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Abstract

:

This paper aims to study the possibility of improving the chemical and surface characteristics of the Ti6Al4V alloy by depositing phosphate layers on its surface. Accordingly, an innovative phosphating solution was developed and used in a chemical conversion process to obtain Ca–Zn phosphate layers on the base material surface. Moreover, the chemical composition of the phosphate solution was chosen considering the biocompatibility of the chemical elements and their possibility of contributing to the formation of phosphate compounds. The obtained layer was characterized by optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and potentiodynamic polarization tests. The wetting of the Ca–Zn sample surface was also investigated using water and two liquids similar to body fluids, namely, Ringer and Dulbecco solutions. According to the surface energy study, the polar component is almost two times larger compared with the dispersive one. The SEM and EDS tests revealed a uniformly coated surface with intercalated crystals leading to a rough surface. Furthermore, the XRD results showed not only the presence of hopeite and scholzite but also of phosphophyllite. By the vibrations of the PO4−3 groups, the FTIR test confirmed the presence of these phases. The potentiodynamic tests revealed that the samples coated with the Ca–Zn phosphate layer present better corrosion resistance and a lower corrosion rate compared with the uncoated ones.
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1. Introduction


The number of people who need implants is increasing over time, either in response to trauma caused by accidents or degenerative bone diseases. Bone tissue engineering is concerned primarily with finding new biomaterials with superior properties or improving existing ones on the market [1]. Titanium is one of the most popular materials used in the medical field; it is found in hip prostheses, knee prostheses, dental implants, etc. This is due to the fact that, in addition to being biocompatible, it has superior mechanical properties as well as acceptable corrosion resistance [2,3].



However, there is a risk of implant rejection or failure due to titanium’s bioinert surface [4]. Therefore, over time, different methods have been tried to promote the osteogenic activity and stability of titanium (or titanium alloy) implants. These methods include mechanical processing [5,6,7] (grinding, polishing, sandblasting, laser cavitation, etc.) and acidic treatments [8,9] that are conducted to obtain a surface with high roughness. The surface roughness is important to promote tissue regeneration and the anchoring of further deposited layers. Several studies were also investigated the protection of Ti implants against corrosion by coating their surfaces with different types of thin layers. For example, many researchers have been studying the deposition of hydroxyapatite on the Ti surface since the 1980s until now [10,11]. Hydroxyapatite layers can be deposited by different methods, including micro-arc oxidation [12], the sol–gel method [13], the plasma spraying method [14], electrodeposition [15], the ion-beam deposition method, etc. [16,17,18]. Other researchers have deposited nitride layers, such as zirconium nitride, titanium nitride, etc., using different methods such as the Physical Vapor Deposition method (PVD) [19,20,21]. Using the same techniques as previously mentioned, the osseointegration of titanium can also be promoted by coating its surface with different types of oxides, such as CuO, ZnO, ZrO2, etc. [22]. Considering the advantages related to their ease of use, electrodeposition and PVD are two of the most used methods to cover a Ti surface.



Due to the importance of human health and the high use of titanium implants, it is still of great interest to find new solutions or to improve existing ones that contribute to Ti implant acceptance and biointegration. Accordingly, in recent years, numerous studies have focused on the improvement of titanium alloy characteristics by depositing different types of phosphate layers. Due to its multiple advantages, this chemical conversion process has garnered great interest from different industries (automotive, construction sector, etc.), but its suitability for bioengineering was only discovered recently [23]. Some of the strong points of this process are its low economic cost, high adherence to the substrate, and, of course, the high corrosion resistance of the resultant coating [24,25]. Considering the versatility of the phosphate solutions (they can incorporate different types of metals), biocompatible elements that can promote the osseointegration of the substrate can be deposited onto its surface while also protecting the base materials against corrosion [26,27]. The characteristics of the phosphate layer and its anchorage to the substrate surface are strongly influenced by multiple factors. Liu et al. [28] studied the influence of the pH of the phosphate solution on the structure of the Ca–Zn phosphate layer deposited on pure titanium. According to their publication, both hopeite and scholzite phases can be deposited on the substrate surface. Hopeite is created in higher amounts at pHs between 2.50–3.25, while higher quantities of the scholzite phase can be observed at pHs between 3.50–4.25. In this case, corrosion tests revealed that the samples with a higher content of hopeite had superior corrosion resistance to those where scholzite was predominant. The same group of researchers also published another study regarding the influence of temperature on the crystals’ structure [29]. In their publication, they observed that by increasing the immersion time and temperature, the coating structure (compactness) and thickness could be improved. Zhao et al. [30] studied the effect of voltage and temperature on the formation of Ca–Zn phosphate layers. Compared with the previously cited studies, in this research, the coating was obtained through an electrolysis-induced phosphate chemical conversion method. Accordingly, the authors observed that the corrosion resistance and the structural characteristics of the deposited layer can be improved if the voltage is decreased and the temperature is increased. Liu et al. [31] also studied the biocompatibility of scholzite coatings deposited on the surfaces of pure Ti and Ti6Al4V, demonstrating that this type of process and coating can be used in order to promote the osteointegration of titanium and its alloys.



