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Abstract

:

Electrical discharge machinable ceramics provide an alternative machining route independent on the material hardness which enables manufacturing of customized ceramic components. In this study a composite material based on an alumina/zirconia matrix and an electrically conductive titanium nitride dispersion was manufactured by hot pressing and characterized with respect to microstructure, mechanical properties and ED-machinability by die sinking. The composites show a combination of high strength of 700 MPa, hardness of 17–18 GPa and moderate fracture resistance of 4.5–5 MPa√m. With 40 kS/m the electrical conductivity is sufficiently high to ensure ED-machinability.
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1. Introduction


Zirconia toughened alumina materials (ZTA) are ceramics with alumina as a majority phase and zirconia as a homogeneously dispersed secondary phase. This results in mechanical properties combining high hardness provided by the alumina matrix and enhanced toughness and strength introduced by the zirconia dispersion [1]. Toughening mechanisms are typically transformation toughening, microcracking and residual stress [2]. The enhanced mechanical properties qualify ZTA materials for mechanically and tribologically loaded applications in mechanical engineering or biomedical applications [3,4]. However, the same properties limit the machinability of sintered ZTA so that net-shape or at least near-net-shape processing cycles (injection molding or pressing/green machining) should be designed to limit machining effort to the minimum. For customized components with complex geometries and filigree structure this approach is very often not possible. Component manufacturing may then be either impossible or uneconomical. Non-conventional machining operations such as laser machining or electrical discharge machining (EDM) could fill this gap as here the machining speed is independent on material hardness and toughness. The application of these processes requires purpose-made ceramic materials.



Oxide ceramics can be made electrically conductive by addition of a conducting third phase such as transition metal carbides, nitrides or borides or by nanocarbon compounds such as nanotubes or graphene [5,6]. Rak investigated alumina–titanium nitride ceramics with 5–25 vol% conductive dispersion and obtained materials which were electrically conductive and ED-machinable at a TiN content of 25 vol% [7]. Landfried carried out a screening study on ZTA materials with different conductive phases and ended up with the assumption that ZTA-TiC was the composite with the best combination of mechanical properties and machinability [5]. The latest results of Schmitt-Radloff on ZTA-NbC materials led the authors to the conclusion that the ZTA-TiN system should be revisited and characterized in more detail [8]. Especially as the initial study was carried out with respect to limitation due intellectual property which restricted the compositional range to TiN contents below 25 vol.% [9]. In the present study, a very simple ZTA-system with 10 vol% unstabilized zirconia was selected in order to circumvent the stabilization issue which was known to inflate the set of experiments. With regard to the latest results, a fine grain TiN-dispersion of 28 vol% was chosen to ensure sufficient electrical conductivity. Processing by hot-pressing ensures full densification, sintering temperatures were varied in order to ensure a certain robustness of the composition which is required for the scale up of the hot-pressing process to make larger blanks.




2. Materials and Methods


The starting powders for the study were submicron-size α-alumina (APA0.5, Ceralox, USA; SBET = 8 m2/g, d50 = 300 nm), nanoscale monoclinic zirconia (UEP, DKKK, Japan, SBET = 5–20 m2/g) and fine titanium nitride (Höganäs, Germany, d50 = 1.5 µm). A 300 g powder batch containing 10 vol.% zirconia (calculated as tetragonal ρ = 6.1 g/cm3), 28 vol% TiN and 62 vol.% alumina was dispersed in 200 ml 1-propanol and attrition milled for 2h at 799 rpm using 3Y-TZP milling balls of 2 mm diameter. The milling media were separated, and the slurry was dried overnight at 60 °C in flowing air. The dried powder was subsequently screened through a 250 µm mesh. Hot pressing was carried out in cylindrical graphite dies of 45 mm diameter clad with hexagonal boron nitride suspension. For mechanical testing two disks of 18 g powder separated by a graphite spacer were hot pressed in vacuum simultaneously. Heating to final temperatures (1475 °C–1550 °C in 25 K increments) under a pre-load of 3 kN (~2 MPa) was carried out at 30 K/min. The pressure was then increased within 5 min to 63 kN = 40 MPa. Temperature and pressure were kept for 2h dwell. Then the load was released the compartment was filled with argon up to ambient pressure and the sample was left to cool in the press (cooling rate ~5–10 K/min). For ED-machining experiments two disks of 4 mm thickness were sintered under identical conditions at 1525 °C/2h/40 MPa.



