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Abstract

:

A thick β-SiC CVD (chemical vapor deposition)-coated SiC device was developed as a new punch and die system for dry, cold forging of pure titanium and austenitic stainless-steel works. This β-SiC coating thickness was 4 mm, enough to make mechanical machining of a cavity into β-SiC coating core die. These β-SiC-coated punch and core dies were fixed into the cassette die for dry, cold forging experiments. The stainless steel and titanium wires with diameters of 1.0 mm were employed as the work material. Different from the conventional metallic and ceramic die systems suffering from work material transfer, this system sustained the galling-free cold, dry forging behavior up to a higher reduction of thickness than 30%. The power to stroke the relationship was in situ monitored to describe this forging behavior up to the specified reduction of the wires together with observations on the geometric change from a circular wire to a pentagonal prism bar. Precise scanning electron microscopy-electron-dispersive X-ray spectroscopy (SEM-EDX) analyses were performed to describe the material compatibility on the contact interface between β-SiC coating and elastoplastically deforming works.
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1. Introduction


Miniature metallic parts and products for medical applications are inevitably formed by metal forming in dry, especially by cold, forging [1]. Other metals and metallic alloys than the austenitic stainless steels, pure titanium and titanium alloys are never allowed to be utilized as a matrix of medical and biomedical things. The expecting metal-forming tools must have a capacity to shape these stainless steel, pure titanium and titanium alloy works without significant friction and wear and with geometric accuracy necessary for medical usage [2]. However, these work materials are difficult to make metal forming accurate. This dry, cold forging cannot be put into practice without surface treatment or die material selection to lower the tool damage and to improve the product quality [3]. The ceramic coatings such as TiN, TiCN, CrN, TiSiN and so forth have the potential to be used for dry forging of stainless steels and titanium. Friction and wear by high stress transients in continuous dry forging processes become the first issue to shorten the ceramic-coated tool life [4]. A higher friction coefficient than 0.3 was experienced in the ball-on-disc testing of those ceramic coatings against the stainless steel and titanium balls. By using the DLC (diamond-like carbon) coating as their top coating layer, this problem is solved; as stated in [5], the low friction and wear state were preserved in dry for a long running distance.



The second issue in this dry, cold forging is galling or severe adhesion on the contact interface between those coatings and the fresh surfaces of stainless steels and titanium works during the forging process. As reported in [6], a significantly low formability by using the SKD11 dies was never improved in the deep-drawing test of titanium sheets, even by using Al2O3, Si3N4, ZrO2 and SiC-sintered dies. Almost all the ceramic coatings, including the DLC coating, suffered from a severe adhesion of titanium, as well as metal-sticking, to decelerate the tool life [7]. In addition to this problem, titanium oxide debris particles splash from the titanium work, adhere to the die-work contact interface and hinder the continuous forging operations [8].



In previous studies [9,10], this galling behavior on the pure titanium work onto the die surface was reconsidered by die material selection. Thick SiC coating was employed instead of the sintered SiC die for the dry stamping of titanium works. Although the sintered SiC had porosity and glassy zones, the synthesized SiC coating by the thermal CVD (chemical vapor deposition) had a dense β-phase and 3C-SiC structure [10,11]. On the other hand, SiC coatings by PVD (physical vapor deposition) or other CVD processes were amorphous, with much lower density than 3C-structured SiC coating. The CNC (computer numerical control)-stamping system was utilized in [11,12] to experimentally demonstrate that a thick β-SiC coating could work as a die for dry, cold microforging. SEM (scanning electron microscopy)-EDX (electron-dispersive X-ray spectroscopy) analysis on the contact interface of this SiC coating in [12] revealed that a galling-free condition could be sustained up to a higher reduction than 30%. In the literature, the galling phenomena of titanium onto the die surface were discussed on the material compatibility on the contact interface between the die and work [13,14,15]. After the classical theory by the HSAB (Hard and Soft Acids and Base) principle [6,13,14], titanium ions belonging to the hard acid group were thought to react on the contact interface with silicon-oriented ions in the hard base group. After computational surface chemistry [15], titanium had less of a possibility of change in the DOS (Degree of State) of electrons from its metallic bonding to covalent one in the SiC. In addition to the above chemical explanation on the galling behavior, the mechanical interaction between the SiC coating and titanium must be taken into account after [16].



