metals

Article
Effects of Diatomite Contents on Microstructure, Microhardness,

Bioactivity

and Biocompatibility

of Gradient Bioceramic Coating

Prepared by Laser Cladding

Guofen Zhang ! and Qibin Liu -2*

check for
updates

Citation: Zhang, G.; Liu, Q. Effects of
Diatomite Contents on
Microstructure, Microhardness,
Bioactivity and Biocompatibility of
Gradient Bioceramic Coating
Prepared by Laser Cladding. Metals
2022, 12,931. https://doi.org/
10.3390/met12060931

Academic Editors: Tomasz Czujko

and Antonio Riveiro

Received: 31 March 2022
Accepted: 26 May 2022
Published: 28 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Materials and Metallurgy, Guizhou University, Guiyang 550025, China; zguofen112@163.com
Key Laboratory of Advanced Manufacturing Technology, Ministry of Education, Guizhou University,
Guiyang 550025, China

Correspondence: qbliugzu@163.com

Abstract: Biometallic materials are widely used in medicine because of excellent mechanical proper-
ties. However, biometallic materials are limited in the application of biomaterials due to their lack
of bioactivity. To solve this problem, a gradient bioceramic coating doped with diatomite (DE) was
successfully fabricated on the surface of Ti6Al4V alloy by using the broadband-laser cladding process
to improve the bioactivity of metal materials. As well as the DE contents on the microstructure, micro-
hardness, bioactivity and biocompatibility were investigated. The experimental results demonstrate
that the addition of moderate amounts of DE is effective in reducing the number of cracks. The X-ray
diffraction (XRD) results reveal that the bioceramic coating doped with DE mainly consists of CaTiOs3,
hydroxyapatite (HA), tricalcium phosphate (TCP) and silicate, and that the amount of HA and TCP
in the coating reached maximum when the bioceramic coating was doped with 10wt% DE. The bioce-
ramic coating doped with 10wt% DE has favorable ability to deposit bone-like apatite. These results
indicate that the addition of DE can improve cracking sensibility, bioactivity and biocompatibility of
the coating.

Keywords: broadband-laser cladding; diatomite; gradient bioceramic; bioactivity; biocompatibility

1. Introduction

The variety of bone defects caused by aging and traffic accidents have expanded the
need for bone replacement materials [1-6], thus promoting research and development of
bone replacement biomaterials [7-10]. Thus far, biomedical alloys are potential candidates
for hard tissue repair materials, as metallic biomaterials can withstand long-term, variable
and abrupt loading [11,12]. In recent years, there has been a significant increase in the use
of Ti6Al4V alloy, which has the advantages of high strength, high rigidity, low density
and corrosion resistance [11-13]. For biological implants, after the biomedical Ti6Al4V
alloy is implanted, it cannot form a chemical connection with the biological living tissue,
which can easily fall off after a long implantation time because of the lack of bioactivity,
and periodic replacement of implant materials can easily cause pain to the patient, thus
the medical application of Ti6Al4V alloy is limited. In order to improve the bioactivity and
biocompatibility of Ti6Al4V alloy, it is necessary to modify the Ti6Al4V alloy. Hydroxyap-
atite (HA) and tricalcium phosphate (TCP) with excellent bioactivity are frequently used in
biomaterials [14-22].

Calcium-phosphorus bioceramic coatings can enhance the bioactivity and osteogenic
properties of biomaterials, and there are various preparation methods for calcium phospho-
rus bioceramic coatings [23-26]. Hydroxyapatite coatings were deposited by plasma spray
technology for orthopedic and dental applications [23]. Apatite coatings were prepared by
electrochemical deposition technology under different acidic conditions, which inhibited
the activity of osteoclasts, promoted new bone formation and enhanced bone-implant
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integration [24]. Eggshell-derived hydroxyapatite coatings were successfully produced
and were prepared on titanium alloy surfaces by micro-arc oxidation process [25]. Porous
bioceramic coatings were prepared by laser cladding technology to improve the osteogenic
properties of the coatings [26]. Bioceramic coatings prepared by laser cladding can obtain
bioactive coating materials with high bonding strength and good bioactivity, which can
promote bone tissue integration and facilitate bone repair [20,21]. In our previous work, the
bioceramic coating with HA and TCP was successfully prepared on Ti6Al4V alloy [17-22],
which showed good bioactivity and biocompatibility. Zhang et al. prepared a gradient
bioceramic coating doped with La,O3 on Ti6Al4V, the result showed that when the content
of Lay O3 is 0.6wt%, the amount of HA + TCP reaches maximum and the proliferation and
adhesion of bone cells performed well [22].

