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Abstract 

Silicon nitride (Si3N4) is a critical advanced ceramic used in high-performance applications, but its 

inherent hardness and brittleness make it difficult to machine. Conventional methods like rotary 

ultrasonic machining (RUM) often result in subsurface damage and limited efficiency. This paper 

introduces a novel process, chemically-assisted rotary ultrasonic workpiece machining (CRUWM), 

designed to overcome these challenges. The key innovation lies in imparting ultrasonic vibrations 

directly to the workpiece while using methanol as a chemically-active fluid. This configuration 

leverages the Rehbinder effect to induce an absorption-induced reduction in the material’s strength 

at the machining interface, transitioning the material removal mechanism from pure brittle fracture 

to a more favourable ductile-brittle hybrid mode. The results demonstrate the superiority of the 

CRUWM process over conventional RUM. We achieved a 75.9% reduction in hole taper angle, a 34.3% 

decrease in surface roughness (Ra), a 29.9% reduction in cutting forces, and a remarkable 92.9% 

increase in the material removal rate (MRR). These findings present a cost-effective and highly 

efficient pathway for precision machining of silicon nitride and other hard-to-machine ceramics. 

Keywords: advanced ceramics; silicon nitride; rotary ultrasonic machining; Rehbinder effect; 

chemical-assisted machining; workpiece vibration 

 

1. Introduction 

Advanced structural ceramics, particularly silicon nitride (Si3N4), is a Polymorph of Silicon and 

Nitrogen and has Perchloric acid-resistant crystallites in two Polymorphus forms α-Si3N4 and β-Si3N4. 

It is a critical material in sectors ranging from aerospace to automotive engineering with strategic 

applications (e.g., in rocket engine nozzles and bearing etc). [1,2]. Their unique combination of high-

temperature strength, exceptional hardness, and wear resistance allows for components that operate 

in extreme environments. However, a fundamental paradox hinders their application: the very 

properties that confer this superior performance also render them exceptionally difficult and costly 

to machine [3]. Such materials are machined often by non-traditional routes including Ultrasonic 

machining (USM), rotary ultrasonic drilling (RUD) etc. The USM of ceramics results in shallow 

profiles, low material removal rate, several issues related to the surface and sub-surface quality due 

to brittle fracture-based material removal mechanism which put limitations to the in-service life of 

USMed parts. Therefore, high-precision machining is often an essential final operation to produce 
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functional components. Conventional grinding processes such as rotary ultrasonic machining (RUM) 

are caught in a trade-off, either inducing surface damage when machining at high rates or suffering 

from impractically low material removal rates (MRR) in a damage-free ductile regime [4]. 

To address these challenges, hybrid processes have been developed. Among these, processes 

like rotary ultrasonic drilling and the more versatile rotary ultrasonic machining, which combines 

diamond grinding with high-frequency tool vibration, has emerged as a highly promising method. 

By superimposing ultrasonic vibrations onto the rotating tool, RUM effectively reduces cutting 

forces, mitigates tool wear, and improves surface integrity compared to conventional grinding alone 

[5,6]. 

Despite its advantages, the productivity of conventional RUM is fundamentally constrained by 

a critical bottleneck: the inefficient delivery of fluid and evacuation of debris from the cutting 

interface [7]. The high-speed rotation of the tool creates centrifugal forces and potential vapor barriers 

that prevent fluids from effectively reaching the nascent micro-cracks where material removal 

originates. As machining parameters are intensified to increase MRR, this fluid-dynamic bottleneck 

leads to tool clogging, process instability, and a practical ceiling on performance. 

Further breakthroughs may require moving beyond purely mechanical assistance to leverage in-

situ chemo-mechanical phenomena. Two such mechanisms are particularly promising for Si3N4. The 

first is the Rehbinder effect, where polar molecules from a fluid penetrate micro-cracks and lower the 

energy required for fracture propagation [8]. The second is tribo-chemistry, where frictional energy 

catalyzes reactions between the ceramic and the fluid to form a soft, sacrificial layer that is easily 

sheared away [9]. Harnessing these effects offers a pathway to facilitate material removal by 

fundamentally lowering the material’s resistance to machining. 

