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The results of a metallographic study of cathodic copper deposition on 316 stainless steel are presented.
In magnetically assisted d.c. electrolysis, characteristic screen-type deposition patterns are observed.
Simultaneous hydrogen evolution causes tunnel-type deposits at 30-45° to the horizontal.

Nomenclature

B, magnetic flux density, vertical field lines
pointing downwards

C electrolyte concentration

CVD  cell voltage drop

ig cathode current density

s cathode-anode separation distance

T temperature

te length of electrolysis time

1. Introduction

In numerous industrial and research applications,
especially in catalysis, the effectiveness of the
metal surface is strongly linked to the high state
of dispersion of the metal on the substrate sur-
face. One interesting form of dispersion is the
fine-mesh (less than 1 mm opening size) metal
screen which is deposited electrolytically on a
substrate metal cathode and which adheres to the
substrate but can easily be removed by careful
peeling. As shown in previous publications [1,2],
copper screens can be deposited on type 316
stainless steel cathodes while electrolysing aqueous
cupric sulphate solutions. Here simultaneous
hydronium-ion discharge and subsequent hydro-
gen gas evolution on the cathode surface are pri-
marily responsible for the particular screen struc-
ture, whose characteristics are strongly influenced
by imposed magnetic fields. Preliminary infor-
mation on this effect, obtained in a pilot-plant-
scale apparatus, indicated that the influence of the
magnetic field on the process could not be inter-
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preted in simple terms and that a deeper investi-
gation of fundamental phenomena in a laboratory-
scale cell was warranted. This paper presents the
summary of a study where the effect of uniform
magnetic fields on the morphological properties
of the screen-type deposit was investigated. It is
expected that the results will contribute to the
currently incomplete understanding of the mag-
netic field effect and to a more efficient design
of (magnetoelectrolytic) metal deposition pro-
cesses.

2. Apparatus and results

The experimental cell, a small-scale facsimile of
the pilot-size reactor previously studied [1, 2],
consisted of type 316 stainless steel pieces of size
60 mm x 10 mm x 0.8 mm placed in a 35 mm i.d.,
55 mm high cylindrical Pyrex cell, at a separation
of 8 mm. Before each experiment the electrodes
were degreased and polished mechanically using
emery papers up to grade 600. The electrolyte was
a 0.6 mol dm ~® aqueous CuSO, solution with a
pH variation between 3.56 (15° C) and 3.11

(85° C) in the experimental temperature range.
Electrolysis was carried out by means of a con-
ventional regulated power supply at preset values
of potential drop or current flow between the
pole faces of a 5 kW Walker Model 7 d.c. electro-
magnet energized by a regulated power supply

of 0.0002-0.001% stability [3]. During electroly-
sis the strength of the magnetic field was held at

a predetermined value. The cathodes were care-
fully dried after electrolysis and were photographed
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Table 1. The variation of cell current flow with magnetic field strength at selected cell voltage drops and electrode
separations. Electrolyte concentration: 1.295 mol dm ® aqueous CuSO, (25° C); active electrode height: 39 mm;

active electrode area: 390 mm?

Imposed magnetic Cell current flow (mA)

flux density
B, (mT) CVD=1V CvD=2V CVD=3V
s(mm) =125 8 20 1.5 8 20 1.5 8 20
4 (residual value) - 2 - 361 212 118 1228 754 320
200 4-7 4 3-9 372 256 118 1303 794 603
324 4--9 3 3-11 444 269 126 1320 817 620
540 7-17 - 3-12 394 241 144 1378 793 607
39-24 4 3-18 462 228 124 1320 708 606

685

under an optical metallurgical microscope at
various magnification settings. The magnification
range used to examine the prepared surface areas
was 50x—800x .

