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Abstract

:

The innovative Green Ceramic Hybrid Machining (GCHM) process sequentially combines milling with a cutting tool (GCM, Green Ceramic Machining) and laser beam machining (GCLBM) of a ceramic material (black Y-TZP in this study) at the green stage mainly to increase productivity, avoid taper angle limitations of laser beam machining, and obtain micro-features. The study focuses on the reliability and the repeatability of the properties of sintered parts obtained by three manufacturing processes (GCM, GCLBM, GCHM) to assess the performance of hybridisation. It turns out that GCHM is a compromise of both milling and laser beam processes; it increases the repeatability of the surface quality and it slightly reduces (less than 7%) the flexural strength by comparison to milling for a similar reliability. The study also highlights that the surface quality of GCLBM processed parts relies on of the surface generated by the previous operation. Milling that surface at the previous step is therefore recommended, corresponding to the sequence adopted by GCHM.
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1. Introduction


Engineering ceramics (also called technical ceramics) are very competitive compared to polymer and metallic materials thanks to their high mechanical properties (e.g., high hardness and high wear resistance) at high temperatures (characteristics that make them well-suited for use as cutting tool materials [1]) and in corrosive environments, as well as, for some of them, biocompatibility, chemical inertia, or electrical isolation [2]. The ceramic material studied in this work, zirconium dioxide (ZrO   2  , also called zirconia), is one of the most used in modern industries, including heat engines, biomedicine, and the food and luxury sectors [2,3,4,5]. When zirconia is stabilised in a metastable state, with yttria oxides, for example, such as in Yttrium-Tetragonal Zirconia Polycrystal (Y-TZP), a martensitic phase transformation from tetragonal (t) to monoclinic (m) can occur at room temperature when stress is applied [6]. This phase transformation goes along with a volume expansion of up to 5% [6]. In the case of a propagating crack, the stress can be large enough (e.g., at the crack tip) to initiate the phase transformation. It generates, in turn, a volume expansion and shear stresses that induce compressive stresses against the crack propagation. This enhances the toughness of the material. This phenomenon is called transformation toughening and leads to a “crack shielding” effect [6]. Thanks to this, stabilised zirconia exhibits the best flexural strength, 500–1800 MPa according to Ferraris et al. [2], (900–1400 MPa according to Pereira et al. [7]) and fracture toughness, 4–12 MPa   m   [2] 5–9 MPa   m   [7]), amongst advanced ceramics [2]. The toughening transformation of Y-TZP also improves its Vickers hardness [7]. Zirconia is classified in bioceramics, one of the four classes of materials (along with biopolymers, biocomposites, and biometals) with clinical applications for implants and biomedical devices [8]. Biocompatibility, surface bond to tissue and corrosion resistance, are its main advantages leading to applications in medical implants for hip, shoulder, knee, dental, and joints, as highlighted by [2,9]. An m-phase fraction of less than 20% is recommended by ISO 13356 [10] for medical implant applications. It must, therefore, be checked that the manufacturing chain of such components fulfils this requirement.



The shaping of engineering ceramic components is very laborious because of its properties and the number of steps that must be mastered. Often, a finishing step is essential at the end of the manufacturing chain to reduce the defects generated in the previous steps. The cost of this last step can be worth 80% of the total cost to produce a ceramic part [2]. If micro-cracks are generated in a step (e.g., by machining), the final properties of the component could be considerably reduced [11].



Machining at the hard (or sintered) stage (usually by grinding) leads to two consequences:




	
Compressive residual stresses can be induced as a consequence of plastic deformation and, thus, of the   t →  m   transformation [12]. A large transformation depth leads to a degradation of mechanical properties due to the presence of deep cracks that overcome the benefits of the transformation [13]. A low fraction of m-phase is, therefore, recommended [12].



	
Surface defects (such as micro-cracks ranging from 50 to 200   μ m   [11]) can be generated, introducing stress concentrations that decrease the flexural strength. A correlation between surface roughness and flexural strength was observed after grinding; the main influencing factor is the number of surface defects that increases with the surface roughness. This explains the higher flexural strength after grinding than after milling [13,14]. Milling at the pre-sintered stage allows to benefit from a ductile behaviour of Y-TZP that contributes to reducing surface defects [15].








