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Abstract

:

The coating of orthopedic and dental implants with hydroxyapatite (HA) is recognized as a method to increase their integration ability. A new metal coating method, comprising simultaneous precipitation and electrodeposition, is presented. Two studies are described: the first is related to the influence of time/temperature increase on the morpho-structural characteristics of the deposited layer on the Ti substrate, while the second study presents the characteristics of the layers deposited on different metal substrates. For comparison, specimens were obtained using the classical electrochemical deposition under the same experimental conditions. The addition of Ca to the electrolyte creates more compact and more uniform coatings, while the addition of P creates more porous layers. Only a very small quantity of crystalline HA deposited on the C55, Cu, and Ni substrates when the classic electrodeposition method was employed, while using the new approach has clearly led to a larger crystalline HA amount electrodeposited on the same types of metals. With some exceptions, the advantages of using the new method are: better crystallinity, more uniform and continuous surface, higher roughness, and potentially higher anti-corrosion capabilities.
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1. Introduction


Hydroxyapatite (HA) is a bioceramic calcium phosphate with the chemical formula Ca10(PO4)6(OH)2 and composition similar to that found in human bones and teeth. Its properties make it an outstanding biomaterial for the field of biological clinical medicine [1,2,3,4] including excellent bioactivity and biocompatibility, osteoconductivity, osteoinductivity as well as good corrosion resistance [5,6,7,8], and recommend it as one of the most promising ceramic materials for applications such as bone and teeth implants or drugs and gene delivery [9,10,11,12]. Unfortunately, HA is inherently a brittle mineral, possessing low tensile strength and fracture resistance, which implies that it cannot be used alone as an implant for load bearing applications [13,14]. In order to overcome this problem, HA and HA-based ceramic biomaterials need to be utilized together with reinforcing materials, metallic or polymeric [15].



The properties of HA make it an ideal material for coating on metal supports that are already being used in the medical field [16,17]. These metals, which are basically stainless steel, Ti, and Ti- and Co-based alloys [18,19], have found applications in orthopedics and dentistry due to their properties (such as corrosion and wear resistance), but with the caveat that they display a relatively low biocompatibility, which is why this property must be supplied to medical implants by the combination of metals with ceramics [18]. Another drawback consists in their poor bioactivity, and in this case, Ti implants can serve as an example. The protective titanium oxide that forms on their surface makes them biologically inert, while their high stiffness can make them fail to bond to the bone tissue [20,21,22]. As for stainless steel (316L), even though it is highly resistant to corrosion and has good biocompatibility, it is difficult for the bone tissue to develop on its surface [22,23].



As a consequence, both types of implant materials—HA and HA-based bioceramics on one hand, and the specified metals on the other—are inadequate when utilized individually. By using HA as a coating on the metal surfaces, hierarchical structures with improved properties can be manufactured. In this way, HA promotes the rapid osseointegration of the implants, improves the compositional stability that in turn prevents metal atom diffusion into the biological environment, increases the corrosion resistance by creating a protecting effect against the surrounding environment, and allows for application without the help of cementing materials [15,23,24,25,26,27,28]. The implant benefits not only from the properties of the HA layer, but also from the outstanding mechanical integrity of the metal support, its corrosion resistance, and the fact that it does not form toxic products in contact with the tissues and fluids of the host body [15,29,30].



The method used to obtain the HA coating on the surface of the metal support has a very important role in the implant manufacturing process. Plasma spraying is the standard technique used for this purpose [31], but its disadvantages such as the formation of amorphous phases due to high process temperatures, the difficulty of coating geometrically complex metal supports and the costs [32,33] have led to the development of alternative coating methods. Examples include the sol–gel and sol–gel dip coating method [24,34,35], the hydrothermal process [36,37], RF-magnetron sputtering [38], micro-arc oxidation [39], pulsed laser deposition [40], hot isostatic pressing [41], biomimetic deposition [42], high-velocity suspension flame spraying [43], gas detonation deposition [44], electrophoretic deposition [45], and electrochemical deposition [46,47].



The standard HA electrodeposition procedure is carried out in an aqueous electrolyte solution containing calcium and phosphate ions. The solution is electrified using a two-electrode system (for galvanostatic electrodeposition) or a three-electrode system (for potentiostatic electrodeposition) [1,48,49], and the electrode reactions that take place on the surface of the working electrode (the cathode) are well known [1,50,51]. A new electrochemical approach for the electrodeposition of HA coatings onto Ti supports has been described elsewhere [52]. According to this method, one of the two precursors (either the calcium or the phosphate precursor) is present in the electrolysis cell, while the other one is added dropwise, simultaneously with the application of an electrochemical potential. By alternating the addition order of the precursors as well as the deposition time, coatings that display a higher crystallinity compared to those obtained via standard electrodeposition can be obtained.



Herein, experiments that continue our previous investigations regarding HA coatings obtained using the new electrodeposition method are presented. These experiments are divided into two comparative studies: the first focuses on a comparison between HA electrodeposited at 80 and 90 °C on Ti supports, while the second compares HA coatings electrodeposited at 80 °C on different metal substrates. The specified previous investigations [52] proved that the novel approach has advantages over the standard method, the former being applied in the present case for an intermediate time period (2 h, compared with 1 and 4 h) and for a temperature increase of 10 degrees, taking into consideration the influence of time and/or temperature upon crystallization (among other factors). The control over the electrolyte ion (Ca2+ and PO43−) concentration is improved when only one precursor is initially present in solution and the second one is added gradually, hindering the increase in local supersaturation and providing a more uniform distribution of the concentration gradient over time.