2.1. Cell behaviour in uniform magnetic fields

Experiments were carried out between two,
approximately 18 cm diameter, pole faces of the
regulated d.c. electromagnet. At a pole face
separation of approximately 7.6 cm (3 in) the
minimal uniformity of the magnetic field was

98 5%. The imposed electric and magnetic fields
were transverse in the following configuration:
the electric field was horizontal between the
vertical electrodes and the magnetic field vertical
with the flux density vector pointing downwards.
Electrolysis was carried out at predetermined
values of the cell voltage drop and magnet-exciting
current flow, the latter calibrated for correspond-
ing values of the magnetic flux density. The elec-

trode separation distances and electrolyte concen-
trations were varied in a preset manner.

Tables 1 and 2 present typical experimental
results obtained in this portion of the study. At
low voltage drops and very small separation dis-
tances the current flow is erratic and fluctuates
between approximate limits, as illustrated in
Table 1 foraCVD of 1 V (s = 1.5 mm corresponds
to one half of the estimated diameter of an O,
bubble [4]). At higher CVD values and at a high
electrolyte concentration (Co = 1.295 mol dm ™3
is very close to the solubility limit of CuSQ, ) the
cell current flow reaches a maximum value which
does not usually correspond to the highest mag-
netic field strength imposed on the cell. However,
as the electrolyte concentration is decreased, the
current flow tends to increase monotonically with
the strength of the magnetic field at a given CVD
and separation distance. Taking the value of the
current flow observed at the residual magnetic
flux density as the nonmagnetic reference value,

Table 2. The variation of cell current flow with magnetic field strength at selected cell voltage drops and electrolyte
concentrations. Electrode separation: 8 mm; active electrode height: 39 mm; active electrode area: 390 mm?; C, =

1.295 mol dm 3

Imposed magnetic Cell current flow (mA)

flux density
B, (mT) CVD=2V CVD =3V CVD= CVD =4V
38V
C=C, :C +Co #C G G 76 #CG G iC §C 7 G

4 (residual value) 212 133 61 60 754 403 181 109 1172 635 238 158
200 256 146 85 64 794 471 185 128 1229 810 320 182
374 269 170 105 67 817 473 190 154 1139 850 322 206
540 241 170 121 68 793 575 19%4 165 1207 870 322 220
685 228 209 124 68 708 500 195 174 1250 793 324 225
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relative current increases up to 90% were observed,
the usual range being 15-45%, depending on the
process variables.

At relatively high concentrations (0.2C, <C<
Cy) the current flow reaches a maximum at an
intermediate value of the magnetic flux density,
above which it may drop monotonically or fluc-
tuate when B, is further increased. At relatively
low concentrations, however, i.e. when C <~
0.2C, the current flow increases with the magnetic
flux density and no relative maximum is observed;
this phenomenon remains essentially independent
of the electrolyte temperature up to about 70° C.
Moreover, the ratio of the largest current flow
measured in the presence of a magnetic field to
the current flow observed at the same electrolyte
temperature and cell voltage drop, in the absence
of a magnetic field, was found to be virtually inde-
pendent of the electrolyte temperature within the
30-70° C temperature range (the magnitude of
the temperature coefficient is of the order of
—107 °C™),

2.2. Morphological characteristics of the magneto-
electrolytic cathode deposits

Typical deposit patterns observed in the absence
of a magnetic field are shown in Fig. 1. An initially
copper-free stainless steel surface (Fig. 1a) and
copper deposited on the same initially copper-
free area (Fig. 1b) are shown side by side; isolated
copper deposits (dark areas in Fig. 1¢) clearly
show grain boundary dissolution at the adjacent
stainless steel areas.

Fig. 2 shows a typical deposition growth
pattern in a relatively weak magnetic field (B, =
200 mT) and at short electrolysis times. Crystals
at the air—electrolyte interface may grow to a size
of about 10 um in the vertical direction at the
beginning of deposition (Fig. 2a); growth is
parallel to the magnetic field lines. This process
is followed by horizontal crystal growth leading
ultimately to screen-type deposition, as depicted
by the micrograph of Fig. 2b taken on a surface
portion about half-way between the air—electrolyte
interface and lower electrode edge. The cathodic
screen openings are about 5 um. The surface of
the associated anode is characterized by a some-
what larger (about 7 um size, uniform grain)
microstructure, as shown in Fig. 2c¢. This screen-

type deposition pattern is apparently independent
of temperature (at least at practical deposition
temperatures) but its propagation parallel to the
imposed magnetic field direction has been found
to be consistently faster than growth in the hori-
zontal direction, as demonstrated in Fig. 3; the
isolated bright areas are partially copper-free
substrate ‘bands’.

