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Abstract:  

Advanced ceramics have many attractive features such as high stability and wear 

resistance that find broad applications in various fields, e.g. optics, aerospace, etc. However, 

the accompanying difficult-to-machine property with complex geometry brings great 

challenges to the commonly used laser machining and rigid wheel based grinding in industry. 

To achieve optical surface quality with surface roughness below 10 nm Ra, three promising 

ultra-precision compliant machining technologies using adaptive elastic tools are presented in 

this paper, including bonnet polishing, compliant pitch polishing and shape adaptive grinding 

with fine grain size. A comparative study was conducted by machining three different low 

thermal expansion ceramics while continuously increasing attack angle, spindle speed and 

tool offset across rectangular regions. Material removal rate (MRR) and surface roughness 

(Ra) with respect to different process conditions are compared. With sufficient data, the 

processing ability using above three compliant machining technologies is summarized based 

on the MRR-Ra plots for different ceramics. In addition, microscopic observation and X-ray 

diffraction analysis are conducted to characterize differences in material behavior. 
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1. Introduction 

   Advanced structural ceramics, such as very low thermal expansion ceramics (LTEC), are 

finding an increasing demand in many applications, e.g. artificial joints, next-generation 

computer memory, biomedical devices, optical mirrors in aerospace, etc., due to their 

superior material properties including high thermal stability, high hardness, high wear 

resistance and so on [1, 2]. However, low fracture toughness and brittleness lead to their 

difficult-to-machine nature. On the other hand, high surface quality is essentially needed to 

satisfy high functional performance in applications. Therefore, advances in ceramic 

machining technology are necessary for commercialization of improved technology, 

productivity, and increased product quality [3]. 

   To improve the machinability in ceramics processing, numerous attempts have been tried 

in the last decades, such as abrasive water jet machining [4], micro electro discharge 

machining [5], pulsed laser ablation [6], laser milling [7], etc. However, the energy based 

machining approach results in low surface integrity with roughness of tens of microns and 

generally induces thermal stress. As comparison, tool based mechanical machining method is 

effective to perform accurate machining with improved surface quality. For diamond cutting 

or milling, due to the high hardness of ceramics, it is usually implemented with assistance 

from extra energy, such as laser spot heating [8], atmospheric-pressure plasma jet [9], 

ultrasonic vibration [10, 11], in order to expand the ductile removal regime and avoid fracture 

generation. As a result, the machinability is improved and the surface roughness could be 

reduced to several microns. As for grinding with diamond wheel, it is a widely used option in 

industry to achieve a good accuracy and surface quality. However, its problem lies in the 

limited degree of freedom in machining complex surfaces and high machining expenses [12]. 
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Besides, the surface crack and subsurface damage can be easily generated due to the hard 

contact between the rigid wheel and brittle ceramics. To mitigate this problem, ultrasonic 

assisted grinding has been adopted for ductile grinding of ceramics, and the experiments 

show the material removal rate can be increased while keeping free from subsurface damage 

[13]. Nevertheless, the grinding process based on hard contact is still not capable of achieving 

ultra-precision criteria often expected by designers, especially for optical applications [14], 

and thus it cannot be treated as a finishing step for high quality products.  

   Chemical mechanical polishing is a commonly used ultra-precision finishing process, 

where a rotating workpiece is pressed face down onto a rotating polishing pad while 

polishing slurry containing loose abrasive particles flows in to remove the material [15]. In 

spite of nanoscale surface roughness that can be obtained, the drawback is the limitation to 

the planar workpiece in principle. As a computer controlled polishing method, 

magnetorheological finishing process is applying an electromagnetic field to pull the slurry 

and generate shear stress for removing the material [16]. It has many advantages like the high 

removal rate and nano-scale roughness that can be achieved. However, a special 

magnetorheological fluid is needed and the complexity of slurry system have restricted its 

adoption so far. Ion beam figuring technology could realize high material removal rate for 

surface form correction [17], yet it is not good at removing high frequency roughness in the 

micro-scale. Recently, there are also some new finishing processes developed for 

ultra-precision accuracy, e.g. ultrasonic two-axis vibration assisted polishing [18]. It has 

shown roughness below 5 nm was successfully achieved on high numerical aperture mold. 

Nevertheless, it would take an excessively long time for processing larger molds up-to 50 

mm diameter by this technique. As another developed approach unlike conventional grinding, 
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electrolytic in-process dressing (ELID) grinding could achieve ultra-precision finishing of 

structural ceramics, surface roughness below 10 nm has been obtained by using fine grain 

size of 4 µm [19]. It is a cost-effective and efficient solution for ceramics processing in large 

scale, however, it is mainly used for the planar ceramics finishing.  

