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The study aimed to reduce the high biodegradability of magnesium (Mg) as well
as local infections due to the hydrogen gas formation because of pH
increasement around biological tissues. Composite coatings of poly- (lactic
acid) /hydroxyapatite (PLA/HA) are commonly employed, although their
adhesive strength to the metallic substrates are insufficient. In this study,
PLA/HA-zirconia (ZrO2) hybrid coatings were successfully coated on Mg surfaces

by means of dip-coating method to enhance this insufficient adhesion strength
at the coating - Mg substrate interface with desired surface morphology.

Keywords: . > - :
Scanning electron microscopy (SEM) micrographs were used to examine the
M S surface morphologies of the coatings, both energy dispersive spectroscopy (EDS)
agnesium; . ) .
. and X-ray diffraction (XRD) analyses to characterize them elementally and phase
Hydroxyapatite;

formation, respectively. Micro-Vickers hardness measurements were taken on
coatings and tape tests were carried out following ASTM D3359 standard to
reveal the adhesion strengths. The agglomeration size on the coating surfaces
decreased as the ZrO2 reinforcement increased, and the Mg surface was entirely
sealed with 30 wt% ZrO2 reinforcement, according to the SEM micrographs. The
presence of both HA and ZrO: in the coating was confirmed by XRD analysis,
which also demonstrated that it was crystalline. Adhesion strengths were
determined 1B, 3B, 4B, and 5B for HA, HA-10%Zr02, HA-20%Zr02, and HA-%30
ZrO: reinforced hybrid coatings, respectively. As a result, it was concluded that
hybrid coatings which reinforcements of ZrO: particles to the PLA/HA composite
coatings reduced agglomeration and enhance the coating - substrate adhesion at
the interface.

Zirconia (ZrO:);
Poly- (lactic) acid;
Hybrid dip-coatings
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1. Introduction

Materials, used in a living environment, are expected to be able to withstand mechanical
reactions (muscle movements and body weight), chemical interactions (corrosion and
degradation), factors originating from temperature and radiation, and osseointegration
(interacting with tissues) properties. In this way, biomaterials can be defined as any
material that is safe, harmless, economically, and physiologically acceptable to the body
during use as a part of the body [1]. They are also in contact with the surrounding living
tissues from the moment they are placed in the body and fulfil the task of the missing limb.
Biocompatibility is also another important term that can be defined as the chemical
interaction of this biomaterials with body fluids during use in the body and whether the
physiological consequences of these interactions cause harm to the body [2]. For this
reason, it is a prerequisite for the biomaterial to be accepted by the environment in which
itis defined as biocompatible.
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Metals and their alloys are frequently used in biomedical fields as biomaterials. Today the
most commonly used metallic biomaterials are titanium and its alloys (such as
commercially pure titanium, Ti6Al4V), stainless steels (such as 316L), and cobalt-
chromium (such as Co-Cr) alloys [3]. They are used in the body in many places such as hip
prostheses, orthopaedic applications, heart valves, stent applications, and dental implants
[4]. These materials also have a high load-carrying capacity with sufficient wear and
corrosion properties [5,6]. Thus, the plastic deformation of the metallic biomaterials will
be delayed and their life cycle can be extended in the body. On the other hand, two features
have come to mind in terms of compatibility with the surrounding tissues. The first one is
structural compatibility, which means the most suitable adaptation of the material to the
mechanical behaviour of body tissues. When we consider the structural integrity, it is
necessary to mention the Young's modulus mismatch (Wolf's law) between the implant
and the bone. As Wolf's law mentioned, when Young’s modulus (also known as the Stress-
Shielding effect) between bone and metallic biomaterial is increased, osteoporosis which
isinadequate regeneration of bone can occur [7,8]. The second one is surface compatibility:
it means that a biomaterial should have physically, chemically, and tribologically suitable
for tissues. Magnesium (Mg) and its alloys are preferable among metallic biomaterials for
low density, lower Young’s modulus, and high specific strength features [9]. On the other
hand, Mg and its alloys are not very advanced in terms of surface compatibility due to their
high biodegradability properties. One of them can be explained with its high corrosion
tendency. As a result of corrosion that may occur on the Mg implant, the material loss may
occur which will reduce the strength of the implant, and more importantly, the interaction
of metal ions with the surrounding tissues may lead to undesirable results [10]. On the
other hand, the high degradation rate of Mg in the physiological environment is
encountered as a significant drawback in clinical applications [11]. Some reactions occur
because of the interaction of Mg with the surrounding tissues which most important one
is the formation of H: gas (Mg + 2H,0 - Mg(OH), + H,) resulted in undesired
interactions at implant-tissue interface [12]. Furthermore, the formability of this reaction
increased with implant-tissue interaction with body fluids, because of this reason, itis very
important to seal Mg and its alloys from surrounding tissue with biological compounds.
However, as a result of recent studies, especially coating with organic polymers, these
desired surface compatibilities can be increased [12-15].

