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Field of Invention

This invention relates to nanocrystalline metals and alloys thereof and
methods of production thereof, and more particularly to the production of
nanocrystalline nickel having a grain size of less than 11 nanometers and selected pure
metals, binary, ternary and quaternary alloys thereof having a grain size of less than
about 100 nanometers. '

Background of-]nvemion _

Nanocrystalline materials are a new class of disordered solids which have
a large volume fraction (up to 50% or more of the atoms) of defect cores and strained
crystal lattice regions. The physical reason for the reduced density and the non-lattice
spacing between the atoms in the boundary cores is the misfit between the crystal lattice
of different orientation along common interfaces. The nanocrystalline system preserves
in the crystals a structure of low energy at the expense of the boundary regions which
are regions at which all of the misfit is concentrated so that a structure far away from
equilibrium is formed (Gleiter, Nanocrystalline Materials, Prog. in Matls Science, Vol
33, pp 223-315, 1989). A structure of similar heterogeneity is not formed in thermally
induced disordered solids such as glasses. 'Nanocrystalline materials typically have a
high density (10" per cm®) of grain interface boundaries. In order to achieve such a
high density, a crystal of less than about 100 nm diameter is required. Over the past
few years great efforts to make smaller and smaller nanocrystals, down to about 10 nm
have been made. It would appear, however, that the properties of even smaller
nanocrystals (less than 10 nm) offer significant advantages over larger nanocrystals,
particularly in the area of hardness, magnetic behaviour hydrogen storage, and wear
resistance.

Nanocrystalline materials, which are also known as ultrafine grained
materials, nanophase materials or nanometer-sized crystalline materials, can be
prepared in several ways such as by sputtering, laser ablation, inert gas condensation,
oven evaporation, spray conversion pyrolysis, flame hydrolysis, high speed deposition,
high energy milling, sol gel deposition, and electrodeposition. Each of these methods
has its special advantages and disadvantages and not all methods are suitable for all

types of nanocrystalline materials. It is becoming apparent, however, that

REPLACED SHEETS  SG 1 o

10 e

M Description : paged ...1... to paged —
M Claim(s)  :paged ..M. topaged .. J3....

This Sheet Has Been

i/l Drawing(s) : paged -2 to paged T |
M Abstract  :paged .M. to paged ...m..... - _ o ”,,I,” I,,'” m, I,I I,,l

IDATE OF RECEIPT..;;._.‘..,...— .......................

Ho4337-7 ::ras



-

nanocrystal |l i ne nickel having a grai“h’-fs‘iizé'i'fof | ess than 11 nanoneters and

~Sel.ected pure netal s, binary, ternary and quaternary all oys thereof
having a grain size of |less than x about 100 nanoneters.
Background of Invention ' ' . Nanocrystalline materials are
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in thermal |y diameters down to the 10-20 nm range. Heretofore, it has not been possible to get sizes
below about 10 nm diameter. Small crystal sizes increase the proportions of grain
boundaries and triple junctions in the material. It is known that room temperature
hardness increases with decreasing grain size in accordance with the known Hall-Petch
phenomenon. However, it has now been determined that as the number of triple
junctions in the material increases, at about 30' nm down, there is a deviation from
normal Hall-Petch behaviour and hardness does not continue to increase as the grain
size falls below a critical value. Indeed, it has now been shown that in pure nickel
nanocrystalline materials the hardness reaches a peak in the 8-10 nm range. Other

e materials even show a decrease in hardness as the grain size decreases below about 10
nm. |
Binary nickel-iron nanocrystalline alloys have been described in a
University of California Ph.D. thesis by D.L. Grimmett in 1990. Nickel-Phosphorus and
Cobalt-Tungsten nanocrystalline materials are also known (C. McMahon et al Microstr.
Sci. 17, 447 (1989) and Erb et al Nanostructured Mats Vol 2 383-390 (1993)).
Nanocrystalline materials have improved magnetic properties compared
to amorphous and conventional polycrystalline materials. Of particular importance is
the saturation magnetization, which should be as high as possible regardless of grain
size. However, previous studies on gas-condensed nanocrystalline nickel (Gong et al,
J. Appl. Phys 69, 5119, (1991)) reported decreasing saturation magnetization with
~ decreasing grain size. It would appear, however, that this phenomenon is associated _

with the method of production as electroplated nanocr)}stalline nickel in accordance with

‘the present invention shows little change in saturation magnetization.
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i nduced di sordered solids such as gl asses. Nanocrystalline materials
typically have a - : hi gh density (10[err] .per cnferr]) of .grain .
i nterface boundaries. In order to achieve such a hi gh density, a
crystal of |ess than about 100 nmdianeter is required. Over the past

few years greaéb%&f&rltn%ﬁtgm{mke smal | er and snaller nanocrystals, down to

about 10 nm de. It would appear, however, that t he
properties of even snal lAar object of tharmeseynstmir&nn@hessm hanvwe ampoved f murlsed

si gnificant advant es .over | ar nocrystal s . panticul ar in.
the area of hat Poﬂﬂﬁ?\é’f?“(‘?sgg’ﬁa{v‘iﬂﬂ %&PSPB&SQW%’PW&SQ&A%Sa‘ %ulbé{ nmin
resi st ance. diameter. Nanocrystalline materials, which are also

known as ultrafine grained materi al s, nanolphase materials or
nanomet er - si zed cryst al Iﬁfﬁk‘hﬁ‘ffa‘?t&?q‘df 10 proyiieanocrystalline mgtalsabisany, feraavyand
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oven evapor ati nver yrolysis, ame h ysl's speed
deposi tion enhancedﬁmggnaroeprgpentiebl [ ng, sol gel dep05| tion, and.
el ectrodeposition. Each \pgt z;[nrg) Rt (r)ga ectds ?o provide an apparatus for producing very fine
nanocrystalline materials by pulsed electrodeposition.
Brief Statement of Invention |
By one aspect of this invention there is provided a process for
electrodepositing a selected metallic material in nanocrystalline form on a substrate
comprising:
(a) providing an electrolytic cell having an anode and cathode;
(b) introducing an aqueous, electrolyte containing ions of said selected
metallic material into said electrolyte cell; |
N (c) maintaining said electrolyte at a temperature in the range between about
15° and about 75° C; and
(d)  passing a DC current, having a peak current density in the range between
about 0.1 and about 3.0 A/cm? at pulsed intervals during which said
current passes for a time period in the range of about 0.1 to about 5
milliseconds and does not pass for a time period in the range of about 1
to about 500 milliseconds between said anode and-said cathode so as to
deposit said selected metallic material in nanocrystalline form on said
cathode.
By another aspect of this invention, there is provided nanocrystalline
nickel having a grain size less than 11 nanometers having a hardness which is at a
maximum in a size range of 8-10 nm, and saturation magnetization properties
substantially equal to those of said nicke] in normal crystalline form.
By a preferred aspect of the invention there is provided a nanocrystalline
metallic material having a grain size of less than 100 nm and selected from the group

consisting of (a) a pure metal selected from the group consisting of Co, Cr, Cu and Fe,
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has i'ts special advantages and di sadvantages and not all nethods are
sui-table for all types of nanocrystalline materials. It is
becom ng apparent, however, that -
and (b) alloys containing at least two elements selected from Ni, Fe, Co, Zn, Tj, S, Mg,
W, Cr, Cu, Mo, Mn, V; Si, P, C, and S, with the proviso that, in a binary alloy when a
first said element is nickel, the second element is not iron or phosphorus, and in a
binary alloy in which the first element is Co, the second element is not W.

By yet another aspect of this invention, there is provided nanocrystalline
ternary and quaternary Nickel-Iron alloys of the Ni Fe X, X, type, where X, and X, are
zero or selected from Cr, Cu, Mn, P, §, §i, V, Co, Ti, Mo, P, and C and having a grain
size below about 100 nm. '

Brief Description of Drawings

Figure 1is a diagrammatic sketch of one embodiment of an apparatus for
use in the process of the present invention;

Figure 2 is a graph illustrating current density versus time during a plating
cycle; |

Figure 3 is a graph of hardness (VHN) versus grain size for
nanocrystalline nickel (Hall Petch plot);

Figure 4 is a graph of magnetic saturation (emu/g) versus grain size for

s nanocrystalline nickel produced according to the present invention, and compared to the

prior art;

Figure 5 is a diagramatic sketch of an alternative embodiment of an
apparatus for use in the present invention;

Figure 6 is a graph illustrating composition of ternary Ni Fe Cr alloys
produced in baths containing different concentrations of chromium; -

Figure 7 is a graph illustrating resistivity of nanocrystalline nickel as a
function of grain size;

Figure 8 is a graph illustrating excess resistivity as a function of
intercrystalline volume fraction; and _

Figure 9 shows polarization curves for nano- and poly-crystalline nickel.
Detailed Description of Preferred Embodiments

As noted hereinabove pulsed direct current electrodeposition has been
found to produce superior nanocrystalline materials, and particularly nickel, having a

grain size of less than about 11 nm. Ternary or quaternary nickel-iron alloys having a
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2 el ectrodeposition is the nethod of choice for many materials. The maj or
advant ages of el ectrodeposi‘tion include (a) the |arge nunber of pure ---
nmetal s, alloys -and conposites which can be electroplated with grain sizes
in the nanocrystalline range, (b) the lowinitial capital investnent

necessary and (¢) the |ar dy_pf k lge, t r hsts in,t
areas of el ectérg‘gs'l §¥$n%@ l%ge&%flo&ﬁ% iggdwa'ﬁg ‘Eéznegl?S trno? (%rﬁ‘%%égﬁ( bi' %ufsed ﬁ%
Usi Egl el egt roa&lmﬁid&b?@tidrﬁgﬂﬁ}j Ilqmealeﬁﬁaplaﬁngsi\aéll icximﬁéb@mﬂindﬁhoei-,t&x afd FeH :
ni ckel and other metal s_and al |l oys have heen pr.oduced over the years wi
ever snaller dianeters “Y"(S“‘toﬁew'i’o%‘ﬁb[?‘?na?gﬂg%&l"f‘&‘r@?ré‘lc'bl?é,re%feq‘iﬁéo_ £
been possi bl e pﬁrredlg&fonseﬂﬁasn&slsam&bmekel%mmgm@rrefs_ear skeRIPSHowihy 8t Bbokdi§s

i ncrease the oportions of dgrain boundaries and triple junctions in the”
material . |t iapprraswhior isaxrying s praspririaventionHatooprasuce; i ptasingscell 1.tgenerally

dect 025119, 9f AL RE W BEREICARSRMA B IR Mol Feb i UR RIS
acid solution of nickel sulfate, nickel chloride, boric acid and selected grain size
inhibitors, grain nucleators and stress relievers, to be described in more detail
hereinbelow. An anode 3 is connected to an ammeter 4 (Beckman, Industrial 310) in
series connection to a conventional DC Power Source 5 (5 amp, 75 volt max output).
The anode may be any dimensionally stable anode (DSA) such as platinum or graphite,
or a reactive anode, depending on the material desired to be deposited. Preferably, in
the case of nickel deposition, the anode is an electrolytic nickel anode. A cathode 6 is
connected to the power source 5 via a transistored switch 7. Cathode 6 may be
fabricated from a wide variety of metals such as steel, brass, copper and or nickel, or
non-metal such as graphite. Preferably, cathode 6 is fabricated from titanium to
FReis facilitate stripping of the nickel deposited thereon. Switch 7 is controlled by a wave
generator 8 (WaveTEK, Model 164) and the wave form is monitored on an oscilloscope
9 (Hitachi V212).

