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Abstract: Abrasive waterjet technology is nowadays a well established non-conventional method with
significant capabilities for material removal with high productivity and minimum environmental
impact compared to other processes. However, in order to be in line with the green transition
directives, further steps are required to ensure the sustainability of manufacturing processes and
reduce the risk of material depletion by employing recyclable materials. For this purpose, an eco-
friendly abrasive material such as walnut shell is employed for pocket machining of a titanium
alloy workpiece. Due to the relatively low hardness of this material, compared to common abrasive
materials such as garnet or alumina, it is required to determine the appropriate range of process
parameters in order to obtain high-quality pockets with high productivity. Thus, in this work, a
comprehensive experimental study is conducted in order to determine the effect of various process
parameters on pocket depth, pocket width, material removal rate, flatness and parallelism error of
produced pockets. The results prove the feasibility of using walnut shell as abrasive material for
pocket milling, although MRR is almost an order of magnitude lower than the values commonly
obtained for usual abrasives. Moreover, it is not recommended to use jet pressure values over
250 MPa so dimensional accuracy, flatness and parallelism error are maintained in acceptable values.

Keywords: pocket milling; AWJ milling; walnut shell; eco-friendly abrasive; depth; material removal
rate; flatness error; parallelism error

1. Introduction

The ever changing trends in manufacturing industry require that manufacturing pro-
cesses should be flexible in order to be able to meet various requirements, such as high
surface quality and integrity and high productivity in challenging conditions, e.g., machin-
ing of advanced alloys and other newly introduced materials. Furthermore, additional
requirements, particularly those connected to process sustainability, are receiving greater
attention these days. In fact, sustainability has three dimensions, economic, environmental
and social, all of which should be considered during the production process [1].

Non-conventional machining processes have increased capabilities due to different
mechanisms leading to material removal and thus can be considered superior to con-
ventional ones in some cases, such as machining of hard-to-cut materials. The abrasive
waterjet machining (AWJM) process is a non-conventional process which can be used for
obtaining high material removal rates at affordable cost with minimal thermal impact [2,3].
Sustainability of AWJM process has been relatively less studied than other conventional
and non-conventional machining processes, for which a large amount of studies have been
conducted. Especially regarding the environmental dimension of sustainability of AWJM,
the works conducted in the relevant literature can be distinguished into the following
categories: studies relevant to the recycling/recharging of used abrasives, studies relevant
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to the recovery of abrasive material from various sources, studies relevant to the use of eco-
friendly abrasives and studies relevant to more sustainable variants of AWJM. In fact, most
studies are relevant to the first two categories, as it was already determined that there is a
considerable potential for reuse of some types of abrasives. The activities described in the
aforementioned categories are relevant to almost every category of the 6R concept (reduce,
reuse, recycle, recovery, redesign and remanufacturing) and are also highly relevant to the
principles of lean and green manufacturing, something that shows their great importance.

The reuse of abrasive materials is very important from economic point of view, as
in most cases, the cost of abrasive constitutes over 50% of the machining cost in AWJ
machining [4]. The stages of preparing the used abrasives for further use usually include
collection of used abrasives, cleaning, removal of debris, sieving and sorting. Afterwards,
the recycling potential and capabilities of machining with recycled abrasives are usually
evaluated. Dong et al. [4] presented a method for on-line recycling of abrasive particles used
during abrasive waterjet cleaning processes. Perec [5] studied the recycling capabilities
of garnet and corundum based on the aspect of abrasive disintegration and showed that
although corundum can have larger recyclability in some cases, it is related to excessive
focusing tube wear. The same researcher also conducted other relevant studies [6,7] in
which it was found that garnet has greater recyclability potential than olivine and ilmenite
and that the use of recycled abrasives such as crushed glass has considerable potential for
cutting. Kantha Babu and Krishnaiah Chetty [8] revealed that the disintegration degree
is larger for fresh abrasives than recycled ones, due to their larger dimensions, leading
to easier fragmentation. However, except from the first recycling time, the capabilities
of abrasives change to a smaller degree after the next recycling times. Pi, Chau and
Hung [9] found that the reusability of abrasives is dependent on the abrasive diameter, with
smaller abrasives having greater potential for reuse. Finally, Kantha Babu and Krishnaiah
Chetty [10] performed experiments with a mixture of fresh and used abrasives indifferent
percentages and indicated that the use of a higher percentage of recycled abrasives results
in lower depth of penetration but also less kerf taper and surface roughness.

