or layer to those of a Sub 
strate and thereafter introduce particulate matter into the plat 
ing bath to effect a deposition of a metal matrix composite to 
achieve an outer layer containing a volume fraction of par 
ticulates effective to enhance wear performance. 
0134 Similarly in another alternative embodiment coat 
ings are provided by initially electrodepositing a variable 
property coating on a Substrate of a given chemistry initially 
in coarse-grained form to reduce hydrogen mobility and pre 
vent hydrogen embrittlement of the substrate followed by 
continuously or abruptly reducing the grain-size of the coat 
ing optionally by introducing an alloying component. Spe 
cific examples where this approach has merit involves the use 
of metallic Substrates Such as various steels, and the deposi 
tion of Nibased coatings, commencing with the deposition of 
coarse-grained pure Ni coatings and transitioning to fine 
grained Ni or Ni-alloy coatings, including Ni Zn, Ni-Fe, 
Ni W. Ni Mo which are known to result in lowering of the 
plating current efficiency, increasing the hydrogen generation 
rates and increasing the risk of hydrogen embrittlement 
0135. In another alternative, the invention of the fust 
embodiment herein is used to provide a variable property 
coating of metal and/or metal alloy and/or metal matrix com 
posite on the inside or outside of a tube, e.g. to grade coat a gun 
barrel, e.g. gun barrel inner Surface, e.g. using a nanocrystal 
line-NiW-diamond composite or nanocrystalline-CoP-dia 
mond metal matrix composite, i.e. where the particulates are 
diamond particles, to improve resistance to cracking, chip 
ping, spalling and erosive wear, particularly near the chamber 
as part of a variable property layer that remains hard, wear 
resistant and of maximum obtainable thermal stability, 
throughout the service life, along with a thermal shock 
response that is close to that of the steel substrate barrel inner 
Surface (matching coefficient of thermal expansion, Young's 
modulus, strength and ductility). 
0136. In an alternative, the invention of the first embodi 
ment herein provides variable property coating with outer 
lubricious Surface for one or all sliding or cutting Surfaces of 
selected parts, e.g. of hydraulic components, cutting tools or 
sliding mechanisms of parts such as actions of automated and 
semi-automated rifles with metal, alloy or metal matrix 
grades, e.g. metal matrix composites with nanocrystalline 
NiW-BN or nanocrystalline-CoP-BN inclusions also con 
taining diamond particulates, to improve the coefficient of 
friction of said outer Surface as well as wear performance and 
longevity of said outer Surface. 
0.137 Where a metal matrix composite containing vari 
able property layer is provided, variable property variation in 
particulate content, particulate particle size and shape and/or 
particulate chemistry can be carried out to control particle 
dependent mechanical property Such as wear resistance or 
can be alternatively carried out to vary coefficient of thermal 
expansion of metal matrix composite 
0.138. The invention of the first embodiment herein pro 
vides for variable property coatings, layers or free-standing 
articles for applications including sporting goods (golf clubs 
and shafts, hockey Sticks, baseball bats, tennis racquets, ski 
ing and Snowboarding equipment, boards and coatings on 
complex shapes, e.g. skateboards), medical devices (Surgery 
tools, stents, orthopedic prosthesis parts and hp implants), 
automotive and aerospace applications, consumer products 
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(electronic equipment, phones, toys, appliances, tools), com 
mercial parts (gun barrels, molds). 
0.139. In a subsequent step, parts containing the variable 
property coatings or layers can be subjected to other finishing 
operations as required including, but not limited to, polishing, 
waxing, painting, plating i.e. Cr-plating. 
0140. According to an alternative of the first embodiment 
of this invention, patches or sections can be formed on 
selected areas of articles, without the need to coat the entire 
article e.g. utilizing selective deposition techniques such as, 
but not limited to, part repair and refurbishment. 
0.141. We turn now to where electrodeposit not only is 
provided with variable property in the deposit direction but 
also within (i.e. along the width or length of) the deposit, i.e 
electrodepositing parameters are modulated to cause varia 
tion by more than 10% in at least one property not only along 
the depth of the deposit but along its length and/or width. This 
can be referred to as multidimension electrodeposit grading. 
0142. In this case the properties of the electrodeposit are 
changed in the deposit direction but also changed along 
length and/or width of the deposit by modulating the deposit 
parameters (conditions in a plating tank). 
0.143 Multidimension electrodeposit grading is particu 
larly suitable if, without this, a fine grained layer exhibits 
significant internal stress and/or brittleness and when applied 
as a coating or layer cracks and/or delaminates from a Sub 
strate and in the case of free standing structures which crack 
and/or disintegrate upon forming or deforming in use (i.e. 
upon bending or when under tension). 
0144) Multidimension electrodeposit grading can be car 
ried out, for example, in an electrolytic cell as previously 
described equipped with a recirculation loop with means to 
enable variation of flow rate so as to provide different bath 
composition as a function of distance from the center of the 
deposit thereby grading throughout a coating grade. This is 
exemplified in Working Examples III, XIV and XV. Other 
ways of carrying this out include anode shielding, and/or 
placing one of the several anodes in closer proximity to an 
area to be varied in property. 
0145 Turning again to where operating parameters are 
modulated to produce grades of different grain size, this can 
effect grading of other properties in addition to grain size. 
This is illustrated for nickel in Table 1 below. 

TABLE 1 

Variation in Properties of Nickel Due to Variation in Grain Size 

20 mm 100 mm 30 micron 
grain size grain-size grain size 

Hardness VHN) 600 350 120 
Elongation in tension 96 2 16.7 30 
Corrosion Rate (determined 1 O.1 
in a potentiostatic test 
in 2N H2SO4); current in 
the passive region 
(500-1000 mV vs SCE) 
mA/cm 

0146 Further explanation of how changing grain size of 
nickel affects physical properties follows: The hardness 
increases from 120 VHN (for conventional grain sizes greater 
than 5 microns) to 350 VHN (grain size of 100 nm) and 
ultimately to 600 VHN (grain size 20 nm). The wear rate for 
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dry pin-on-disc decreases from 1,330 um/um for conven 
tional nickel to 7.9 um/um for nickel with a grain size of 10 

. 

0147 Weturn now to the second embodiment of the inven 
tion herein. 
0148. The article in one alternative also has metallic layer 
property varied by more than 10% in at least one of the length 
or width directions, that is in at least one of the directions 
perpendicular to the deposit direction. 
0149 Said article preferably has a metallic layer which is 
a pure metal selected from the group of Ag, Au, Cu, Co, Cr, 
Ni, Sn, Fe, Pt and Zn; an alloy of two or more of these metals, 
or an alloy of at least one of these metals and a component 
selected from the group consisting of Mo, W. C. P. S and Si. 
0150. In one case the metallic layer of the article contains 
between 2.5% to 75% by volume particulate material where 
said particulate material is selected from the group consisting 
of metal powders, metal alloy powders and metal oxide pow 
ders selected from the group consisting of Al, Co, Cu, In, Mg, 
Ni, Si, Sn, V and Zn; nitride powders selected from the group 
consisting of Al, Band Sinitride powders; graphite, diamond, 
nanotubes, Buckminster Fullerenes; carbides selected from 
the group consisting of B, Cr, Si, W carbides; self lubricating 
materials such as MoS, and Substantially inert polymeric 
materials. 
0151. The article can be a component or part of automo 

tive, aerospace, sporting good, manufacturing or defense 
industry application. 
0152. In respect to sporting goods the article can be a 
component or part of sporting equipment selected from the 
group consisting of golf clubs, fishing rods, hockey sticks, 
baseball bats, tennis racquets, skate blades, Snowboards, 
bicycle frames and firearms (handguns, rifles and shotguns). 
Firearm parts include stock, receiver and magazine compo 
nents as well as barrels. 
0153. In respect to golf clubs and baseball bats, the article 
can be a golf club shaft or baseball bat where the metallic 
layer extends over at least part of an inner or outer Surface 
thereof made of graphite containing material, where the 
metallic layer comprises at least one metal selected from the 
group consisting of Ni, Co and Fe. 
0154) In respect to golf clubs the article can be the face 
plate of golf club head. 
O155 The article of the second embodiment can be all or 
part of an automotive part selected from the group consisting 
of liquid conduits such as fuel rails; spoilers, grill-guards and 
running boards; brake, transmission, clutch, steering and Sus 
pension parts; brackets and pedals, muffler components, 
wheels, vehicle frames; fluid pump, housing and tank com 
ponents such as oil, transmission or other fluid pans including 
gas tanks; electrical and engine covers; and turbocharger 
components. 
0156 The article of the second embodiment can also bean 
electronic component of any of laptops, cellphones, personal 
digital assistant devices, walkmen, discmen, MP3 players and 
digital cameras. 
0157. The invention is illustrated in the following Working 
Examples carried out in a tank as described above equipped 
with an electrolyte recirculation loop. 

Working Example I 
Grading of Pure Ni Electrodeposit to Grade Grain 
Size and Hardness in the Deposit Direction with 

Electrodeposition Condition Modulation 
0158 Free-standing Ni-layers with variable property and 
multilayered grain size were electrodeposited on a polished 
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Ticathode (10 cm) in a modified Watts nickelbath (401 tank) 
using grain refiners, levelers, brighteners, stress relievers and 
chelating agents (Integran Technologies Inc, Toronto, 
Ontario, Canada). Nickel “R”-rounds (Inco Ltd., Sudbury, 
Ontario, Canada) were used as anode material. NPA-91 wet 
ting agent was provided by Atotech USA (Rock Hill, S.C.). 
The plating current was Supplied by a Dynatronix (Amery, 
Wis., USA, Dynanet PDPR40-100-400) pulse power supply. 
The electrolyte and the electroplating conditions used are 
indicated in Table 2. The variation in grain size of the metallic 
layers was achieved by modulating the electroplating condi 
tions as set forth in Table 2. Resulting variable property 
structure is shown in FIG. 1. FIG. 1 shows a cross-section of 
the electrodeposited Ni after removal from the temporary 
Substrate, showing grain size change thereof The sample was 
embedded in epoxy, cross-sectioned, polished and hardness 
tested before the image was recorded. 

