



Production of Shape Memory and Biodegradable Fe-Mn-Si-Ti-Mg-Zn-C Alloy Foam for Temporary Implant Applications
Abstract

In this study, nonmagnetic and bioresorbable iron alloy foam was fabricated for bomedical implant applications. Mn and Si were included in order to obtain shape memory effect. Ti was included in order to enhance biocompatibility. Mg and Zn wre included in order to increase biodegradation rate. C was included in order to prevent ferromagnetic properties. Mg alloys biodegrade too fast with H2 evolution. Zn alloys show biodegradation rates in the middle of Mg and Fe alloys, but the Zn alloys are very brittle. Zn also shows low strength and low plastic deformation. Fe alloys show strength and radio-opaqueness, which is important in the coronary stents. Fe alloy specimens with open porous structure were fabricated by space holder method. Carbamide was used as a space holder. Biodegradation rate was investigated by weight loss measurements. Microstructure was investigated by using optical microscope and scanning electron microscope. Young’s modulus values of the porous Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy specimens were deceased from 4.6 GPa to 4.2 GPa with immersion time. Weight change value of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy was 7.9 % for 21 days immersion period in SBF solution, which is a suitable period for temporary implants. Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy does not have a cytotoxic potential on the cells according to neutral red uptake assay. As a result, Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy has showed mechanical properties and biodegradation rate suitable for temporary implant material in biomedical applications. 
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1.  Introduction

