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In the present work, the conditions for electrophoretic deposition of yttria-stabilised zirconia (YSZ) nanopowder have been investigated. For
this purpose, the mixture of acetyl acetone and ethanol with different mixing ratios was used as solvent with iodine as a dispersant. To achieve
a smooth, homogeneous and crack-free coatings, the following parameters were chosen to be optimised: the mixing ratio of acetyl acetone and
ethanol, voltage and duration of deposition. The obtained coatings were observed by scanning electron microscope and optical microscope.
The weight of deposits was also measured in different deposition conditions to observe the effects of above-mentioned parameters on the
weight and consequently the quality of green coatings. All in all, the suspensions which composed of 50 vol% acetylacetone + 50 vol%
ethanol led to more uniformity and fewer cracks/pores in deposits. The other parameters were optimised as follows: deposition voltage of
40 V and deposition time of 3 min. The results of polarisation test showed an improved corrosion resistance of the magnesium alloy with
the application of YSZ coating, so that the Icorr value decreased from 1.16 to 0.088 mA.
1. Introduction: Magnesium and its alloys have a high strength–
to-weight ratio which made them good candidates to be used in
wide variety of applications [1, 2]. However, their corrosion
resistance is low which limits the wider usage of magnesium
alloys [3, 4]. The most common way to overcome this problem is
applying a protective coating on the surface. Therefore, several
coating materials and methods have been introduced so far. Some
of the methods are conversion coating [5], sol–gel [6], physical
vapour deposition (VD) [7], chemical VD [8], cold spray [9],
arc-glow plasma deposition [10] and electroplating [11].
Electrophoretic deposition (EPD) is another method to apply a

coating on metallic substrates. EPD is defined as the movement
of dispersed charged particles in a liquid medium toward the oppos-
ite electrode and formation of a deposit on it [12]. The green loose
coating obtained by this process should be followed by a sintering
procedure to obtain a compact and adherent deposit. Generally,
EPD has some advantages such as short duration of the process,
simple set-up, lower cost, the applicability on complex shapes,
the possibility of controlling thickness and morphology of depos-
ited layer with adjusting time and potential, uniformity of deposited
layer and deposition of composite coatings [12–15]. In case of mag-
nesium alloys, EPD has attracted attentions in recent years specially
to improve the corrosion resistance for biomedical applications
[16, 17].
The weight of deposit formed by EPD depends directly on

voltage, time, suspension concentration and zeta potential value
of the particles in the suspension. These mentioned parameters
play an important role in the formation of a coating on a substrate
by EPD method [18].
Yttria-stabilised zirconia (YSZ) is one of the most suitable mate-

rials to improve the corrosion resistance of magnesium alloys [19].
Two types of parameters, i.e. suspension parameters and deposition
parameters have been studied for EPD of YSZ particles on metallic
and non-metallic substrates. In case of suspension preparation and
stabilisation, a wide variety of solvents and dispersants has been
used so far. Ethanol [20], isopropanol [21], acetone [15], acetylace-
tone [18], a mixture of acetone and ethanol [22, 23] and a mixture of
acetylacetone and ethanol [24, 25] are just some of the solvents that
have been used. Iodine is the most useful dispersant used by several
researchers to stabilise the suspension of YSZ particles in different
solvents [18, 20, 21, 26]. Water has also been used as a dispersant in
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some cases [20, 22]. In case of deposition parameters such as
voltage, time and suspension concentration, a very wide range of
values has been applied.