According to the reviewed studies, the deposition of phosphate layers by chemical conversion is a suitable method for promoting the biointegration of Ti implants; however, there are very few studies that consider Ti6Al4V as a substrate, and many of the parameters that influence layer formation were not considered. Furthermore, the literature is very poor in terms of the types of phosphating solutions that can be used to obtain protective layers for Ti implants. In this study, an innovative phosphating solution was developed, which was further used in a chemical conversion process to obtain Ca–Zn phosphate layers on the Ti6Al4V surface. Moreover, the chemical composition of the phosphate solution was chosen considering the biocompatibility of the chemical elements and their possibility of contributing to the formation of phosphate compounds. Accordingly, a new phase was confirmed in the structure of the deposited layer, while relevant tests were employed to analyze the layer morphology and its corrosion resistance in two types of corrosive media (Ringer and Dulbecco solutions) relevant for bioengineering applications.




2. Materials and Methods


2.1. Materials


Due to their biocompatibility and good mechanical properties, titanium alloys are widely used for implant manufacturing. In this study, Ti6Al4V purchased from AEMMetal (Hunan, China) was used as a substrate. The material was supplied in a round bar form, and its chemical composition, provided by the supplier, is presented in Table 1.




2.2. Sample Preparation


The Ti6Al4V bars were cut into specimens with a size of Ø10 mm and a thickness of 3 mm. In order to promote the biointegration of the titanium alloy, a phosphate layer was deposited onto the surface of the obtained samples by a chemical conversion process (phosphating). First, the samples were ground with 400, 600, 800, 1000, and 1200 grit SiC abrasive paper. After a homogenous surface was obtained, the samples were degreased by immersing them successively in an ultrasonic bath with acetone, ethyl alcohol, and distilled water for 10 min. Following that, the surface was pickled and activated by immersing the samples in a 2% HF solution for 15 s, followed by 30 s in a 3 g/L titanium colloidal solution (Na4TiO (PO)2 0–7H2O). Then, a Ca–Zn phosphate layer was deposited on the samples surfaces by immersing them in a phosphating solution. The phosphating step took place for 60 min at 90 °C. The chemical composition of the phosphating solution used in this research is different from the ones previously presented in the literature. The solution used here contains the following accelerators and inhibitors: HNO3, NaOH, NaNO2, Na5P3O10, and NaF in different quantities—the influence of each component was described in Ref. [32]. In addition, in this solution, Ca(NO3)2, Zn chips, Fe powder, and H3PO4 were added to obtain the metal cations and compounds that will conduct to the phosphate layer formations. Afterwards, the samples were rinsed in cold water and dried at room temperature. A schematic representation of the phosphating process is presented in Figure 1.




2.3. Methods


The morphology and the chemical composition of the deposited layer were studied using an optical microscope (Zeiss Imager Axio a1M) and a scanning electron microscope (Vega Tescan LMH II) equipped with an energy dispersive detector (EDAX Bruker). The chemical composition of the layer was determined by making 5 measurements at different points of the surface of the samples; in this study, the measurement closest to the average is presented.



The type of crystals which were formed on the surface of the titanium alloy Ti6Al4V was determined using an X-ray diffractometer (PANalytical X’Pert PRO MPDR) using Cu-Kα1 radiation. This study used a 2θ angle ranging between 5°–70°, the number of steps was 6474, and the step size was 0.0131° every 60 s with a scanning speed of 0.054 °/s. In order to highlight the compounds specific to the obtained phosphate layer, a Fourier-transform infrared spectroscope (Bruker Hyperion 1000 FTIR spectrometer) was used with a wavenumber range between 4000 cm−1 and 600 cm−1 at a spectral resolution of 4 cm−1 and several 64 scans for each analyzed surface.



