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bstract

lectrophoretic deposition (EPD) from aqueous suspension generally forms deposits containing enormous pores because of evolution of hydrogen
as at cathode and oxygen at anode due to electrolysis of water on application of DC electric field. We have demonstrated through this investigation
n aqueous EPD of alumina suspension as an example that application of pulsed DC instead of the conventionally used continuous DC is a
onvenient and effective way to control and suppress the amount of bubble incorporation in the deposit. Bubble-free deposits of reasonable yield
ere obtained at suitable pulse widths and/or duty cycle. The deposit yield and bubble incorporation decreased progressively with decrease in

he pulse width and duty cycle of the applied pulse current. A characteristic deposition window was found in the current vs. pulse width plot
ithin which smooth and bubble-free deposits are obtained. The window is wider at low-applied currents compared to that at higher currents

mplying that it is easier to control the pulsed EPD at lower applied currents. No deposition occurred below the window whereas deposits with
ncorporated bubbles formed above the window. Possible mechanisms involved in pulsed EPD have been advocated on the basis of amount of

ydrogen evolved/pulse due to the electrolysis of water. The discrete amount of H2 evolved/pulse was higher for larger pulse widths leading to
ncorporation of more bubbles and vice versa. This was verified by monitoring the gain in weight of palladium (Pd) electrode used as cathode for
lectrolysis experiment since it is known to absorb hydrogen.

2009 Published by Elsevier Ltd.
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. Introduction

Electrophoretic deposition (EPD) is a simple and useful col-
oidal process wherein deposition of charged particles occur on
he oppositely charged electrode surface, from a stable suspen-
ion of the particles dispersed in a suspending liquid, under
he influence of an applied DC electric field. The method
as recently gained considerable interest in a wide range of

ovel applications in traditional and advanced ceramic materials,
oatings to fabricate thin/thick films, multilayered composites,
unctionally graded materials, hybrid materials, self-supported

� This study was supported in part by the Grant-in-Aid for Scientific Research
f the JSPS and by World Premier International Research Center Initiative (WPI)
n Materials Nanoarchitechtronics, MEXT, Japan.
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omponents, as well as micropatterned colloidal assemblies and
anotechnology.1–21 The major advantages and attractiveness of
PD is its simple apparatus, high rate of deposition, little restric-

ion in the shape of substrate, suitability for mass production,
eliability of the process, and no requirement for binder burnout
s the green coating contains few or no organics. Compared to
ther advanced ceramic processing techniques, the EPD process
s very versatile since it can be modified easily for specific appli-
ation. In particular, despite being a wet process, EPD offers
asy control of the thickness and morphology of a deposited
lm through simple adjustment of the operating conditions.

The primary step of an EPD process is preparation of a sus-
ension, which is stable and develops surface charge on the

articles dispersed in it. Most of the work on EPD reported in
he literature has been done using non-polar organic solvents as
he suspending medium.7,21 This is obviously because of sev-
ral problems caused during EPD when water is used as the

mailto:uchikoshi.tetsuo@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2008.07.031
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uspending medium.15 The main problems are related to elec-
rochemical reactions in the electrodes when a current is passed
hrough, which seriously decreases the efficiency of the process
nd the uniformity of the deposit. Firstly, water electrolysis pro-
otes the formation of H2 and O2 that can be retained as pores in

he ceramic deposit. The gas bubbles generated at the electrode
urface might also disturb the electrophoresis of the particles
nd suppress their deposition. Secondly, during EPD, the corro-
ion potential of most common metal is largely surpassed. This
acilitates oxidation of the electrode and migration of metal-
ic impurities in the opposite direction to that of the migrating
articles. In most cases these impurities are retained in the
eposit as heterogeneities and/or residual porosity, thus degrad-
ng its expected properties.20 Another electrokinetic phenomena
ccurring during aqueous EPD is water electro osmosis, which
onsists of the movement of the liquid phase because of the
xternal electric field. This may be helpful in demoulding of self-
upported deposits as it accelerate drying of surface in contact
ith electrode, but leads to crack formation in thick deposits as a