Recycling in the context of AWJM is not limited to the recycling of abrasive materials;
AWJM can also be used as means for recycling or remanufacturing of various industrial
parts and devices, something that is very important for reducing e-waste and obtaining
useful materials or preparing old parts to be used for other purposes. For example, Yang
et al. [11] showed the potential of using AWJs for recycling electronic circuit boards and
Dong et al. [4] used AWJs for the purpose of cleaning items to be remanufactured.

Apart from recycling, recovery of abrasive materials has a considerable potential, as
evidenced by the increased interest in relevant studies during the last decade. There are
several possibilities for obtaining abrasive materials through recovery procedures from
different types of waste, thus providing some added value apart from reducing the amount
of waste. Shinzato and Hypolito [12] noted that it is possible to recover abrasive oxides
such as Al2O3, MgAl2O4 and SiO2 from the waste produced during aluminum recovery.
However, for that purpose, the waste must have a specific composition. Moreover, Tsai [13]
investigated the potential of recovering abrasive material, such alumina and SiC from
sawing waste. Aydin, Kaya and Karakurt [14] explored the possibility of utilizing granite
particles recovered from the machining of granite for the purpose of cutting marble. Their
findings showed that granite abrasive particles can have performance comparable to garnet
and are able to cut various hard-to-cut materials. In a similar study, Sarici and Ozdemir [15]
also underlined the importance of recovering and reusing granite in order to reduce the
amount of harmful waste and compared the performance of granite and alumina particles.
Granite was proven efficient as abrasive medium, especially for reducing surface roughness.
Sabarinathan, Annamalai and Rajkumar [16] presented a study relevant to the recovery
of Al2O3 abrasive particles from grinding wheel waste. They found out that this material
was able to provide superior cutting performance, both for ductile and brittle materials
compared to garnet, especially for roughing operations, but also led to higher surface
roughness. Muthukumaran et al. [17] performed a study on the recovery of abrasive
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particles from ceramic material found in sanitary equipment and compared its performance
with Al2O3 particles.

Although the potential of copper slag to be used as abrasive material was underlined
by Murari, Siddique and Jain [18], Barsukov, Zhuravieva and Kozhus [19] proposed a
heat-treatment method for enhancing the properties of abrasive particles recovered by
copper slag in order to be comparable to those of common abrasives, such as garnet,
and achieved a notable increase in hardness. Kim et al. [20] investigated the appropriate
techniques for the recovery of abrasive particles such as alumina from waste sludge and
showed that these materials have comparable properties to those of raw abrasive particles.
Palaniyappan et al. [21] produced abrasives particles by recovering them from electric
insulator waste. The friability of these materials was comparable to that of garnet, as
were the geometric parameters, and although MRR, obtained depth and surface quality
were inferior to that achieved by garnet, slightly lower kerf width, significantly lower
cost and sufficient recyclability was observed for the recovered abrasives. Sabarinathan
and Annamalai [22] presented and optimized a method for recovering sol gel alumina
abrasives from abrasive wheel waste. Fonseca [23] proposed the use of ferrous granules,
produced during lead/zinc smelting operations for AWJ machining. The results showed
that this abrasive had a similar cutting ability to garnet, but the surface quality achieved
was inferior with several defects forming on the workpiece surface. Schuler, Day and
Bergs [24] performed a comparison of many abrasive particle materials, including various
materials such as coal slag, copper slag, steel slag, granite, gray-wacke and olivine. The
best cutting performance was observed for the slag materials and olivine, but in general
steel slag was more effective regarding MRR and coal slag regarding surface roughness.
Perec [25] compared recovered crushed glass abrasives with conventional ones, such as
garnet and olivine, and showed that crushed glass abrasives had the lowest efficiency
between the three materials, but also the lowest nozzle wear. Zulkarnain et al. [26] also
performed LCA for crushed glass abrasives and found out that it is related to negligible
ecosystem damages.