This paper addresses the RUM bottleneck by investigating a novel hybrid process that integrates 

these chemical effects via a new kinematic configuration: chemically-assisted rotary ultrasonic 

machining via workpiece vibration (CRUWM). The central hypothesis is that inverting the process 

kinematics—applying ultrasonic vibration to the workpiece instead of the tool—creates a powerful 

synergy. This configuration is assumed to induce a ‘micro-pumping’ action that breaks the fluid-

dynamic bottleneck and simultaneously accelerates the desired chemo-mechanical effects. This study 

presents the first experimental investigation of this configuration for Si3N4, using methanol as the 

active chemical agent on a custom-developed, cost-effective lathe attachment, to quantify the 

improvements in cutting forces, MRR, geometric accuracy, and surface integrity. 

2. Materials and Method 

2.1. Workpiece, Tooling, and Chemical Medium 

The workpiece material used in this study was gas-pressure sintered silicon nitride (α-Si3N4), 

characterized as non-toxic with a molecular weight of 140.28 g/mol. A custom-made, hollow-core 

electroplated diamond tool (6 mm outer diameter, 4 mm inner diameter) was used to perform a 

trepanning-like cutting operation. Methanol (CH3OH) was selected as the chemically active cutting 

fluid. The detailed properties of the workpiece material and the specifications for the tooling and 

process parameters are summarized in Table 1. 

Table 1. Properties of the Si3N4 workpiece, tooling specifications, and process parameters. 

Description Value Units 

Work Material Properties Silicon Nitride (α-Si3N4)  

Bending Strength  850 MPa 

Compressive strength 2800 MPa 

Density 3200 Kg/m3 

Young’s modulus  320000 MPa 

Thermal Conductivity 35 W/m.K 

Thermal expansion  3.2-3.4 x106/K 
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Service Temperature 20 - 1100 °C 

Melting Point  1900 °C 

Tool Details 

Tool outer diameter 6 mm 

Tool inner diameter 4 mm 

Shank diameter 5.5 mm 

Type of coating    Electroplated  

Coated material  diamond  

Process Parameter 

Tool rotation speed   1120 rpm 

Feed rate 4.8 μm/s 

Frequency  20 kHz 

Amplitude  

Alcohol  

5 μm (100% ± 2%) 

Methyl alcohol (CH3OH) 

Alcohol flow rate 80 l/hr. 

2.2. The CRUWM Experimental Setup 

The CRUWM system was custom-built as an attachment to a Kirlosker Turnmaster 350 lathe. 

The core of the custom setup was the workpiece actuation system, which was mounted on the lathe’s 

carriage. A Telsonic SG-22 series ultrasonic generator delivered 20 kHz vibrations through a 

converter-booster-sonotrode stack. The generator’s output amplitude was controlled to within ±2% 

from no load to nominal load, with mains voltage fluctuations of ±10% to +20%. This entire ultrasonic 

assembly was secured by a high-rigidity bracket to a moving platform to ensure stable vibration 

transmission. Precise axial feed was achieved using a custom-built mechanism driven by a 

microcontroller-stepper motor system, capable of achieving controlled feed rates as low as 2 μm. This 

platform moved a custom-designed workpiece fixture that was mounted directly to the sonotrode. 

The fixture was designed to securely clamp the Si3N4 workpiece and also served as a reservoir for the 

methanol cutting fluid, which was supplied by a continuous-recirculation submersible pump. The 

diamond tool itself was held and rotated by the lathe’s main spindle. The fixture allowed linear 

movement of the workpiece along the Z-axis while restricting motion along the X and Y axes and 

rotation about all planes. The cutting fluid supply system used a DC submersible micro-pump to 

maintain continuous fluid supply, and this circulation was controlled automatically. The complete 

system is shown schematically in Figure 1 and photographically in Figure 2. 
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Figure 1. Schematic diagram of the custom-developed Chemically-assisted Rotary Ultrasonic Workpiece 

Machining (CRUWM) setup, illustrating the key components, including the workpiece vibration system and 

fluid circulation. 