Polymer coatings are preferred in many applications to ensure that the interface to be
formed between the implant material and the living tissue has the desired properties [16].
Thin and enhanced adhesion properties of polymeric coatings not only isolate the material
against direct contact with body fluid but also provide the desired biological response. For
this reason, choosing the right polymer coating can both improve the corrosion behaviour
of the Mg and prevent any complications during the application. Poly- (lactic) acid (PLA)
has received considerable attention due to its controllable properties such as
biodegradability - biocompatibility, well-defined formulation techniques, easy handling,
thermal barrier properties, and high machinability with traditional technologies
(extrusion, injection moulding, compression moulding, and blow moulding) [17,18].
Certain properties such as poor mechanical properties of PLA can be increased with
composite blending, co-polymerization, etc. [19]. Owing to these advantages of PLA,
absorbable fixation components have been studied for decades experimentally before
clinical use [20]. The mechanical properties and bioactivity of PLA materials are decisive
for bone regeneration and degradation rate [17]. On the other hand, as a result of PLA’s
high hydrophobic properties, adequate wettability cannot be achieved during implant-
tissue interaction [21]. For this reason, researchers have generally been carried out on
PLA-hydroxyapatite (HA: Ca10(P0O4)s(OH)2) composites [22]. Owing to its similarity to bone
structure in terms of calcium: Ca- and phosphor: P- with the Ca/P ratio (1.67), HA is
frequently used in biomaterial applications, especially to increase the biocompatibility of
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coating applications [23-25]. Studies conducted by many researchers aim to use the
advanced biocompatibility features of HA together with the high corrosion resistance and
adhesion strength of PLA in coatings. Nowadays, researchers have widely investigated
hybrid composites to further improve these properties by addition of various
reinforcements to PLA/HA coatings [11,26,27]. Zirconia (ZrO:) ceramics have been
commonly used as coating reinforcements due to its non-cytotoxicity to the human body
(except for an acidic environment like an oral cavity), non-degradable in-vivo conditions,
high fracture toughness, and chemical durability [16].

The method used in the surface coatings should be selected by taking into consideration of
thickness, surface roughness, crystallinity, price of the equipment, and safety. Recently,
many methods commercially used for surface coatings on metallic materials such as
plasma spray [28], cold spray [29], magnetron sputtering [30], electrochemical deposition
[31], and dip-coating [23,24]. The dip-coating method is notable among them since not
dependent on the shape, high purity and homogeneity can be obtained, and inexpensive
[32]. The dip-coating method can be defined as immersing the substrate material to be
coated into the prepared solution under certain atmospheric conditions and speed and
then removing it again. When the material is withdrawn from the coating liquid, a stable
liquid film is carried along with the material surface due to surface tensions. To obtain a
thin film on the material surface, the thin liquid film must be evaporated without allowing
any chemical reaction. Normally, post-treatments such as curing or sintering are required
to obtain thin coatings [33]. With the dip-coating method, the coating can be obtained in a
few seconds depending on the volatile components. In this way, the method is frequently
used in industrial and laboratory applications due to its simple processing stages, and high
coating quality.

As stated a recent study conducted by Harb et al [34], suggested that poly (methyl
methacrylate) (PMMA)-TiOz and PMMA-ZrO: reinforcement to organic-based additives
such as HA and B-tricalcium phosphate (-TCP) could enhance implants surface features.
They stated that the surface roughness, hydrophilicity, surface free energies, and corrosion
resistance were increased with HA reinforced PMMA-Zr0: coatings. While no adhesion test
was performed in the study, the effect of the ZrO: fraction was also not investigated. Unlike
the aforementioned study, PLA/HA-ZrO2 hybrid coatings were successfully coated on Mg
substrates as a possible candidate for biomedical applications in this study. Investigation
of both morphological and adhesive effects of ZrO; in PLA/HA composite coatings on Mg
substrates was investigated in detail. In this way, it was aimed that the hybrid composite
coatings which were reinforced with both HA and ZrOz, prolonged the lifetime of the
implant.

2. Materials and Methods
2.1. Substrate and Coating Preparation

In all coated specimens, high purity (99.9%) Mg was employed as the coating substrate
(Merck, 7439-95-4). Cylindrical specimens were cut from rod-shaped Mg with a precision
cutter machine (Metkon, Micracut 152) in dimensions of 12.7 x 3 mm. All substrates were
sandblasted (Mikrodental, MKK975) with 250 um sized Alz0s3 particles at 6 bar for 1 min
to promote adhesion at the coating-substrate interface [32]. A series of ultrasonic surface
cleaning in distilled water and ethanol for 15 min each was applied for degrease and
remove sand particles from the substrates. Chloroform has been used in coating
procedures to dissolve PLA. While the size of irregular shaped and agglomerated HA
powders ranges from 3-5 pum, sharp-edged ZrO: powders have a maximum size of 49 pm
and a purity of 99.7% (Fig. 1). PLA was first dissolved in chloroform at room temperature
for 2 h. To synthesize PLA/HA composite coatings HA reinforcement was held constant at

723



Topuz / Research on Engineering Structures & Materials 8(4) (2022) 721-733

50% by weight. On the other hand, 10, 20, and 30 wt% ZrO2 reinforcement to HA balanced
of 50 wt% (Table 1). Both possible delamination and sedimentation occurrence were
effective in using the 50 wt% PLA fraction in the coatings. The hybrid mixture was stirred
for another 2 h to ensure uniform dispersion of the reinforcement powders (HA and Zr02)
in the PLA. To avoid particle agglomeration, it was then homogenized for 5 min in an
ultrasonic homogenizer (MTI, MSK-USP-3N). The coating was carried out by using the dip-
coating method, substrates kept in hybrid mixtures for 5 s, and pulled up at 45° to prevent
clumping at the corners of Mg substrates. Finally, to prevent absorbing moisture from the
atmosphere, coatings were stored in a desiccator containing silica gel at room temperature
until the tests were carried out. On behalf of clarification, the abbreviations for PLA/HA
and 10, 20, and 30 wt% ZrO2 reinforced PLA/HA-ZrO2 coatings will be used as PH, PHZ1,
PHZ2, and PHZ3, respectively (Table 1).

