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Abrasive jet is a unique micro-machining technique. Particularly for the purpose of surface texturing, it offers the
advantages of broad scalability, high efficiency, and minimal side effects. However, the embedding of hard
abrasives into the machined surface, especially for soft materials, causing residue contamination, poses a sig-
nificant challenge. A novel self-generating abrasive jet machining (SGAJM) is proposed in this study. In this
method, compressed air is accelerated through a nozzle, generating a pressure drop and low temperatures. This

draws in a saturated salt solution, causing crystalline abrasives to precipitate. Consequently, a multiphase jet is
formed, enabling the machining of surface textures while effectively resolving the issue of residual hard

abrasives.

1. Introduction

The quality of the surface is often of the utmost importance for the
correct functioning of the part. Surface texturing, ie., the micro-
structures machined on the surface, is showing broad application pros-
pects in improving tribological performance of mechanical components
[1,2].

Recent advances in abrasive jet machining (AJM) technology,
including abrasive air jet, abrasive slurry jet, multiphase jet and abrasive
water jet have shown their extensive applicability in machining process
[3-5]. For surface texturing, these AJM technologies offer the benefits
such as negligible thermal influence, minimal cutting forces, and envi-
ronmental friendliness. Especially, according to their processing prin-
ciples, they have the characteristics of relatively low cost and high
efficiency. The processing scale can cover the range from millimeters to
micrometers and nanometers. They are capable of fabricating millimeter
scale features such as grooves and polishing the surface to mirror level,
making them an important supplement to other precision machining
technologies.

As a processing tool, AJM can remove almost any material, including
rock, metal, ceramics, composites, and biological tissue. In jet
machining, the mechanism of surface material removal involves two
aspects: micro-cutting caused by the tangential sliding of abrasive par-
ticles, and localized brittle fracture of the surface caused by normal
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impact. Hence, the size of abrasive particles is generally determined by
the scale and precision of the processing target, as well as the nozzle size;
For the shape of abrasives, angular and sharp abrasive grains offer high
processing efficiency, while near-spherical particles provide good
flowability in the transportation pipe and yield lower surface roughness.
Material-wise, hard substances like silicon carbide (Mohs 9.5), alumina
(Mohs 9), and synthetic diamond (Mohs 10) are commonly selected
considering the target material (stainless steel and aluminum have Mohs
hardness values of 5 and 3, respectively) and cost.

Clearly, one hazard of using hard abrasives is that during high-speed
jetting, these hard particles can easily become embedded into the pro-
cessed surface [6]. For frictional system, this can lead to undesirable
consequences during subsequent friction processes, compromising sur-
face integrity. This phenomenon is particularly significant for soft ma-
terials. For instance, mechanical seals, besides using ceramics and
metals, sometimes employ PTFE (polytetrafluoroethylene) composites
in specific applications. They may also require surface texturing on the
contact interfaces to further enhance their tribological performance.
When AJM is used, hard particles readily embed into the PTFE surface.
During seal operation, these embedded abrasives may cause unwanted
abrasive wear. Furthermore, studies indicate that these residual parti-
cles may act as stress concentration points and crack initiators, leading
to reduced surface fatigue life [7].

Many efforts have been conducted to solve the problem of hard
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abrasive residue. The approaches include using the post-cleaning pro-
cess such as ultrasonic cleaning/plain water jet cleaning/shot peening
[71, and optimizing the process by using inclined abrasive jets or cryo-
genically assisted abrasive jet [8].

On the other hand, researchers are trying to find abrasives that are
friendly to the machining surface and can be effectively removed. Zhao
et al. suggested that compared to hard abrasives, soft plastic abrasives
appear more suitable for specific applications, such as components like
marine pumps made of carbon fiber composites [9]. To avoid the surface
damage like scratches and pitting caused hard abrasives, Chai et al. used
biodegradable walnut shells as abrasives in an abrasive water jet for
paint removal [10]. Zhu et al. employed amino thermosetting plastic
abrasives in an air jet for machining aluminum alloy [11]. At the In-
ternational Burring Conference of 2009, Uhlmann [12] and Karpu-
schewski [13] respectively proposed the CO, dry snow jet and the ice
particle jet. By preparing CO» dry snow or ice particles of a specific size
in advance and using gas propulsion to form a jet, they achieved burr
removal from workpieces. These two abrasives sublimate/melt at room
temperature, eliminating the problem of hard particle residue. In 2023,
Guo et al., aiming to solve the issue of abrasive biocompatibility during
osteotomy, selected three types of crystals—sodium chloride, sucrose,
and xylitol—as abrasives [14]. They used an ultra-high-speed water jet
to entrain the abrasives, mixing and accelerating them in a mixing
chamber to form a solid-liquid two-phase crystalline jet for eroding and
cutting bone samples.

