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Abstract. Materials such as binderless tungsten carbide and silicon carbide have become ubiquitous 

in the fabrication of high-performance tooling and molding inserts. But while conventional grinding 

of these hard ceramics has been studied in depth, the theory underlying their super-fine finishing 

has been less extensively explored. In particular, the boundary in process parameters that delineates 

the brittle/ductile removal transition remains mostly undocumented. In this paper, we review some 

super-fine finishing methods for carbide materials, based on both bound and kinetic abrasive 

processes. The focus is then placed on modelling the interaction between material and abrasives 

under their respective process conditions, and deriving some useful criteria guiding the 

brittle/ductile transition. 

Introduction 

The fundamentals of micro-grinding carbide materials, (1) super abrasive tooling, (2) ultra-

precision machinery, and (3) lubricant delivery, have made striding progress in recent years. Sub-

nanometer surface roughness is routinely attained on small aspheric and freeform optical apertures, 

as required in consumer products (i.e. smartphone lenses and screens) or medical applications (i.e. 

endoscopes). However, the repeating patterns produced by cusping of the grinding wheel moving 

across spiral or raster paths is still an important issue that affects the performance of the final 

products (such as light scattering and diffraction). For this reason, super-fine finishing remains a 

necessary post-processing step for many high-end applications.  

Such finishing process should smooth the surface by removing the cyclic patterns, reduce the 

overall surface roughness and waviness, but avoid generating further sub-surface damage or 

texturing of the surface that could negatively impact on the lifetime of the tool or mold insert. 

Deterministic finishing of surfaces down to ultra-precision criteria (shape accuracy of 1 part in 10
9
) 

has steadily become more widely available on automated CNC machinery, thanks to a number of 

innovations in sub-aperture finishing [1]. A number of sub-aperture finishing processes qualify in 

all these respects, a non-exhaustive list of which includes:   

a) Bound abrasives: processes such as grolishing (a soft tool and pad embedded with 

abrasives) [2], and shape adaptive grinding (SAG, an elastic tool covered with rigid pellets loaded 

with abrasives) [3]. 

b) Loose abrasives: processes such as bonnet polishing (an elastic tool with a soft pad and 

abrasive slurry) [4], fluid jet polishing (FJP, a pressurized stream of abrasive slurry) [5], magnetic 

abrasive finishing (MAF, a slurry of abrasives and ferrite particles under a magnetic field) [6], 

elastic emission machining (a stiff elastic wheel in microscopic contact with the workpiece) [7], and 

ultra-sonic vibration polishing [8]. 

c) Non-conventional: processes such as reactive plasma (a chemically reactive gas blown 

over the surface) [9], and ion beam figuring [10]. 

A common characteristic of such processes is their time dependent nature, whereby the depth of 

removal is either a quasi-linear factor of the speed at which the tool transverses the surface, or at 

least follows a predictable and repeatable evolution as a function of time. To control such processes, 

the feedrate of the sub-aperture work area is moderated such that the tool goes slower over peaks, 

and faster over valleys, of the form error profile. The convergence rate of the corrective operation 
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(ratio of the rms of the form error before/after each correction) usually depends on the accuracy of 

the measurement system and ability of the machine to deliver the commanded tool path. In this 

paper, we discuss theoretical modelling aspects in abrasive based super-fine finishing of hard 

ceramic materials, and extract some useful criteria to delineate the different removal regimes. 

Properties of carbide materials 

Crack formation in brittle materials. Ceramic materials such as tungsten carbide and silicon 

carbide offer high thermal stability and specific stiffness, which makes them well suited for high 

temperature / high pressure applications such as tooling and molding inserts. Understanding the 

mechanism in fine grinding and polishing of these brittle materials has become an important 

research topic. Klocke et al [11] compared in details the two main regimes of material removal: 

brittle and ductile, as shown in Fig. 1. Malkin et al. [12] have shown that pre-machining ceramics in 

the brittle mode generates sub-surface damage in the form of lateral and median cracks. These 

cracks are associated with residual stresses (i.e. areas of compressive and tensile stress around the 

cracks) that impact on the surface integrity of the workpiece (e.g. premature brittle failure of insert 

molds) [13]. Additionally, their lateral dimension is close to the wavelength of visible light so they 

can also negatively impact on the optical performance of the final product. Thus, material removal 

in the final finishing step should be sufficiently deep for these micro-cracks to be eliminated from 

the reflecting surface. But this usually results in low productivity and high energy use, since 

removal rate in polishing is orders of magnitude lower than grinding. 