 

Figure 2. Photographic images of the experimental setup: (a) overview of the complete CRUWM system 

integrated with the lathe, (b) close-up of the tool-workpiece engagement, (c) machining interface with methanol 

fluid supply, and (d-e) the electroplated hollow diamond tool. 

2.3. Machining Procedure and Measurements 

To begin each experiment, the diamond tool was held in a 3-jaw precision chuck on the lathe’s 

spindle. The Si3N4 workpiece was clamped in the custom fixture, which was then positioned using a 

vice-based adjustment system in the XY plane. The feed was provided by moving the entire ultrasonic 

assembly, including the workpiece, along the Z-axis towards the rotating tool. This fine feed motion 

was controlled automatically by the stepper motor system via a laptop. All experiments were then 

conducted using the process parameters detailed in Table 1, which were established through 
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preliminary pilot studies. To provide a baseline for comparison, conventional Rotary Ultrasonic 

Machining (RUM) tests were performed under identical parameters but in a dry condition (without 

methanol) to isolate the effects of the chemical assistance. Each experimental condition was repeated 

four times to ensure statistical reliability. 

The key machining responses were measured using dedicated instrumentation. Axial cutting 

forces were recorded using a strain gauge-based dynamometer with a capacity of 500 kgf and a data 

sampling rate of 1000 Hz. A scanning electron microscope (SEM; FEI APREO S) was used to analyse 

the micro-features of the machined surfaces. Finally, a CARL ZEISS Smart Zoom 5 digital microscope 

was used to capture 3D surface profiles and measure the hole wall taper at magnifications ranging 

from 10X to 20X, while a Mitutoyo surface roughness tester was used to measure the average surface 

roughness (Ra). 

3. Material Removal Mechanism in CRUWM 

3.1. Mechanical and Ultrasonic Actions 

The material removal in CRUWM is initiated by the combined mechanical and ultrasonic actions 

at the tool-workpiece interface, which establishes a hybrid removal mode even before chemical effects 

are considered. The fundamental mechanical action is micro-grinding, where the rotating diamond 

abrasives on the tool act as microscopic indenters on the ceramic surface. As described in the 

literature, each indentation event generates a subsurface crack system, primarily consisting of median 

cracks that propagate downwards and lateral cracks that extend sideways, parallel to the surface 

(Figure 3(b)). The intersection and propagation of these lateral cracks are the primary mechanism for 

material removal in the form of micro-chips in conventional ceramic grinding [9]. 

 

Figure 3. Schematic illustrating the proposed material removal mechanism in CRUWM. (a) Overview of the tool-

workpiece interface. (b) Indentation model showing the formation of median and lateral cracks. (c) Enhanced 

fluid penetration into cracks via workpiece vibration, contrasted with (d) inhibited penetration in conventional 

setups. (e) The molecular-level Rehbinder effect reducing material strength, and (f) The subsequent tribo-

chemical reaction pathway forming a soft surface layer. 
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The superposition of high-frequency ultrasonic vibration fundamentally enhances this baseline 

process in two distinct ways. Firstly, the repeated, high impact hammering action of the tool helps to 

propagate the lateral cracks more efficiently and pulverizes the fractured material, facilitating its 

removal and clearing the path for the tool’s feed [8]. Secondly, the ultrasonic energy promotes a 

ductile-regime component by causing plastic deformation and “ploughing” at the tool-grit interface, 

rather than just brittle fracture alone [10]. Therefore, the mechanical and ultrasonic actions in 

CRUWM establish a complex, hybrid removal process—dominated by enhanced brittle fracture but 

supplemented by crucial ductile-regime shearing—which is then further improved by the chemo-

mechanical effects described in the following section. 