In the present paper, a thick β-SiC coating die system was prepared for a dry, cold forging test to investigate the material compatibility of AISI316L stainless steel and TP328H titanium to SiC coating, even in a higher reduction of the thickness in forging. Both wires with a diameter of 1 mm were successfully shaped into flat, pentagonal prism bars without adhesion of the metallic work materials to SiC coating surfaces. No significant differences were noted in the in situ measured power–stroke relationship during the cold forging of both works. Precise SEM-EDX analyses on the contact interface between the SiC coating and the forged works up to the reduction of 35% revealed that thin oxide debris deposits were formed on the contact interface. The iron-chromium-nickel oxide film was formed after cold forging the AISI316L wires, and a titanium oxide film was also formed after forging the TP328H titanium wires. In particular, the contact interface of SiC coating to titanium wire was uniformly covered by thin metallic oxide films. The isolated carbon was only detected at the center of the contact interface between the SiC coating and titanium wire, together with the titanium oxide film. This difference in the chemical response of the SiC coating during forging revealed the importance of material compatibility to sustain the galling-free forging process in dry.




2. Experimental Procedure


Thermal CVD processing was used to deposit a thick SiC coating onto the sintered SiC die substrates. Figure 1 illustrates this CVD coating system, together with the evacuation and gas supply systems. The silicon- and carbon-source gasses, as well as pure hydrogen gas, were introduced into the chamber up to the pressure of 10 kPa, significantly higher than the conventional PVD and CVD coaters. In the following experiments, silicon-chloride gas with the flow rate of 600 mL/min was utilized for thermal CVD process. Its duration time was 28.8 ks for 8 h.



A sintered SiC block with the relative density of 99.5 % was prepared as a substrate for this thermal CVD process and polished to have the average roughness less than 0.1 μm before coating. The holding temperature was controlled to be constant by 1500 K. After cooling in the chamber, the CVD-coated SiC block was directly cut by the diamond saw and polished by chemical buffing to shape the SiC-coated SiC cubic punch and die. SiC coating thickness was 4 mm. As-buffed SiC-coated SiC substrate was straightforwardly used as a punch; e.g., its size was 24.6 mm × 24.6 mm × 25 mm. Fine diamond sawing was further utilized to form the triangular cavity into the SiC-coated SiC die with the size of 26.5 mm × 26.5 mm × 18.5 mm. The cross-section of this cavity was an isosceles triangle with a depth of 0.45 mm and an inlet width of 2 mm. Figure 2 depicts a SiC-coated SiC core die for dry, cold forging.



These SiC punch and die were fixed into the upper and lower cassette dies, as depicted in Figure 3a,b, respectively. These cassette-die sets were locked at the upper and lower bolsters of the CNC stamping system. This stamper had four servomotors with independent controllability to move upward and downward in the programmed loading sequence. Owing to this controllable adjustment among four loading axes, the following stamping is free from eccentricity in loading and unloading. The maximum load was 50 kN; the loading sequence was controlled by the time history of the stroke. In the following forging process, the punch was controlled to move down from the original height of 80 mm down to 42 mm by 10 mm/s for 3.8 s in the first term. In the second term, the stroke speed was reduced to 0.02 mm/s to precisely decrease the height of 42.0 mm to 41.7 mm for 15 s. At this height, the SiC punch was just in contact with the work during this term. In the third term, the work was forged to the specified height (Hg) for each reduction of diameter (r); e.g., Hg = 41.5 mm at r = 10%, Hg = 41.4 mm at r = 20% and Hg = 41.1 mm at r = 35%, respectively. In the fourth term, the stroke was constant by H = Hg for each reduction for 0.5 s before increasing the stroke by 10 mm/s up to the original position. In the following successive forging operations by ten times, the above stamping operation was repeated by 10 times for each work with the use of same die system.



Two wire specimens with the diameter of 1.0 mm and the length of 20 mm were employed as a work in the following forging experiment: austenitic stainless steel-type AISI316L wire and pure titanium-type TP328H wire in industrial grade II. The former chemical compositions are listed as follows: carbon content was 0.02%, silicon 0.52%, manganese 0.84%, phosphor 0.027%, sulfur 0.001%, nickel 12%, chromium 17%, molybdenum 2% and iron for balance. The latter consists of hydrogen by 0.0012 mass%, oxygen 0.097 mass%, nitrogen 0.007 mass%, iron 0.042 mass%, carbon 0.007 mass% and titanium for balance.