In 1969, Larry Hench discovered 45S5 bioglass, which has excellent biocompatibility
and bioactivity. The amount of silica in 4555 bioglass is as high as 46.1mol% [27,28]. Kang
et al. reported that homogeneous PEl-silica hybrid material was coated on Mg substrates,
which led to no cracks in the coatings [29]. Soluble silica and calcium ions stimulate
osteoblasts to produce bone matrix [30]. Diatomite (DE) (90.62wt% SiO;, 3.53wt% Fe; O3,
2.52wt% NayO, 1.64wt% Al, O3, K;O, MgO, CaO, P05, AR), a kind of biogenic siliceous
sedimentary rock, which is mainly composed of the remains of ancient diatoms, mainly
consists of SiO; [31]. Additionally, DE is of lower cost as well as being an abundant resource.
In our past work [20], the bioceramic coating doped with DE and SiO,, respectively, on
Ti6Al4V was fabricated by broadband-laser cladding. The results of the study have shown
that the DE-doped bioceramic coating has better bioactivity and biocompatibility than the
5i0,-doped bioceramic coating, and the DE-doped bioceramic coating exhibits favorable
ability to deposit bone-like apatite, thus the DE-doped bioceramic coating is more suitable
as a candidate for biomaterials than the SiO,-doped bioceramic coating. At present, DE
is rarely used in the field of biomedicine, and it is of profound significance to explore the
impact of DE on Ca-P bioceramic coating.

In the present paper, gradient Ca-P bioceramic coating doped with DE is fabricated on
Ti6Al4V by broadband-laser cladding. Laser cladding technology as a surface modification
technology, has been extensively used in the processing and repair of material surfaces.
Laser cladding technology can use high heat and high energy to quickly melt the material,
and after the laser is removed, the material is rapidly cooled. This feature enables the
substrate and the coating to form a metallurgical bond, as well as the substrate and the
coating having high bond strength. The advantage of this preparation method is that the
process is flexible and the material deformation is small. The bioceramic coating is prepared
by metallurgical combination of biomedical metal and ceramic powder with favorable
biological properties by laser cladding technology. The microstructure of the coating is
observed by metallographic microscope. The samples are co-cultured with MG63 human
osteosarcoma cells, and the number and morphology of the cells are characterized. The
samples are immersed in simulated body fluids (SBF) to characterize the quantity and
morphology of bone-like apatite deposited on the coating surface. The effect of DE contents
on the microstructure, microhardness, biocompatibility and bioactivity of the coating is
systematically investigated.

