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Abstract:

 Current research has highlighted that magnesium and its alloys as biodegradable material are highly suitable for biomedical applications. The new material fully degrades into nontoxic elements and offers material properties matching those of human bone tissue. As biomedical implants are rather small and complex in shape, the metal injection molding (MIM) technique seems to be well suited for the near net shape mass production of such parts. Furthermore, MIM of Mg-alloys is of high interest in further technical fields. This study focusses on the performance of MIM-processing of magnesium alloy powders. It includes Mg-specific development of powder blending, feedstock preparation, injection molding, solvent and thermal debinding and final sintering. Even though Mg is a highly oxygen-affine material forming a stable oxide layer on each particle surface, the material can be sintered to nearly dense parts, providing mechanical properties matching those of as cast material. An ultimate tensile strength of 142 MPa, yield strength of 67 MPa, elastic modulus of 40 GPa and 8% elongation at fracture could be achieved using novel organic polymer binders for the feedstock preparation. Thus, first implant demonstrator parts could be successfully produced by the MIM technique.
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1. Introduction


Powder metallurgy (PM) of magnesium and its alloys offers three major advantages in comparison to conventional primary shaping techniques from the liquid state and metal forming techniques from the solid state:

	
PM processing of Mg facilitates homogeneous distribution of elements.



	
PM allows us to obtain a fine-grained microstructure. The low grain size of the magnesium alloy metal powder can be kept or even reduced to the sub-micrometer scale using PM metal forming techniques, e.g., extrusion or equal channel angular pressing (ECAP) [1,2,3]. However, these techniques are suitable for the production of bar stock and semi-finished products only.



	
Difficulties occurring during metal forming, which are due to the hexagonal lattice structure of magnesium, can be avoided by using PM-techniques. In particular, near net shape techniques like powder pressing and sintering of Mg [4], powder forging or metal injection molding (MIM) of Mg [5,6] can be applied.








MIM of Mg, in particular, seems to be very attractive since Mg alloys were identified as being a highly suitable biodegradable orthopedic implant material for biomedical applications [7,8,9,10,11,12,13,14,15,16,17]. MIM of Mg alloys can be used for the industrial economic near net shape mass production of such complex-shaped implants at high reproducibility in large numbers.



However, sintering of Mg and, beyond that, MIM of Mg is still not a standardized process. In the literature, sintering of Mg had been reported to be unfeasible for many years because the stable oxide layer of Mg acts as diffusion barrier for the essential diffusion process during sintering [18]. Thereafter, a lot of work was carried out in order to understand the sintering performance of Mg and to develop the processing of sintering Mg [19,20,21]. The main challenges of sintering the highly oxygen-affine metal are the prevention of any additional oxygen pick up on the one hand and the prevention of any reactions between Mg and polymer binder or thermal debinding products on the other hand. In [19,20,21] small amounts of Ca could be highlighted as a considerable sintering aid by forming a liquid phase and weakening the oxide layer of the Mg particles, and an addition of 0.9 wt. % Ca proved to be optimal in terms of mechanical properties. Therefore, in this work an Mg-0.9Ca alloy is used. Moreover, the polymer binder must provide good rheological behavior to fulfil the requirements for a failure free green part production during the injection molding step. Hence, the choice of suitable polymer binder components is limited and will be discussed in this study. Therefore, the impact of several organic polymer binders such as polybuthene (PB), polypropylene (PP), polypropylene copolymer polybutene (PPcoPB) and polypropylene copolymer polyethylene (PPcoPE) on the mold filling quality during injection molding and on the sintering ability of Mg is within the scope of this study.



MIM of Mg-0.9Ca alloy was performed very successfully with different materials and testing specimens. More complex demonstrator parts as shown in Figure 1a and biodegradable bone screw demonstrators as shown in Figure 1b could be manufactured, too.


Figure 1. (a) Bookmark demonstrator parts made by metal injection molding (MIM) of Mg-0.9Ca feedstock at Helmholtz-Zentrum Geesthacht. The parts on the left are in the as sintered condition; the parts on the right are the corresponding green parts. The shrinkage of the sintered parts is very clearly visible in comparison to the size of the green parts. (b) Suture anchor screws produced by injection molding technique using the same mold: (1) Lower screw shows a sintered part produced by MIM of Mg-0.9Ca feedstock from Mg-0.9Ca powder blend at the Helmholtz-Zentrum Geesthacht (HZG); (2) Upper screw made from PLDLA (poly L-lactide/DL-lactide copolymer), using the same mold as the MIM Mg-0.9Ca screw. Courtesy: Conmed Linvatec.
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Another aspect of MIM of Mg alloys is illustrated in Figure 1b. Recently, in clinical usage, biodegradable implants have been made of poly L-lactide/DL-lactide copolymers (PLDLA) which suffer from low mechanical strength and stiffness as well as from acidulous degradation behavior (see Figure 1b, upper screw) and, thus, an increased inflammatory risk after implantation. These PLDLA copolymer screws are made by injection molding technique as well. Hence, the polymer based screws can be substituted by MIM-Mg-based screws using the same injection molding technique and the same mold, as shown in Figure 1b.