Table 1. Abbreviations and compositions of coatings

Composition
Substrate Coatings Abbreviation (wt%)
PLA HA Zr0;
PLA/HA PH 50 50 0
Magnesium PLA/HA-Zr0O2 10 wt% PHZ1 50 40 10
PLA/HA-Zr02 20 wt% PHZ2 50 30 20
PLA/HA-Zr02 30 wt% PHZ3 50 20 30

R 223 :
£ 20pm 8

Fig. 1 SEM morphologies of the (a) HA and (b) ZrO2 powders

2.2. Characterization

The morphological changes on coatings were investigated by scanning electron
microscopy (SEM, Zeiss Sigma 300). In SEM morphological investigations, a thin Au-Pd
coating was applied to coatings to increase the electrical conductivity of coatings for better
observation. Energy dispersive spectroscopy analysis (EDS, Oxford INCA) was used for the
elemental evaluation of coated Mg substrates which attached to the SEM. The phase
analysis of hybrid composite coatings was determined using X-ray diffraction (XRD,
PANalytical Empyrean) analysis. XRD analysis was carried out with a K-tube and a step
rate of 0.02 at a wavelength of 1.5406 (between 25 and 55 26 angles). Following adhesion
tests, optical microscopy (OM) was used to better clarification of the adhesive behaviour
of coatings.

724



Topuz / Research on Engineering Structures & Materials 8(4) (2022) 721-733

2.3. Micro-Vickers and Adhesion Tests

The micro-Vickers hardness (DMHV100EDV, HARDWAY) device was used to determine
the hardness values of the coatings. In the hardness measurements, a load of 100 gf
(HV.0,1) was applied for 20 seconds and the hardness value was measured from five
different regions. Adhesion testing was conducted according to ASTM D3359 [35]. In short,
the test method covers the evaluation of the adhesion strength of the coatings on the
substrate, using pressure-sensitive tape with several scratches. Adhesion tests were
conducted with method B which claimed that firstly lattice patterns with numerous
scratches (preferably more than 6) in every 90° directions were made on a coated
substrate then pressure-sensitive tape (Elcometer 99, Elcometer, USA) is applied over
scratches, finally removed from coated specimens. Adhesion resistance was evaluated by
comparison with local delamination of coatings as visually. According to the separation
rate of coatings from substrates as spatially, less than 0%, 5%, 5-15%, 15-35%, 35-65%
and greater than 65% were defined as 5B, 4B, 3B, 2B, 1B, and 0B, respectively.

3. Results and Discussion

In Fig. 2a-d, SEM surface morphology images of PH, PHZ1, PHZ2, and PHZ3 coatings are
presented, respectively. The first striking point of the SEM surface morphologies is the
presence of agglomeration structures on all surfaces. While this agglomeration size is large
in the PH coating, it is seen that the agglomeration size decreases with the increase of ZrO-
reinforcements to PLA/HA composite composition (Fig. 2b, c). Moreover, with the 30%
ZrOz (PHZ3) reinforcement, it was determined that these agglomerations were
considerably reduced and were almost completely covered with PLA. Similar surface
morphologies have been obtained by other researchers [12]. Considering the general
morphology, it is predicted that while the smaller size of agglomeration is a desirable
morphology for implant-tissue interaction in the biomedical usage of coatings, the
biodegradability may increase but the adhesion strength of the coatings, which important
parameter for coatings, may decrease. On the other hand, it has been stated in other studies
that these properties will increase in PHZ3 coatings as a result of both the reduced
agglomeration size and the fact that PLA completely covers the Mg surfaces [12]. It was
concluded that ZrO:z decreased the agglomeration rate between PLA/HA as a result of the
increasing weight fraction. It is thought that the total agglomeration on the surface
decreases as a result of the particle size of ZrO: is quite large compared to HA and resulted
in HA agglomeration around the ZrO2 particles. The main reason for this is thought to be
inorganic - organic interactions between ZrO; and HA [36]. The increase in the tendency of
this interaction with the increasing ZrO: fraction may have resulted in SEM morphologies
which are presented in Fig. 2b-d. It can be said that morphological changes in PLA, HA, and
Zr02 composition are highly affected by the components and their fractions. On the other
hand, it is thought that the decrease in micropores on the surface together with the
increasing ZrO: reinforcement will increase the stability of the coatings in the body fluid,
thus increasing the service life of the implant (Fig. 2a-d). According to a study conducted
by Jin et al. [11], similar surface morphology was obtained with the increasing PLA fraction
in the coating, while it was mentioned that the completely sealed Mg would increase the
possible corrosion resistance. Unlike the aforementioned study, it is thought that the
similar coating morphologies obtained with the increase of the ZrO: fraction rather than
increasing the PLA fraction will be more effective on the adhesion strength.