The temperature of the electrolyte 2 is maintained in the range between
about 55 and 75° C by means of a constant temperature bath 10 (Blue M Electric Co.).
A preferred temperature range is about 60-70° C and most preferably about 65° C. The
pH is controlied by additions such as Ni,CO, powder or 7:1 H,SO,: HCI as required.

The quality of the deposit and the crystalline structure thereof are
functions of the peak current density in the cell 1, and the rate of pulsing the current.
Figure 2 illustrates the maximum current density (Ipear) @s @ function of time. It will be
noted that generally the time off (1) is longer than the time on (ton) and that the
current density I, may vary between about 1.0A/cm? and about 3.0A/cm® The t,

- may vary between about 1.0 and 5.0.msec., with a ﬁreferred range of 1.5 - 3.0 msec and
an optimum value of 2.5 msec. The t; may range from about 30 msec. to 50 msec. with

an optimum of 45 msec. It will be appreciated that L, t,, and t,; are interrelated and
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junctions in the material increases, at about 30 nmdown, there is a
deviation fromnornmal Hall=Petch behaviour and hardness does not continue
to increase as the grain size falls below a critical value. Indeed, it has
now been shown that in pure nickel nanocrystalline materials the hardness
reaches a peak in the 8-10. nmyrange.. Other .pgterial s eyen show.a decrease
in hardness as B#HePGYafle] Wiyp té%é‘%[fgsréggqfellga?e:{mu? %\ﬁr‘ﬁrh' therd is'a Sk that the
Bi nary ni ckel ‘He?@si&éﬂﬂ@téﬁﬁltﬁiﬁﬂ butg anll] BX6o AN ehdpeiv Sies will hidedsel a
University of California Ph.D. thesis by D.L. Gimett in 1990.

Ni ckel - Phosphorus and Cobmpl-ofuigsiolawiignexmplesawhicte armdliysirative aply andsgot
known (C. McMa . oy MG . ' : :
Nanost r uet ur eq TRRPEE of ™3 VALl e Flssipliic SAT dedBR BBl T oBpidiLg ith an
mat er.i al s have elarmotyvie chicket aredecanst » piganium sathodp and dint aquenvy plecodytar(Bath 1)
conventional polyctystalline materials. O -particular inportance is the
saturation nagr‘fggﬁa}‘é?g't)n, whi ch shoul d be as high as possible regardl ess of

grain : Nickel Sulphate (BDH) 300 gm/|
Nickel Chloride (BDH) 45 gm/I
Boric Acid (BDH) 45 gm/l in distilled water. The pH was

adjusted, as noted above, by addition of Ni,CO; powder or 7:1 H, SO,: HCl. The
temperature was maintained at 65° C, for a standard plating time of 3 hours. Saccharin
is a known stress reliever and grain refining agent and may be added in amounts up to
about 10 gm/l. Other stress relievers and grain refining agents which may be added
include coumarin sodium lauryl sulfate and thiourea. If the bath temperature rises, it
may be desirable to add a grain size inhibitor such as phosphorous acid in relatively
small amounts up to about 0.5 - 1 gm/l.
AR Example 1

Using the apparatus described with reference to Figure 1 and a basic bath
electrolyte composition described above as "Bath 1", 0.5 gm/I saccharin (Aldrich) was
added and the pH adjusted to pH 2. The 1, was 1.9 A/ cm?® and t,, was 2.5 m sec. and
to Was 45 m sec. The result was a porosity free nanocrystalline nickel deposit of 0.250 -
0.300 mm thickness with an average grain size of 35 nm.
Example 2

The procedure and operating conditions of Example ‘1 were repeated
except that the saccharin concentration was increased to 2.5 gm/l. The result was a
porosity free deposit of 0.220 - 0.250 mm thickness with an average grain size of 20 nm.
Example 3

Example 1 was repeated except that the saccharin concentration was
increased to 5 gm/l. The résult was a porosity free deposit of 0.200 mm thickness with

an average grain size of 11 nm.
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si ze. However, previous studies on gas-condensed nanocrystalline nickel
(Gong et al, J. Appl. Phys 69, 5119, (1991)) reported decreasing saturation
magneti zati on with decreasing grain size. It would appear, however, that
thi s phenonenon is associated with the method of production as

el ectropl at ed @Egﬁ ystalline nickel in accordance with the preéent
I nvention sho change in saturation nmagnetization.

Examplé 1 was repeated except that thé pH was adjusted to pH 4.5 and
the saccharin concentration was increased to 10 gm/l. The result was a porosity free
deposit of 0.200 - 0.220 mm thickness with an average grain size of 6 nm.

Example 5

The products of Examples 1-3 were subjected to hardness testing using a
standard Vickers hardness technique. The results are tabulated in Figure 3 and
illustrate that at the large grain sizes porosity free electroplated nickel nanocrystals obey
the well established Hall-Petch relationship, i.e. increasing hardness with decreasing

| grain size. However., for the very small sizes of the present invention there is a clear -
deviation from the Hall-Petch relationship indicating a maximum hardness in the § - 10
nm size range.
Example 6

The saturation magnetization of the products of Examples 1-3 was
measured using conventional methods. The results are tabulated in Figure 4 and
compared with the saturation magnetization of gas condensed nanocrystalline nickel as

| reported by Gong et al, supra. It will be noted that while Gong et al report decreasing
saturation magnetization with decreasing grain size, the products of the present
invention show very little change in saturation magnetization with grain size variation,
and even at the smallest grain sizes it is essentially the same as for conventional nickel.

The nanocrystalline materials of this invention, and particularly
nanocrystalline nickel can be used to provide hard, wear resistant coatings on many
surfaces. They can also be used as hydrogen storage materials, as catalysts for hydrogen
evolution and as magnetic materials.

While the invention has been described thus far with reference particularly
to nanocrystalline nickel, the principles thereof are equally applicable to nanocrystalline
soft magnet materials, which are frequently ternary and quaternary iron-nickel alloys,
and more particularly include Permalioy® (78.5 Ni 17.1 Fe3.8 Cr. 0.6Mn), Hy Mu®
(80Ni 16 Fe 4Mo) Supermalloy® (79Ni 15.7 Fe 5Mo 0.3Mn) and Mumetal (76Ni 17Fe
5Cu 2Cr) (Woldman, Engineering Alloys, 4th Ed, 1962). Other ternary and quaternary
alloys may contain elements selected from Ni, Fe, Co, Zn, W, Cr, Cu, Mo, Mn, V, Tj,
Mg, Si, P, C and S. The soft magnetic materials find utility in many applications but
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An object of the present invention is to provide a novel

pul sed el ectrodeposition process for nmaking nanocrystalline materials of
| ess" than 100 nmin dianeter. According to one aspect of the invention
there is provided a process for electrodepositing a selected netallic

material in ngnog¥akabl e 6/l RS EBbRealiBad Uil RGuFOUER  Stectrica
Sal

electrolyte contarning rons o

resistivity to improve high frequency permedblhty and t6 minimize eddy current losses.
These materials also exhibit good wear characteristics. It has also been found that,
while ﬁseful, pulsed D.C. electioplating is not essential for the production of
nanocrystalline (<50nm) nickel-iron alloys such as those described above. D-C
electroplating under carefully controlled conditions has been found adequate.
Example 7 Production of Ternary Nickel-Iron Chromium Alloys

A simple laboratory electroplating bath 51 (Fig. 5) was placed on a
heating plate 52. An anode 54, preferably but not essentially, graphite and a metallic,
preferably copper, cathode 55 were immersed in an electrolyte solution 56 in bath 51
and connected to a controlied DC power supply 53. The electrolyte comprised an

aqueous solution containing (in grams/litre of solution):

NiCl,» 6H,0 50
CrCly 6H,0 0 - 100
FeCly 4H,0 1
NaCl 0-50
B(OH), 25
NH,CI 25

The bath temperature was maintained at a temperature between about 15°C and about
50°C (preferably room temperature) and the pH of the bath was maintained in the
range 1-3, depending on the chromium content. At high chromium levels the pH was
lowered to prevent formation of chromium hydroxide. The current density was
maintained at about 50 mA/sq cm of cathode for periods of time up to about 2 hours
with continuous stirring (0-500 rpm). _

In an alternative embodiment using a pulsed D.C. electrolytic cell,
periodic pulse reversal was practised resulting in some grain size reduction and
improved surface quality. Quality may also be improved using the stress relievers
previously described and in addition sodium citrate, EDTA, citric acid or sodium
fluoride.

The composition of the alloy deposited on the copper cathode was
analyzed by energy dispersive x-ray spectroscopy and the results, in terms of the

chromium concentration of the bath were plotted in Figure 6. It will be noted that the
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metallic material is introduced into an electrolytic cell having an anode
and a cathode, while nmaintaining said electrolyte at a tenperature in the
range between about 15[err] and about 75[err]C, characterised by passing a
D.C. current, having a peak current density in the range bet ween about 0.1

and about 3. 0 err t ur a rie

passes for a tﬁ/fﬂi% e&nofH]e? ?e]g%gg S%# Xt%t?a] ((%Jn%gfl g lﬁ 15(% ﬁ#{{ srgﬁl%erkds
and does not Raftent @énd% fol fall i Handximibieot ange 86% aboug/l ICit in aiEobath5R0a
mlliseconds, between said anode and said cat%) fl E é osi.t said

Cel et o0 Mot AP RARAE ADAN TH1D AR GORSERRANPR R0 B A Bt GeantE FIrcdpD o
of |ess than 100 REHNirkRated MA0MR. grain REePHOBRS BlIHE peodMRETviiseledefthaed opry
preferably by characterised by naintaining said el ectrol yte at

a
t enper at ur e | manbwetrehghilsexwye diffiseiian 58idigsdindiretad zsgrainy pige of about 10-15
nanometres with some grain sizes up to about 37 nm.