In this paper, an overview on the challenges and recent success of MIM of Mg is given, focusing on the role of binder on the sintering behavior.




2. Materials and Methods


2.1. Powder and Feedstock (or Feedstockpreparation)


Pure spherical and commercially available gas atomized Mg-powder was used as base material (SFM, Martigny, Switzerland). A spherical gas atomized Mg-10Ca powder (ZfW, Clausthal, Germany) was used as master alloy powder (MAP) to prepare Mg-0.9Ca powder blends by mixing the two components. Paraffin wax components, stearic acid and several organic polymer binder components as shown in Table 1 were used to prepare the feedstock for the injection molding process. Polymer content was varied between 5 and 35 m. % of the binder system. The powder loading was 64 vol. % for all feedstock batches. The two powder components and the organic binder components were placed in a mixing cup, preheated up to 160 °C and mixed in a planetary mixer by stirring the components for five minutes applying maximum rotation speed of 2000 rpm (Thinky ARE 250 planetary mixer, Tokyo, Japan). The homogeneity of the batch was checked by stirring the feedstock with a spittle. The described process can be iterated until homogeneity of the feedstock is adequate. To avoid any oxygen uptake of the magnesium powder components, the materials were handled in protective argon atmosphere in a glovebox system (Unilab, MBraun, Garching, Germany).



Table 1. Used binder components for MIM of Mg.







	
Binder

	
Abbreviation

	
Manufacturer






	
paraffin wax

	
PW 65

	
Fisher Scientific




	
paraffin wax

	
PW 55

	
Merck




	
stearic acid

	
StA

	
Merck




	
polypropylene

	
PP

	
-




	
polybuthene

	
PB

	
-




	
polypropylene copolymer polybutene

	
PPcoPB

	
Sigma-Aldrich




	
polypropylene copolymer polyethylene

	
PPcoPE

	
*




	
polyethylene copolymer venylacetate

	
PE-VA

	
Bassell








* Manufacturer cannot be named due to proprietary interest.









2.2. Metal Injection Moulding (MIM)


Injection molding of the feedstock was carried out by using an industrial injection molding machine (320S Allrounder, Arburg, Loßburg, Germany). Rectangular test specimens (l = 43.4 mm, w = 5.4 mm, h = 2.9 mm), cylindrical rods (d = 4.5 mm, l = 30 mm), dogbone-shape tensile test specimens consistent to ISO 2740 and different demonstrator parts (bookmarks) as well as medical bone screw implant demonstrators as shown in Figure 1a,b were manufactured.




2.3. Debinding and Sintering


Chemical debinding of the paraffin wax components and the stearic acid was carried out in a hexane bath at 45 °C for 10 to 15 h by using an automatic solvent debinding device (EBA50/2006, Lömi, Großostheim, Germany). Thermal debinding and sintering was performed in a combined debinding and sintering hot wall tube furnace with integrated binder precipitation zone (XRetort, Xerion, Freiberg, Germany).



Thermal debinding was performed according to the diagram in Figure 2. After having taken several preparatory steps like furnace evacuation and purging, gas tube purging and leakage check, the furnace was quickly heated up to 300 °C at 800 mbar, using high purity argon (Ar 6.0) to enable fast warming of the specimen. The thermal debinding took place in reactive Ar + 5% H2 (Arcal 15, Air Liquide, Düsseldorf, Germany) using alternating atmosphere pressure between 1 to 800 mbar at 1 L/min gas flow to reduce reactive binder monomers that may occur. Since Mg has the highest vapor pressure of all technical metals (231.5 Pa at 627 °C [22]), it cannot be sintered under vacuum condition. Sintering under vacuum condition would result in evaporation of the material and related deposition in the colder binder precipitation area of the furnace. However, debinding under vacuum conditions is essential for obtaining satisfying residual-free thermal debinding. Hence, the heating phase after thermal debinding was performed under vacuum condition (<1 × 10−1 mbar) up to sintering temperature, before switching to argon atmosphere for long-time sintering. Investigations concerning the sintering time and temperature were performed in earlier works [4,5,6].