TABLE 2 

Bath Chemistry and Electrodeposition Conditions Used to 
Electrodeposite a Free Standing Ni Plate with Three Distinct 

Layers of Different Grain Size in the Deposit Direction 

Bath Chemistry 

300 g/l NiSO 6H2O 
45 g/l NiCl26H2O 
45 g/l HBO 
Snf NPA-91 
2 g/l Sodium Saccharinate 

chelating agents, stress relievers 
Plating Conditions 

Electrolyte Temperature: 60° C. 
pH: 2.5 
Electrolyte Agitation Rate (normalized for cathode 
area): 20 ml/(min cm) 
Rotation Speed RPM):0 
Bath Flow Direction: tangential 
Particulate Bath Content (in suspension): N/A 
Multiple Anodes: N/A 
Anode Shielding: N/A 

Variable property and multilayered 
Settings 1 2 3 

Average Current Density (I) mA/cm 50 8O 8O 
Peak Forward Current Density (mA/cm 89 320 320 
Forward Pulse On Time ms 90 8 2 
Off Time ms O 24 6 
Reverse Pulse On Time ms 10 O O 
Reverse Pulse Peak Current Density 300 NA NA 
mA/cm 
Total cycle time ms 100 32 8 
Frequency (HZ) 10 31 125 
Duty Cycle % 90 25 25 
Plating Time min 300 105 105 
Layer Thickness Lim 16S 145 160 

Material Properties 

Hardness (VHN) 214 416 470 
Average Grain Sizenm 275 85 40 
Yield Strength MPa) 575 700 800 
Modulus of Resilience MPa) O.85 1.2O 1.52 
Tensile Elongation 96 22 17 7 
Coefficient of Friction O.87 O.74 O.70 

0159. The electrodeposit is useful for articles requiring 
high overall strength with high hardness, stiffness, yield 
strength and resilience on one outer Surface and low hardness 
and good ductility on the other outer Surface. Grading pro 
vides these benefits in an elegant way. Typical applications 
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include parts where one of the outer surfaces needs to provide 
wear, stiffness, lubricity, abrasion and/or impact resistance, 
while maintaining a high overall ductility. 

Working Example II 
Composite Golf Shafts comprising Pure Ni Plated 
Layers of Different Grain Size in the Deposit Direc 
tion with Electrodeposition Condition Modulation 

0160 95 cm long, ~1.25 cm outer diameter graphite/ep 
oxy golf shafts (400 cm surface area) were coated with 
fine-grained Ni in a tubular tank (125 cm high, ID: 30 cm, 
electrolyte volume: ~90 liter) equipped with a heater, recir 
culation system and a single anode basket. Golf shaft precur 
sor tubes were mounted on a stainless steel feeder which was 
attached to a rotator. The modified Watts nickel bath illus 
trated in Table 2 of Example I was employed and precursor 
tubes were rotated at 15 RPM. Nickel “R”-rounds (Inco Ltd., 
Sudbury, Ontario, Canada) were used as anode material and 
the plating current was supplied by a pulse power Supply 
(Dynatronix, Amery, Wis., USA). Before electroplating, 
graphite/epoxy precursor tubes were metalized with amor 
phous Ni-10P (Elnic 101, MacDermid Americas, Waterbury, 
Conn., USA) to a thickness of around 1 micron in a conven 
tional step. Subsequently, the metallized tubes were coated 
with three fine-grained Nilayers as illustrated in Example I. 
The plating schedule was set to achieve a nominal plating 
weight of 38.5 g (plating schedule I for 5 minutes followed by 
plating schedule 2 for 20 minutes, followed by plating sched 
ule 3 for 50 minutes, totaling 39 Amperesxhours perpartin 75 
minutes). The resulting shaft had a graded Nilayer compris 
ing a 1 micron thick amorphous Nilayer, followed by a 5 
micron thick layer of fine-grained nickel with an average 
grain size of 275 nm, followed by a 30 micron thick layer of 
fine-grained nickel with an average grain size of 85 nm, and 
followed by a 75 micron thick layer of fine-grained nickel 
with an average grain size of 40 nm. As a consequence of the 
changes in the average grain size, yield strength, resilience, 
stiffness and ductility varied accordingly, a variable property 
Ni-layer with heretofore unachieved mechanical properties 
was obtained. For decorative purposes and added corrosion 
protection the shafts were coated with chromium (TriMac3 
MacDermid Americas, Waterbury, Conn., USA) to a deposit 
thickness of around 1 micron. The shafts were fitted with club 
heads and grips to produce golf clubs and exposed to robot 
and field testing. The ball trajectory was very consistent, with 
improved distance and reduced dispersion compared to other 
golf shafts not containing the fine-grained graded coating. 
Similar results are achieved when the coating comprises Ni 
alloys, Co or Co alloys, including Co-P with 0.5 to 15% P or 
when the article to be coated has a more complex geometry 
Such as sporting goods including golf club heads, a face plates 
or a baseball bats; electronic appliances including data, 
image, Voice and music recording, transmission/receiving 
and play-back devices or automotive parts including engine, 
transmission and brake parts and covers; drive shafts and 
pistons and the like, 

Working Example III 
Composite Golf Shafts Comprising Pure Ni Plated 
Layers of Mfferent Grain Size in the Denosit Direc 
tion with Electrodeposition Condition Modulation 

and Along its Length using Shielding 
0161 95 cm long, ~1.25 cm outer diameter graphite/ep 
oxy golf shafts (400 cm surface area) were coated with 
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fine-grained Nias illustrated in Example H except that the 
anode was shielded to impart a tapered thickness profile and 
grade the grain size along the Surface of the shaft. Employing 
anode shielding and current thieves the thickness profile was 
adjusted to gradually decrease the thickness of the nickel 
coating metallic layer from 200 microns to 85 microns over 
the lower 30 cm of the 95 cm long tube while the Nicoating 
thickness of the remaining 65 cm of the tube was maintained 
at 85 microns. Specific to the shielding, ~65% of the anode 
surface was covered with a polypropylene sheet to reduce the 
local current density along the aforementioned 65 cm-long 
section of the tube intended to have a uniform coating thick 
ness. The shield was tapered at the transition from constant 
coating thickness to increased coating thickness to gradually 
increase the current density and thickness of the remaining 30 
cm of the tube. The actual taper shape in the transition Zone 
was determined by trial and error. Due to the use of shielding 
the current density was controlled in both the deposition 
direction and along the shaft resulting in a nickel layer which 
was graded in both the deposition direction and along the 
length of the shaft. As a consequence of the resultant corre 
sponding changes in the average grain size, yield strength, 
stiffness, resilience and ductility, a variable property Ni-layer 
with heretofore unachieved mechanical properties was 
obtained. Specifically the 30 cm long tapered layer, in addi 
tion to a graded grain size through the cross-section, dis 
played a gradual grain size change by more than 10% along 
the length of the layer with the grain size decreasing as the 
thickness of the layer increased. For decorative purposes and 
added corrosion protection the shafts were coated with chro 
mium (TriMac3 MacDermid Americas, Waterbury, Conn., 
USA) to a deposit thickness of around 1 micron. The shafts 
were fitted with club heads and grips to produce golf clubs 
and exposed to robot and field testing. The ball trajectory was 
very consistent, with improved distance and reduced disper 
sion compared to other golf shafts not containing the fine 
grained graded coating. Similar results are achieved when the 
coating comprises Ni alloys, Co or Co alloys, including 
Co- P with 0.5. to 15% P or when the article to be coated has 
a more complex geometry Such as a golf club head, a face 
plate or a baseball bat, or automotive parts including engine, 
transmission and brake parts and covers, drive shafts and 
pistons and the like. 

Working Example IV 

Variable Property Nano-Ni Fe Electrodeposit to 
Grade Deposit Chemical Composition in the Deposit 

Direction with Current Density Modulation 

0162 Aluminum open-cell porous foam blocks 2x0.5x1" 
(20 pores per inch, ERG Materials and Aerospace Corp., 
Oakland, Calif., USA) were filled by coating with fine 
grained Ni-Feby placing the foam Substrates as cathodes in 
a plastic frame to expose the frontal area only to the electro 
lyte and subjected to the plating conditions indicated in Table 
3. A modified Watts nickel bath adapted for Ni Fe alloy 
plating (Integran Technologies Inc., Toronto, Ontario, 
Canada) was placed in a 40 liter tank and a Dynatronix 
(Amery, Wis., USA, Dynanet PDPR 40-100-400) pulse 
power Supply was employed. The electrolyte composition 
used is provided in Table 3 below. A soluble Ni anode was 
employed (Inco Ltd., Sudbury, Ontario, Canada) and the Fe 
concentration replenished continuously at a rate to maintain 
the Fe concentration constant. This is carried out by a “person 
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skilled in the art” appropriately use a metering pump and 
using an iron salt solution to maintain the Fe concentration in 
the bath Substantially constant. The electrical plating condi 
tions were varied, to continuously vary the alloy composition 
of the coating by ramping up the average current density from 
0 to 20 mA/cm at a rate of about 2 mA/(cmh). Table 3 also 
shows grain size and alloy composition in three grades. 

