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Abstract: Abrasive Jet Machining (AJM) is a non-traditional machining process that utilizes a high-velocity jet
of abrasive particles to remove material from a workpiece. This technique is particularly effective for machining
hard and brittle materials such as glass, silicon, tungsten, ceramics, and superalloys, which stand challenges for
conventional machining methods. Unlike traditional machining processes that need direct contact between a
cutting tool and workpiece, AJM employs a high-pressure gas, typically air, to propel abrasive particles at the
material surface, achieving precise material removal with minimal stress and deformation. This study reviews the
development and applications of AJM, highlighting its advantages in achieving high precision and fine surface
finishes for complex and delicate components in the aerospace, electronics, and medical industries. The
fundamental principles, process parameters, and optimization strategies for AJM are discussed, along with a
detailed experimental setup to investigate the influence of key parameters on machining performance. Results
indicate that air pressure, abrasive flow rate, nozzle design, and stand-off distance are critical in determining
material removal rate (MRR), surface roughness, and dimensional accuracy. Future research should focus on
addressing challenges such as noise, dust generation, and process stability to further enhance the capabilities of
AJIM for precision machining of advanced materials.
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1. INTRODUCTION

The traditional machining methods or processes, such as turning, milling, drilling, grinding, and broaching, required
direct contact between a cutting tool and workpiece. These methods are effective for a wide range of materials, problem
becomes when struggle with new materials that have been developed for applications in the aerospace, missile, space
research, and nuclear industries, post-World War Il. Such materials, including carbides, tungsten, ceramics, tantalum,
beryllium, and uranium, possess high hardness, strength, and heat resistance, making them difficult or sometimes
impossible to machine using traditional methods. Also, conventional machining methods become uneconomical and
time-consuming when dealing with these advanced materials. Increase in hardness of the workpiece material results in
a significant reduction in economic cutting speeds, leading to higher operational costs and lower productivity. Moreover,
the traditional processes often fail to achieve the high accuracy and better surface finish required for complex and
intricate shapes, especially in high-precision industries. To address these limitations, non-traditional or unconventional
machining processes were developed. These methods, including AJM, do not rely on sharp cutting tools but instead use
various forms of energy—mechanical, chemical, thermal, or electrochemical—to remove material. The absence of direct
contact between the tool and the workpiece is a defining characteristic of these processes, which allows for machining
of hard and brittle materials with minimal stress and deformation.

AJM stands out among these non-traditional methods due to its unique advantages. AJM is particularly suitable for
applications to obtained high precision, such as deburring, polishing, cutting, and cleaning of intricate and delicate
components. To achieve close tolerances and finer and smoother surface finishes, making it ideal for manufacturing
components in the aerospace, electronics, and medical industries. The development of AJM can be traced back to its
first demonstration by Franz in 1968 for cutting laminated paper tubes. AJM was introduced commercially in 1983 and
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surface, these causing micro-abrasion and material removal. The process parameters, such as air pressure, nozzle size
and shape, abrasive mass flow rate, and stand-off distance, play crucial roles in determining the efficiency and
effectiveness of material removal. In recent years, extensive research has been conducted to understand the mechanics
of material removal in AJM and to optimize the process parameters for various materials and applications. AJM offers
significant advantages over traditional machining methods. AJM is applicable to all materials, regardless of their
hardness, toughness, or brittleness. The process can produce complex and intricate shapes with high accuracy and
minimal surface damage. It is also compatible with automation technologies such as CNC and minicomputer controls,
enhancing its versatility and efficiency in modern manufacturing environments. However, AJM also faces certain
challenges. The process generates dust and noise, which can be mitigated through proper system design and operational
controls. The selection of appropriate abrasives and the optimization of process parameters are critical to achieving
desired machining outcomes. Future developments in AJM aim to address these challenges and further enhance its
capabilities, making it a valuable tool for precision machining of advanced materials.

Workpiece |

2. LITERATURE REVIEW

Abrasive Jet Machining (AJM) has been the subject of extensive research due to its potential applications in machining
hard and brittle materials. This section reviews key studies and developments in the field, highlighting the advancements
in understanding the process mechanics, optimizing parameters, and expanding the applications of AJM.