3.2. Chemomechanical Effects 

The novelty of the CRUWM process is rooted in the cooperative chemo-mechanical interactions 

at the tool-workpiece interface, which are enabled by the efficient delivery of the active fluid 

(methanol). In CRUWM, the high-frequency vibration of the workpiece acts as a micro-pump, driving 

the low-viscosity methanol deep into incipient cracks (Figure 3(d)). This overcomes a key limitation 

of conventional setups where trapped air or vapor bubbles can form at the static crack tip, preventing 

the fluid from reaching the critical areas where fracture originates (Figure 3(e)) [11,12]. Once the 

methanol reaches the fresh ceramic surface, it initiates a two-pronged attack: it physically weakens 

the material and chemically alters its surface. 

The first action is a phenomenon known as the Rehbinder effect, or Absorption-Induced 

Reduction of Strength (AIRS) [13,14]. The polar methanol molecules are adsorbed onto the Si3N4 

surface at the crack tip, which lowers the solid’s surface energy (��). According to the Griffith theory 

of fracture, a material’s fracture strength (��) is directly proportional to the square root of its surface 

energy: 

�� =  const �
����

��
 (1) 

where �� is the Young’s modulus and �� is the crack length. By lowering the surface energy (��), 

the adsorbed methanol effectively reduces the material’s fracture strength (��). This makes the Si3N4 

mechanically weaker and easier to fracture, directly contributing to the observed reduction in cutting 

forces. 

In parallel with this physical weakening, a tribo-chemical reaction occurs at the interface due to 

the high local temperatures and pressures generated by the grinding action (Figure 3(f)) [7,15]. This 

reaction proceeds in two main stages: 

1. Oxidation: The Si3N4 surface first oxidizes to form a thin, hard layer of silicon dioxide (silica). 

Si3 N4(�) + 3O2(�) → 3SiO2(�) + 2 N2(�) (2) 

2. Chemical Conversion: This newly formed silica layer then reacts with the surrounding methanol 

to form a soft, gel-like silicon alkoxide layer. This layer has significantly lower shear strength 

than the ceramic. 

SiO2(�) + �CH3OH(�) ↔ Si(OCH3)�(OH)4��(���) +
�

2
H2O(�) 

(3) 

While direct surface chemical analysis to confirm the presence of this specific gel layer was beyond 

the scope of this initial investigation, the collective results lower cutting forces, higher MRR, and a 

smoother surface finish provide strong indirect evidence for the formation of such a soft, easily 

sheared tribo-chemical film. The chemo-mechanical mechanism enhances material removal through 

two distinct but simultaneous effects. The Rehbinder effect makes the bulk ceramic easier to fracture, 

while the tribo-chemical reaction creates a soft surface layer that is easier to shear. This combined 
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action is responsible for the dramatic improvements in cutting force, material removal rate, and 

surface finish seen in the CRUWM process. 

4. Results and Discussion 

4.1. Surface Morphology Analysis 

The surface morphologies produced by the RUM and CRUWM processes were analysed using 

SEM, as shown in Figure 4. The surface machined by conventional RUM (Figure 4(a)-d)) is 

characterized by features typical of brittle fracture. It comprises numerous pits, deep median cracks, 

and large, dislodged chunks of material. These defects are formed as the diamond grits cause 

uncontrolled crack propagation, resulting in a coarse, damaged surface that is detrimental to the 

part’s performance. The presence of these large pits and chunks is the primary cause of high surface 

roughness and poor profile accuracy in RUM. 

 

Figure 4. Comparison of the machined Si3N4 surface morphology. (a-d) Surface produced by conventional RUM, 

showing characteristic brittle fracture features such as deep pits, chunks, and median cracks. (e-h) Surface 

produced by the novel CRUWM process, exhibiting a smoother topography with dominant lateral cracking and 

evidence of chemical etching. 
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In contrast, the surface machined by the novel CRUWM process (Figure 4(e)-(h)) is significantly 

smoother and more uniform. The morphology is dominated by flatter, flaky patches and well-defined 

lateral cracks, with median cracks being nearly absent. This indicates a more controlled, ductile-brittle 

hybrid material removal mode. The multiple impacts from the ultrasonic vibrations on these flakes 

pulverize them into a fine powder, which is then effectively flushed away by the methanol flow. This 

shift in surface characteristics is the key to the improved machining outcomes detailed below. 

