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Abstract:



Magnesium and its alloys are attractive potential materials for construction of biodegradable temporary implant devices. However, their rapid degradation in human body fluid before the desired service life is reached necessitate the application of suitable coatings. To this end, WZ21 magnesium alloy surface was modified by hexagonal boron nitride (hBN)-impregnated silane coating. The coating was chemically characterised by Raman spectroscopy. Potentiodynamic polarisation and electrochemical impedance spectroscopy (EIS) of the coated alloy in Hanks’ solution showed a five-fold improvement in the corrosion resistance of the alloy due to the composite coating. Post-corrosion analyses corroborated the electrochemical data and provided a mechanistic insight of the improvement provided by the composite coating.
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1. Introduction


Potential use of magnesium (Mg) alloys as temporary implants (such as plates, screws, pins, wires, etc.) has been attracting increasing interest [1,2,3,4,5], primarily because use of such alloys could completely avoid the need for a second surgery. A second surgery is commonly required for removal of the temporary implants constructed out of traditional alloys, such as titanium alloys/stainless steels, after the implant has accomplished its function and the tissues have healed. The fundamental properties of Mg are quite suitable for their application as temporary implants. In fact, Mg is also essential to the human metabolism [6]; furthermore, the Mg2+ generated upon bio-degradation due to human body fluid has been reported to aid tissue growth and healing [7]. While the bio-degradation products of Mg are not at all toxic to the human physiology, any excess Mg2+ is harmlessly excreted through the renal system [7]. Mg and its alloys also possess the best mechanical compatibility with human bones; their density (ρ = 1.74–2.0 g·cm−3) and elastic modulus (E = 41–45 GPa) are both similar to those of human bones (ρ = 1.8–2.1 g·cm−3; E = 3–20 GPa, respectively) [7,8], which considerably decreases the risk of stress shielding [8]. WZ21 is one of the Al-free alloys that were designed for temporary implant applications [9]. Besides their suitable mechanical properties, these alloys also show good cytocompatibility, and their hydrogen generation rate is at acceptable levels for this purpose [10,11]. However, despite these attractive properties, there has been extremely limited success in the use of Mg alloys for human implants, primarily due to their unacceptably high corrosion rate in human body fluid [7,12]. It is intriguing that magnesium alloys are attractive as temporary implants primarily because they can harmlessly corrode away after they have served their purpose, thereby avoiding the need of a second surgery. However, they corrode rapidly in body fluid, which will seriously compromise the mechanical integrity of the implant, and thereby compromise the tissue-healing process. Therefore, it is essential to find a suitable coating that can provide effective protection against corrosion in presence of body fluid, at least for the first few days, when the chances of secondary inflammations are high. In selecting such coatings, two criteria are critical: (a) the coating must be biocompatible with the human body, and (b) the duration for which protection against corrosion is required will vary depending on the nature of the use of the implant. To elaborate the second point, different implants (e.g., a pin and a plate) may be required to last for different durations. Also, the same implant may be required to last for different durations, depending on the age of the patient (e.g., an implant will be required for a much shorter duration for a child than for an elderly patient).



Silane coatings have emerged as an attractive coating system, and can significantly improve the corrosion resistance of various metals and alloys, including magnesium alloys [13,14,15,16,17,18,19,20]. Additionally, silane coatings are generally biocompatible [21]. The biocompatibility test of amine silane-treated bio-glass fibres showed no negative effect on the biological response [22]. Significant increases in cell adhesion and proliferation were detected on stainless steel surfaces coated with collagen and immobilised with an amino silane [23]. As a bioactive and biocompatible binder, glycidoxypropyltrimethoxysilane was used as a precursor for synthesis of a porous gelatine-siloxane hybrids for bone tissues [24,25].



Incorporation of suitable biocompatible additives can improve the mechanical integrity, biocompatibility and corrosion resistance of silane coatings. Different biocompatible additives (i.e., Ca(NO3)2 as a source for Ca2+, hydroxyapatite, and zinc-incorporated hydroxyapatite) were used as fillers in composites, to fabricate a hybrid scaffold to enhance the biocompatibility and/or to improve the corrosion resistance of implants in simulated body fluid [24,26,27,28,29,30]. In the present research, boron nitride (BN) was impregnated into a silane coating.