onsequence of the drying gradient. The preference for organic
iquids as suspending medium for EPD is due to their higher
ensity, good chemical stability and low conductivity because
f the absence of ions. However, most organic liquids are of
ow dielectric constant, which may sometimes limit the develop-

ent of charge on the particles as a result of lower dissociating
ower. This may necessitate application of very high-electric
eld strengths to achieve reasonable yield at acceptable depo-
ition times. Furthermore, severe safety precautions have to be
et, if organic, often flammable solvents are used, especially in

ase of high voltages and/current densities.18,19 Finally, disposal
f hazardous organic solvent waste and treatment of the suspen-
ion for its recovery as well as the absorption of volatile cracking
roducts during heat treatment can prevent the introduction an
PD facility into an existing production line.19 But the use of
queous system has important advantages since it require much
ower applied voltages to and the environmental problems asso-
iated with organics are avoided.7 The use of water also enables
igher temperature control during the process and a faster kinet-
cs, in addition to important health benefits, benign environment
nd low cost.9–11 These advantages have promoted a signifi-
ant interest to develop water-based EPD to process technical
eramics.12–14

Several approaches have been investigated and reported in
he literature. The simplest method is to conduct EPD experi-

ents at voltages lower than the decomposition voltage of water
1.23 V at 25 ◦C), but the deposition rate is negligible and not
ractical. Ryan et al.16,17 investigated the use of porous mould
o separate and suppress bubble contamination in the deposit
ut found it to be ineffective. Other approaches include plac-
ng an ion permeable microporous membrane in front of the
lectrode,18,19 or to separate two compartment EPD cell con-
aining a catholyte in the cathode compartment and an anolyte
n the anode compartment.20 The drawback of the above method

s that the green density of the deposit obtained is low and
s associated with high shrinkage (up to 30%) during drying
nd sintering. Moreover, deposition by the method is limited
nly on ion-exchange membrane. Other studies have involved

5
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nodic deposition of the negatively charged particles on eas-
ly oxidisable anode like Zn, but the release of metal cations
rom the anodic material into the suspension leads to contam-
nation of the deposit.21,23 Winkle24 suggested addition of a
uitable compound to the solution during electrodeposition of
olymer film. The hydrogen produced at the cathode during the
lectrodeposition reacts with this non-gaseous compound rather
han becoming hydrogen gas and forming bubbles. Wang et al.25

esigned a two-chamber electrochemical apparatus consisting of
physical barrier that prevents any trapped gas or gas generated
uring processing from residing in areas that can cause defects
n the substrate. The apparatus contains two adjacent cham-
ers and two separate electrolyte-containing fluids separated
y a membrane, which prevents the gas from being transferred
nto the opposing chamber. The method is however complicated
nd expensive. Sakurada et al.26 obtained bubble-free deposits
f zirconia on anodic substrates of palladium or stainless steel
y adding hydroquinone (HQ) to the alkaline aqueous suspen-
ion during EPD. The oxygen produced by electrolysis of water
uring EPD was believed to be consumed by the chemical oxi-
ation of HQ to quinone (Q) at high pH in alkaline solution
nabling bubble-free deposit on the anode substrate. Our recent
tudies have shown that the deposition on palladium cathodic
ubstrate can produce bubble-free deposits with high density
ince palladium readily absorbs the hydrogen gas.11,27–29 In
ur previous communication, we presented a method based on
pplication of constant voltage pulse for obtaining dense and
ubble-free deposit by electrophoretic deposition from aqueous
uspension.30 Continuing with our investigation on pulsed EPD,
ere we present the application of constant current pulse to con-
rol the amount of bubble incorporation as well as to obtain
ubble-free deposit during aqueous EPD.

