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Nucleation and growth process of a softened-spark
layer during microarc oxidation on a selective laser
melted Ti alloy
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A two-step method for preparing composite coatings with different composition on Ti alloys using softened
spark microarc oxidation technology was proposed. The nucleation and growth processes of a softened
spark layer, as well as the influence of softened sparks on the deposition of anions in electrolytes, were
studied. The results show that the process voltage of the softened spark discharge on the selective laser-
melted Ti6Al4V alloy was lower than the breakdown voltage of its anodic oxide film. The softened sparks
prioritized nucleation at the coating/substrate interface in the initial spark discharge area rather than in
the microarc discharge area. On one hand, the softened spark layer grew towards the Ti6Al4V substrate,
and on the other hand, the molten oxide generated by the softened sparking was transferred into the
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Accepted 26th July 2024 external porous layer. The softened sparks generated inside the coating promoted the rutile phase
formation and linear growth in the thickness of the softened spark layer. Ca and P are mainly distributed

DOI: 10.1035/d4ra04704d in the external porous layer or at the interface between the softened-spark and external porous layers.

rsc.li/rsc-advances Nevertheless, softened sparking had little effect on the initial micro/nanoporous structures of the coatings.
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1. Introduction

Titanium (Ti) and its alloys have been widely used in the
medical field because of their non-toxicity, antibacterial prop-
erties, and biocompatibility.* Various types of Ti alloys can be
used for clinical treatments, among which Ti6Al4V alloys are
the most widely used biomedical implant materials owing to
their favorable strength, high corrosion and wear resistance,
and acceptable biocompatibility.” However, the performance of
many metal (including Ti6Al4V alloy) biomedical implants is
inherently limited by the mismatch of mechanical properties
between the metal and the biological bone tissue it promotes.?
Nowadays, it is widely recognized that additive manufacturing
can enhance their mechanical properties tailored towards
biomedical applications.”®> However, implants produced
through additive manufacturing methods face performance-
related challenges, particularly biocompatibility.® Conse-
quently, an effective approach for overcoming these challenges
involves surface modification using advanced coatings.®’
Microarc oxidation (MAO), also known as plasma electrolytic
oxidation (PEO), is an effective surface modification technique
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for producing oxide-ceramic coatings on metals such as Ti,
aluminium (Al), and magnesium (Mg).*° It involves high-voltage
oxidation beyond the dielectric breakdown that occurs at the
electrolyte/oxide/metal interface.'® Because of the high plasma
discharge temperature, the anodic oxide film on the metal
transforms into a ceramic layer, exhibiting excellent corrosion
and wear resistance."* Notably, the co-deposition of composi-
tion into MAO coatings through electrolytes has been a hot
topic in the biomedical field. Zhang et al.** found that Ca/P/Zn-
doped coatings improved the cell viability of preosteoblast
MC3T3-E1 cells and macrophage RAW264.7 cells, and higher
cell viability was observed on the coatings with higher Zn
concentration. Liu et al.*®* doped Zn and Sr into coatings on Ti
alloy implants using one-step MAO technology and found that
the Zn/Sr-doped MAO coatings exhibited good antibacterial
activity against Staphylococcus aureus and Porphyromonas gingi-
valis. Wu et al.** proposed that Cu-doped MAO coatings are
capable of enhancing the bone repair/regeneration, angiogen-
esis, and antibacterial capability. Zhao et al.*® reported that Mg/
Cu/F-doped MAO coatings promote the adhesion, proliferation,
differentiation, mineralization, and apoptosis of MC3T3-E1
osteoblasts. However, Fattah-Alhosseini et al.'® reported that
the addition of particles to the electrolyte results in strong
antibacterial and biological activity but also changes the
designed micro/nanostructure of the MAO coatings. This indi-
cates that achieving multicomponent co-doping within MAO
coatings faces significant difficulties.
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Consequently, a mode of “softened spark” during the MAO
process is considered a potential solution for achieving co-
doped multicomponent and micro/nano porous structure.'”'®
Zhai et al.*® pointed out that softened sparks have a minimal
impact on the external micro/nanoporous structure of the
initial MAO coating. Wang et al.>® found that the effect of soft-
ened sparks on the morphology of MAO coatings weakened, and
the amounts of calcium (Ca) and phosphate (P) co-deposited in
the coating increased with an increase in the negative/positive
charge ratio. However, a lack of understanding of the mecha-
nism of the soft sparking during the MAO limits its industrial
applicability.”® Therefore, this study proposes a two-step
method for preparing composite coatings with different
composition on Ti alloys using softened spark MAO technology.
The nucleation and growth process of softened sparks and the
influence of softened sparks on the deposition of anions in
electrolytes were investigated.
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2. Materials and methods