TABLE 3 

Bath Chemistry and Electrodeposit Conditions 
Used to Electrodeposita Variable property Ni–Fe Alloy Plate 

Bath Chemistry 

260 g/l NiSO46HO 
45 g/l NiCl26H2O 
8 g/l FeC14H2O 

45 g/l HBO 
46 g/l Sodiumcitrate (2H2O) 
2 g/l Sodium Saccharinate 

2.2 mill NPA-91 
ron Feed Formulation 

11 g/l FeC14H2O 
Rate of Addition: adjusted to maintain a constant Fe concentration 
in the bath 
Plating Conditions 

Electrolyte Temperature: 65° C. 
H: 22 

Electrolyte Agitation Rate (normalized for cathode 
area): 40 ml/(min cm) 
Deposition Time: 10 hrs 
Average Current Density Ramp Up Rate: 2 mA/(cm hr) 
Forward Pulse On Time ms: N/A 
Off Time ms: N/A 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density mA/cm): N/A 
Total Cycle Time: N/A 
Frequency (Hz): 0 
Duty Cycle: 100% 
Rotational Speed RPM: 0 
Bath Flow Direction: perpendicular 
Particulate Bath Content: NA 
Multiple Anodes: N/A 
Anode Shielding: N/A 

Grading Settings 1 2 3 

Average Geometric “Frontal Area. Current 2 16 2O 
Density (mA/cm 

Material Properties 

Ni Content % 95 75 63 
Fe Content % 5 25 30 
Average Grain Sizenm 15 15 15 

0163 The variable property electrodeposited Ni Fe 
Plate is useful for applications where high strength and stiff 
ness is required which benefits from a higher Fe content while 
the outer Surface is exposed to ambient conditions and corro 
sion is a concern, and the corrosion rate is reduced by lower 
ing the Fe concentration in a Ni Fe alloy in the exposed 
outer Surface. Furthermore, an increase in "average Fe con 
tent of the electrodeposit substantially reduces the cost of the 
coating, i.e., in October 2007 the cost for Ni LME metal 
amounted to USD 15 per pound, whereas the cost for elec 
trolytically pure Fe bulk was about USD 1.50 per pound. For 
instance if 10% of Ni in a pure Ni deposit is replaced by Fe, 
the deposit metal cost is decreased by 9%, if the average Fe 
content is increased to replace 25% of the bulk Ni, the cost 
savings amount to ~23%. Specific applications include high 

Oct. 20, 2011 

strength, stiff, lightweight energy absorbing structures Such 
as crash boxes built into automobile parts, i.e., into bumpers 
as well as other automotive parts including engine, transmis 
sion and brake parts and covers, drive shafts and pistons and 
the like. 

Working Example V 

Electrodepositing Variable property Nanocrystalline 
Ni Fe Electrodeposit on Graphite/Epoxy Golf 
Shaft with Cathode Rotational Speed Modulation 

0164. A light-weight graphite/epoxy golf shaft former 
with an outer diameter of about /2" was placed on a suitable 
mandrel. The mandrel was inserted in a rotator equipped with 
a variable rotation speed motor, submersed into the electro 
lyte and subjected to the plating conditions indicated in Table 
4. The modified Watts nickel bath outlined in Working 
Example II adapted for Ni Fe alloy plating (Integran Tech 
nologies Inc., Toronto, Ontario, Canada) was placed in a 40 
liter tank and a Dynatronix (Amery, Wis., USA, Dynanet 
PDPR 40-100-400) pulse power supply was employed. 
Soluble Ni-rounds (Inco Ltd, Sudbury, Ontario, Canada) and 
electrolytic Fe rounds (Allied Metals Corp. of Troy, Mich.) 
were employed as anodes. NPA-91 is provided by Atotech 
USA (Rock Hill, S.C.). The golf club shaft was the cathode. 
The plating conditions were varied, to continuously vary the 
alloy composition of the coating by reducing the rotational 
speed of the tube from 400 RPM to 120 RPM at a rate of about 
100 RPM/hr at a current density of 150 mA/cm. Table 4 
shows bath chemistry, and operating and the alloy composi 
tion and grain size at three distinct RPM settings. Table 4 
follows: 

TABLE 4 

Bath Chemistry and Electrodeposit Conditions Used to 
Electrodeposita Variable property Ni–Fe Plating, 

on a Graphite/Epoxy Golf Shaft 

Bath Chemistry 

260 g/l NiSO 6H2O 
45 g/l NiCl26H2O 
8 g/l FeC14HO 

45 g/l HBO 
46 g/l Sodiumcitrate (2H2O) 
2 g/l Sodium Saccharinate 

2.2 mill NPA-91 
Plating Conditions 

Average Current Density: 150 mA/cm 
Forward Pulse On Time ms: N/A 
Off Time ms: N/A 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density mA/cm): N/A 
Total Cycle Time: N/A 
Frequency (Hz): 0 
Duty Cycle: 100% 
Bath Flow Direction: tangential due to cathode rotation 
Particulate Bath Content: NA 
Multiple Anodes: N/A 
Anode Shielding: N/A 
Electrolyte Temperature: 65° C. 
H: 22 
Pump Induced Electrolyte Agitation Rate 
(normalized for cathode area) ml/(min cm): 0 
Deposition Time: 30 min 
Deposition Rate: 0 160 mm/hr 
Rotational Speed Ramp Up Rate: 100 RPM/hr 
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TABLE 4-continued 

Bath Chemistry and Electrodeposit Conditions Used to 
Electrodeposita Variable property Ni–Fe Plating, 

on a Graphite/Epoxy Golf Shaft 

Cathode Grading Settings 1 2 3 

Cathode Rotational Speed RPM 400 200 120 
Material Properties 

Ni Content % 71 77 86 
Fe Content % 29 23 14 
Average Grain Sizenm 15 15 15 

0.165. The variable property coating provides strength, 
resilience and wear protection to the golf shaft and, as the Fe 
content in the outer Surface is reduced, the coating provides a 
corrosion rate advantage compared to an unvaried property 
Ni-29Fe alloy coating. 

Working Example VI 

Grading of Nanocrystalline Ni Fe Electrodeposit 
with Modulation of Anode Current Fraction 

0166 A nanocrystalline Ni Fe layer with a variable 
property composition was electrodeposited on a 310 cm 
section of a carbon fiber epoxy(CFC) mold (CTE: 1x10 
C') (functioning as a cathode) in a modified Watts nickel 
bath adopted for Ni-Fe alloy plating (IntegranTechnologies 
Inc., Toronto, Ontario, Canada) and using a Dynatronix 
(Amery, Wis., USA, Dynarret PDPR 40-100-400) pulse 
power supply. A 40 liter tank was used. The electrolyte com 
position used is provided in Table 5 below. A soluble Nianode 
and a soluble Fe anode were employed, the two soluble 
anodes were connected to separate power Supplies to enable 
the individual control of the anodic currents. The negative 
leads of both power supplies were connected to the CFC 
cathode. Standard levelers, brighteners, stress relievers and 
chelating agents were employed. Conventional Ti-wire mesh 
anode baskets were employed. Ni “R”-rounds (Inco Ltd., 
Sudbury, Ontario, Canada) were used to fill the Ni anode 
basket and electrolytic Fe rounds (Allied Metals Corp. of 
Troy, Mich.) were used for the soluble iron electrode. The 
electroplating conditions and metallic layer properties used 
are summarized in Table 5 below. The data indicate that 
adjusting the relative Ni/Fe anode current densities can be 
used to control the chemical composition of the NiFe-alloy 
deposit to match the CTE of the substrate with the one of the 
near substrate layer. Similar results were achieved when 
metal salt Solution additions were used to continuously or 
abruptly change the bath composition. Table 5 follows: 

TABLE 5 

Bath Chemistry and Electrodeposit Conditions for Variable 
property Ni–Fe Electrodeposit on Carbon Fiber? Epoxy 
Mold Substrate with Anodic Current Fraction Modulation 

Bath Chemistry 

45 g/l NiCl,6H2O 
25 g/l FeSO4·H2O 
45 g/l HBO 
4 mill NPA-91 
4 g/l Sodium Saccharinate 

chelating agents, stress relievers 
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TABLE 5-continued 

Bath Chemistry and Electrodeposit Conditions for Variable 
property Ni–Fe Electrodeposit on Carbon Fiber? Epoxy 
Mold Substrate with Anodic Current Fraction Modulation 

Plating Conditions 

Temperature: 60° C. 
H: 2.5 

Electrolyte Agitation Rate (normalized for cathode area): 
50 ml/(min cm) 
Bath Flow Direction: tangential 
Rotation Speed RPM): 0 
Forward Pulse On Time ms: N/A 
Off Time ms: N/A 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density (mA/cm): N/A 
Total Cycle Time: N/A 
Frequency (Hz): 0 
Duty Cycle: 100% 
Particulate Bath Content: NA 
Multiple Anodes: yes, per grading settings below 
Anode Shielding: N/A 

Grading Settings 1 2 

Total Average Cathodic Current Density 63.2 79.4 
mA/cm 
Total Current Ni-Anode Current A 8.0 13.0 
Total Current Fe-Anode Current A 11.6 11.6 
Total Average Current A 19.6 24.6 
Fe-Anode Average Current Fraction 96 59.2 47.2 

Material Properties 

Ni Content % 35 48 
Fe Content % 65 52 
CTE 10–6 C- 1.5 9.5 
Yield Strength MPa) 565 1OSO 
Grain Size (nm) 2O 2O 

0.167 Utility for the variable property electrodeposit is to 
grade the CTE of the deposit by matching the CTE of the 
initial deposit (1.5 ppm/°C.) closely to that of the substrate 
(1.0 ppm/°C.) by initially applying the Invar composition 
followed by a reduction in Fe on the outer layer to reduce the 
corrosion rate. 