   As stated in [3], most industrialized countries of the world have invested heavily in the 

processing of new ceramic materials, for the production of lower-priced ceramics with better 

properties. As an innovative computer controlled compliant finishing process, bonnet 

polishing based on tool precession has been described in previous work at various stages of 

its development by Walker, Beaucamp and their colleagues [1, 14, 20]. As illustrated in Fig. 

1(a), due to the utilization of elastic tool, it could achieve good compliance with flat, aspheric 

or even freeform shape [21]. As further developments, polishing pad could be also replaced 

by optical pitch and fabric sheet deposited with diamond grains, constituting two other 

technologies, namely compliant pitch polishing (CPP) and shape adaptive grinding (SAG), as 

shown in Fig. 1(b)&(c). Unlike the conventional rigid wheel based grinding, the SAG process 

with fine grains could also achieve ultra-precision finishing with surface roughness less than 

2 nm [22]. In spite of much research conducted on bonnet polishing and SAG process, there 

is still serious lack of comparative work in processing various attractive ceramics materials 

using the different methods described above.  

   On the other hand, some work has been published on the effect of finishing processes on 

the workpiece surface and subsurface from the perspective of material science. For instance, 

Luo et al. disclosed the material behavior after magnetorheological finishing at atomic scale 

based on morphology observation and X-ray diffraction analysis [23, 24]. Bismayer et al. 

investigated the subsurface damage in silicon wafers by grinding and lapping [25].  
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Nevertheless, a comparative study on the surface and sub-surface influence of brittle, ductile, 

and especially compliant finishing process, has not been revealed yet.  

   Therefore, this paper will focus on an experimental comparison to investigate the 

processing abilities of different compliant finishing methods and their processing domains for 

different ceramics. High magnification microscopic images and X-ray diffraction analysis 

will be presented to distinguish the effect of different methods on the finished surfaces. This 

work is expected to provide guidance for parameter selection and process optimization in 

ultra-precision machining of advanced ceramics. 

2. Materials and methods 

2.1 Compliant abrasive technologies 
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Fig. 1 Schematics of different compliant abrasive technologies, (a) bonnet polishing, (b) compliant 

pitch polishing, (c) shape adaptive grinding 

   Three types of promising compliant abrasive technologies will be investigated to study 

the processing performances of ceramics. As the first type, in bonnet polishing as shown in 

Fig. 1(a), the position and orientation (precession angle) of a spinning (wH) elastic rubber tool 

can be actively controlled as it traverses the ceramic surface. On the rubber tool, the pad 

made of polyurethane (LP66, Universal Photonics) or poromeric cloth (Uninap 13, Universal 
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Photonics) is adopted to interact with the workpiece, between which the loose grits provided 

by cyclic slurry delivery are actively removing the materials in micro/nano-scale under 

pressure from the deformation of the elastic tool, e.g. rubber bonnet. Therefore, the material 

removal rate and surface quality are determined by the pressure in the contact region, offset 

value, attack angle, spinning speed, rubber/pad material, grit size/type, workpiece material, 

etc.  

   If very fine grits (e.g. size<0.5 µm) are introduced to reach higher surface quality, the 

extremely small grit size might be trapped inside the pad material, probably leading to very 

low material removal amount. Evolved from the bonnet polishing, the compliant pitch 

polishing is using optical pitch shaped in circular shape to make the loose grits interact with 

the workpiece, as illustrated in Fig. 1(b). The pitch is relatively hard, but can be reshaped by 

heating, to comply with the workpiece form before polishing. In this process, the attack angle 

is set to be zero to keep the pitch fully in contact with the workpiece, that is the top surface of 

the pitch dollop attached to the elastic tool. Likewise, the material removal rate and surface 

quality are affected by offset value, pitch size, spinning speed, grit size/type, rubber material, 

workpiece material, etc. This method is expected to achieve improvement in surface quality 

as well as high material removal rate. 

   To have a significantly higher material removal, grinding is mostly employed. 

Nevertheless, when processing brittle ceramic materials, it could easily generate the fracture 

and degrade the surface quality, especially for conventional grinding based on rigid wheel. As 

a further evolution from the bonnet polishing, the shape adaptive grinding (SAG) process 

recently proposed by Beaucamp et al [22], as another compliant machining method, is 

capable of freeform finishing difficult materials rather than rough machining. Instead of hard 
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contact, the SAG also uses an elastic tool to achieve shape compliance with the workpiece, 

while the material is removed at micro/nano-scale by the diamond grits that are deposited on 

nickel or resin pellets, as illustrated in Fig. 1(c). With fine diamond grits (e.g. size < 3µm), 

optical surface with roughness below 1 nm can be achieved on SiC, which shows potential to 

realize both high material removal and smooth surface finishing quality. The size of 

compliant contact area is controlled by offsetting the elastic tool against the workpiece, 

whereas the finishing quality is affected by the diamond grit size, offset, spinning speed, 

rubber material, workpiece material, etc.  