2. Materials and Methods
2.1. Coating Preparation

The Ti6Al4V was manufactured by the Northwest Institute for Non-ferrous Metal
Research, which is used as the substrate. The Ti6Al4V was polished with sandpaper to
remove the oxide layer on the substrate. Ti (45-50 um, AR), CaCO3, CaHPO,-2H;0, Lay,O3
and DE powder (1-5 um, AR) were weighed. All powders were bought from Kermel
Chemical Reagents (Kermel, Tianjin, China). The components of DE were designed to be
5wt% DE, 10wt% DE and 15wt% DE, respectively. The compositional design of the gradient
coating is shown in Table 1. The X in the table represents the mass fraction of DE, and a
control group without doped DE was designed. Putting the powders and absolute ethanol
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into the grinding tank, absolute ethanol needs to submerge the powder, and the grinding
time is eight hours. The grinded powder was put into a drying oven at 65 °C. The RC-LMS-
6000-R laser machine system (Raycus, Wuhan, China) is equipped with an optical fiber with
a length of 20 m and a core diameter of 100 pm, which is connected to the laser processing
head. The output connector is high quartz block head (HQBH), and the beam quality is
less than 4.5 mm-mrad, and the laser machine is in continuous/modulated mode. The
laser machine is a continuously tunable fiber laser machine. The laser system is equipped
with an RC52 laser cladding head (Raycham, Nanjing, China). After the optical fiber is
transmitted through the laser, it is collimated and focused to realize the laser cladding
function. The maximum output power of the laser is 6 kW, the polarization direction is
random, the wavelength is 1080 nm, the emission angle is less than or equal to 0.1 rad
and the modulation frequency range is 50-5 k (Hz). Based on the following laser process
parameters of the RC-LMS-6000-R laser machine, output of power P = 5 kW, scanning
velocity V=7 mm-s~!, the focal length is 300 mm, the laser beam size is 2 x 20 (mm?)
and the shielding gas is argon. The dried powder mixed with adhesive (epoxy resin) of
the first layer was uniformly placed on the surface of the Ti6Al4V; the thickness of the
preset powder was 0.5 mm. After the coating was completely dry, the first gradient layer
powders were coated on Ti6Al4V by broadband laser cladding according to the above
parameters. Broadband laser cladding can make the molten pool exist for a longer time, the
solidification speed is slower and the substances in the molten pool can react more fully,
thus broadband laser cladding can obtain a better quality cladding coating. In broadband
laser cladding, broadband means that the spot size is a rectangular spot. The second
gradient layer was then clad after cleaning, followed by the third gradient layer cladding
under the same methods and parameters. A diagrammatic sketch of the laser cladding
is shown in Figure 1. Laser cladding technology [17-21,26] is used to irradiate powder
materials with high-energy laser beams to melt the powder materials on the surface of
the substrate, thereby obtaining a coating with excellent properties. The high-temperature
heating of laser cladding can melt the powder material on the surface of the substrate, and
a molten pool will be formed on the surface of the substrate, and the powder material
will undergo chemical reactions in the molten pool. Therefore, the coating prepared by
laser cladding has the characteristics of high bonding strength. In our previous work [32],
we tested the bonding strength of gradient bioceramic coatings. A test rod is vertically
bonded to the surface of the bioceramic coating with the adhesive. The three experimental
fractures occurred between the bioceramic coating and the binder, but not between the
bioceramic coating and the titanium alloy, which indicates that the bonding strength
between the bioceramic layer and the titanium alloy is greater than the bonding strength
between the bioceramic layer and the binder. The results of the three experiments were
35.5 MPa, 37.8 MPa and 38.6 MPa. The average bond strength of the three experiments was
37.3 MPa. The experimental results show that the bonding strength between the broadband
laser cladding bioceramic coating and the titanium alloy substrate is above 37.3 MPa.
The chemical reaction equations that may occur during the laser cladding process are as

follows [20]:
161-196 °C

CaHPO,-2H,0 "¢ caHPO, + H,0 )
2CaHPO, ¢ v-Ca,P,0; + H,O 1 @)
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CaCO; *%°°C ca0 + CO, 1t )
B-CasP,0; + CaO "¢ Cas(POy), )
3Cas(POy)s + CaO + HhO 1 3 Cag(POy4)6(OH), (6)

CaO + TiO; 2%°C CaTio, @)



Metals 2022, 12, 931 40f 15

2Ca0 +Si0, & Ca,Si0, )

Cas(POy), +2Ca0 + Si0y & Cas(PO,),Si0, )

Table 1. Compositional design of gradient coating.

81.12wt% CaHPO,4-2H,O + 18.88wt%

CaCOs + 0.6wt% La, O3 + Xwt% DE Ti Powders

Coating Layers

Coating layer 1/g 30 70
Coating layer 2/g 70 30
Coating layer 3/g 100 0

Laser Generator
Cladding coating

Scanning Direction

/ Mixed Powder

Substrate
Figure 1. Diagrammatic sketch of broadband-laser cladding.