 
Fig. 1. Comparison of brittle/ductile removal regimes [11]. 

Brittle-ductile transition. According to Bifano et al. [14], the brittle-ductile transition in 

ceramic materials relates to a critical depth of indentation dc. This critical depth can be expressed as 

a function of measurable material properties as follows: 

 

where E is the elastic modulus of the material, H the Vickers hardness, and Kc the fracture 

toughness. The validity of the coefficient 0.15 was verified for several ceramic materials including 

fused silica, zerodur and silicon carbide [14]. It corresponds to an arbitrary 10 percent fracturing of 

the indentation walls. Table 1 shows a summary of these material properties for silicon carbide and 

tungsten carbide [15], together with the resulting value for critical depth of indentation. 

 

(1) 
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Table 1. Material properties of binderless carbides used in optical mold fabrication. 

 Silicon carbide Tungsten carbide 

Elastic modulus (E) 410 [GPa] 715 [GPa] 

Fracture toughness (Kc)  4.6 [MPa.m
1/2

]  4.8 [MPa.m
1/2

] 

Vickers hardness (H) 2800 [Kg.mm
-2

] 2350 [Kg.mm
-2

] 

Critical depth of indentation (dc) 59 [nm] 190 [nm] 

When considering a finishing process, given that the equivalent indentation depth di can be 

expressed as function of process parameters, it is possible to use the critical indentation depth model 

to predict brittle-ductile transition through the relationship di < dc. Bifano verified the validity of 

this relationship in ceramic material grinding by varying the infeed rate, as shown in fig. 2 where 

the blue lines indicates the 10% wall fracturing threshold between brittle and ductile regime. 

 
Fig. 2. Brittle-ductile transition observed on fused silica [14]. 

In the following sections, we consider two types of finishing processes that are applicable to 

aspherical and freeform shapes: shape adaptive grinding (a bound abrasives process), and fluid jet 

polishing (a kinetic abrasive process). The mechanisms of these processes are examined in the 

context of brittle-ductile transition theory. 

Shape adaptive grinding (SAG) 

Principle of SAG. Shape Adaptive Grinding (SAG) [16-18] was proposed as a process for 

freeform finishing of difficult materials such as ceramics and high-performance alloys. The basic 

principle of SAG, shown in fig. 3, can be described as “semi-elasticity”: using an elastic spherical 

tool, overall compliance is achieved with freeform workpieces over a sub-aperture grinding area, 

while hard contact is simultaneously achieved at relatively smaller scale thanks to rigid pellets 

covering the elastic tool. Nickel or hard resin pellets are typically used, inside which super-

abrasives such as diamond or cubic boron nitride (CBN) are embedded. The size of the grinding 

area is controlled by offsetting this elastic sphere against the workpiece, while the grinding 

direction and speed can be controlled independently through the angle of attack and rotation speed 

of the tool. 
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Fig. 3. Principle of Shape Adaptive Grinding (SAG) [16]. 

Mechanism in SAG. The semi-elasticity of SAG tools allows for the following assumptions to 

be made when they contact a workpiece: 

• Mechanical strain is borne by the elastic support material rather than the rigid pellets.  

• Strains are within the elastic limit of this support material. 

• The contact area is significantly smaller than the overall size of the support material. 

Under these assumptions, when the tool is statically contacting the workpiece surface then the 

contact pressure P(r) can be derived from Hertz theory for contact between a sphere and half-space: 

 

where r is the radial position in the contact area, Rt the SAG tool radius, Ot the tool offset, and Pmax 

is the maximum contact pressure for which the expression is: 

 

where Eeq is the equivalent elastic modulus of the contact.  