   It can be found that above three methods have different features in ultra-precision 

finishing of ceramic materials, and the process performance depends on the specific type of 

ceramics. Consequently, comparative study and analysis will be conducted in the following 

sections. 

 

2.2 Investigation method 
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Fig. 2 Illustration of experimental method for ceramic processing 
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   To obtain sufficient and reliable information from each processing cycle for comparisons, 

a new experimental method based on continuously varying parameters is described in this 

section. The raster path was firstly planned on the rectangular ceramic surface, with feed 

motion in x direction and step motion in y direction. As illustrated in Fig. 2(a), along the feed 

direction, the attack angle is continuously varied from 0 to 30º, while the offset is gradually 

increased from 0.1 mm to 0.4 mm along the step direction. The offset map and attack angle 

map in the rectangular processing area are plotted in Fig. 2(b). For the compliant pitch 

polishing process, as the attack angle must be kept zero, the spindle speed is varying from 

200 rpm to 1600 rpm along x direction instead.  
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Fig. 3 (a) Form evaluation method, (b) illustration of evaluation method for each processed ceramics 

 

     To accurately evaluate the material removal profile, the surface forms before and after 

processing are measured using either a Fizeau interferometer (NT4100, Wkyo), or stylus 

based profiler (PGI, Taylor Hobson) for surface form with large depth. The removal form can 

be obtained by form subtraction before and after, as illustrated in Fig. 3(a). To calculate the 

material removal rate (MRR) under different conditions, the processed ceramics are evenly 
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divided into 16 points by a mesh grid and numbered from (1, 1) to (4, 4), as shown in the top 

view of Fig. 3(b). The MRR at each grid point is defined by: 

 MRR(𝑖, 𝑗) =
[ℎ(𝑖,𝑗)−ℎ0(𝑖,𝑗)]∙𝐴

𝑡
                       (1) 

where ℎ(𝑖, 𝑗) and ℎ0(𝑖, 𝑗) are the form depths before and after machining at any evaluation 

point (i, j) according to Fig. 3(b), A is the machining area, and t is the total machining time. 

Each point is also measured three times by white light interferometer (NT2000, Wkyo) with 

50 × objective, to obtain the average value of Ra (arithmetical mean deviation of the assessed 

area after removing the tilt and power) for the representation of surface roughness. Likewise, 

the surface roughness of corresponding evaluation point is denoted as Ra (i, j). 

 

Table 1. Material properties of three ceramics 

 Expansion coefficient 

(×10-6/K) 

Hardness 

(GPa) 

Fracture toughness 

(MPam1/2) 

Young’s 

modulus 

(GPa) 

Poisson ratio 

Density 

(g/cm3) 

NexceraTM <0.03 8.1 1.4 140 0.3 2.57 

Zerodur® <0.03 6.9 0.94 91 0.24 2.53 

Cordierite <0.05 8.5 1.25 145 0.31 2.5 

 

   Three low thermal expansion ceramics were investigated, namely NexceraTM (Type 

CD107) produced by Krosaki Japan, Zerodur® produced by Schott AG Germany, and 

Cordierite (Type Cordierite) manufactured by Kyocera Japan. The material properties 

including expansion coefficient, Vickers hardness, fracture toughness, etc., are listed in Table 

1 according to the product specifications for all three low thermal expansion ceramics. Three 

types of compliant abrasive technologies have been applied, where the grit type and size are 

different, as listed in Table 2. Apart from the above described varying process conditions, all 

tools had a radius of 12 mm and rubber hardness of 60 A. The feed speed is 300 mm/min with 

https://en.wikipedia.org/w/index.php?title=Arithmetical_mean_deviation&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Assessed_profile&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Assessed_profile&action=edit&redlink=1
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spacing of 0.2 mm in y direction. The slurry concentration in BP and CPP was 40 g/L. The 

total processing time is about 43 min for an area of 50 mm × 50 mm. 