2.2. Evaluation of X-ray diffraction (XRD)

Phase analysis of the coating was characterized using the BrukerAXS D8 Advance
Krystalloflex X-ray diffractometer (Bruker, Karlsruhe, Germany) using Cu Karadiation
at 40 kV and 40 mA from 10 to 80° with a step size of 0.02° at room temperature. The
experiment was repeated three times.

2.3. Evaluation of Cross-Section

The cladding sample was metallographically polished with SiC grit paper, and the
samples were then polished with alumina polishing agent, and then the cross section of the
sample was clean. The microstructure of the cross-section was observed with an inverted
metallurgical microscope—OMOLYMPUS GX51(Olympus Corporation, Tokyo, Japan).
The microhardness of the coating was measured by microhardness tester (DHV-1000Z,
Shuangxu Electronics Co., Ltd., Shanghai, China) from ceramic layer to the substrate at a
distance of 0.1 mm. The test force is 1 kg and the holding time is 15 s. The experiment was
repeated three times.

2.4. Evaluation of Vitro Cell Compatibility

The human osteosarcoma cell line MG63 was used for the cytotoxicity tests. Prior
to the cytotoxicity tests, the samples were autoclaved by 120 °C autoclave; subsequently
the samples were exposed to UV light for over three hours on the bench. The cells in the
culture flask were incubated in the incubator for full growth, and the cells were inoculated
onto the coating. Cells and the samples were co-cultivated on a 24-well plate. MG63 cells
(10* cells-mL~1, 1 mL) were cultured on samples at 37 °C in a 5% CO, atmosphere for
1 day. Furthermore, 100 pL Counting Kit-8 (cck-8) was added to well tissue culture test
plates and incubated for 3 h. The cck8 kit contains metho electron coupling reagent, which
can be reduced to orange-yellow water-soluble formazan. The more cells proliferate and
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the faster, the darker the color, and the more cytotoxic, the lighter the color. Finally, the
absorbance at 450 nm of the solution in each well was measured by an enzyme-linked
analyzer (THERMO Varioskan Flash, TherERMO Varioskan Flash, Therfisher, Waltham
Mass, MA, USA). The same method was used to obtain absorbance on the third day and
the fifth day. The experiment was repeated three times.

After the samples had been autoclaved and sterilized by ultraviolet light, the samples
and cells were co-cultured. The fluorescein diacetate (FDA) master batch of 5 mg-mL’1
prepared with acetone was stored at —4 °C, 20 ul-mL~! solution of FDA master mix and
phosphate buffered solution (PBS) was placed into a 96-well plate and incubated in an
incubator for 8 min, after which the cell morphology was observed by confocal laser
scanning microscope (TCS SP8, Leica, Hesse-Darmstadt, Germany). The various biological
reagents and all cells used in this study were purchased from Kermel Chemical Reagents
(Kermel, Tianjin, China). The experiment was repeated three times. Biocompatibility was
tested by in vitro cytotoxicity test and fluorescent staining test. Using MG63 cells to co-
culture with the coating, the number of cells increased with time, and the cell morphology
did not change abnormally, indicating that the material has good biocompatibility.

2.5. Cell Morphology

Samples were cultured for 3 days, washed twice with PBS, and fixed with 3% glu-
taraldehyde at 4 °C for 24 h. The samples were washed twice with PBS, and subsequently
dehydrated in an ethanol series for 15 min (30%, 50%, 70%, 95% and 100%, three times).
The samples were dried in a vacuum drying oven, after which samples were sprayed with
gold; cell morphology was observed by scanning electron microscopy (SEM, ZEISS Gemini
300, Berlin, Germany). The experiment was repeated three times.