Rajendra Prasad et al. conducted a comprehensive review of advanced approaches in AJM, focusing on its application
in the aerospace, missile, and nuclear industries where high precision and sharp edges are critical. The study emphasized
the importance of understanding the relationship between process parameters such as air pressure, nozzle size and shape,
and abrasive mass flow rates, and their impact on machining performance. The authors concluded that extensive
experimental investigations are necessary to optimize these parameters for different materials, including aluminium,
brass, cast iron, ceramics, copper, composites, granite, mild steel, stainless steel, and titanium.

Chastagner and Shih studied the generation of edges using AJM, particularly for highly stressed mechanical
components where precise edge shapes are essential. They applied a conoscopy laser to measure and define edge
profiles, finding that AJM can produce edges with radii below 0.15 mm on Inconel 718. The study also highlighted the
impact of blasting time, stand-off distance, and nozzle orientation on edge quality, suggesting that long stand-off
distances and high angles of blasting reduce collateral damage around the edges.

Anil Jindal's research focused on the operational and cost advantages of AJM, noting its effectiveness in achieving
precise and sharp components with better surface finish compared to other non-traditional methods. The study found
that increasing the nozzle feed rate and stand-off distance improves surface roughness, while higher pressure and
abrasive flow rates enhance material removal rates (MRR). Jindal also identified challenges such as noise, vibration,
and humidification issues in the mixing chamber, which can affect machining efficiency.
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Nangare et al. reviewed the setup for abrasive jet machines, discussing the critical parameters such as nozzle shape,
size, and tip distance. They emphasized the importance of selecting materials with high wear resistance for nozzles to
improve the lifespan and performance of AJM systems. The study concluded that AJM is highly effective for processing
hard and brittle materials, offering advantages like minimal thermal distortion, high flexibility, and the ability to produce
intricate shapes.

Chandra and Singh examined the effects of process parameters on the MRR and hole diameters in glass plates using
aluminium oxide abrasives. Their experiments confirmed that increasing the nozzle tip distance results in larger top and
bottom surface diameters of holes, while higher pressure increases the MRR. The study validated the proposed models
and compared them with existing literature, providing valuable insights into the optimization of AJM parameters.

Johnbasha et al. investigated the machining parameters in AJM for drilling Ti-6Al-4V, using Grey Relational Analysis
(GRA) and Principal Component Analysis (PCA) to optimize the process. They found that variations in stand-off
distances, pressures, and nozzle diameters significantly affect the MRR and kerf width. The study demonstrated the
effectiveness of Taguchi methodology and ANOVA in identifying optimal process conditions for AJM.

3. MATERIALS AND METHOD

To introduce the details of different processes, parameters, working etc. different type of study papers and books
references are used. After the complete study details given in following manners one by one and step by step experiment.
Abrasive Jet Machining (AJM) involves several critical components, including the air compressor, abrasive feeder,
mixing chamber, nozzle, and the workpiece. The following sections details is introduced, the materials used, the
preparation of the workpiece, the experimental procedure, and the measurement techniques employed in this study. The
experimental design study followed a systematic approach to investigate the influence of various process parameters on
the performance of AJM.

3.1. Process Parameters of Abrasive Jet Machining (AJM)

The effectiveness and efficiency of AJM are heavily influenced by several process parameters, which must be controlled
and optimized. The key process parameters in AJM include: 1. Abrasive Type and Size, 2. Carrier Gas and Pressure, 3.
Nozzle Design and Standoff Distance, 4. Abrasive Flow Rate, 5. Workpiece Material and Optimization.

3.1.1. Abrasive Type and Size: Abrasive material significantly impacts the machining performance. aluminium oxide
(Al>05), silicon carbide (SiC), glass beads, and sodium bicarbonate abrasives are commonly used in AJM. Each abrasive
type has distinct properties that make it suitable for specific applications.
e  Aluminium Oxide (Al,Os): It is suitable for machining hard and brittle materials.
e Silicon Carbide (SiC): It has high hardness and thermal conductivity, making it ideal for high-precision
applications.
e Glass Beads: Used for gentle cleaning and finishing due to their relatively lower hardness.
e Sodium Bicarbonate: Soft abrasive, suitable for delicate operations and cleaning without damaging the
workpiece.

The size of the abrasive particles also plays a crucial role in AJM. Small size particles provide a finer finish and higher
precision, while larger size particles increase the material removal rate (MRR) and lower surface finish. The typical
particle sizes range between 10 to 50 microns, the choice depending on the required surface finish and MRR.

