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Abstract

This paper describes an experimental and theoretical study of the effects of different types of waveform on the grain
size and the hardness of nickel electroforms in pulse current electroforming. The highest hardness value and the
finest grain size were obtained using a ramp-down waveform with relaxation time. The experimental results show
that compared with the conventional rectangular waveform and with relaxation time, the hardness value can be
improved by about 28% when a ramp-down waveform, also with relaxation time, is used. These results are
supported by theoretical predictions and the study of the surface morphology of the electroforms by scanning
electron microscopy.

List of symbols R gas constant
s area occupied by one atom on the surface on the

b shape factor relating to the surface area (i.e., nucleus

b = P?/4S; e.g., b = 7 for a circular nucleus) S surface area
c concentration t time
Ce interfacial concentration ta pause time
co bulk concentration te cathodic time of mandrel
d grain size T temperature
D diffusion coefficient J nucleation rate
e charge of an electron w waveform
F faradaic constant x coordinate in the horizontal direction
G grain size z number of electrons
H hardness value
H a value determined by dislocation blocking Greek symbols

i current density 0 period of one cycle
io exchange current 0 total thickness of diffusion layer
ia anodic peak current density o transfer coefficient
I cathodic peak current density € specific edge energy
lav average current density n total overpotential
iL limiting current density Mo ohmic overpotential
k Boltzmann’s constant N surface overpotential
k a proportionality constant Ne concentration overpotential
ky related to the amount of energy needed for the AG free energy of formation of a cluster
two-dimensional nucleation ®(N) increase of the surface energy due to creation of
Ky penetrability of the moving dislocation the surface of a cluster
boundary
m number of cycles Suffixes
N number of ions contained in a cluster rec due to applying rectangular waveform with
A size of the critical nucleus relaxation time
P perimeter rup due to applying ramp-up waveform with
r ta/te relaxation time
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rdn due to applying ramp-down waveform with
relaxation time
tri due to applying triangular waveform with

relaxation time

1. Introduction

The main practical advantage of pulse-current electro-
forming is its potential to improve the properties of
electroforms. Encouraging results have been reported
[1-5]. Despic [6] and Romanov [7] have shown that the
formation of zinc dendrites in sulfate baths is greatly
reduced by pulse current electroforming, with smoother
and denser electroforms obtained. Avila and Brown [8]
have reported that pulse current electroforming allows a
reduction by half in the amount of gold needed for the
coatings of integrated circuits, without impairing the
conductivity. Moreover, the considerable quantities of
additives used in electroforming baths can be reduced by
pulse current electroforming [5, 8, 9].

Although it has been demonstrated that the quality of
electroforms can be improved by using pulse current
with rectangular waveform [4, 9-11], there has been no
reported work on the use of different shaped waveforms.
Since nickel coatings enhance the value and usefulness
of industrial equipment and components, investigations
on improving the properties of nickel electroforms are
therefore of high significance [5, 12, 13].

Recently, much attention has been paid to hardness
and grain size investigations [14, 15]. The value of
hardness is a commonly used quantity which can give a
general indication of the strength of the material as well as
its resistance to wear and scratching [16-21]. A fine-
grained material is harder and stronger than a coarse-
grained material, since the former has a greater total grain
boundary area to impede dislocation motion. It has also
been found that for some metals, the value of hardness is
proportional to the reciprocal square root of the average
grain diameter [17, 22]. Since the effect of using different
types of shaped pulse current on the hardness and the
grain size of electroforms has not yet been fully explored,
it is worth paying attention to this area.

In this work, the relationship between the grain size
and the hardness of nickel electroforms produced by
utilizing different types of waveform was studied. The
different types of shaped waveform used were (a) a
rectangular waveform with relaxation time, (b) a ramp-
up waveform with relaxation time, (c) a ramp-down
waveform with relaxation time and (d) a triangular
waveform with relaxation time.