. Experimental

�-Alumina (Al2O3) powder (Sumitomo AKP-50) used in this
tudy had an average particle size of 0.20 �m. It was first dis-
ersed in ultrapure distilled water by ultrasonication at 160 kW
or 10 min, to break up the agglomerates. The pH of the suspen-
ion was adjusted by nitric acid and sodium hydroxide. The zeta
otential of the suspension as measured by a laser electrophore-
is zeta-potential analyser (LEZA-600, Otsuka Electronics Co.,
saka, Japan) indicated the isoelectric point (iep) of the alumina
owder to be at pH 7.9. The alumina powder surface is positively
harged at pH below 7.9 and is negatively charged at pH above
.9. The EPD experiments were carried out in a manner similar
o that in our previous communication.30 Stainless steel (316 L)
lates of 2 cm × 5 cm × 0.4 mm dimension were used as deposi-
ion as well as counter-electrode. The electrodes were immersed
nto the suspension in a glass beaker and deposition was carried
ut on an area of 2 cm × 2 cm with the inter-electrode distance
aintained at 20 mm for all the experiments. Unless and oth-

rwise mentioned, the EPD experiments were conducted with

vol% suspension.

Pulsed EPD was conducted at constant current mode by appli-
ation of a series of direct current pulse of equal amplitude
eparated by periods of zero current, using a source meter (Model
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Fig. 1. Schematic of constant current pulse of 50% duty cycle.

611, Keithley Instruments, Inc., USA). Simple square-wave
ulses of desired duty cycles were used. The duty cycle (dc) of
he pulse [i.e. dc = Ton/(Ton + Toff)] were varied by keeping the
ulse ON time (Ton) constant and varying the pulse OFF time
Toff). Fig. 1 shows a typical current pulse wave of 50% duty
ycle. Unless and otherwise mentioned, deposition was carried
ut for a total pulse ON time (Ton) of 3 min. It must be noted
hat the actual time of experiment was much more than 3 min,
nd increased with decrease in pulse width. The influence of
ulse width and duty cycle on deposit yield and quality was
tudied. The obtained deposits were dried overnight in air at
oom temperature and weighed together with the substrates to
etermine the deposit weight. The deposit quality was exam-
ned macroscopically by optical photographs recorded using a
tereomicroscope.

. Results and discussion

.1. EPD by continuous DC

Preliminary experiments on application of constant current
PD conducted in either continuous mode or pulsed mode at
arying pH revealed that the homogeneity of deposit obtained
t pH above iep on anode substrate were very poor compared to
athodic deposition conducted at pH below iep Although, such
bservations have not been reported in the literature, we made
imilar observations during constant voltage EPD as well.30 It
ormed non-uniform deposits in patches on anode. A proba-
le reason for formation of inhomogeneous deposits with more
ubbles for anodic deposition compared to the cathodic ones
ay be based on differential solubility of hydrogen and oxy-

en in water. The solubility of hydrogen in water at 25 ◦C and
bar pressure is about 1617.6 mg/L whereas that of oxygen is
nly about 43.3 mg/L. Therefore, the hydrogen gases evolved
re likely to get dissolved and/or diffused away easily from the
athode surface compared to dissolution and diffusion of oxy-
en from the anode. This could result in high residence time of
xygen gases near the anode compared to the residence time of
ydrogen near the cathode. Higher residence time of oxygen gas
ear the anode will adversely influence and limit mass transport
f particles to the electrode surface leading to more inhomoge-
eous morphology of deposits during anodic EPD. At pH values

ery near the iep, thick deposits seem to form on the electrode
urface in the suspension but their adhesiveness to the surface
as very weak for which they fall off when taking out from the

uspension. Similar observations were made during our previ-

i
d
p
b

ig. 2. Deposit yield as a function of applied current during continuous DC EPD
suspension: 5 vol%, pH 4.5, deposition time: 3 min, inter-electrode distance:
0 mm].