“Metal foams or cellular materials are relatively new type of engineering material. Metal foams can be use in several applications such as sound/heat isolation, filters, heat exchange, energy absorption, or biomedical applications. Pore structure, which could be open-cell or closed-cell, determines the application area of the metal foams. Metal foams are porous materials with minimum 60% porosity. There are open-cell metal foams, which has interconnected pores, or closed-cell metal foams, which has isolated pores. Highly porous metal foams could be used as a biodegradable scaffold in the tissue engineering. In general, biodegradable scaffold, which could be metal, ceramic or polymer, provides mechanical support for the living cells and determines the final shape and geometry of the tissues” [1-3]. “Metal foams for tissue engineering applications must have open-cell interconnected pore structure in order to tissue ingrowth. Magnesium (Mg), iron (Fe) and zinc (Zn) are biodegradable metals” [1-3]. “Mg content is about 25-40 gr in the bones. In general, the high electrochemical corrosion rate of the Mg alloys is attributed to its low standard electrode potential. In addition, corrosion products can be metabolized or digested. Mg alloys biodegrade too fast with the H2 evolution. Zn alloys show biodegradation rates in the middle of Mg and Fe, and their biodegradation by-products are biodegradable. Electrochemical corrosion of the Zn does not produce hydrogen due to the high hydrogen over-potential of the Zn. Zn is very brittle. Zn shows low strength and low plastic deformation. Fe alloys are biodegradable and non-toxic. Fe alloys also show radio-opaqueness so that markers to make the coronary stent visible by fluoroscopy is not required” [4-7]. “One method to fasten the biodegradation rate is addition of some biocompatible and active elements l into the Fe” [8-11]. 
“Open-cell metal foams can be manufactured by solid state based powder metallurgy method” [11-15]. “Active metals (e.g. titanium) or metal with high melting temperature (e.g. molybdenum, tantalum) are manufactured by solid state based powder metallurgy method. Liquid state manufacturing methods, such as casting, are capable of production of closed-cell foams. Usually metals with low melting temperature such as aluminium are manufactured by liquid state methods such as casting” [9-18]. Sadighikia et al. [8] have manufactured Zn foams with open-cellular porous microstructure by using space holder technique. Francis et al. [9] studied “Fe alloys for stent applications. Fe alloy based implants shows strength, high corrosion rate and a suitable biocompatibility”. Orinakova et al. [12] produced “porous iron alloy specimens for implant applications”. Capek et al. [13] produced highly porous iron foams. Ammonium bicarbonate was used as a pore former. 
“Metallic shape memory materials are relatively new type of engineering material. Shape memory alloys show very high shape recovery to their pre-deformed first shape by heating or by removal of stress. An alloy must have following abilities for shape memory behaviour; (1) thermoelastic behaviour, (2) deformation twinning, (3) transformation to ordered austenite phase structure. There are one-way shape memory materials (OWSMAs), which remember one shape, and two-way shape memory materials (TWSMAs), which can remember both shapes.  One-way shape memory materials (OWSMAs) can return to first shape by heating (thermal shame memory). Two-way shape memory materials (TWSMAs) can return to both of shapes by external thermal cycling. Two-way shape memory materials (TWSMAs) is an extrinsic property, which could be obtained only by shape memory training. There are TiNi shape memory alloys, FeMnSi shape memory alloys, FeNiCo based shape memory alloys. And CuAl based shape memory alloys. Although shape memory behavior of FeMnSi or FeNiCo alloys is lower than traditional NiTi-based shape memory alloys, FeMnSi alloys are cost effective than TiNi alloys. In general, shape memory effect in the FeMnSi based alloys could be obtained by fcc γ-Fe phase to hcp ε-Fe phase transformation. Phase transformation in the FeMnSi based alloys creates stacking faults” [16, 17, 25]. 
In the present study, iron alloy foams were manufactured by the solid state based space holder (pore former) method. Mn and Si were included in order to obtain shape memory effect. Ti was included in order to enhance biocompatibility. Mg and Zn wre included in order to increase biodegradation rate. C was included in order to prevent ferromagnetic properties. Novelties of the study are (1) shape memory, non-ferromagnetic and biodegradable metal foam production and (2) lower alloying element contents in order to obtain non-ferromagnetic microstructure, shape memory and biodegradation (bioresorbtion). “There are studies on the shape memory FeMnSi alloys and biodegradable FeMnSi alloys. There is no experimental study on the open-cell porous shape memory and biodegradable FeMnSi alloy. In literature, there are experimental studies on the biodegradable iron alloys, which are includes high amount of Mn. There is no any experimental study on the Fe-Mn-Si-Ti-M-Zn-C alloy. This alloy also includes lower amounts of expensive alloying elements, which is also a novelty. In the present study, ferromagnetic properties of the iron were eliminated by lower alloying element addition. Mn addition produces nonferromagnetic austenite phase which eliminates the ferromagnetic properties of the iron” [14]. Wang et al. [18] studied “biodegradation properties of the Fe, Fe35Mn alloy, and (Fe35Mn)5Ag alloy, which were produced by powder metallurgy”. Hermawan et al. [19] studied “Fe-Mn based alloys and concluded that the biodegradation rate of the Fe-Mn alloys lowered with increasing of the Mn content from the 20 % to 35 %”.
2. Experimental
2.1. Alloy Production 
In this study, iron alloy foams were fabricated. At the beginning, the metal powder mixtures were ball-milled (mechanical alloying) with the zirconia balls for about 20 hours. Highly porous specimens were fabricated by powder metallurgy based space holder method. In the powder metallurgy method, carbamide powder in the range of 710-1000 μm was employed as a pore former (space holder). Mean particle size of the carbamide was about 800-900 μm. Mixtures were pressed at 190-200 Ma into the cylindrical specimens. Carbamide was removed in the water and then the samples were sintered for 1 hour under vacuum. Sintering temperature was 1150 ºC. 

Schaeffler diagram can be used in order to predict the phases of the Fe alloys, by using Niequivalent and Crequivalent, which are given in equations (1) and (2). Implant materials must be magnetic resonance imaging (MRI) compatible. Nonferromagnetic austenite phase must be obtained in the Fe. In the present study, nonferromagnetic austenite Fe4Mn4Si2Ti5Mg5Zn0.5C alloy with Niequivalent of 19% and Crequivalent of 11% was produced [20].
Crequivalent= Cr+2Si+1.5Mo+5V+5.5Al+1.75Nb+1.5Ti+0.75W 