Hexagonal boron nitride (BN) is a layered material consisting of two-dimensional, atomically thin hexagonal layers. Properties of BN include non-toxicity, chemical inertness, high thermal conductivity, low thermal expansion, high electrical resistance, low dielectric constant and good thermal shock resistance. Also, density (ρ = 1.9 g/cm3) and elastic moduli (E = 46.9 GPa in parallel direction and 73.8 GPa in perpendicular direction) of BN are close to the corresponding properties of human bone. BN has been used as a filler in polymeric composite to improve thermal, mechanical and other properties [31,32,33,34,35,36,37]. However, there is little reported on the incorporation of BN with silanes for formation of a composite biocompatible coating to improve corrosion resistance of Mg alloys in physiological environments. In the present study, a composite coating of hexagonal boron nitride (hBN)-impregnated silane was developed on WZ21 alloy with the aim of improving the corrosion resistance of this alloy in Hanks’ solution. The electrochemical degradation of the composite coating of BN-impregnated silane on WZ21 was investigated by electrochemical impedance spectroscopy (EIS) and potentiodynamic polarisation tests. Additionally, post-corrosion morphological and chemical characterisation were undertaken to validate the electrochemical data.




2. Materials and Methods


2.1. Composite Coating Preparation


Silane coating solution was prepared by mixing glycidoxypropyltrimethoxysilane (GPTMS, XIAMETER, Dow Corning, Auburn, MI, USA), propanol and deionised (DI) water in a ratio of 5:5:90 (V/V). The pH of the solution was adjusted to be ~4.5 by adding acetic acid. The silane mixture was stirred for 1 h, and then held still for 3 h. For impregnation of hexagonal boron nitride (hBN) into silane coating, 100 mg of hBN (procured from Sigma Aldrich, Munich, Germany; 1 µm) was dispersed in 90 mL of DI water (at pH∼4.5). Subsequently, this mixture was sonicated at room temperature for 5 h. The extended sonication at room temperature may cause exfoliation of hBN in water [38]. The exfoliated hBN was held still and subsequently, 5 ml of each of propanol and GPTMS silane was added. This mixture was stirred for 1 h at room temperature and then held still for 3 h for completion of the hydrolysis of GPTMS.




2.2. Sample Preparation and Coating Procedure


The magnesium alloy WZ21 was used in extruded form, with an average grain size of 7 µm. The nominal chemical composition (in wt %) is Zn 1%, Ca 0.25%, Mn 0.15% and Y 2% [39]. Coupons of magnesium alloy WZ21 were ground with SiC papers down to 2500 grit size, ultrasonically cleaned with acetone and ethanol (10 min for each step), rinsed with DI water, and dried using compressed air.



The coating was carried out by dipping the WZ21 coupons for 1 h either in the GPTMS solution or the hBN-impregnated silane solution (preparation of which is described in the preceding section). The coupons were then taken out of the solution, kept in air for 15 min, and dried in an oven for 1 h at 130 °C.




2.3. Electrochemical Measurements


Potentiodynamic polarisation (PDP) and electrochemical impedance spectroscopy (EIS) were carried out using a Bio-Logic VMP3 multi-channel potentiostat and a three-electrode electrochemical cell. Coupons of the bare alloy (WZ21), silane-coated alloy (S_WZ21) and hBN-impregnated silane-coated alloy (BNS_WZ21) were used as the working electrodes in separate experiments, whereas a saturated calomel electrode (SCE) was used as the reference electrode, and a platinum mesh as the counter electrode. The area of the working electrode exposed to the electrolyte was 0.785 cm2. Hanks’ solution, which simulates human body fluid, was used as electrolyte. The Hanks’ solution contained: D-Glucose (5.551 mmol/L), KCl (5.365 mmol/L), MgSO4·7H2O (0.811 mmol/L), KH2PO4 (0.441 mmol/L), Na2HPO4.2H2O (0.337 mmol/L) and NaCl (136.893 mmol/L), CaCl2 (2.163 mmol/L) and NaHCO3 (4.169 mmol/L).



Open circuit potential (OCP) was monitored for 1.5 h, i.e., until the potential attained stability, and electrochemical measurements were subsequently performed. A fluctuation of OCP within 10 mV for a period of 1000 s was considered to be a stable potential. Electrochemical impedance spectroscopy (EIS) was performed after different times of immersion in Hanks’ solution, by applying a sinusoidal potential perturbation (amplitude of 10 mV) at OCP. The impedance was measured at frequencies between 1 and 10 mHz, recording 10 points per decade of frequency using a Bio-Logic VMP3 multi-channel potentiostat (BioLogic Science Instruments, Seyssinet-Pariset, France). Impedance analysis was carried out using EC-Lab electrochemistry package for Windows, generally for frequencies between 10 kHz and 50 mHz to prevent misinterpretation of any artefacts that may be present in the high-frequency region, or the scatter in the low-frequency region. Potentiodynamic polarisation was carried out at a scan rate of 0.5 mV/s, starting at a potential of 250 mV more negative to the OCP. All the measurements were repeated at least thrice to examine reproducibility.