2.6. Evaluation of In Vitro Bioactivity

Bioactive materials are realized by the deposition of HA at the interface and can be
associated with living tissues. Therefore, under normal circumstances, the amount of
HA produced by the sample is used to evaluate the bioactivity of the sample. SBF were
prepared according to a study by Kokubo and Takadama [33]. The 5 mL SBF solution and
sample were placed together in thermostatic shakers (ZWY-1102C, ZHCHENG, Shanghai,
China) at 37 °C; SBF solution was replaced after 48 h. Samples soaked for 7 and 14 days
were removed and washed with deionized water and the samples were dried in a vacuum
drying oven. The surficial morphology of the coating was observed by scanning electron
microscopy (SEM, ZEISS Gemini 300, Berlin, Germany). Phase analysis of the coating
was characterized by the BrukerAXS D8 Advance Krystalloflex X-ray diffractometer. The
experiment was repeated three times.

2.7. Statistical Analysis

All data were expressed as the mean =+ standard deviation. p-values less than 0.05
were considered statistically significant in all cases.

3. Results

The Ca-P coatings doped with DE consist mainly of HA, TCP, CPS (Cas(PO4)SiOy)
and Ca,5iO4, and CaTiO3 phases, as can be seen from Figure 2. After the addition of
DE, the crystallinity of CaTiO3 phases (around 59° and 70°) are significantly weaker; the
crystallinity of HA, TCP and CPS phases are increased obviously, especially in the vicinity
of 30° and 40°, the TCP characteristic peaks of the 10wt% DE coating are obvious. The
new phases can be seen from the Ca-P coatings doped with 5wt% DE, 10wt% DE and
15wt% DE compared with non-doped, such as CPS and Ca,SiOy, the new diffraction peak
corresponding to TCP appears around 30° of diffraction angle 20. With the increase of DE,
the intensity of the characteristic diffraction peaks of HA + TCP phase gradually increase
and then decrease. The Ca-P coating doped with 10wt% DE produces the most HA, TCP
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and silicate phases. When the bioceramic coating is doped with 15wt% DE, more calcium
silicate (around 24°) and CPS (around 48°) are produced.

:;: v—HA ¢—CaSiO,
v - A—TCP ¢ —CPS
5 Z #—CaTiO,
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Figure 2. XRD patterns of bioceramic coating with different contents of DE (0Owt%, 5wt%, 10wt% and
15Wt°/o).

3.1. Microstructure Analysis

The cross-sectional microstructure of coatings is shown in Figure 3. It is seen that the
bioceramic coatings doped with DE consist of three layers, which are the substrate, the
alloy layer and ceramic layer from bottom to top. The gradient coating that we designed
was successfully developed by broadband-laser cladding. It is also seen from Figure 3 that
the cracks of the coatings are extended from the ceramic coating to the alloy layer. As the
DE-doped content increases, the cracks of the cross section gradually decrease and then
increase. As can be seen from Figure 3, the most cracks are found on the Ca-P coatings
doped with Owt% DE and 15wt% DE, and the width of the cracks are the largest, which
contains not only longitudinal cracks but also transverse cracks. No transverse cracks and
very few longitudinal cracks are evident in the Ca-P coatings doped with 5wt% DE and
10wt% DE.

Microhardness analysis of LapO3-doped gradient coatings with different contents
of DE (Owt%, 5wt%, 10wt% and 15wt%) are shown in Figure 4. As can be seen from
Figure 4, the microhardness of the ceramic layer and the alloy layer are higher than that
of the substrate. From the ceramic layer to the alloy layer and then to the substrate, the
microhardness gradually increases and then decreases. It can be seen from Figure 4 that
the average hardness of the bioceramic coating doped with 5wt% DE is the highest.

