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a b s t r a c t

Fabrication of transition metal diboride coatings via electrophoretic deposition in molten

salts has been recently proposed, however, the influence of the process parameters on the

coating has not yet been studied extensively. In this paper, the effects of cell voltage aswell as

deposition time on the produced ZrB2 coatings by electrophoretic deposition of ZrB2 nano-

particles inNaCleKCleAlCl3molten salts at 710 �Cwere investigated.Themicromorphologies

of the surface and the cross-section of the ZrB2 coatings were characterized by SEM. It was

found that with the increase of cell voltage from 1.3 V (i.e., electric field 0.87 V/cm) to 1.8 V

(1.2 V/cm), the thickness of the ZrB2 coating increased under the cell voltages from 1.3 V to

1.5 V and decreased from 1.5 V to 1.8 V.We assume that during the electrophoretic deposition

process, theviscosity ofmolten salt containinghigh concentrationZrB2nanoparticles close to

the depositing electrode, which is influenced by themotion rate of nanoparticles governed by

the electric field, probably plays an essential role for electrophoretic deposition process of

nanoparticles on the electrode. In addition, under the cell voltage of 1.5 V the growth of ZrB2

coating was studied as a function of deposition time. As the deposition time was increased,

the thickness and coherence of the coating were elevated.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

ZrB2 has excellent comprehensive properties such as high

melting point, hardness and wear resistance as well as good
(S. Xiao).

y Elsevier B.V. This is
).
thermochemical stability, corrosion resistance, thermal shock

resistance, and creep resistance [1e4], so ZrB2 coatings are

widely used for high temperature electrodes [5,6], electrode in

plasma applications [7], refractory crucible coatings [8], solar

collector plates, surface protection coatings for aerospace and
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military armor [9e11]. Over the last decades, they have

attracted significant attention from researchers.

The main methods for preparation of ZrB2 coatings are

physical vapor deposition (PVD) [12,13], chemical vapor

deposition (CVD) [14], and electroplating in molten salts

[15e18]. Among them, the PVD method has a wide range of

application, but there are problems such as the inability to

precisely control the stoichiometric ratio and the high residual

stress of the product [19,20]. For the CVD method, it can ach-

ieve precise control of the structure and composition of the

coating through the regulation of the deposition process, but

the process operation is more complicated, the preparation

process is easily contaminated by impurity elements, and

more toxic gases are produced [21]. Molten salt electrolysis

has advantages of high current efficiency, fast electrolysis,

and excellent plating capacity, but it is difficult to obtain

compounds with strict component requirements [22]. In

addition, ZrB2 coatings can be prepared by electrophoretic

deposition (EPD) [23] in a room temperature solution, which is

a low-cost and simple process, and easy to control the coating

thickness. However, the product density is so low that it re-

quires additional sintering for densification [24]. It can be seen

that there are still many problems to be solved for the prep-

aration of ZrB2 coatings.

Recently, the present authors have demonstrated the

availability of EPD in molten inorganic salts [25,26], and thus

proposed a method for the preparation of transition metal

boride coatings such as ZrB2 by EPD in molten salts (i.e., MS-

EPD process) [25]. Compared with the conventional prepara-

tion method, this process avoids expensive equipment and

complicated processes, and the preparation process is envi-

ronmentally friendly with high product purity. Moreover, the

product obtained by MS-EPD process eliminates the densifi-

cation process compared to EPD in room temperature

solutions.

Until now the effects of MS-EPD process parameters on

EPDed ZrB2 coatings in molten salts have not been systemati-
Fig. 1 e Schematic of fabrication of na
cally studied in previous studies. In this paper, the impacts of

cell voltage as well as EPD time on the preparation of ZrB2

coatings by MS-EPD of ZrB2 nanoparticles in NaCleKCleAlCl3
molten salts at 710 �C were investigated.
2. Experimental

2.1. Preparation of nanoparticle-containing solid salts

The NaCleKCl solid salts containing ZrB2 nanoparticles were

prepared and the preparation process is shown in Fig. 1. A

mixture of NaCl (99%, Sinopharm) and KCl (99%, Sinopharm)

(1:1 mol, 10 g) with 316 stainless steel balls (41 mm: 43

mm ¼ 3:2 mass, 40 g) were milled in a 316 stainless steel

grinding jar for 3 h using a planetary ball mill (HLXPM- 410X4,

Hengle). Then ZrB2 nanoparticles (mean size 50 nm, 99%,

Shanghai ChaoWei Nanotechnology Co. Ltd.) were blended

with the milled NaCleKCl salts at a mass ratio of 1:1, followed

by ultrasonic dispersion in acetone for 2 h (100 kHz). Finally,

the mixture was dried in a vacuum oven at 120 �C for 1 h.