The EDS analyses carried out to reveal the elemental compositions in the coatings are given
in Figs. 3a-b. As seen in Fig. 33, in the analysis of the point indicated by the white square,
no elemental finding was found for the base material Mg, while Ca and P elements were
found due to their HA structure. In Fig. 3b, in EDS analyses taken from a surface similar to
the PHZ morphology (Fig. 2d), the Zr element was also found in addition to Ca and P.
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Among these findings, the presence of Ca, P, and Zr in the structure as well as the absence
of Mg substrate and the fact that the coatings are crack-free and homogeneous can be
presented as proof that the coatings can be successful in use as implant material.

40pm

Fig. 2 SEM surface morphologies of coatings with different compositions: (a) PH, (b)
PHZ1, (c) PHZ2, and (d) PHZ3

Fig. 3 EDS elemental analysis of (a) PH and (b) PHZ3 coatings

The elemental composition of the coatings on Mg substrates is given in EDS elementally.
However, the results of XRD analysis carried out to investigate the presence of these
elements formed in the HA phase are presented in Fig. 4. As indicated by the black line in
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Fig. 4, characteristic HA peaks were encountered in the 30-32 26 angle range in PH
coatings and the accuracy of the HA phase in the structure was revealed (ICDD: 01-074-
9780). Itis well known that compared to other Ca-P bio ceramics (such as TCP: Caz(P04)2),
HA exhibits lower solubility as a result of its high crystallinity. Due to these features, the
coating dissolves more slowly and is more stable in the body, and increases the service life
of the implant material. On the other hand, the presence of ZrOz in PHZ coatings was found
at ~30.4, ~31, 31.2, and ~35.1 26 angles (JCPDS: 81-1314), respectively, as shown by the
red line in the figure [37]. Unlike the study by Yuan et al. [26], the crystallinity of the HA
phase is quite high, although no heat treatment was applied to the coatings. As a result,
since HA will reduce the dissolution rate of the coatings, it provides controllability of the
implant service time [38].

0 4 -Zr0,
i ————_ M s |

0 |
0 |
[°° b |
= J\\&/‘ i

____________________________________________________________________

Intensity (a.u.)

r = PR e e = T T
25 30 35 40 45 50 55
2 Theta (0)

Fig. 4 XRD analysis results of coatings: (a) PH and (b) PHZ, with detailed peaks at 30-
31.8 and 34-36 26 degrees

In Table 2, the micro-Vickers hardness and thickness results of the coatings are presented
with standard deviations. It is seen that the hardness increases with the increasing ZrO:
fraction ratio. The reason for this is thought to be due to the higher hardness value of ZrO2
compared to HA. On the other hand, it is noteworthy that the coating thickness increased
with ZrO2 10 wt% reinforcement, but remained almost constant with 20 wt% and 30 wt%
reinforcements, but the standard deviation decreased. With such a decreasing standard
deviation, it can be said that the coating thickness was found to be the most stable in the
PHZ3 coating. The surface morphologies in Fig. 2 confirm this change in coating thickness.
As it is known, the increase in coating thickness is an important factor that will decrease
the adhesion strength between the substrate and the coating film. However, as can be seen
from Figs. 5-6, the adhesion strength of the coatings increased with the addition of ZrO-. It
is predicted that this may be the result of both ZrO: preventing agglomeration and the
higher affinity of ZrOz to Mg than HA.

Table 2. Micro-Vickers hardness and thickness of coatings

Coatings Hardness Thickness
(HV) (pm)
PH 135.6 +3.8 74 + 14
PHZ1 219.8+4.1 94 +11
PHZ2 2414 +2.6 97 +9
PHZ3 279.2 +4.7 96 + 4

727



Topuz / Research on Engineering Structures & Materials 8(4) (2022) 721-733

Undoubtedly, it is very important for the coating to remain on the substrate for a long time
after any coating on Mg alloys, in protecting the Mg from the physiological environment
against aggressive media. Accordingly, the coatings must be firmly attached to the
substrate (advanced adhesion property). Tape test results, which are an indication of the
adhesion strengths performed in this direction, are given for PH, PHZ1, PHZ2, and PHZ3
coatings in Fig. 5a-d, respectively. In the figure, the black areas represent the substrate
material (Mg), while the orange areas represent the presence of coatings. The first finding
that draws attention after the adhesion tests is the coating structure that occurs in PH
coatings and deforms completely in some parts in various areas (Fig. 5a). On the other
hand, partial black coating removal was observed around the scratches on the PHZ1
coating (Fig. 5b). In Fig. 5c, black areas were found on the scratches on the PHZ2 coating,
and no coating remained around the scratch. As a result of the increased ZrO:
reinforcement fraction, on the PHZ3 coating, there were no areas of the substrate material
either on the scratch or around the scratches (Fig. 5d). In some studies, a similar adhesion
strength increase was observed with increasing PLA fraction [11]. Based on this, it has
been revealed that the adhesion strength is not only affected by the PLA fraction, but also
by the agglomeration of PLA matrix composite coatings. Briefly, it is thought that high
adhesion strength can be obtained as a result of the smoother surface morphology and lack
of agglomeration with the increased ZrO: reinforcement in this study.