Working Example VII 
Electrodeposit of Variable Property Nanocrystalline 
Ni Fe Layer on Carbon Fiber Epoxy Mold with 
Modulation of Electrolyte Bath agitation Rate 

0168 Another nanocrystalline Ni Fe layer with a vari 
able property composition was electrodeposited onto another 
carbon fiber composite (CFC) mold functioning as cathode 
using the set up described in Example IV. The electroplating 
conditions and metallic layer properties used are summarized 
in Table 6 below, The data indicate that adjusting the electro 
lyte flow conditions can be used to control the chemical 
composition, the coefficient of thermal expansion and the 
yield strength of the NiFe-alloy deposit. 

TABLE 6 

Bath Chemistry and Electrodeposit Conditions 
for Electrodeposit of Variable property Ni–Fe 

Electrodeposits with Modulation of Bath Agitation Rate 

Bath Chemistry 

45 g/l NiCl,6H2O 
25 g/l FeSO4·H2O 
45 g/l HBO 
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TABLE 6-continued 

Bath Chemistry and Electrodeposit Conditions 
for Electrodeposit of Variable property Ni–Fe 

Electrodeposits with Modulation of Bath Agitation Rate 

4 mill NPA-91 
4 g/l Sodium Saccharinate 

chelating agents, stress relievers 
Plating Conditions 

Temperature: 60° C. 
: 2.5 
Average Cathodic Current Density (mA/cm): 65.8 
iple Anodes: yes 
Current Ni-Anode Current A: 11.2 
Current Fe-Anode Current A: 9.2 

Total Average Current A: 20.4 
Fe-Anode Average Current Fraction 96:45.1 
Anode Shielding: N/A 
Forward Pulse On Time ms: N/A 
Off Time ms: N/A 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density mA/cm): N/A 
Total Cycle Time: N/A 
Frequency (Hz): 0 
Duty Cycle: 100% 
Bath Flow Direction: tangential 
Rotation Speed RPM):0 
Particulate Bath Content: NA 

Grading Settings 1 2 

Electrolyte Agitation Rate 70 2 
(normalized for cathode area) 
ml/(min cm) 

Material Properties 

Ni Content % 41 60 
Fe Content % 59 40 
CTE 10–6 C- 3.8 11.5 
Yield Strength MPa) 724 1200 
Grain Size (nm) 2O 2O 

0169. The variable property electrodeposit of the example 
has the utility to grade the CTE of the deposit by matching the 
CTE of the deposit to that of the substrate by initially applying 
a high-Fe composition followed by a reduction in Fe-content 
towards the outer layer to reduce the corrosion rate. 

Working Example VIII 

Electrodeposit of Variable Property Nanocrystalline 
Co-SiC Deposit on Polished Ti Cathode with 

Modulation of Electrolyte (Bath) Composition. By 
Modulation of Flow Direction Flow 

0170 A nanocrystalline Co-SiC layer with a variable 
property composition was electroformed on a 100 cm pol 
ished Ti cathode in a modified Watts equivalent cobalt bath 
adopted for Co—SiC composite plating (Integran Technolo 
gies Inc., Toronto, Ontario, Canada) using a Dynatronix 
(Amery, Wis., USA, Dynanet PDPR 40-100-400) pulse 
power Supply. A 15 liter tank was used with a re-circulating 
pump. A flexible LockLineTM was attached to the pump return 
inside the plating tank, which allowed return flow to be con 
trolled within the tank The SiC volume fraction was con 
trolled by manipulating the flow at the cathode Surface, e.g., 
by controlling pump flow rate, by use and placement of educ 
tors, by adjusting the relative cathode and/or inlet line posi 
tions. The electrolyte composition used is provided as set 
forth in Table 7 below for two extreme flow configurations, 
namely “incident' flow characterized by the electrolyte flow 
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directed directly at the cathode (electrolyte flow perpendicu 
lar to the cathode surface) and the “tangential flow charac 
terized the electrolyte flow directed parallel to the cathode 
surface. A soluble Co anode and standard levelers, brighten 
ers, stress relievers and chelating agents were employed. 
Conventional Ti-wire mesh anode baskets were employed. 
Copieces (Inco Ltd, Sudbury, Ontario, Canada) were used to 
fill the Co anode basket The electroplating conditions and 
metallic layer properties used are summarized in Table 7 
below and the deposits are shown in FIG. 2. The data indicate 
that adjusting the electrolyte flow conditions can be used to 
control the ceramic volume fraction of the Co- SiC compos 
ite deposit. 

TABLE 7 

Bath Chemistry Electrodeposit Conditions 
for Variable property Co-SiC Plate with Modulation 
of SiC Volume Fraction and Cobalt Volume Fraction 

Bath Chemistry 

45 g/l CoCl6HO 
25 g/l CoSO4·H2O 
45 g/l HBO 
4 mill NPA-91 
4 g/l Sodium Saccharinate 

standard levelers, brighteners, stress relievers and chelating agents 
Particulate Bath Content (SiC) g/I): 10 
Particulate Bath volume Fraction 96): 0.3 
Plating Conditions 

Temperature: 60° C. 
bH: 2.5 
Average Current Density (mA/cm): 80 
Peak Forward Current Density (mA/cm): 320 
Forward Pulse On Time ms: t = 2 ms 
Off Time (ms): t = 6 ms 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density (mA/cm): N/A 
Total Cycle Time ms: 8 
Duty cycle: 25% 
Frequency (Hz): 125 
Rotation Speed RPM): 0 
Multiple Anodes: N/A 
Anode Shielding: N/A 

Grading Settings 1 2 

Electrolyte Flow Rate (normalized for 100 1OO 
cathode area) ml/(min cm) 
Flow Configuration Incident Tangential 
Layer thickness micron -100 -1OO 

Material Properties 

SiC Volume fraction vol%) 2O 5 
Co Content vol%) 8O 95 
Co-Deposit Grain Size (nm) 15 15 

0171 Modulation of electrodeposit particulate content 
provides for an increased particulate content in the near Sur 
face region providing for enhanced hardness and Substan 
tially enhanced wear resistance while reducing the overall 
particle content in regions where it is not required for 
enhanced hardness and wear resistance thereby retaining the 
ductility of the metal matrix. 

Working Example IX 
Electrodeposition of Variable Property 

Nanocrvstalline Ni/Amorphous NiP/Nanocrystalline 
NiP with BC Particulate Inclusion with Modulation 

of Bath Composition 
0172. This example highlights the use of electrodeposition 
to form multilayered structures varied in terms of composi 
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tion and microstructure with an abrupt transition between 
layers using the same set-up described in Working Example I. 
FIG. 3 shows a cross-section through electrodeposited Ni 
having continuous grain size change from 20 nm in the fine 
grained Ni, to amorphous Ni-P to a 12 nm fine-grained 
NiP-BC composition. Starting out with a modified Watts 
bath for depositing fine-grained nickel, property changes 
were achieved by adding phosphorous acid to the bath result 
ing in the deposition change to amorphous Ni-P and addi 
tion of BC particulates to the bath resulting in a fine-grained 
Ni P metal matrix composite with 45% by volume B.C. 
Bath composition and electrodeposition conditions are set 
forth in Table 8 below. 

TABLE 8 

Bath Chemistry and Electrodeposit 
Conditions with Modulation of Bath Composition 

Bath Chemistry 

45 g/l NiCl26H2O 
300 g/l NiSO 6H2O 
18 g/l HBO 
Snf NPA-91 
2 g/l Sodium Saccharinate 

standard levelers, brighteners, stress relievers and chelating agents 
Plating Conditions 

Temperature: 60° C. 
H: 2.5 

Plating Conditions 
Average Current Density (I) mA/cm): 80 
Peak current density mA/cm?: 320 
On Time ms: 2 
Off Time ms: 6 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density (mA/cm): N/A 
Total Cycle Time ms: 8 
Frequency (Hz): 125 
Duty Cycle: 25% 
Electrolyte Agitation Rate (normalized for cathode 
area): 20 ml/(min cm) 
Bath Flow Direction: tangential 
Rotation Speed RPM): 0 
Particulate Bath Content (in Suspension): as indicated below 
Multiple Anodes: N/A 
Anode Shielding: N/A 
Plating time min: 40 

Variable property Settings 1 2 3 

Bath Addition NA Addition of Addition of 
Phosphorous Boron Carbide, 
Acid (H3PO3: average particle 

45 g/l) size 5 m (BC: 
360 g/l) 

Material Properties 

Composition N N. S.9P Ni– 5.9P+ 
45 vol% BC 
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TABLE 8-continued 

Bath Chemistry and Electrodeposit 
Conditions with Modulation of Bath Composition 

Hardness (VHN) 62O 611 610 
Average Grain Sizenm 2O NA 12 

amorphous 
Layer Thickness Lim 60 75 60 
Taber Wear Index 21 26 1.5 

0173 Grading of deposit composition provides benefits of 
enhancing the wear rate as indicated by the TWI towards the 
outer Surface and, by inclusion of particulate in inner layer 
and provides barrier to prevent penetrating corrosion and 
prevents intergranular corrosion by applying an amorphous 
intermediate layer. Similar results are achieved when the 
coating comprises Co and Co-P with 0.5 to 15% P. 