One aim of the present studies consist of the comparison between coatings obtained on different substrates (other than Ti) when using the classical and the new method. Given the benefits of the new approach compared to standard electrodeposition on the Ti substrate, it was hypothesized that these also be applied to other metal substrates (such as copper, nickel, and stainless steel). Thus, new coatings were obtained using the two different approaches and were subsequently characterized and compared in terms of their morpho-structural properties in relation to the electrodeposition method as well as to the metal substrate type.




2. Materials and Methods


2.1. Materials and Reagents


The HA precursors were analytical grade calcium nitrate tetrahydrate Ca(NO3)2·4H2O (Sigma Aldrich, St. Louis, MO, USA) as a 1.75 mM solution and diammonium phosphate (NH4)2HPO4 (Merck, Kenilworth, NJ, USA) as a 1.05 mM solution. Titanium, copper, and nickel discs of 1 cm in diameter were cut from as-received pure metal plates/foils (Sigma Aldrich). Stainless steel (C55) discs of 1 cm in diameter were cut from a stainless steel rod with the following composition: 0.53−0.61% C, 0.44−0.45% Mn, 0.23−0.25% Si, max 0.01% S, max 0.01% P, max 0.03% Al, max 0.06% Cu, max 0.03% Cr, max 0.06% Ni, max 0.09% Mo, and the remainder being Fe (Mechel, Campia Turzii, Romania). Prior to the electrodeposition experiments, the discs were polished using a polishing setup employing SiC sandpaper of different grit sizes (800 and 1200), felt wetted with 0.05 μm colloidal silica/alumina solution, and the TwinPrep 5 grinder/polisher (Allied High Tech Products, Rancho Dominguez, CA, USA). Soap solution and double distilled water were used to wash the polished disks that were subsequently subjected to an ultrasonic treatment for 30 min in 50:50 ethanol/acetone mixture (ethanol and acetone were purchased from Chimreactiv, Bucuresti, Romania).




2.2. Electrochemical Deposition


The electrochemical ensemble consisted of a glass cell with heating mantle, a thermostat set at either 80 or 90 °C, a PGZ 402 potentiostat (Radiometer Analytical, Lyon, France) equipped with a Pt plate electrode (as anode, S = 0.8 cm2) and discs made of Ti, C55, Cu, and Ni, respectively (as cathode). The discs were inserted into a Teflon support (S = 0.28 cm2) and one of the subsequent two routes was followed:



I. Fifty mL of each precursor solution was placed inside the glass cell. The deposition process took place under stirring at a constant applied electrochemical potential (E = −1.5 V) while maintaining the thermostat temperature at 80 or 90 °C.



II. The deposition took place according to the novel method [52] with 50 mL of one precursor present in the electrolyte solution and the other being added dropwise (under stirring) from a total volume of 50 mL, simultaneously with the application of a −1.5 V potential (Scheme 1). The potential value and the thermostat temperature (of 80 or 90 °C) were kept constant throughout the experiment.



In the first study, Ti substrates were coated with HA deposited using the novel method at 80 and 90 °C for different periods of time (1, 2, and 4 h, respectively). The 80 °C temperature and −1.5 V electrochemical potential were selected in agreement with other studies [53,54,55]. The 90 °C temperature was chosen based on the fact that a higher synthesis temperature increases the crystallinity degree of the product [56]. In the second study, Ti, C55, Cu, and Ni substrates were coated with HA by deposition for 4 h at 80 °C using either the standard method or the novel method. The pH was kept around 7 for all specimens and at all times, using ammonia (Merck), in order to ensure a heterogeneous nucleation on the supports.



The electrodeposition strategies used to obtain the HA coated discs are presented in Table 1.




2.3. Physico-Chemical Characterization


For the first study, the HA coatings electrodeposited on Ti substrates were investigated using X-ray powder diffraction (XRD) and atomic force microscopy (AFM), while for the second study, the HA electrodeposition on different metal substrates was characterized by XRD, scanning electron microscopy (SEM), and AFM.



XRD patterns were obtained using an X’Pert Pro MPD Diffractometer with Cu anode and PIXcel detector (PANalytical, Almelo, The Netherlands) at working parameters of 45 kV and 30 mA. The XRD patterns were obtained after the samples were attached to metal holders with dough, and the holder rotated during the pattern recording. SEM micrographs were recorded in high vacuum using an Inspect S scanning electron microscope (FEI Company, Hillsboro, OR, USA) and AFM images were acquired utilizing a MultiView 2000 scanner (Nanonics Imaging Ltd., Jerusalem, Israel) in intermittent mode (radius tip = 20 nm).



Thickness measurements were performed using a laser confocal microscope Olympus OLS 4000 LEXT (Olympus Corporation, Tokyo, Japan) that could take high-resolution 3D images by acquiring successive pictures of the sample between two heights, then recombining the laser-recorded representations and color images to produce a 3D projection.





3. Results and Discussion


3.1. The First Comparative Study


The XRD patterns of the samples deposited at 80 °C are presented in Figure 1: the first three patterns are for Ca added to the electrolyte and the other three are for P added to the electrolyte.



The identification of the peaks revealed the presence of Ti and HA. The ascription made use of the ICDD file nos. 00-044-1294 for titanium and 01-086-0740 for HA, for all the studied samples.



In the HA3 and HA4 samples, the Ti peak at ~38° 2θ displayed an intensity higher than standard, which can be attributed to the formation of hexagonal TiO (ICDD file 00-012-0754), whose standard pattern presents the most intense peak at 37.5° 2θ. A second small reflection belonging to hexagonal TiO showed up in the same patterns at 52.9° 2θ. The peak at 28.1° 2θ may correspond to octacalcium phosphate (OCP), identified using the ICDD file 00-026-1056.