A cylindrical specimen with a diameter of 12 mm and a thick-
ness of 6 mm was prepared by selective laser melting (SLM)
(AM250, Renishaw Co., Ltd, England) using Ti alloy powder with
a composition of 6.25% Al, 4.16% V, 0.2% Fe, 0.0068% Ca, and
Ti (balance, mass fraction). As shown in Fig. 1, a tapped hole
with a diameter of 3 mm was made on the side of the cylinder to
connect it to the anode of the power supply. Next, MAO and
softened-spark MAO treatments were performed on the samples
in two different electrolytes. Step 1, an alternating polarity
power supply (ANS 7505, Ansy Power Supply Co., Ltd, China)
was used to perform MAO on all samples in a mixed electrolyte
of 0.09 mol per L Na,B,0,-10H,O and 0.01 mol per L Na,-
Si0;-9H,0 for 300 s. A positive current density of 10 A dm 2,
a positive pulse with a current density of 10 A dm™>, a duration
period of 500 pus, and a rest period of 4500 ps was used. The
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electrolyte temperature was maintained at approximately 10 °C
using a thermostatic system. Step 2, a mixed electrolyte of
0.16 mol per L EDTA-2Na, 0.16 mol per L Ca(CH;COO),-H,0
and 0.18 mol per L NH,H,PO, was used to perform softened
spark MAO on the samples pretreated with MAO. During the
softened spark MAO process, a positive pulse with a current
density of 5 A dm™?, a duration period of 1000 us, and a rest
period of 5000 ps were used, and a negative pulse with a current
density of 12.5 A dm 2, a duration period of 500 s, and a rest
period of 2000 us were set. The electrolyte temperature was also
maintained at approximately 10 °C. The times for softened-
spark MAO were set to 0, 200, 600, 1000, 1800, and 2400 s.
During the MAO and softened spark MAO processes, the
voltage-time response was recorded using an alternating
polarity power supply, and the morphologies of the microarcs
and sparks were captured using high-speed cameras (Phantom
VEO710L, Vision Research Inc.). After softened spark MAO
treatment, the thicknesses of the coatings on the samples were
measured using a coating thickness gauge (DUALSCOPE MPO,

Fig. 4 Surface morphology of the coatings on samples treated with softened spark MAO at (a) 200 s, (b) 600 s, (c) 1200 s, and (d) 1800 s.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDS mapping results of the MAO coatings on the Ti6Al4V samples treated with softened spark MAO at (a) 200 s, (b) 600 s, (c) 1200 s, and

(d) 1800 s.

Table 1 Mass variation of the main elements deposited on the MAO
coatings

Mass variation (wt%)

Treatment time

(s) Ti o Al \ Ca P Si

200 39.51 47.63 266 136 0.36 0.32 8.17
600 36.48 5190 2.43 121 043 0.71 6.83
1200 39.06 48.58 2.60 1.29 042 047 7.58
1800 39.30 48.11 2.60 1.30 0.43 052 7.74

Fischer, Germany). Subsequently, the micro-morphologies of
the coatings were observed using scanning electron microscopy
(SEM) (MIRA4 LMH, TESCAN, Czech Republic) and trans-
mission electron microscopy (TEM) (JEM-F200, JEOL, Japan). In
addition, the phase compositions of the coatings were analyzed
using X-ray diffraction (XRD) technique (Empyren, PANalytical,
Netherlands) with a CuKa radiation at 45 kV and 40 mA for 26 =
20-90° at a scan speed of 0.1° s, Compositions of the coatings