Figure 2. Sintering regime of the magnesium sintering process for MIM Mg-0.9Ca parts.
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Sintering was conducted for 64 h at 635 °C furnace temperature in Ar 6.0 atmosphere. As each spherical Mg particle is leaguered by a thin oxide layer which strongly inhibits the diffusion between neighbored Mg-particles, this long sintering time is required to destabilize the oxide layer [4].




2.4. Characterisation Methods


The rectangular bars and cylindrical rods were used for the non-destructive measurement of the dynamic elastic modulus Edyn., applying resonance sonic spectroscopy according to EN-ISO 12680-1 and ASTM E1875-08 (RFDA, IMCE, Genk, Belgium). The residual porosity Px and the shrinkage sf of the sintered rectangular bars and cylinders were determined using the Archimedes method (Sartorius-LA230S, Sartorius, Göttingen, Germany) and geometrical data assessment (Mahr-16EX, calliper, Mahr, Göttingen, Germany).
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The tensile tests of sintered MIM Mg-0.9Ca dogbone-shape test specimen were performed according to DIN EN ISO 6892-1:2009 B on a materials testing machine (RM100, Schenck Trebel, Darmstadt, Germany). The microstructure was observed by using micro-tomography (Y.Cougar, Yxylon, Hamburg, Germany) and a scanning electron microscopy (SEM) (Zeiss-DSM 962, Zeiss, Jena, Germany and Phenom-Pro X, Phenom-World, Eindhoven, The Netherlands). For microstructural analysis samples were cut, embedded, ground and polished.





3. Results and Discussion


3.1. Young’s Modulus vs. Residual Porosity Relationship


Figure 3 shows the correlation between the Young’s modulus of the sintered MIM part and its residual porosity Px. The typical linear dependency of the Young’s modulus from total residual porosity is displayed, which is often shown in literature for PM-materials [23]. However, the linear trend line fit shown in Figure 3 displays that the Young’s modulus will become zero when approaching approximately 40% of residual porosity. This is typical for spherical PM-materials because a total porosity above 40% would result in no contact between the powder particles and hence, zero Young’s modulus. Achievement of higher porosity has been rendered possible by using PM-methods in addition to space holder technique [24] or metal powder feedstock infiltration technique [25]. The correlation of the Young’s modulus to residual porosity of these highly porous cancellous structures may theoretically show zero Young’s modulus when approaching 100% of porosity and a near-polynomic-2nd or a near-exponential trend line character. However, the lack of survey points in the higher porous region of the curve and the aforementioned general limitations in sintering fine powders to ultra-high porous compacts allow an earlier intersection of the curve with the x-axis and linear curve character. The extrapolation of the linear graph onto the axis of ordinates displays that MIM Mg-0.9Ca material would show an elastic modulus of approximately 44.6 GPa in fully dense conditions. This is identical to the elastic modulus of conventionally permanent mold direct chill cast Mg-0.9Ca material [22].


Figure 3. Relationship between Young’s modulus E of sintered MIM Mg-0.9Ca parts and corresponding residual porosity Px.
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3.2. Furnace and Crucible Requirements


As mentioned in earlier works, sintering of Mg requires a special labyrinth like crucible configuration and the use of Mg getter material (particle size 0.06–0.3 mm purity >98.5% Merck, Darmstadt, Germany) inside of this crucible setup [19]. In this setup, three levels of specimen were placed inside of the inner crucible and a lose fill of Mg getter was placed in the outer crucible as shown in Figure 4.


Figure 4. Labyrinth like crucible setup necessary for the sintering of MIM Mg alloy parts.
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Magnesium has the highest intrinsic vapor pressure of all constructional metals [22]. After thermal debinding, the furnace was heated up under vacuum condition (see Figure 2, blue area). In this process step, Mg getter material partly evaporated, forming a highly oxygen-affine and specimen-protecting Mg-vapor atmosphere inside of the crucible setup. However, the used retort furnace (XRetort, Xerion, Freiberg, Germany) was heater controlled and holds only two heating zones. Hence, the temperature deviation inside of the crucible was ±12 K. This gradient results in different sintering temperature depending on the positioning inside of the crucible and hence, different specimen temperature. As a consequence, resublimation of Mg-vapor on the surfaces of specimens holding the lowest temperature on the upper level 3 could be observed, as shown in Figure 5.