2.2. Preparation of ZrB2 coatings by MS-EPD in
NaCleKCleAlCl3 molten salts

The EPD in NaCleKCleAlCl3 molten salts was carried out in an

electric resistance furnacewith a two-electrode system, under

protection of high purity argon for the cell. A DC power supply

(HLR-3660D, Henghui) was applied to provide the control of

the cell voltage.

Prior to the experiments, NaCl, KCl (heated in advance in a

drying oven at 200 �C for more than 48 h) and AlCl3 (99%,

Anhydrous, Aladdin) (45:45:10 mol), were introduced into a

graphite crucible, heated up to a temperature of 710 �C in an

electric resistance furnace. After the mixture was melted suf-

ficiently the electrodes were lowered down into the molten

bath. A graphite anode (6*3*50 mm) was immersed into the
noparticles-containing solid salts.
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molten salt with a depth of 20 mm, and a graphite cathode

(4*1*25mm)was immersed into themolten salt for 10e15mm.

The distance between the anode and cathode was 15mm. Pre-

electrolysis under 1.5 V cell voltage for 1 h was required to

remove some impurities before the conductance of the EPD.

Subsequently, the prepared solid salts containing ZrB2 nano-

particles according to section 2.1 were added to the molten

salts through theholes of theupperflange, giving rise tomolten

NaCleKCleAlCl3 containing dispersed ZrB2 nanoparticles.

Subsequently, the EPD was performed in the molten

NaCleKCleAlCl3 (45:45:10 mol) system with a ZrB2 nano-

particle concentration of 40 g/L at an experimental tempera-

ture of 710 �C. The applied cell voltages were 1.3 V (i.e., electric

field 0.87 V/cm), 1.4 V (0.93 V/cm), 1.5 V (1 V/cm), 1.6 V (1.07 V/

cm), 1.7 V (1.13 V/cm) and 1.8 V (1.2 V/cm). The effect of

different deposition time (7 min, 10 min, 20 min, 30 min and

60 min) on the ZrB2 coating was investigated with a ZrB2

nanoparticle content of 50 g/L. After the deposition, the cath-

ode was removed and cleaned by soaking in deionized water

for 1 h, followed by drying and characterization.

2.3. Characterization

The surface and cross-sectional morphologies of the EPDed

ZrB2 coatings were examined using a scanning electron mi-

croscopy (SEM) (Regulus 8220, HITACHI and JSM-6510, JEOL).

X-ray diffraction (XRD) (Smart Lab, Rigaku, voltage: 40 kV,

current: 40 mA, scan rate: 10�/min) was used to analyze their

phase composition.
3. Results and discussion

3.1. Effect of cell voltage on the EPDed ZrB2 coatings

In NaCleKCleAlCl3 molten salts at 710 �C, cell voltages of

1.3e1.8 V were applied to perform the MS-EPD of ZrB2 nano-

particles on graphite cathodes for 1 h. Fig. 2a gives the pho-

tographs of the EPDed coatings. It can be obviously observed

that there was a deposit on all the graphite plates. The typical
Fig. 2 e Photographs of the EPDed coatings under cell voltages

deposits on graphite cathodes in NaCleKCleAlCl3 melt at 710 �
result of the XRD analysis for those deposits, as shown in

Fig. 2b, indicates that it was pure ZrB2.

The surface morphologies of the ZrB2 deposits fabricated

byMS-EPD process under 1.3e1.8 Vwere characterized by SEM

as shown in Fig. 3.When the cell voltagewas 1.3 V (Fig. 3a), the

surface of the coating was continuous and free of holes,

consisting of a large amount of aggregates with an average

size of around 3 mm. It could be seen that the aggregates were

composed of individual particles (top-right inset of Fig. 3a),

which were of nanoscale size, under higher magnification as

shown in Fig. 3a. With increased cell voltages of 1.4 V and

1.5 V, the average sizes of the aggregates composing the sur-

face increased to around 5 mmand 10 mm, respectively (Fig. 3b,

c). The aggregates still consisted of nanoparticles (Fig. 3b, c).