Table 2. Experimental process parameters 

 Ceramic processing methods Workpiece 

Material 

Conditions 

 SAG BP CPP 

Grit size 9 µm, 3 

µm 

1.5 µm  1.5, 0.5, 0.2 

µm 

NexceraTM Offset 0.1-0.4 mm Rubber 

hardness 

60 A 

Grit Mat. Diamond CeO2 CeO2, Al2O3 Zerodur
®

 Attack  0-30º Spacing 0.2 mm 

Pad Mat. Metal 

fabric 

Uninap 13, 

LP66 

Pitch ∅8 

mm 

Cordierite Spindle 200-1600 

rpm 

Tool 

Radius 

12 mm 

3. Results and discussions 

3.1 Experimental setup 

Experiments were implemented on a 7-axis CNC machine (IRP50, Zeeko), and the 

schematics of the platform is shown in Fig. 4(a) [26]. The ceramics shown in Fig. 4(b) were 

clamped on the XYZ axes of the machine, while the compliant tool was spinning on the H 

spindle. The automatic adjustment of attack angle was realized by the A axis. The 

photographs of the elastic tools listed in Table 2 corresponding to three compliant abrasive 

methods described in section 2.1 are shown in Fig. 4(c). 
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Fig. 4 (a) 7-axis CNC platform [26], (b) photographs of three ceramics, (c) photographs of adopted 

compliant tools 

 

3.2 Processing of NexceraTM with different technologies 

Firstly, the process investigations on NexceraTM were conducted to have a basic 

understanding of material removal behavior under various technologies and conditions. 

Before executing the processing programs, the initial surface form and roughness values were 

measured. To guarantee the consistent evaluation, very smooth ceramics were specially 

prepared by fine diamond lapping, and the initial surface roughness was characterized to be 

0.53 nm Ra with standard deviation of 0.09 nm.  

   The elastic tools with different pad materials were applied in the bonnet polishing (BP) 

process by following the raster path illustrated in Fig. 2(a). According to 2.2, the evaluated 

removal form based on the tool with pad material of polyurethane is shown in Fig. 5(a). It can 

be seen that maximum removal depth occurs at the right corner of the map, corresponding to 
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the largest offset of 0.4 mm and maximum attack angle of 30º. This is because large offset 

contributes to high pressure in the contact region, driving the grits to remove more materials. 

The large attack angle means high speed of each grit, resulting in high removal amount per 

unit time. The corresponding surface roughness at the diagonal positions is shown in Fig. 6. It 

can be observed that, with the increase in offset and attack angle, the surface roughness is 

remarkably increased from 0.57 nm to 8.37 nm, indicating that the surface quality is 

sacrificed while improving the material removal rate (MRR).  

 

Fig. 5 Material removal profile after (a) bonnet polishing by polyurethane tool with CeO2 in 1.5 µm 

grit size, (b) compliant pitch polishing with CeO2 in 0.5 µm grit size, (c) compliant pitch polishing 

with Al2O3 in 0.2 µm grit size, (d) shape adaptive grinding with 3 µm grain, (e) shape adaptive 

grinding with 9 µm grain, (f) photographs showing ductile and brittle modes 

   With the same rubber tool covered by softer uninap pad, the actual pressure induced by 

the pad asperity is much smaller, the removal depth becomes so low (~20nm in peak-valley) 

that the entire removal form cannot be distinguished well. Such low material removal rate 

makes it rather difficult to realize corrective polishing [14]. However, the surface quality can 

be improved compared with the case using polyurethane tool with the same grit size. The 

quantified MRR and surface roughness for the two conditions based on bonnet polishing are 

compared by the curves in Fig. 7.  
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Fig. 6 Surface roughness after bonnet polishing by polyurethane tool with CeO2 in 1.5 µm grit size, 

compliant pitch polishing with Al2O3 in 0.2 µm grit size, shape adaptive grinding with 3 µm grain and 

9 µm grain 

   With the same 1.5 µm grit size slurry, by using the compliant pitch polishing (CPP) with 

pitch diameter of 8 mm, the corresponding MRR is found to be much larger by evaluating the 

grid points at same diagonal positions. Meanwhile, the surface roughness value has been 

considerably decreased with less deviation, as shown in Fig. 7(b). It indicates that better 

surface quality can be obtained by the CPP method, as compared to BP method under the 

same conditions. By using smaller size grit (0.5 µm), apparently the surface quality could be 

further improved, as the surface roughness value indicated in Fig. 7(b). Interestingly, the 

MRR was also improved as compared with using 1.5 µm grit size. This is because, with the 

same concentration of 40 g/L, a larger amount of grits in small size would be involved in the 

material removal process. By using Al2O3 slurry (0.2 µm grit size), as the trend of Fig. 7 

indicates, the MRR was further increased with decreased surface roughness. The 

corresponding removal forms with 0.5 µm and 0.2 µm grits are shown in Fig. 5(b) & (c), 

respectively.  