The “semi-elasticity” of SAG tools ensures good compliance of the pellets with the work surface. 

In the case of workpieces with a radius of curvature larger than 25 mm, variation in height across a 

0.5 mm pellet is less than 1µm. It may then be assumed that all abrasives within the pellet are 

contacting the surface. This assumption is corroborated by micrographs of partially worn SAG 

tools, as shown in fig. 4. In the case of both resin and nickel binder material, after an initial period 

of self-dressing that takes up-to 30 min, all diamonds on the pellet surface take on a flattened 

appearance. This is a strong indicator that they are contacting the work surface during processing. 

    
                (a) After 30 min                       (b) After 2.5 hrs                               (c) After 5 hrs                        (d) After 10 hrs 

Fig. 4. Micrographs of SAG pellet after cumulative grinding time (100x) [17]. 

By analyzing a large number of micrographs, it is possible to assess the average density of 

diamond on the pellets. The total number of diamonds in contact with the surface during grinding 

can then be estimated by integrating across the grinding area. The load on each diamond af can thus 

be estimated by dividing the contact pressure pr (eq. 2) with the number of diamond per unit of 

area: 

 

(2) 

(3) 

(4) 
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A schematic of the grinding condition is shown in fig. 5: the rake angle has a small negative 

value, which implies high loading of the grinding edges. The clearance angle is slightly positive, 

which allows for debris to flow around the abrasives. Characteristic values of the rake and clearance 

angles in SAG were previously reported in the literature [17]. 

 
Fig. 5. Close-up of abrasive (left) and diagram of corresponding grinding condition (right) [17]. 

Based on this observation of the abrasive/workpiece interaction, an expression for the indentation 

depth of abrasives can be derived that obeys the following rules: (1) it is proportional to the 

abrasive loading af and inversely proportional to the abrasive edge width aw, (2) inversely 

proportional to the square root of the material hardness H, (3) weakly affected by the relative 

velocity of abrasives av. This leads to the following expression for the indentation depth di, which 

contains unknown coefficients (α, β, γ) that may be characterized empirically: 

 

Brittle-ductile transition. Coefficients of the equivalent indentation depth experession were 

derived experimentally by carrying out single abrasive fly-mill experiments on silicon carbide, and 

measuring the indentation depth as a function of process parameters including the tool radius, offset 

and elasticity, as well as the abrasives size and loading [18]. The coefficients were thus determined 

to be: α ≈ 0.03, β ≈ 0.01, 𝛾 ≈ 0.5. 

 
Fig. 6. Brittle-Ductile transition observed in SAG finishing of silicon carbide [18]. 

Fig. 6 shows the brittle-ductile transition corresponding to the criteria established by Bifano: a 

selection of micrographs called zones A, B and C are shown on the left side. The percentage of wall 

fracture was extracted visually, and used to draw the graph on the right hand-side where the blue 

line indicates the 10% threshold. According to this plot, ductile-brittle transition occurs for tool 

offset between 0.1 and 0.15 mm. This result was found to be in good agreement with the transition 

zone predicted by the relationship di < dc. 

 

(5) 
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Fluid jet polishing (FJP) 

Principle of FJP. In recent years, Fluid Jet Polishing (FJP) has been studied for its potential as a 

finishing method for small and intricately shaped molding inserts [19,20]. Some advantages of this 

process include the ability to generate sub-millimeter polishing footprints, a wide range of material 

removal rates through variation of the abrasive grit size and inlet pressure, a propensity for 

removing machining marks from prior processes without introducing another tool signature, as well 

as the absence of tool wear.  

 
Fig. 7. Fluid jet polishing of mandrel for X-ray mirror replication [19]. 

In the FJP process, shown in fig. 7, a mixture of water and abrasive particles is delivered by a 

pump to a converging nozzle of outlet diameter usually between 0.1 and 2.0 mm. The jet impinges 

the workpiece, thus generating a polishing spot. The typical pressure range for the slurry inlet is 

between 1 and 20 bar, while abrasive grit size may range from 0.1 to 50 µm. FJP typically delivers 

a surface finish that is a factor of inlet pressure, material type, abrasive type and grit size. 