Several studies have been published concerning the deposition of
YSZ on other substrates such as nickel (Ni) [23], Ni oxide-YSZ [20,
22, 26] and La0.85Sr0.15MnO3 [18, 21, 25]. Also, some studies
have been published about the deposition of other materials such
as hydroxyapatite, titanium oxide, ceria etc. [27–30] on metallic
alloys. However, there is no published research on EPD of YSZ
on magnesium alloys. Therefore, it seems that the optimisation of
the conditions for EPD of YSZ on magnesium substrate has not
been exactly studied so far. Consequently, the purpose of present
Letter is to determine the optimum and applicable deposition con-
ditions to form a uniform and crack-free coating on a magnesium-
based alloy.
2. Materials and methods: The substrate material used in this
Letter was a magnesium-based alloy composed of 2.95 wt% zinc,
8.14 wt% aluminium as alloying elements. Square specimens
were cut with dimensions of 12 mm×12 mm×3 mm. Before
deposition, the samples were ground with silicon carbide papers
of 100–1500 grits followed by cleaning and degreasing
ultrasonically in acetone for 15 min and drying in the air.

The used nanopowder was 3 mol% YSZ (Sigma-Aldrich, USA)
with a particle size of about 100 nm. Phase analysis of the YSZ
powder was done using X-ray diffraction (XRD) (Bruker,
Germany, Cu Kα = 1.54 Å). The XRD pattern of this nanopowder
is shown in Fig. 1.

The used solvent for preparing suspensions was a mixture of
acetylacetone (99%, Merck, Germany) and ethanol (99.6%,
Kimia Alcohol Zanjan, Iran) with different mixing ratios. Iodine
(99.8%, Carlo Erba, France) was added as dispersant to improve
the stability of suspensions.

To prepare suspensions, YSZ nanopowder was mixed with
iodine and solvent. Thereafter, the mixture was stirred for 2 h on
a magnetic stirrer (Alfa, Iran) followed by ultrasonication in an
ultrasonic bath (Mercury, Turkey) for 1 h. To study the suspension
stability, Dynamic Light Scattering (DLS) (Microtrac, Germany)
was used to obtain zeta potential and mean particle size of the
suspensions.
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Fig. 1 XRD pattern of 3YSZ nanopowder used in this Letter Fig. 2 Zeta potential versus iodine concentration for 100/0, 75/25, 50/50,
25/75 and 0/100 suspensions
Suspension stability was studied by investigating the role of two
important factors. To study the role of solvent type, acetylacetone
and ethanol were mixed with proportions of 100, 75, 50, 25 and
0 vol% acetylacetone with ethanol. For each solvent, iodine concen-
tration was varied between 0 and 1 g l−1 with an interval of
0.1 g l−1. Therefore, the influence of solvent (mixing ratio of the
two solvents) was studied as well as iodine concentration. In all
of these experiments, the suspension concentration was 10 g l−1

and kept constant. To avoid confusion, suspensions are named
100/0, 75/25, 50/50, 25/75 and 0/100 from now on, in which the
first number (before the slash) shows the volume per cent of acety-
lacetone and the next shows the ethanol content.

EPD was done in a 100 ml beaker with AZ91 specimens as a
cathode and a 15 mm×15 mm stainless steel sheet as an anode.
This was due to the positive surface charge of YSZ particles in sus-
pensions. The distance between two electrodes was adjusted to be
15 mm. Different voltages and durations were applied to study
the effect of these two parameters on EPD. The voltages were 20,
40, 60 and 80 V and the durations were 2, 3, 4 and 5 min.
Therefore, 16 samples were coated with each solvent. After
coating, the samples were dried in a fixed volume closed vessel at
room temperature for about 24 h to avoid crack formation due to
rapid drying. However, the appearance of the samples shows the
formation of some drying cracks. The cracks planar density
(CPD) of the samples was measured by the use of Clemex image
analyser software. All of these samples were weighed before and
after EPD by means of digital scale (Radwag, Poland) to measure
the weight of deposited YSZ. The coatings were microscopically
observed with optical microscope (OM) (Lissview, China) field
emission scanning electron microscope (SEM) (Tescan, Czech
Republic).