The sintered disks were then machined. Disks for mechanical testing were lapped with 15 µm diamond suspension on one side and lapped and polished with diamond suspension of 15–1 µm grain size to a mirror like-finish on the second side. The final thickness of the disks was ~2.2 mm. Disks for EDM were lapped on both sides. Prior to sample cutting the density ρ was determined by buoyancy measurement and the Young’s modulus E was determined by acoustic emission measurement (IMCE, Belgium). The Vickers hardness HV10 (five indents) was measured 8 mm from the edge of the disk on the polished side, the wing cracks of the indents were measured in order to calculate fracture resistance by direct crack length measurement (DCM). Disks were the cut into bending bars of 4 mm width with a diamond wheel. The cutting grooves were then removed by lapping, finally the edges were beveled carefully with a 40 µm diamond grinding disk.



Electrical conductivity of the bending bars was measured by 4-point measurement (4 samples each, self-built equipment). Four bending bars were indented with 98.1 N load on the polished side with cracks parallel and perpendicular to the sides. The residual strength of these notched bars was measured immediately after notching in 4-point setup with 20 mm outer and 10 mm inner span at a crosshead speed of 2.5 mm/min. 4-point bending strength σ4pt was measured on the remaining 10 bars at a crosshead speed of 0.5 mm/min in the same setup (Zwick, Ulm, Germany). Considering measured hardness and Young modulus values, indent size and wing crack length (DCM) the indentation fracture resistance KDCM was calculated using the model of Evans [10]. Based on residual strength data the fracture resistance KISB (ISB = indentation strength in bending) was calculated according to the model of Chantikul [11].



The phase composition of polished surfaces and fracture surfaces after ISB-test was measured by X-ray by integrating the intensity of the tetragonal and monoclinic peaks in the 27–33° 2θ range (X’Pert MPD, Panalytical, NL, Bragg-Brentano-Setup, CuKα1, Ge-monochromator). The fractions of tetragonal and monoclinic phase were calculated according to the calibration curve of Toraya [12]. Transformation zone sizes were calculated based on X-ray data according to Kosmac [13]. The transformation toughness increments were estimated according to McMeeking [14] assuming a transformation efficiency of 0.49 (dilatation and shear).



The microstructure of polished and thermally etched (hydrogen atmosphere, 1250 °C, 5 min) samples was investigated by SEM to evaluate the homogeneity of phase distribution and the grain sizes.



EDM die sinking experiments were carried out in oil based dielectric fluid (IonoPlus IME-MH, Oelheld, Germany) using copper electrodes of 5 × 5 mm2 cross-section and proven parameter sets (Elotherm Typ 400, AEG, Germany). The machining speed and electrode wear were determined by weighing the samples and electrodes before and after the machining experiments (3 × 15 min). The following table shows the machine parameters used. The workpiece was set as cathode (−) and the electrode was set as anode (+). The machine allows no direct adjustment of electrical parameters, so that the actual currents were measured inductively and displayed on an oscilloscope and listed in Table 1. The machined substrates were cleaned. The surface structure was studied by SEM, cross sections through the machined areas were polished and studied by optical microscopy and SEM. The surface quality was measured by white light interferometry. The compositional changes in pristine and machined surfaces were checked by X-ray.




3. Results


3.1. Microstructure


Figure 1 shows SEM images of thermally etched ZTA-TiN materials sintered at the four different temperatures. Evidently the etching process in hydrogen is very efficient to reveal the grain boundaries in the oxide matrix.



However, the etching also leads to significant re-crystallization of the titanium nitride, thus the titanium nitride grains appear to protrude from the surface. The alumina tends to coarsen progressively at higher sintering temperatures. Grain sizes increase from ~0.8 µm at 1475 °C to ~1.5 µm at 1550 °C. The zirconia initially occupies the 4-junctions between the larger grains. With progressive coarsening of the alumina grains some migration and coalescence of zirconia can be observed which lead to a visible coarsening effect.



At 1475 °C the zirconia grains typically have a size of ~200 nm, which is too small to be transformable. At 1525 °C and 1550 °C the zirconia grain size rises to a range of 400–500 nm, which according to Heuer is ideal for stress induced transformation [15]. At the same time the larger zirconia grains are no longer numerous enough to block all 4-junctions and prevent matrix grain growth. The primary titanium nitride grains are larger than the grains of the oxide phases. Moreover, they tend to form aggregates of 2–4 µm size. Nevertheless, the volume fraction is sufficient to form a percolation electrically conducting network. The size and shape of the titanium nitride does not differ with changes in sintering temperature.