Because this material was designed to be used as an implant, an indispensable property is the hydrophilic surface. To determine this kind of characteristic, the contact angle was evaluated. For this determination, a Drop Shape Analyzer (DSA100, Kruss) with a software-controlled dosing system was used, and the contact angle was measured through the sessile-drop method. The wettability of the metal surface was tested by deionized water, ethylene glycol, and Ringer and Dulbecco solutions at room temperature. The volume of the drop deposited on the metal piece was 4 μL. After the drop was deposited, the contact angle was recorded for 60 s. The metal surface was cleaned with high-purity ethanol and dried before the contact angle tests. For each liquid sample, measurements were carried out at least five times. The average of all the individual measurements was used to compute the contact angle value [33]. Additionally, the Owens–Wendt–Rabel–Kaelble (OWRK) method [34] based on contact angle was used to calculate the sample’s surface energy.



The corrosion properties of the Ca–Zn phosphate layer were analyzed by potentiodynamic polarization in two different corrosion media. In this study, Ringer solution (pH = 6.18) and Dulbecco’s phosphate-buffered saline solution without Ca and Mg (pH = 7.4) were used to evaluate the corrosion resistance of the obtained samples. The potentiodynamic polarization tests were conducted using an OrigaFlex potentiostat equipped with a three-electrode cell. The cell includes a reference electrode (saturated calomel electrode), a platinum counter electrode, and the working electrode (the analyzed sample). The analyzed sample has an exposed area of 0.785 cm2. The obtained results were processed with OrigaMaster 5 software (Version 2.5.0.3.). The polarization curves were obtained at a potential range of (−300) to (+300) mV vs. o…pen circuit potential (OCP), with a scan rate of 0.5 mV/s. The electrochemical tests were repeated 3 times to ensure their repeatability.





3. Results and Discussion


3.1. Characterization of the Ca–Zn Phosphate Layer


Optical and scanning electron microscopy were used to study the structure and the uniformity of the coating. Figure 2 presents the images obtained by OM at a magnification of 5×, 10×, and 20×, while Figure 3 shows the SEM micrographs for the Ca–Zn phosphate layer deposited on the Ti6Al4V surface.



A morphology specific to many crystals of different sizes can be observed uniformly deposited all over the surface of the titanium alloy (Figure 3c). Due to the areas between the crystals, called inter-crystalline areas, the surface of the layer is rough, which is specific to phosphate layers deposited by the chemical conversion process. The average roughness value (Ra) of the obtained coatings, determined by profilometry, was around 1.34 µm. This aspect represents an advantage of these layers since they can facilitate cell adhesion, similarly to the porous structure of bones. The formed crystals are compact, having an acicular shape in some areas (Figure 3b) and a flower shape in others (Figure 2b,c). The flower-like structure is specific to the hopeite compound created after phosphating, and its presence was confirmed by XRD analysis. Compared with other phosphate layers based on Zn and Ca, the morphology of those obtained in this study is different from that obtained by Liu et al. [31]. In their study, the authors observed that the crystals they obtained have the typical morphology of scholzite, being composed of smaller and thicker lamellar crystals. Another study [29] shows that the structure of crystals obtained on a pure Ti surface looks like flakes, with their dimensions depending on the temperature (25 °C, 55 °C, 75 °C) of the phosphate solution. Therefore, the structure of the Ca–Zn phosphate layer differs depending on the process parameters (immersion time, phosphating temperature, coupled systems, coupling voltage, sample preparation process, etc.) and very much on the chemical composition of the phosphating solution. In this case, the crystal’s dimensions could be higher than those presented previously due to the high phosphating temperature (90 °C).



In order to observe the uniformity of the chemical composition of the deposited layer, the sample surface was analyzed by EDS and examined from five different points of view from the chemical composition point of view. Figure 4 shows the chemical element distribution in the area of the Ca–Zn phosphate layer, where the chemical composition is close to the average of the five different points. In addition, the chemical composition and the energy spectra of this zone are presented in Figure 5. The SEM and EDS analyses were also used to evaluate the thickness of the obtained phosphate layer. Figure 6 shows the morphology of the coated samples in cross-section; the average thickness layer is around 63 µm.