Laser beam machining (LBM) is an alternative to shape ceramic materials while reducing micro-cracks generation thanks to the absence of force created by tool contact. Nevertheless, machining with a laser is dependent on fluence, making the ablation depth difficult to master [16]. It can influence the surface roughness [16], produce severe surface damage, as well as modifications in the microstructure or in the composition of the ceramic material [17]. It must be noted that LBM is also increasingly used to texture metallic components [18] and cutting tools [16]. The heat-affected zone (HAZ) generated by a nanosecond laser beam is characterised by micro-cracks, remelted material or recrystallisation [17]. The material removal rate of LBM is low by comparison with machining, but LBM enables the obtaining of micro-features and fine details thanks to the small spot size [19]. The laser parameters play a key role in the modifications of the surface and of the microstructure, and in the damage caused by heat exchange.



Ceramic materials can also be machined at the green stage [20] to reduce time and costs of about 10 and 20 times, respectively, in comparison to the hard stage [21]. A green ceramic blank consists of compacted ceramic powders held by a binder before the sintering operation. Green ceramic milling (with a cutting tool, GCM) allows the ceramic material to be machined while minimising the risk of generating significant micro-cracks that can lead to premature failure of the ceramic part [22]. LBM can also be carried out at the green stage (i.e., GCLBM), but the generation of hot spots must then be reduced as much as possible to avoid a decrease in the mechanical properties of the sintered part [23,24].



In this research, a new manufacturing process to machine ceramic parts at the green stage is introduced, the Green Ceramic Hybrid Machining (GCHM), which is a sequential combination of milling and laser beam machining at the green stage (GCM and GCLBM). GCHM enables an increase in productivity, reduction in the size of the features to be fabricated (miniaturisation and micro-fabrication), and avoidance of taper angle limitations by using the advantages of each process. Combinations of laser and mechanical machining can be found in the literature to constitute either a laser-assisted mechanical machining process [25], which is a completely different approach to this work, either a hybrid machining process for a wrought material [26]. In their work, Hao et al. [26] machined oxygen-free copper by combining laser and milling processes. The nature (metal vs. ceramic) and the processing path (wrought vs. powder) are completely different, as well as the order of the combination of the two processes. Indeed, Hao et al. first used laser and then milling to maximize material removal rate and ensure surface quality. In this study, milling enables the performance of the roughing operation, followed by laser for the finishing operation. The goal is to maximize productivity, but also to ensure machining quality considering both the machined surface quality and the mechanical properties of the component, while ensuring that the manufactured component is suitable for medical implants applications.



This paper investigates the GCHM process on Y-TZP. This innovative approach combines the novelty of hybridation with the stage at which it occurs, the green state of the ceramic material. The impact of this new process on reliability and repeatability of the properties of the final sintered part is evaluated. The results of GCHM are compared to GCM and GCLBM to assess the performance and the relevance of this new hybrid process for green ceramic machining, as well as the manufacturing of implants for surgery.




2. Materials and Methods


2.1. Material


Green blanks (66 mm × 66 mm × 15 mm) of black Y-TZP are manufactured by the Belgian Ceramic Research Centre (BCRC), Mons, Belgium [20]. They are made of fine (particles size around 100 nm with a specific surface area of 7   m 2  / g ) Yttria Stabilized Zirconia powder (3 mol% yttria-TZ-3Y-SE-Tosoh Corporation, Tokyo, Japan) and an organic binder (2 wt%, Zusoplast-Zschimmer and Schwartz, Koblenz, Germany). To promote laser ablation by improving the absorptivity of the green, a Dispersed Absorptive Solid Inorganic Material (DASIM) is added in the powder following a patent [20]. It is degraded above a threshold temperature lower than the sintering temperature.