3.2. Analysis of In Vitro Cell Compatibility

Optical density (OD) assay of MG63 cell on coatings doped with DE (0wt%, 5wt%,
10wt%, and 15wt%) at 1 d, 3 d and 5 d is showed in Figure 5. It can be seen that the OD
value of MG63 cell gradually increases as time increases. There is no noticeable difference
in the amount of MG63 cell co-cultured with each coating at 1 d. The OD value of Ca-P
coatings doped with different DE contents are significantly different at 3 d, the OD value of
the Ca-P coatings doped with 10wt% DE reach the maximum at 3 d. The situation at 5 d is
similar to that at 3 d. As the content of DE increases, the OD value gradually increases and
then decreases.
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Figure 3. Cross-sectional microstructure of bioceramic coating with different contents of DE, (a) Owt%;
(b) 5wt%; (c) 10wt%; (d) 15wt%.
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Figure 4. Microhardness analysis of bioceramic coating with different contents of DE (0wt%, 5wt%,
10wt% and 15wt%).

Fluorescent images of MG63 cell co-cultured with coatings at 3 d are shown in Figure 6.
As can be seen from Figure 6, cell morphology is maintained well, indicating that the Ca-P
bioceramic coating doped with DE has favorable compatibility with the cell. As the content
of DE gradually increases, the number of cells contained in the coating gradually increases
and then decreases. The coatings doped with 10wt% DE and 15wt% DE contain a large
number of cells, and MG63 cells have good cell morphology with spindle-shaped growth.
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Figure 5. Optical density (OD) assay of MG63 cell on coatings with DE (0wt%, 5wt%, 10wt% and
15wt%) at1d,3d and 5d. (* p <0.05).
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Figure 6. Fluorescent images of MG63 cell on coatings with different contents of DE at 3 d, (a) Owt%;
(b) 5wt%; (c) 10wt%; (d) 15wt%.

3.3. Cell Morphology

SEM images depict MG63 morphology after 3 d co-culture with coatings doped with
Owt% DE, 5wt% DE, 10wt% DE and 15wt% DE are shown in Figure 7. It is seen from Figure 7
that the Ca-P coatings non-doped with DE and the Ca-P coatings doped with DE have
cells adhered to the layer, and many pseudopodia are observed in the cells on bioceramic
coatings, indicating that the cell extending is favorable. The MG63 cells on the coating
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doped with 10wt% DE coating are connected to one piece, the pseudopodium also grips
the coating tightly, it shows that the bioceramic coatings have favorable biocompatibility
and osteogenic properties on osteoblast MG63 cells.

Figure 7. Cell growth morphology of MG63 cells at 3 d on coatings with different contents of DE,
(a,a’) Owt% DE; (b,b’) 5wt% DE; (c,¢’) 10wt% DE; (d,d’) 15wt% DE.

3.4. Analysis of In Vitro Bioactivity

SEM images of the coatings with different DE contents before and after immersion for
7 d and 14 d in SBF are shown in Figure 8. The sediments are formed on the surface of the
bioceramic coatings doped with 5wt% DE, 10wt% DE and 15wt% DE compared with the
non-doped coating after immersion in SBF for 7 d and 14 d. As can be seen from Figure §,
the Ca-P coating doped with 10wt% DE produces the most sediments. The shape of the
sediment is mainly the hippocampus shape close to the surface and the three-dimensional
chrysanthemum bud shape. From the energy spectrum analysis, it can be observed that
the Ca/P of the hippocampus shape substance at point A is 1.74, and the Ca/P of the
chrysanthemum bud shape substance at point B is 1.69. The Ca/P of the two substances
is close to the theoretical Ca/P (1.67) of HA [12], the sediment is bone-like apatite. From
the element mapping diagram of calcium phosphate silicon, it can be observed that the
element distribution of CPS is uniform with the addition of DE.