As can be seen from Figure 4, the elemental distribution confirms the presence of P, O, Zn, Ca, and Fe all over the analyzed surface. The presence of Ti, V, and Al is explained by the penetration of X-rays up to the interface between the phosphate layer and the titanium alloy substrate in those areas where the phosphate layer is thinner. This aspect was also observed by other researchers looking at phosphate conversion coatings deposited on titanium or other alloys [30,32].



In order to determine the phase formed on the surface of the Ti6Al4V by depositing a Ca–Zn phosphate layer through the chemical conversion process, an XRD analysis was conducted. The XRD diffractogram of the coated sample is presented in Figure 7.



The XRD pattern presents significant peaks of specific phases which can be indexed as scholzite (CaZn2(PO4)2·2H2O, PDF 04-010-2736), hopeite (Zn3(PO4)2·4H2O, PDF 04-015-0707), and phosphophyllite (Zn2Fe(PO4)2·4H2O, PDF 01-074-6617 and PDF 04-011-6924).



As can be observed, the strongest diffraction intensity is specific to the phosphophyllite phase at a 2θ degree of 19.7° corresponding to the (002) crystal plane. Furthermore, the Zn2Fe(PO4)2·4H2O phase is detected at 2θ degree of 9.9°, 26.4°, 31.5°, 41.2°, 43.4° corresponding to the (100), (112), (  3 ¯  12), (400), and (  4 ¯  14) crystal planes. Regarding the zinc phosphate tetrahydrate compound, hopeite shows many significant peaks, including one with high intensity at a 2θ degree of 39.6° corresponding to the (080) crystal plane. Due to the introduction of Ca in the phosphate solution, another phase formed is scholzite, which has two peaks with remarkable intensity at a 2θ degree of 10.1° and 31.7° corresponding to the (200) and (1422) crystal planes, respectively. According to the XRD analysis, the highest number of peaks is specific to hopeite. Thus, the addition of Ca and Fe in the phosphate solution formed specific compounds which will improve the characteristics of the TI6Al4V substrate.



An FTIR spectrum of the Ca–Zn phosphate layer is shown in Figure 8. As can be seen, the vibration band between 600–700 cm−1 has a significant peak at 607 cm−1; this band can be assigned to the stretching vibration of hydroxyl groups or PO4−3 groups [35]. The O-H group can appear due to the motion of the absorbed water [36]. In addition, significant peaks are presented between 3100–3600 cm−1, which can also be attributed to O-H groups that can indicate the existence of crystal water [30]. This aspect is available also for the peak between 1500–1700 cm−1. The peak at 1041 cm−1 can be attributed to the PO4−3 group, which is part of all the identified phases from the XRD results. Furthermore, the peak at 964 cm−1 and the vibration band between 900–1200 cm−1 correspond to the P-O stretching in HPO42 [37].




3.2. Corrosion Characteristics


Figure 9 shows the potentiodynamic polarization curves of Ti6Al4V coated with a Ca–Zn phosphate layer (Ca–Zn) and Ti6Al4V uncoated samples, tested in Dulbecco solution (Figure 9a) or Ringer solution (Figure 9b). The corrosion parameters of Ecorr, Icorr, βa, βc, polarization resistance (Rp) and corrosion rate (CR) were calculated with formulas presented in a previous study [25] and are summarized in Table 2. In both cases, Ti6Al4V specimens were tested as control samples in order to reveal the influence of the coating on the corrosion properties of the titanium alloy.



As can be seen from Figure 9, the anodic curve specific to the Ca–Zn sample presents a slope change near 0 mV, indicating the start of a passivation plateau within the increase of potential. Moreover, for both cases, the curves of the phosphate sample shifted to a positive direction of corrosion potential while current density decreased significantly compared with the values of the uncoated Ti6Al4V samples. These results show that the phosphate samples present a higher corrosion resistance due to the small values of Icorr (0.02 and 0.04 µA/cm2) and more positive values of Ecorr (−95 and −213 mV) compared with the high values of Icorr (0.63 and 0.86 µA/cm2) and more negative values of Ecorr (−177 and −448 mV) for uncoated samples. It is also well known that a high value of polarization resistance indicates a good corrosion resistance; therefore, the values of Rp for the Ca–Zn sample are about five times higher compared with Ti6Al4V samples. At the same time, the corrosion rate decreased significantly from 13.15 and 18.03 µm/year for uncoated samples to 0.46 and 0.95 µm/year for the coated ones. Furthermore, regardless of the sample type (coated or uncoated), the results show that the Ringer solution is more corrosive compared with the Dulbecco solution.