   To confirm the smooth finishing capability of presented shape adaptive grinding (SAG) 

method in ceramic processing, SAG tool bonded with average diamond size of 3 µm shown 
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in Fig. 4(c), was applied by keeping other machining variables the same as in BP process. 

The removal form is drawn in Fig. 5(d), and quantified on the curve of Fig. 7(a). By 

evaluating the surface roughness, it is found that smooth surface with average 2.2 nm in Ra 

can be obtained, which is even better than the BP process with finer grit size of 1.5 µm. This 

is particularly true when the large offset and attack angle (corresponding to (3, 3), (4, 4) in 

Fig. 7(b)) is applied to remove large amount of materials. The results confirm that the 

machinability of NexceraTM using SAG tool is even better than the BP tool. Nevertheless, 

with larger diamond size of 9 µm in SAG process, the situation becomes different. As shown 

in the surface image of Fig. 6, scratching and grinding marks are obviously seen. Besides, at 

the (4, 4) position where largest offset is applied, brittle fracture is generated, thus leading to 

seriously degraded surface quality even though the high MRR is obtained.  

   Based on above analysis and especially the results in Fig. 7, SAG 9 µm or larger grit size 

tool should be carefully used unless in very rough stage to remove extremely large amount of 

materials. Compared with BP which is normally considered as the final finishing process, 

SAG 3 µm is recommended in higher priority, due to the improved MRR and surface quality 

as well as the fact that a slurry supply system is not necessary. It can be expected that better 

performance could be possibly achieved if SAG tool with finer diamond grain size could be 

manufactured in industry. For CPP process, surface roughness below 1 nm could be steadily 

achieved by adopting extremely fine grit size, and another advantage is the higher MRR can 

be obtained by forming larger size pitch on the elastic tool, as shown in Fig. 1(c).  
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Fig. 7 Comparisons of (a) material removal rates and (b) surface roughness under different conditions  

 

3.3 Comparisons with Zerodur® and Cordierite 

   Through above process investigations, the following advantageous conditions in ceramic 

processing are selected, implemented and compared with two low thermal expansion 

ceramics that are of great interest in industry.  

3.3.1 BP process 

   Firstly, the above BP process with 1.5 µm CeO2 was applied to process three types of 

ceramics. Based on the machining parameters listed in Table 2, the processed ceramics were 

evaluated in the same way described in section 2.2, the 3D histograms corresponding to 4×4 

testing points, in terms of MRR and surface roughness, were obtained. A clear 3D trend can 

be seen from Fig. 8 is that the surface roughness is increasing with the increase in offset and 

attack angle for NexceraTM and Cordierite. However, the machined surface roughness of 

Zerodur® is not sensitive to the change in these two variables, and keeps a stable lowest value, 

as shown in Fig. 9(a) at diagonal positions. Meanwhile, the highest material removal rate can 

be achieved according to both Fig. 8 and Fig. 9(b). Compared with Cordierite, better surface 

roughness can be obtained for NexceraTM, with reduced MRR. 
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NexceraTM
Zerodur® 

Cordierite

BP CeO2

Fig. 8 Comparisons of material removal rate and surface roughness for different ceramics based on 

BP process  

(a) (b)

Fig. 9 (a) Surface roughness, and (b) material removal rate at different positions for three types of 

ceramics based on BP process (The NexceraTM, Zerodur® and Cordierite are numbered as 1, 2 and 3, 

which is also applied to the subsequent figures) 

 

   The above phenomenon could be well explained by the following analysis which 

correlated material properties of the ceramics. For the polishing process, it can be assumed 

that material is removed when the substrate reaches yield stress under the action of the 

polishing grits with spherical shape. According to the plasticity model in polishing process, 

under the same condition, material removal rate satisfies: 

MRR~𝑅𝑔
1/2

(
𝐹𝑔

𝜎𝑦∙𝑅𝑔
)2/3                           (2) 
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where 𝑅𝑔 is the grit radius, 𝐹𝑔 is the applied force on the grit. 𝜎𝑦 is the yield stress that 

can be estimated by one third of Vickers hardness 𝐻𝑣 [27]. Apparently from Table 1, the 

hardness of Zerodur® is much lower than the other two ceramics, indicating a higher MRR 

can be obtained based on Eq. (2). It agrees with the result in Fig. 9(b), where the highest 

MRR was achieved on Zerodur®. 