us studies on constant voltage pulsed EPD as well.29 The poor
dhesion is attributed to spontaneous bulk flocculation of par-
icles by van der Waals attraction because of small magnitude
f zeta-potential and absence of a strong electrostatic repulsion
orce near the iep. The gravity effect of the aggregate thus formed
s perhaps higher than the electrophoretic effect. The green den-
ity of the deposit obtained at pH away from the iep were found
o be higher than those obtained near the iep. For example, the
ensity of deposit obtained from 5 vol% suspension at applied
urrent of 0.004 A decreased from about 60% at pH 4.5–50% at
H 7.5. This is expected because the particles are well dispersed
way from iep because of electrostatic repulsion on account of
igh zeta-potential. Hence they form deposits of well-packed
ompacts by electrophoresis compared to that near iep. There-
ore, all the subsequent studies on pulsed EPD were conducted
t pH below iep. Incorporation of bubbles in the deposit was also
ound to be higher at pH value away from iep. Fig. 2 presents
he deposit yield as a function of applied current during constant
urrent EPD in continuous mode for 5 vol% alumina suspen-
ion at pH 4.5, and deposition time of 3 min. As expected, it
hows a linear increase in deposit yield with increasing current
n accordance with Hamaker’s law.3,31 Fig. 3 shows the surface
orphology of the deposits obtained at different constant cur-

ents applied in continuous mode. It clearly indicates that the
mount of bubble incorporation gets decreased with decrease in
he applied current from 0.004 A to 0.0005 A. This is because
f decrease in electrolysis of water with decreasing currents.
e obtained bubble-free deposits at 0.0005 A but with a very

ow yield of about 22.3 mg/cm2. The corresponding variation in
oltage during the EPD process as a function of time is shown in
ig. 4. For applied currents below 0.001 A, the voltage initially
ises and attains a steady state and constant value within 10 s.
t applied current of 0.001 A and above, the voltages continue

o rise gradually after the initial attainment of steady value. The

ncrease is steeper for higher applied current. There appears a
irect relationship between the rise in voltage and bubble incor-
oration in the deposit. Lower the rise in voltage, lower is the
ubble incorporation and vice versa.
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ig. 3. Surface morphology of deposits obtained by continuous DC EPD in cons
istance: 20 mm].

.2. EPD by pulse current

.2.1. Effect of pulse width
Pulsed EPD was conducted at constant amplitude of applied

urrents but at varying pulse widths for each applied currents.
ig. 5 presents the deposit yield as a function of pulse widths
or each applied current. It must be noted that a current pulse
f 180 s, is equivalent to continuous DC EPD for 3 min. It is
vident from the figure that maximum yield is obtained at contin-
ous DC for each applied current. Application of pulse current
nvariably decreases the deposit yield. The yield is higher for
igh-applied currents for each of the pulse widths investigated.
or each applied current, the yield initially increases rapidly
ith increase in pulse widths in the lower region of pulse widths.
he increase becomes gradual and tends to attain a plateau with

urther increase in pulse width.
Fig. 6 presents the surface morphology of deposits obtained at

ifferent pulse widths for 0.004 A and 0.006 A applied current. It
learly shows maximum bubble incorporation in the case of con-

inuous DC for both applied currents. The bubble incorporation
ecreases on application of pulse current. In general, more bub-
les are found on deposits formed with high pulse width than

ig. 4. Variation in voltage with time during constant current continuous DC
PD of alumina suspension at different applied currents [suspension: 5 vol%,
H 4.5, substrate: stainless steel (316 L), deposition time: 3 min, inter-electrode
istance: 20 mm].

n
o
f

F
c
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rrent mode [suspension: 5 vol%, pH 4.5, deposition time: 3 min, inter-electrode

hose formed at low pulse widths. Bubble-free deposits were
btained at current pulses smaller than or equal to 0.005 s, for
pplied current of 0.004 A, and at a pulse width of 0.001 s, for
he applied current of 0.006 A. The bubble-free deposit yield
f 109 mg/cm2 at 0.005 s, pulse of 0.004 A and the yield of
6.2 mg/cm2 at 0.001 s, pulse of 0.006 A applied currents are
ignificantly higher than the deposit yield of only 22.3 mg/cm2

btained by continuous DC EPD at 0.0005 A (Figs. 2 and 3).
A series of experiments were conducted at different pulse

idths at close ranges for each of the applied currents to
etermine the range within which macroscopically bubble-free
eposits are obtained. Fig. 7 presents a comprehensive plot of
uch range of pulse widths for each applied current for 5 vol%
lumina deposited on steel substrates at pH 4.5. Similar to our
arlier observation on constant voltage pulse EPD,30 there exists
window in the plot of pulse width vs. applied current with
lower limit of pulse width below which deposition does not