2. Theoretical consideration

2.1. Hardness and grain size

In an attempt to quantitatively relate the grain size in a
metal to its mechanical properties, Petch and Hall

proposed [23, 24] an expression relating grain size, d,
with hardness, H, in a metal. Hardness is defined in this
case as the yield stress (i.e., the level of stress at which
the material experiences the onset of permanent defor-
mation). Thus
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where Hy and Ky are determined experimentally for a
given specific metal and where their physical meanings
are as follows: Hy is the value determined by dislocation
blocking, which is, in turn, dependent on the friction
stress; and Ky represents the penetrability of the moving
dislocation boundary. This is related to the available slip
systems.

This useful empirical expression is applicable to many
electrodeposited materials [24, 25]. The expression has
been able, for instance, to provide an explanation for the
phenomenon of brittle cracking in chromium electrode-
posits. It has been useful in understanding of the
functional connection between hardness and grain size
values in many electrodeposits.

2.2. Instantaneous concentration profile of electroactive
ions in the diffusion layer

Viswanathan et al. [26] have shown that the simplified
diffusion model used by Cheh [27] can adequately
predict the concentration of the reacting species at the
electrode surface once the flux of the reacting species is
specified. The simplified diffusion model neglects the
convection term in the differential equation, but
replaces the boundary condition at infinity by an
approximate condition at the outer edge of the Nernst
diffusion layer. Consequently, the concentration of the
reacting species is described by the following diffusion
equation:

Jdc Pc

o Pan @
with the initial and boundary conditions:

¢(0,x) = ¢ (3)

c(t,0) = ¢ (4)

ocll  i(r)

|,z ®)

For a special case in which the applied current is
constant, Equation 2 (subject to the initial and bound-
ary conditions of Equations 3-5) can be solved by the
Fourier series method [28]:
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For the sake of brevity, Equation 6 may be written as

(6)

ce—co=Cx

22 E e apsingu) (7

n=1

where n = 1,2,3,4,5,6,7,8.. ..

p=2n—1 (8)
9=75 (9)
D
=17 (10)
- — (1)
because (—1)" sin(pgx) = — cos[pg(d — x)]
So,

8CH X 1

;eXp(—pzat)COS(pgé) (12)

where

E=06—x (13)

Equation 12 is applicable only when the current
remains constant during electrolysis. It is now proposed
to deal with the more general case where the currents i,
i, 13, corresponding to C;, C;, C3, etc., act successively.
C, is obtained from ¢t = 0 to t = #;, C, is obtained from
| to tp, and Cj; is obtained from #, to t3, etc.

At t =0, ¢ = ¢ for all values of x. Up to the moment
t1, the value of (c. —¢p) is given by Equation 12. In
particular,

fort =4,
8CIo K1
— ?exp(—pzatl) cos(pgé)

n=1

8C1o
2

=Cyx + (Cl — Cz)x —

> 1
X Z? exp(—pat,) cos(pgé)
n=1

80 &
= P [Cl exp(—p aty)

n=1

:sz—

+ (G2 — C1)]cos(pg)
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for # <t <,

80
sz - —
TC

n=1

— C))]exp[—p*a(t — 1)] cos(pg¢)

Ce—Co = P [C1 exp(—p’aty)

+(C
(15)

Generally, for ¢,_; <t < t,, the Equation 7 can be
written as

ce —co=Cox — i—(z {Cyexp(—pPat) + (C> — C))
x exp[—pa(t — )]+ + (G = Ci)
x exp[—pPa(t — t_1)] + -+ (C, — C,_1)
x exp[—p’a(t — t,_1)] } cos(pg&)
So,
Ce —Co = f: 2{Clexp (—p at)

+ Z(Ck —Cr_1) exp[—p2a(t - tkl)]}
k=1
x cos(pg&) (16)

Alternatively, the braced expression { } can be rear-
ranged, and so,

03 L {(Goelpati 1)

n=1

ce —cyp=Cx —

1
+ [(Ckx) exp[—pza(t — kal)]
1

—exp[—pla(t — t)]] } cos(pg<)