25978 | RSC Adv, 2024, 14, 25975-25985

were detected using energy dispersive X-ray spectroscopy (EDS)
(One Max 50, TESCAN, Czech Republic). The mass fractions of
the phases were calculated using eqn (1):2**

I
i u I;
where W; is the mass percentage of phase I, I; is the diffraction
intensity of the strongest diffraction peak of phase I, Kji is the
diffraction intensity of the strongest diffraction peak after
mixing phase I and reference phase Jin a 1 : 1 mode, the value of

K}i can be obtained from the PDF card.

Moreover, an electrochemical method was designed to
separate the coating from the substrate, which allowed for good
observation of the morphology of the interface between the
coating and substrate. Fig. 2 shows a schematic diagram of the
electrochemical method. First, a portion of the sample was cut

to expose the Ti-alloy substrate. The sample was immersed in
1 mol per L NaCl solution and connected to the positive

W= (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Surface morphology and elemental distribution of the detached coating formed on the sample treated with softened spark MAO at 200 s.

electrode of the DC power source. The negative electrode was
connected to the platinum electrode. Next, the Ti-alloy was
dissolved in an electrochemical reaction, resulting in the
exposure of the inside interface of the coating.

3. Results and discussion
3.1 Voltage-time response

Fig. 3 shows the spark morphology at each stage and the
voltage-time response of the MAO process on the SLM-formed
Ti6Al4V alloy. Sodium silicate was used as the electrolyte for
the MAO treatment. In this electrolyte, three phenomena-
anodic oxidation, spark discharge, and micro-arc discharge-
occurred successively on the samples. First, numerous
bubbles appeared on the surfaces of the samples, and the
voltage increased linearly and rapidly; however, no sparks were
observed. Some studies have referred to this stage as the
anodic oxidation stage (Stage I).*2°?> Subsequently, the
voltage reached approximately 218 V when the time exceeded
7 s, and a few white sparks appeared on the samples, accom-
panied by a squeaking sound arising from the arc blasting,
indicating that the anodic oxide film broke down. Some
studies have referred to the white spark discharge process as
the spark discharge stage (Stage II).*>** Over time, the number
of discharge sparks gradually decreases; however, their
intensity gradually increases, and their color changes from
white to orange. Some studies have referred to the orange
microarc discharge process as the microarc discharge stage

© 2024 The Author(s). Published by the Royal Society of Chemistry

(Stage III).>* The other is a Ca/P electrolyte, which is used for
softened spark MAO treatment. When the samples treated
with MAO in the Na,SiOj; electrolyte for 300 s were subjected to
softened spark MAO in the Ca/P electrolyte, the process voltage
dropped sharply from the previous highest value of 424 V to
approximately 150 V and remained between 140 and 150 V in
the following process. During this process (Stage IV), the spark
intensity appearing on the samples was always extremely
weak; this is referred to as a softened spark in this study (this
term has also been reported in other papers).””*® It is worth
noting that the voltage of the softened spark discharge on the
SLM-formed Ti6Al4V alloy was lower than the breakdown
voltage of the anodic oxide film, but close to the breakdown
voltage of the anodic oxide film on the forged Ti6Al4V alloy
(approximately 140-150 V, reported in other papers>**®). This
phenomenon indicates that the microstructure of the SLM-
formed Ti6Al4V alloy has a significant impact on the micro-
arc discharge but has almost no effect on the softened spark
discharge.

3.2 Microscopic morphology and composition of coatings

Fig. 4 shows the surface morphologies of the coatings on the
samples treated with softened spark MAO for various times.
Amounts of pores with a diameter of 0.5-1 pm and 2-5 pm were
observed in the four coatings. The former was formed in the
spark discharge stage (hereafter referred to as spark pores),
whereas the latter was formed in the microarc discharge stage

RSC Adv, 2024, 14, 25975-25985 | 25979
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Fig.7 Cross-sectional morphology of the coatings on samples treated with softened spark MAO at (a) 200 s, (b) 600 s, (c) 1200 s, and (d) 1800 s.