However, with continuously enhanced cell voltage of 1.6 V,

the average size of the aggregates decreased to about 4 mm

(Fig. 3d). As the cell voltage was further increased to 1.7 V and

1.8 V, the coating appeared to be flatter than that at 1.5 V and

1.6 V. The presence of the aggregates was identified with

decreased averaged sizes of around 1 mm and below 1 mm,

respectively. Under cell voltages of 1.6e1.8 V, the aggregates

were also composed of nanoscale particles (Fig. 3d, e, f). The

results show that the influence of the cell voltage on the

surface morphology of ZrB2 coatings is that the size of the

aggregates on the surface increased with increasing cell

voltages from 1.3 V to 1.5 V and decreased from 1.5 V to 1.8 V.

Under all the applied cell voltages (1.3e1.8 V), all the ZrB2

aggregates consisted of nanoscale particles.

The SEM images of the fractured cross-section of the ob-

tained ZrB2 coatings under 1.3e1.8 V are shown in Fig. 4.When

the cell voltage was 1.3 V, a dense coating with a thickness of

around 3 mm was prepared, which was well bonded to the

substrate without peeling. The surface consisted of spherical

aggregates with an average size of around 3 mm, which cor-

responded to the characterization results for its surface

morphology. With increased cell voltages of 1.4 V and 1.5 V,

the thickness of the coatings increased to about 6 mm and

15 mm, respectively, which tended to be more uniform and

coherent. The average sizes of the aggregates composing the

coating surface increased to about 5 mm and 10 mm,
of 1.3e1.8 V (a) and typical XRD characterization (b) of the

C for 1 h.
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Fig. 3 e The SEM images of the surface of the EPDed ZrB2 coatings on graphite substrates under 1.3e1.8 V for 1 h with a ZrB2

nanoparticle concentration of 40 g/L in NaCleKCleAlCl3 melt at 710 �C (a. 1.3 V; b. 1.4 V; c. 1.5 V; d. 1.6 V; e. 1.7 V; f. 1.8 V).
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Fig. 4 e The SEM images of the fractured cross-section of the EPDed ZrB2 coatings on graphite substrates under 1.3e1.8 V for

1 h with a ZrB2 concentration of 40 g/L in NaCleKCleAlCl3 melt at 710 �C (a. 1.3 V; b. 1.4 V; c. 1.5 V; d. 1.6 V; e. 1.7 V; f. 1.8 V).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 2 0 : 7 7 2e7 8 0776
respectively, but the amounts were reduced (Fig. 4b, c). After

the cell voltage was increased to 1.6 V, the coating thickness

decreased to about 10 mm. The average size of the spherical

aggregates comprising the coating surface decreased to about

4 mm, and their amount increased instead. With continuously

increased cell voltages of 1.7 V and 1.8 V, the coating thickness

dropped sharply and the aggregates could not be observed

obviously.

It has been considered that during the EPD process in

aqueous or organic suspensions, the nanoparticles migrate

and approach the electrode under the effect of an electric field,

causing the concentration of nanoparticles near the cathode to

increase, and then they continue to move and deposit on the

electrode from the suspension with high nanoparticle con-

centration near the electrode, resulting in a deposited layer

with a uniform structure [27]. It has been also reported that the

behavior of the deposited layer is similar to that of a viscous

fluid in ethanol suspensions [28]. In the present investigation,

it is assumed that during the MS-EPD process there also exists

a layer of viscous fluid in the vicinity of the depositing elec-

trode and based on the above results of SEM analysis for the

ZrB2 coating, we attempt to illustrate the migration and

deposition behavior of nanoparticles during the MS-EPD
process, as shown in Fig. 5. The presence of three layers close

to the depositing electrode is suggested and demonstrated,

including a layer of viscous fluid, i.e., molten salts with higher

concentration of nanoparticles than that in the bulk, a layer of

coherent coating bonding well with the cathode substrate and

a transition layer consisting of aggregates mixed with a small

amount of viscous fluid. When the MS-EPD of nanoparticles

begins under an electric field, a layer of viscous fluid was

formed, which simultaneously supply the nanoparticles to

form aggregates in the transition layer. At the same time, with

continuously accumulation of nanoparticles in the transition

layer, it was transformed into a coherent layer. As the MS-EPD

process proceeds, the coherent layer gradually becomes

thicker, giving rise to a compact and coherent coating.