Fig. 5 Tape test results of (a) PH, (b) PHZ1, (c¢) PHZ2, and (d) PHZ3 coatings,
respectively, in accordance with ASTM D3359 standard

In Fig. 6a-d, OM images are presented to reveal the behaviour of the PH, PHZ1, PHZ2, and
PHZ3 coatings, especially around the scratches, after the adhesion tests, respectively.
Based on this, the adhesion strength of the coatings, as specified in the ASTM D3359
standard, is 1B, 3B, 4B, and 5B for PH, PHZ1, PHZ2, and PHZ3, respectively [35]. In Fig. 63,
the presence of both substrate and partial coatings in the PH coating is shown. The partial
coating in the middle of the scratches is thought to have higher strength in the middle part
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of the coating. The reason for this result is that the adhesion strength is weak in the sharp
corners close to the scratch traces. Although the traces of scratches are not fully visible in
Fig. 5b, c, these traces are visible in Fig. 6b, ¢, so it has been determined that the scratch
traces have reached the base material. It is thought that increased adhesion strength with
the increased reinforcement fraction of ZrO: may be the result of the decreased
agglomeration presented in Fig. 2. Another factor is that the polymer and ceramic
structures of PLA and HA have less affinity with the metallic substrate (Mg), and metal-
polymer/ceramic bonding may have increased with the reinforcement of metal oxide
(ZrOz). The last phenomenon that increases the adhesion strength is thought to be the
result of decreasing PLA/HA agglomeration with increasing ZrO: fraction and increasing
the contact angle between PLA and HA-ZrO2 reinforcement.

Substrate ;| Partial
2 coating

v/
J
i
]
N

250 um 1 ; 250 ym

250 pm

Fig. 6 OM microphotographs of (a) PH, (b) PHZ1, (c¢) PHZ2, and (d) PHZ3 coatings for
the examination of adhesion scratches, respectively

In Fig. 7, a mechanism is proposed for the relationship of coatings with different
compositions and fractions to the proposed surface morphology, such as morphology,
possible implant-tissue interface interaction, solubility, and adhesion behaviour. A
smoother surface was obtained as seen in Fig. 7 with ZrO2 reinforcement (also can be seen
in Fig. 2d). As a result of the proposed mechanism, there are agglomerations and micro
porosities in PLA/HA coatings that will increase the implant-tissue interaction. However,
this surface morphology can also lead to fast biodegradability and low adhesion strength
of coatings. On the other hand, it has been determined that the decrease in the size of these
agglomerations as a result of increasing ZrO2 contribution and the fact that the coatings
are increasingly smooth and homogeneous lead to an increase in the biodegradability and
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adhesion strength of PLA/HA-ZrO: coatings. Similar surface morphology and coating
interface were reported by Chen et al [39], which can be said that the high adhesion
strength obtained has a similar mechanism.

Agglomerations
- '-\ —

* Non-homogeneous morphology
v Better implant-tissue interface
x Fast degrability

x Decreased adhesion behaviour

Smooth surface

* Homogeneous and smooth morphology
* Optimum implant-tissue interface

v Slow degrability

¥ Increased adhesion behaviour

ZrO, reinforcement

Fig. 7 The proposed mechanism for the effects on the surface morphology and coating
structure as a result of ZrO; reinforcement

5. Conclusions

The morphological and adhesion properties of poly- (lactic) acid/hydroxyapatite-zirconia
(PLA/HA-Zr02) coatings were successfully proven within the scope of the study, with the
goal of both limiting the rapid biodegradation process of Magnesium (Mg) biomaterials
and minimizing the Hz gas formation. To investigate the ZrO; reinforcement in PLA/HA-
ZrO2 hybrid coatings, 10, 20, and 30 wt% ZrOz doped coatings, were successfully coated on
Mg using the dip-coating method. In SEM surface morphologies, a large agglomeration was
observed in PLA/HA coating, it was observed that these agglomerations’ sizes decreased
with increasing ZrO: reinforcement (10 and 20 wt%). Furthermore, it was discovered that
the surface has a smooth structure and entirely seals the Mg substrate with the 30 wt%
Zr0: reinforcement. Additionally, EDS analyses confirmed the presence of Ca, P, and Zr in
the coating. XRD analysis revealed the HA and ZrO: phases, confirming that the elemental
presence of Ca and P in the coatings is HA and revealing their amorphous-crystalline
characteristics. It was found that HA did not decompose into different structures such as
TCP as a result of not applying heat treatment in the production of coatings. While the
hardness values of the coatings increased with the ZrO2 reinforcement, they increased
further with the increasing ZrO: fraction. On the other hand, it was concluded that the
coating thicknesses did not change much with the increasing ZrO: fraction, but the
roughness on the surfaces of the coatings decreased, also confirmed by the decrease in the
standard deviation in thickness. As a consequence of the adhesive strength, which is
arguably the most expected feature of all biomedical coatings, it has been discovered that
the adhesion strength of the coatings increased with the increase of ZrO: reinforcement
(1B, 3B, 4B, and 5B for PH, PHZ1, PHZ2, and PHZ3, respectively). The OM examinations
performed after the adhesion tests corroborated these findings. The study found that
adding a third-phase reinforcement to PLA/HA composite coatings can modify the physical
properties of the coating. High biodegradability and Hz gas evolution, which limit the use
of Mg in biomedical applications, are prevented by polymer-based hybrid composite
coatings on it, and its prevalence is assumed to rise.