The electrochemical investigation was performed using an Ivium
potentiostat (Ivium Technologies, Netherland) controlled by a com-
puter using the Ivium’s software. A saturated calomel electrode and
platinum were used as reference and counter electrodes, respective-
ly, and the sample was used as working electrode, exposing 1 cm2

of the area to the 3.5% sodium chloride (NaCl) solution. The scan
was conducted with a start potential of −1000 mV until 1000 mV.
From the polarisation curves, the corrosion current density (Icorr)
and corrosion potential (Ecorr) were determined using the Ivium
software provided with the equipment.
3. Results and discussion
3.1. Suspension stability: Fig. 2 shows the zeta potential plotted
versus iodine concentration. Some important points can be
inferred from this diagram. Zeta potential of the particles in
suspension reversely relates to the ethanol content of the solvent.
As seen, an increase in the ethanol content decreases the zeta
potential value. The highest values of zeta potentials belong to
100/0 suspension. This returns to the high ability of acetylacetone
for production of positive ions when reacting with iodine. When
iodine is used as a dispersant, some reactions between the solvent
and iodine generate positive charges (H+) named protons. These
612
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protons are adsorbed to the particles and supply their surface
charge and consequently the repulsion force between them. The
reactions of ethanol and acetylacetone with iodine are as follows
[20, 23]:

CH3CH2OH+ I2 ↔ ICH2CH2OH+ H+ + 2I− (1)

CH3COCH2COCH3 + I2 ↔ ICH2COCH2COCH2I+ 2H+ + 2I−

(2)

As seen in (1) and (2), one mole of ethanol could produce one
proton; however, one mole acetylacetone could produce two
protons. Therefore, with the addition of ethanol and decrement of
acetylacetone, zeta potential drops.

The next point is about optimum iodine concentration and its role
in suspension stability. As known, zeta potential is a criterion for
stability of a suspension. According to Fig. 2, increasing iodine
concentration to a specified value leads to the improvement of
zeta potential. However, a descending trend is seen with further
iodine increment which means the lack of suspension stability. In
case of lower iodine concentrations, the zeta potential and suspen-
sion stability are low. The reason is clear because the iodine amount
is not so enough to produce sufficient positive ions to completely
cover the surface of all particles. When iodine is added beyond
the optimum amount, zeta potential and consequently the suspen-
sion stability drops due to the compression of electrical double
layer [20, 22].

The other point inferred from zeta potential diagram is the vari-
ation of optimum iodine concentration with solvent. As seen in
Fig. 2, the optimum iodine concentration increases with an
ethanol content of the solvent. Although this increase is not so
severe and the optimum iodine concentration reaches from
0.4 g l−1 for 100/0 suspension to 0.6 g l−1 for 0/100 suspension.
As seen in this figure, the highest zeta potential in the absence of
iodine belongs to 100/0 suspension. This shows that with a decrease
in acetylacetone content, more iodine is needed to stabilise the sus-
pension. Therefore, the required iodine to obtain the higher stability
rises.

Fig. 3 shows the plot of suspension mean particle size versus
iodine concentration. A reasonable trend is also seen in this
diagram which verifies the behaviour of zeta potential presented
in Fig. 2. The reason for this behaviour is the gravity force.
Agglomeration of particles increases the weight, gravity force and
consequently suspension sedimentation. This happens mainly due
to the lack of sufficient particle surface charge which leads to the
domination of attractive forces on repulsive forces and agglomer-
ation of particles. As mentioned before, the produced positive
ions increase with the amount of acetylacetone in the suspension.
Iodine concentration has a positive effect in inhibiting the agglom-
eration of particles; however, its reverse effect appears after an
Micro & Nano Letters, 2018, Vol. 13, Iss. 5, pp. 611–616
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Fig. 3 Mean particle size versus iodine concentration for 100/0, 75/25, 50/
50, 25/75 and 0/100 suspensions
optimum value due to the compression of the double electrical
layer.
3.2. Electrophoretic deposition: In this section of the Letter, the
effects of solvent and also two main process parameters which
are voltage and duration of deposition were studied. As
mentioned before, the applied voltages were 20, 40, 60 and 80 V
and durations were 2, 3, 4 and 5 min. In case of 100/0
suspension, all of the samples had visual cracks. Fig. 4 and
Table 1 show the weight gain of the substrates coated with 100/0
suspension. As can be seen, the highest deposit weight belongs to
the voltage of 80 V and duration of 5 min. In lower voltages, the
rate of the weight gain is ascending but with increasing voltage, a
reduction in the rate of weight gain is seen especially in higher
durations. In higher voltages, the earlier thickening of the deposit
as an insulating layer leads to lowering the rate of the weight
gain with prolonging the process time. However, at lower
voltages, this is not seen due to the slighter deposition rate. The
sum of the deposits’ weight formed on 16 samples were
859.9 mg which is a high amount resulted in the cracking of the
deposits.
Fig. 4 Deposited weight versus applied voltage for 100/0 suspension with
different durations