Uniaxial compaction at 37 MPa is applied, followed by isostatic compaction at 195 MPa during 5 min. The steps for preparing samples from a blank are listed hereunder:




	
The blank upper surface is machined with one of the processes (GCM, GCLBM, GCHM) based on previously optimised parameters [22,23,27];



	
All the blanks are sintered in the same conditions in a furnace following this sequence:



	
Room temperature to 250     °  C   at a rate of 1     °  C  /min;



	
250     °  C   for 2  h ;



	
250     °  C   to 750     °  C   at a rate of 1     °  C  /min;



	
750     °  C   for 2  h ;



	
750     °  C   to 1430     °  C   at a rate of 3     °  C  /min;



	
1430     °  C   for 2  h ;



	
1430     °  C   to room temperature at a rate of 5     °  C  /min.






	
The samples (12 for each process) are cut with a diamond disk at the dimensions recommended by EN 843 [28] and provided in Table 1;



	
All surfaces except the machined ones are polished with SiC of meshes 220#, 500#, 800#, 1200#, 2400#, and 4000#, then on a felt with 3–6   μ m   diamond paste (for 4–5 min for each step).








In addition, a set of 12 samples is processed according to EN 843 [29] (i.e., grinding after sintering) to act as reference.



Table 2 shows the processes parameters, as obtained from earlier research [22,23], to machine the samples. For GCHM, GCM is followed by GCLBM with the same parameters as in Table 2. This order (GCM before GCLBM) has been chosen to benefit from the advantages of each separate process. In this configuration, GCM can be seen as the roughing stage maximizing productivity, and GCLBM acts as the finishing stage to obtain small features, below the range that can be achieved with GCM.




2.2. Measurements


After sintering, phase destabilisation and surface roughness measurements are carried out on the machined surfaces before a three-point bending test of each sample. Destabilisation of the tetragonal phase is characterized by highlighting phase components. The percentage of monoclinic phase components is computed for 5 samples (per process) by XRD measurements with a Siemens D5000 (Siemens, Munich, Germany) diffractometer   θ / 2 θ  . The fraction of phase component is computed by Equations (1) and (2) [30,31]


   X m  =    I m   (  1 ¯  11 )  +  I m   ( 111 )     I m   (  1 ¯  11 )  +  I m   ( 111 )  +  I t   ( 111 )     



(1)






   X t  =    I t   ( 111 )     I m   (  1 ¯  11 )  +  I m   ( 111 )  +  I t   ( 111 )     



(2)




where   X m   and   X t   are the fraction of the monoclinic and the tetragonal ZrO   2   phases, respectively, and   I m   and   I t   are the intensities of the monoclinic and the tetragonal ZrO   2   reflections, respectively.



On the 5 samples per process analysed by XRD, arithmetic and total surface roughness values (  R a   and   R t  ) are measured on 3 distinct areas (resulting in 15 measurements per process). Surface roughness values are provided by Diavite DH-6 (Diavite, Bülach, Switzerland) contact roughness measurement equipment following the ISO 4288 standard [32].



Fracture strength is characterized (according to EN 843 [29]) by three-point bending tests performed on a Zwick Z100 (Zwick-Roell GmbH & Co. KG, Ulm, Germany) universal testing machine on all samples (12 samples per process). The sample is positioned on an alumina tooling with the machined surface in tension.




2.3. Failure Analysis


Due to the brittle behaviour of ceramic materials, a significant dispersion of their mechanical properties is observed for different samples from the same production batch. The distribution around the mean value is generally not normal but asymmetrical. The Weibull distribution with two parameters is recommended by EN 843 [29] to characterise the failure behaviour of ceramic materials. The probability of failure,   P f  , for a bending test is given by


   P f  = 1 − exp [ −   (   σ f   σ 0   )  k  ]  



(3)




with:




	
   σ f  > 0  : the flexural strength of a sample from the batch, computed by    σ f  =   3 F l   2 b  h 2      with F the peak force at fracture, l the distance between the centres of the inner and outer support rollers, and b and h the width and the thickness of the sample, respectively (   P f  = 0   if    σ f  ≤ 0  ).