3.1.2. Carrier Gas and Pressure: The carrier gas, typically air, nitrogen, or carbon dioxide, propels the abrasive
particles towards the workpiece. The pressure of the carrier gas directly influences the velocity of the abrasive particles
and, consequently, the MRR and surface finish.

e Air: Most commonly used due to its availability and cost-effectiveness.

¢ Nitrogen: Used when a non-reactive environment is required to avoid oxidation or other chemical reactions.

e Carbon Dioxide: Employed in certain specialized applications for its cooling properties.
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Higher gas pressure increases the velocity of the abrasive particles, leading to a higher MRR. However, excessively
high pressure can cause surface damage and increase nozzle wear. Optimal pressures typically range between 2 to 10
bar, depending on the material and desired outcomes.

3.1.3. Nozzle Design and Standoff Distance

The nozzle design affects the distribution and velocity of the abrasive particles. Nozzles are typically made from wear-
resistant materials such as tungsten carbide or sapphire to withstand the erosive action of the abrasive particles.

o Nozzle Diameter: Smaller diameters produce a finer, more concentrated jet, which is ideal for precision. Larger
diameters increase the MRR but may reduce precision.

e Nozzle Shape: Convergent nozzles accelerate the particles to higher velocities, improving the MRR. Divergent
nozzles are used for broader area machining.

e Stand-off Distance: The distance between the nozzle and the workpiece (typically 0.5 to 3 mm) affects the focus
and intensity of the abrasive jet. A shorter standoff distance increases the MRR but may lead to more aggressive
erosion and potential surface damage. An optimal standoff distance must be maintained to balance MRR and
surface quality.

3.1.4. Abrasive Flow Rate
The flow rate of the abrasive particles is another critical parameter of AJM. Abrasive flow rate typically measured in
grams per minute (g/min). The flow rate affects the number of particles impacting the workpiece surface per unit time,
influencing both the MRR and surface finish.

o Low Flow Rate: A finer finish but slower material removal.

¢ High Flow Rate: Increases the MRR but can lead to a rougher surface finish and increased wear on the nozzle.

3.1.5. Workpiece Material
The properties of the workpiece material, such as hardness, brittleness, and ductility, significantly affect the AJIM
process. Brittle materials like glass, ceramics, and certain composites are more effectively machined using AJM due to
their susceptibility to erosion by abrasive particles.
v’ Brittle Materials: More prone to micro-cracking and erosion, leading to higher MRR.
v Ductile Materials: Require more energy to remove material, resulting in lower MRR and potentially more
surface deformation.

3.1.6. Optimizing AJM Process Parameters
To optimizing the process parameters in AJM for achieving the desired balance between MRR and surface quality
involves-

« Experimentation and Modeling: Conducting experiments to understand the effects of individual parameters
and using computational models to predict outcomes.

«» Parameter Interactions: Understanding how different parameters interact with each other. For example,
increasing air pressure might necessitate adjustments in abrasive flow rate or standoff distance to avoid surface
damage.

«» Application-Specific Adjustments: Tailoring the parameters to the specific material and machining
requirements, whether for cutting, drilling, or surface finishing.
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3.2. Working Principle of AJM (Velocity - 1000 m/s) | \jivture of high pressure
water and abrasives

The working principle of Abrasive Jet Machining (AJM) involves the
acceleration of fine abrasive particles, such as aluminium oxide or silicon
carbide, in a high-velocity gas stream, typically air or nitrogen. These
particles are mixed with the gas in a mixing chamber and then directed /
through a nozzle towards the workpiece. Upon impact, the high-speed .
abrasive particles create small fractures on the surface of the material. The
continuous stream of abrasive particles erodes the material through repeated
impacts, effectively removing hard and brittle materials. The gas stream also Stand-off
functions to carry away both the abrasive particles and the dislodged — “**"°
material fragments, ensuring a clean machining area. This process allows
for precise material removal, making AJM suitable for tasks requiring
intricate shapes or fine edge details, particularly in heat-sensitive or brittle
materials.
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3.3. Preparation of Workpiece Fig.02: Working of AJM

The workpieces were cut into standard dimensions suitable for the AJM

setup. The surfaces were cleaned thoroughly to remove any contaminants that could affect the machining process. Each
workpiece was then securely fixed on the worktable to ensure stability during the machining operation.