Table 1 Weight of coatings deposited from different suspensions

V, V

t, min 20 40

2 3 4 5 2 3 4

W100/0, mg/cm2 13.58 20.41 27.83 38.97 26.77 38.91 46.81 5
W75/25, mg/cm2 12.08 17.58 21.66 27.8 17.91 27.91 34.08 4
W50/50, mg/cm2 8.39 12.5 15.04 18.84 11.93 16.33 21.25 2
W25/75, mg/cm2 2.46 4.3 6.74 9 5.1 8.5 10.79 1
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The high deposition rate from 100/0 suspension refers to the high
zeta potential value resulted by acetylacetone medium. As men-
tioned before, the deposit weight is directly related to the zeta po-
tential of the particles. Therefore, the higher the zeta potential,
the higher the deposit weight. The high deposit weight is explain-
able with the high number of generated protons.

By checking the relation between deposited weight and time
from data given in Table 1, it could be concluded that for nearly
all samples, by increasing the duration of the coating process, the
deposition rate remains constant and the weight grows linearly.
Although, in some cases, a small lower rate could be observed in
higher durations. It was expected that increasing the time will de-
crease the deposition rate. Thus, it could be concluded that the
selected durations for coating process are not high enough to
form a heavy thick ceramic layer that has a low electrical conduct-
ivity. In such a case, the rate of the deposition could decrease
dramatically.

Fig. 5 typically shows the OM images of deposits formed on the
samples. The images belong to the deposits formed with different
voltages (20, 40, 60 and 80) in a constant deposition of 5 min.
The effect of increasing voltage on the thickness of the deposit
and consequent cracks is consistent with the results of weights pre-
sented above. This figure shows that the increasing of the voltage
resulted in the formation of wider cracks which are resulted by
the formation of the thicker deposit layer.

In the next step, the 75/25 suspension was used. In this case, four
samples which were coated with conditions of 4/20, 5/20, 2/40 and
3 min/40 V were visually crack free. The quality of coatings was
better due to the existence of ethanol in the suspension. The pres-
ence of ethanol leads to the decreasing the number of generated
protons in the suspension which are adsorbed on the particles
[23]. As a result, the deposit weight decreases slightly resulting in
a less thick coating. Fig. 6 and Table 1 show the weight gain
with voltage and duration of deposition. The reduction in deposit
weights compared with 100/0 suspension is obvious, so that the
sum of deposit weights for 16 samples was reduced to 630.8 mg
(it was 859.9 mg for 100/0 suspension). It can be also seen that
the reduction in the rate of weight gain with prolonging the depos-
ition time is significant at higher voltages. In general, it can be con-
cluded that the deposition conditions and qualities get better with
adding 25% ethanol to the suspension.

SEM images of four visually qualified deposits obtained with
above-mentioned conditions are presented in Fig. 7. The surfaces
of the samples coated with the conditions of 4/20 and 5 min/20 V
are not smooth and full of micropores. The surface quality of depos-
its formed by conditions of 2/40 and 3 min/40 V are almost similar.
However, 3 min led to the formation of some cracks.