The peak at approx. 25.8° 2θ corresponds to the (002) crystallographic plane of HA. The expectation is that by adding Ca to the electrolyte solution (HA1-3) and increasing the deposition time (first three patterns in Figure 1), the HA crystals grow along the c crystallographic direction. The longest crystals should be achieved for a deposition time of 4 h, but the intensities of the HA main peaks were oddly distributed in this pattern. When P is added to the electrolyte solution (HA4-HA6), the ratio between the intensity of the peak at 25.8° 2θ and the HA main peaks (region 31.97–34.16° 2θ) decreased considerably. The expectation is of crystals of a more symmetrical shape. The parallel family of planes, (004), gives a reflection at 53.13° 2θ, but at the same time, there is a peak corresponding to the titanium substrate positioned at the approximate same 2θ value. The intensity of HA peaks was lower for the case of P being added to the electrolyte, which means that the crystallinity of this layer is poorer.



The crystallite size was calculated for the 002 line (the peak at 25.8 ± 0.5° 2θ) using the Debye–Scherrer equation [57,58,59]:


   X s  =   K λ   Β c o s θ    











In this equation, Xs is the crystallite size in nm; K is a constant with the value 0.9; λ is the Cu Kα wavelength, 1.5418 nm; Β is the full width at half maximum (FWHM) of the considered diffraction signal; and θ is the diffraction angle in radians.



The size of the crystalline domains (Table 2) had similar values for all the samples deposited at 80 °C, without being significantly influenced by precursor addition order or by electrodeposition time.



Regarding the time influence on the result of the electrodeposition, the samples deposited during 4 h (regardless of which ion is added to the electrolyte) were more crystalline, which recommends the use of this parameter value for future experiments at 80 °C. For the sample deposited during 4 h where P was added to the electrolyte, there was a good resolution observed for the main HA peaks (region 31.97–34.16° 2θ) and a distribution of the intensities according to standard patterns.



The highest intensity of the 32.25° 2θ peak was for the sample deposited by adding Ca during 4 h, and represents the reflection given by the (112) family of crystallographic planes, presumed as terminating the long dimension of the crystals [56]. This may be a measure of the number of crystals with the (112) terminating plane, meaning a larger number of long crystals for the mentioned case.



The intensity of the peak given by the (300) family of planes was very low in all cases.



Some SEM images of the specimens obtained by deposition during 2 h at 80 °C are presented in Figure 2 (the SEM images recorded for samples resulted after 1 h and 4 h deposition times are presented in [52]). In the experiments performed thus far, coherence was noticed for the samples obtained by adding Ca to the electrolyte regarding the fact that HA nucleated as islands on the substrate, followed by new HA crystals covering these islands (circle marks in Figure 2a) and the substrate that was not coated by islands (square marks in Figure 2a). As the electrolyte solution was supplemented with precursor ions, new nucleation centers were created, which led to the growth of new crystals over the primary isolated formations and base layer. The crystals were submicrometric in size and acicular in shape, grown along the c direction (according to XRD). When P was added to the electrolyte, hemispherical formations of acicular HA crystals appeared from place to place, then grew with the deposition time not as much in size, but more in number (the c-direction growth was much reduced, according the XRD). The trend is that they do not cover the substrate completely, but form more of a porous structure (circle marks in Figure 2b). The assumption is that the formation of a large number of small crystals is favored by the low supersaturation of the electrolyte solution given by the experimental methodology, and the continuous addition of fresh precursor solution stimulates the formation of new nuclei.



The XRD patterns of the samples deposited at 90 °C are presented in Figure 3: the first three patterns are for Ca added to the electrolyte and the other three are for the P addition. The patterns of the samples deposited at 90 °C contained peaks belonging to Ti and HA, as previously identified by the same ICDD files. Ti peaks intensity decreased (counts/s value) along with an increase in deposition time, regardless of which ion was added to the electrolyte. When deposition was achieved at 80 °C, the intensity of the Ti peaks did not have a similar behavior; the intensity increased or decreased without a coherent pattern. This behavior is due to the fact that the deposited layer at 80 °C is not continuous and the substrate is unequally exposed to X-rays, while for the layers deposited at 90 °C, the decrease in the substrate reflections intensity may indicate that the titanium is more uniformly covered by HA. This phenomenon was more visible for the case of Ca addition.



For the series where Ca was added to the electrolyte at 90 °C, an initial increase in the HA crystallinity was observed when the deposition time increased from 1 to 2 h, then this parameter decreased, with the exception of the peaks representing reflections from the (00x) family of planes, equivalent to the c direction growth. The crystallite size (Table 2) also grew with the deposition time from 2 to 4 h.



The same behavior could be observed when P was added to the electrolyte: first an increase in crystallinity with a time increase from 1 to 2 h, then a decrease in crystallinity when time increased from 2 to 4 h. Compared to the case of Ca addition, this time, the preferential c-direction growth decreased considerably from 2 h deposition to 4 h deposition. The crystallite size along the c direction also followed this pattern (Table 2).



Together with the decrease in the c-direction peaks, it is interesting to note the decrease in intensity of the peak at 32.2° 2θ, assigned to the (112) family of planes, which are presumed to terminate the long dimension of the crystals [56]. This may indicate a decrease in the number of crystals with free terminal (112) planes, meaning that more crystals may be bound at/through their endings. There was a peak at 28.1° 2θ, identified as possibly belonging to octacalcium phosphate Ca8H2(PO4)6.5H2O (ICDD file no. 00-026-1056), which grew in all of the samples prepared at 90 °C.



All of the samples deposited at 90 °C presented a better crystallinity compared to the ones obtained at 80 °C, while all the samples deposited by adding Ca to the electrolyte presented a preferential growth along the c direction.