3.4. Experimental Setup
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Fig.03: Schematics Diagram of AJM Experimental Setup
The AJM system consists of the following key components:

a) Air Compressor Unit: Provides the necessary air pressure to propel the abrasive particles. The pressure can be
adjusted to control the velocity of the abrasive jet.
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b) FR Unit: The FRL Unit, also known as the Air Filter
Regulator Lubricator unit, serves a crucial role in
separating moisture from the air in abrasive jet
machining (AJM). The unit, often referred to as a
moisture separator or dehumidifier, is essential due to
the presence of water vapor in atmospheric air. When
high-velocity air is expelled from the nozzle, the
sudden pressure increases transforms water vapor into
moisture. This moisture can cause abrasive particles to
agglomerate, leading to clogging at the nozzle's outlet.
To prevent this issue, a moisture separator must be
employed before abrasive particles mix with
compressed air. This step ensures a consistent and
efficient flow of abrasives, maintaining the
performance and accuracy of the AJM process.
Various types of FRL Units are commercially
available to meet different operational needs.

c) Vibrating Unit: The Vibrating
Unit is essential for the effective

mixing of air with abrasive
particles, such as aluminium r— ﬁ The abrasive container
oxide (Al,Os), in abrasive jet Ty —

machining.  The  abrasive
particles are contained within a
specially designed container
through which air is directed.
The agitation of these particles
is achieved via a cam and motor
arrangement. The cam's rotation
induces vibration within the
abrasive container, facilitating a
consistent flow of abrasive
materials. By adjusting the
motor's rotational speed, the
flow rate of the abrasives can be
precisely  controlled.  The
abrasive container features an
inlet and an outlet for air
passage and is suspended
vertically from a hinged joint, ensuring smooth operation. The Vibrating Unit is composed of the following
parts: Abrasive Container: Holds the abrasive particles. Cam: Provides the necessary vibration to the container.
Induction Motor: Drives the cam's rotation, enabling control over the abrasive flow rate.

Induction motor

Fig. 05: Vibrating Unit

d) Abrasive Feeder: Regulates the flow of abrasive particles into the mixing chamber. The feeder ensures a
consistent supply of abrasives, which is critical for maintaining a steady material removal rate.

e) Mixing Chamber: The abrasives and compressed air are mixed in this chamber before being directed towards
the nozzle. The design of the mixing chamber influences the uniformity of the abrasive flow and the efficiency
of the process.
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Fig. 06: Vortex Type Mixing Chamber of AJM

f) Nozzle: The nozzle directs the abrasive-laden air jet onto the workpiece surface. The nozzle design, including
its size and shape and material, significantly affects the machining performance. The nozzles used in this study
were made from tungsten carbide to ensure durability against abrasive wear.
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g) Worktable: The worktable supports the workpiece and allows precise positioning to achieve accurate
machining. It is adjustable in multiple axes to facilitate various machining operations.

3.5. Experimental Procedure

a) Setting Up: The workpiece was mounted on the worktable, and the desired nozzle was selected and attached to
the AJM machine. The air compressor was set to the required pressure, and the abrasive feeder was filled with
the chosen abrasive material.

b) Parameter Selection: Key process parameters, including air pressure, abrasive flow rate, nozzle size, and stand-
off distance, were selected based on preliminary tests and literature recommendations. These parameters were
varied systematically to study their effects on material removal rate (MRR) and surface finish.

c) Machining Operation: The AJM process was initiated, directing the abrasive jet towards the workpiece
surface. The machining duration was controlled to achieve the desired depth of cut or feature size. The
movement of the worktable was coordinated with the nozzle to create specific patterns or shapes on the
workpiece.
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d) Post-Machining Analysis: After machining, the workpiece was carefully removed and cleaned. The machined
surfaces were analysed using various measurement techniques to evaluate the MRR, surface roughness, and
dimensional accuracy.

3.6. Measurement Techniques

a) Material Removal Rate (MRR): The MRR was calculated by measuring the weight loss of the workpiece
before and after machining. A high-precision digital balance was used to ensure accurate measurements.