Another study [31] regarding the deposition of scholzite and hopeite on the surface of titanium by phosphating revealed an improvement of corrosion resistance in 0.9% NaCl solution. As in this research, the corrosion potential for the coated samples exhibited more positive values (from −440 mV to −310 mV) and lower current density values (from 0.53 to 0.37). Compared with the results of our study, even though the corrosive media are different, we can observe an improvement of corrosion resistance due to the presence of the phosphophyllite phase.




3.3. Surface Wettability


The contact angle values can be influenced by surface texture, chemistry, and cleanliness. Other variables that affect the contact angle measurement include the experimental temperature, the volume, and the kind of liquid employed. The contact angle was tested for water, ethylene glycol, and Ringer and Dulbecco solutions at room temperature. The measurements were carried out for 60 s following/after the drop’s deposition. For all liquids, it was found that the contact angle dramatically decreases in the first 10 s, then stabilizes in the next 20–60 s, reaching a plateau value. The decreasing contact angle values could be explained by a very low spreading of the drop until this reaches thermodynamic equilibrium. In this case, the droplet spreading occurs on a fast-time scale with minimal fluid penetration into the surface layer, the surface being porous as revealed by SEM. After the spreading phase is through, the volume loss from the droplet to the substrate occurs on a slow-time scale [38]. The average of all measurements for each liquid sample is shown in Table 3, along with its standard deviation.



Images of the water, Ringer, and Dulbecco solution droplets deposited on the metal surface are shown in Figure 10.



All testing solutions, having a contact angle less than 90°, wet the Ca–Zn coated sample (Table 3). Comparing the liquids related to the body fluids, the capacity to wet the metal surface is almost the same for the water and Ringer solution, with a slightly better value for the latter one. Amongst the three body fluids, the Dulbecco solution has the lowest surface-wetting capacity, presenting the highest contact angle value. Because of its lower contact angle, the Ringer solution is more attracted to and retained on the sample’s surface. The coating appears to have grown permeable over time, enabling liquid to pass through it and moisture to reach the underlying material and start corrosion processes. The test corrosion revealed that the Ringer solution is more corrosive than the Dulbecco solution, which has a bigger contact angle than the Ringer solution. An inverse correlation between contact angle values and corrosion rates was reported for super-hydrophobic surfaces [39], but with a different explanation for this phenomenon. The metal surface is hydrophilic, as evidenced by the contact angle between the water and the sample, which is 58.3 ± 2.1°.



The spread of the liquid drops over the metal surface is due to cohesive (the magnitude of the interactions among a material’s molecules) and adhesive forces (intensity of the interactions with molecules from other materials) that develop on the liquid’s molecules. In this regard, surface energy is a reliable indicator of the degree of wettability [34]. Based on contact-angle values, the sample’s surface energy was calculated using the Owens–Wendt–Rabel–Kaelble (OWRK) method [34], based on Fowkes’ theory. According to this theory, the surface energy is the sum of dispersion, polar, hydrogen, induction, and acid-base interactions. In the OWRK methods, the interactions were divided into two types: dispersive (van der Waals) and polar (Equation (1)).


   γ s  =  γ s d  +  γ s p   



(1)




where    γ s d    and    γ s p    are the dispersive and polar components of the surface energy of the solid, respectively.



At least two test liquids with well-known polar and dispersive interactions are necessary for the OWRK model (Equation (2)) [40]. Thus, two liquids with different polarities were used to determine the surface energy of the metallic sample: water (polar solvent) and ethylene glycol (partially polar solvent).


     γ s d   γ l d    +    γ s p   γ l p    = 0.5    γ l    1 + c o s θ      



(2)




where    γ s d  ,    γ s p    are dispersive components and    γ l d  ,    γ l p    are polar components of the solid and liquid surface energies, respectively;    γ l    is the surface tension of the liquid; and θ is the contact angle.



It was calculated that the total surface energy (   γ s   ) of the coated sample is 42.49 (±1.64) (mN/m). The polar and dispersive components of the total surface tension of the solid are as follows:    γ s p   = 27.57 (±0.79) (mN/m) and    γ s d    = 14.92 (±0.85) (mN/m). The higher polar component of the surface energy is due to the Ca–Zn phosphate layer, which was also highlighted by the XRD and FTIR studies. The long-range London dispersion forces are responsible for the dispersive forces. The significant part of the polar component can explain the affinity of the metal sample for polar liquids.