XRD patterns of Ca-P coatings doped with different DE contents for separate soaking
times are shown in Figure 9. The Ca-P coatings doped with DE consist mainly of HA, TCP,
CPS, CaO and Cay5iO4 and CaTiO3 phases. It can be seen that the characteristic diffraction
peaks of HA on the coating are enhanced after 7 d (14 d) of immersion for each coating.
Diffraction peak intensity of HA in DE-doped coatings is significantly higher than that
in the non-doped coating. During the soaking of the coating in SBE, the HA originally
present in the coating can promote the formation of bone-like apatite. Bioceramic coatings
with different DE contents have obvious characteristic diffraction peaks of CaO at around
37° after soaking in SBE. The reason for the appearance of CaO may be that the coating is
soaked in SBF, and the TCP degradation reaction generates CaO.
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Figure 8. The biomineralization of Ca-P coatings after being soaked in SBF for 7 d and 14 d including;:
surface morphologies of coatings without soaking (a—d), and coatings after soaking in SBF for 7 d
(a1—dq) and 14 d (ap—d); EDS point scan of points A and B, and elemental mapping images of calcium
and phosphate after soaking in SBF for 14 d.
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Figure 9. XRD patterns of bioceramic coatings with different contents of DE, (a) Owt% DE; (b) 5wt%
DE; (c) 10wt% DE; (d) 15wt% DE, before (0 h) and after (7 d, 14 d) soaking in SBF.

4. Discussion

The significance of this study is to improve the osteogenic and mechanical properties
of bone implants through fabricating Ca-P gradient bioceramic coatings doped with DE
by broadband-laser cladding. Ca-P coatings doped with natural, harmless and porous
DE are fabricated on Ti6Al4V by broadband-laser cladding, which is a low cost and high
efficiency method, which further improves the cracking sensibility and biological properties
of Ca-P gradient bioceramic coatings. The results demonstrate that the gradient bioceramic
coating doped with DE is successfully prepared by broadband-laser cladding. The bonding
strength of the bioceramic coating is a factor worth considering for bone implants. Owing
to the rapid heating and cooling characteristics of laser cladding, cracks are inevitably
formed in the coating [26]. As can be seen from Figure 3 where the addition of DE can
dramatically reduce cracks. It is well known that the bond between the oxygen element and
silicon element in silicate is an ionic bond and a covalent bond—both the ionic bond and
the covalent bond have high strength, thus silicate usually has high strength. Based on the
analysis of X-ray diffraction intensity, a large number of HA, TCP, CPS and calcium silicate
are produced in the Ca-P coating doped with 10wt% DE. Based on the work of Yoo et al., it
is possible to explain why the addition of a moderate amount of DE contributes toward the
generation of bioactive phases and they reported [34] that the addition of silica accelerated
the transfer of the material and led to a rapid microstructural evolution. The concave angle
created by twin boundaries provides more growth sites and increases the growth rate of
the crystals, therefore meaning that the appropriate addition of elemental silica increases
the nucleation rate of the material. Therefore, it can be assumed that the addition of the
appropriate amount of silicon elemental contributes toward the microstructural evolution
of the melt pool and facilitates the catalytic synthesis of the bioactive phase with more
nucleation sites provided by the silicon elemental. Due to the loose and porous structure of
DE, as well as the porosity and enhanced surface area of DE, it allows the added material to



Metals 2022, 12,931

12 0f 15

mix with DE uniformly and increases the chance of reaction; and more bioactive phases are
generated. As can be seen from Figure 2, the coating doped with 15wt% DE does not work
very well, probably due to the excessive amount of DE and other reactants generating many
non-bioactive phases. The coating doped with 10wt% DE has extraordinary strength and
the coating doped with 10wt% DE has only a small number of cracks. After implantation,
this low number of cracks contributes to the growth of new bone.

It can be seen from Figures 6 and 7 that there are a large number of MG63 cells on
the coatings doped with 10wt% DE and 15wt% DE, and the morphology of MG63 cells
remains spindle shaped. HA and TCP exhibit excellent biocompatibility and good bioactiv-
ity [12]. Moreover, silicon, calcium and phosphorus play significant roles in stimulating
osteogenesis and bone metabolism [35]. Silicon can resist oxidation and inflammation,
more importantly, silicon can promote the activity of the obtained cell by increasing the
expression of type I collagen [36,37]. Calcium silicate-based biomaterials exhibit excellent
solubility and osteogenic properties [37] and also contribute toward the proliferation, os-
teogenic differentiation and bone formation of bone marrow mesenchymal stem cells [38,39].
Si** has been proven to stimulate proliferation, osteogenic differentiation of osteoblast-like
cells [40], suppress osteoclastic differentiation and osteoclast-mediated bone resorption
activity [41].