Working Example X 
Electrodeposit of Nanocrvstalline Ni Fe Plate with 

Modulation of Pulse Parameters 
0.174 Fine-grained NiFe-layers with variable property 
composition were electrodeposited onto a graphite-fiber-ep 
oxy mold cathode from a Nickel Iron plating bath (401 tank) 
using grain refiners, levelers, brighteners, stress relievers and 
chelating agents (Integran Technologies Inc., Toronto, 
Ontario, Canada). Nickel “R”-rounds (Inco Ltd., Sudbury, 
Ontario, Canada) and electrolytic iron chips (Allied Metals 
Corp, Troy, Mich., USA) were used as anode material. The 
plating current was Supplied by a Dynatronix (Amery, Wis., 
USA, Dynanet PDPR 20-30-100) pulse power supply. The 
electrolyte and the electroplating conditions used are indi 
cated in Table 9 below. To achieve coefficient of thermal 
expansion (CTE) matching between a substrate (CTE: -3.5 
ppm/°C.) and the Nanoplate R layer the Fe concentration 
close to the mold substrate was kept close to that of Invar 
composition (65% Fe) and the composition was altered to 
maximize the yield strength near the outer Surface. The varia 
tion in composition of the metallic layers was achieved by 
modulating the electroplating conditions by incorporating I 
ms long anodic pulses of increasing height to the 9 ms for 
ward pulse schedule demonstrating the intrinsic flexibility of 
electrodeposition to alter selected material properties. FIG. 4 
shows the variation in yield strength and coefficient of ther 
mal expansion (CTE) values and Fe content across the cross 
section of the electrodeposited NiFe foil showing the compo 
sition change from 25% Fe to 60% Fe through the deposit 
thickness. In FIG. 4 reference numeral 1 designates iron 
concentration; reference numeral 2 designates CTE; and ref 
erence numeral 3 desigates yield strength. Using this 
approach a variety of electrodeposited NiFe coatings on 
graphite fiber-epoxy mold components as well as freestand 
ing foils were produced with the composition varied continu 
ously, discontinuously, or by combinations thereof. Free 
standing foils with variable property iron composition in this 
range are effectively used as thermostastic bi-metals. 

TABLE 9 

Bath Chemistry and Electrodeposit Condition to 
Deposita Variable property Ni–Fe Plate, with Modulation of Pulse Parameters 

25 g/l FeSO 6H2O 
45 g/l NiCl26H2O 
45 g/l HBO 
Snf NPA-91 

Bath Chemistry 
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TABLE 9-continued 

Bath Chemistry and Electrodeposit Condition to 
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Deposit a Variable property Ni-Fe Plate, with Modulation of Pulse Parameters 

2 g/l Sodium Saccharinate 
chelating agents, stress relievers 

Plating Conditions 

Electrolyte Temperature: 60° C. 
Peak Forward Current Density: 50 mA/cm’ 
On Time: 9ms 
Off time: NA 

Reverse Pulse On Time ms: 1 
Total Cycle Time ms: 10 
Frequency Hz: 100 
Duty Cycle %: 90 
pH: 2.5 
Electrolyte Agitation Rate (normalized for cathode area): 20 ml/(min cm) 
Bath Flow Direction: tangential 
Rotation Rate (RPM):0 
Particulate Bath Content: NA 
Multiple Anodes: N/A 
Anode Shielding: N/A 

Variable property Settings 1 2 3 4 5 6 7 8 9 10 

Reverse Pulse Peak Current O 4 8 12.5 17 21 25 30 33.5 37.5 
Density (mA/cm 
Average Current Density 450 44.6 44.2 43.8 43.3 42.9 425 42.0 41.7 41.3 
mA/cm 
Distance from the Substrate 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 

Lim 
Material Properties 

Composition 96 Fe 59.9 58.1 54.1 52.4 51.9 48.8 46.2 44.4 34.4 25.1 
CTE 10–6 C-1 3.8 S.3 8 9.S 10 1O.S 11 115 11.8 12 
Yield Strength MPa) 724 83O 980 1034 10SO 1103 11SO 1181. 1293 1379 
Grain Size (nm) 2O 2O 2O 2O 2O 2O 2O 2O 2O 2O 

0.175. The electrodeposit has matching CTE at its interface 
with mold substrate and provides benefit of preventing 
delamination while maintaining the physical dimensions to 
tight tolerances during temperature cycling and also high 
yield strength on exposed surface providing benefit of being 
able to provide composite molds at much reduced weights 
reducing the process cycle times significantly. 
0176). As illustrated in Table 9 the grain size was deter 
mined to be about 20 nm for all samples and remained unaf 
fected by the changing pulsing conditions. This example 
illustrates that the use of anodic pulsing and the resulting 
change in the “polarity ratio” as defined in Detor US 2006/ 
0272949 does not, as illustrated for Ni W, result in the 
“expected variation of the grain size of other Ni-based 
alloys. 

Working Example XI 

Variable Porosity Nanocrystalline Ni Fe Alloy 
Electrodeposit into a Foam Substrate 

(0177. The inherent flexibility of the electrosynthesis 
method provides the opportunity to engineer a high strength 
transition Zone between porous Substrate cores and fully 
dense metallic facing plates. This interface is a critical ele 
mentin, e.g., sandwich composite designs, which often fail by 
a delamination mechanism at the core/face plate interface. By 
controlling the relative deposition rates within, e.g., core 

foam and at the outer foam Surface, a transition Zone can be 
engineered to produce a fully dense Surface upon which high 
strength facing plates can be deposited providing a continu 
ous and high-strength metallurgical bond between the core 
and facing plates. 
0.178 An example of such an ultra-light structure of high 
strength and stiffness synthesized using grading is illustrated 
in this working example. 
0179 A reticulated carbon open-cell foam coupon 2x0.5x 
1" (20 pores per inch, ERG Materials and Aerospace Corp., 
Oakland, Calif., USA) was used and placed in a plastic frame 
closed at the backside to expose the frontal area only to the 
electrolyte and Subjected to the plating conditions set forth in 
Table 10. The foam served as the cathode. A modified Watts 
nickel bath adopted for Ni Fe alloy plating (Integran Tech 
nologies Inc., Toronto, Ontario, Canada) was placed in a 40 
liter tank and a Dynatronix (Amery, Wis., USA, Dynanet 
PDPR 40-100-400) pulse power supply was employed. A 
soluble Ni Fe anode was employed using Ni rounds (Inco 
Ltd., Sudbury, Ontario, Canada) and electrolytic Fe rounds 
(Allied Metals Corp. of Troy, Mich.). Fine-grained Ni-20Fe 
was deposited part of the way into the open carbon structure 
and the foam was “increasingly filled with metallic material 
towards the surface of foam. Finally a carbon foam free layer 
was deposited onto the outer surface which was free of any 
porosity. Table 10 also highlights the volume fraction of the 
n-Ni-20Fe in three distinct locations. 
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TABLE 10 

Bath Chemistry and Electrodeposit Conditions for Variable property 
Nanocrystalline Ni–Fe into a Reticulated Open Cell Foam 

Bath Chemistry 

260 g/l NiSO 6H2O 
45 g/l NiCl26H2O 
8 g/l FeC14HO 

45 g/l HBO 
46 g/l Sodiumcitrate (2H2O) 
2 g/l Sodium Saccharinate 

2.3 mill NPA-91 
chelating agents, stress relievers 
Plating Conditions 

Electrolyte Temperature: 65° C. 
H: 22 

Average “Geometric Frontal Area Current Density: 100 mA/cm 
Forward Pulse On Time ms: N/A 
Off Time ms: N/A 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density mA/cm): N/A 
Total Cycle Time: N/A 
Frequency (Hz): 0 
Duty Cycle: 100% 
Rotation Speed RPM): 0 
Bath Flow Direction: tangential 
Particulate Bath Content: NA 
Multiple Anodes: N/A 
Anode Shielding: N/A 
Electrolyte Agitation Rate (normalized for cathode frontal 
area): 40 ml/(min cm) 
Deposition Rate: 0.10 mm/hr 

2/transition 3 outer 
Grading Settings 1 substrate layer Surface 

Material Properties 

Carbon Content vol% 25 25 O 
Ni–20Fe Content vol%) O 50 1OO 
Porosity 9% 75 25 O 
Average Grain Size of Ni–20Fe NA 15 15 
Deposit nm. 

0180 A cross-section of resulting structure with variable 
property electrodeposit is shown in FIG. 5. 
0181. The utility of the product is to transition a porous 
structure into a fully dense structure which is intimately fused 
to provide lightweight solutions for a number of structural 
applications, i.e., energy absorbing structures for use as crash 
Zones in automobiles or various automotive, sporting goods 
and defense (e.g., body armor) applications. Grading pro 
vided fine-grained Ni Fe and hardness at the surface and 
porosity at the other end. 

Working Example XII 
Electrodeposit of Nanocrystalline Ni-Fe Alloy 

Deposit Variable Property According to Composition 
Using Nickel and Iron Anode with Modulation of the 

Current to the Iron and Nickel Anode 

0182. A nanocrystalline Ni Fe layer with a variable 
property composition was electrodeposited on a 256 cm 
polished Ti cathode in a modified Watts nickel bath adopted 
for Ni-Fe alloy plating (IntegranTechnologies Inc., Toronto, 
Ontario, Canada) and using a Dynatronix (Amery, Wisc. 
USA, Dynanet PDPR 20-30-100) pulse power supply. A 60 
liter tank was used. The electrolyte composition used is pro 
vided in Table 11 below. A soluble Ni anode and a soluble Fe 
anode were employed; the two soluble anodes were con 
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nected to separate power Supplies to enable the individual 
control of the anodic currents. The negative leads of both 
power supplies were connected to the Ti cathode. Current to 
the iron anode was reduced by approximately 600 mA in a 
step wise fashion every three hours until the lower limit was 
attained. Conversely, the current to the nickel anode was 
increased Such that the total cathodic current remained at the 
specified level Total deposition time was 14.5 hours. Standard 
levelers, brighteners, stress relievers and chelating agents 
were employed. Conventional Ti-wire mesh anode baskets 
were employed. Ni"R'-rounds (Inco Ltd., Sudbury, Ontario, 
Canada) were used to fill the Nianode basket and electrolytic 
Fe rounds (Allied Metals Corp. of Troy, Mich., USA) were 
used for the soluble iron electrode. The electroplating condi 
tions used and results are summarized in Table 11 below. 
Results are indicated in FIG. 6 and indicate that adjusting the 
relative Ni/Fe anode current densities can be used to control 
the chemical composition of the NiFe-alloy deposit. Similar 
results were achieved when metal salt solution additions were 
used to continuously or abruptly change the bath composi 
tion. 