The influence of simultaneous hydrogen evolu-
tion at the cathode on the deposition pattern of
copper is of considerable interest. In a series of
experiments, two specific patterns were observed.
The first one, illustrated by Fig. 4, consists of
typical local hydrogen evolution sites (Fig. 4a)
on the substrate surface, and selective copper
deposition (Fig. 4b) around and inside the sites.
The second pattern is manifest by local tunnel-
like structures appearing at inclination angles of
45° (Fig. 5a) and 30° (Fig. Sb) with respect to
the horizontal reference plane. The lamellar struc-
ture of the tunnel indicates an alternating copper
deposition/H, evolution pattern, with parallel H,
evolution ‘lines’ in the lamellae. This microstruc-
ture is spread out rather evenly over the specimen
electrode surface and appears to be independent
of position relative to the edges of the electrode.

The morphological characteristics of the anode
surface during electrolysis were not examined in
detail in this study, but preliminary observations
indicate that at locations near the air—electrolyte
interface the anode undergoes grain-boundary
corrosion and there seems to be selective dissolution
parallel to the magnetic field lines. The corrosion
channel has an average diameter of about 1.5 um
and the average pit diameter is about 10 um.
Below, but still near, the interface, corrosion is
uniform, but selective local dissolution patterns
can still be observed parallel to the magnetic field
lines.

3. Discussion

The effect of magnetic fields on the current-CVD
characteristics cannot be explained at present in

a simple manner. One possible interpretation of
the experimental observations may be in terms

of electrode kinetics: the strength of the magnetic
field may affect the kinetics of individual elec-
trode reactions in a specific manner, whereby,
within a certain range of flux density, one (or
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more) electrode process(es) being predominant,
the overall polarization overvoltage increases or
decreases. If the CVD is set to a constant value,
the resultant current flow is expected to follow
inversely this variation in overvoltage. In the
light of earlier investigations of the magnetic
field effect on polarization phenomena [e.g. 5-9]
a reasoning based on relative kinetics appears at

Fig. 1. Typical cathode behaviour in the
absence of a magnetic field (CVD =2 V;
ie=100mAcm2*;T=50°C;C=

0.6 mol dm ~2; to:= 10 min; s = 8 mm).
(a) Initial cathode surface, (b) after
cathode deposition, (¢) grain-boundary
dissolution.

least plausible. On the other hand, an interpre-
tation based on magnetohydrodynamic effects
brought about by the imposed magnetic field at
the electrode surface could presumably be
advanced. Further quantitative work will be
required before a fully coherent explanation of
the magnetic field effect on cathode polarization
can be offered.
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Fig. 2. The development of the screen-type cathode struc-
ture in low magnetic fields (CVD =2 V;i, = 100 mA
cm™?;B, =200 mT; T =36°C,C= 0.6 moldm ?;

te = 10 min; s = 8 mm). Deposit at (a) air—electrolyte
interface, (b) electrode centre. Anode structure at the
centre shown in (c).