(hereafter referred to as microarc pores). A typical volcanic
crater morphology was observed around the microarc pores,
which were formed by the accumulation of molten oxides
during microarc discharge. As shown in Fig. 4(a), oxide granules
were observed in some microarc pores, but not in most pores.
Moreover, the surface of the molten oxide that accumulated
around the microarc pores was relatively smooth. It can be
inferred that these oxide granules were generated by softened
spark discharge. Significantly, a large number of bubble pores
appeared on the accumulated oxides near the volcanic craters
(Fig. 4(b)). In addition, some oxide granules are clearly observed
in the microarc pores, and there are many bubble pores on the
oxide granules. These phenomena are related to softened spark
discharge. As the time increases to 1200 s, as shown in Fig. 4(c),
some microarc pores are blocked by the oxide granules
produced by the softened spark discharge. Furthermore, the
number of bubble pores on the accumulated oxides near the
volcanic craters decreased slightly. As time progressed, as
shown in Fig. 4(d), oxide granules were generated by the

25980 | RSC Adv, 2024, 14, 25975-25985

softened spark discharge and distributed in local areas on the
coating. This indicates that the softened sparks prioritize
nucleation in local areas. Overall, the softened sparks had little
effect on the microarc pores in the coating.

Fig. 5 shows the EDS mapping of the MAO coatings on the
Ti6Al4V samples treated with softened spark MAO for different
durations, and Table 1 lists the contents of the main elements
deposited on the coatings. As shown in Fig. 5(a), small amounts
of Ca and P, as well as a significant amount of Si, were detected
on the coating surface. These elements originate from the
electrolytes. As the softened-spark MAO time increased to 600 s,
as shown in Fig. 5(b), the Ca and P contents distributed on the
coating surface increased slightly. This was speculated to be
related to the bubble pores generated by the softened spark
discharge in the accumulated oxide. As time progressed, as
shown in Fig. 5(c) and (d), the Ca and P contents on the MAO
coating surface decreased slightly. It is speculated that this is
due to a slight decrease in the number of bubble pores gener-
ated by the softened spark discharge.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04704d

Open Access Article. Published on 19 August 2024. Downloaded on 6/11/2026 12:08:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Substrate

Barrier layer

5 1/nm

(421)

-

@11y

5 1/nm

View Article Online

RSC Advances

Fig. 8 Bright-field TEM image (a), high-magnification image, diffraction patterns and elemental distribution of the selected (b) area B, (c) area C,
(d) area D, (e) area E, for the sample treated with softened spark MAO at 1800 s.

An electrochemical method was designed to detach the MAO
coatings from the substrate. The morphology and elemental
distribution of the inner interface of the coating on the Ti6Al4V
sample treated with softened spark MAO for 200 s are shown in
Fig. 6. There are two areas on the inner interface of the coating,
namely area B containing a large number of oxide granules and
area C containing many microarc pores with a diameter of 2-5
pm. Some spark pores with a diameter of 0.5-1 um can also be
observed in area B. This indicates that the softened spark
discharge prioritizes nucleation within the spark discharge
area. The EDS mapping results showed that there were many Ca
and P elements in area C but very few in area B. It can be
explained that the electrolyte anions (Ca** and PO,*") did not
pass through the softened spark layer and failed to reach the

© 2024 The Author(s). Published by the Royal Society of Chemistry

coating/substrate interface; however, its oxide deposited in the
microarc pore.

Fig. 7 shows the cross-sectional morphology of the coatings
on the Ti6Al4V samples treated with softened spark MAO at
different times. As shown in Fig. 7(a), the coatings included
a barrier layer at the coating/substrate interface, an interme-
diate softened spark layer, and an external porous layer. Within
the softened spark layer, smaller pores with a diameter less than
0.5 um were observed than those obtained from the first
microarc discharge. As the treatment time increased, as shown
in Fig. 7(b) and (c), the softened spark layer grew towards the
Ti6Al4V substrate, and the molten oxide generated by the soft-
ened spark discharge was transferred into the external porous
layer. It can be seen that the boundary between the external

RSC Adv, 2024, 14, 25975-25985 | 25981


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04704d

Open Access Article. Published on 19 August 2024. Downloaded on 6/11/2026 12:08:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

* Anatase A Rutile

A M nTi

2400 s

Intensity (a.u.)