3. Experimental Results


The CVD-coated SiC layer is characterized by XRD (X-Ray diffraction; SmartLab, Regaku, Tokyo, Japan), with the monochromatic CuKα radiation (λ = 0.1542 nm) and Bragg–Brentano geometry (40 kV, 30 mA) as well as SEM (SU-70, Hitachi, Tokyo, Japan). SEM-EDX analysis is used to explain the material compatibility on the contact interface between the AISI316L/TP328H wires and SiC coating.



3.1. Characterization on the SiC-Coated SiC


The CVD-coated SiC layer on the sintered SiC substrate with the thickness of 4 mm has a single phase of β-SiC and 3C-SiC crystallographic structure, as shown in Figure 4. In measurements, 2θ ranged from 20° to 80°, with the scanning speed of 5 mm/min and the step angle of 0.02°. Different from other PVD and CVD-coated SiC films, the amorphous phase with broad peaks was not detected by XRD analysis.



SEM image on this β-SiC coating is shown in Figure 5. The average grain size (Dgrain) was measured from this SEM image after chemical etching; Dgrain = 10 μm and free from extraordinary grain growth. This homogeneity in the microstructure is controllable by the present CVD process conditions.




3.2. Dry, Cold Forging Testing of the AISI316L Wire


The AISI316L wire with the diameter of 1.00 mm was cold-forged to a flat, pentagonal prism bar. Figure 6 depicts the variation of the cross-section for the forged AISI316L wires with increasing the reduction (r) of the diameter. The lower part of the wire flows elastoplastically into a triangular prism cavity of SiC coating core die, while its upper part is compressed to extend along the contact interface on the SiC coating punch. When r > 20%, the main plastic flow of the wire advances in the lateral direction on the SiC coating punch head, together with filling into a triangular cavity of core die. Hence, the contact interface area monotonously extends in the lateral direction with increasing r under high compressive pressure.



As stated in the above, the programed loading sequence in this CNC stamper is independently driven by four motors; the total power, as well as the stroke, are in situ monitored in the present forging experiment. Figure 7 depicts the relationship between the applied power and stroke in forging down the reduction by 10%, 20%, 30% and 35%, respectively. At point A, the punch commences to touch the wire surface; then, the wire is compressed in the axial direction up to point B. The flattening process of the wire head advances from this point. In the following reduction of the diameter, the contact interface area between the SiC coating punch and wire expands monotonously with increasing the reduction of the diameter. At point C, the lower part of the wire starts to fill into a cavity on the die. After this point, the work hardening of the AISI316 wires takes place together with flattening along the SiC coating punch head and filling into a die cavity until the applied power reaches a maximum of 8 kW.




3.3. Dry, Cold Forging Testing of the TP328H Pure Titanium Wire


The TP328H wire with a diameter of 0.98 mm was employed as a work material for dry, cold forging experiments under the same setup as was used in forging the AISI316L wire to investigate the effect of the work material flow on the forging behavior, as well as the surface condition on the contact interface. Figure 8 depicts the variation of the cross-section of forged titanium wires up to r = 10%, 20% and 35%, respectively. When r = 35%, the flattening width at the wire head becomes broader than 1 mm; its filling depth into the triangular cavity reaches 0.3 mm. The pure titanium wire is shaped into a flat pentagonal bar in the similar manner to the cold forging of the AISI316 wire. Figure 9 shows the applied power to the stroke relationship in the cold forging of the TP328H wire. This relationship is similar to Figure 7; the dry, cold forging behavior of the TP328H wire is nearly the same as that of the AISI316L wire. At the same applied power in Figure 7 and Figure 9, more stroke advances in the forging of the TP328H wire are, e.g., at P = 5 kW, d = 0.45 mm for TP328H and d = 0.28 mm for AISI316L. This implies that work hardening is more enhanced by the flattening process of the AISI316L wire than the TP328H one. Even when applying the maximum power of 8 kW in the stamping system, the highest reduction of the diameter is also limited by 35% in the cold forging of the TP328H wire.