2.4. Surface Morphology and Coating Characterisation


2.4.1. Raman Spectroscopy


Raman spectrum of the BNS_WZ21 was obtained using Renishaw Invia Raman spectrometer equipped with 514 nm wavelength green laser (10% of laser power) and 1 μm spot size under a 50× objective.




2.4.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)


The morphology and elemental analysis of the WZ21 and BNS_WZ21 specimens before and after exposure to Hanks’ solution were examined using JEOL JSM-7001F FEGSEM (JEOL Ltd., Tokyo, Japan) equipped with an EDS analyser at an accelerating voltage of 15 kV.






3. Results and Discussion


3.1. Chemical and Morphological Characterisation


The Raman spectroscopy of BNS_WZ21 in Figure 1 has the G-band peak at ∼1368 cm−1 that confirms the presence of hBN in the coating [40]. The 1256 cm−1 band is due to the symmetric ring stretch of the epoxy group in GPTMS silane [41]. The peaks at ∼3000 cm−1 and 3070 cm−1 are due to CH2 and CH stretching modes connected to epoxy groups [41]. The two peaks at 2924 and 2928 cm−1 are assigned to the hydroxyl stretching [42].


Figure 1. Raman spectroscopy of the hBN impregnated silane-coated WZ21 (BNS_WZ21) specimen.
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Figure 2a,b presents the SEM micrographs of the WZ21 and BNS_WZ21 specimens. Only scratch marks from the grinding process were visible on the WZ21 specimens, whereas a uniformly coated surface with cluster-like formation was observed in the case of BNS_WZ21. The average diameter of these clusters (marked with dotted line) was ~100 μm. The EDS analysis of BNS_WZ21 (Figure 2d) confirms the presence of Si, O, B and N, whereas only Mg and Yttrium (Y) peaks were prominent in case of the WZ21 specimen (Figure 2c).


Figure 2. (a,b) Scanning Electron Microscopy (SEM) images of WZ21 and BNS_WZ21 (cluster-like formation of hBN is marked with red circles), (c,d) Energy Dispersive X-ray (EDS) of bare and BNS_WZ21, (e,f) cross-sectional thickness of silane- and hexagonal boron nitride-impregnated silane composite coatings.
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Figure 2e,f reveal the cross-sectional thickness of the developed coatings (i.e., silane and the hexagonal boron nitride impregnated silane composite) on WZ21. While the average thickness of the silane coating was ~1.61 µm, the hexagonal boron nitride-impregnated silane composite coating was relatively thicker (~1.9 µm).




3.2. Electrochemical Characterisation


Figure 3 shows the potentiodynamic polarisation curves of WZ21, S_WZ21 and BNS_WZ21 in Hanks’ solution after pre-exposure to the same Hanks’ solution for 1.5 h. Although the corrosion potential (Ecorr) for the coated specimens (i.e., S_WZ21 and BNS_WZ21) shifted slightly to the negative direction, indicating a little increase in their susceptibility to corrosion, the corrosion current densities (icorr) of both of these specimens were lower than the icorr for the WZ21. The icorr of WZ21 was 4 times higher than that of BNS_WZ21, and twice that of the S_WZ21. These results suggest that the hBN-impregnated silane coating significantly improved the corrosion resistance of WZ21 alloy in Hanks’ solution by retarding the cathodic reaction. Such behaviour could be attributed to the formation of a protective layer on the cathodic active sites on WZ21 surface. The Ecorr and the icorr data as generated from the potentiodynamic polarisation tests are presented in Table 1.


Figure 3. Potentidynamic polarisation plots of WZ21, S_WZ21 and BNS_WZ21 pre-immersed for 1.5 h in Hank’s solution.
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Table 1. Corrosion potential (Ecorr) and corrosion current density (icorr) data for WZ21, S_WZ21 and BNS_WZ21 coupons exposed to Hanks’ solution for 1.5 h.







	
Sample

	
Ecorr (VSCE)

	
icorr (µA/cm2)






	
WZ21

	
−1.525 (±0.0083)

	
1.217 (±0.269)




	
S_WZ21

	
−1.546 (±0.009)

	
0.538 (±0.059)




	
BNS_WZ21

	
−1.594 (±0.007)

	
0.292 (±0.006)










The EIS data for the WZ21, S_WZ21 and BNS_WZ21 in Hanks’ solution with pre-exposure to the same Hanks’ solution for 1.5 h are shown in Nyquist and Bode phase plots in Figure 4a,b. Consistent with polarisation results (Figure 3), the silane coating (S_WZ21) improved the corrosion resistance of the alloy by 2.5 times, as suggested by the increase in impedance at a lowest frequency of 11 kΩ·cm2 for the bare alloy to 27 kΩ·cm2 for the silane-coated alloy. However, the impregnation of the silane coating with hBN (BNS_WZ21) further improved the corrosion resistance (by > 5 times), as suggested by the impedance (57 kΩ·cm2).