The electrical, mechanical and magnetic properties of the pure
nanocrystalﬁne nickel products of Examples 3 and 4 have been studied in some detail,
and it has been determined, somewhat surprisingly in view of previously published
results (Gong et al J. Appl. Phys. 69, 5119 (1991)) that saturation magnetization (Ms)
of nanocrystalline nickel produced by the process of examples 2, 3 and 4 is essentially

- independent of grain size. This is, however, consistent with recent calculations (Szpunar
et al, Condensed Matter Physics, in press) that show that the magnetic moment of atoms
located in special high angle grain boundaries is only insignificantly reduced. Even in
an amorphous structure the reduction in Ms is less than 20% and for 10nm grain sizes
with an intercfystalline volume fraction of 27%, the overall reduction in Ms is less than
5%.

e
%
1

Coercivity (Hc) of S0nm nanocrystalline nickel is about 2,0 kA/m which
is about 50% lower than that of conventional polycrystalline (100 nm plus) material (3.0
kA/m). Further reduction in grain size results in an increase in coercivity back to the
level of the polycrystalline material, which is believed due to the transition from multi-
domain to single domain grains.

Figure 7 shows that the room temperature electrical resistivity of the
material with a grain size of 11nm is increased by a factor of three over the resistivity
value observed for conventional polycrystalline material. At lower tempefatures this
factor increases to approximately five times. This behaviour can be understood in terms
of electron scattering at the grain boundaries and triple junctions in the material which
should result in an increase in resistivity with increasing intercrystalline volume fraction.
This is demonstrated in Figure 8 which shows }he excess resistivity as a function of the
intercrystalline volume fraction for the grain sizes shown in Figure 7. The excess
resistivity is defined here as the total resistivity minus the resistivity of conventional

polycrystalline nickel for which the intercrystalline volume fraction is negligible. The

9.
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and may be further characterised in that said peak current density is in

t he range between about 1.0 and 3.0/ A/cnferr], at pulsed intervals during
whi ch said current passes for a time period.in the range of about 1.0 to
about 5 mlliseconds and does not pass for a tine period in the.range of
about 30 to 50 mlliseconds. According to a second aspect of the .

i nvention t herigterayssaléne ualyme fractions indriguneidiers defied faga miajndpoundary thickness
characterised byan average grain size of less than 11 nanonetres and by a
hardness which is at a maximumin a size range of 8 - 10 nm and by

sat uration magneti zat i oRegdnegsegtairesize wissalhyntesullsl ip iocpeasedt mrdimass @s @f result of

Hall-Petch strengthening. The Hall-Petch graph for electrodeposited Ni is shown in
Figure 3. Although there is deviation from linearity for grain sizes less than 30nm the
important finding is that the hardness of the material is increased by a factor of 5 when
reducing the grain size from 100gm to 10nm. _

Using pin-on-disk wear testing under dry conditions an enhancement of
the wear resistance by a factor of four was observed for the same materials.

The corrosion behaviour of nanocrystalline electrodeposits has recently
been studies by potentiodynamic and potentiostatic testing in a 2N H,SO, solution. As
shown in Figure 9 nanocrystalline nickel exhibits the same active-passive-transpassive
behaviour as observed in normal crystalline nickel. However the current density in the
passive range for nanocrystalline materials is higher than for conventional nickel. This
is believed to be due to the increased defect concentration in the passive layer on
nanocrystalline material. On the other hand, nanoprocessed Ni did not show the

S detrimental type of localized corrosion along the grain boundaries which is usually
observed for conventional nickel. Therefore, although the general corrosion rate is
somewhat enhanced, the overall excellent corrosion performance of nickel is likely not

sacrificed by nanoprocessing.
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A progess for electrodepositing a selected metallic material in

nanocrystalline form on a substrate comprising:

(a)  providing an electrolytic cell having an anode and cathode;

(b)  introducing an aqueous, electrolyte containing ions of said
selected metallic-material into said electrolytic cell;

(c)  maintaining said electrolyte ata temperature in the range between

~ about 15° and about 75° C; and _

(d) passing a D.C. current, having a peak current density in the range
between about 0.1 and about 3.0 A/cm’, at pulsed intervals during
which said current passes for a time period in the range of about
0.1 to about 50 milliseconds and does not pass for a time period
in the range of about 1 to about 500 milliseconds, between said
anode and said cathode so as to deposit said selected metallic
material in nanocrystalline form on said cathode.

A process as claimed in claim 1 wherein said selected metallic material

is (a) a pure metal selected from the group consisting of Co, Cr, Cu, Fe,

or (b) alloys containing at least two elements selected from Ni, Fe, Co,

Zn, W, Cr, Cu, Mo, Mn, V, Si, P, C, and S, and having a grain size of less

than 100 nm, with the proviso that, in a binary alloy when a first said

element is nickel, the second element is not iron or phosphorus and in a

binary alloy in which the first element is Co, the second element is not W.

A process for electrodepositing a selected metallic material in

nanocrystalline form on a substrate comprising:

(a) providing an electrolytic cell having an anode and cathode;

(b) introducing an aqueous, acidic electrolyte containing ions of said
selected metallic material into said electrolytic cell;

()  maintaining said electrolyte at a temperature in the range between
about 55° and about 75° C;

(d) passing a D.C. current, having a peak current density in the range
between about 1.0 and about 3.0 A/cm?, at pulsed intervals during

which said current passes for a time period in the range of about

S
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Accord| ng to a third aspect of the invention there is provided-a
nanocrystalline netallic material having a grain !mmml l“ﬁ 100 nm
characteri sed by being selected fromthe group COE ure netal
sel ected fromthe group consisting of Oo Cr, Cu ar’ld Fe Cb) “al | oys
containing at |east tw el enents sel e fro %

W Cr, Cu, M, M1, V, Si, P, &0 aﬁeo'ﬁ E?FCPH %Wo‘!ﬂeéé“’m%ﬁﬁ oy ?1"5“"5?"1%’%3
alloy when a first said el engptrd erBszhﬁ)‘ut 3bhe SEReNEDH ﬁhmmhds ShetRber §48
or phosphorus, and in a binary al which the first element is Co, the
second el ement is not W  Ageasied? ng 416 Caﬂfoderiohasa@pééﬂosﬂfsatq"néelFﬁ%rﬁ‘?té\hc
there is provided a nanocr_ys{.r% Jrialgbhﬂd}ﬁsi/allﬂ{e VRt &! DR Yadibgkel -iron al l oy

having a grain size of |ess

4. A process claimed in claim 3 wherein said selected metallic material is
nickel.
S. A process as claimed in claim 3 wherein. said anode is selected from

nickel, platinum and graphite.

6. A process as claimed in claim 5 wherein said cathode is selected from
titanium, steel, brass, copper, nickel, and graphite.

7. A process as claimed in claim 6 wherein said electrolyte additionally
contains up to about 10g/1 of a stress reliever and grain refining agent.

8. A process as claimed in claim 7 wherein said stress reliever and grain
refining agent is selected from saccharin, coumarin sodium lauryl sulfate
and thiourea.

9. A process as claimed in claim 8 wherein said electrolyte additionally

A contains a grain size inhibitor.

10. A process as claimed in claim 9 wherein said grain size inhibitor is
phosphorous acid.

11. A process as claimed in claim 3 wherein said current passes for peribds

- between 1.5 and 3.0 milliseconds and does not pass for a period between

40 and 50 milliseconds.

12. A process as claimed in claim 1 including the step of periodic pulse
reversal.

13. A process as claimed in claim 11 wherein said bath is maintained at a
temperature in the range 60-70°C.

14. A process as claimed in claim 12 wherein said current passes for 2.5 m
sec and does not pass for 45 m sec.

15. A process as claimed in claim 13 wherein said bath is maintained at a
temperature of 65°C.

16. A process as claimed in claim 11 wherein said peak current density is in
the range 1.5 - 2.2 A/cm’.

12 —_—
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and characterized in that it is of the Ni Fe X[ err X[err] type where .
X[err] and X err] are the sane or 3‘“‘“‘ mgmm ct ed fromthe group
consisting of Cr, Co, Cu, My, M,

C and S.

17. A process as claimed in claim 16 wherein said peak current density is
about 1.9 A/cm’.

18. A nanocrystalline nickel material having an average grain size less than
11 nanometres having a hardness which is at a maximum in a size range
of 8 - 10 nm, and saturation magnetization properties substantially equal
to those of said nickel material in normal crystalline form.

19.  Nanocrystalline nickel produced by the process of claim 3.

20. A nanocrystalline metallic material having a grain size of less than 100
nm selected from the group consisting of (a) a pure metal selected from
the group consisting of Co, Cr, Cu and Fe, and (b) alloys containing at
least two elements selected from the group consisting of Ni, Fe, Co, Zn,
Ti, Mg, W, Cr, Cu, Mo, Mn, V, Si, P, C, and S, with the proviso that, in
a binary alloy in which a first said element is Ni the second element is not
Fe or P; and in a binary alloy in which the first element is Co, the second
element is not W.

21. A nanocrystalline ternary or quaternary nickel-iron alloy of the Ni Fe X,

e | X, type where X, and X, are the same or different and selected from the
group consisting of Cr, Co, Cu, Mo, Mn, V, Ti, Mg, §i, P, C, and S.

22. A nanocrystalline alloy as claimed in claim 21 wherein X, and X, are
selected from Cr and Mn.

23. A nanocrystalline alloy as claimed in claim 21 wherein X, and X, are
selected from Cr and Mo.

24. A nanocrystalline alloy a;s claimed in claim 21 wherein X, and X, are
selected from Mo and Mn. ._

25. A nanocrystalline alloy as claimed in claim 21. wherein X, and X, are
selected from Cu and Cr.

26. A process as claimed in claim 1 wherein said electrolyte includes up to
10g/1 of a stress reliever and grain refining agent selected from the group
consisting of saccharin, sodium citrate, EDTA, citric acid, sodium fluoride,
coumarin, sodium lauryl sulfate and thiourea.