TABLE 11 

Bath Chemistry and Electrodeposit Conditions for Electrodepositing 
Ni—Fe Plate Variable property According to Ni and Fe Contents 

Bath Chemistry 

45 g/l NiCl,6H2O 
25 g/l FeSO4·H2O 
45 g/l HBO 
4 mill NPA-91 
4 g/l Sodium Saccharinate 

chelating agents, stress relievers 
Plating Conditions 

Temperature: 60° C. 
H: 2.5 
Forward Pulse On Time ms: N/A 
Off Time ms: N/A 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density mA/cm): N/A 
Total Cycle Time: N/A 
Frequency (Hz): 0 
Duty Cycle: 100% 
Rotation Speed RPM): 0 
Bath Flow Direction: tangential 
Particulate Bath Content: NA 
Multiple Anodes: Yes, per settings below 
Anode Shielding: N/A 
Electrolyte Agitation Rate (normalized for cathode area): 
50 ml/(min cm) 
Deposition Rate: 0.05 mm/hr 

Grading Settings Initial Final 

Total Average Cathodic Current Density 65 65 
mA/cm 
Total Current Ni-Anode A 12.8 14.65 
Total Current Fe-Anode A 2.3 O45 
Total Average Current A 15.1 15.1 
Fe-Anode Average Current Fraction 96 15 3 

Material Properties 

Ni Content % 86.24 96.03 
Fe Content % 13.76 3.97 
Grain Size (nm) 2O 2O 

0183. The structure with results of Table 11 has utility for, 
i.e., Soft magnetic applications and grading according to 
increased nickel content towards the outer Surface provides 
the benefit of reduced corrosion rate. The replacement of part 
of the Ni by Fe also lowers the cost of the coating. 
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Working Example XIII 

Electrodeposit of Fine-Grained Pure Iron Variable 
property Deposit on Copper Metallized Chlorinated 
Poly(vinyl chloride) Substrate By Modulating Plat 

ing Parameters 

0184. A multilayered, grain size variable property Fe-de 
posit was electroplated on a chlorinated poly(vinyl chloride) 
(CPVC) cylindrical substrate (50cm surface area) in an iron 
bath (1.51 tank) using grain refiners, levelers, brighteners, 
stress relievers and chelating agents including C77 (Integran 
Technologies Inc., Toronto, Ontario, Canada). Electrolytic 
lion Pieces (Allied Metals Corporation, Troy, Mich.) were 
used as anode material. The plating current was Supplied by a 
Dynatronix (Amery, Wis., USA, Dynanet PDPR40-100-400) 
pulse power Supply. The electrolyte and the electroplating 
conditions used are indicated in Table 12 below. Prior to iron 
plating, the CPVC substrate was copper metallized and this I 
2 micron-thick conductive layer can be seen near the top of 
the cross-sectional image that is presented in FIG. 7 Subse 
quent to metallization, a soft, ductile, coarse-grained (about 5 
microns) pure Fe layer (thickness: about 100 microns) was 
electrodeposited onto the copper. Following this step, alter 
nating variation in grain size hardness and internal stress of 
the metallic Fe layers was achieved by modulating the elec 
troplating conditions as indicated in. Table 12 below. FIG. 7 
illustrates the overall structure and individual layer thickness 
of about 2.5 microns. The hardness of the alternating layers 
was varied from 160-240VHN (grain size: about 5 micron) to 
550-600 VHN (grain size: about 15-40 nm) through the 
deposit thickness. Using this approach a variety of electrode 
posited plates were produced with grain sizes varied continu 
ously, discontinuously, or by combinations thereof. 

TABLE 12 

Bath Chemistry and Electrodeposit Conditions 
for Electrodeposit of Variable property Iron Electrodeposit 
with Modulation of Current Density and Pulse Parameters 

Bath Chemistry 

10 g/l FeSO 7H2O 
00 g/l FeCl4H2O 
45 g/l HBO 
30 g/l C77 

chelating agents, stress relievers 
Plating Conditions 

Electrolyte Temperature: 90° C. 
H: 2 

Electrolyte Agitation Rate (normalized for cathode 
area): 20 ml/(min cm) 
Rotation Speed RPM); 0 
Bath Flow Direction: tangential 
Particulate Bath Content: NA 
Multiple Anodes: N/A 
Anode Shielding: N/A 

Variable property and multilayered Settings 1 2 

Average Current Density (I) (mA/cm 82.5 2OO 
Peak Forward Current Density (mA/cm 150 2OO 
Forward Pulse On Time ms: 7 NA 
Off Time ms O O 
Reverse Pulse On Time ms 3 O 
Reverse Pulse Peak Current Density (mA/cm 75 NA 
Total Cycle Time ms 10 NA 
Frequency (Hz): 1OO O 
Duty Cycle %: 70 1OO 
Plating Time min 2 O.6 
Layer Thickness Lim 2.5 2.5 
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TABLE 12-continued 

Bath Chemistry and Electrodeposit Conditions 
for Electrodeposit of Variable property Iron Electrodeposit 
with Modulation of Current Density and Pulse Parameters 

Material Properties 

Hardness (VHN) 550 160 
Average Grain Sizenm 30 30% -SOOO 
Internal Stress (tensile) ksi) 30 3 

0185. The grading provides benefit of being able to build 
up Fe layers by alternating hard Fe but highly stressed Fe 
layers with soft layers of low internal stress. 

Working Example XIV 

Electrodeposit of Variable Property Ni Fe by Vary 
ing Flow Rate 

0186 Nanocrystalline Ni Fe with a variable property 
composition from the center to the outside of the sample was 
electrodeposited onto a 100 cm section of a carbon fiber 
epoxy panel cathode using a modified Watts nickel bath 
adapted for Ni-Fe alloy plating (IntegranTechnologies Inc., 
Toronto, Ontario, Canada) in a 40 liter tank using a Dyna 
tronix (Amery, Wis., USA, Dynanet PDPR 20-30-100) pulse 
power Supply. Standard levelers, brighteners, stress relievers 
and chelating agents were employed The electrolyte compo 
sition and electroplating conditions that were used are sum 
marized in Table 13. A soluble Ni Fe anode was employed 
which consisted of a conventional Ti-wire mesh basket filled 
with Ni “R”-rounds (Inco Ltd., Sudbury, Ontario, Canada) 
and electrolytic iron chips (Allied Metals Corp, Troy, Mich., 
USA). A carbon fiber reinforced carbon (CFC) cathode was 
positioned in the tank such that a flow nozzle, with a 0.5" 
diameter, was directed at the centre of the sample a distance of 
6" away. To grade the deposit in all three dimensions the flow 
rate was varied between 0 and 6 gallons per minute with flow 
directed at the center of the samples. Table 14 depicts the 
compositional data in one grade as a function of the distance 
from the centerfor three distinct flow rates. The grain size was 
determined to be similar, between 20+25% nm for all 
samples, regardless of deposition conditions. 

TABLE 13 

Bath Chemistry and Plating Conditions 

Bath Chemistry 

45 g/l NiCl,6H2O 
25 g/l FeSO4·H2O 
45 g/l HBO 
4 g/l Sodium Saccharinate 

chelating agents, stress relievers 
Plating Conditions 

Average Current Density: 65 mA/cm’ 
Temperature: 60° C. 
pH: 2.5 
Deposition Rate: 0.075 mm/hr 
Forward Pulse On Time ms: N/A 
Off Time ms: N/A 
Reverse Pulse On Time ms: N/A 
Reverse Pulse Peak Current Density (mA/cm): N/A 
Total Cycle Time: N/A 
Frequency (Hz): 0 
Duty Cycle: 100% 
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TABLE 13-continued 

Bath Chemistry and Plating Conditions 

Electrolyte Agitation Rate (normalized for cathode area): 
20 ml/(min cm) 
Rotation Speed RPM):0 
Bath Flow Direction: tangential 
Multiple Anodes: N/A 
Anode Shielding: N/A 
Particulate Bath Content: NA 

TABLE 1.4 

Grading as a Function of Distance From Center 

Flow Rate Igpin 

O 2O 39 5.8 

Vertical Distance from Substrate O 25 50 75 
Llm 
Weight% Fe at the Center 56 45 43 35 
Weight% Fe 1 in from the Center 56 47 44 38 
Weight% Fe 2.5 in from the 56 48 45 40 
Center 
Weight% Fe 4 in from the Center 56 50 48 46 
Weight% Fe 7.5 in from the 56 56 56 56 
Center 
Variation in Fe Composition in O 2O 23 38 
the Layer .9% 

0187 Concurrent grading in a deposit direction is shown 
in FIG. 8. 
0188 Similar results are achieved when the flow is 
directed on the inside or outside of a tube. Using this approach 
gun barrels can be coated, i.e., with nanocrystalline-NiW or 
nanocrystalline-CoP based coatings including metal matrix 
composite coatings including particulates selected from the 
group of diamond, carbides of B, Si, and W., nitrides of Al, B 
and Si. Varying of the composition, grain size and/or the 
particulate content of the electrodeposit along the barrel and 
throughout the coating thickness can be achieved. 