In the present study, with a small cell voltage, the ZrB2

nanoparticles migrate slowly and it takes longer time to reach

the cathode. The concentration of nanoparticles near the

cathode is relatively low, leading to a lower probability of

nanoparticle aggregation, so the aggregates in the transition

layer are smaller in size but relatively larger in number. At the

same time, the low transformation rate of the ZrB2 aggregates

to be the coherent layer also results in a relatively thin ZrB2

coating. As the cell voltage is increased from 1.3 V to 1.5 V, the
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Fig. 5 e Schematic drawing of migration and deposition behavior of nanoparticles in molten salts under an electric field

during the MS-EPD process.
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movement of nanoparticles accelerates, thus the concentra-

tion of nanoparticles in the vicinity of the cathode increases,

resulting in ZrB2 aggregates with a larger size and a reduced

amount and more uniform and thicker ZrB2 coatings [29,30].

However, the continuous increase of cell voltage (1.6e1.8 V)

leads tomore amount of ZrB2 aggregateswith smaller size and

thinner thickness of the ZrB2 coating instead.We assume that

the viscosity of the viscous fluid continuously increases with

the elevated speed of nanoparticle migration caused by the

enhancement of the cell voltage. In this case, the fast motion

of the ZrB2 nanoparticles (e.g., under the cell voltage of

1.6e1.8 V) probably causes a too high viscosity of the viscous

fluid layer, which, instead, hinders the movement of nano-

particles to the transition layer and thus prevents the normal

deposition process, leading to ZrB2 aggregates with a smaller

size and a larger amount and reduced thickness of the ZrB2

coating. It is noted that when the cell voltage is further

increased to 1.7e1.8 V, we assume that the viscosity of the

viscous layer probably increases rapidly at the early stage of

the deposition, thus preventing the effective supply of ZrB2

nanoparticles at the initial stage, resulting in a significant

decrease in the thickness of the deposited layer.

In summary, ZrB2 coatings could be produced by MS-EPD

under cell voltages of 1.3e1.8 V in molten NaCleKCleAlCl3
system, and the cell voltage has as obvious impact on the

surface and cross-section morphologies of the obtained ZrB2

coatings. It is considered that the variation of cell voltage

leads to a change of the viscosity of the viscous fluid layer,

which significantly influenced the mass transfer of the ZrB2

nanoparticles, thus their deposition behavior. It is suggested

the cell voltage of 1.5 V is the optimized value, resulting in

suitable viscosity of the viscous fluid layer, which favors the

mass transfer and MS-EPD of ZrB2 nanoparticles.

3.2. Effect of deposition time on the EPDed ZrB2 coatings

The EPDed ZrB2 coatings obtained for varied deposition time of

7e60 min under a cell voltage of 1.5 V in NaCleKCleAlCl3 melt

at 710 �C were studied to investigate the growth process. The
surface SEM images of the products are shown in Fig. 6, and the

cross-sectional SEM images are shown in Fig. 7. With the

deposition time of 7 min, a ZrB2 coating appeared on the

cathode surface, but there were some holes on the surface

(Fig. 6a). ZrB2 aggregates with an average size of about 400 nm

were observed after magnification (top-right inset in Fig. 6a).