The samples with visual cracks were observed with OM. Fig. 8
shows the optical microscopic images of four typically selected
samples. They were selected in a way to show the effect of depos-
ition time (2, 3, 4 and 5 min with a constant voltage of 80 V) on the
formation of cracks. Increasing the number of cracks and their
depths is obvious with an increment of deposition time due to the
thickening of deposit as seen in Fig. 6 and Table 1.
60 80

5 2 3 4 5 2 3 4 5

7.47 42.03 62.69 77.43 93.57 50.56 75.56 87.27 100.1
0.54 32.5 45.53 54.89 65.4 42.81 55.59 62.36 72.23
7.18 18.18 24.86 33.3 43.51 21.92 29.96 40.95 50.66
3.45 9.63 16.02 21.4 26.11 12.37 19.09 26.72 33.55
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Fig. 6 Deposited weight versus applied voltage for 75/25 suspension with
different durations

Fig. 5 Optical microscopic images of samples coated from 100/0 suspen-
sion with voltages of
a 20 V (CPD=6%)
b 40 V (CPD=7.5%)
c 60 V (CPD= 10%)
d 80 V (CPD=14%) for 5 min

Fig. 7 SEM images of coatings deposited from 75/25 suspension by condi-
tions of
a 4 min/20 V
b 5 min/20 V
c 2 min/40 V
d 3 min/40 V

Fig. 8 Optical microscopic images of samples coated from 75/25 suspen-
sion with voltage of 80 V and durations of
a 2 min (CPD=6%)
b 3 min (CPD=7%)
c 4 min (CPD= 9%)
d 5 min (CPD=13.5%)
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The 50/50 suspension was the next suspension to be used for
EPD. The weight-gain amount is shown in Fig. 9 and Table 1. In
this case, eight samples were qualified to be analysed with SEM.
These samples were coated with following conditions: 3/20, 4/20,
5/20, 2/40, 3/40, 4/40, 5/40 and 2/60. Deposition voltage of 20 V
led to the incomplete coating and 60 V led to the formation of
microscopic cracks. The SEM images of deposits formed with a
voltage of 40 V at different times are presented in Fig. 10. As can
be seen in these images, lower durations of 2 and 3 min led to a
coating with some pores due to the incomplete deposition.
Duration of 3 min was appropriate for formation of a sound
coating; however, 5 min led to the crack formation in the coating.
The sum of the deposit weights obtained with this suspension
was 394.8 mg. The increased number of crack-free coatings com-
pared with 75/25 suspension indicate the positive effect of further
ethanol addition on the quality of deposits.

As the next step, the per cent of acetylacetone in the solvent was
decreased to 25 vol%. The qualities of deposits formed with these
suspensions were better than two mixing ratios of 100 and 75%
acetylacetone and were rather similar to 50–50 solvent. In this
case, four samples were visually crack free and were analysed
with SEM to choose the best ones. These four samples were
coated with conditions of 4/20, 5/20, 2/40 and 3 min/40 V.

The weight-gain data for these 16 samples are presented in
Table 1 and plotted in Fig. 11. As seen, the sum of the weight
gains became even lower to the value of 225.2 mg. This led to
the formation of better deposits. The increasing rate of weight
Fig. 9 Deposited weight versus applied voltage for 50/50 suspension with
different durations
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Fig. 11 Deposited weight versus applied voltage for 25/75 suspension with
different durations

Fig. 12 SEM images of coatings deposited from 25/75 suspension by con-
ditions of
a 4 min/20 V
b 5 min/20 V
c 2 min/40 V
d 3 min/40 V

Fig. 13 Optical microscopic images of samples coated from 25/75 suspen-
sion with voltage of 60 V and durations of
a 2 min (CPD= 10%)
b 3 min (CPD= 8%)
c 4 min (CPD= 14%)
d 5 min (CPD= 18%)

Fig. 10 SEM images of coatings deposited from 50/50 suspension by
voltage of 40 V and durations of
a 2 min (CPD= 3%)
b 3 min (CPD= 3%)
c 4 min (CPD=2%)
d 5 min (CPD= 5%)
gain is obvious in lower voltages and lower durations; however, it
shows a decrease in a specified value.
Fig. 12 shows SEM images of the samples with good appearance.