It is no doubt that the CO, dry snow jet and ice particle jet are highly
innovative ideas. However, at atmospheric pressure, CO, requires tem-
peratures below —80 °C to form solid dry ice. Furthermore, dry ice has a
hardness of only 1.5 Mohs, equivalent to gypsum, and CO, dry snow is
even softer [12]. Consequently, this jetting method is suitable for burr
removal on plastic parts. Ice particles made from frozen water face the
same issue; ice at 0 °C also has a hardness around 1.5 Mohs. Only when
temperatures drop below —40 °C can they exceed 4 Mohs [13]. Another
problem with these jets is that maintaining ice particles without
agglomeration under freezing conditions requires a complex system.
Preventing clogging during transport remains a significant challenge.

Therefore, a self-generating abrasive jet machining (SGAJM) tech-
nology is proposed in this paper. A distinctive feature of SGAJM tech-
nology lies in its utilization of the aerodynamic cooling effect generated
by pressurized air which passes through the nozzle, thereby triggering
crystallization in the introduced saturated solution. Unlike traditional
ice jets, SGAJM enables simultaneous abrasive preparation and jet for-
mation at the nozzle. Its continuous, rapid, and stable in-nozzle pro-
duction of crystal abrasive constitutes a key advantage. In this paper, the
working principle of SGAJM was clarified. And then, the machining

Pressurized air

Saturated
sal solution

Airflow
outlet —
Mixing

chamber

Crystal

formation Low pressure, low

temperature zone

Multi-phase jet outlet

(a) Principle of self-generating abrasive jet
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ability of SGAJM on soft materials was investigated, as well as the ma-
terial removal mechanism.

2. Working principle of SGAJM

In all previous abrasive jet methods, solid particles needed to be
prepared in advance and then introduced into the jet.

Fig. 1 shows the working principle of the SGAJM process and its
schematic diagram for workpiece processing. High-speed airflow is
generated when compressed air passes through the airflow outlet inside
the nozzle. According to Bernoulli equation for compressible flow of an
ideal gas [15],

1 Y

where p, v present the pressure and flow speed of the fluid, p is the
density of the fluid, g is the gravitational acceleration, z is the elevation
of the point above a reference plane, vy is the ration of the specific heats
of the fluid, and C is a constant. As the gas flows from one section of a
pipe to a smaller section, by Venturi effect, it speeds up, resulting in
pressure reduction. The faster the gas flow, the lower the pressure,
creating a pressure drop in the nozzle's mixing chamber. Due to this low
pressure, a saturated crystal solution with controlled temperature is
sucked in from the liquid inlet and mixes with the air.

If air is considered to be an ideal gas, its behavior can be described
based on the general law of state [16],

p

p

@

pvs=R:T (2)
where v, presents the specific volume of the gas, R; is the individual gas
constant, and T is the absolute temperature of the gas. This equation
shows the relationship between pressure and temperature. The velocity
of an air jet exiting a pressurized air reservoir through a small opening
can be expressed as the enthalpy difference (Ahy) between vessel and
environment as

Va=+vV2eAhy 3)

Because of the air expansion, the temperature drop of the air at the
airflow outlet can be derived as

2
Va

Ty=Ty—Tp=—2—
d N E 2ec

()]
where Ty, Tg represent the temperatures of air at the entry and exit,
respectively, cp is the isobaric heat capacity of air [16]. It means the
faster the airflow speed, the greater the decrease in temperature.

Metal mask Workpiece

(b) Surface texturing process

Fig. 1. Schematic diagram of self-generating abrasive jet and its machining process.

(a) Principle of self-generating abrasive jet.
(b) Surface texturing process.
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Consequently, the saturated solution mixed with the gas rapidly
cools, resulting in crystals to precipitate. The precipitated crystals,
entrained by both air and liquid, form a multiphase jet that impacts the
workpiece surface for machining.