Mechanism in FJP. Fluid flow in FJP can be characterized using the Navier-Stokes equations, 

which arise from the application of Newton’s second law to viscous fluids. Since fluid jet polishing 

operates at relatively low pressures, and slurry temperature is stabilized externally, the assumption 

can be made that fluid density remains mostly constant inside the system. The incompressible form 

of the Navier-Stokes equations can be used in such case to describe the fluid velocity field: 

 (
  

  
     )             

where v (m/s) is the fluid velocity field, p (Pa) the fluid pressure, ρ (kg/m3) the fluid density, µ 

(Pa.s) the fluid viscosity, and f (N) represents external forces acting on the fluid. After computing 

the fluid flow, a study of the motion of particles within the slurry can be carried out. For particles 

with mass m, the trajectory p(t) can be derived from Newton’s second law of motion: 

 
   

   
   

where m is the particle’s mass, and F the sum of forces acting on the particle. The external forces 

acting on a particle are comprised of gravitation, buoyancy, drag, and collisions with other particles. 

It is assumed that particle collisions cancel each other out across the entire fluid domain. And 

because of the high fluid velocity, it is assumed that gravitation, buoyancy, and collisions are all 

small compared with the drag force. The drag force can be calculated from Rayleigh’s equation: 

       
  

 
 

where ρ is the density of the fluid, CD the drag force coefficient (inversely proportional to the 

Reynolds number), v the velocity relative to the fluid, and A the projected area of the particle.  

 

(8) 

(7) 

(6) 
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Fig. 8. Fluid velocity (color scale) and Particle tracing (black lines) [19]. 

Velocities computed from a typical computational fluid dynamics simulation are shown in Fig. 8: 

slurry exits the nozzle from the upper-left side, and impacts the horizontal workpiece surface at the 

bottom. The fluid propagates with speeds shown in the color bar. As for simulated particle impacts, 

shown as black trajectories, an expression for the indentation depth of abrasives can be derived that 

obeys the following rules: (1) it is proportional to the kinetic energy Ek of abrasives and inversely 

proportional to their projected area A, (2) inversely proportional to the square root of the material 

hardness H. This leads to the following expression for the indentation depth di, which contains an 

unknown coefficient (α) that may be characterized empirically: 

 

Brittle-ductile transition. The coefficient of the equivalent indentation depth experession was 

derived experimentally by carrying out low concentration slurry experiments on tungsten carbide, 

and measuring the indentation depth as a function of process parameters including the inlet 

pressure, nozzle size, as well as the abrasives size and density. The coefficient was determined to be 

close to that found in SAG: α ≈ 0.05. 

 
Fig. 9. Brittle-Ductile transition observed in FJP finishing of tungsten carbide [20]. 

Fig. 9 shows the typical machined surface condition when operating just above (left), and below 

(right) the brittle-ductile transition, as defined through the criteria established by Bifano. Brittle 

removal by the kinetic abrasives results in extensive pitting on the surface, whereas ductile removal 

results in a randomly textured surface with no directional process signature. 

Summary 

In this paper, an overview was provided of the mechanical properties of ceramic materials used 

in tooling and mold inserts fabrication, such as silicon carbide and tungsten carbide. Bifano’s 

critical depth of indentation was used as a criteria against which predictive models of the brittle-

ductile transition in finishing processes can be derived. The validity of this criteria was shown to 

(9) 
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extend at least to two different types of abrasive processes called shape adaptive grinding and fluid 

jet polishing, which are directly applicable to fine finishing of aspheric and freeform carbide 

artifacts. Advantages of such a predictive model for the brittle/ductile transition boundary in carbide 

materials include the ability to maintain process parameters in the ductile regime which leads to 

higher surface integrity, as well as improving productivity by pushing material removal rate to its 

highest possible value without causing brittle damage to the workpiece surface. 
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