730



Topuz / Research on Engineering Structures & Materials 8(4) (2022) 721-733

References

[1] Santos-Coquillat A, Martinez-Campos E, Mora Sanchez H, Moreno L, Arrabal R,
Mohedano M, Hybrid functionalized coatings on Metallic Biomaterials for Tissue
Engineering. Surface Coatings Technology, 2021; 422 (July).
https://doi.org/10.1016/j.surfcoat.2021.127508.

[2] Song ], Winkeljann B, Lieleg O. Biopolymer-Based Coatings: Promising Strategies to
Improve the Biocompatibility and Functionality of Materials Used in Biomedical
Engineering. Advanced Materials Interfaces, 2020; 7(17).
https://doi.org/10.1002/admi.202000850.

[3] Topuz M, Dikici B, Gavgali M, Yilmazer Y. Effect of hydroxyapatite:zirconia volume
fraction ratio on mechanical and corrosive properties of Ti-matrix composite scaffolds.
Transactions of Nonferrous Metals Society of China, 2022; 32(3): 882-894.
https://doi.org/10.1016/s1003-6326(22)65840-0.

[4] Topuz M, Dikici B, Gavgali M. Titanium-based composite scaffolds reinforced with
hydroxyapatite-zirconia: Production, mechanical and in-vitro characterization. Journal
of the Mechanical Behavior of Biomedical Materials, June 2021; 118(March): 104480.
https://doi.org/10.1016/j.jmbbm.2021.104480.

[5] Comakli O. Improved structural, mechanical, corrosion and tribocorrosion properties
of Ti45Nb alloys by TiN, TiAIN monolayers, and TiAIN/TiN multilayer ceramic films.
Ceramics Internatlonal 2021, 47(3): 4149-4156.

[6] Songur F, D1k1c1 B N11n0m1 M, Arslan E The plasma electrolytic oxidation (PEO)
coatings to enhance in-vitro corrosion resistance of Ti-29Nb-13Ta-4.6Zr alloys: The
combined effect of duty cycle and the deposition frequency. Surface and Coatings
Technology, 2019; 374(April): 345-354.
https://doi.org/10.1016/j.surfcoat.2019.06.025.

[7] Niinomi M, Nakai M. Titanium-Based Biomaterials for Preventing Stress Shielding
between Implant Devices and Bone. International Journal of Biomaterials,
2011;2011:1-10. https://doi.org/10.1155/2011/836587.

[8] Topuz M, Dikici B, Gavgali M, Kaseem M. Processing of Ti/(HA+Zr0O2) biocomposite and
50% porous hybrid scaffolds with low Young’'s modulus by powder metallurgy:
Comparing of structural, mechanical, and corrosion properties. Materials Today
Communications, 2021; 29(August): 102813.
https://doi.org/10.1016/j.mtcomm.2021.102813.

[9] Rahman M, Li Y, Wen C. HA coating on Mg alloys for biomedical applications: A review.
Journal of Magnesium and Alloys, 2020; 8(3): 929-943.
https://doi.org/10.1016/j.jma.2020.05.003.

[10] Gao ], Su Y, Qin YX. Calcium phosphate coatings enhance biocompatibility and
degradation resistance of magnesium alloy: Correlating in vitro and in vivo studies.
Bioactive Materials, 2021; 6(5): 1223-1229.
https://doi.org/10.1016/j.bicactmat.2020.10.024.

[11] Sarian MN, Igbal N, Sotoudehbagha P, Razavi M, Ahmed QU, Sukotjo C, et al. Potential
bioactive coating system for high-performance absorbable magnesium bone implants.
Bioactive Materials, 2022; 12(October 2021): 42-63.
https://doi.org/10.1016/j.bioactmat.2021.10.034.

[12] Li X, Weng Z, Yuan W, Luo X, Wong HM, Liu X, et al. Corrosion resistance of dicalcium
phosphate dihydrate/poly(lactic-co-glycolic acid) hybrid coating on AZ31 magnesium
alloy. Corrosion Sc1ence 2016; 102: 209-221.

[13] Shi P Niu B, E S, Chen Y, Li Q. Preparatlon and characterization of PLA coating and
PLA/MAO composite coatings on AZ31 magnesium alloy for improvement of corrosion

731


https://doi.org/10.1016/j.surfcoat.2021.127508
https://doi.org/10.1002/admi.202000850
https://doi.org/10.1016/s1003-6326(22)65840-0
https://doi.org/10.1016/j.jmbbm.2021.104480
https://doi.org/10.1016/j.ceramint.2020.09.292
https://doi.org/10.1016/j.surfcoat.2019.06.025
https://doi.org/10.1155/2011/836587
https://doi.org/10.1016/j.mtcomm.2021.102813
https://doi.org/10.1016/j.jma.2020.05.003
https://doi.org/10.1016/j.bioactmat.2020.10.024
https://doi.org/10.1016/j.bioactmat.2021.10.034
https://doi.org/10.1016/j.corsci.2015.10.010

Topuz / Research on Engineering Structures & Materials 8(4) (2022) 721-733

resistance. Surface and Coatings Technology, 2015;262:26-32.
https://doi.org/10.1016/j.surfcoat.2014.11.069.