In order to obtain a specific pattern of surface texture, a metal mask
is placed on the workpiece to protect undesired machining area, the
nozzle will move by a S-type path to cover the opening area of the mask.
The feed pitch of nozzle movement is set smaller than the jet footprint to
make sure the workpiece evenly fabricated.

Compared to conventional abrasive air jets, this solution offers
several fundamental advantages as follows.

e The problem of abrasive residue is solved by simple rinsing with
water because highly soluble crystal is used.

Compared to COz dry snow or ice particle jets, this system is simpler.
It eliminates the need for complex cryogenic abrasive preparation
and delivery systems. Furthermore, salt crystals formed at room
temperature have a higher hardness than CO: dry snow and ice
particles, resulting in higher machining efficiency.

Abrasive settling and clogging will not occur because only liquid
solutions are transported through the suction pipe.

It retains the benefits of abrasive air jets, namely using a standard
low-pressure air source (<1 MPa) to achieve high flow velocities
(estimated >100 m/s). This enhances machining efficiency, ensures
safety, and reduces costs.

The machining jet contains solid, liquid, and gas phases, making it a
multiphase jet. The previous research has shown that multiphase jets
reduce the divergence of air jets and improve focus [17].

The presence of water helps reducing the suspension of abrasive
ejecta in the air, and the solution is easily recovered and reused.
Additionally, water provides cooling and lubrication effects, offering
the potential to improve the quality of the machined surface. Low-
toxicity salts can be selected as abrasives; for example, NaNOs is a
fertilizer with minimal environmental impact.

3. Abrasive selection

In the SGAJM process, abrasives are generated inside the nozzle by
crystallization and precipitation due to the decrease in temperature. The
selection of appropriate crystal to make saturated solution is therefore
critical, as it directly influences the precipitation of crystals and their
machining performance. The solubility of the dissolved substance in
water should decrease with dropping temperature, with a larger change
being more desirable. Fig. 2 shows the solubility curves of four selected
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Fig. 2. The solubility curves of four selected salts as a function of temperature.
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salts as a function of temperature. Although NaCl is the most common
and low toxicity salt, its solubility shows little change with increasing
temperature; thus, the low-temperature environment within the nozzle
cannot induce NaCl precipitation. For this reason, NaNOs, NaH2PO4, and
CaClz were selected for the experiments, among which NaH2POa has the
largest solubility/temperature slope, and the average slopes of NaNO3
and CaClz were roughly equivalent.

4. Machining ability of the salt solutions

The nozzle of the SGAJM jet is the key component responsible for
creating low pressure and low temperatures in mixing chamber, so that
to generate crystallized abrasives. The shape and size of the nozzle's
airflow outlet, mixing chamber, liquid suction inlet, and jet outlet can all
potentially influence the formation of crystallized abrasives. To rapidly
validate the effectiveness of SGAJM jet processing, a preliminary CFD
simulation was conducted to roughly optimize the SGAJM jet nozzle,
ensuring low pressure formation within the mixing chamber.

Subsequently, saturated solutions of each of the aforementioned
three salts were prepared and maintained at temperatures of 30 °C,
40 °C, and 50 °C, based on their respective solubilities. Using the pro-
cessing method illustrated in Fig. 1, machining experiments were per-
formed on PTFE material with the same operational conditions. Specific
processing parameters and the information of the mask are detailed in
Table 1.

Fig. 3 displays the 3D profiles of the machined surface obtained by an
optical interferometric profiler, the measured groove depths, and sur-
face roughness of machined area. Clearly, the solution temperature in-
fluences the machining efficiency. The greater the temperature
difference between the solution and the environment, the higher the
efficiency of the jet machining, due to the faster crystal precipitation
rate caused by a larger temperature difference.

Compared to temperature, the nature of the salt appears to have a
more significant impact. As mentioned earlier, NaH.PO. possesses the
steepest solubility/temperature slope, yet paradoxically exhibits lower
machining efficiency than NaNOs. The machined depth of NaH2POs was
approximately only half of that by NaNOs. And another interesting
phenomenon was that CaCl: has a solubility/temperature slope similar
to that of NaNOs, or even steeper in the temperature range from 20 to
40 °C, it produced no discernible machining effect under any of the three
temperature conditions.