   On the other hand, it is pointed out by Tabor that, when the average interaction pressure 

between the grit and workpiece is below 0.4 times hardness, the grit is rubbing on the 

workpiece without effective material removal [28]. Instead, it suffers from burnishing and 

friction, and some deformed material on the workpiece will recover, producing the material 

swelling with the increase in height [29]. Accordingly, this effect tends to occur on the 

ceramics with high hardness, leading to the degraded surface roughness. This can well 

explain why the surface roughness values are higher for NexceraTM and Cordierite in Fig. 

9(a). On the contrary, this phenomenon does not dominate the Zerodur® material with much 

lower hardness, and thus the surface roughness is less affected by the process. 

3.3.2 CPP process 

   As the best condition investigated in CPP process, Al2O3 grit in size of 0.2 µm was 

adopted to study the difference in processing the three ceramic materials. In the same scale as 

in Fig. 9, Figure 10 indicates that much better surface qualities were achieved compared with 

the BP process, and that no clear tendency was observed for three kinds of materials. By 

comparison, the worst surface quality with close to 2 nm in Ra is generated for Cordierite. 

Nevertheless, better surfaces can be achieved for NexceraTM and Zerodur®, the average 

surface roughness of which are evaluated to be 0.87 nm and 1.07 nm, respectively. As for 

MRR, by comparing the values at diagonal positions, it is found that approximately the same 
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amount was obtained for different ceramics as shown in Fig. 11, indicating the MRR for CPP 

process is not quite dependent on the specific ceramics.  

CPP  Al2O3 

NexceraTM
Zerodur® Cordierite

 
Fig. 10 Comparisons of material removal rate and surface roughness for different ceramics based on 

CPP process  

(a) (b)

 
Fig. 11 (a) Surface roughness, and (b) material removal rate at different positions for three types of 

ceramics based on CPP process 

 

   With reference to [30], the workpiece and pitch are separated by the diameter of the slurry 

grits. It is considered that the penetration depth of the grit into the pitch is much larger for the 

workpiece with higher hardness. Based on the fact that the grits are not consistent size in 

reality, larger penetration depth into the pitch allows more grits, especially smaller ones, to be 

involved in the material removal process, making the number of active grits increase [31]. 
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Due to this fact, even though the removal depth on harder material is smaller for each grit, the 

total removal volume does not drop, which can explain the results in Fig. 11(b) for three 

different ceramics with different hardness. However, considering that pitch is a very complex 

medium as stated in [30], more specific mechanism investigations should be conducted in 

future to clarify this matter. 

3.3.3 SAG process 

SAG 3  um

NexceraTM
Zerodur® 

Cordierite

 

Fig. 12 Comparisons of material removal rate and surface roughness for different ceramics based on 

SAG process  

   Due to the smooth finishing capability of SAG 3 µm in processing of NexceraTM, it was 

also applied to the other two ceramics. From Fig. 12, regarding the MRR, it also displays an 

increasing tendency with the increase in offset and attack angle. For Zerodur® ceramic, 

optical surface with average roughness of 1.61 nm has been achieved as shown in Fig. 13(a). 

However, significantly lower MRR could be obtained for Zerodur®, and approximately the 

same value for Cordierite, as quantified in Fig. 13(b). Moreover, the surface quality of 

processed Cordierite by SAG 3 µm is much decreased than that of NexceraTM and Zerodur®. 

It can be concluded that while equally good average surface roughness around 2 nm can be 

obtained for both Zerodur® and NexceraTM ceramic, NexceraTM offers much better MRR 
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characteristics. The reason is considered to result from the highest fracture toughness value 

which makes the NexceraTM exhibit better machinability in broader ductile region than 

Zerodur®, when the SAG process with fixed abrasives is applied. 

(a) (b)

 

Fig. 13 (a) Surface roughness, and (b) material removal rate at different positions for three types of 

ceramics based on SAG process 

 

In addition, it has been reported that the SAG 9 µm tool generated an obvious 

ductile/fracture transition on the NexceraTM as Fig. 5(f) shows. The same phenomenon occurs 

on the Zerodur® and Cordierite. For comparison, the surface roughness and MRR at positions 

(2, 2) and (4 ,4) are typically evaluated and plotted in Fig. 14. It can be seen that, at (4, 4) 

position where extreme condition is applied, the surface roughness is remarkably increased 

up to more than 150 nm due to the brittle fracture with SAG 9 µm. On the contrary, ductile 

removal occurs at (2, 2) where the surface roughness is about 15 nm. It is noted that the high 

roughness value is attributed to the scratches (ductile) from the large size grit, as the right 

side image in Fig. 6 show. Correspondingly, The MRR is also significantly higher at (4, 4) 

due to the lateral and radial crack propagations around the abrasive grits [32]. The same trend 

but far lower MRR is generated at ductile position (2, 2), as shown in Fig. 14(b). 
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(a)
(b)