ccur. There also exists an upper threshold limit of pulse width
bove which deposits invariably contained bubbles. Homoge-

eous and bubble-free deposits are obtained within this window
f pulse width. As an example, the lower limit of pulse width
or 0.004 A applied current is 0.001 s, and the upper limit is

ig. 5. Deposit yield as a function of pulse width during pulsed DC EPD at
onstant current mode [suspension: 5 vol%, pH 4.5, substrate: stainless steel
316 L), pulse ON time: 3 min, pulse duty cycle: 50%, inter-electrode distance:
0 mm, pulse width of 180 s, is equivalent to continuous DC EPD of 3 min].
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ig. 6. Surface morphology of deposits obtained by pulsed DC EPD in constant
vol%, pH 4.5, substrate: stainless steel (316 L), pulse ON time: 3 min, pulse d

.005 s. Such window of pulse width was found to be broader
t low-applied currents and very narrow at higher applied cur-
ents. Hence it is very critical to set the pulse width carefully
pecially at higher currents. It may be easier to control bub-
le suppression at low currents because of broader window of

ulse width. But since the deposit yield is lower at very low
urrents, optimization is necessary depending on the desired
ield.

ig. 7. Pulse-width vs. applied voltage diagram showing the window (hatched
egion) in which bubble-free deposits are obtained during pulsed DC EPD at
onstant current mode [suspension: 5 vol%, pH 4.5, substrate: stainless steel
316 L), pulse ON time: 3 min, pulse duty cycle: 50%, inter-electrode distance:
0 mm].

c
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nt mode (a) applied current: 0.004 A, (b) applied current: 0.006 A [suspension:
cle: 50%, inter-electrode distance: 20 mm].

Fig. 8 shows the variation in voltage with time for varying
ulse widths at constant applied current of 0.004 A. It shows
oltage profile similar to that observed for continuous DC EPD
hown in Fig. 4. For very low pulse widths up to 0.005 s, the
oltage attains a steady state after about 10 s, and then remains
onstant. For pulse widths above 0.005 s, the voltage tends to

ncrease continuously after the steady state value. Coinciden-
ally, bubble-free deposits are obtained at pulse widths up to
.005 s. The deposits contained bubbles at higher pulse widths.
his suggests that the voltage value is also a useful indicator

ig. 8. Variation in voltage with time during pulsed constant current EPD
applied current: 0.004 A; pulse ON time: 3 min; pulse duty cycle: 50%, suspen-
ion: 5 vol%, pH 4.5, inter-electrode distance: 20 mm].
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ig. 9. Effect of duty cycle on yield and green density of deposits obtained by
onstant current pulsed EPD of 5 vol% alumina suspension [pH 4.5; applied
urrent 0.004 A, aon = 0.05 s].

f identifying bubble formation during constant current pulsed
PD. Higher the rise in voltage, more was the bubble incorpo-

ation and vice versa.

.2.2. Effect of duty cycle
Ton of the pulse represents the portion of the pulse cycle for

hich the voltage is ON, and Toff is the portion of the cycle for
hich the voltage is OFF. By changing the Ton and Toff we could

hange the frequency of pulse application at constant current.
xperiments were conducted to study the influence of varying
uty cycle from 1% to 99% on deposit yield, surface morphology
nd green density. Fig. 9 shows the yield and green density of
eposits obtained at 0.004 A applied current as a function of duty
ycle with a constant Ton of 0.05 s, and varying Toff. No deposi-
ion occurred at very low duty cycle lower than 1%. The deposit
ield increased very rapidly through duty cycle between 1% and
0%. There is a linear increase in deposit yield with increas-
ng duty cycle between 10% and 99%. The deposit formed at
% duty cycle was very thin and formed only on a small patch
or which density could not be measured. The green density of
ll the other deposits obtained at duty cycles higher than 1%
emained almost constant at 59%. This is again in agreement
ith our previous study on constant voltage EPD in which the
ensity remained constant due to the formation of only open
ores and absence of any closed pores.30 The corresponding
urface morphology is shown in Fig. 10. It clearly indicates that
he surface morphology do not change markedly with decrease
n duty cycle from 99% to 50%. But further decrease in duty
ycle below 50% results in minimization of bubble incorpora-
ion. Bubble-free deposit with a yield of 81.5 mg/cm2 is obtained
t 5% duty cycle.