Regarding the surface roughness of machined areas, as shown in
Fig. 3c, most values of Ra were below 2 pm, with the exception of NaNOs
of 50 °C. Typically, higher jet machining efficiency correlates with
increased surface roughness. This trend is also shown in Fig. 3. As the
temperature increased from 30 °C to 40 °C and 50 °C, both machining
depth and surface roughness increased correspondingly.

However, comparing the results by NaNOs and NaHyPOy, it is
interesting that at the same temperature, despite their significantly
different machining efficiencies, their surface roughness values were
relatively close, particularly at 30 °C and 40 °C. Understanding this
phenomenon likely requires systematic investigation into the synergy
effects of morphology and size distribution of crystals formed during

Table 1

Experimental parameters.
Operating parameter Range
Nozzle outlet diameter 2.8 mm
Air pressure 0.5 MPa
Jet angle 90 °
Jet distance 5 mm
Ambient temperature 20 DC
Mask opening 1000 pm
Mask thickness 0.1 mm
Feed speed 0.2 mm/s
Feed pitch 1 mm
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their precipitation processes.

In order to understand the differences in machining effectiveness
among the various salt solutions, attempts were made to observe the
particle morphologies crystallizing during the jetting process. The left
column of Fig. 4 shows images captured using a high-speed camera, in
which crystalline particles appear to be forming within the jet stream.
The middle column of Fig. 4 displays the corresponding crystalline
particles collected after jetting, demonstrating that crystalline particles
are indeed generated during the jetting process.

However, it is difficult to obtain clear, direct images of the
morphology of crystals coexisting with water. This is because the water
adhering to the crystal surfaces is hard to remove, and the salts used all
have high solubility; thus, collected crystals immediately begin dis-
solving upon temperature change. As shown in Fig. 4 a3 and b3, it can be
discerned that NaNOs crystals exhibit a hexahedral shape, while
NaH:PO. crystals form multi-faceted pyramidal structures. For CaClz,
observing its crystal morphology directly was exceedingly difficult.
Consequently, Fig. 4c3, the image depicting CaCl: morphology was
sourced from reference material, not captured in this study. It shows that
CaCl: crystallizes into a filament-like morphology. Although the crystals
formed within the jet would not be this long, it is evident that this form is
not good abrasives. It appears that the hexahedral crystalline particles
formed by NaNOs provide better machining effectiveness than the py-
ramidal crystals of NaH.POa. This difference in crystal morphology
partially explains the variations in machining depth observed in Fig. 3.

Fig. 5 shows a spiral groove machined on a PTFE composite sealing
ring using a saturated NaNOs solution. The machined profile is clear and
smooth, the machined bottom surface is flat, and the depth and di-
mensions meet the requirements of surface texture design. It validates
the feasibility of using SGAJM jet machining for surface texturing,
effectively resolving the issue of residual hard abrasives encountered
during the machining of soft materials.

The SGAJM jet machining approach is just proposed. To gain a
deeper understanding of its machining mechanisms and optimize its

"
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process, there should be many issues need to be studied, such as the
hardness of the abrasive particles, the influence of the precipitation
process on machining, and the range of machinable materials.

5. Conclusions

To solve the problem of residual hard abrasives in jet machining
processes, this study proposes a self-generating abrasive jet machining
(SGAJM) approach. By preliminary experimental verification, the con-
clusions can be drawn as follows.

1) The feasibility of the proposed SGAJM jet machining approach has
been confirmed by experiments. By utilizing highly soluble salts as
abrasives, residues can be removed through simple rinsing, effec-
tively resolving the problem of residual hard abrasives.

2) This method employs compressed air accelerated through a nozzle to
generate a pressure drop and low temperatures, which draws in a
saturated solution and precipitates crystalline abrasives, thereby
forming a multiphase jet. The approach is simple and practical.

3) For the salts used in SGAJM jet machining, not only must they
possess a favorable solubility/temperature slope, but their crystalli-
zation kinetics and resulting crystal morphology are also critical
factors influencing machining effectiveness.

4) Through preliminary optimization, SGAJM jet machining success-
fully produced surface textures on PTFE composite materials.
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