<

~
Il

(17)

If the difference between any two successive constant
currents is infinitely small, and the number of currents is
infinite, the difference (Cy — Cy_;) in Equation 16
becomes a differential, and the summation with respect
to k becomes an integration. When u is written in place
of t;, and if the applied current varies with time (i.e.,
C = i(t)/zFD), then Equation 16 becomes:

B 2D &
2FD 5

(1)

ap?zFD

- exp(—pzat)
=1

x [ exp(p*au)i(u)du % cos(pgé)
/
= 2?1):1 lexp(—pzat) /exp(pzau)i(u)du]

0

x cos(pg&) (18)
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Equation 18 represents the change in concentration
profile of electroactive ions within the diffusion layer at
any time, or the change in the concentration at any
position inside the diffusion layer.

By letting x =6 in Equation 18, the change in
concentration of electroactive ions is obtained:

t

Ce —Co = 27DZ exp(—p’at) / exp(pPau)i(u)du
n=1

0
(19)
The Equation 19 can be rewritten as
. t
Z p(—p*at) /exp(pzau)i(u)du
=1
0
(20)

The relationship between current density and the
shaped waveform can be described by the following
equations:

(a) For a rectangular waveform with relaxation time, Wy,

i. formb<t< (errH)H

i(t) =
0 for <m+ )9<t (m+1)0
(21)
. iC X tC iC
- = = 22
fav te+t, r+1 (22)
So,
io =20y, ift, =t (23)
During the cathodic time of mandrel, 0 < ¢ < £,
. I
= 24
i) = % (24)

By substituting Equation 24 into Equation 20, the
change in concentration is

8 Q0 X1-— —plat
z_Z: FZ}ZOD; exig 2 (25)
During the pause time, ¢, < ¢ < f,,
i(u) =1 (26)
Due to sufficiently high frequencies (i.e., sufficiently

small period of pulsation) the surface concentration of
depositing ions does not vary with time [29, 30]. The
surface concentration at the end of the cathodic pulse is
the same as that at the end of the anodic pulse, that is,
the change of concentration is found at ¢ = ¢:

Ce 20
Co ch()5

exp[—p*a(t — tc)] exp(—pat)
Z a
(27)

(b) For a ramp-up waveform with relaxation time, W,,,

2zL — 2mi, form9<t<(m+r+1)0

i(t) =
0 for (m+:7)0 < ¢ < (m+1)0
(28)
. 1 ioxt. 1 ic
vV—%x == 29

v =3 tett, 2 r+1 (29)
So,

e =4iy, if t, =1 (30)
During the cathodic time of mandrel, 0 < ¢ < ¢,

. ic 2u

= — 31
i) = =5 % 2 (1)

By substituting Equation 31 into Equation 20, the
change in concentration is

Ce 4i, & 5
S t—1 —pPat
@ +ch0(5n 420DDa + exp(—p’at)]

(32)

During the pause time, ¢ <t <t,, the change in
concentration is found to be the same as in Equation 27.
(c) For a ramp-down waveform with relaxation time, W g,

_21‘ + i. + 2mi,

i(t) = form0<t<(m+r+l)0
0 for (m+ )0 << (m+1)0
(33)
. I odexte 1 ic
o L 2 (34)
So,
o = 4iy, ift, =t (35)
During the cathodic time of mandrel, 0 < ¢ < ¢,
ic 2u
on e 1
i(u) D X < 0 + ) (36)

By substituting Equation 36 into Equation 20, the
change in concentration is

Ce 4i, &

a =1+ ZFC()5Z

a20 [1 — p*at — exp(—p’at)]

(37)



During the pause time, ¢ <t <t,, the change in
concentration is again found to be the same as
in Equation 27.