27. A process as claimed in claim 3 including the step of periodic pulse

reversal.
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-4a - Brief DescriDtion of Draw ngs Figure 1 is a

di agrammati c sketch of one enbodi nent of an apparatus for wuse in the
process of the present invention; ' " Figure 2 is a graph
illustrating current density versus tinme during a plating cycle;

Figure 3 is a graph of hardness (VHN) versus grain size for nanocrystalline
ni ckel (Hall Petch plot); Fiqure 4. 1.s;a graph of magnetic
saturation (emu/g) versus grain size fjstract of the 6‘5‘:105'“?5

A process for producing nanocrystalline materials, and in particular
nanocrystalline nickel having an average grain size of less than about 11 nanometers
and ternary and quaternary nickel-iron alloys, such as NiFeCr and NiFeCrMn alloys,
having a grain size less than about 100 nm is described. The nanocrystalline nickel is
electrodeposited onto the cathode in an aqueous acidic electrolytic cell by application
of a pulsed D.C. current. The ternary and quaternary Nickel-Iron alloys and other
binary, ternary and quaternary alloys may be produced by D.C. electroplating or by
pulsed D.C. electroplating. The cell electrolyte also contains a stress reliever, such as
saccharin, which helps to control the grain size. The novel products of the invention
find utility as wear resistant coatings, hydrogen storage materials, magnetic materials
and as catalysts for hydrogen evolution.
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nanocrystal | i ne nickel produced according tO'the:present iﬁvention,:and

conpared to the prior art; Figure 5 is a diagramatic sketch
of an alternative enbodi nent of an appardi/ls for use in the present
i nventi on; Figure 6 is a graph illustrating conposition of

ternary Ni Fe Cr alloys produced in baths cgntaining different
concentrations of chromu =€

resistivity of nanogrystatirte—mrciel 3 tion of—grarmsrze:
Figure 8 is a graphlf LAt Mhg efceds ty a&lﬁl ufiyt i on jof
intercrystalline vo r &t Qon: Ogng = Z.9. shows
pol ari zati on curves™or=Tramo= aro po| y- i ne ni CRE oo
Description of Prefégrr Eﬁbodlnen S As I rern bore
pul sed direct curref ‘e r odeposigt t on een (E-idjj o o
8 \4
6 Jﬁ
L2
-/.Q na.‘
Ny

Fton o
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FIG.2

ure 7 is a graﬁﬁ\illusfrating
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found to produce superi or hanocrystalllne materials, and particularly

ni.ckel, having a grain size of |less than about 11 nm Ternary or quaternary
ni ckel -iron alloys having a 2/17

o5nm  loonm  25nm unm  enm

800 : = 7
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1 . . . J
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d"l/?, nm"‘lz
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grain size of |less than about 100 nm can al so be produced by putsed D.C.

el ectrodepos$ition or by D.C. electroplating as well as nanocrystalline Co,
Cr, Cu and Fe. The invention yy-4 | now be described wth
particular reference to the production of nanocrystalline nickel and Figure
1 is a sketch showing a | aboratory apparatus for carrying the present
invention into practice. A plating cell 1, generally of glass or

t her nopl astic construction, contains an electrolyte 2 conprising an agueous
acid solution of nickel sulfate, nickel chloride, boric acid and sel ected
grain size inhibitors, grain nucleators and stress relievers, to be
described in nore detail hereinbelow. An anode 3 is connected to an ammeter
4 (Beckman, Industrial 310) in series connection to a conventional DC Power
Source 5 (5 anmp, 75 volt max output). The anode may be any di nensionally
stabl e anode (DSA) such as platinumor graphite, or a reactive anode,
depending on the material_desired to be deposited. Preferably, in the case
of nickel deposition, thg anode is an eIectrokMtic n%;kemsanode. A cat hode
6 is ' ! '

54

d

---------

---------
----------

H g @

FIGURE 5
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connected to the power source 5 via a transistored switch 7. Cathode 6 nmay
be fabricated froma wide variety of nmetals such as steel, brass, copper
and or nickel, or non-nmetal such as graphite. Preferably, cathode 6 is
fabricated fronttltanluntto facilitate st #/ppi ng of the nickel deposited
thereon. Switch 7 is controlled by a wave generator 8 (WaveTEK, Mbdel 164)
and the wave formis nonitored on an oscilloscope 9 (Htachi V212).

The tenperature of the electrolyte 2 is maintained in the range between

about 55 and 75[err] C by neans of a constant “tenperature bath 10 (Blue M
Electric Co.). AQU efe ehpe ange abg 50-70 and-nost

preferably about 65[-rr¥ C The pH i's controlled by addltlono such as
Ni[err]CO err] powde Ei err]SC{err] HCl as required.
The quality of tH dkposit ane the-gystalline structure thereaf. awe—i
functions of the peak current density in the cel'l" I, ~#dthe rate of
pul si ng the currﬁgi. Figure 2 illustrates the maxi mum current density
(I[err]) as a fu iHn of tinme. It will be
2\? ® Ni Content
+ 60 v Cr Content
E = Fe Content
o 50
o
:;3
= 40
wn
]
g 30
O 3 o eeeeee=m=mT i D
L 20 I _____ i ———————— {
i--¥
10
0 e DR T L R W e e - ——-——- o
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FIGURE 6
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noted that generally the tinme off (t[err]) is longer than the tine on
(t[err]) and that the current density I[err] may vary between about

1.0 cnferr] and about 3.QA/cnferr]. The té,gr] may vary between about 1.0
and 5.0 nsec., with a preferred range of T’5 - 3.0 nsec and an opti num
value of 2.5 nsec. The t[err] may range from about 30 nsec. to 50 nsec.
with an optinmumof 45 nsec. It will be appreciated that I[err] t[err] and
t[err] are interrel ated and

8

Excess Resistivity(uQlem)

0? 1 L T ] T
O 5 10 15 20 25 30

Volume Fraction (%)

FIGURE 7
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6 may be varied within the stated ranges. If the I[err] is too high, t here

is .arisk that the deposited material will burn and, if too low, the grain
size will increase. In all of the follow ng exanples, which
are illustrative only and not limting on &4% invention, the electrolytic

cell described above was enployed with an el ectrolytic nickel anode and a
titani um cat hode and an aqueous el ectrolyte (Bath 1) contai ning:

Ni ckel Sul phate (BDH) . 300 gm | Ni ckel Chl oride (BDH)
45 gni | Boric Acid (BDH) 45 gl in
distilled water. The pH was
25
O tiam @ 500am
A 18am ® 100um
T : .
E 20 - v 34nm .‘Q
3] O
e’ v
g ‘5 “ .0"0 'o.
.0 0' -'
- B ."v
.; ".'....' .‘o D
it 10 b "o"'." 'o' '0"
‘5 .'0 ‘.,' .’c ‘.c‘
. gung R 0:‘." - ‘ o'.‘. .o’.
8 A L4 '.:g.. -c‘.....
. 5 = Phd ..:’ ‘ .-"..‘
m c....‘.. i o‘.‘.
V':,-:::--".
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adj usted, as noted above, by addition of Ni[err]CJerr] powder or 7:1
Herr] SOerr]: HCl. The tenperature was maintained at 65 err] C, for a
standard plating time of 3 hours. Saccharifyis a known stress reliever and
grain refining agent and nay be added in amobunts up to about 10 gm|. O her
stress relievers and grain refining agents which may be added i ncl ude
coumarin sodiumlauryl sulfate and thiourea. |If the bath tenperature rises,
it my be desirable to add a grain size inhibitor such as phosphorous acid
inrelatively small amounts up to about 0.5 - 1 gnil.: Exanple |

Usi ng the apparatus described with reference to Figure 1 and a basic bath
el ectrol yte conposition described above as "Bath 1", 0.5 gnf1l saccharin
(Aldrich) was added and the pH adjusted to pH 2. The I[err] was 1.9

Alcnerr] and t[err] was2@06 . ult was
a porosity free nanocrystall §ne nickel debhosit af 0 259 - o_ 00 mMm
thickness with an average gr i n{si zesn§9% Niake! '
— R2am grain size
1500 porm = omm e (00 ym grain slze —
E, mVsce | e
1000 /
!
l
{
i
t
\
A\
\\....
0 foum -t S
—",
--"-E ~
B S
- e
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This invention relates to nanocrystalline metals and alloys thereof and

methods of production thereof, and more particularly to the production of

nanocrystalline nickel having a grain size of less than 11 nanometers and selected pure

metals, binary, ternary and quaternary alloys thereof having a grain size of less than

about 100 nanometers.

Background of Invention

Nanocrystalline materials are a new class of disordered solids which have

a large volume fraction (up to 50% or more of the atoms) of defect cores and strained

crystal lattice regions. The physical reason for the reduced density and the non-lattice

spacing between the atoms in the boundary cores is the misfit between the crystal lattice

of different orientation along common interfaces. The nanocrystalline system preserves

in the crystals a structure of low energy at the expense of the boundary regions which

are regions at which all of the misfit is concentrated so that a structure far away from

equilibrium is formed (Gleiter, Nanocrystalline Materials, Prog. in Matls Science, Vol

33, pp 223-315, 1989). A structure of sihiilar.héter_dgeneity is not formed in thermally

induced disordered solids such as glasses. Nanocrystalline materials typically have a

high density (10" per cm®) of grain interface boundaries. In order to achieve such a

high density, a crystal of less than about 100 nm diameter is required. Over the past

few years great efforts to make smaller and smaller nanocrystals, down to about 10 nm

have been made.

It would appear, however, that the properties of even smaller

nanocrystals (less than 10 nm) offer significant advantages over larger nanocrystals,

particularly in the area of hardness, magnetic behaviour hydrogen storage, and wear

resistance.

Nanocrystalline materials, which are also known as ultrafine grained

materials, nanophase materials or nanometer-sized crystalline materials, can be

prepared in several ways such as by sputtering, laser ablation, inert gas condensation,

oven evaporation, spray conversion pyrolysis, flame hydrolysis, high speed deposition,

high energy milling, sol gel deposition, and electrodeposition. Each of these methods

has its special advantages and disadvantages and not all methods are suitable for all

types of nanocrystalline materials.
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7 Exanple.4 Exanpl e 1 was repeated except that the pH was
adjusted to pH 4.5 and the saccharin concentration was increased to 10
gml. The result was a porosity free deposit of 0.200 - 0.220 nm thickness
with an average grain size of 6 nm Exanple 5 The products of
Exanpl es 1-3 were subjected.to hardness testing using a '

_ 2. ' )
electrodeposition is the method of choice for many materials. The major advantages

of electrodeposition include (a) the large number of pure metals, alloys and composites
which can be electroplated with grain sizes in the nanocrystalline range, (b) the low
initial capital investment necessary and (c) the large body of knowledge that already
exists in the areas of electroplating, electrowinning and electroforming.

Using electrodepositing techniques, nanocrystalline electrodeposits of
nickel and other metals and alloys have been produced over the years with ever smaller
diameters down to the 10-20 nm range. Heretofore, it has not been possible to get sizes
below about 10'nm diameter. Small crystal sizes increase the proportions of grain
boundaries and triple junctions in the material. It is known that room temperature
hardness increases with decreasing grain size in accordance with the known Hall-Petch
phenomenon. However, it has now been determined that as the number of triple
junctions in the material increases, at about 30 nm down, there is a deviation from
normal Hall-Petch behaviour and hardness does not continue to increase as the grain
size falls below a critical value. Indeed, it has now been shown that in pure nickel
nanocrystalline materials the hardness reaches a peak in the 8-10 nm range. Other
materials even show a decrease in hardness as the grain size decreases below about 10
nm.