3.2. Mechanical Properties


The density of all samples reaches values between 99.5–99.7% of theoretical (not shown in detail). As the theoretical density was calculated assuming a tetragonal phase content of 100% in the zirconia dispersion, the materials can be considered fully dense. The small density increments are probably closely related to the changes in monoclinic content (see Section 3.3). The Young’s modulus of all materials is almost identical, it ranges between 383–387 GPa with a scattering of ±2 MPa (not shown in detail). Figure 2 shows the Vickers hardness HV10 and the bending strength of ZTA-TiN materials vs. sintering temperature. The Vickers hardness shows a maximum at 1800 HV10 at 1500 °C. Further rising sintering temperatures lead to a continuous reduction of hardness to 1710 HV10 at 1550 °C. Such a decrease of hardness is an indication of coarsening of the microstructure. The bending strength increases slightly with increasing sintering temperature. At 1550 °C the maximum average strength amounts to 734 MPa with a small standard deviation of 49 MPa. At 1475 °C–1525 °C individual samples somewhat reach higher strength than for 1550 °C, the scattering of the data is, however, much larger. This indicates the existence of larger defects and a broader defect size distribution at lower sintering temperatures.



Figure 3 shows the fracture toughness KDCM determined by direct crack length measurement evaluated with the Evans’ model [10] and the fracture toughness KISB calculated from residual strength measurements using the model of Chantikul [11]. Both methods show very similar results in the toughness range between 4.5–5.3 MPa√m. The ISB-toughness probably provides more objective evidence than the DCM method as the material was difficult to polish and crack length measurements may be subject to individual errors. According to the ISB-values there is a very moderate rise in toughness with sintering temperature (and grain size). The DCM-values show an intermediate toughness maximum at 1525 °C. A tentative interpretation on the different response of the methods is given in the discussion section.




3.3. Phase Composition and Transformation Toughness


The monoclinic phase content of the zirconia fraction in polished surfaces and fracture phases of ZTA-TiN sintered at different temperatures is shown in Figure 4a. The calculated transformation zone sizes and values of transformation toughness are plotted in Figure 4b.



In the polished surfaces the monoclinic zirconia phase content Vm,p range between 32–36%, the maximum at 1525 °C sintering temperature is not very pronounced. This monoclinic content in the polished state indicates that the alumina and titanium nitride phases are already under slight hydrostatic tension [16].



In the fracture surfaces the monoclinic zirconia phase contents Vm,f range between 48–56%, the maximum value is again observed at 1525 °C. The transformability Vf, which is the difference between Vm,f and Vm,p, shows an increase at higher temperatures from 17% at 1475–1500 °C to 21% at 1550 °C. transformability values show a good correlation to the ISB toughness (see Figure 3). Based on the phase composition the transformation zone size h and the transformation toughness increments ΔKICT were calculated. As ΔKICT correlates to the product of Vf and √h an identical trend is evident. It can be stated that transformation toughening provides a significant toughness increment of 0.6–0.9 MPa√m despite the low zirconia content in the composites of only 10 vol%.




3.4. Electrical Conductivity and EDM Characteristics


The electrical conductivity of the samples (not shown in detail) shows only very small changes with variation in sintering temperature. The conductivity values vary between 39–41 kS/m with a standard deviation of ±600 S/m. This level of electrical conductivity is several orders of magnitude higher than the threshold of 1 S/m for EDM defined by Iwanek [17].



Electrical discharge machining experiments of the material sintered at 1525 °C showed an excellent machinability of the materials. Material removal rates and electrode wear ratios for the roughing and trimming steps are plotted in Figure 5. As expected, the MRR scales with the discharge current level (i.e., the energy input/time). In the roughing step the MRR of >4 mm3/min is extremely high compared to earlier studies on ZTA-TiC materials (0.5–2 mm3/min) [18]. Even the trimming steps at reduced energy input show attractive MRR. The relative electrode wear (weight loss of the electrode/weight loss of the workpiece–EW) of <1% is very low. Landfried already reported material transfer to the copper electrode [18]. Still, weight gain of the working electrode in the slow trimming step should not be overstressed as here the relative measuring error is considerably higher.



Figure 6 shows overview top view on machined surfaces in the roughing and trimming steps. Evidently the dominant material removal mechanism is melting. The surface is covered with a very thin glass-like layer. Materials machined at very high energy input (roughing) are extremely smooth, while the trimming operations with lower energy input lead to rougher surfaces (see Table 2).