26 (Degrees)

Fig. 9 XRD spectrum of the coating on the Ti6Al4V treated with
softened spark MAO at different times.

Table 2 Mass variation of the phases during the softened spark MAO
process

Mass variation (wt%)

Treatment time Rutile Anatase Ti

200 s 18.51 4.21 77.27
600 s 24.06 4.23 71.71
1200 s 24.20 3.99 71.81
2400 s 35.35 3.97 60.68

porous layer and the intermediate softened-spark layer is diffi-
cult to distinguish. The area covered by the molten oxide
generated by the softened spark discharge is referred to as the
softened spark layer. As shown in Fig. 7(d), the softened spark
layer completely covers the external porous layer. It is worth
noting that the coating/substrate interface gradually changed
from relatively flat to uneven with increasing treatment time.
This also confirms that the softened spark discharge preferen-
tially nucleated in local areas and grew towards the substrate.
The results of the EDS line scanning showed that Ca and P were
mainly distributed on the oxide in the external porous layer or at
the interface between the softened spark layer and the external
porous layer, but there was almost no presence inside the
softened spark layer. This is because most anions in the elec-
trolyte are low-mobility species®® and cannot diffuse completely
through the dense oxide layer. Therefore, these electrolyte
anions are transformed into oxides and deposited outside the
channel of the softened spark discharge during softened spark
discharge. This inference will be further validated in the
following experiments.

Fig. 8 shows a bright-field TEM image, high-magnification
image, selected area diffraction patterns, and the elemental
distribution of the coating on the Ti6Al4V samples treated with
softened spark MAO for 1800 s. As shown in Fig. 8(a), three
bright-field TEM images were spliced together to show the

25982 | RSC Adv, 2024, 14, 25975-25985
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cross-sectional morphology of the coating. A dense barrier layer
with a thickness of less than 500 nm was observed at the
coating/substrate interface. The high-magnification image and
selected area diffraction patterns of area B show that the dense
barrier layer is composed of amorphous oxide and a very small
number of nanocrystals (Fig. 8(b)). In the middle area of the
coating, there are some pores with a diameter of about 0.5 um
and a large number of pores with a diameter smaller than that.
Based on the previous analysis, we speculated that these areas
were the areas of spark discharge and softened spark discharge.
The high-magnification image and selected area diffraction
patterns of area C show a large number of rutile-phase nano-
crystals in the softened spark layer (Fig. 8(c)). The result of the
EDS mapping in area D shows the amounts of Ca and P
deposited in the external area of the softened spark layer
(Fig. 8(d)). The high-magnification image and selected area
diffraction patterns of area E show a large amorphous region in
the external area of the softened spark layer (Fig. 8(e)). There-
fore, the electrolyte anions were mainly deposited in the
external region of the softened spark layer in the form of
amorphous oxides.

Fig. 9 shows the XRD spectra of the coatings on the Ti6Al4V
samples treated with softened spark MAO at different times.
The phase contents calculated based on the spectra are listed in
Table 2. The results showed that the MAO coatings were mainly
composed of rutile and anatase phases. As the duration of the
softened spark treatment increased, the rutile phase content
gradually increased, whereas the anatase phase content
remained unchanged. This indicates that the softened spark
discharge generated inside the coating promotes the formation
of the rutile phase, which is due to the fact that temperature
decreases at a lower rate inside the coating. In addition, the Ti
phase content gradually decreased, which is consistent with the
growth mechanism of the coating thickness.