Binary nickel-iron nanocrystalline alloys have been described in a
University of California Ph.D. thesis by D.L. Grimmett in 1990. Nickel-Phosphorus and
Cobalt-Tungsten nanocrystalline materials are also known (C. McMahon et al Microstr.
Sci. 17, 447 (1989) and Erb et al Nanostructured Mats Vol 2 383-390 (1993)). |

Nanocrystalline materials have impfoved magnetic properties compared
to amorphous and conventional polycrystalline materials. Of particular importance is
the saturation r-nagnetizat-ion._ which should be as high as possible regardless of grain
size. However, previous studies on gas-condensed nanocrystalline nickel (Gong et al,
J. Appl. Phys 69, 5119, (1991)) reported decreasing saturation magnetization with
decreasing grain size. It would appear, however, that this phenomenon is associated
with the method of production as electroplated nanocrystalline nickel in accordance with

the present invention shows little change in saturation magnetization.
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standard Vickers hardness technique. The results are tabul ated in Figure 3
and illustrate that at the | arge grain sizes porosit y- ~el-ectropl.at

ni ckel nanocrystals obey the well established Hal |- PRI ACHMENDSHERT, i . e.
i ncreasing hardness with decreasing grain size. Howeyef;—for-tfte-very {small
sizes of the present invention there is a clear devi or)I igggﬁwﬁ )
Hal | - Petch rel ationship indicating a maxi num hardnes tY Y770 {nrh si ze
range. Exanple 6 The saturdtion nmagnetj zlatd t.he. rcducts
of Exanpl es 10bjeghef lwestiod usi ng conventional nethpds. The results 4gr

tabul ated in Figure 4 a at qg—gmm as
condensed nanocrystall ?%g m%zlg F)Fggwr%rg%eb?ziﬁ%fgfééoﬂﬁ et a supra | P qg
be noted t hat elattrddepGxitign @rocesss ferpoakingleancegsialignesmateréls ohlesayraati0@atn &m
wi th decreasi ng %ral n size, the products of the present invention show very
littl e change Eeéturatlon magneti zation with grain size variation,

Another object is to provide nanocrystalline metals, binary, ternary and

—

* quaternary alloys having a grain size of less than 100 nm and some of which have
enhanced magnetic properties.
Yet another object is to provide an apparatus for producing very fine
nanocrystalline materials by pulsed electrodeposition.

Brief Statement of Invention

By one aspect of this invention there is provided a process for
electrodeposiiing a selected metallic material in nanocrystalline form on a substrate
comprising:

(a) providing an electrolytic cell having an anode and cathode;

(b) introducing an aqueous, electrolyte containing ions of said selected
metallic material into said electrolyte cell;

(c) maintaining said electrolyte at a temperature in the range between about
15° and about 75° C; and

(d)- passing a DC current, having a peak current density in the range between
about 0.1 and about 3.0 A/cm? at pulsed intervals during which said
current passes for a time period in the range of about 0.1 to about §

milliseconds and does not pass for a time period in the range of about 1

to about 500 milliseconds between said anode and said cathode so as to

deposit said selected metallic material in nanocrystalline form on said
cathode.

By another aspect of this invention, there is provided nanocrystalline
nickel having a grain size less than 11 nanometers having a hardness which is at a
maximum in a size range of 8-10 nm, and saturation magnetization properties
substantially equal to those of said nickel in normal crystalline form.

By a preferred aspect of the invention there is provided a nanocrystalline
metallic material having a grain size of less than 100 nm and selected from the group

consisting of (a) a pure metal selected from the group consisting of Co, Cr, Cu and Fe,

——

—
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ERLACEMENT SuE
and evén at the snallest grain sizes it is essentia[+*y~”f{ii'§‘~/‘;:£a& $HE Tf or
conventi onal nickel. The nanocrystalfl i
i nvention, and particularly nanocrystalline nickel dan19MAR &% o piovi de
hard, wear resistant coatings on many surfaces. ThHey_can_also be
hydrogen storage materials, as catalysts for. hydrﬂgen evol ution andfas
magnetic material s. VWi | e the i nventter—has—been.descli bed
thus far with reference particularly to sanocrystalline nickel; the

principles taet agfauayeccﬁamidyatmt twendlepeh® selatied fiod Mi |F61€oSZﬁtT1”B,EM§t
materi al s, \A@é} glu b'{ Sguently ternary and quatern&g iron-nickel alloys,
and nore pa b &4 Y19 MUY eSEy ?’P‘bg»[‘é'm fhe(prgviso gat,in a bipary ajlogwhen o
0.6M), Hy Mifeksib d18abht 356ni'<::§el4Mé) se%Hﬁ’@ Ef@t{cln?ﬂ RéT ]roﬁzﬁwhoé&]o?uf @na¥h
0.3MWh) and Miunetal (76N 17Fe (Wl dman, Engi neering Al loys, %

Ed, 1962). Cbinery al@ynarvyhlahahmﬂm ekemny ISaﬁlqn afie seappdcedernentris abeMént s
sel ected fromN , d S.
The soft magnetic rrat e‘%f)?ﬁt% nd %ﬁlc ?f‘yh‘%"%u%by“ ;ﬁﬁﬁgkscpat [ gﬁgh%mfcrysﬁlﬁrﬂz

ternary and quaternary Nickel-Iron alloys of the Ni Fe X, X, type, where X, and X, are -

zero or selected from Cr, Cu, Mn, P, §, §i, V, Co, Ti, Mo, P, and C and having a grain
size below about 100 nm.

Brief Description_of Drawings

Figure 1 is a diagrammatic sketch of one embodiment of an apparatus for
use in the process of the present invention;

Figure 2 is a graph illustrating current density versus time during a plating
cycle;

Figure 3 is a graph of hardness (VHN) versus grain size for
nanocrystalline nickel (Hall Petch plot);

Figure 4 is a graph of magnetic saturation (emu/g) versus grain size for
nanocrystalline nickel produced according to the present invention, and compared to the
prior art;

Figure 5 is a diagramatic sketch of an alternative embodiment of an
apparatus for use in the present invention;

“ Figure 6 is a graph illustrating composition of ternary Ni Fe Cr alloys
produced in baths containing different concentrations of chromium;

Figure 7 is a graph illustrating resistivity of nanocrystalline nickel as a
function of grain size;

Figure 8 is a graph illustrating excess- resistivity as a function of
inte}crystalline volume fraction; and

Figure 9 shows polarization curves for nano- and poly-crystalline nickel.
Detailed Description of Preferred Embodiments

As noted hereinabove pulsed direct current electrodeposition has been
found to produce superior nanocrystalline materials, and particularly nickel, having a

grain size of less than about 11 nm. Ternary or quaternary nickel-iron alloys having a
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are particularly useful for recording head applications which require high
el ectri:cal

A

5.
grain size of less than about 100 nm can also be produced by pulsed D.C.

electrodeposition or by D.C. electroplating as well as nanocrystalline Co, Cr, Cu and Fe.

The invention will now be described with particular reference to the
production of nanocrystalline nickel and Figure 1 is a sketch showing a laboratory
apparatus for carrying the present invention into practice. A plating cell 1, generally'
of glass or thermoplastic construction, contains an electrolyte 2 comprising an aqueous
acid solution of nickel sulfate, nickel chloride, boric acid and selected grain size
inhibitors, grain nucleators and stress relievefs. to be described in more detail
hereinbelow. An anode 3 is connected to an ammeter 4 (Beckman, Industrial 310) in
series connection to a conventional DC Power Source 5 (5 amp, 75 volt max output).
The anode may be any dimensionally stable anode (DSA) such as platinum or graphite,
or a reactive anode, depending on the material desired to be deposited. Preferably, in
the case of nickel deposition, the anode is an electrolytic nickel anode. A cathode 6 is
connected to the power source 5 via a transistored switch 7. Cathode 6 may be
fabricated from a wide variety of metals such as steel, brass, copper and or nickel, or
non-metal such as graphite. Preferably, cathode 6 is fabricated from titanium to
facilitate stripping of the nickel deposited thereon. Switch 7 is controlled by a wave
generator 8 (WaveTEK, Model 164) and the wave form is monitored on an oscilloscope
9 (Hitachi V212).

The temperature of the electrolyte 2 is maintained in the range between
about 55 and 75° C by means of a constant temperature bath 10 (Blue M Electric Co.).
A preferred temperature range is about 60-70° C and most preferably about 65° C. The
pH is controlled by additions such as Ni;CO3 powder or 7:1 H,S0,: HCI as required.

The quality of the deposit and the crystalline structure thereof are
functions of the peak current density in the cell 1, and the rate of pulsing the current.
Figure 2 illustrates the maximum current density (1) as a function of time. It will be
noted that generally the time off (t,) is longer than the time on (t,,) and that the
current density L., may vary between about 1.0A/cm? and about 3.0A/cm’. The t,,
may vary between about 1.0 and 5.0 msec., with a preferred range of 1.5 - 3.0 msec and
an optimum value of 2.5 msec. The t,, may range from about 30 msec. to 50 msec. with

an optimum of 45 msec. It will be apprccnated that Ipca,\, on 2 and t,r are interrelated and
' ' TR
REPLACERHT SHEET

13 MAR 1997




resistivity to inprove high frequency perneability a 7 . i
current | osses. These materials also exhibit good wedr ﬂm'f ﬁﬁii It

has al so been found that, while useful, pulsed D.C. glqgctroplating I ot
essential for the production of nanocrystalline (<50m)} nil 34¢AR iggon oys
such as those descri bed above. D-C el ectroplating undgerf_carefully

control |l ed conditions has been found adequate. Exanplle 7 ProductTom o
Ternary Nickel-Iron Chrom um Al | oys A simple_laboratory

el ectroplating bath 51 (Fig. 5) was placgd on a heating plate 52. An anode
54, pref erabl yhapte vaoiededigdmthasthayed rgngaaphilﬁuheal[,lq is toehigh| there jsreefisk eiat yhe
copper, cathode 55 re i.nmmersed in an el ectrolyte solutjon 56 in bath 51
and connect ed ?RPS&C@@W%%@B@B 9\13‘? 1Q9 o)} $hestrainggize wit leE’Ffe&F Ste conprised
an aqueous sol ution Conxtnahwdrgth@lmug\wméxbmbre@ Ohichohmé! jIRBdrative only and not
NiCl[err] - 6Herr]O CrC[err] 6Herr]O
0 - 100 limiting on the mvennon the electrolvnc cell descnbed above was employed with an

electrolytic nickel anode and a titanium cathode and an aqueous electrolyte (Bath 1)

containing:
Nickel Sulphate (BDH) 300 gm/I
Nickel Chloride (BDH) 45 gm/|
Boric Acid (BDH)" 45 gm/l in distilled water. The pH was

adjusted, as noted above, by addition of Ni,CO; powder.or 7:1 H, SO;: HCL. The
temperature was maintained at 65° C, for a standard plating time of 3 hours. Saccharin
is a known stress reliever and grain refining agent and may be added in amounts up to
about 10 gm/l. Other stress relievers and grain refining agents which may be added
include coumarin sodium lauryl sulfate and thiourea. If the bath temperature rises, it
may be desirable to add a grain size inhibitor such as phosphorous acid in relatively
small amounts up to about 0.5 - 1 gm/1.