(d) For a triangular waveform with relaxation time, W ;

4ict -
0 4mlc

for mo <t < (Zm—i—ri—l)g

i(6) = { =5+ 2ic + 4mi
for(2m+$)§<t<<m+$)9
0 f0r<m+$)0<t<(m+l)0

(38)
b dexite 1 ic
lav_zxtc+ta_2xr+l (39)
So,
o = 4iy, ift, =t (40)

During the first cathodic time of mandrel, 0 < # < %‘,

) ic 4u

=— X — 41
i) = 5 x (41)
By substituting Equation 41 into Equation 20, the
change in concentration becomes:

Ce 8i. o 1

co zFeyd 4= pta20

[p*at — 1 + exp(—pat)]
(42)

During the second cathodic time of mandrel, ’5 <t<t,

o _4

By substituting Equation 43 into Equation 20, the
change in concentration is

(43)

Ce 16ic &N 1 ) ,
— =1 E 1 - t— — t
co + zFeyd 4= p4a29[ prat = exp(=pat)]

(44)

AG.

Fig. 1. Free energy of formation of a cluster as a function of size
N (a cluster of N atoms); N, is the size of the critical cluster (nucleus).
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During the pause time, 7. <t <t,, the change in
concentration is again the same as in Equation 27.

2.3. Nucleation and surface nuclei

The nucleation law for a uniform probability with time ¢
of conversion of a site on the metal electrode into nuclei
is given by

N = No[l — exp(—41)] (45)
where Ny is the total number of sites (the maximum
possible number of nuclei on the unit surface) and 4 is
the nucleation rate constant. This equation represents

the first-order kinetics model of nucleation. The rate of
2D nucleation, J, is given by [31]:

(46)

2
J:klexp[— bse }

zekT|n|

2.4. Concentration overpotential

With diffusion control [32], the concentration differences
across the diffusion layer give rise to a concentration
overpotential, ., which is given by [33-35]:

RT c
=—In(— 47
e = H<CO> (47)
Alternatively, Equation 47 can be written as
RT i
=—In(1l—-— 4
e =5 n( iL) (48)

The concentration overpotential 7 . can be found by
substituting Equations 25 and 27 into Equation 47. The
concentration overpotential 7,,,, can be obtained by
substituting Equations 32 and 27 into Equation 47.
Likewise, by substituting Equations 37 and 27 into
Equation 47, the concentration overpotential 7 4, can
be found. Similarly, the concentration overpotential 1, ,,;
can be found by substituting Equations 42, 44 and 27
into Equation 47. Since 7, and 7, can be neglected, the
nucleation rates Jrec, Jrup, Jrdn, and Jy; can be found by
substituting #¢ rec> e rups Merdns @Nd 74 into Equation
46. All these results are shown in Table 1. As shown in
the simulation of dimensionless surface concentration of
nickel ions during pulse-on-time in Figure 2, the shortest
transition time was obtained when W4, was employed
[36]. The longest transition time was obtained when W
was used. The order of transition time, 7, obtained
for different types of waveform is as follows: t;4n <
Teri < Trup < Trec-

When the transition time is reached during pulse
plating, the concentration overpotential increases sig-
nificantly and this results in a total increase in overpo-
tential [29-31]. An increase in the total overpotential
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Pulse-on-time / ms

Fig. 2. Simulation of dimensionless surface concentration of nickel
ions during pulse-on-time. (Assume D =4.7x10"%cms~!,
6 = 100 um, i,y = 500 mA cm~2 and ¢, = t, = 5 ms). (-A-) Ramp-up
waveform with relaxation time, (-[]-) Rectangular waveform with
relaxation time, (-A-) Triangular waveform with relaxation time, and
(-V-) Ramp-down waveform with relaxation time.

enhances the rate of nucleation. As a result, a deposit
with small grain sizes is produced. Thus, the pulse
current shape with shorter transition time will produce
deposits with finer grain sizes. The finest grain size is
produced by utilizing Wy,, since it has the shortest
transition time.

To simplify the analysis, it is assumed that the
cathodic time of the mandrel, ¢, is equal to the pause
time, f,, and the average current density, i,y, is fixed.