Working Example XV 
Graded Ni Fe Alloy Composition by Varying the 
Pulse Reverse Conditions and Anode Shielding 

0189 Nanocrystalline Ni Fe with a graded composition 
from the top to the bottom was electrodeposited onto a 60 cm 
section of a cylindrical carbon fiber composite (CFC) rod 
using a modified Watts nickel bath adopted for Ni Fe alloy 
plating (Integran Technologies Inc., Toronto, Ontario, 
Canada) in a 40 liter tank using a Dynatronix (Amery, Wis., 
USA, Dynanet PDPR 20-30-100) pulse power supply. Stan 
dard levelers, brighteners, stress relievers and chelating 
agents were employed. The electrolyte composition and elec 
troplating conditions that were used are Summarized in Table 
15. A soluble Ni Fe anode was employed which consisted 
of a conventional Ti-wire mesh basket filled with Ni 'R'- 
rounds (Inco Ltd., Sudbury, Ontario, Canada) and electrolytic 
iron chips (Allied Metals Corp, Troy, Mich., USA). The 
soluble Ni Fe anode was shielded using a polymer sheet 
such that only the bottom 2" of the anode was exposed and 
faced the CFC cathode which was positioned in the tank 
approximately 6" away. To vary the deposit composition in 
two dimensions reverse current pulses were employed and the 
average peak pulse reverse current was varied between 68 and 
100 mA/cm. Table 16 below and FIG.9 show the composi 
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tional data as a function of the distance from the bottom of the 
cylindrical rod for distinct pulse reverse conditions. The data 
indicates that varying the peak pulse reverse current during 
plating as well as shielding the anode to create a cathodic 
current density gradient across the Surface of the sample can 
be used to control the chemical composition of the NiFe-alloy 
deposit in multiple dimensions. The grain size was deter 
mined to be between 20+25% nm for all samples and 
remained relatively unaffected by the changing process con 
ditions. This example illustrates that, in the case of Ni Fe 
alloy electroplating changing the “polarity ratio” as defined in 
Detor US 2006/0272949 and does not, as illustrated for 
Ni W, result in the “predicted variation of the grain size but 
merely in the composition of the alloy. 

TABLE 1.5 

Bath chemistry and plating conditions used to electrodeposit 
a Ni-Fe plate with graded composition 

Bath Chemistry 

45 g/l NiCl,6HO 
65 g/l FeSO4H2O 
45 g/l HBO 
4 mill NPA-91 
4 g/l Sodium Saccharinate 

standard levelers, brighteners, stress relievers and chelating agents 
Plating Conditions 

Peak Forward Current Density: 19.2 mA/cm 
Forward Pulse On Time ms: 21 
Off Time ms: N/A 
Reverse Pulse On Time ms: 9 
Total Cycle Time ms: 30 
Frequency (Hz): 33 
Duty Cycle: 70% 
Electrolyte Agitation Rate (normalized for cathode area): 
20 ml/(min cm) 
Rotation Rate (RPM); 1 
Bath Flow Direction: tangential 
Multiple Anodes: N/A 
Anode Shielding: yes, 50% of the geometrical anode area is shielded 
Particulate Bath Content: NA 
Temperature: 50° C. 
H: 2.O 

TABLE 16 

Variation in iron concentration as a function of the distance 
from the bottom of the sample for an electrodeposited Nano 
NiFe deposit produced with a graded current density under 

different pulse reverse wave conditions 

Variable Property Setting 1 2 3 4 

Reverse Pulse Peak Current 8.8 9.6 11.5 12.8 
Density (mA/cm 
Total Average Current Density 10.8 10.6 1O.O 9.6 
(mA/cm 
Distance from the Substrate O 15 30 45 
Surface Lim 
Weight % Fe 0.25 in from Bottom 86.8 78.1 56.8 27.6 
Weight % Fe 2 in from Bottom 82.3 67.2 50.5 2SO 
Weight % Fe 2.9 in from Bottom 80.9 66.5 SO.4 21.3 
Weight % Fe 3.75 in from Bottom 76.4 66.9 49.5 22.9 
Variation in Fe Composition 12 14 13 16 
Across the Length of the Rod 
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Working Example XVI 

Graded Cu Composition by Varying the Pulse Condi 
tions to Electroform Sputter Targets 

0190. Fine-grained graded copper discs were deposited on 
a polished titanium cathode (25 cm diameter) in a copper 
pyrophosphate-based bath (60 I tank) using OFHC copper as 
the anode material. The plating current was Supplied by a 
Dynatronix (Amery, Wis., USA, Dynanet PDPR40-100-400) 
pulse power Supply. The electrolyte and the electroplating 
conditions used are indicated in Table 17. The data indicate 
that varying electrical conditions during plating can be effec 
tively used to control the hardness, grain-size and texture of 
the deposit in the deposition direction. The resulting variable 
property structure is shown in FIG. 10 which shows a cross 
section of the electrodeposited Cusputter target after removal 
from the temporary substrate. The sample was embedded in 
epoxy, cross-sectioned, polished and hardness tested before 
the image was recorded. FIG. 10 shows that the electrodepos 
ited variable property Cu Sputter target consists of two layers, 
the first layer being about 300 micron thick with a fine 
grained microstructure with average grain sizes of 650 nm 
followed by a 200 micron thick ultra-fine grained layer with 
an average grain size of 70 nm. The indentations created by 
the tip of the hardness tester are indicative of the different 
hardness values. 

TABLE 17 

Bath Chemistry and Electrodeposit Conditions Used to 
Electrodeposit a Free Standing Cu Plate with Three 

Distinct Layers of Different Grain Size in the Deposit Direction 

Bath Chemistry 

50 g/l KHPO. 
47 g/l KOH 
15 g/l KNO. 
5 ml/l NHOH 

HP2O7 to adjust pH 
wetting agents, stress relievers 
Plating Conditions 

Electrolyte Temperature: 50° C. 
pH: 8.5 
Electrolyte Agitation Rate (normalized for cathode 
area): 20 ml/(min cm) 
Rotation Speed RPM); 0 
Bath Flow Direction: tangential 
Particulate Bath Content (in Suspension): N/A 
Multiple Anodes: N/A 
Anode Shielding: N/A 

Variable property and multilayered 
Settings 1 2 

Average Current Density (I) mA/cm 35 35 
Peak Forward Current Density (mA/cm 35 70 
Forward Pulse On Time ms NA 2O 
Off Time ms O 2O 
Reverse Pulse On Time ms O O 
Reverse Pulse Peak Current Density NA NA 
(mA/cm 
Total cycle time ms NA 40 
Frequency (HZ) O 25 
Duty Cycle % 1OO 50 
Plating Timehr 10 6.5 
Layer Thickness Lim 3OO 200 
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TABLE 17-continued 

Bath Chemistry and Electrodeposit Conditions Used to 
Electrodeposit a Free Standing Cu Plate with Three 

Distinct Layers of Different Grain Size in the Deposit Direction 

Material Properties 

Hardness (VHN) 90 18O 
Average Grain Sizenm 6SO 70 
Structure columnar Equiaxed 

0191 The targets with fine-grained microstructures (less 
than 10 microns) provide improved overall sputtered film 
uniformity and reduced target arcing. Fine-grained sputter 
targets therefore offer improved sputtering performance ver 
sus their chemically equivalent coarse-grained counterparts. 
As the material utilization in Sputtering targets is only about 
30% suggesting only about /3 of the total thickness of the 
target can actually be used it is of paramount importance that 
the near Surface layer utilized in the Sputtering process has a 
microstructure which is fine-grained and quasi-isotropic 
requiring equiaxed grains with little texture and hence, 
columnar grains with texture are highly undesirable. A sputter 
target having a randomly oriented, fine-grained microstruc 
ture results in uniform sputtering and consequently a uni 
formly deposited film. Fine-grained sputter target Surfaces 
also result in an increased ability to maintain an acceptable 
Surface roughness with increased sputtering time and this 
ultimately translates into increased target longevity and 
decreased target material utilization. The advantage of the 
grading is that the back-layer having an average grain size of 
650 nm has higher electrical conductivity than the ultra-fine 
grained surface-layer having an average grain size of 70 nm 
This variation in electrical conductivity with grain size occurs 
because grain boundaries are effective electron Scattering 
sites and so fine-grained polycrystalline materials are gener 
ally less electrically conductive than chemically equivalent 
coarse-grained materials. Therefore, while it is the case that 
fine-grained materials are highly desirable from a sputter 
target performance and longevity standpoint, the ability to 
seat Such a fine-grained structure on top of a less resistive but 
chemically equivalent underlayer enables the overall sputter 
target with optimal performance without the need to incur a 
deleterious electrical conductivity penalty. 
0.192 Selected fine-grained Cu discs comprising layered 
and/or graded grain-sizes were produced and evaluated as 
sputter targets in the as-plated condition and after a grain 
growth heat treatment. Texture intensity of all samples in the 
consumable surface-layer was determined to be between 1 
and 6 times random, Under the same sputtering conditions, 
for an average sputtered film thickness of 100 nm, it was 
observed that the films sputtered using the targets described 
above showed a reduction in the resistivity of more than 40% 
compared to the conventional commercial Sputter targets. 
Additionally, the sputtered films made from the targets 
described above exhibited a noticeably more uniform thick 
ness distribution. Unlike the case of commercial coarse 
grained sputter targets no evidence of intergranular degrada 
tion leading to grain dropping was observed in the novel 
targets. 