Example 1 '

Using the apparatus described with reference to Figure 1 and a basic bath
electrolyte composition described above as "Bath 1", 0.5 gm/1 saccharin (Aldrich) was
added and the pH adjusted to pH 2. The I, was 1.9 A/cm? and t, was 2.5 m sec. and
t,r was 45 m sec. The result was a porosity free nanocrystalline nickel deposit of 0.250 -

0.300 mm thickness with an average grain size of 35 nm.
| Example 2

The procedure and operating conditions of Example 1 were repeated
except that the saccharin concentration was increased to 2.5 gm/l. The result was a
porosity free deposit of 0.220 - 0.250 mm thickness with an average grain size of 20 nm.
Example 3

Example -1 was repeated except that the saccharin concentration was
increased to 5 gm/l. The result was a porosity free deposif of 0.200 mm thickness with

an average grain size of 11 nm.



FeCd [err] 4H O I NaCl 0 - 50

B(OH)ferr] 25 25 The
bat h tenperature*was mai ntai ned at a tenperatur ‘Al err]C and
about 50[err]C (preferably roomtenperature) and tfhe pH J of the h was

mai ntai ned in the range 1-3, depending on the chr qr}jtﬁ,ﬁz‘hﬂm hi gh
chromumlevels the pH was | owered to prevent formation of chrofi ym

hydr oxi de. The current density was maintai ned at apout—50 M sq of

cat hode for periods of tine up to abouZ 2 hours wWith cont]j irring
(0-500 r pMExample 4 In an alternative enbodient usi ng a pul sed D.C.
electrolytic ce periodi ¢ pul se reversal was practised resulting in sonme

grain size reducti i on Examplerp mes sepestad exseptathal theypH wrasiadjystadesp Rﬂ o ¥
| mpr oved us %aéc'ﬂ'inﬁtcroﬁéesrnfaefioh%\fﬁrlﬁcreased to 10 gm/l. The result was a porosity free

deposit of 0.200 - 0.220 mm thickness with an average grain size of 6 nm.
Example 5 |

The products of Examples 1-3 were subjected to hardness testing using a
standard Vickers hardness technique. The results are tabulated in Figure 3 and
illustrate that at the large grain sizes porosity free electroplated nickel nanocrystals obey
the well established Hall-Petch relationship, i.e. increasing hardness with decreasing
grain size. However, for the very small sizes of the present invention there is a clear
deviation from the Hall-Petch relationship indicating a maximum hardness in the 8 - 10
nm size range.

Example 6

The saturation magnetization of the products of Examples 1-3 was
measured using conventional methods. The results are tabulated in Figure 4 and
compared with the saturation magnetization of gas condensed nanocrystalline nickel as
reported by Gong et al, supra. It will be noted that while Gong et al report decreasing
saturation magnetization with decreasing grain size, the products of the present
invention show very little change in saturation magnetization with grain size variation,
and even at the smallest grain sizes it is essentially the same as for conventional nickel.

The nanocrystalline materials of this invention, and particularly
nanocrystalline nickel can be used to provide hard, wear resistant coatings on many
surfaces. They can also be used as hydrogen storage materlals, as catalysts for hydrogen
evolution and as magnenc materials.

While the invention has been described thus far with reference particularly
to nanocrysialline nickel, the principles thereof are equally applicable to nanocrystalline
soft magnet materials, which are frequently ternary and qﬁaternary iron-nickel alloys,
and more particularly include Permalloy® (78.5 Ni 17.1 Fe3.8 Cr. 0.6Mn), Hy Mu®
(80Ni 16 Fe 4Mo) Supermalloy® (79Ni 15.7 Fe 5Mo 0.3Mn) and Mumetal (76Ni 17Fe
5Cu 2Cr) (Woldman, Engineering Alloys, 4th Ed, 1962). Other ternary and quaternary
alloys may contain elements selected from Ni, Fe, Co, Zn, W, Cr, Cu, Mo, Mn, V, Tj,

Mg, Si, P, C and S. The soft magnetic materials find utility in many applications but
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are particularly useful for recording head.applications which require high electrical

resistivity to improve high frequency permeability and to minimize 'eddy current losses.
These materials also exhibit good wear characteristics. It has also been found that,
while useful, pulsed D.C. electroplating is not essential for the production of
nanocrystalline (<50nm) nickel-iron alloys such as those described above. D-C
electroplating under caréfully controlied conditions has been found adequate.

Example 7 Production of Ternary Nickel-Iron Chromium Alloys

A simple laboratory electroplating bath 51 (Fig. 5) was placed on a
heating plate 52. An anode 54, preferably but not essentially, graphite and a metallic,
preferably copper, cathode 55 were immersed in an electrolyte solution 56 in bath 51
and connected to a controlled .DC power supply 53. The electrolyte comprised an

aqueous solution containing (in grams/litre of solution):

NiCl,: 64,0 50
CrCly 6H,0 0 - 100
FeCl,s 4H,0 1
NaCl 0-50
B(OH), 25
NH,Cl 25

The bath temperature was maintained at a temperature between about 15°C and about
50°C (preferably room temperature) and the pH of the bath was maintained in the
range 1-3, depending on the chromium content. At high chromium levels the pH was
lowered to prevent formation of chromium hydroxide. The current density was
maintained at about 50 mA/sq cm of cathode for periods of time up to about 2 hours
with continuous stirring (0-500 rpm).
In an alternative embodiment using a pulsed D.C. electrolytic cell,
periodic pulse reversal was practised resulting in some grain size reduction and
- improved surface quality. Quality may also be improved using the stress relievers
previously described and in addition sodium citrate, EDTA, citric acid or sodium
fluoride.
The composition of the alloy deposited on the copper cathode was
analyzed by energy dispersive x-ray spectroscopy and the results, in terms of the

chromium concentration of the bath were plotted in Figure 6. It will be noted that the
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chromium content of the alloy is substanﬁally constant at about 1% but the mickel
content tends to fall from a maximum of about 86% at 0 g/l Cr in the bath to a
minimum of about 78% at a concentration of 50 g/I Cr in the bath. Scanning electron
microscopy indicated that the grain size of the alloy product was less than 100
nanometres while x-ray diffraction studies indicated a grain size of about 10-15
nanometres with some grain sizes up to about 37 nm.

The electrical, mechanical and magnetic properties of the pure
nanocrystalline nickel products of Examples 3 and 4 have been studied in some detail,
and it has been determined, somewhat surprisingly in view of previously published
results (Gong et al J. Appl. Phys. 69, 5119 (1991)) that saturation magnetization (Ms)

of nanocrystalline nickel produced by the process of examples 2, 3 and 4 is essentially

- independent of grain size. This is, however, consistent with recent calculations (Szpunar

et al, Condensed Matter Physics, in press) that show that the magnetic moment of atoms
located in special high angle grain boundaries is only insignificantly reduced. Even in
an amorphous structure the reduction in Ms is less than 20% and for 10nm grain sizes
with an intercrystalline volume fraction of 27%, the overall reduction in Ms is less than
5%. _

Coercivity (Hc) of 50nm nanocrystalline nickel is about 2.0 kA/m which
is about 50% lower than that of conventional polycrystalline (100 nm plus) material (3.0
kA/m). Further reduction in grain size results in an increase in coercivity back to the
level of the polycrystalline material, which is believed due to the transition from fulti-
domain to single domain grains.

Figure 7 shows that the room temperature electrical resistivity of the

material with a grain size of 11nm is increased by a factor of three over the resistivity

~ value observed for conventional polycrystalline material. At lower temperatures this

factor increases to approximately five times. This behaviour can be understood in terms
of electron scattering at the grain boundaries and triple junctions in the material which
should result in an increase in resistivity with increasing intercrystalline volume fraction.
This is demonstrated in Figure 8 which shows the excess resistivity as a function of the
intercrystalline volume fraction for the grain sizes shown in Figure 7. The excess
resistivity is defined here as the total resistivity minus the resistivity of conventional

polycrystalline nickel for which the intercrystalline volume fraction is negligible. The

y {f oft MR 9% z¢s |l ess
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- Figure 3. Although there is deviation from linearity for grain sizes less than 30nm the

important finding is that the hardness of the material is increased by a factor of 5 when
reducing the grain size from 100um to 10nm.

Using pin-on-disk wear testing under dry conditions an enhancement of
the wear resistance by a factor of four was observed for the same materials.