At higher magnification more interesting details are revealed (Figure 7). The crack network is somewhat more pronounced at higher energy input as can be expected. The glassy layer resulting from the roughing steps shows wavy patterns which are less pronounced in the trimming steps. Holes resulting from discharge of gaseous decomposition products are smaller and more evenly distributed in the surfaces derived from the roughing operation. The trimming operations especially at the lowest energy input have a foamy aspect. Moreover, in the trimming surfaces some larger particles seems to be embedded into the glassy layer and some globular machining debris is loosely attached to the surface.



The observation of an increasing surface roughness with decreasing discharge energy coincides with the integral values of surface roughness determined by white light interferometry shown in Table 2.



Figure 8 shows cross-sections of machined ZTA-TiN ceramics. The images of the cross-section confirm the previous observations. Both samples from roughing and trimming operations show a wavy surface with a glass-like layer on the surface of variable thickness. In case of the roughing step the glassy layer has a thickness of ~5–6 µm. Some vertical cracks are stopped at the interface been boundary layer and unaffected substate material. However, some lateral cracks are formed which indicates a considerable level of residual stress in the surface layer. In case of the trimming operation the process zone is thinner in average (1–2 µm). An accumulation of glassy material is found at the bumps of the surface, here the layer may be 5 µm thick. Evidently, the larger bright particles embedded into the glassy surface layers are titanium nitride grains. Vertical as well as lateral cracks are shorter. Delamination of the outer shell, as foreshadowed in the case of the boundary layer of the roughing step, cannot be observed. The structure of non-etched substrate material is very homogeneous and confirms the observations in Section 3.1.



It was tried to identify the composition of the boundary layer by X-ray. Figure 9 shows the spectra of the pristine surface and of the surface after the roughing step. As the thickness of the process zone is very low (5–6 µm) the spectrum is dominated by the substrate. Still, some interesting changes can be found. The intensity of tetragonal zirconia is reduced radically in machined surfaces which can be either a hint of selective removal of this phase or – which is more likely – that the remaining zirconia on the surface transforms into monoclinic zirconia during ED-machining. Furthermore, the alumina and zirconia phases seem to be removed faster than titanium nitride (see differences in peak altitudes). On the diffractogram of the ED-machined surface the peaks are broader. It can be expected that any new formed peaks are very broad as the crystalline phases within the re-solidified layers are nanoscale and/or poorly crystallized (see e.g., m-ZrO2-peak at 2θ = 45.7°).





4. Discussion


ZTA-TiN materials with 10 vol% zirconia reinforcement and 28 vol% titanium nitride as conductive phase show attractive mechanical properties comparable to ZTA-TiC and ZTA-NbC materials studied previously [8,19]. Moreover, a far superior machining speed compared to these materials was observed. The attractive strength may be attributed to the fully dense microstructure and high homogeneity. Replacement of the brittle carbides by the tougher nitride [20,21] seems to be beneficial to both strength and toughness. Compared to other investigations on alumina-TiN composites the addition of zirconia enhances the toughness and enables lower sintering temperatures so that the microstructure remains fine grained [7]. Transformation toughening seems to be the dominant reinforcement mechanism. Transformability values of up to 21% are only slightly below the value of 25% reported for plain 10ZTA made from zirconia coated powders reported by Naglieri [22]. The powder choice and compounding procedure, therefore, seems to provide a very homogeneous distribution with a significant size fraction in the “correct” grain size range between ~400–500 nm. As the monoclinic content in the polished samples is above ~25% the alumina and TiN fractions are under tensile hydrostatic stress [16]. As tensile stress in the matrix weakens the grain boundaries, microcracking may also provide a certain toughness increment. This assumption is supported by the observation that the materials were difficult to polish due to grain breakout. The maximum monoclinic content at an intermediate sintering temperature—though not very pronounced – is an interesting detail. A priori, we would expect a rise in monoclinic content with an increase of sintering temperature and grain size. As the materials are sintered under reducing conditions, we may expect a higher amount of thermal oxygen vacancies at higher temperature [23,24]. Moreover, it is known that interdiffusion of oxygen and nitrogen in zirconium and titanium compounds may lead to stabilization via the anion lattice of zirconia [25]. Replacing of oxygen by nitrogen results oxygen vacancies for charge neutrality and in the same stabilizing effect as addition of yttria [26]. These combined effects seem to offset the effect of grain growth. The nitride fraction is obviously sufficient to form a percolating network which provides high electrical conductivity of ≈40 kS/m.