3.4. SEM-EDX Analysis on the Contact Interface of the Punch to the Work Materials


The contact interface between the fresh surface of the works and the SiC coating punch head is mechanically subjected to high compressive stress in the normal direction and to shear straining in the lateral direction during dry, cold forging. The punch head surface is also subjected to the chemical attack of a fresh work metal during the shearing process under high pressure. In particular, when forging the work materials continuously, either a metallic part of the fresh surface could adhere onto the contact interface as a debris fragment or a part of the work surface oxide layer and oxidized fresh surface could be splashed onto the interface. The severity of the galling is dependent on the chemical activeness of the work materials, as well as the mechanical transients in the work hardening on the contact interface. Both the AISI316L and TP328H wires were continuously forged by 10 shots up to r = 35% under the same experimental setup. Each SiC coating punch after the dry forging experiment is prepared for SEM-EDX analysis to describe the above galling behavior on the contact interface.



Figure 10a depicts the optical microscopic image on the SiC coting punch head surface. A thin trace is left on it after continuously forging the AISI316L wire. High-resolution SEM analysis and element mapping by EDX are performed at the center of this trace, as shown in Figure 10b. This region corresponds to the initial contact interface of the AISI316L wire at r < 10%, where high normal stress is applied to the SiC coating. Figure 10c depicts the element mapping of carbon, silicon, oxygen, iron, chromium and nickel on this initial contact interface. Since the mapping among Fe, Cr, Ni and O is coincident with each other, Fe-Cr-Ni oxide fragments deposit on the SiC coating surface. Carbon and silicon distribute uniformly on the surface, except for these oxide fragments; in particular, no concentration of carbon is detected on the contact interface. The SEM analysis in Figure 10d proves that thin Fe-Cr-Ni oxide fragments deposit irregularly on the SiC coating head surface during these continuous cold forging processes by ten shots.



When forging the TP328H wire successively 10 times with the use of the SiC-coated SiC punch and die, a trace was also left on the surface of the SiC coating in a similar manner to Figure 10, as shown in Figure 11a. Figure 11b depicts that this trace consists of two zones, e.g., the black zone at its center and the white zones neighboring to this black one. At first, while this zone is analyzed by SEM-EDX, element mapping by carbon, silicon, oxygen and titanium is shown in Figure 11c. Although both the carbon and silicon sparsely distribute at the layers with high contents of titanium and oxygen, C and Si are uniformly present on the white zone. This implies that titanium oxide layers are formed in the radial direction from the center of the contact interface on the SiC coating surface, as shown in Figure 11d. This linear assembly of titanium oxide layers look white in Figure 11a,b. Comparing Figure 10 and Figure 11, Fe-Cr-Ni oxide debris fragments agglomerate in the network by a combination of each oxide debris fragment on the SiC coating. On the other hand, titanium oxide debris formed the thin layers in the radial direction from the center of the contact zone with the flattening of the TP328H wire by a reduction of its diameter. A three-dimensional profile of the debris layer was measured by optical profilometer (Keyence) to find that the layer thickness was less than 1 μm.



In seconds, the black zone at the center of contact trace was analyzed by SEM-EDX in a similar manner to Figure 10 and Figure 11. As shown in Figure 11a,b and Figure 12a,b, SEM-EDX analysis was made on the black zone of the same contact trace, which corresponded to the first contact interface of the SiC coating punch to the TP328H wire. Element mapping on the carbon, silicon, oxygen and titanium at the center of the trace is shown in Figure 12c. The titanium and oxygen mappings coincided with each other, the titanium oxide debris particles deposited in a layer on the SiC coating. These titanium oxide debris deposit layers were also formed radially from the center of the black zone in a similar manner to Figure 11c. A little significant difference in the titanium oxide layer deposition was seen between Figure 11 and Figure 12 or between the white and black zones in the contact interface.



Different from the uniform carbon mapping in Figure 11c, the carbon agglomerates were found on the uncovered SiC surface between the titanium oxide debris clusters. This implies that the black dots at the center of the trace in Figure 11b and Figure 12b are carbon agglomerates. There was no carbon source in the TP328H wire other than SiC to leave the carbon trace on the contact interface. No carbon agglomerate was detected in other interface areas, except for the center of the interface. This implies that carbon could isolate from the SiC coating and form an agglomerate in the initial contact zone to pure titanium. The SEM analysis in Figure 12d revealed that isolated carbon agglomerates were formed together with titanium oxide debris thin films on the contact interface between the SiC coating and TP328H wire during dry, cold forging in continuous.