Variations 

0193 The foregoing description of the invention has been 
presented describing certain operable and preferred embodi 
ments. It is not intended that the invention should be so 
limited since variations and modifications thereof will be 
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obvious to those skilled in the art, all of which are within the 
spirit and scope of the invention. 

1. A method of preparing a variable property metallic 
deposit, comprising the steps of electrodepositing a metallic 
material from an aqueous electrolyte bath in a single electro 
lytic cell having at least one anode and at least one cathode 
with electrodepositing parameters being average current den 
sity ranging from 5 to 10,000 mA/cm, forward pulse on time 
ranging from 0.1 to 500 ms, pulse off time ranging from 0 to 
10,000 ms, reverse pulse on time ranging from 0 to 500 ms, 
peak forward current density ranging from 5 to 10,000 
mA/cm; peak reverse current density ranging from 5 to 
20,000 mA/cm; frequency ranging from 0 to 1,000 Hz; a 
duty cycle ranging from 5 to 100%; bath temperature ranging 
from 0 to 100° C.; working electrode rotation speed ranging 
from 0 to 1,000 rpm; when two or more soluble anodes of 
different compositions are used, average current fraction in 
each anode ranging from 5 to 95%; bath agitation rate ranging 
from 1 to 6,000 ml/(min/cm); bath flow direction at cathode 
ranging from incident perpendicular) to tangential; shield 
ing anode by covering between 0-95% of the geometrical 
anode Surface area; and bath electrochemically inert particu 
late content ranging from 0 to 70% by volume; and modulat 
ing at least one of these parameters during the electrodepos 
iting to cause variation in a deposit property by more than 
10% to vary at least one property selected from the group 
consisting of grain size, hardness, yield strength, Young's 
modulus, resilience, elastic limit, ductility, internal or 
residual deposit stress, stiffness, chemical composition, coef 
ficient of thermal expansion, coefficient of friction, electrical 
conductivity, magnetic coercive force, thickness; and in the 
case of electrodeposit of metal matrix composites, Volume 
particulate fraction particulate particle size, particulate shape 
and/or particulate chemistry; and provide a deposit thickness 
ranging from 20 microns to 5 cm having a fine-grained micro 
structure with an average grain size ranging from 2 nm to 
10,000 nm throughout 1.5 nm to 5 cm of said thickness. 

2. The method of claim 1 where at least two of the elec 
trodeposition parameters are varied to cause at least two of 
said properties to vary by more than ten percent. 

3. A method of claim 1 wherein said deposit thickness 
furthermore contains coarse-grained and/or and amorphous 
sections. 

4. The method according to claim 1 wherein the metallic 
material is a metal selected from the group consisting of Ag, 
Au, Cu, Co, Cr, Mo, Ni, Sn, Fe, Pd, Pb, Pt, Rh, Ru and Zn. 

5. The method according to claim 1 wherein the metallic 
materials an alloy of one or more elements selected from the 
group consisting of Ag, Au, Cu, Co, Cr, Mo, Ni, Sn, Fe, Pd, Pt, 
Rh, Ru, and Zn and optionally one or more elements selected 
from the group consisting of B, PC, Mo, S and W: wherein a 
binary alloy in which an element is Ni, Fe, or Co., the other 
element is not W. Mo or P; and wherein in a binary allow in 
which an element is Ni, the other element is not Fe; and 
wherein inabinary alloy in which one element is Co, the other 
element is not Zn; and wherein in a binary alloy in which one 
element is Cu, the other element is not Ag; and wherein in a 
binary alloy in which one element is Cr, the other element is 
not P; and wherein the ternary allows Ni W-B and 
Co—Ni Pare excluded. 

6. A method according to claim 1 wherein said metallic 
material contains: 
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(i) one or more metals selected from the group consisting of 
Ag, Au, Cu, Co, Cr, Mo, Ni, Sn, Fe, Pd, Pb, Pt, Rh, Ru 
and Zn; 

(ii) at least one element selected from the group consisting 
of C, O and S; and 

(iii) optionally at least one or more elements selected from 
the group consisting of B. P. Mo, and W. 

7. A method according to claim 1 wherein said bath com 
position is selectively and reversibly modulated by one or 
more steps comprising use of two anodes with individual 
current control; adding components using a metering pump, 
air agitation to selectively oxidize bath component, agitation 
to keep particles in Suspension so they are deposited; addi 
tion, modification or removal of bath components via a fluid 
circulation loop, and mixing to affect local ion concentration 
(s) at the cathode Surface. 

8. The method of claim 1 carried out to produce a free 
standing variable property metallic deposit. 

9. The method of claim 1 carried out to produce a free 
standing variable property layered structure. 

10. The method of claim 1 where the electrodepositing is 
onto at least part of a surface of a Substrate. 

11. The method of claim w where the electrodepositing is 
onto a porous substrate to infiltrate at least part of the sub 
Strate. 

12. The method of claim 1 where electrodepositing is onto 
a Substrate of an orthopedic prosthesis, firearm component, 
mold, sporting good, electronic appliance, Sputter target or 
automotive component. 

13. (canceled) 
14. The method of claim 1 where electrodepositing is not 

only to cause variation by more than 10% in property along 
the depth of the deposit but also along the length and/or width 
of the deposit. 

15. The method of claim 14 where electrodepositing is onto 
a Substrate of an orthopedic prosthesis, firearm component, 
sporting good, electronic appliance or automotive compo 
nent. 

16. (canceled) 
17. (canceled) 
18. An article having a metallic layer, having 
a. a thickness between 30 um and 5 cm and a weight 

between 5 and 100% of the total weight of the article: 
b. at least one deposit property of said metallic layer 

Selected from the group consisting of chemical compo 
sition, grain size, hardness, yield strength, Young's 
modulus, resilience, elastic limit, ductility, internal 
stress, residual stress, stiffness, coefficient of thermal 
expansion, coefficient of friction, electrical conductiv 
ity, magnetic coercive force, thickness; and in the case of 
metal matrix composites, Volume particulate fraction 
particulate particle size, particulate shape and/or par 
ticulate chemistry, varied by more than 10% in the layer 
height direction; and 

c. said metallic layer having a fine-grained microstructure 
with an average size ranging from 2 nm to 10,000 nm 
throughout between 1.5 nm to 5 cm of said thickness. 

19. An article according to claim 18, wherein said deposit 
property is varied by more than 10% in the layer height 
direction and also at least in one of the length or width direc 
tions. 

20. An article according to claim 18, wherein said metallic 
layer is a pure metal selected from the group Ag, Au, Cu, Co. 
Cr, Ni, Sn, Fe, Pt and Zn; and alloy of two or more of these 
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metals, or an alloy of at least one of these metals and a 
component selected from the group consisting of Mo, W. C. P. 
S and Si. 

21. An article according to claim 20, wherein said metallic 
layer further comprises between 2.5% and 75% by volume of 
particulate material. 

22. An article according to claim 21, wherein said particu 
late material is selected from the group consisting of metal 
powders, metal alloy powders and metal oxide powders of Al, 
Co, Cu, In, Mg, Ni, Si, Sn, V and Zn; nitrides of Al, Band Si; 
graphite, diamond, nanotubes, and/or Buckminster 
Fullerenes; carbides of B, Cr, Si, W: self lubricating materials 
Such as MoS and Substantially inert polymeric materials. 

23. An article according to claim 18, wherein said article is 
a component or part of an automotive, aerospace, sputter 
target, sporting good, electronic appliance, industrial, manu 
facturing or defense industry application. 

24. An article according to claim 23, wherein said article is 
a component or part of a sporting equipment selected from the 
group consisting of golf clubs, golf club heads and faceplates, 
arrows, fishing rods, hockey Sticks, baseball bats, tennis rac 
quets, skate blades, skis, Snowboards, bicycle frames and 
firearms selected from the group consisting of handguns, 
rifles and shotguns. 

25. An article according to claim 24, wherein said article is 
a golf club shaft, arrow shaft or baseball bat and said metallic 
layer extends over at least part of the inner or outer surface of 
said shaft or bat. 

26. A golf club shaft, arrow shaft or baseball bat according 
to claim 24 made of a graphite-containing material, wherein 
said metallic layer comprises at least one metal selected from 
the group of Ni, Co and Fe. 
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27. An article according to claim 23, wherein said article is 
the faceplate of a golf club head. 

28. An article according to claim 23, wherein said article is 
an automotive part selected from the group consisting of 
liquid conduits such as fuel rails; spoilers, grill-guards and 
running boards; brake, transmission, clutch, steering and Sus 
pension parts; brackets and pedals, muffler components, 
wheels, vehicle frames; fluid pump, housing and tank com 
ponents such as oil, transmission or other fluid pans including 
gas tanks; electrical and engine covers; seat and armature 
components; and turbocharger components or electronic 
component selected from the group of laptops, cell phones, 
personal digital assistant devices, walkmen, disemen, MP3 
players and digital cameras or an industrial application 
selected from the group of drills, files, knives, saws, blades, 
sharpening devices, cutting tools, polishing tools, grinding 
tools, housing, frames hinges, antennas and electromagnetic 
interference shields. 

29. An article according to claim 18, wherein said article is 
a component or part of a sputter target. 

30. A sputter target according to claim 29, wherein said 
sputter target is recrystallized. 

31. A sputter.target according to claim 29, wherein said 
sputter target contains at least two distinct grain sizes, with 
the Surface layer of the Sputter target comprising a fine 
grained layer of equiaxed grains with a texture intensity value 
of between 1 and 10 times random and a thickness of 50 
micron to 2.5 cm. 