By substituting Equations 23, 31, 35 and 40 into
Equation 48, respectively, the relationship of concen-
tration overpotential among different types of waveform
can be written as

RT Tav
] — ol 49
e = | 1= 2(2)] (#9)
Moy m[14(?§] (50)
fav
Nrdn Fln[l —4(l—>] (51)
fav
So,
Nrec < Mrup while Nrup = Mrdn = Muri

In an electrocrystallization process, nucleation is en-
hanced by increasing overpotential. With reference to
Puippe [9], the nucleation rate, J, can be simplified as

—k
s=kew()

The ohmic overpotential and the surface overpotential
can be neglected. Hence, by substituting Equations 49,
50, 51 and 52 into Equation 53, respectively, the
relationship of nucleation rate among different types
of waveform can be written as

(53)
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—zFk
Jrec = kl eXp # (54)
’RTln(l - 2—L)’
—zFk
Jrup = k1 €xp i _ (55)
[RT In(1 - 4}
—zFk
Jrdn = ki exp i _ (56)
[RT In(1 - 4}
—zFk
Jtri = k] eXp # (57)
[RTIn(1 - %)
So,
Jree < Jrup while Jrup = Jui = Jrdn

Comparing Equations 54-57, the finer grain sizes can
be obtained by utilizing a ramp-up waveform, a ramp-
down waveform or a triangular waveform, both with
relaxation time. This is because, as shown in Equations
23, 30, 35 and 40, at the same average current density, a
higher cathodic peak current density is obtained by
utilizing a ramp-up waveform with relaxation time, a
ramp-down waveform with relaxation time or a trian-
gular waveform with relaxation time. In these cases the
amplitude of the cathodic peak current density is higher
and the overpotential becomes larger, which favours the
formation of new crystal nuclei rather than the building

1 a 1 b
ta ta
te ﬂ te
ic io
t t
C . d
i i
ta ta
te ﬂ te
ic ie /\
t t

Fig. 3. Different types of waveform: (a) a rectangular waveform with
relaxation time, (b) a ramp-up waveform with relaxation time, (c) a
ramp-down waveform with relaxation time, and (d) a triangular
waveform with relaxation time.
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Fig. 4. Effect of different types of waveform on grain size. (-A-)
Ramp-up waveform with relaxation time, (-[J-) Rectangular wave-
form with relaxation time, (-A-) Triangular waveform with relaxation
time, and (-V-) Ramp-down waveform with relaxation time.

up of existing crystals, and hence a decrease in the grain
size of the deposit can be expected.

3. Experimental procedures

In the electroforming experiments, the composition of
the bath solution was nickel sulphamate 330 g dm~3,
nickel chloride 15 g dm—3, boric acid 30 g dm™ and
sodium dodecyl sulphate 0.2 g dm~3. The electrolyte
was gently agitated by means of a magnetic stirrer,
and the temperature was kept at 50 + 1 °C. The initial
pH of the electrolyte was 4.2, a typical value used in
electroforming. The cathode mandrel was made of
stainless steel with dimensions of 100 mm X
30 mm x 1 mm, and was ground to a finish on grade
180 emery papers. After electroforming, the surface
morphology of the electroform of each specimen was
examined by SEM. The grain sizes were measured in
accordance with ASTM E112-95. Each specimen was
subjected to microhardness testing according to
ASTM E384.

550
500
450 N
400
350
300
250

200

Vickers micro-hardness / kg mm?

150

100 200 300 400 500 600

Average current density / mA cm?

Fig. 5. Effect of different types of waveform on hardness value. (-A-)
Ramp-up waveform with relaxation time, (-[J-) Rectangular wave-
form with relaxation time, (-A-) Triangular waveform with relaxation
time, and (-V-) Ramp-down waveform with relaxation time.
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Fig. 6. Relationship between hardness and grain size. (-A-) Ramp-up
waveform with relaxation time, (-[J-) Rectangular waveform with
relaxation time, (-A-) Triangular waveform with relaxation time, and
(-V-) Ramp-down waveform with relaxation time.