[14] Jin ], Chen X, Zhou S. Biocorrosion evaluation and bonding strength of HA-CS/PLA
hybrid coating on micro-arc oxidised AZ91D magnesium alloy. Materials Technology,
2020; 00(00): 1-8. https://doi.org/10.1080/10667857.2020.1863556.

[15] Yamada S, Yamamoto A, Kasuga T. Poly(l-lactic acid)/vaterite composite coatings on
metallic magnesium. Journal of Materials Science: Materials in Medicine, 2014; 25(12):
2639-2647. https://doi.org/10.1007/s10856-014-5302-5.

[16] Li H yang, Huang D ni, Ren K feng, Ji ]. Inorganic-polymer composite coatings for
blomedlcal devices. Smart Materlals in Medicine, 2021; 2(August 2020): 1-14.

[17] VacarasS Bac1utM Lucac1u0 DlnuC Bac1utG Crisan L, etal. Understanding the basis
of medical use of poly-lactide-based resorbable polymers and composites-a review of
the clinical and metabolic impact. Drug Metabolism Reviews, 2019; 51(4): 570-588.
https://doi.org/10.1080/03602532.2019.1642911.

[18] Liu S, Qin S, He M, Zhou D, Qin Q, Wang H. Current applications of poly(lactic acid)
composites in tissue engineering and drug delivery. Composites Part B: Engineering,
2020; 199(May). https://doi.org/10.1016/j.compositesb.2020.108238.

[19] Zan ], Qian G, Deng F, Zhang ], Zeng Z, Peng S, et al. Dilemma and breakthrough of
biodegradable poly-L-lactic acid in bone tissue repair. Journal of Materials Research
and Technology, 2022; 17: 2369-2387. https://doi.org/10.1016/j.jmrt.2022.01.164.

[20] Narayanan G, Vernekar VN, Kuyinu EL, Laurencin CT. Poly (lactic acid)-based
biomaterials for orthopaedic regenerative engineering. Advanced Drug Delivery
Reviews, 2016; 107: 247-276. https://doi.org/10.1016/j.addr.2016.04.015.

[21] Chen Y, Geever LM, Killion JA, Lyons ]G, Higginbotham CL, Devine DM. Review of
Multifarious Applications of Poly (Lactic Acid). Polymer-Plastics Technology and
Materials, 2016; 55(10): 1057-1075.
https://doi.org/10.1080/03602559.2015.1132465.

[22] Roointan A, Kianpour S, Memari F, Gandomani M, Gheibi Hayat SM, Mohammadi-
Samani S. Poly(lactic-co-glycolic acid): The most ardent and flexible candidate in
biomedicine! International Journal of Polymeric Materials, 2018; 67(17): 1028-1049.
https://doi.org/10.1080/00914037.2017.1405350.

[23] Dikici B, Niinomi M, Topuz M, Koc SG, Nakai M. Synthesis of biphasic calcium
phosphate (BCP) coatings on B-type titanium alloys reinforced with rutile-TiO2
compounds: adhesion resistance and in-vitro corrosion. Journal of Sol-Gel Science and
Technology, September 27, 2018; 87(3): 713-724. https://doi.org/10.1007 /s10971-
018-4755-2.

[24] Dikici B, Niinomi M, Topuz M, Say Y, Aksakal B, Yilmazer H, et al. Synthesis and
Characterization of Hydroxyapatite/TiO2 Coatings on the B-Type Titanium Alloys with
Different Sintering Parameters using Sol-Gel Method. Protection of Metals and Physical
Chemistry of Surfaces, May 16, 2018; 54(3): 457-462.
https://doi.org/10.1134/S2070205118030255.

[25] Yigit O, Dikici B, Ozdemir N, Arslan E, Senocak TC, Ozdemir N. Plasma electrolytic
oxidation of Ti-6Al-4V alloys in nHA/GNS containing electrolytes for biomedical
applications: The combined effect of the deposition frequency and GNS weight
percentage. Surface and Coatings Technology, July 2021; 32(March): 127139.
https://doi.org/10.1007/s10856-021-06514-w.

[26] Yuan Q, Wu ], Qin C, Xu A, Zhang Z, Lin S, et al. Spin-coating synthesis and
characterization of Zn-doped hydroxyapatite/polylactic acid composite coatings.
Surface and Coatings Technology, 2016; 307: 461-469.
https://doi.org/10.1016/j.surfcoat.2016.09.021.

[27] Pitjamit S, Thunsiri K, Nakkiew W, Wongwichai T, Pothacharoen P, Wattanutchariya
W. The Possibility of Interlocking Nail Fabrication from FFF 3D Printing PLA/PCL/HA

732


https://doi.org/10.1016/j.surfcoat.2014.11.069
https://doi.org/10.1080/10667857.2020.1863556
https://doi.org/10.1007/s10856-014-5302-5
https://doi.org/10.1016/j.smaim.2020.10.002
https://doi.org/10.1080/03602532.2019.1642911
https://doi.org/10.1016/j.compositesb.2020.108238
https://doi.org/10.1016/j.jmrt.2022.01.164
https://doi.org/10.1016/j.addr.2016.04.015
https://doi.org/10.1080/03602559.2015.1132465
https://doi.org/10.1080/00914037.2017.1405350
https://doi.org/10.1007/s10971-018-4755-2
https://doi.org/10.1007/s10971-018-4755-2
https://doi.org/10.1134/S2070205118030255
https://doi.org/10.1007/s10856-021-06514-w
https://doi.org/10.1016/j.surfcoat.2016.09.021

Topuz / Research on Engineering Structures & Materials 8(4) (2022) 721-733

Composites Coated by Local Silk Fibroin for Canine Bone Fracture Treatment. Materials
(Basel), March 28, 2020; 13(7): 1564. https://doi.org/10.3390/ma13071564.