It is clear from work by Zhou et al. [42] that the effect of silicate bioceramics must not
be underestimated, as it was reported that silicate bioceramics exhibit better osteogenic
potential than 3-TCP implants. It can be seen from Figure 2 that the coating doped with
10wt% DE has HA, TCP, CPS and calcium silicate of high diffraction peak intensity. The
surface after laser cladding has a certain roughness, and appropriate surface roughness
has a certain promoting effect on cell adhesion. Therefore, the Ca-P coating doped with
10wt% DE has many cells, the cell morphology and cell adhesion on the coating are good.
This phenomenon indicates that the Ca-P coating doped with 10wt% DE has the ability
to support the attachment of osteoblasts, implying that coatings doped with 10wt% DE
have good osteoconduction. Stimulation of bone regeneration is considered to be key to
the treatment of osteoporotic bone defects [24].

Kokubo et al. [43] reported that due to the presence of silanol-based functional groups,
hydroxyapatite-like can be deposited on the bioreplacement materials after soaking SBE.
The presence of silanol-based functional groups can be used as an effective site for ap-
atite nucleation on the surface of biomaterials. In physiological solutions, the silicon in
biomaterials can form silanol groups on the surface of biomaterials via ion exchange be-
tween the material and the surrounding solution [44]. Calcium silicate and CPS produced
on the surface of the coating provide the silicon element, thus depositing HA. It can be
seen from Figure 2 that a large amount of silicate is produced in the Ca-P coating doped
with 10wt% DE, which provides a large number of nucleation sites for the deposition of
HA. HA and TCP brought by broadband-laser cladding in the coating can spontaneously
grow by consuming calcium and phosphate ions in the surroundings of the physiolog-
ical solution [45]. Studies have demonstrated that the 3-TCP bioceramics incorporated
with calcium silicate noticeably improved proliferation and osteogenic differentiation of
osteoblast-like cells, as well as markedly stimulated in vivo bone formation and materials
degradation [44,46]. Perhaps we should change our habitual thinking that the higher
HA + TCP can make the performance of the biomaterial better. For the Ca-P coating, the
fact may be that appropriate HA + TCP combined with appropriate silicate can exhibit
excellent mechanical and biological properties. The disadvantage of HA and TCP is impov-
erished mechanical strength [47,48], and the disadvantages of CaTiO; are inferior biological
properties [21]; silicate cannot provide long-term mechanical support for the growth of
new bone [44]. Nevertheless, the above substances can be processed by broadband-laser
cladding to prepare a desirable bone replacement material with good biological properties
and good mechanical properties.
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5. Conclusions

In this work, a bioceramic material exhibiting metallurgical bonding between the coat-
ing and the substrate was fabricated by broadband-laser cladding method. The bioceramic
coating was subjected to phase analysis, biocompatibility and bioactivity measurements,
with the results showing that the addition of DE effectively reduces the number of cracks
and increases the microhardness of the material. The microstructures of the bioceramic
coatings doped with different DE content were found to comprise HA, TCP, CPS and
Ca,Si0O4. Bone-like apatite was found to be formed on the surface of all of the Ca-P coat-
ings, indicating they exhibit good bioactivity. Upon a gradual increase in the DE content of
the material, there was a gradual increase in the number of cells present on the coatings,
the Ca-P bioceramic coatings doped with 10wt% DE featuring the highest number of cells,
indicating that this coating exhibits the best biocompatibility. The porous structure of
DE and its high specific surface area provide a large number of potential nucleation sites
for reactions to occur with other substances, giving rise to the formation of silicate, TCP
and HA, which greatly improve the bioactivity and biocompatibility of the DE-doped
Ca-P bioceramic. These properties make the material an excellent candidate for use in
orthopedic applications.
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