The different types of complex waveform of pulse
current generated by a pulse generator are shown in
Figure 3. They are defined by the cathodic time of the
mandrel (z.), the off-time (¢,), the cathodic peak current
density (i.), and the period of one cycle (6).

The pulse frequency was kept constant at 100 Hz, and
the electrodeposition thickness was fixed at 200 pum.

4. Results and discussions

Figure 4 shows that, at the same average current density,
a much coarser grain size was obtained when a

Table 2. Effect of applying different types of waveform on the
microhardness at the same average current density

Average Type of  Vickers Grain Reciprocal
current waveform microhardness diameter square root
density /kg mm™> /pm of grain diameter
/mA cm™> /um’]’/2
100 Wiee 140 36 0.166 667
Weap 153 32 0.176 777
Wrdn 162 25 0.200 000
Wi 158 29 0.185 695
200 Wiee 160 26 0.196 116
Wup 175 23 0.208 514
Wedn 195 18 0.235 702
Wei 180 20 0.223 607
300 Wiee 175 21 0.218 218
Wup 195 19 0.229 416
Wiedn 225 15 0.258 199
Wi 210 17 0.242 536
400 Wiee 200 18 0.235 702
Wup 225 16 0.250 000
Wiedn 268 12 0.288 675
Wi 245 13.6 0.271 163
500 Wiec 260 15 0.258 199
Wap 290 12 0.288 675
Wedn 330 8 0.353 553
Wi 310 10 0.316 228
600 Wree 350 12 0.288 675
Weap 390 9 0.333 333
Wian 450 4 0.500 000
Wi 410 6 0.408 248
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Fig. 7. SEM photos showing the surface morphology of the deposits obtained at a fixed electrodeposition thickness with an average current
density of 500 mA cm~2: (a) a rectangular waveform with relaxation time, (b) a ramp-up waveform with relaxation time, (c) a ramp-down
waveform with relaxation time, and (d) a triangular waveform with relaxation time.

conventional rectangular waveform with relaxation time,
W, was employed, while some improvement was
achieved when either a ramp-up waveform with relax-
ation time, W;yp, or a triangular waveform with relaxation
time, W, was used. The finest grain size was obtained by
using a ramp-down waveform with relaxation time, Wq4y.
The order of grain size, d, obtained for different types
of waveform is as follows: drgn < diri < drup < drec.

Figure 5 shows that at the same average current
density, a much lower hardness value was obtained
when a W, was employed, while some improvement
was achieved when either a W, or a W;; was used. The
highest hardness was obtained by utilizing a W qy,.
The hardness value, H, measured for the different types
of waveform is in the following order: Hgn > Hyi >
H rup > H e

Figure 6 shows that at the same average current
density, Hall-Petch behaviour was found for the cases
of W.an and W,;;. The effect of applying different types of
waveform on the microhardness is shown in Table 2.

Therefore, in order to obtain the finest grain size and
the highest hardness, i;q, should be applied in the pulse
current electroforming of nickel. This is because the
highest cathodic peak current density i,q, generates the
highest overpotential, which favours the formation of
new crystal nuclei rather than the building up of
existing crystals, and hence produces the finest grain

sizes. Some typical examples showing the surface
morphology of the electroforms are shown in Figures
7(a), (b), (c) and (d). These are in agreement with the
theoretical predictions.

5. Conclusions

The effects of different types of waveform on the
hardness and grain size of nickel electroforms have been
studied experimentally and theoretically. According to
the experimental findings, at a fixed average current
density, a constant pulse period, and a fixed electrode-
position thickness, the highest hardness was obtained
when a ramp-down waveform with relaxation time was
used. Analytical equations for overpotential and nucle-
ation rate related to the hardness improvement at a fixed
electrodeposition thickness and a constant average
current density were derived, and the experimental
findings are consistent with the theoretical predictions.
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