.3. Mechanism
The application of pulse current (PC) is not new and have
een used extensively for electrodeposition of metals from their
norganic salt solutions.32–38 But to the best of our knowledge,
t has not been utilised for electrophoretic deposition of ceramic

A

C

ramic Society 29 (2009) 1837–1845

owder in aqueous suspension possibly because the basic under-
ying mechanism is not clearly understood. This is evident from
he fact that in the literatures available on pulse plating, no
ttempt has been made to describe the involved mechanism.
he primary questions that remain unanswered for pulsed EPD
re: (i) what makes the particles migrate towards the deposition
lectrode during OFF time (Toff) of the pulse when the applied
urrent is zero, and (ii) why bubble incorporation minimises on
pplication of pulse current. It is perceived that when contin-
ous DC is applied, the mass transport of particles due to the
lectrophoretic effect and their deposition at the electrode is a
ontinuous process. During pulsed EPD, the mass transport of
he particles from bulk suspension towards the electrode surface
s likely to continue even during the current interruption due to
heir inertia of mobility caused by the effect of preceding cur-
ent ON duration (Ton). The continuity in mass transport during
off was verified using Microelectrophoresis Apparatus Mark-II
M/s. Rankbrothers Ltd., UK) with provision for a video dis-
lay. The particles continued to move across the grids in the
ideo monitor towards the electrode of opposite polarity for a
ew more seconds after switching off the DC supply before it
nally stopped moving. One of the reason contributing to mini-
ization of bubble incorporation during constant voltage pulse
PD30 was attributed to the decrease in current with decreasing
ulse size. It is indeed verified from continuous current EPD
esults shown in Fig. 3 of this investigation that a decrease in
pplied current results in minimization of bubbles but with a
ery low yield. However, it is intriguing to observe minimiza-
ion of bubble in the case of constant current pulsed EPD. There
an be several possibilities: (i) the hydrogen or oxygen emitted
t the electrode interface might be partly diffused away from the
ubstrate during the duration of current interruption (Toff) and
uppressed from being incorporated in the deposit during pulse
PD,39,40 (ii) the discrete amount of gas generated by electrol-
sis of water during each ON time (Ton) of a pulse is expected
o be significantly less compared to a single continuous DC.
heoretically, a summation of the gas generated by all the pulse
ay be same as the total gas evolved by electrolysis of water on

pplication of continuous current. We believe that the gas evo-
ution and dissipation in the case of pulse current electrolysis
s a dynamic process in which the gas generation sites on the
lectrode surface for a pulse keep changing with pulse and may
e different from the preceding and succeeding ones. Such evo-
ution of gas at different sites for each pulse ON time will lead to
resence of uncoalesced micro and nanosized bubbles uniformly
istributed throughout. Incorporation of such small bubbles will
ot produce any macro-bubbles in the deposit. Since it is known
rom electrochemistry that ampere × time = coulombs; 96,485
oulombs = 1 Faraday; and 1 Faraday = one mole of electron, we
ade an estimate of the theoretically possible amount of hydro-

en generation during each pulse ON time (Ton) for all the pulse
idths from the following decomposition reaction in which two
oles of electrons produced one mole of H2 gas:
node : 2OH−(aq) → 1/2O2(g) + H2O(l) + 2e−

athode : 2H2O(l) + 2e− → H2(g) + 2OH−(aq)
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ig. 10. Influence of duty cycle on surface morphology of deposits obtained by
.004 A, Ton = 0.05 s].