[28] Heimann RB. Plasma-Sprayed Hydroxylapatite-Based Coatings: Chemical, Mechanical,
Microstructural, and Biomedical Properties. Journal of Thermal Spray Technology,
2016; 25(5): 827-850. https://doi.org/10.1007 /s11666-016-0421-9.

[29] Dikici B, Topuz M. Production of Annealed Cold-Sprayed 316L Stainless Steel Coatings
for Biomedical Applications and Their in-vitro Corrosion Response. Protection of
Metals and Physical Chemistry of Surfaces, March 5, 2018; 54(2): 333-339.
https://doi.org/10.1134/S2070205118020168.

[30] Kong D, Long D, Wu Y, Zhou C. Mechanical properties of hydroxyapatite-zirconia
coatings prepared by magnetron sputtering. Transactions of Nonferrous Metals Society
of China, 2012; 22(1): 104-110. https://doi.org/10.1016/S1003-6326(11)61147-3.

[31] He DH, Wang P, Liu P, Liu XK, Ma FC, Zhao ]. HA coating fabricated by electrochemical
deposition on modified Ti6Al4V alloy. Surface and Coatings Technology, 2015; 277:
203-209. https://doi.org/10.1016/j.surfcoat.2015.07.038.

[32] Dikici B, Niinomi M, Topuz M, Say Y, Aksakal B, Yilmazer H, et al. Synthesis and
Characterization of Hydroxyapatite/TiO2 Coatings on the 3-Type Titanium Alloys with
Different Sintering Parameters using Sol-Gel Method. Protection of Metals and Physical
Chemistry of Surfaces, May 2018; 54(3): 457-462.
https://doi.org/10.1134/S2070205118030255.

[33] Mohseni E, Zalnezhad E, Bushroa AR. Comparative investigation on the adhesion of
hydroxyapatite coating on Ti-6Al-4V implant: A review paper. International Journal of
Adhesion and Adhesives, 2014; 48: 238-257.
https://doi.org/10.1016/j.ijjadhadh.2013.09.030.

[34] Harb SV, Bassous NJ, de Souza TAC, Trentin A, Pulcinelli SH, Santilli CV, Webster T],
Lobo AO, Hammer P. Hydroxyapatite and 3-TCP modified PMMA-TiO2 and PMMA-ZrO2
coatings for bioactive corrosion protection of Ti6Al4V implants. Materials Science and
Engineering: C, 2020; 116: 111149. https://doi.org/10.1016/j.msec.2020.111149.

[35] ASTM D3359-09. Standard Test Methods for Measuring Adhesion by Tape Test, 2012.
https://doi.org/10.1520/D3359-09E02.2.

[36] Silina YE, Gernaey KV, Semenova D, latsunskyi I. Application of Organic-Inorganic
Hybrids in Chemical Analysis, Bio- and Environmental Monitoring. Applied Sciences,
2020; 10(4): 1458. https://doi.org/10.3390/app10041458.

[37] Rauta PR, Manivasakan P, Rajendran V, Sahu BB, Panda BK, Mohapatra P. Phase
transformation of ZrO2 nanoparticles produced from zircon. Phase Transitions, 2012;
85(1-2): 13-26. https://doi.org/10.1080/01411594.2011.619698.

[38] Topuz, M. Dikici, B. Two simple methods for surface modification of lithium disilicate
dental blocks with hydroxyapatite, Research on Engineering Structures and Materials
(RESM), 2019; 1: 97-104. https://doi.org/10.17515/resm2019.132me0506tn.

[39] Chen QZ, Blaker J], Boccaccini AR. Bioactive and Mechanically Strong Bioglass®-
Poly(D,L-Lactic Acid) Composite Coatings on Surgical Sutures. Journal of Biomedical
Materials Research - Part B, 2005; 76B(2): 354-363.
https://doi.org/10.1002/jbm.b.30379.

733


https://doi.org/10.3390/ma13071564
https://doi.org/10.1007/s11666-016-0421-9
https://doi.org/10.1134/S2070205118020168
https://doi.org/10.1016/S1003-6326(11)61147-3
https://doi.org/10.1016/j.surfcoat.2015.07.038
https://doi.org/10.1134/S2070205118030255
https://doi.org/10.1016/j.ijadhadh.2013.09.030
https://doi.org/10.1016/j.msec.2020.111149
https://doi.org/10.1520/D3359-09E02.2
https://doi.org/10.3390/app10041458
https://doi.org/10.1080/01411594.2011.619698
https://doi.org/10.17515/resm2019.132me0506tn
https://doi.org/10.1002/jbm.b.30379

	resm2021.328en0805c
	resm2022.434me0520m