As seen in the SEM images presented in Figure 4, the aspect of the deposited layer resembled glass wool for both samples. For the samples deposited for 4 h by adding P (Figure 4b), the increase in temperature from 80 to 90 °C led to the enhanced preferential growth along the c direction and formation of long (few micrometers) needle-like crystals grouped in spherically-shaped arrangements, without preserving the previous feathery aspect obtained for samples deposited at 80 °C for 4 h (see [52]). The XRD patterns did not display changes for the P-added samples (4 h deposition time) when the deposition temperature increased from 80 to 90 °C.



Thickness measurements were performed for each sample in three different areas and the results are presented in Table 3 as mean values with standard deviation. Some of the recorded micrographs are presented in Figure S1 from the Supplementary Materials.



For the specimens deposited at 80 °C, a decreasing trend in the thickness value with deposition time could be observed when the Ca precursor was added to the electrolyte, while an increase in this parameter appeared for the P precursor. This probably occurred because the coatings created by adding Ca are more compact and the coatings created adding P are more porous, phenomena that intensify with an increase in the deposition time (as seen from the SEM micrographs). At 90 °C, no coherent behavior regarding the thickness variation with deposition time was identifiable.



The 5 µm × 5 µm 2D and 3D AFM micrographs recorded on the six specimens obtained at 80 °C using the novel electrodeposition method are presented in Figure 5, while those scanned on the six samples deposited at 90 °C using the same method are displayed in Figure 6. Table S1 (see the Supplementary Materials) shows the average values (from three different areas scanned on each specimen), together with their standard deviations, for the following AFM parameters: the roughness average (Sa), the root mean square roughness (Sq), the maximum peak height (Sp), the maximum valley depth (Sv), the maximum peak to valley height (Sy), the surface kurtosis (Sku), and the surface skewness (Ssk) [60,61].



Based on Figure 5a–f, recorded on the HA1–HA3 samples, the following observations can be made: after a 1 h deposition time (Figure 5a,b), the surface of the Ti substrate was covered with clusters of elongated including acicular structures that, from a 2D perspective, resemble cotton bundles. Larger formations were evidenced after 2 h (Figure 5c,d), which had an irregular shape and came into contact with submicrometric squared and round structures. After a deposition time of 4 h, submicrometric hemispherical formations of different heights covered the metal substrate. By varying the duration of the electrodeposition process, the crystal sizes and shapes of the HA structures covering the Ti disks also varied.



Along with the increase in deposition time, it appeared that the deposited layers underwent recrystallization and formation of a more uniform layer, without the crevasses observed in Figure 5a. The size of the clusters became smaller and their number increased, while acicular crystals grew and agglomerated.



In the case of samples HA4–HA6, deposited under the same conditions but with P precursor added to the electrolyte, the recorded micrographs (Figure 5g–l) revealed the following: elongated formations incorporating small round structures can be seen in Figure 5g,h, as obtained for the HA4 sample (1 h electrodeposition time). Larger elongated structures in contact with smaller ones bearing various shapes were observed for the sample after a 2 h deposition time (HA5), while the smallest formations with elongated and hemispherical shapes are displayed in Figure 5k,l. These latter formations appeared after a 4 h deposition time and belonged to specimen HA6.



There were differences between the situations when Ca or P was added to the electrolyte (HA1–HA3 on one hand, and HA4–HA6 on the other), but also similarities, among which an obvious one is that in both cases, the largest HA structures were obtained when the deposition time was 2 h, while the smallest formations resulted after a 4 h deposition time.



By focusing on the micrographs recorded on the HA7–HA9 specimens deposited at 90 °C by gradually adding the Ca precursor, several observations can be outlined. The aggregates that resulted after deposition times of 1 h Figure 6a,b) and 2 h (Figure 6c,d) had very similar shapes, the exception being the size of the structures—smaller aggregates were observed for sample HA7. In the case of specimen HA9 (Figure 6e,f) the shape of the observed formations was different. Judging by the 2D images, the evolution of this series was from small rounded structures (1 h) to larger rounded aggregates (2 h) and a second layer of round particles added on top of the larger ones (4 h). Looking at the 3D images, an elongation of the particles in the z direction was visible when the time increased from 2 to 4 h, in agreement with the XRD results.



Similar situations were seen for samples HA10–HA12, resulting after deposition times of 1, 2, and 4 h at 90 °C, but from electrolyte solutions obtained by the dropwise addition of P. The micrographs in Figure 6g,h displayed similar formations to those outlined in Figure 6i,j, but the structures belonging to sample HA10 appeared to be overlapping to a greater extent than the ones from HA11. Finally, Figure 6k,l—obtained on the HA12 specimen—presented large aggregates in contact with smaller ones having a grain-like shape.



For both sample sets (HA7–HA9 and HA10–HA12), increasing the electrodeposition time from 1 to 2 h did not lead to significant morphological differences, but this situation was different when the deposition time reached 4 h.



By comparing the mean values of the AFM parameters calculated for the HA1, HA2, and HA3 specimens, the following observations could be made: in the case of the Sa and Sq parameters, the highest values were those for the HA2 sample, followed by HA3 and HA1, respectively. Since a higher surface roughness is desired for implants because it indicates a larger contact surface between the coating and the bone tissue [62], it can be concluded that HA2 satisfies this property to a higher degree than the other two samples. The calculated absolute mean values for the Sp, Sv, and Sy parameters showed that the same relationship between the three samples was preserved. For all three samples, the calculated Sku mean values were >3, which suggests spiky surfaces, while the mean Ssk values were >0, indicating that the profile of the samples was skewed downward relative to the mean plane. In other words, there was a predominance of peaks.