Fracture Fracture

Fig. 14 (a) Surface roughness, and (b) material removal rate at different positions for three types of 

ceramics based on SAG process 

   For the ceramics materials, according to Bifano et al. [33], there is a critical penetration 

depth corresponding to the ductile-brittle transition, which is expressed by: 

𝑑𝑐 = 𝜑(
𝐸

𝐻𝑣
) (

𝐾𝐼𝐶

𝐻𝑣
)
2

                             (3) 

where is 𝐸  and 𝐾𝐼𝐶  are the Young’s modulus and fracture toughness of ceramics, 

respectively. 𝜑 is the coefficient, which can be chosen as 0.15 for a large number of 

ceramics [34]. 

   By substituting the ceramics properties listed in Table 1, the critical transition values are 

identified to be 77 nm, 37 nm and 55 nm for NexceraTM, Zerodur® and Cordierite, 

respectively. Apparently, Zerodur® has the minimum transition value, indicating the fracture 

is much easier to be generated and propagated compared with the other two. The analysis 

coincides with the experimental results shown in Fig. 14(b), where the significantly higher 

MRR is obtained for Zerodur® material under the same process conditions.  

3.4 Comparison summary 

3.4.1 MRR versus Roughness 

   Finally, the statistical plots describing the relationship between the MRR and surface 

roughness were drawn, in order to have a further overall understanding of the processing 
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capability as well as the dependence on material for three presented compliant abrasive 

technologies. Based on 16 groups of data obtained by each processing method, all the values 

were scattered in the MRR-Ra plot. As shown in Fig. 15(a) for NexceraTM, it is clear to see 

that different conditions have different working domains. For using SAG 9 µm, the ductile 

removal domain is classified at the right-bottom part of the figure, indicating that poor 

surface quality is obtained with not high MRR. Particularly, when the large offset is applied, 

transition to fracture easily occurs where extreme high MRR and roughness are generated, 

corresponding to the right-upper corner domain in the figure. Nevertheless, the situation by 

using SAG 3 µm is significantly improved, the machinability domain of which is located 

between that of CPP and BP with polyurethane. It means that even better surface quality and 

higher MRR can be obtained by SAG 3 µm than BP process with finer girt size of 1.5 µm. 

The vertical narrow domain corresponding to CPP process with 0.2 µm reveals that stable 

and highly enhanced surface quality can be obtained, and the MRR can be improved 

simultaneously. This can be realized by increasing the pitch size on the elastic tool, as 

previously explained.  

   For the Zerodur® and Cordierite, the same conclusion can be applied for the cases using 

CPP 0.2 µm and SAG 9 µm, as shown in Fig. 15(b) & (c). However, as opposite to 

NexceraTM, the machinability of Zerodur® by BP 1.5 µm is far better, and the domain is 

located quite close to that of CPP process. The clue of best performance based on BP process 

among three ceramics can be also found in Fig. 9. Accidently, for Cordierite, its domain by 

using SAG 3 µm is contained inside that by BP 1.5 µm, indicating better surface quality can 

be obtained but without improving the MRR by using SAG 3 µm. From the experimental 

results, the grinding based SAG process with minimum 3 µm grain size can achieve better 
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surface quality than bonnet polishing process for NexceraTM and Zerodur®, but not for 

Cordierite. It can be concluded that the SAG process is capable to realize smooth surface 

(Ra<3 nm) for broader finishing applications. It is worth mentioning that, out of 3 processes, 

SAG is the easiest to use as it employs filtered water or water/oil as coolant, which makes it 

applicable to large industrial 3-axis/5-axis machining centers. Also, it is not prone to 

contamination in the way slurries are. 

  

SAG 9 um

(Transition/

Fracture)

SAG

 3 um
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Fig. 15 Processing domains using different compliant abrasive technologies 

 

   From Fig. 15, the compliant pitch polishing has the best machining performance for all 

three ceramics. As the stable and satisfactory surface roughness (Ra<2 nm) can be achieved, 

it is recommended to be adopted in the final finishing process for only improving surface 

quality by using smaller pitch size, and with larger pitch size for corrective polishing. The 

disadvantage of CPP is that it cannot be well applied for the ceramics in freeform surface 

with large curvature variations, as the pitch cannot perfectly adapt to sudden surface variation 

in the contact region. The alternative methods are SAG with fine grit size and BP process, 

depending on the specific ceramics property according to this study. 