The machining results are at first sight very surprising as the roughing step provides the smoothest surface. Typically, in machining of steel or other ceramics the roughness is reduced by subsequent machining steps with lower energy input. In the present case trimming steps therefore seem inefficient to increase the surface quality. However, the investigation of the sub-surface structure indicates that the lower energy input of the trimming operations leads to a thinner boundary layer, shorter cracks and to a reduction of residual stress. The reduction of the energy input leads to a shift in material removal mechanisms. At high energy input the predominant mechanism is melting and gas bubbles indicate a contribution by evaporation. The ripples on the surface are apparently frozen structures resulting from Rayleigh surface waves propagating through the molten surface layer. The melt therefore seems to have a very low viscosity especially at high energy input. The low viscosity of the melt provides a smooth surface and facilitates material removal. A reduction of the energy input leads to rougher and foamier surfaces as molten material re-solidifies. The detail images (see Figure 7) indicate that the alumina and zirconia fraction as well as the smaller titanium nitride particles are completely molten while larger titanium nitride particle do not melt completely and are incorporated into the re-solidified surface layer.




5. Conclusions


The investigated ZTA-TiN materials with a moderate amount of 10 vol% unstabilized zirconia reinforcement and 28 vol.% commercially available fine grain titanium nitride show a combination of good mechanical properties in terms of strength, toughness and hardness. This qualifies these materials for many mechanically demanding engineering applications. The excellent machinability, especially the higher material removal rate compared to previously studied ED-machinable ZTA-TiC and ZTA-NbC materials offers a large economic benefit as roughing operations can be significantly accelerated. The effect of the material removal process and resulting surface properties on mechanical properties are yet to be determined. The fact that only short cracks are produced and that these cracks are terminated in the interface between boundary layer and substrate hint at a moderate strength reduction by machining operations.
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Figure 1. SEM images of polished and thermally etched ZTA-TiN composites sintered at different temperatures, dark grains are Al2O3, small light grains are ZrO2 and medium grey is TiN. 
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Figure 2. Vickers hardness HV10 and 4-point bending strength σ4pt of ZTA-TiN depending on sintering temperature. 
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Figure 3. Fracture resistance KDCM (Evans model) and KISB of ZTA-TiN vs. sintering temperature. 
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Figure 4. (a) monoclinic zirconia phase contents in polished surfaces Vm,p, in fracture surfaces Vm,f and transformability Vf , (b) transformation zone size h and transformation toughness increment ΔKICT. 
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Figure 5. Material removal rates MRR and electrode wear ratios EW of different machining steps. 
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Figure 6. SEM images showing an overview of ZTA-TiN surfaces ED-machined with different parameter set. 
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Figure 7. SEM images showing details of ZTA-TiN surfaces ED-machined with different parameter sets. 






Figure 7. SEM images showing details of ZTA-TiN surfaces ED-machined with different parameter sets.



[image: Ceramics 03 00018 g007]







[image: Ceramics 03 00018 g008 550] 





Figure 8. SEM images showing cross sections of ZTA-TiN surfaces ED-machined with different parameter sets (left roughing, right trimming 2). 






Figure 8. SEM images showing cross sections of ZTA-TiN surfaces ED-machined with different parameter sets (left roughing, right trimming 2).
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Figure 9. X-ray diffractogram of polished and ED-machined surfaces. 






Figure 9. X-ray diffractogram of polished and ED-machined surfaces.
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Table 1. EDM characteristics for die sinking experiments.






Table 1. EDM characteristics for die sinking experiments.





	Process
	Discharge Current [A]
	Impulse Duration [µs]
	Off Time [µs]





	Roughing
	10.0
	9.9
	34.8



	Trimming 1
	7.0
	7.8
	44.2



	Trimming 2
	3.5
	5.0
	46.5
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Table 2. Roughness values for ED-machined surfaces.






Table 2. Roughness values for ED-machined surfaces.





	Process
	Average Roughness Ra [µm]
	Average Roughness Depth Rz [µm]





	Roughing
	1.86 ± 0.28
	8.61 ± 1.29



	Trimming 1
	2.21 ± 0.30
	10.1 ± 1.36



	Trimming 2
	2.25 ± 0.33
	10.3 ± 1.46
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