(1)
Niequivalent= Ni+Co+0.5Mn+0.3Cu+25N+30C 




(2)
2.2. Shape Memory Training

Shape memory behaviour of the iron alloys was investigated by cylindirical samples under uniaxial compression force. Initially, cylindirical sample was heated to 900 °C for 10 minutes and then fast cooled. Secondly, height of the cylindrical sample (h0) was measured. Next, a uniaxial compression stress was applied until predetermined 2 % strain and height was measured (h1). Lastly, after removal of the stress, the sample was heated to 900 °C (Af) and shape recovery amount was determined by measuring the last height (h2) of the sample. Shape recovery (r) amount was determined by using the following equation (3) [21].
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Thermal cycling included exposing the iron alloy samples to repeating thermal cycles between 900 °C and 80 °C. After heating step at 900 °C, the tube was removed out from the furnace. 
2.3. Electrochemical Corrosion and Statıc Immersion (Biodegradation) Tests
Simulated body fluid was prepared from chemicals according to the previous studies [22]. The amounts of the chemicals (in g/L) were 8.0 NaCl, 0.3 CaCl2, 0.2 KCl, 0.3 MgCl2, 0.2 K2HPO4, 0.35 NaHCO3, 0.07 Na2SO4, 6.0 tris and 1.0 M HCl. The pH of the simulated body fluid (SBF) solution was 6.60. Electrochemical corrosion tests were done using a potentiostat (Interface, Gamry). Tafel and linear polarization resistance tests were employed in order to determine the corrosion rates of the samples. 
Iron alloy samples were dipped into the simulated body fluid (SBF) for biodegradation tests (static immersion tests) at room temperature. The simulated body fluid (SBF) solution was refreshed in two days in order to prevent precipitations and change of pH. Weight loss values (%) of the iron alloy samples were determined by gravimetric method. After different periods, the iron alloy samples were removed from the solution. Weight loss (%) was computed by weighting the dried iron alloy samples.
2.4. Cytotoxicity Evaluation

In the present study, in vitro evaluation of the cytotoxicity of the Fe alloy foams were studied by extraction based 3T3 neutral red (NR) uptake assay.  The test could determine the number of living cells. The test is based on distinguishing the living cells and death cells. PP was negative, while sodium lureth ether sulfate (SLES) was positive. The living cells were Balb/c 3T3.
3. Results and Discussion
3.1 Microstructure Characterization 

Biodegradable and biocompatible highly porous specimens were fabricated for the temporary implant applications. Figure 1 shows the optic microscope picture from the cell-wall. Microstructure consists of austenite main phase (bright, white areas) and ferrite phase (brown areas). There are some micropores (black areas), which are necessary for transportation of the body fluids. Magnetic flux density was 0.97 mT, which confirms that the alloy is nonferromagnetic. Meanwhile, specimen was not being pulled by a permanent magnet. Figure 2 shows the XRD plot of the porous Fe-Mn-Si-Ti-Mg-Zn-C specimen. According to the XRD result, specimen consists of γ-Fe and α-Fe phases. Some oxide was also observed, which was attributed to the oxidation of the sample during sintering.
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Figure 1. Optic microscope picture from the cell-wall of the porous specimen
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Figure 2. XRD plot of the porous Fe-Mn-Si-Ti-Mg-Zn-C specimen

Figure 3 shows the photographs of the (a) sintered porous Fe alloy specimen (left), and (b) cross-section of the sintered highly porous Fe alloy specimen (right). There is no micro-cracks and macro-cracks on the surface of the sintered specimen. As seen from the Figure 3, pores are interconnected, and there is an open-cell foam structure.
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Figure 3. Photographs of the a) porous Fe alloy and b) cross-section of porous Fe alloy

Figure 4 illustrates the electrochemical corrosion rates of the Fe alloys in SBF solution with pH of 6.6 at room temperature. Corrosion rates of the iron alloy specimens were high. Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy also show high electrochemical corrosion rate. Electrochemical corrosion rate of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy was about 0.18 mm/year. Corrosion rate of the Fe-Ti specimen was lower than the pure Fe specimen. Effect of Mn and Si addition was relatively neutral.
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Figure 4. Corrosion rates values of the Fe alloys