The corrosion behaviour of nanocrystalline electrodeposits has recently
been studies by potentiodynamic and potentiostatic testing in a 2N H,SO, solution. As
shown in Figure 9 _nanocrystallin'e nickel exhibits the same active-passive-transpassive
behaviour as observed in normal crystalline nickel. However the current density in the
passive range for nanocrystalline materials is higher than for conventional nickel. This
is believed to be due to the increased defect concentration in the passive layer on
nanocrystalline material. On the other hand, nanoprocessed Ni did not show the

detrimental type of localized corrosion along the grain boundaries which is usually

observed for conventional nickel. Therefore, although the general corrosion rate is

somewhat enhanced, the overall excellent corrosion performance of nickel is likely not

sacrificed by nanoprocessing.
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1. A process for electrodepositing a selected metallic material in
nanocrystalline form on a substrate comprising:
(a)  providing an electrolytic cell having an anode and cathode;
(b) introducing an aqueous, electrolyte containing ions of said
selected metallic material into said electrolytic cell; |
(¢)  maintaining said electrolyte at a temperature in the range between
about 15° and about 75° C; and
(d)  passing a D.C. current, having a peak current density in the range
between about 0.1 and about 3.0 A/cm’, at pulsed intervals during
which said current passes for a time period in the range of about
0.1 to about 50 milliseconds and does not pass for a time period
in the range of about 1 to about 500 milliseconds, between said
anode and said cathode so as to deposit said selected metallic
material in nanocrystalline form on said cathode.
2. A process as claimed in claim 1 wherein said selected metallic material
is (a) a pure metal selected from the group consisting of Co, Cr, Cu, Fe,
- or (b) all_éys containing at least two elements selected from Ni, Fe, Co,
Zn, W, Cr, Cu, Mo, Mn, V, Si, P, C, and S, and having a grain size of less
than 100 nm, with the proviso that, in a binary alloy when a first said
element is nickel, the second element is not iron or phosphorus and in a
binary alloy in which the first element is Co, the second element is not W.
3. A process for electrodepositing a selected metallic material in
nanocrystalline form on a substrate comprising:
(a)  providing an electrolytic cell having an anoede and cathode;
(b) imroducing.an aqueous, acidic electrolyte containing ions of said
selected metallic material into said elect'rolytic cell;
()  maintaining said electrolyte at a temperature in the range between
about 55° and about 75° C;
(d) = passing a D.C. current, having a peak current density in the range
| between about 1.0 and about 3.0 A/cm? at pulsed intervals during

which said current passes for a time period in the range of about

* c L M S *



CLAIMS 1. A——process for efectrodepositing et éﬁﬁm ] 1 C

material in naﬂgghgéhggﬁeg_m ]‘a&rdm on a .substrate i Rﬁﬁbﬁ 5 Uk,

el ectrolyte con sai d sel ected met gl I[i'C maferlal i $

i ntroduced int ol @m c cell having an arlode ?ng gi7h ode whil e
mai nt ai ni ng sai at a tenperature injtHe nge betweem about

15[ err] and about 75[err] C,. characterlsed by
. 12

1.0 to about S milliseconds and does not pass for a time period in

the range of about 30 to about 50 milliseconds, between said
anode and said cathode so as to deposit said selected metallic

material in nanocrystalline form on said cathode.

4. A process claimed in claim 3 wherein said selected metallic material is
nickel.
5. A process as claimed in claim 3 wherein said anode is selected from

nickel, platinum and graphite.

6. A process as claimed in claim 5 wherein said cathode is selected from
titanium, steel, brass, copper, nickel, and graphite.

7. A process as claimed in claim 6 whérein said electrolyte additionally
contains up to about 10g/1 of a stress reliever and grain refining agent.

8. A process as claimed in claim 7 wherein said stress reliever and grain
refining agent is selected from saccharin, coumarin sodium lauryl sulfate
and thiourea.

9. A process as claimed in claim 8 wherein said electrolyte additionally
contains a grain size inhibitor.

.10. A process as claimed in claim 9 wherein said grain size inhibitor is

phosphorous acid.

11. A process as claimed in claim 3 wherein said current passes for periods
between 1.5 and 3.0 milliseconds and does not pass for a period between
40 and 50 milliseconds. |

12. A process as claimed in claim 1 including the step of periodic pulse
reversal. '

13. A process as claimed in claim 11 wherein said bath is maintained at a
temperature in the range 60-70°C.

14. A process as claimed in claim 12 wherein said current passes for 2.5 m
sec and does not pass for 45 m sec.

15. A process as claimed in claim 13 wherein said bath is maintained at a
temperature of 65°C.

16. A process as claimed in claim 11 wherein said peak current density is in

the range 1.5 - 2.2 Afem®,
_

| RER )
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is (a) a pure netal selected fromthe group consisting off Co, G, Cu, Fe,
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of 8 - 10 nm, and saturation magnetization properties substantially equal
to those of said nickel material in normal crystalline form.

19.  Nanocrystalline nickel produced by the process of claim 3.

20. A nanocrystalline meiallic material having a grain size of less than 100
nm selected from the group consisting of (a) a pure metal selected from
the group consisting of Co, Cr, Cu and Fe, and (b) alloys containing at
least two elements selected from the group consisting of Ni, Fe, Co, Zn,
Ti, Mg, W, Cr, Cu, Mo, Mn, V, §i, P, C, and S, with the proviso that, in
a binary alloy in which a first said element is Ni the second element is not
Fe or P; and in a binary alloy in which the first element is Co, the second
element is not W.

21. A nanocrystalline ternary or quaternary nickel-iron alloy of the Ni Fe X,
X, type where X, and X, are the same or different and selected from the
group consisting of Cr, Co, Cu, Mo, Mn, V, Ti, Mg, Si, P, C, and S.

22, A nanocrystalline alloy as claimed in claim 21 wherein X, and X, are
selected from Cr and Mn.

23. A nanocrystalline alloy as claimed in claim 21 wherein X, and X, are
selected from Cr and Mo.

24. A nanocrystalline alloy a‘s claimed in claim 21 wherein X, and X, are
selected from Mo and Mn.

25. A nanocrystalline alloy as claimed in claim 21 wherein X, and X, are
selected from Cu and Cr.

26. A process as claimed in claim 1 wherein said electrolyte includes up to
10g/1 of a stress reliever and grain refining agent selected from the group
conSisting of saccharin, sodium citrate, EDTA, citric acid, sodium fluoride,
coumarin, sodium lauryl sulfate and thiourea.

27. A process as claimed in claim 3 including the step of periodic pulse

reversal. —

Wy



bi nary alloy when a first said elenment is nickel, the second el ement is not.
i ron or phosphorous and in a binary alloy in which the first elenent Co,
the second elenment is not W 3. A process as clained in daim1l or
Claim 2, characterised by maintaining said electrolyte at a tenperature in
t he range between about 55 and about 75[eil#] and further characterised in
t hat said peak current density iSANﬂCRMSTAthﬁEbHE%éﬁ about 1.0 and about
3.0/ ANcnferr], at pul sed interval spgyf cpgfgﬂ Blcsdird current passes for a
time perlod in the range of about 1.C ut 5 mlliseconds and

A process for producing nanocrystalline materials, and in particular

nanocrystalline nickel having an average grain size of less than about 11 nanometers
and ternary and quaternary nickel-iron alloys, such as NiFeCr and NiFeCrMn alloys,
having a grain size less than about 100 nm is described. The nanocrystalline nickel is
electrodeposited onto the cathode in an aqueous acidic electrolytic cell by application :
of a pulsed D.C. current. The ternary and quaternary Nickel-Iron alloys and other
binary, ternary and quaternary alloys may be produced by D.C. electroplating or by
phlsed D.C. electroplating. The cell electrolyte also contains a stress reliever, such as
saccharin, which helps to control the grain size. The novel products of the invention
find utility as wear resistant coatings, hydrogen storage materials, magnetic materials

and as catalysts for hydrogen evolution.

No Figure
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4. ‘A process as clainmed in claim3, characterised in that said sel ected

metallic material is nickel. 5. A process as clained in claim3,
characterised in that said anode is selected from nickel, platinumand

gr aphi te. 6. A process as clained in claim5, characterised in that
said cathode is
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selected fromtitanium steel, brass, copper, nickel, and graphite. 7.
A process as clained in claim6, characterised in that said electrolyte
addi tionally contains up to about “10g/| of a stress reliever and grain
refining agent. 8. A process as clained in-claim7, characterised in
that said stress reliever and grain refining agent is selected-from
saccharin, tcoumarin sodiumlauryl sulfate and thiourea. -

3/7
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9.

" A process as clainmed in claim8, characterised in that said

electrolyte additionally contains a grain size inhibitor.
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10. ~ A process as clained in claim9, characterised in that said grain
size inhibitor is phosphorous acid. 11. A process as clained in claim
3, characterised in that said current passes for periods between 1.5 and
3.0 mlliseconds and does not pass for a period between 40 and 50

m | liseconds. 12. A process as claimed in claim1, characterised by a

" step of periodic pulse reversal.
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13. ° A process as clained in claim 11, characterised in that said bath is

mai ntai ned at a tenperature in the range 60-70[err]C. 14. A process as
claimed in claim12, characterised in that said current passes for 2.5m sec
and does not pass for 45m sec. 15. A process as clained in claim13,
characterised in that said bath is nmaintained at a tenperature of 65C.
6/7
25
O llam 0O 500aom
A 15nm 8 100um
E 20 - VvV 34nm .‘Q
3 .
G ',::'
L s - ~y
ﬂ "‘ o"
>\ ". .°
-td .-'" .A ‘4'v
-; ‘.' ..'. .’ O
2 10 4 R
-:m:; ..'o'.’.' .’c ‘..-00
2 Q.. 7 e ..
m . A- .."::g" .oo'....
m 5 - o’ .0’.. -"'.’
m ."...c'.‘ ..0".
e
¥
0 i T I 1] ]

50 100 150 200 250 300 350

- Temperature K

FIGURE 8

REPLACEMENT SHEET

13 MR 1997




16. * A process as clained in claim1l, characterised in that said peak
current density is in the range 1.5 - 2.2 Alcnferr]. 17. A process as
claimed in claim16, characterised by a peak current density of about 1.9
Alcnerr]. 18. - A nanocrystalline nickel material, characterised by an
average grain size of |less than 11 nanonetres and by a hardness which is at
a maximumin a size range of 8 - 10 nm and by saturation magneti zation

properties - substantially /7
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An object of the present invention is to provide a novel pulsed
electrodeposition process for making nanocrystalline materials of less than 100

nm in diameter.

According to one aspect of the inventibn there is provided a process for
electrodepositing a selected metallic matedal in nanocrystalline form-on a
substrate in which an aqueous, electrolyte containing ions of said selected
metallic material is introduced into an electrolytic cell having an anode and a
cathode, while maintaining said electrolyte at a temperature in the range between
about 15° and about 75°C, characterised by passing a D.C. current, having 2
peak current density in the range between about 0.1 and about 3.0 Afem?, at
pulsed intervals during which said current passes for a time period in the range
of about 0.1 to about 50 milliseconds and does not pass for a time period in the
range of about 1 to about 500 milliseconds, between said anode and said cathode
so as to deposit said selected metallic material in nanocrystalline form and

having a grain size of less than 100 nm on said cathode.

The process hereinbefore defined may preferably by characterised by maintaining
said electrolyte at a temperature in the range between about 55° and about 75°C
and may be further characterised in that said peak current density is in the range
between about 1.0 and 3.0/A/cm?, at pulsed intervals during which said current
passes for a time period in the range of about 1.0 to about 5 milliseconds and

does not pass for a time period in the range of about 30 to 50 milliseconds.