Figure 4. (a) Nyquist and (b) phase plots for WZ21, S_WZ21 and BNS_WZ21 pre-immersed for 1.5 h in Hank solution.
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For S_WZ21 and BNS_WZ21, two distinct time constants can be observed in Figure 4b. The high-frequency regime time constant is generally attributed to the electrochemical response at the coatings/electrolyte interface [19,20,43,44,45,46,47,48,49], whereas the time constant in the low-frequency regime is commonly attributed to the electrochemical response at the metal/electrolyte interface [19,20,45,46,47,48,49,50,51]. The high-frequency regime time constant is much prominent in the case of BNS_WZ21. The WZ21 showed a single time constant, i.e., at low frequencies.



A classic Randles circuit (Figure 5a) could explain the electrode kinetics of the WZ21 exposed to the Hanks’ solution, where Rs represents the electrolyte resistance. Rct represents the charge transfer resistance and Qdl is the constant phase element of the alloy/electrolyte interface. However, an electrical equivalent circuit (EEC) with an additional time constant (RCQC) was required to explain the kinetics of S_WZ21 and BNS_WZ21 (Figure 5b) during immersion in Hank’s solution. The simulated impedance data were in good agreement with the experimental data, as shown in Figure 5c. In the EECs, in Figure 5a,b, a constant phase element (Q) is used instead of a capacitor (C) in order to account for the surface reactivity, heterogeneity, roughness, electrode porosity and current and potential distributions associated with the electrode geometry [43]. Table 2 presents the values of EIS parameters of the WZ21, S_WZ21 and BNS_WZ21 after 1.5 h of immersion in Hanks’ solution. Rc was considerably higher for BNS_WZ21 than that for S_WZ21, whereas the Qc was higher for S_WZ21 alone, which indicates the higher pore resistance and lower number of conductive pathways through the BNS_WZ21. Additionally, the BNS_WZ21 shows considerably higher Rct (~59 kΩ·cm2) than the WZ21 (~11 kΩ cm2) and S_WZ21 (~30 kΩ·cm2), which further supports that the addition of hBN decreases the corrosion rate of WZ21 alloy. Further, the lowest value of Qdl for BNS_WZ21 indicates a lesser area at the coating/metal interface getting in contact with the electrolyte than other samples.


Figure 5. (a) Electrical equivalent circuit (EEC) that fits data for WZ21, and (b) EEC that fits data for S_WZ21 and BNS_WZ21, pre-immersed for 1.5 h in Hanks’ solution. (c) The agreement between the experimental and fitted data of EIS measurements (lines represent the experimental data and symbols represent the fitted data).
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Table 2. Electrochemical impedance spectroscopy (EIS) results for the corrosion of WZ21, S_WZ21 and BNS_WZ21 coupons exposed to Hanks’ solution for 1.5 h.







	
Sample

	
Qc (S·sn·cm−2)

	
nc

	
Rc (Ω·cm2)

	
Qdl (S sn cm−2)

	
ndl

	
Rct (Ω·cm2)






	
WZ21

	
-

	
-

	
-

	
2.639 × 10−5

	
0.7

	
11,048




	
S_WZ21

	
2.164 × 10−6

	
0.6

	
213

	
1.106 × 10−5

	
0.9

	
29,736




	
BNS_WZ21

	
5.169 × 10−8

	
0.9

	
403

	
8.735 × 10−6

	
0.9

	
59,364










In order to investigate the durability of the barrier properties of the hBN-impregnated silane coating, EIS was performed on the BNS_WZ21 alloy after different durations of immersion in Hanks’ solution. Figure 6a compares the Bode plots of the WZ21 at 1.5 h of immersion with the BNS_WZ21 after different durations of immersion (i.e., 5–96 h) in Hanks’ solution. After 5 h of immersion, the corrosion resistance of the BNS_WZ21 specimen (~57 kΩ·cm2) was nearly 5 times higher than that of the WZ21 specimen (~11 kΩ·cm2). However, the corrosion resistance of the BNS_WZ21 gradually decreased with increasing immersion time. Nevertheless, the corrosion resistance of the BNS_WZ21 even after 96 h (~16 kΩ·cm2) was 1.5 times higher than that of the WZ21 specimen (~11 kΩ·cm2) immersed just for 1.5 h. Figure 6b shows the phase angle plots of the BNS_WZ21 after different durations of immersion in Hanks’ solution. Small changes in the magnitude, as well as the nature, of both the low- and high-frequency time constants with increasing immersion time suggest a slow degradation rate for the coating.