4. Conclusions


In this study, a new phosphating solution for obtaining a Ca–Zn phosphate layer on the Ti6Al4V surface was developed. In addition, relevant analyses were conducted to validate the formation of the coating layer and its potential improvements in the corrosion resistance of the base material.



A Ca–Zn phosphate layer was deposited on the surface of Ti6Al4V in order to study the possibility of improving the osteointegration of implants by increasing the corrosion resistance and the surface roughness. The SEM micrographs revealed that the deposited layer has a crystalline structure, specific to the zinc phosphate layer, where crystals are intercalated. The EDX, XRD, and FTIR analyses showed that hopeite, phosphophyllite, and scholzite crystals were formed all over the titanium alloy surface.



Both the coated and the base materials have been tested in two corrosion media (Ringer and Dulbecco solutions). The electrochemical tests revealed that the Ti6Al4V corrosion resistance was highly improved by depositing a Ca–Zn phosphate layer onto its surface, and the polarization resistance significantly increased by almost five times for the coated samples in both corrosion media. Moreover, the experiments revealed that the Ringer solution is a more aggressive corrosion media than the Dulbecco solution.



All solutions considered show satisfactory surface wettability. The wettability gradually increased from the Ringer solution to water and finally to the Dulbecco solution. From surface energy calculations, it was found that the coated Ti6Al4V has a predominantly polar surface, with the polar component being almost two times larger compared with the dispersive one. This polarity of the surface created by phosphating can be suitable for cell adhesion; therefore, future studies should be conducted on this topic.
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Figure 1. The process flow chart of sample coating. 
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Figure 2. Optical microstructure of the Ca–Zn phosphate layer deposited on the Ti6Al4V surface viewed at (a) 5×, (b) 10×, and (c) 20× magnification. 
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Figure 3. The morphology of the Ca–Zn phosphate layer deposited on the Ti6Al4V surface viewed at (a) 500×, (b) 250× and (c) 100× magnification. 
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Figure 4. EDS area scan of the Ca–Zn phosphate layer. 
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Figure 5. Energy spectra and the chemical composition of the Ca–Zn phosphate layer. 






Figure 5. Energy spectra and the chemical composition of the Ca–Zn phosphate layer.



[image: Coatings 13 01029 g005]







[image: Coatings 13 01029 g006 550] 





Figure 6. SEM–EDS image of the cross-section of the coated sample. 
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Figure 7. XRD diffractogram of the Ca–Zn phosphate layer. 
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Figure 8. FTIR spectra of the Ca–Zn phosphate layer. 
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Figure 9. Potentiodynamic polarization curves of uncoated Ti6Al4V or Ti6Al4V coated with a Ca–Zn phosphate layer tested in Dulbecco solution (a) or Ringer solution (b). 
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Figure 10. The sessile drop of water (a), Ringer solution (b), Dulbecco solution (c) and ethylene glycol (d). 
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Table 1. Chemical composition of Ti6AL4V used as substrate.
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	Element
	Al
	V
	Fe
	O
	C
	Ti





	wt.%
	6.14
	4.22
	0.12
	0.11
	0.028
	bal.
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Table 2. Electrochemical corrosion parameters determined for the Ca–Zn phosphate layer and uncoated Ti6Al4V tested in the two corrosive media.
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Sample

	
Corrosive Media

	
Ecorr

mV

	
Icorr

µA/cm2

	
βa

mV/dec.

	
βc

mV/dec.

	
Rp

kΩ·cm2

	
CR

µm/Year






	
Ti6Al4V

	
Dulbecco

	
−177

	
0.63

	
172

	
−270

	
87.8

	
13.15




	
Ca–Zn

	
−95

	
0.02

	
53

	
−131

	
419.5

	
0.46




	
Ti6Al4V

	
Ringer

	
−448

	
0.86

	
100

	
−106

	
17.9

	
18.03




	
Ca–Zn

	
−213

	
0.04

	
38

	
−59

	
101.1

	
0.95
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Table 3. Contact angle values of the liquids deposited on the Ca–Zn sample.
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	No.
	Solution
	Contact Angle (°)





	1
	Water
	58.3 ± 2.1



	2
	Ringer solution
	56.0 ± 5.2



	3
	Dulbecco solution
	68.5 ± 5.2



	4
	Ethylene glycol
	34.5 ± 3.2
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