According to a second aspect of the invention there is provided a nanocrystalline
nickel material, characterised by an average grain size of less than 11
nanometres and by a hardness which is at a maximum in a size range of 8 - 10

nm, and by saturation magnetization properties substantially equal to those of




19.. A nanocrystalline netallic material having a grain size of |ess than
100 nm characterised by selection fromthe group consisting of (a) a pure
netal selected fromthe group consisting of Co, Cr, Cu, and Fe, and (b)

all oys containing at |least two elenents selected fromthe group consisting
of Ni, Fe, Co, 2Zn, Ti, My, W C, Cu, Mo, M, V, Si, P, C, and S. and
further characterised in a binary alloy in which a first said elenent is
Ni, the second elenent is not Fe or P, and in a binary alloy in which the
first elenment is Co, the second elenent is not W 20. = A nanocrystalline
ternary or quaternary nickel-iron alloy h4ving a grain

said nickel material in normal crystalline form.

According to a third aspect of the invention there is provided a nanocrystalline
metallic material having a grain size of less than 100 nm characterised by being
selected from the group consisting of (a) pure metal selected from the group
. consisting of Co, Cr, Cu and Fe, and (b) alloys containing at least two elements
selected from Ni, Fe, Co, Zn, Ti, S, Mg, W, Cr, Cu, Mo, Mn, V, Si, P,C, and
S, with the proviso that, in a binary alloy when a first said element is nickel, the
second element is not iron or phosphorus,-and in a binary ailqy in which the first

element is Co, the second element is not Ww.

According to a fourth aspect of the invention there is provided a nanocrystalline
ternary or quaternary nickel-iron alloy having a grain size of less than 100 nm
and characterized in that it is of the Ni Fe X, X, type where X, and X, are the
same-or different and selected from the group consisting of Cr, Co, Cu, Mo,
Mn, V, Ti, Mg, Si, P, C, and S.
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size of° | ess than 100 nm and characterized in that it is of the NI Fe
X[err] X err] type where X err] and X[err] are the sane or different and
selected fromthe group consisting of G, Co, Cu, Mo, My, V, Ti, My, Si,

C, and S. 21. A nanocrystalline alloy as clainmed in claim 20,
characterised in that X er] and Xerr] are selected fromC and M. 22.
A nanocrystalline alloy as clainmed in cl'aim 20, characterised in that
X[err] and X2 are selected fromCr and M. - 42 -

Brief Descriotion of Drawings

Figure 1is a diagrammatic sketch of one embodiment of 2n apparatus for
use in the process of the present invention;

Figure 2 is a graph illustrating current density versus time during a plating

cycle;
- Figure 3 is a graph of hardness (VHN) versus grain size for

nanocrystalline nickel (Hall Petch piot);

Figure 4 is a graph of magnetic saturation (emu/g) versus grain size for
nanocrystalline nickel produced according to the present invention, and compared to the

prior art;
Figure 5 is a diagramatic sketch of an alternative embodiment of an

apparatus for use in the present invention;

Figure 6 is 2 graph illustrating composition of tcméry Ni Fe Cr alloys
éroduced in baths containing different concentrations of chromium;

Figure 7 is 2 graph illustrating resistivity of nanocrystalline nickel 2s a
function of grain size;

Figure 8 is a graph illustrating excess resistivity as 2 function of

intercrystalline volume fraction; and
Figure 9 shows polarization curves for nano- and poly-crysialline nickel.

Detailed Dgscr;'gtign of Preferred Embodiments

As noted hereinabove pulsed direct current electrodeposition has been
found to produce superior nanocrystalline materials, and particularly nickel, having a

grain size of less than about 11 nm. Ternary or quaternary nickel-iron alloys having a
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23: A nanocrystal line alloy as cl ai rred in claim20, characterised in that
X[err] and X[err] are selected from M" and ‘Mh. 24. A nanocrystalline
alloy as clainmed in claim?20, characterised in that X err] and X err] are

selected fromCu and Cr.

-10 -

intercrystalline volume fractions in Figure 8 were derived for 2 grain boundary thickness.
of 1nm.

Reduced grain size usually results in increased hardness as 2 result of
Hall-Petch strengthening. The Hall-Petch grap'h for. electrodeposited Ni is shown in.
Figure 3. Although theré is deviation from linearity for grain sizes less than 30nm the
important finding is that the hardness of the material is increased by 2 factor of 5 when
reducing the grain sizs from 100zm to 10nm.

Using pin-on-disk wear testing under dry conditions an enhancement of
the wear resistance by a factor of four was observed for the same m.atcrials.

The corrosion behaviour of nanocrysialline electrodeposits has recently
been studies by potentiodynamic and potentiostatic testing in 2 2N H,SO, solution. As
shown in Figure 9 nanocrystalline nicke! exhibits the same active-passive-iranspassive
behaviour as observed in normal crystalline nickel. However the current deasity in the
passive range for nanocrystalline materials is higher than for conventional nickel. This
is believed to be due to the increased defect concentration in the passive layer on
nanocrystalline material. On the other hand, nanoprocessed Ni did not show the
detrimental type of localized corrosion 2long the grain boundaries which is usually
observed for conventional nickel. Therefore, although the general corrosion rate is

somewhat enhanced, the overall excellent corrosion performance of nicke! is likely not
sacrificed by nanoprocessing.

Thus using the invention it is possible to provide nanocrystalline metals, binary,

ternary and  quaternary alloys having a grain size of less than 100 nm and

some of which have enhanced magnetic properties.

REPLACEMENT SHEET

07 NOV 1997




- 15 - 25. A process as clained in claim1, characterised in that said
el ectrolyte includes up to 10g/|l of a stress reliever and grain refining
agent selected fromthe group consisting of saccharin, sodiumcitrate,
EDTA, citric acid, sodiumfluoride, coumarin, soduuaLLguryl sul fate and

| PLACEMENT Sz
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CLAIMS

1. A process for eléctrodepositing .a selected metallic material in
nanocrystalline form on a substrate in which an aqueous, electrolyte containing
ions of said selected metallic material is introduced into an electrolytic cell
having an anodei and a cathode, while maintaining said electrolyte at a
temperature in the range between about 15° and about 75°C, characterised by
passing a D.C. current, having a peak current density in the range between about |
0.1 and about 3.0 A/cm?, at pulsed intervals during which said current passes
for a time period in the range of about 0.1 to about 50 milliseconds and does not
pass for a time period in the range of about 1 to about 500 milliseconds, between
said anode and said cathode so as to deposit said selected metallic material in
nanocrystalline form and having a grain size of less than 100 nm on said

cathode.

2. A process as claimed in claim 1, characterised in that said selected
metallic material is (a) a pure metal selected from the group consisting of Co,
Cr, Cu, Fe, or (b) alloys containing at least two elements selected from Ni, Fe, |
Co, Zn, W, Cr, Cu, Mo, Mn, V, Si, P,C, and S, with the proviso that, in 2
binary-alloy when a first said element is nickel, the second element is not iron
or phosphorous and in a binary alloy in which the first element Co, the second

element is not W.

3. A process as claimed in Claim 1 or Claim 2, characterised by maintaining
said electrolyte at a temperature in the range between about 55° and about 75°
and further characterised in that said peak current density is in the rénge between
about 1.0 and about 3.0/A/em?, at pulsed intervals during which said current

passes for a time period in the range of about 1.0 to about 5 milliseconds and

* c L M - *




26. A proces

din claim3, characterised by a step of periodic
pul se reversal y

‘LACEMENT Em '
| R )RR

-12-

does not pass for a time period in the range of about 30 to about 50

milliseconds.

4, A process as claimed in claim 3, characterised in that said selected

metallic material is n.icke_l.

5. A process as claimed in claim 3, characterised in that said anode is

selected from nickel, platinum and graphite.

6. A process as claimed in claim 5, characterised in that said cathode is

selected from titanium, steel, brass, copper, nickel, and graphite.

7. A process as claimed in claim 6, characterised in that said electrolyte

additionally contains up to about 10g/l of a stress reliever and grain refining

agent.

8. A process as claimed in claim 7, characterised in that said stress reliever
and grain refining agent is selected from saccharin, coumarin sodium lauryl

sulfate and thiourea.

9. -A process as claimed in claim 8, characterised in that said electrolyte

additionally contains a grain size inhibitor.



—_—
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10. A process as claimed in claim-9, characterised in that said grain size

inhibitor is phosphorous acid.

11. A process as claimed in claim 3, characterised in that said current passes
for periods between 1.5 and 3.0 milliseconds and does not pass for a period

between 40 and 50 milliseconds.

12. A process as claimed in claim 1, characterised by a step of periodic pulse

reversal.

13. A process as claimed in claim 11, characterised in that said bath is

maintained at a temperature in the range 60-70°C.

¥

14. A process as claimed in claim 12, characterised in that said current passes

for 2.5m sec and does not pass for 45m sec.

15. A process as claimed in claim 13, characterised in that said bath is

maintained at a temperature of 65°C.

16. - A process as claimed in claim 11, characterised in that said peak current

density is in the range 1.5 - 2.2 Afem®.

17. A process as claimed in claim 16, characterised by a peak current density

af about 1.9 Alcm?.

18. A nanocrystalline nickel matecial, characterised by an average grain size
of less than 11 nanometres and by a hardness which is at 2 maximum in a size

range of 8 - 10 nm, and by saturation magnetization properties substantially
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equal to those of said nickel material in normal crystalline form.

19. A nanocrystalline metallic material having a grain size of less than 100
nm characterised by selection from the group cdrfsisting of (2) a pure metal
selected from the group consisting of Co, Cr, Cu, and Fe, and (b) alloys
containing at least two el;?.ments selected from the group consisting of Ni, Fe,
Co, Zn, Ti, Mg, W, Cr, Cu, Mo, Mn, V, Si, P, C, and S, and further
characterised in a binary alloy in which a first said element is Ni, the second
element is not Fe or P; and in a binary alloy in which the first element is Co,

the second element is not W.

- 20. A nanocrystalline ternary or quaternary nickel-iron alloy having a grain
size of less than 100 nm and characterized in that it is of the Ni Fe X, X, type
where X, and X, are the same or different and selected from the groﬁp
consisting of Cr, Co, Cu, Mo, Mn, V, Ti, Mg, Si, P, C, and S.

2. A nanocrjstalline alloy as claimed in claim 20, characterised in that X

and X, are selected from Cr and Mn.

22. " A rianocrystalline alloy as claimed in claim 20, characterised in that X,

and X, are selected from Cr and Mo.

23. A nanocrystalline alloy as claimed in claim 20, characterised in that X;

and X, are selected from Mo and Mn.

24. A nanocrystalline alloy as claimed in claim 20, charactecised in that X,

and X, are selected from Cu and Cr.
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25. A process as claimed in claim 1, characterised in that said electrolyte
includes up to 10g/l of a stress reliever and grain refining agent selected from
the group consisting of saccharin, sodium citrate, EDTA, citric acid, sodium

‘fluoride, coumarin, sodium lauryl sulfate and thiourea.

26. A process as claimed in claim 3, characterised by a step of periodic pulse |

reversal.