Figure 5. Identical MIM Mg-0.9Ca specimens sintered on three different levels in a furnace suffering from ±12 K temperature deviation.
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In order to avoid these phenomena, future work will be done using a furnace specified for the sintering of Mg, restricting temperature deviation to ±1 K (, RRO350/900, MUT Advanced Heating, Jena, Germany).




3.3. Feedstock and Recycling Requirements


As mentioned in the previous chapters, MIM processing involves the possibility of high materials utilization rate due to the potential of nearly 100% usage of the feedstock. In the framework of this study, a pelletizing machine was used for the granulation and recycling of feedstock sprue and green parts. Even though the device was accurately cleaned after change of the feedstock material, e.g., from titanium to magnesium, residuals of titanium could still be detected in the microstructure of the sintered Mg-component by using non-destructive X-ray microtomography method, as shown in Figure 6, and SEM, as shown in Figure 7 (see bright single particles and blue markers). This phenomenon will be avoided in future work by using separate pelletizing machines for magnesium and titanium, and separate injection molding units.


Figure 6. Non-destructive X-ray micro-tomography of thermal debond and sintered MIM specimens after 64 h sintering time using PPcoPb copolymer showing injection molding defects (yellow arrows) as well as titanium particles (blue arrows pointing at white dots). The red dotted line shows the section plane of the corresponding adjacent picture.
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Figure 7. SEM micrographs of thermal debound and sintered MIM specimens after 64 h sintering time using PE-VA copolymer (a), and PPcoPE copolymer (b) showing residual porosity Px, shrinkage sf, UTS and elongation at fracture εf as a function of the used backbone polymer. The blue arrows assign the presence of minor titanium contamination as described in paragraph 3.3 and displayed in Figure 6.
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3.4. Organic Polymer Binder Requirements


For MIM of highly reactive metals like titanium or magnesium, two major requirements have to be fulfilled by the polymer binder system:

	
The binder system has to possess a perfect rheological behavior to enable failure-free injection molding of the feedstock. Hence, no jetting blistering or cavity formation in the green compact is acceptable.



	
The binder or its thermal debinding products shall not harm the sintering performance of the magnesium powder compact.








For several years, PE-VA has been successfully used for MIM of titanium at Helmholtz-Zentrum Geesthacht (HZG) [26]. The use of this binder component results in satisfying rheological behavior during injection molding and reasonable sintering performance. Hence, both requirements mentioned before are given. Therefore, at the beginning of MIM of Mg the use of PE-VA was reasonable. As a result, the first requirement of perfect injection molding performance could be met successfully [27]. However, the use of PE-VA results in a major inhibition of the sintering performance of Mg alloys. The use of a binder system containing 35 wt. % of PE-VA results in an UTS of only 6 MPa at 33% of residual porosity as shown in Figure 7a.



In contrast, different polymer binder components, such as PP, PB or PPcoPB, met the second requirement but failed at the first requirement [5]. The main difference of PE-VA in comparison to PP, PB or PPcoPB is the oxygen containing acetate group in the molecular chain of the PE-VA. This acetate group might be the reason for the poor sintering performance of PE-VA due to its interaction with the Mg material. However, the use of pure polyethylene binder (PE) results in a poor sintering performance, too [28]. There are two assumptions for this:

	
PE contains quite different and more Mg-affine production residue than PP or PB.



	
PE degrades in more Mg-affine olefins than PP or PB do.








With regard to the second assumption, the formation of Mg-carbonate and at higher temperature metastable Mg or Ca carbides on the Mg-particle surfaces may be the reason for the poor sintering performance of PE based polymers. The micrographs in Figure 8a,b give an idea of the formation of presently unknown phases in the system magnesium-calcium-polyethylene at sintering conditions. The formation of Mg2C3 might be possible, but it cannot be observed after sintering using conventional metallographic specimen preparation due to its metastable character and its high affinity to air humidity and water, respectively. However, the needle shape crystal, as shown in Figure 8, seems to be positioned slightly underneath the polished surface and, hence, it was protected from water used for the metallographic preparation, this structure maybe belongs to a carbide with the structure Mg2C3. However, this issue is currently under investigation.