The overall cell reaction is:

2O(l) → H2(g) + 1/2O2(g)

Fig. 11 presents a comprehensive summary of the estimated
mount of H2 at different pulse width as a function of the applied
urrent. It clearly indicates that the H2 evolved/pulse is sig-
ificantly less compared to continuous DC. Also, the larger
ulse widths produce higher amount of H2 gas than the smaller
nes. As an example, the amount of H2 evolved during con-
inuous DC electrolysis on application of 0.004 A for 3 min, is
.7311 × 10−3 mg. The corresponding amount of H2 evolved
uring each of the pulse ON time of 0.1 s, for the same applied
urrent of 0.004 A is 2.0728 × 10−6 mg.

We have made a direct experimental verification of H2 evo-
ution during electrolysis of distilled water by continuous and
ulsed current by monitoring the gain in weight of a palladium
Pd) cathode suspended into the electrolysis bath from an ana-

ytical balance (Mettler Toledo, Model AG 204; measurement
ccuracy: 0.1 mg), which is generally used for estimating den-
ity of bulk materials by Archimedes’ method. Since palladium
Pd) is known to absorb hydrogen,12,27,28 the gain in weight

ig. 11. Possible amount of hydrogen evolved during the ON time (Ton) of each
ulse cycle as a function of applied current estimated from electrolysis of pure
ater [pH 7.04].

b
u
p

F
s
3

ant current pulsed EPD of 5 vol% alumina suspension [pH 4.5; applied current

f the Pd electrode can be directly attributed to the amount of
ydrogen absorbed by it. Fig. 12 shows the weight gain as a
unction of time. It indicates linear increase in weight of the
lectrode with increasing time. As expected, maximum weight
ain is noticed in the case of continuous current and it decreases
rogressively with decrease in pulse size. It is also noticed that
he weight gain at the end of the total pulse ON time of 3 min, for
ifferent pulses are not equal to that due to continuous current.
t decreases with decrease in pulse size. Therefore, it is possible
hat not all the hydrogen evolved are absorbed by the palladium
lectrode. Some of the hydrogen may have been dissipated away.
ence, for the same applied current, the amount of gas evolu-

ion by electrolysis and their presence near the electrode can be
ontrolled simply by varying the pulse size. With this argument,
he bubble generation and incorporation in the deposit for the
ase of continuous DC EPD is expected to be the maximum and
ave been indeed experimentally found to be true. With decreas-
ng size of pulse width the amount of bubble incorporation has

een found to decrease because of decrease in electrolysis and
niform distribution of the H2 gas without coalescence at lower
ulse sizes.

ig. 12. Weight gain of Pd electrode with time of electrolysis at different pulse
izes of 50% duty cycle [pH: 7.04; applied current: 0.001 A; total pulse ON time:
min].
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. Conclusions

Based on the above investigation the following conclusions
an be made:

Application of a pulse current of suitable width enables con-
trolling the amount of bubble incorporation and obtaining
smooth, bubble-free deposit by electrophoretic deposition
from aqueous suspension.
The yield of deposits obtained at the end of the experiment
by constant current pulse EPD is generally less than that
obtained by EPD using continuous current. The deposited
weight decreases progressively with decrease in pulse width.
The deposit yield is higher for higher applied current in the
whole range of pulse widths.
There exists the narrow window in the plot of applied cur-
rent vs. pulse width within which bubble-free deposits are
obtained by continuous current pulsed EPD. For any applied
current, there is no deposition at pulse widths smaller than the
lower limit of the window. At pulse widths above the upper
limit of the window, the deposits invariably contained bubbles
in them.
The width of the deposition window for obtaining bubble-
free deposit is wider and lies at higher value of pulse for
lower applied currents compared to that for higher applied
currents. It indicates that it is more convenient and practicable
to control the pulse EPD for obtaining bubble-free deposit at
lower applied currents but at the expense of deposit yield.
Yield and bubble incorporation in the deposit could also be
controlled by controlling the pulse duty cycle. Lower the duty
cycle, less was the bubble incorporation and vice versa.
Green density of deposits obtained at all the duty cycles for
an applied current is same.
The suppression of bubbles during pulsed current EPD is
possibly due to low H2 evolution by pulsed current electrol-
ysis and their uniform dissipation and minimization of their
coalescence in forming bigger bubbles.
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