In interpreting the effect of the magnetic field
imposition and hydrogen formation on deposit
morphology, it is instructive to consider some
previous results reported in the associated litera-
ture. Twinning is a common feature in face-centered
cubic metals and pentagonal structures have also
been found in copper electrodeposits [10,11].
Initial-stage deposition configurations strongly
depend on the total bonding energy: if E, the
bonding energy between metal atom and substrate,
is much larger than £, the bonding energy
between two metal atoms, planar addition of the
fourth atom to a three-atom entity will result
with a total bonding energy of 5E,, + 4F. If,
however, E,, > E, tetrahedral cluster deposition,
with a total bonding energy of 6£,, + 3E, will
result. The growth of a fresh, closely packed

. . . ) ) layer on the surface is determined by the position
e et e Sow b i) 2 Ofthe fs atom pai: i n proper et
Viig = 150 mA cm2; B, = 540 mT; T = 75° C; C = sites, perfect crystal growth might ensue. In an
0.6 moldm 3; ¢, = 7 min; s = 8§ mm). imposed magnetic field the migration path at the
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Fig. 4. The effect of hydrogen formation on cathode deposition (CVD = 2.25 V; i, = 140 mA cm *; B, = 374 mT;
T=60°C;C=0.6 mol dm2;7, = 14 min; s = 8 mm). (a) Hydrogen evolution and (b) copper deposition.

electrode is determined by electric—magnetic field
interactions, hence twinned and secondary orien-
tations [12] may be expected (90° alignment
from the principal direction is most common).
This orientation phenomenon may be the cause
of the screen-type deposition shown in Fig. 2,
where the main orientation is parallel to the
imposed magnetic field lines. The pattern seen in
Figs. 1, 3, 4 and 5 might be due to large crystal
formations due to surface-diffusion-induced
coalescence of small crystals; this process has been
discussed by Alpress and Sanders [12]. The
phenomena described above are also influenced by
the presence of gases produced electrolytically;
the absence of hydrogen chemisorption on copper

[13] and the relative slowness of chemisorption
of anodic oxygen on a cathodic copper film [14]
may account partially for the tunnel-shape depo-
sits; the inclination angle of about 30° shown in
Fig. 5b is in good agreement with the inclination
angle range of 14.5-30° reported earlier [15].
The effect of temperature on deposit morph-
ology is more difficult to trace in spite of some
recent findings concerning the formation of thin
chromium films {16], where micrograins have
been observed to form arrays 0.5-0.7 nm apart.
These micrograins probably affect the local epi-
taxial growth of the film and under certain
circumstances disordered array patterns may
result. By varying the substrate temperature,

Fig. 5. Lamellar structures due to hydrogen evotution
(CVD=25V;i,=120mA cm™2;B, =285 mT; T =
30° C;C = 0.6 mol dm 3 t, = 20 min; s = 8 mm).
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(a) (b) (c)

Fig. 6. The development of a screen-type copper deposit
on a stainless steel cathode. (a) Initial deposit aligned
parallel to the magnetic field lines, (b) the appearance of
cross-deposits during continuved deposition in the vertical
direction, (c) eventual appearance of the closely woven
deposition structure.

changes in the film structure can be brought about
and transition from crystalline to amorphous
deposition may occur. Nevertheless, when a mag-
netic field is imposed, the combined effect shows
predominance of the magnetic field contribution
(e.g. [3]) in the sense that bright coherent depo-
sits can easily be obtained within a practical tem-
perature range (15-50° C).

In summary, the screen-type formation of cop-
per deposits on a 316 stainless steel surface during
electrolysis may be ascribed primarily to magnetic
field imposition and its development is most
likely the one illustrated in Fig. 6. Tunnel-shape
structures at 30-45° inclination angles are caused
by hydrogen evolution at the same time as copper
deposition, as shown in Fig. 5. Temperature
effects are relatively minor in the presence of the
magnetic field and hydrogen evolution.

There remain, of course, a number of aspects
of magnetoelectrolytic copper deposition on a
stainless steel surface which require further studies
for a clear understanding of the overall process.
One intriguing question is the possible influence
of the

k
cu s cut 2 cu

-4

kinetics on deposit morphology (k; = 1.86 x 10
s~! at 55° C and is apparently independent of the
Cu?* jon concentration; the associated diffusion-
layer barrier = 0.6 mm [17]) as a function of the
imposed magnetic field strength. Pulse plating
[18] combined with magnetically assisted electro-
lysis may throw further light on deposition mech-
anisms.
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