	
  σ 0  : the Weibull characteristic strength of the batch, it is a normalising factor and represents the strength of the sample with a probability of failure of 63.2%.



	
k: the Weibull modulus, it is an image of the defects distribution (cracks, voids) inside the material and represents the dispersion of the values (the higher k, the smaller the dispersion and the safer the material) [2]. Weibull modulus values are usually 10 or less for brittle materials such as ceramic materials (values for ductile metals are from 10 to 200) [33].








A ranking number, i, is given to each of the   N = 12   samples of the batch and a probability value,   P  f ,  i   , is estimated by:


   P  f ,  i   =   i − 0.5  N   



(4)







Flexural strengths are arranged in an increasing order and plotted with


   x i  = ln  (  σ  f ,  i   )   



(5)




and


   y i  = ln [ ln (  1  1 −  P  f , i     ) ]  



(6)




to generate a Weibull diagram. Estimations of the Weibull modulus,   k ^  , and the Weibull characteristic strength,    σ ^  0  , are determined with the maximum-likelihood method following EN 843 [29]:


     ∑  j = 1  N   σ  f ,  j   k ^   ln  (  σ  f ,  j   )     ∑  j = 1  N   σ  f ,  j   k ^     −  1 N   ∑  j = 1  N   σ  f ,  j   −  1  k ^   = 0  



(7)






   σ 0  =   [ (  ∑  j = 1  N   σ  f , j   k ^   )  1 N  ]   1  k ^     



(8)







The estimation of Weibull modulus,   k ^  , is then corrected by a coefficient obtained with the Monte Carlo method [29]. Following the standard [29], no correction is needed for the characteristic strength,    σ ^  0  , as its bias is minimal. A 90% confidence interval is computed for both Weibull parameters as specified by EN 843 [29]. Figure 1 shows the Weibull diagram for a black Y-TZP reference part (classical manufacturing chain) where the slope is k and the intersection with x-axis is   σ 0  . It allows to assess the suitability of the two-parameter Weibull distribution, as well as the confidence level. This check is successfully passed for the four studied processes.





3. Results


3.1. Surface Roughness


Figure 2 shows the arithmetic roughness,   R a  , and the total roughness,   R t  , values for each of the three processes and the reference. The lowest values are obtained with the reference, while the highest ones are produced by GCLBM with values around   R a =  2.5   μ m   and   R t =  20   μ m  ; as is also the case for the deviation around the mean value. Total roughness values are similar, around 10   μ m  , for GCM and GCHM but with a lower deviation for GCHM.



Arithmetic roughness value of GCHM is twice as much as in GCM but it achieves, still, a   R a   close to 1.1   μ m   on average. Low surface roughness (typical value:   R a <  1.6   μ m   for contact applications) is required to avoid the risk of crack initiation.




3.2. Phase Destabilisation


At the end of the sintering cycle, the percentage of tetragonal phase should be close to 100%. The shape of the curve is the same for the four processes on the diffractogram of Figure 3. The highest peak intensity at   2 θ   angle of 35.2° is t-phase. As expected, the peak intensity of m-phase (  2 θ ≈   32.9°) is lower. An unidentified peak that could be due to the pigments or the DASIM (more likely as the peak probably belongs to a crystalline phase) added during the preparation of the powders, is noted between the two phases (  2 θ ≈   33.75°). It is identical for all processes and has, therefore, no influence on the comparison of mechanical properties.



The fraction of m-phase calculated from peak intensity is shown in Figure 4. The reference process gives the best result, i.e., the lowest fraction of m-phase. For GCM, the percentage of m-phase is the highest at about 7%, compared to GCLBM and GCHM at about 5%. While a decreasing trend in the mean values of the percentage of m-phase is noted, the phase fractions are not significantly different for these three processes when the dispersion is considered (and this type of calculation is generally limited to qualitative analyses). The hybrid process exhibits the lowest dispersion. According to ISO 13356 [10], the four processes can be used to manufacture implants for surgery; m-phase fraction is lower than 20%.