In the case of the samples that resulted after adding the P precursor over the Ca precursor and applying the fixed electrochemical potential at 80 °C for different periods of time, the calculated mean values for the Sa and Sq parameters were close in the case of HA4 and HA6, while the highest values were obtained for HA5. The absolute values calculated for HA5 in case of the Sp, Sv, and Sy parameters were also higher than those obtained for HA4 and HA6. The Sku mean values were <3 for HA4 (which indicates bumpy surfaces) and >3 for HA5 and HA6, suggesting that the sample surfaces were spiky. Finally, the Ssk mean values are <0 in the case of the HA4 and HA5 samples, indicating that their profiles are skewed upwards relative to the mean plane (there is a predominance of valleys), and >0 in the case of HA6, pointing to a predominance of peaks.



The mean values calculated for the AFM parameters in the case of the HA7, HA8, and HA9 samples allow for several observations. Thus, in the case of the Sa and Sq parameters, the highest values were obtained for the HA8 sample, followed by those calculated for HA7 and HA9, respectively. The same situation was observed when considering the absolute values obtained for the Sp, Sv, and Sy parameters. As for the Sku mean values shown in Table S1, it can be seen that for all three samples, these were >3, indicating that they had spiky surfaces. The calculated Ssk mean value for HA7 was ~0, suggesting that the profile was symmetric relative to the mean plane; for HA8 it was <0, implying a predominance of valleys and for HA9, it was >0, pointing to a predominance of peaks.



Finally, based on the calculated mean values for the AFM parameters of the HA10, HA11, and HA12 samples, the following can be said: in the case of HA10 and HA12, the calculated values for the Sa and Sq parameters were very close, while those obtained for the HA11 sample were relatively higher. The absolute mean values (observed in Table S1) for the Sp, Sv, and Sy parameters were also higher for the HA11 sample and, for all samples, the mean values for the Sku parameter were >3, suggesting that the surfaces of the samples were spiky. As for the Ssk parameter, a value of ~0 was calculated for HA10, and values >0 and <0 were obtained for HA11 and HA12, respectively. Thus, for HA10, the profile was symmetric relative to the mean plane; for HA11, it is skewed downward relative to the mean plane and for HA12, it was skewed upward relative to the mean plane.



A comparison between the samples of HA that resulted by electrodeposition from solutions in which the Ca precursor was gradually added at 80 °C and those obtained at 90 °C revealed that the samples with the highest surface roughness of the coating were those that resulted after a 2 h deposition time (HA2 and HA8). Furthermore, between these two samples, the highest roughness corresponded to the HA2 sample. As previously specified, the higher the surface roughness of a coating, the larger the contact surface between that coating and the bone tissue becomes [1].



A comparison between the samples deposited at 80 and 90 °C when the P precursor was added to the electrolyte showed that the samples with the roughest surface were the ones obtained after a 2 h deposition time (HA5 and HA11) and of these, the surface of HA5 displayed the highest roughness.



Finally, by comparing the roughness parameter mean values corresponding to the HA2 and HA5 samples, it can be seen that the Sa and Sq parameters were very close, but in the case of the Sp, Sv, and Sy parameters, the calculated absolute values were higher for HA2. This indicates that a lower crystallinity is favorable for biointegration [55,63].




3.2. The Second Comparative Study


Both the standard and the novel method were employed to electrodeposit HA coatings on the surface of different metallic substrates (Ti, C55 stainless steel, Cu, and Ni). The purpose of the study was to perform the morpho-structural characterization of the deposited layers and to discuss the influence of each type of metal substrate. The deposition time of 4 h and the deposition temperature of 80 °C were used to obtain all samples, regardless of the deposition method. When the novel deposition method was employed, the Ca precursor was the second added precursor because this choice led to better results. These electrodeposition conditions were selected based on our previous work [52], which outlined the following: the HA layers deposited with the novel method for longer time displayed higher crystallinity, which increases the chemical and corrosion resistance. The addition of the Ca precursor solution over the P precursor solution during the electrodeposition process led to HA coatings that gave the smallest errors at the tensile tests and displayed the most congruent and stable behavior regarding the electrodeposition procedure.



Except for pure Ti substrates, which are being utilized in biomedical applications [64], the other selected metal supports are not being used as such, and, as the scientific literature reveals, there are very few studies—some of them are summarized in the Supplementary Materials, together with additional literature data [15,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82]—regarding their utility as substrates for hydroxyapatite coatings electrodeposited via the standard method.



In the absence of significantly relevant investigations performed on HA coatings electrodeposited on C55 stainless steel, Cu, and Ni substrates, the following comparative study has a high novelty degree. However, since these substrates are not suitable for biomedical applications, the purpose of the study is to outline their influence on the characteristics of the electrodeposited HA.



The XRD patterns of the samples HA13-HA19 are presented in Figure 7 (the patterns are presented only for the range of interest). The patterns presented few peaks, all of the present reflections belonging to either HA or substrate; the only exception is when Cu was used as the substrate and the electrolyte contained both Ca and P ions when the deposited layer consists in octacalcium phosphate and HA. For the Ti substrate, the overall crystallinity of the deposited HA layer was slightly better when the electrolyte contained both Ca and P ions. The specimen obtained by adding Ca to the electrolyte presented a preferential growth along the c-direction, in agreement with previous results [52].