Further magnification revealed that the size of the particles

consisting of the aggregates reached a nanometer level. From

the corresponding cross-sectional image (Fig. 7a), the thickness

of the coating was nearly 2 mm, which spread over the whole

substrate. With the deposition time of 10min, the holes on the

surfacewere filledwith tiny particles (Fig. 6b). The average size

of the aggregates grew up to about 1 mm as seen in the larger

magnification image (top-right inset of Fig. 6b). In Fig. 7b the

coating thickness increased slightly, and the surface of the

substratewas fully covered by the dense film. By increasing the

time to 20 min, the holes on the surface almost disappeared,

and the aggregates grew up to about 2 mm in size (Fig. 6c). The

thickness of the coating increased to about 5 mm(Fig. 7c). In this

case, the existence of ZrB2 aggregates from the view of the

cross-section of the coating could be clearly observed. When

the deposition time was 30 min, the coating surface was

continuous without holes (Fig. 6d). The aggregates composing

the surface were around 5 mm in size. In the SEM images of the

cross-section (Fig. 7d), the thickness growth of the coating was

not obvious, with more amount of aggregates on it. After the

deposition time was up to 60 min, the average ZrB2 aggregate

size was about 10 mm (Fig. 6e). The thickness of the coating

increased to about 15 mm (Fig. 7e), which was uniform and

dense. In addition, from 7 min to 60 min, the ZrB2 aggregates

consisting of the surface of the coatings were made up of

nanoparticles (Fig. 6a-e). As the deposition timewas increased,

the thickness of the coating increased and the size of the ZrB2

aggregates comprising the coating surface became larger.

It is known that in the process of EPD, nanoparticles move

under the effect of electric field to approach the depositing

electrode and the deposition amount increases with the

deposition time [31,32]. According to the illustration of

migration and deposition behavior of nanoparticles
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Fig. 6 e The SEM images of the surface of the EPDed ZrB2 coating on graphite substrates for 7e60min under 1.5 V with a ZrB2

concentration of 50 g/L in NaCleKCleAlCl3 melt at 710 �C (a. 7 min; b. 10 min; c. 20 min; d. 30 min; e. 60 min).
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Fig. 7 e The SEM images of the fractured cross-section of the EPDed ZrB2 coatings on graphite substrates for 7e60 min under

1.5 V with a ZrB2 concentration of 50 g/L in NaCleKCleAlCl3 melt at 710 �C (a. 7 min; b. 10 min; c. 20 min; d. 30 min; e. 60 min).
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mentioned in section 3.1, as shown in Fig. 5, at the early stage

of the MS-EPD of ZrB2 nanoparticles, the number of nano-

particles close to the cathode is relatively low, with a small

chance of agglomerating, giving rise to aggregates which are

smaller in size, resulting in a relatively low transformation of

aggregates to the coherent layer and relatively thin thickness

of the coating. As time increases, the continuous supply of

nanoparticles brings the concentration of nanoparticles near

the cathode to be greater, and the size of the aggregates be-

comes bigger, which facilitating the transformation of aggre-

gates to be the coherent layer, leading to an enhancement of

the thickness of the coating. Therefore, it is evident that the

deposition time affects the size of the ZrB2 aggregates

comprising the surface of the coating and the thickness of the

coating. With the increase of time, the EPDed ZrB2 coating

becomes more coherent and thicker.
4. Conclusions

The effects of cell voltage (1.3e1.8 V) and deposition time

(7e60 min) on the ZrB2 coatings, prepared by MS-EPD of ZrB2

nanoparticles in NaCleKCleAlCl3 melt at 710 �C, have been

studied. The main conclusions are as follows.

(1) ZrB2 coatings can be obtained by MS-EPD under the cell

voltages of 1.3e1.8 V in NaCleKCleAlCl3 molten salts.

(2) From 1.3 V to 1.8 V, the cell voltage affects the

morphology of the surface and the thickness of the

coating. The size of ZrB2 aggregates composing the

coating surface gradually increases from 1.3 V to 1.5 V

and decreases from 1.5 V to 1.8 V. The thickness of the

coating also rises from1.3 V to 1.5 V anddrops from1.5 V

to 1.8 V. It is suggested that during the MS-EPD process,

the variation of cell voltage, essentially causes the
change of the viscosity of molten salts including high

ZrB2 nanoparticles in the vicinity of the cathode, which

has a significant effect on the MS-EPD process. It is

considered that the cell voltage of 1.5 V (i.e., electric field

1 V/cm) is the optimized value, resulting in suitable

viscosity of the viscous fluid layer, which favors the

mass transfer and MS-EPD of ZrB2 nanoparticles.

(3) At the cell voltage of 1.5 V, as the deposition time in-

creases from 7 min to 60 min, the size of the ZrB2 ag-

gregates consisting of the coating surface rises and the

thickness of the coating is enhanced, due to more

accumulating of ZrB2 nanoparticles in the viscous layer

and more transformation of ZrB2 aggregates to be the

coherent layer.
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