As seen in this figure, just two samples with deposition conditions
of 2/40 and 3 min/40 V have really crack-free and pore-free
structures.
Fig. 13 presents optical microscopic images of deposits formed

by a constant voltage of 60 V and durations of 2, 3, 4 and 5 min.
This figure not only shows the bad quality of deposits formed by
applying 60 V but also presents the role of further process prolong-
ing on the formation of cracks. It should be noted that, though all of
the conditions were applied, no EPD occurred from the 0/100
suspension.
It can be inferred from the above results that high applied voltages

did not result in sound and crack-free coatings. In case of all suspen-
sions, a descending trend in weight gain was observed when the
voltage passed a specific value. This result can be explained by
the fact that high applied voltage enhances the average velocity of
YSZ particles according to the equation below [12]:

y = mE (3)

in which υ represents the velocity of particles, µ is the electrophor-
etic mobility and E is the applied electric field. YSZ particles move
so fast that the time to arrive at the cathodic substrate is short enough
for not arranging particles orderly. This behaviour also can be
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ascribed to the insulation of surface with the formed ceramic layer
which leads to the less attraction of charged particles toward the me-
tallic substrate [18, 27].

For comparing the CPDs, it seems some of the resulted cracks are
formed due to not well-controlled drying conditions. So, it could be
mentioned that by increasing the acetylacetone content (100/0 and
75/25), the evaporation of the remained solvent is slower and the
drying cracks should become less than high ethanol containing sol-
vents. However, higher thickness (weight) could compensate the
less evaporation rate and increase the cracks (Figs. 5 and 8).
In high ethanol containing solvents (25/75), high evaporation rate
increases the formation of drying cracks (Fig. 13). Thus, an
optimum content of each acetylacetone and ethanol (50/50) could
lead to a minimum crack density and an optimum coating thickness
(weight) (Fig. 10).
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Fig. 14 Potentiodynamic polarisation curves of uncoated and coated mag-
nesium alloys in 3.5% NaCl solution
From above experiments, the deposition conditions were
optimised and chosen to be 50/50 suspension, voltage of 40 V
and duration of 3 min to obtain a uniform coating. Thereafter, a po-
larisation experiment was done to observe the protective role of
the applied coating. Fig. 14 shows the polarisation curves of
coated and naked magnesium alloy. The application of the
coating improved the corrosion resistance of the alloy as shown
in this figure. The Icorr and Ecorr values were −1.4942 V and
0.0883 mA for coated sample and −1.3629 V and 1.16 mA for
the uncoated sample.

4. Conclusions: In this Letter, three main parameters for EPD, i.e.
solid concentration in suspension, deposition voltage and
deposition time were studied as well as mixing ratio of solvents
in the two-component solvent system in suspension. The
following conclusions were drawn according to the observations:

(i) Zeta potential variations with iodine concentration and solvent
type showed that the highest zeta potential and consequently
suspension stability is obtained in 50/50 suspension with
0.5 g l−1 iodine concentration.

(ii) Mean particle size variations with iodine concentration and
solvent type showed that the lowest mean particle size and
consequently lowest particle agglomeration is obtained in
50/50 suspension with 0.5 g l−1 iodine concentration.

(iii) Acetylacetone and ethanol were used as solvent solely and in a
mixed state for EPD of YSZ nanoparticles. It was seen that
100% acetylacetone led to the formation of severe cracks.
Besides, 100% ethanol led to taking place of no deposition.

(iv) The deposit weight increased ascendingly with applied voltage
up to a specified voltage but the rate began to fall after that
point.
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