Figure 6. (a) Bode and (b) phase plots of the WZ21 pre-immersed for 1.5 h in Hank’s solution and the BNS_WZ21 pre-immersed up to 96 h.
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The impedance data of the BNS_WZ21 immersed in Hanks’ solution for different durations (5–96 h) were fitted with the simulation data generated using the equivalent electrical circuit (ECC) in Figure 5b. Evolution of the electrochemical parameters at the coating/electrolyte and the metal/electrolyte interfaces during 96 h immersion are shown in Figure 7. The coating resistance (Rc) gradually decreased in the first 50 h and then continuously increased. The decrease in pore resistance during the first 50 h suggests an increase in the conductive pathways in the coating [19,20], which is supported by the increase in the constant phase element (Qc) that results from increased activity at the coating/electrolyte interface (Figure 7b). The initial decrease in pore resistance and the corresponding increase in number of conductive pathways through the coating explain the decrease in charge transfer resistance (Rct) at the metal/electrolyte interface (Figure 7c), as well as the increase in the double layer capacitance (Qdl). This is consistent with the deterioration in silane coating with increasing duration of immersion in the corrosive solution, as reported in the literature [19,20].


Figure 7. Evolution of (a,b) the coating/electrolyte and (c,d) the metal/electrolyte interfaces of the hBN-impregnated silane-coated WZ21 (BNS_WZ21) pre-immersed up to 96 h.
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3.3. Post-Corrosion Morphology of Bare WZ21 and BNS_WZ21


Figure 8 shows the post-corrosion morphologies and surface chemical analysis of the WZ21 and BNS_WZ21 specimens pre-exposed to Hanks’ solution for 96 h. The entire surface of WZ21 was covered with thick corrosion products (Figure 8a), whereas considerably less amounts of corrosion products could be observed on the BNS_WZ21 (Figure 8b). The cracks in both samples resulted from their exposure to the high vacuum in the SEM chamber, which is well known to rapidly dehydrate the surface films, thereby causing cracks.


Figure 8. SEM micrographs and chemical element ratios of EDS of WZ21 and BNS_WZ21 specimens after exposure to Hanks’ solution: (a,b) SEM images of WZ21 and BNS_WZ21; (c) The ratios of chemical elements obtained by EDS analysis after exposure to Hanks’ solution; (d) The cross-sectional thickness of the hexagonal boron nitride-impregnated silane composite coating on WZ21 alloy pre-exposed to Hank’s solution.
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It is well known that when a magnesium alloy is exposed to Hanks’ solution, calcium phosphate deposition occurs at the expense of magnesium oxide formation [52]. The relative quantities of Ca and Si to Mg on the WZ21 and the BNS_WZ21 specimens after exposure to Hanks’ solution were characterised by EDS analysis. As expected, the Ca-to-Mg ratio of the deposited corrosion products for WZ21 was higher than that for BNS_WZ21 (Figure 8c). Additionally, the Si-to-Mg ratio was prominent in the case of BNS_WZ21 (Figure 8c), suggesting that the silane-containing composite coating was present on the alloy even after 96 h exposure to simulated human body fluid (Hanks’ solution). Figure 8d shows the cross-section of the hexagonal boron nitride-impregnated silane composite coating developed on WZ21 alloy after exposure to Hanks’ solution for 96 h. Despite scattered corrosion products with average thickness (~1.16 µm) being visible on the top of the developed composite coating layer, no corrosion products or delaminated coating were noticed at the coating/metal interface. The average thickness of the composite coating after 96h of exposure to Hanks’ solution was found to be ~1.793 µm, which is smaller than the average thickness of the intact composite coating (~1.9 µm) prior to exposure to Hanks’ solution.





4. Conclusions


Hexagonal boron nitride (hBN) was impregnated successfully into silane for the development of a two-dimensional biocompatible composite coating on WZ21 Mg alloy, which significantly improved the corrosion resistance and durability of the alloy in a physiological environment. Potentiodynamic polarisation and electrochemical impedance spectroscopy (EIS) analyses confirmed nearly five-fold improvement in corrosion resistance of the Mg alloy (WZ21) in simulated human body fluid during the first hours of immersion, due to the coating. Post-corrosion morphologies show the formation of a thick corrosion product on the WZ21 surface, but considerably less corrosion products on the BNS_WZ21 surface even after 96 h immersion in Hanks’ solution.
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