4. Discussion


No significant adhesion of the work materials by metallic mass transfer was detected on the contact interface of the SiC coating punch and die of both the AISI316L and TP328H wires, even after continuous forging up to the reduction of 35% by ten shots. This proves that β-SiC coating with the 3C structure is an effective die material for galling-free, dry, cold forging with a high reduction of thickness. When forging the AISI316L wire, its oxide debris fragments splashed and deposited onto the SiC coating surface. These oxide deposits were shaped irregular not to form a thin film on the SiC coating punch surface. On the other hand, titanium oxide debris particles also splashed and deposited onto the SiC coating and formed a thin layer in the radial direction from the center of the contact surface when forging the TP328H wire. This implies that Fe-Cr-Ni oxide debris deposits have nothing to do with the plastic flow of the AISI316L wire in the flattening along the contact interface but that the titanium oxide debris film grows and extends by itself with the flattening of the TP328H wire during dry forging. A little contact trace was detected on the triangular cavity surfaces of the core die. The fresh forged surfaces of the AISI316L and TP328H wires were flat and smooth, without traces of adhesion.



The above difference in the oxide debris deposition comes from the material characteristics of metallic oxides. As was discussed in [17], the oxide fragments of stainless steels were easy to deposit onto the tool surface in hot processing, and their stacking had a risk to cause metallic sticking on the contact interface. On the other hand, titanium lubricious oxide formed a deformable thin film on the tool surface to reduce the friction and wear [18]. This difference of metallic oxide layers in mechanical properties reflects on the debris particle deposition behavior onto the contact interface between the metallic wire and SiC coating.



Another difference detected on the contact interface between the AISI316L/titanium works and SiC coating is a carbon agglomeration in dots with the size of 10 to 20 μm at the center of the interface. There are two mechanisms to trigger this carbon isolation from 3C-structured, β-phase SiC coating [11,12]. In the processing of single-crystalline SiC, carbon is left by an isolation of Si on the SiC surface and grows as a graphene layer at elevated temperatures over 1500 K [19]. In the present situation, the flash temperature on the contact interface between the TP328H wire and SiC coating was much lower than the critical temperature to ignite Si isolation from the SiC crystals. In the phase diagram for the Si–C binary system [20], the β-SiC crystalline structure was stable in the higher carbon content regions than 50% from room temperature (RT) and an atmospheric pressure up to 2400 K and 50 GPa, respectively. Assuming that titanium wire is elastoplastically in contact on the SiC coating, with an initial contact area of 10 μm × 20 mm by the load of 10 kN in Figure 9, the applied pressure on the contact surface reached to 5 GPa at most. Hence, the Si–C phase diagram teaches that an unstable isolation of carbon from the β-SiC phase could be never feasible at this low pressure and low flash temperature range.



The processing condition has an influence on this carbon isolation with the aid of the chemical activeness of titanium to SiC. A similarity of the power to the stroke relationship in forging the AISI316L and T328H wires proves that both wires deform elastoplastically to pentagonal bars under nearly the same stress transients. In this transient, the applied stress becomes the maximum when the work contacts the SiC coating. Under this mechanical condition, carbon is forced to isolate from the SiC coating only at the initial contact area to titanium, not to stainless steel. After [21], carbon in the 6H-structured SiC is isolated from the coating and reacted with titanium at the elevated temperature. This suggests that the chemical compatibility of carbon to the fresh titanium of forged wire under a highly stressed contact interface could drive this carbon isolation from a β-SiC layer at RT and that isolated carbon could agglomerate only at the initial contact zone between the TP328H wire and SiC coating, even in dry, cold forging, without any detection of TiC and SiC debris. Through further analyses by Raman spectroscopy, this formation mechanism of free carbon agglomerates can be explained in detail.



Dry, cold forging with a high reduction is the first step in the manufacturing of austenitic stainless steel and titanium biomedical parts and tools. Corresponding to no adhesion of metal transfers, as well as the formation of thin oxide debris agglomerates and films onto the SiC coatings, the forged wire surface becomes smooth and flat enough to advance to the next step in the near net shaping of the medical parts and tools. In particular, dry, cold forging with a high reduction of thickness, as well as the following near-net shaping, are essential to fabricate the titanium miniature biomedical parts and operation tools, as pointed out in [1,2]. The present approach provides a cost-competitive production line to shape these products from raw stainless steel and titanium bars and wires.