3.3. Flexural Strength


Weibull diagrams (Figure 5) show that GCHM and GCM lines are almost parallel, but the characteristic strength is lower for the hybrid process. All k and   σ 0   results (Table 3) are acceptable regardless of the manufacturing process. Indeed, Weibull moduli are at least equal to typical value (10) and flexural strengths are in the typical range (500–1800 MPa) of indicative values from commercial zirconia grades [2].



Parts obtained by GCM and GCLBM show a different mechanical behaviour; k is the highest for GCLBM, while   σ 0   is the highest for GCM. The reference and the GCM process have very close characteristic strength values, while it is also for the GCLBM and hybrid process, but approximately 5% lower. GCLBM results in the highest Weibull modulus value, even higher than the reference. It means that confidence is high on its relative (by comparison to the other processes) low characteristic strength value. GCM exhibits the inverse behaviour, a larger dispersion for a higher characteristic strength. The hybrid process combines both characteristics with a large dispersion (i.e., a low k) and a slightly lower (by comparison to GCM) characteristic strength value.





4. Discussion


The probability of failure for each process (Figure 6) clearly shows that the distribution follows the same trend for GCM and GCHM, due to close Weibull moduli (11 and 10, respectively). The lower Weibull characteristic strength for GCHM shifts the distribution of about 50 MPa towards lower values.



Despite a low Weibull modulus, GCM is the process that ensures the closest flexural strength (905 MPa) to the reference (891 MPa). The low surface roughness of 0.45   μ m     R a   with a low deviation (±0.08   μ m  ) explains that the first failures appear at higher strength by comparison with GCHM (1.13 ± 0.10   μ m  ). The total surface roughness value (  R t  ), and especially its deviation (10.37 ± 3.86   μ m  ), show that the distribution of surface defects is rather heterogeneous. This surface heterogeneity could be the result of micro-cracks apparition, which contributes to activate the   t →  m   toughening transformation. The occurrence of this transformation is confirmed by a significant presence of m-phase for GCM (the largest mean and dispersion values, 6.94 ± 1.10%, measured in this study, Figure 4).



Surface roughness values are very high for GCLBM (  R a =   2.37 ± 0.32   μ m   and   R t =   21.23 ± 4.92   μ m  ) because the defects present on the surface before machining (the green blank is produced by uniaxial compaction) are intensified by the laser. In fact, the beam length varies locally during the interaction between the energy source and the material when the surface is not flat (beam length variations are linked to   R t   values of the surface being machined). The actual beam focus, as well as the surface locally machined by the laser, are therefore impacted, which influences material removal and surface topology. This leads to a non-uniform material removal rate. The phenomenon is amplified at each additional layer that is machined, leading to an increasing deviation from the target depth and of the surface roughness. The quality of the surface generated by GCLBM is therefore highly dependent on the initial surface state. The transformation toughening is less activated than for GCM due to the absence of tool contact that decreases the probability to generate micro-cracks, which explains why GCLBM has the highest Weibull modulus.



The proposed hybrid process has a positive impact on both the quality and the repeatability of the surface by comparison to GCLBM (surface roughness values and deviations are reduced from   R a =   2.37 ± 0.32   μ m   to   R a =   1.13 ± 0.10   μ m   and from   R t =   21.23 ± 4.92   μ m   to   R t =   9.69 ± 0.94   μ m  ), while enabling the possibility to machine small features thanks to the laser interaction. This shows the importance of the characteristics of the surface that will be machined with the laser beam. Milling that surface at the previous step is therefore important. Although the fraction of m-phase (Y-TZP destabilisation) and its dispersion are reduced with the laser step (from 6.94 ± 1.10% to 5.16 ± 0.52%), the level of the reference is not reached (3.38 ± 0.54%). The flexural strength value of GCHM and its reliability (845 MPa and 10, respectively) show that hybridisation globally results in a slight decrease in the mechanical properties. The flexural strength is slightly lower than for GCM (905 MPa) and the dispersion is higher than for GCLBM (20). This highlights that GCLBM influences negatively the characteristic strength obtained with GCM and that it does not allow improving its reliability.