When the substrate was C55, the XRD showed no reflections of a deposited layer (if it exists, it is amorphous) for the electrolyte containing both ions, and a crystalline product was present when Ca was added to the electrolyte, with preferential growth of HA along the c direction. When the Cu substrate was used and the electrolyte contained Ca and P ions, the deposited layer showed no reflections other than those coming from the metal substrate compared to the case when Ca was added to the electrolyte and the same substrate was used when only HA was present and the preferential growth along c was again evidenced. The situation obtained using the Ni substrate was the same as when C55 was used. A visible intensity response for the HA peaks was given by the specimens deposited using the novel method, regardless of the nature of the substrate used (C55 or Ni), while for the depositions made on the same substrates using electrolytes that contained both ions, XRD peaks were not visible. The important conclusion of these experiments is that only a very small quantity of crystalline HA was deposited on the C55, Cu, and Ni substrates when the classic electrodeposition method was used. On the other hand, using the new approach clearly led to a larger crystalline HA amount electrodeposited on the same types of metals. Thus, with the exception of the Ti substrate, there was a lack of coherence between the results obtained when using the two electrodeposition methods, which recommends the new method as a way of successfully depositing HA on Ni, Cu, and C55 stainless steel.



In the case of specimens deposited on Ti, the c-direction preferential growth, which was more intense when Ca is added to the electrolyte, was accompanied by an increase in the intensity of the 112 plane reflection (2θ = 32.2°), supposed to belong to the terminal edges of the long crystals [56].



Crystallite size was calculated using the Debye–Scherrer equation for the 002 line of HA, except for samples HA14, HA16, and HA18, where peaks were too small/non-existent. Given the similar values of the crystallite sizes (Table 4), this parameter was not influenced by the substrate nature.



SEM images recorded on the samples that are the focus of the second comparative study are presented in Figure 8. In the case of the HA samples deposited on Ti by the two strategies, the difference, as seen in the SEM (Figure 8a,b) was that the HA crystals were smaller and more numerous when both Ca and P were present in the electrolyte, and long crystals (1−2 µm) in the shape of blades grouped in spherical arrangements when Ca was added to the electrolyte while the electrochemical potential was applied. In the first case, the crystals also grouped in a spherical arrangement, but all the spheres were interconnected and formed an aggregate that was more compact and offered a highly uneven surface of the deposited layer, while in the second case, the deposited layer comprised spherical arrangements with a higher independence degree, which formed a more porous aggregate with an even surface distribution.



When the support was C55 and both ions were present from the start in the solution (Figure 8c), the deposited layer was amorphous, according to XRD data. HA must have precipitated without crystallization compared to the case when the same support was used and the solution contained only P at the start (Figure 8d), where star-shaped aggregates of needle-like submicrometric HA crystals led to a uniformly deposited layer.



For the HA16 sample, XRD data showed the presence of both OCP (octacalcium phosphate) and HA. The deposited layer of this sample, presented in Figure 8e, consists in a base layer with an ambiguous morphology and a discontinuous top layer consisting of clusters of very small needle-like crystals, grouped in a cauliflower arrangement. Since OCP is a precursor in the HA synthesis [83], the base layer is probably made up of OCP, which appeared first, and the small crystals represent HA, which grew slowly at the expense of OCP recrystallization. The other situation, where Cu was used as substrate, led to the formation of star-like aggregates of micrometric needle-like HA crystals (Figure 8f). The deposited layer was uniform and continuous. Rather than evolving into more dense spheres along with Ca intake, these star-like arrangements maintained a reduced number of component crystals and grew their own number.



According to XRD analysis, the sample HA18 contained Ni and HA, the latter weakly crystallized. The SEM image recorded on this specimen (Figure 8g) outlined a non-uniform cauliflower-type structure, which grew preferentially perpendicular to the surface of the substrate. The main units consist of submicrometric acicular crystals grouped in hemispherical arrangements. Better results were obtained when Ca was not present from the start in the electrolyte (Figure 8h), when a better crystallized layer could be observed, but which was less uniform compared to the case of using a different substrate. Arrangements of long crystals formed a compact shape, having a central connection point (resembling a sphere) and the connection with the neighboring spheres was made by the tips of the component crystals. Small particles were placed on these spherical arrangements, presumably precipitated particles and this structure seemed to have a higher porosity.



All the layers deposited using the new approach were uniform and continuous compared to classically deposited layers, regardless of the type of support that was used. These results are in agreement with the corresponding XRD patterns as well as with the data obtained in the previous studies [52].



Thickness measurements were performed and the results are presented in Table 5 as mean values of three determinations, together with the standard deviation. Some of the recorded micrographs are shown in Figure S2 in the Supplementary Materials.



The HA layer thickness decreased when switching from using the classic electrodeposition to the new deposition method for C55 and Ni substrates, while for Cu and Ti, the thickness grew when the new method was employed. A correlation could not be established between the calculated thickness values, but it is likely that the different substrate types influenced the experimental results. The 2D and 3D AFM images recorded on the eight samples obtained using different metal substrates (Ti, C55 stainless steel, Cu, and Ni) and either the standard HA electrodeposition method (specimens HA13, HA14, HA16, and HA18) or the novel method (specimens HA3, HA15, HA17, HA19) are presented in Figure 9. Table S2 (see Supplementary Materials) outlines the average values calculated using data gathered from three different areas corresponding to each of these samples for the Sa, Sq, Sp, Sv, Sy, Sku, and Ssk AFM parameters.



The AFM images obtained on the specimens electrodeposited on different metal substrates and using the two different deposition methods support the observations extracted from the SEM images, in the sense that there were clear differences between the formed structures when the two procedures were employed.



Thus, on the Ti support, smaller structures forming an uneven surface were obtained using the standard deposition method (Figure 9a,b), while the novel method led to larger, more evenly distributed aggregates (Figure 9c,d).



On the C55 support, hemispherical structures could be observed when the standard deposition method was used (Figure 9e,f), but a quite different morphology represented by submicrometric aggregates and a more evenly deposited layer were outlined when the novel method was employed.