5. Conclusions


A thick SiC coating with a β-phase and 3C structure has chemical inertness enough to suppress the metallic adhesion with a mass transfer from the fresh surface of flattening work materials during dry, cold forging. When forging the AISI316L wire, iron-chromium-nickel oxide debris fragments deposit onto the contact interface to the SiC coating. These irregular oxide deposits never stuck on the SiC coating surface to hinder the flattening process in dry, cold forging. On the other hand, when forging the TP328H wire, titanium deformable oxide debris particles deposited regularly in the radial direction from the center of the contact interface and formed a thin layer. In addition, carbon isolates from the SiC 3C structure and agglomerates were only at the initial contact interface.



Galling-free, dry, cold forging with a higher reduction of thickness than 30% proves that the SiC-coated SiC punch and die is suitable to near-net shaping from raw work materials such as bars and wires to miniature biomedical tools and parts without the metallic adhesion of mass transfers from fresh stainless steel and titanium surfaces in forging. In particular, titanium oxide debris particles are aligned to form a thinner film than 1 μm on the contact interface and not to hinder the continuous forging processes in a high reduction of thickness. The power–stroke relationship did not change during this continuous forging operation. The friction in dry, cold forging becomes less than that when using SKD11 dies. This galling-free condition is sustained by carbon isolation from the SiC coating, as well as oxide debris thin-layer formation.
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Figure 1. Illustration on the thermal chemical vapor deposition (CVD) system for SiC coating. 
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Figure 2. SiC-coated SiC die with a triangular cavity on its surface. (a) Perspective view and (b) side view. 
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Figure 3. A cassette die set for the dry, cold forging process to be fixed between the upper and lower bolsters in the computer numerical control (CNC) stamper. (a) Upper die unit with a SiC punch and (b) lower one with a SiC core die. 
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Figure 4. X-ray diffraction (XRD) analysis on the thick SiC coating. 
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Figure 5. Scanning electron microscopy (SEM) image on the surface of CVD-coated SiC film after buff-polishing. 
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Figure 6. Variation of the cross-section of forged AISI316 wires by forging with increasing the reduction of the diameter. (a) r = 10%, (b) r = 20%, (c) r = 30% and (d) r = 40%. 
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Figure 7. Power to stroke the relationship in the forging of the AISI316 wire with increasing the reduction of the diameter. 
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Figure 8. Variation of the cross-section of forged titanium wires by forging with increasing the reduction of the diameter. (a) r = 10%, (b) r = 20% and (c) r = 35%. 
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Figure 9. Power to stroke the relationship in the forging of the titanium wire with increasing the reduction of the diameter. 
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Figure 10. SEM and electron-dispersive X-ray (EDX) analyses at the vicinity of the center of the contact interface between the SiC-coated punch and the AISI316 wire after forging by 10 shots up to the reduction of diameter by 40%. (a) Optical microscopic image on the SiC coating punch surface; (b) SEM image in low magnification on the contact interface of the SiC coating; (c) element mapping by C, Si, O, Fe, Ni and Cr and (d) SEM image on the oxide fragment deposits at the center of the contact interface (pointed by “B”). 
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Figure 11. SEM and EDX analyses away from the center of the contact interface between the SiC-coated punch and the titanium wire after forging by 10 shots up to the reduction of the diameter by 35%. (a) Optical microscopic image on the SiC coating punch surface; (b) SEM image in low magnification on the contact interface of the SiC coating; (c) element mapping by C, Si, O and Ti and (d) SEM image in high magnification away from the center, where “B” represents the titanium oxide deposits. 
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Figure 12. SEM and EDX analyses at the vicinity of the center of the contact interface between the SiC-coated punch and the titanium wire after forging by 10 shots up to the reduction of the diameter by 35%. (a) Optical microscopic image on the SiC coating punch surface; (b) SEM image in low magnification on the contact interface of the SiC coating; (c) element mapping by C, Si, O and Ti and (d) SEM image in high magnification at the center of the contact interface, where “A” indicates the high carbon concentration and “B” represents the titanium oxide deposits. 
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