In summary, the combination of two technologies rises the repeatability of the surface quality in terms of roughness or Y-TZP destabilisation, but the flexural strength is negatively impacted compared to the GCM process.




5. Conclusions


In this paper, Y-TZP ceramic samples are manufactured at the green stage by three different machining processes. One of them is the newly developed green ceramic hybrid machining (GCHM) process. It sequentially combines GCM and GCLBM to mainly increase productivity and obtain micro-features with no taper angle. The introduction of this new hybrid process at the green stage for the manufacturing of ceramic components that can be used in medical implants applications is the first contribution of this study.



After the sintering cycle, the samples are compared on different criteria such as the flexural strength, the surface quality and the Y-TZP destabilisation of the tetragonal phase component. This comparison shows that the hybrid process is a compromise and that it can even improve the results of GCM and GCLBM taken separately. Indeed, the repeatability of both the surface roughness and the Y-TZP destabilisation are improved (the dispersion around the mean values is reduced), as well as the values of the total surface roughness and the fraction of monoclinic phase. However, the flexural strength is not improved by comparison to GCLBM and its reliability is similar to that of GCM. Finally, the fraction of the monoclinic phase measured in the samples after sintering (less than 20%) makes GCHM (as well as GCM and GCLBM) suitable for manufacturing black Y-TZP surgery implants. The study and quantification of the impact of the finishing process on both the mechanical properties and the surface roughness of the final sintered ceramic component is another significant contribution of this study.



In addition, it is highlighted that the result of the previous manufacturing step is very important as the surface quality highly depends on it. If the quality of the component is critical for the application, we recommend carrying out a surfacing operation with a cutting tool (i.e., GCM) prior to GCLBM, corresponding to the sequence of the GCHM process introduced in this paper. It is consequently recommended to adopt GCHM to manufacture ceramic medical implants as phase stabilization and surface smoothing should significantly increase wear resistance of ceramic inserts.



Future work should include the study of the microstructure, residual stresses and micro-cracks on the machined surfaces, the identification of the second highest peak in the XRD diffractogram, but also the quantification of the contribution of each individual process of GCHM.
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Figure 1. Weibull diagram for the reference process with a 90% confidence interval. 






Figure 1. Weibull diagram for the reference process with a 90% confidence interval.



[image: Jmmp 07 00118 g001]







[image: Jmmp 07 00118 g002 550] 





Figure 2. Surface roughness values for the three processes and the reference (error bars represent measurement uncertainty). 
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Figure 3. XRD diffractogram of the three processes and the reference. 
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Figure 4. Fraction of m-phase for the three processes and the reference (error bars represent measurement uncertainty). 
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Figure 5. Weibull diagram for the three processes and the reference. 
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Figure 6. Probability of failure for the three processes and the reference. 
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Table 1. Dimensions and tolerances of sample—Size B according to EN 843 [28].
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	Surface Condition
	Parameter
	Length (mm)
	Width, b (mm)
	Thickness, h (mm)





	All
	Dimensional range
	≥45
	4.0 ± 0.2
	3.0 ± 0.2



	Machined
	Parallelism tolerance
	–
	±0.02
	±0.02



	As-fired
	Parallelism tolerance
	–
	±0.10
	±0.10
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Table 2. Machining parameters of black Y-TZP at the green stage.
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	GCM [22]
	GCLBM [23]





	Depth of cut (mm)
	0.7
	0.027



	Feed rate /Scan speed (mm/min)
	1350
	30,000



	Tool/Beam diameter (mm)
	3
	0.05



	Cutting speed (m/min)
	133
	–



	Material removal rate (mm3/min)
	2835
	40.5



	Repetition rate (kHz)
	–
	78



	Power (%)
	–
	85
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Table 3. Weibull parameters of black Y-TZP for the three processes and the reference.
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	Process
	k
	   σ 0    (MPa)





	Reference
	15
	891



	GCM
	11
	905



	GCLBM
	20
	858



	GCHM
	10
	845
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