Large aggregates were identified on the HA16 sample (Figure 9i,j) obtained on the Cu support using the standard method, while many smaller, stellar aggregates were formed on the surface of the HA17 sample (Figure 9k,l). The layer resulted in the Cu support when using the novel method was uniform and continuous, in contrast to the one observed on HA16.



Morphological differences were also observed for the HA18 (Figure 9m,n) and HA19 (Figure 9o,p) samples. Thus, when the standard electrodeposition method was applied, large aggregates comprised of smaller structures covered the specimen’s surface, but when the novel method was used, a more uniform layer was evidenced, consisting of spherical structures in contact with each other.



The general conclusion that can be drawn based on the AFM micrographs is that the deposited layers obtained with the novel method were more uniform and continuous than those that resulted when the standard procedure was employed. This conclusion is the same as the one reached after the SEM investigation.



Before presenting the average values of the AFM parameters calculated based on data acquired from different areas of each sample, it should be noted that the observations derived from the comparison between the micrographs recorded on the HA samples electrodeposited on the Ti substrate using the standard method and those obtained with the novel method can be supplemented with data from the AFM images presented in the literature studies, which were recorded on HA coatings electrodeposited on the same type of substrate. Furthermore, while no AFM analyses of HA electrodeposited on copper and nickel substrates have been found in the scientific literature, such characterizations have been reported in the case of HA covered stainless steel supports, albeit of a different type than C55.



By comparing sample HA13 with HA3, it can be seen that the calculated mean values were close to each other in the case of the Sa, Sq, and Sv parameters, while in the case of the Sp parameter, the obtained value was higher for HA13. The Sku and Ssk mean values indicate that the surface of both samples was spiky and their profiles were skewed downward relative to the mean plane.



The relative similarity between the mean values calculated for HA13 and HA3 was not observed when comparing the HA14 and HA15 samples. The absolute values obtained for the Sa, Sq, Sp, Sv, and Sy parameters were higher in the case of HA14. The Sku values indicate that the surfaces of both samples were spiky, but while the Ssk value for HA14 implies a predominance of valleys, the one calculated for HA15 points to a predominance of peaks.



The same situation was observed when comparing HA16 with HA17 in terms of the mean values calculated for the roughness parameters specified in Table S2. Finally, in the case of HA18 and HA19, while the same situation was once again observed, it should be noted that the mean values for the Sa, Sq, Sp, Sv, and Sy parameters were closer between the two samples than they were between HA14 and HA15, and between HA16 and HA17, respectively.



If the focus was only on the samples obtained when both precursors were present in the electrolyte solution at the beginning of the HA deposition process, then the samples with the highest surface roughness of the coating were HA14 and HA16 (in fact, these two specimens presented the highest surface roughness out of all the samples presented in Table S2). Of course, while this feature makes orthopedic implants that possess it more advantageous, it must be pointed out that such a benefit would be significantly outweighed by the low corrosion resistance of copper and the C55 stainless steel.



A comparison between the samples obtained from electrolyte solutions in which the Ca precursor was added dropwise on top of the P precursor during the electrodeposition process shows that the specimen with the overall highest surface roughness of the coating was HA19. Unfortunately, Ni is not among the metals that have found application in the fields of orthopedics and dentistry due to their unsuitable properties [64], but new applications for these hybrid structures may be discovered.





4. Conclusions


The results of our study show that all the layers deposited using the new approach were more uniform and continuous compared to classically deposited layers. All the samples deposited at 90 °C presented a better crystallinity compared to the samples deposited at 80 °C, while all the samples deposited by adding Ca to the electrolyte presented a preferential growth along the c-direction and acicular morphology (enhanced by temperature growth). The addition of Ca created more compact and more uniform coatings, while the addition of P created more porous layers. Best results were obtained by adding Ca at 90 °C on the Ti substrate, when the intensity of the XRD peaks decreased for the substrate, indicating the growth in thickness of the deposited layers and the potential for anti-corrosion applications. The XRD pattern characteristics did not change for the P-added samples when the deposition temperature increased from 80 to 90 °C. In terms of the parameter mean values calculated from the AFM data for the first study, the conclusion is that the HA coated Ti sample obtained by adding the Ca precursor over the P precursor at 80 °C for 2 h had the highest surface roughness.



As for the second study, only a very small quantity of crystalline HA was deposited on the C55, Cu, and Ni substrates when the classic electrodeposition method was employed while using the new approach clearly led to a larger amount of crystalline HA electrodeposited on the same types of metals. The samples obtained using the standard HA electrodeposition procedure (for 4 h at 80 °C) displayed the highest surface roughness of the coating, especially when the metal substrate was copper and C55 stainless steel, while more uniform and continuous surfaces of the samples were obtained when the novel method and different metal substrates were employed.
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Scheme 1. The experimental setup of the novel method. 
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Figure 1. XRD patterns obtained for the HA1-HA6 samples, electrodeposited at 80 °C. The ∆ symbol indicates the diffraction peaks corresponding to the Ti support. The O symbol indicates the diffraction peak possibly corresponding to octacalcium phosphate (OCP). The peaks that belong to HA are marked with *. 