Figure 8. (a) SEM-SE micrographs of thermal debound and sintered MIM specimens after 64 h sintering time using PE-VA copolymer showing bright layers on the particles surface and sintering necks (see blue arrows) and a needle shape crystal slightly underneath the polished surface using 18 kV; (b) The needle shape structure inside of the sintering neck can be seen more clearly using backscattered electrons-mode.
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The malfunction of PP, PB or PPcoPB with regard to the first requirement can be explained by the slight miscibility of the polymer components with the paraffin wax components. Hence, segregation of liquid wax from the semi-solid backbone polymer component during injection molding was observed, resulting in jetting, blistering and cavity formation in the green compact as well as in dosing problems, feedstock afflux and non-return valve damage in the injection molding machine. Yellow arrows on the micro-tomography of Figure 6 display dense areas of the inner microstructure. These areas were generated through jetting during green part production. The jetting cavity was then partly or fully filled with magnesium during sintering treatment through sublimation and resublimation or due to an exuding liquid phase of Mg-material in the inner of the compact. This effect can be seen in more detail in Figure A1a,b and Figure A2a,b. The grain size of these structures was quite coarse.


Figure A1. (a) shows the SEM-SE fracture surface of thermal debound and sintered MIM dogbone shape tensile test specimen after 64 h sintering time using PPcoPB copolymer showing a partly enclosed jetting channel inside of the part; (b) shows the SEM-SE micrograph of the same phenomena shown in Figure A1a.
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Figure A2. (a) SEM-SE micrograph of thermal debound and sintered MIM dogbone shape tensile test specimen after 64 h sintering time using PPcoPB copolymer showing a fully enclosed jetting channel inside of the part in longitudinal direction (feedstock flow direction); (b) Cross section of the same specimen shown in Figure A2a.
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However, these process challenges could be overcome using a novel polymer binder, unifying the good rheological behavior of PE with the satisfying sintering performance of PP, namely a polypropylene copolymer polyethylene (PPcoPE). The use of 35 wt. % PPcoPE in the binder system results in low residual porosity and high strength materials, as shown in Figure 7. Generally, 25 to 35 wt. % of backbone polymer in the feedstock mix are required to enable the handling of fragile and complex-shaped solvent debound green parts.



Satisfying mechanical properties of 136 MPa UTS at 4.8% porosity and 7% elongation at fracture was achieved. Moreover, the reduction of the PPcoPE backbone polymer amount to 25 wt. % in the binder system enables a UTS of 142 ± 5 MPa, elongation at fracture εf of 8% ± 1% and TYS of 67 ± 1 MPa. Table 2 gives an overview of the relation between the used polymer and the resulting tensile test properties.



Table 2. Tensile Test Results.







	
Polymer

	
UTS (MPa)

	
YTS (MPa)

	
εf






	
35% PE-VA

	
4 ± 1

	
-

	
-




	
35% PPcoPE

	
136 ± 6

	
68 ± 2

	
7 ± 2




	
25% PPcoPE

	
142 ± 5

	
67 ± 1

	
8 ± 1












4. Conclusions


The present study demonstrates the general suitability of Mg-alloys for MIM processing. Using a novel organic polymer binder, namely PPcoPE, material properties matching those of human cortical bone tissue and those of a cast material and overcoming the material properties of biodegradable polymers can be achieved. Mass production on an industrial scale with high reproducibility could be achieved as well. The usage of PPcoPE copolymer in the binder system of the feedstock provides satisfying failure-free green part production via injection molding without any jetting, blistering or cavity formation and satisfying thermal debinding performance, without harming the sintering of the Mg parts. A significant enhancement of mechanical properties was realized using 25 wt. % of backbone polymer in the binder system of the feedstock. Dogbone shape tensile test specimens, Young’s modulus test specimens and more complex demonstrator parts and biomedical implant screw demonstrators were produced very successfully.
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Abbreviations


The following abbreviations are used in this manuscript:







	MIM
	
metal injection molding





	PM
	
powder metallurgy





	HZG
	
Helmholtz-Zentrum Geesthacht, Centre for Materials and Coastal Research





	UTS
	
ultimate tensile strength





	TYS
	
tensile yield strength





	εf
	
elongation at fracture





	E
	
Young’s modulus





	Px
	
residual porosity





	sf
	
shrinkage





	PLDLA
	
poly L-lactide/DL-lactide copolymer





	PW 65
	
paraffin wax, melting point 65 °C





	PW 55
	
paraffin wax, melting point 55 °C





	StA
	
stearic acid





	PP
	
polypropylene





	PB
	
polybuthene





	PPcoPB
	
polypropylene copolymer polybutene





	PPcoPE
	
polypropylene copolymer polyethylene





	PE-VA
	
polyethylene copolymer vinylacetat





	Ar + 5% H2
	
argon with 5% hydrogen, Arcal 15





	Ar 6.0
	
argon high purity 99.9999%
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