Figure 5 illustrates the weight change values of the iron alloys for 21 days. Weight change value of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy was about 8 % for 21 days immersion period in SBF solution, which is a suitable biodegradation period for the healing process of temporary implants. Zn and Mg additions were increased the metal ion release and weight loss value. Effect of Mn and Si addition on the biodegradation rate (weight loss) was relatively neutral. As seen from the Figure 5, the highest weight loss (highest biodegradation rate) was in the Fe-5Mg alloy, while the lowest weight loss was in Fe-2Ti alloy.
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Figure 5. Weight change values of the porous Fe alloys
Figure 6 illustrates the variation of the Young’s modulus of the iron alloys with immersion time in the simulated body fluid. In general, Young’s modulus values of the iron alloys were decreased with increasing immersion time from 7 days to 21 days. Young’s modulus values of the porous Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy specimens were deceased from 4.6 GPa to 4.2 GPa with immersion time. As seen from the Figure 6, the highest Young’s modulus was in the Fe-5Mn alloy, while the lowest Young’s modulus was in Fe-5Mg alloy.
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Figure 6. Variation of the Young’s modulus of the porous Fe alloys with immersion time
Figure 7 shows the variation of the compressive yield strength of the porous Fe alloys with immersion time in SBF. The compressive yield strength values of the porous Fe alloys decreased with immersion time from 7 days to 21 days. Compressive yield strength values of the porous Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy specimens were deceased from 58 MPa to 48 GPa with immersion time. As seen from the Figure 7, the highest compressive strength value was in the Fe-2Ti alloy, while the lowest compressive strength value was in Fe-5Zn alloy.
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Figure 7. Variation of the compressive strength of the porous Fe alloys with immersion time
3.2 Shape Memory Properties  
Free shape recovery values of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy specimens were investigated by measuring the height of the samples. Initially, cylindirical samples were heated to 900 °C and then fast cooled. In the second step, height of the fast cooled sample was measured. Next, compression force was applied and the height was measured. In the final step, after removal of the force, the sample was heated and shape recovery value was measured. Figure 8 shows the effect of thermal cycles on the shape memory behaviour of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy. As seen from the Figure 8 given below, increasing number of thermal cycles increased the amount of shape recovery potential, which was attributed to the shape memory training effect. Shape memory training of the shape memory alloys includes repeating thermal cycles. In the shape memory training, ordered dislocation structure is formed, which provide enhance shape memory capacity and also provide two-way shape memory behaviour.
[image: image9.png]Recovery (%)

16

14 4

12 4

10 4

6 8 10 12
Thermal Cycle (number)

18




Figure 8. Effect of thermal cycles on the shape recovery of the alloy
3.3 Toxicity 

In the present study, in vitro evaluation of the cytotoxicity of the Fe alloy foams were studied by extraction based 3T3 neutral red (NR) uptake assay.  The test could determine the number of living cells. The test is based on distinguishing the living cells and death cells. PP was negative, while sodium lureth ether sulfate (SLES) was positive. The living cells were Balb/c 3T3. In the present study, in vitro evaluation of the cytotoxicity of the iron alloy foams were studied by neutral red uptake assay. Viability value of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy was 73 %. This means that the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy has no any cytotoxic potential to the living body. Suitable cytotoxic values indicated the potential applications of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy in the biomedical implant applications. Meanwhile, viability value of the sintered pure Fe specimen was 79 %. Viability of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy was close to pure Fe sample.
4. Conclusions
In this study, non-ferromagnetic, and bioresorbable Fe alloy foams were fabricated for temporary biomedical implant applications by solid state powder metallurgy based space holder method. Mn and Si were included in order to obtain shape memory effect. Ti was included in order to enhance biocompatibility. Mg and Zn wre included in order to increase biodegradation rate. C was included in order to prevent ferromagnetic properties. Although shape memory behavior of FeMnSi alloys is lower than traditional NiTi-based shape memory alloys, FeMnSi alloys are cost effective than TiNi alloys.
Novelties of the study are (1) non-ferromagnetic and biodegradable foam production and (2) lower alloying element contents in order to obtain non-ferromagnetic structure. There are studies on the FeMnSi alloys. There is no study on the porous biodegradable FeMnSi alloy. In literature, there are studies on the biodegradable Fe alloys, which are includes high amount of Mn. There is no study on the Fe-Mn-Si-Ti-Mg-Zn-C alloy, which includes lower amounts of alloying elements [232, 24].

The main conclusions of the present study are as follows:

(1) Young’s modulus values of the porous specimens were deceased from 4.6 GPa to 4.2 GPa with immersion time..
(2) Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy does not have a cytotoxic potential on the cells according to neutral red uptake (NRU) assay.

(3) Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy has showed suitable biodegradation rate for temporary biomedical implant applications. 

(4) Microstructure of the Fe-4Mn-4Si-2Ti-5Mg-5Zn-0.5C alloy consists of austenite main phase and some ferrite phase.

(5) Weight change value was 7.9 % for 21 days immersion period in SBF solution, which is a suitable period for temporary implants
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