Figure 1. XRD patterns obtained for the HA1-HA6 samples, electrodeposited at 80 °C. The ∆ symbol indicates the diffraction peaks corresponding to the Ti support. The O symbol indicates the diffraction peak possibly corresponding to octacalcium phosphate (OCP). The peaks that belong to HA are marked with *.
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Figure 2. SEM images of samples deposited during 2 h at 80 °C, with (a) Ca added to the electrolyte; (b) P added to the electrolyte. 
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Figure 3. XRD patterns obtained for the HA7-HA12 samples, electrodeposited at 90 °C. The ∆ symbol indicates the diffraction peaks corresponding to the Ti support. The O symbol indicates the diffraction peak possibly corresponding to octacalcium phosphate (OCP). The peaks that belong to HA are marked with *. 
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Figure 4. SEM images recorded on samples HA9 (a) and HA12 (b) obtained at 90 °C. 
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Figure 5. 5 µm × 5 µm 2D AFM micrographs obtained for the HA1 (a), HA2 (c), HA3 (e), HA4 (g), HA5 (i), and HA6 (k) samples and their respective 3D representations (b,d,f,h,j,l). 
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Figure 6. 5 µm × 5 µm 2D AFM micrographs obtained for the HA7 (a), HA8 (c), HA9 (e), HA10 (g), HA11 (i), and HA12 (k) samples and their respective 3D representations (b,d,f,h,j,l). 
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Figure 7. XRD patterns of the samples HA13, HA3, and HA14–HA19. Peaks marked with * belong to HA and the peak marked with O belong to OCP. ICDD file for HA: 01-084-1998 and ICDD file for OCP: 00-026-1056. 
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Figure 8. SEM images recorded on specimens HA13 (a), HA3 (b), HA14 (c), HA15 (d), HA16 (e), HA17 (f), HA18 (g), and HA19 (h). 
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Figure 9. 2D AFM micrographs recorded for the HA13 (a), HA3 (c), HA14 (e), HA15 (g), HA16 (i), HA17 (k), HA18 (m), and HA19 (o) samples and their respective 3D representations (b,d,f,h,j,l,n,p). 






Figure 9. 2D AFM micrographs recorded for the HA13 (a), HA3 (c), HA14 (e), HA15 (g), HA16 (i), HA17 (k), HA18 (m), and HA19 (o) samples and their respective 3D representations (b,d,f,h,j,l,n,p).
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Table 1. Electrodeposition strategies used to obtain the HA specimens.






Table 1. Electrodeposition strategies used to obtain the HA specimens.





	Deposition Strategy
	Substrate
	Temperature

(°C)
	Time (h)
	Precursor Addition
	Applied Potential

(V)
	Specimen Code





	1
	Ti
	80
	1
	Ca *
	−1.5
	HA1



	2
	Ti
	80
	2
	Ca *
	−1.5
	HA2



	3
	Ti
	80
	4
	Ca *
	−1.5
	HA3



	4
	Ti
	80
	1
	P *
	−1.5
	HA4



	5
	Ti
	80
	2
	P *
	−1.5
	HA5



	6
	Ti
	80
	4
	P *
	−1.5
	HA6



	7
	Ti
	90
	1
	Ca *
	−1.5
	HA7



	8
	Ti
	90
	2
	Ca *
	−1.5
	HA8



	9
	Ti
	90
	4
	Ca *
	−1.5
	HA9



	10
	Ti
	90
	1
	P *
	−1.5
	HA10



	11
	Ti
	90
	2
	P *
	−1.5
	HA11



	12
	Ti
	90
	4
	P *
	−1.5
	HA12



	13
	Ti
	80
	4
	Ca + P **
	−1.5
	HA13



	14
	C55
	80
	4
	Ca + P **
	−1.5
	HA14



	15
	C55
	80
	4
	Ca *
	−1.5
	HA15



	16
	Cu
	80
	4
	Ca + P **
	−1.5
	HA16



	17
	Cu
	80
	4
	Ca *
	−1.5
	HA17



	18
	Ni
	80
	4
	Ca + P **
	−1.5
	HA18



	19
	Ni
	80
	4
	Ca *
	−1.5
	HA19







* Refers to the second added precursor, which was drop-added to the electrolyte solution. ** Both precursors were present into the electrolyte solution at the start of the experiment.
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Table 2. Crystallite size calculated from the XRD patterns *.
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	Sample Code
	HA1
	HA2
	HA3
	HA4
	HA5
	HA6
	HA7
	HA8
	HA9
	HA10
	HA11
	HA12





	Crystallite Size, XS (nm)
	7.13 ± 0.27
	6.95 ± 0.33
	7.81 ± 0.16
	6.36 ± 0.2
	6.98 ± 0.22
	6.81 ± 0.27
	9.07 ± 0.17
	9.51 ± 0.25
	12.24 ± 0.39
	7.44 ± 0.21
	8.96 ± 0.28
	6.83 ± 0.38







* Measurement accuracy: 0.02 degrees 2 theta.
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Table 3. HA layer thickness.






Table 3. HA layer thickness.





	Sample Code
	HA1
	HA2
	HA3
	HA4
	HA5
	HA6
	HA7
	HA8
	HA9
	HA10
	HA11
	HA12





	Thickness (µm)
	126.332 ± 2.46
	79.856 ± 0.64
	13.136 ± 0.42
	24.646 ± 0.11
	66.956 ± 0.79
	167.074 ± 3.15
	13.809 ± 0.26
	13.157 ± 0.06
	64.527 ± 1.25
	48.219 ± 1.12
	74.757 ± 0.17
	55.917 ± 0.58
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Table 4. Crystallite size calculated from the XRD patterns for the 002 line of HA.
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	Sample Code
	HA13
	Ha3
	HA14
	HA15
	HA16
	HA17
	HA18
	HA19





	Crystallite Size, XS (nm)
	7.54
	7.81
	-
	8.45
	-
	8.00
	-
	9.54
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Table 5. HA layer thickness.






Table 5. HA layer thickness.





	Sample Code
	HA13
	HA3
	HA14
	HA15
	HA16
	HA17
	HA18
	HA19





	Thickness (µm)
	5.847 ± 0.07
	13.136 ± 0.42
	185.88 ± 4.89
	35.104 ± 0.11
	101.907 ± 7.7
	117.136 ± 1.4
	93.918 ± 3.32
	45.783 ± 0.75
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