 

3.4.2 Microscopic observations and analysis 

   To better understand the removal mechanism of the proposed compliant machining 

methods, microscopic observations were carried out on the surfaces processed by SAG and 

compliant finishing. Each image was obtained by high magnification (1000x) microscopy 

(VHX, Keyence), as shown in Fig. 16.  
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Fig. 16 Microscopic images of the three ceramics finished by different methods 

 

   The SAG process is able to achieve high removal rate but generates brittle fracture at a 

large offset (0.4 mm), as can be observed on all three ceramics. NexceraTM, as analyzed in 

section 3.3.3, exhibits better machinability with a broader ductile region than the other two 

ceramics. Thus, both fracture and ductile regions can be seen on the NexceraTM surface, 

whereas fully fracture mode removal is seen on Cordierite and Zerodur® ceramics. At a 

smaller offset (0.2 mm), fully ductile mode is realized on NexceraTM and Zerodur®, whereas 

wall fracture with deep fractural scratches can be found on Cordierite ceramics. This explains 
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the relatively higher roughness values of Cordierite in Fig. 13. Using compliant pitch 

polishing, very smooth surface can be obtained with no scratches. On the highly magnified 

2D images in Fig. 16, grain tops are visible on NexceraTM as anisotropic grain boundaries 

appear on the surface after polishing [35]. But the grains are smooth and do not protrude from 

the surface. By comparison, much clearer and sharper grains are observed on Cordierite, as 

on this specific ceramic material the grains elastically bury and bounce back behind the 

moving pitch tool [36]. For Zerodur® ceramics, a smooth surface with small pits was 

observed.  

    

3.4.3 X-ray diffraction analysis 

   XRD analysis was employed to further evaluate the surface conditions shown in Fig. 16. 

The graph in Fig. 17 shows XRD diffraction patterns for the three ceramics. Similar patterns 

can be seen for NexceraTM and Cordierite (PDF#85-1722), while Zerodur® has a totally 

different material composition (PDF#31-0707). Results for compliant pitch polishing, SAG 

ductile mode and SAG brittle mode are drawn in blue, red and orange colors, respectively. 

The maintained patterns seen on all three ceramics indicates that no phase transformation 

occurred under the different process approaches. 

   The pitch polished surfaces have the highest intensity (blue curve), particularly at the 

marked peaks (2θ=10.4º for NexceraTM/Cordierite, 2θ=25.7º for Zerodur®). The figure also 

reveals that the intensity for Cordierite decreased after ductile mode machining by SAG, and 

reached lowest intensity after brittle mode machining by SAG. This is similar with processed 

silicon wafers, where high grinding force results in lower intensity of XRD pattern [25], as 

subsurface damage and crystal deformation with extra residual stress are generated. This 
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seems to occur on Cordierite with the SAG process, which will lead to reduced mechanical 

strength [37]. By comparison, such decreasing trend in the XRD intensity is barely apparent 

for NexceraTM and Zerodur®, from which we can assume that the SAG process does not 

generate obvious subsurface damage on these two specific ceramics.  

 

 Fig. 17 X-ray diffraction patterns of three ceramics finished by different processes 

4. Conclusions 

   This paper presents the experimental study on processing performances of low thermal 

expansion ceramics based on three compliant finishing technologies, namely bonnet 

polishing, compliant pitch polishing and shape adaptive grinding. The following important 

conclusions are drawn for providing future process guidance: 

1) Consistently for all three ceramics, compliant pitch polishing can achieve the best 

optical surface quality (<2 nm) and meanwhile largest material removal rate (~0.08 

mm3/min) in ductile mode, with increase in spindle speed and tool offset. 

2) Bonnet polishing with 1.5 µm CeO2 is much more suitable for Zerodur® than other 

ceramics. The material removal rate can be largely improved by increasing the precess 
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angle and offset, and interestingly stable surface roughness of about 2 nm can be 

achieved. 

3) For NexceraTM, shape adaptive grinding with fine grain size of 3 µm can realize better 

surface roughness and a higher material removal rate, as compared to bonnet 

polishing.  

4) Better machinability is expected with finer grain size, but larger grain size clearly 

tends to initiate fracture, especially for Zerodur® which has the lowest fracture 

toughness of the ceramics investigated. 

5) X-ray diffraction analysis indicates that no phase transformation occurs on the 

ceramic surfaces finished by either compliant pitch or SAG in ductile and brittle mode. 

It also reveals that the SAG process does not generate much subsurface deformation 

on NexceraTM and Zerodur®.  

6) The processing ability between shape adaptive grinding with fine grain size and 

bonnet polishing depends on the material properties of specific ceramics, but the 

shape adaptive grinding is more promising and recommended in ceramic processing, 

especially if finer grain size tool can be manufactured. 
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