4.2. Cutting Forces and Material Removal Rate (MRR) 

The machining forces were significantly lower in the CRUWM process, as shown in the force 

plots in Figure 5. The average cutting force decreased by 29.9%, from 17.04 N during RUM to 11.95 

N during CRUWM. This reduction is attributed directly to the Rehbinder effect, where the methanol 

fluid penetrates surface micro-cracks and weakens the interatomic bonds of the Si3N4. This chemically 

induced reduction in material strength means less force is required to initiate and propagate cracks 

for material removal. 
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Figure 5. Quantitative comparison of machining performance between RUM and CRUWM. (a, d) 3D surface 

profiles showing reduced wall taper in CRUWM. (b, e) Representative surface roughness plots. (c, f) Real-time 

cutting force data during machining. (g) A summary bar chart comparing the key performance indicators: wall 

taper angle, surface roughness (Ra), average cutting force, and material removal rate (MRR). 

A more dramatic improvement was observed in the material removal rate (MRR), which 

increased by a remarkable 92.9%—from 3.51 mm3/min for RUM to 6.77 mm3/min for CRUWM (Figure 

5(g)). This substantial gain is due to the synergistic effect of the proposed mechanism: 1) the easier 

mechanical fracture caused by the reduced material strength, and 2) the additional, parallel material 

removal pathway provided by the tribo-chemical etching reaction between the Si3N4 and methanol. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 September 2025 doi:10.20944/preprints202509.1264.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1264.v1
http://creativecommons.org/licenses/by/4.0/


 10 of 11 

 

It is acknowledged that some portion of these benefits may arise from the general cooling and 

flushing action of the fluid medium when compared to the dry RUM baseline. However, the sheer 

magnitude of the improvements, particularly the 92.9% increase in MRR and the distinct etched 

surface morphology shown in Figure 4, strongly indicates that the chemo-mechanical effects of 

methanol play the dominant role in the process enhancement. 

4.3. Geometric Accuracy and Surface Finish 

The CRUWM process yielded a significant improvement in the geometric accuracy of the 

machined holes. As seen in the 3D profiles (Figure 5(a)-(d)), the wall taper angle was reduced by an 

impressive 75.9%, from 26.6° in RUM to just 6.4° in CRUWM. This enhanced accuracy stems from the 

more controlled material removal, which suppresses the large-scale, uncontrolled chipping that 

causes dimensional deviations in conventional RUM. 

This controlled removal process is also translated to a superior surface finish. The average 

surface roughness (Ra) was reduced by 34.3%, from 5.65 μm for the RUM surface to 3.71 μm for the 

CRUWM surface (Figure 5(b)-(e)). This improvement is a direct result of the change in surface 

morphology discussed in Section 4.1; specifically, the elimination of deep pits and large chunks and 

the creation of a smoother, etched surface via the hybrid removal pathways of CRUWM. 

5. Conclusions 

This study developed and validated a novel hybrid process, chemically assisted rotary ultrasonic 

workpiece machining (CRUWM), for the high-performance machining of silicon nitride (Si3N4). The 

CRUWM process demonstrated significant advantages over conventional rotary ultrasonic 

machining (RUM), leading to a comprehensive improvement in machining outcomes. The process 

substantially enhanced machining efficiency, evidenced by a 29.9% reduction in cutting forces and a 

remarkable 92.9% increase in the material removal rate. Concurrently, the quality of the machined 

features was improved, with surface roughness (Ra) reduced by 34.3% and geometric accuracy 

enhanced, reflected by a 75.9% reduction in the hole wall taper. These improvements are attributed 

to a cooperative material removal mechanism where the Rehbinder effect weakens the ceramic by 

lowering its fracture strength, while a simultaneous tribo-chemical reaction creates an easily sheared 

surface layer. This integrated approach not only provides an effective and cost-efficient pathway for 

the precision manufacturing of advanced ceramics but also deepens the fundamental understanding 

of hybrid chemo-mechanical machining processes. Future work will focus on optimizing the 

CRUWM parameters, providing direct spectroscopic evidence of the proposed reaction pathway, and 

exploring the process’s applicability to other difficult-to-machine materials. 
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