3.3 Surface roughness and thickness of coatings

Fig. 10 shows the profile topography of the coating on the Ti6Al4V
samples treated with softened spark MAO at different times. The
root-mean-square height (Sg), arithmetic average height (S,),
maximum peak height (S;), maximum valley depth (S,), degree of
skewness (Sgi), and area ratio of interface expansion (Sg,) of the
coating surface were obtained and are listed in Table 3. A
comparison of the results shows no significant difference in the
surface roughness of the coatings. This can be explained by the
softened sparks that mainly formed inside the coating, which had
little impact on the external morphology of the coating. However,
the coatings on the samples treated with softened spark MAO for
600 and 1800 s exhibited smaller variations in the S, and S, than
the other two samples. This is related to the deposition of gran-
ular oxides generated by the softened spark discharge in the
microarc pores and the formation of softened spark pores on the
molten oxides.

Fig. 11 shows the thicknesses of the coatings on the Ti6Al4V
samples treated with softened spark MAO for 200, 600, 1000,
1200, 1800, and 2400 s. After fitting the thickness data, it was
found that the coating thickness increased linearly, and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Profiles topography of the coating on the Ti6Al4V samples treated with softened spark MAO at (a) 200 s, (b) 600 s, (c) 1200 s, and (d)

1800 s.

Table 3 Surface roughness of the MAO coatings obtained in different
electrolytes

Sample Sq (um) Sa (um) Sp (wm) S, (nm) Sar (%)
200 0.745 0.591 3.247 2.922 36.4
600 0.826 0.661 3.685 3.948 37.539
1200 0.656 0.521 2.599 2.596 35.44
1800 0.782 0.622 3.371 3.191 36.737

growth of the coatings can be described by the following
equation:

h=7.06x 10"% +0.71 (2)

where t represents the treatment time of the softened spark
MAO during step 2, and % represents the total thickness,
including the thickness promoted by the softened spark
discharge and the thickness generated by the microarc
discharge. Because the coatings generated by the microarc
discharge on the four samples are the same, it is inferred that
the thickness of the softened spark layer also increases linearly
with the treatment time. Some reports have indicated that the
thickness of MAO coatings increases linearly with time. This
indicates that the softened spark was essentially a type of
microarc. However, the former has extremely low strength,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Thicknesses of the coating on the Ti6Al4V treated with soft-
ened spark MAO at different times.

produces more rutile, and promotes a slower increase in coating
thickness.

4. Conclusion

MAO and softened-spark MAO treatments were performed on
the SLM-formed Ti6Al4V alloy in two different electrolytes. The
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effects of softened sparks on the micro/nanostructure and
composition of MAO coatings were investigated. The primary
findings of this study are summarized as follows:

(1) The voltage of the softened spark discharge on the SLM-
formed Ti6Al4V alloy was lower than the breakdown voltage of
the anodic oxide film, but close to the breakdown voltage of the
anodic oxide film on the forged Ti6Al4V alloy. This phenom-
enon indicates that the microstructure of the SLM-formed
Ti6Al4V alloy has a significant impact on the microarc
discharge but has almost no effect on the softened spark
discharge.

(2) The softened spark discharge prioritizes nucleation at the
coating/substrate interface in the spark discharge area rather
than in the microarc discharge area. As the treatment time
increased, the softened spark layer grew towards the Ti6Al4V
substrate, and the molten oxide generated by the softened spark
discharge was transferred into the external porous layer. The
area covered by molten oxide generated by the softened spark
discharge is referred to as the softened spark layer. Because of
the growth of the softened spark layer inside the coating, the
softened spark discharge had little effect on the initial micro/
nanoporous surface structure of the coating. Moreover, the
thickness of the softened spark layer increased linearly with the
treatment time, which is consistent with the typical trend of
thickness growth in MAO coatings. This indicates that the
softened spark was essentially a type of microarc.

(3) The primary distribution of Ca and P is concentrated
within the oxide of the external porous layer, or at the interface
between softened spark layer and external porous layer.
Notably, however, within the softened spark layer itself, Ca and
P are nearly absent. As the duration of the softened spark
treatment increased, the rutile phase content gradually
increased, whereas the anatase phase content remained
unchanged. This indicated that the softened spark discharge
generated inside the coating promoted the formation of the
rutile phase.
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