U3/2 M UZ

M,. .
, _ g . _ g
MRR (Brittle) = 1'04—pg1/4. TEL MRR(Ductile) = 0.5 T

e [J=Velocity of abrasive jet at the point of impact.
e H=Flow strength or hardness of the work material.
e M, = Mass flow rate of abrasive particles.

e p.= Density of each abrasive particle.

b) Surface Roughness: The surface roughness of the machined areas was measured using a surface profilometer.
This instrument provides detailed information about the surface texture, including average roughness (Ra) and
peak-to-valley height (R,).

c) Dimensional Accuracy: The dimensions of the machined features were measured using a coordinate measuring
machine (CMM) to ensure high accuracy. The CMM provides precise measurements of complex geometries,
which are essential for evaluating the performance of the AJM process.

d) Microscopic Analysis: Scanning Electron Microscopy (SEM) was employed to examine the microstructure of
the machined surfaces. SEM provides high-resolution images that reveal details about the surface morphology
and the nature of material removal.

4. RESULT AND DISCUSSION

The results of the experiments conducted on various materials using AJM are presented and discussed in this section.
The focus is on analyzing the effects of process parameters on MRR, surface roughness, and dimensional accuracy.

4.1. Material Removal Rate (MRR)
The MRR is a critical indicator of the efficiency of the AJM process. It was observed that:

a. Air Pressure: Increasing the air pressure led to a significant increase in MRR. Higher pressure results in greater
kinetic energy of the abrasive particles, enhancing their ability to erode the material surface. However,
excessively high pressure can cause abrasive particles to rebound, reducing the effective MRR.

b. Abrasive Flow Rate: A higher abrasive flow rate generally improved the MRR, as more abrasive particles are
available to impact the workpiece. However, beyond an optimal flow rate, the MRR plateaued, indicating that
too many particles can lead to clogging and reduced efficiency.

c. Nozzle Size and Stand-Off Distance: The nozzle size and stand-off distance also played crucial roles. A larger
nozzle size increased the impact area, enhancing MRR, but at the cost of reduced precision. The optimal stand-
off distance was found to be material-specific, with closer distances yielding higher MRR for brittle materials,
while moderate distances were better for ductile materials.
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4.2. Surface Roughness
The surface roughness of the machined areas varied with the process parameters:

a. Air Pressure and Abrasive Flow Rate: Higher air pressure and abrasive flow rates tended to increase surface
roughness due to more aggressive material removal. However, a balance is needed to achieve an acceptable
surface finish without compromising MRR.

b. Nozzle Size and Stand-Off Distance: Smaller nozzle sizes and appropriate stand-off distances improved
surface finish by concentrating the abrasive jet, leading to finer material removal. The optimal conditions for
minimizing surface roughness were identified for each material.

4.3. Dimensional Accuracy

The dimensional accuracy of the machined features was influenced by:
a. Nozzle Movement: Precise control of nozzle movement relative to the workpiece was crucial for achieving

accurate dimensions. Any deviations in the movement pattern resulted in dimensional errors.

b. Process Stability: Maintaining consistent process parameters throughout the machining operation was essential
for high accuracy. Fluctuations in air pressure or abrasive flow rate could lead to variations in the feature
dimensions.

c. Workpiece Material: The type of workpiece material also affected dimensional accuracy. Brittle materials like
glass and ceramics showed higher precision due to their predictable material removal behavior, whereas ductile
materials posed challenges due to their plastic deformation.

4.4. Microscopic Analysis
SEM analysis provided insights into the microstructure of the machined surfaces:

a. Surface Morphology: The machined surfaces exhibited characteristic features such as craters, grooves, and
micro-cracks, depending on the material and process conditions. Brittle materials showed sharp-edged craters,
while ductile materials had more rounded features.

b. Abrasive Particle Imprints: Imprints of abrasive particles were observed on the machined surfaces, indicating
the mechanism of material removal. These imprints varied in size and shape based on the abrasive type and

process parameters.

5. CONCLUSION

The study demonstrated the effectiveness of AJM in machining brittle materials with high precision and efficiency. The
optimization of process parameters, including air pressure, abrasive flow rate, nozzle size, and stand-off distance, is
crucial for achieving high MRR and desirable surface finish. AJM is particularly suited for machining brittle materials
such as glass, ceramics, and superalloys. It offers significant advantages over conventional machining methods in terms
of precision and surface quality. Despite its advantages, AJM faces challenges such as noise, dust generation, and
process stability. Future research should focus on developing advanced control systems and exploring new abrasive
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materials to enhance the performance of AJM. The versatility and precision of AJM make it suitable for a wide range
of applications, including aerospace, electronics, and medical device manufacturing. Its ability to machine complex and
intricate shapes with minimal surface damage is particularly valuable in high-precision industries.
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