During the last several decades, efforts towards creating sustainable variants of AWJM
have emerged, with the most prominent one being abrasive ice jet machining. This process
involves the use of ice particles instead of abrasives in order to achieve better quality of cut
and avoid also the negative consequences of particle embedment on the surface. Moreover,
other advantages include lower cost, negligible nozzle wear and waste elimination [27].
Ice jet machining is usually employed in surface cleaning or deburring operations, as the
hardness of ice particles was estimated to be around 6 Mohs at most [27,28]. Although in
general similar machine tools are employed for both waterjet and ice jet machining, various
parts of the equipment and the basic principle of generating the jet exhibit differences [27].
More specifically, ice particles can be generated by two different methods, namely, by
an apparatus used before they are introduced to the mixing chamber or during water
jet formation through the use of cryogenic fluid [27,28]. However, the latter method is
related to higher cost due to the use of liquid nitrogen [27]. Furthermore, according to
Jerman, Orbanic and Valentincic [29], special studies need to be conducted in order to
determine a feasible ice particle diameter which could be obtained and optimize the cutting
head geometry in order to be able to efficiently use these particles. Apart from using ice
particles as an abrasive, another possible alternative is to perform cryogenic-assisted AWJM
by means of a liquid nitrogen jet. Lavorel et al. [30] compared the use of pure nitrogen
and an abrasive nitrogen jet with garnet and walnut shell abrasives during cutting of
bio-composites in order to avoid the development of intense thermal fields. Moreover,
Natarajan et al. [31] compared the use of conventional AWJs to cryogenically assisted
AWJM. In most cases, higher depth of cut and MRR, as well as lower kerf taper, surface
roughness and particle embedment, were obtained by cryo-AWJM.

Finally, the use of eco-friendly abrasives, most usually obtained through natural or bio-
based sources, is another interesting concept which can further enhance the sustainability
of AWJM apart from the adoption of the aforementioned strategies [32,33]. In practice,
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various relevant materials such as plastic shot or organic materials such as corn cob, walnut
shell, almond shell, coconut shell and apricot or plum stone were already employed for
sandblasting purposes, but still nowadays the relevant literature on their use for abrasive
waterjet machining remains scarce. As these materials have often much lower hardness
than common abrasives, they are more suitable for lighter operations, as it would require
much higher jet pressure and much lower traverse feed rate values for operations such
as cutting in comparison to those used when garnet is selected as abrasive. However,
under adequate circumstances, these abrasives can be considered as promising alternatives
for common abrasives. Jiang et al. [34] employed sodium bicarbonate as an abrasive for
desmearing of PCBs. They achieved surface quality comparable to industrial levels and
found that this abrasive also has high recycling potential. Another uncommon abrasive
type evaluated regarding its use as abrasive material was mussel shell, which can be
available as by-product of the relevant canning industry [35]. It was proposed that mussel
shell can be used for cleaning surfaces and its performance was compared to that of garnet.
Based on the results, it was found that mussel shells were four times less friable than garnet
and, given its moderate hardness, it was considered as a possible alternative material
for cleaning surfaces. Awadh and Ali Khalid [36] investigated the use of river sediments
as abrasives for polishing purposes and they revealed that this abrasive was suitable for
polishing, as it reduced considerably the surface roughness of hard materials.

Based on the relevant literature, although various works have been conducted regard-
ing sustainability in AWJM, the amount of works is still considerably lower than that of
other process and many topics are not sufficiently explored. The present work aims to
investigate the applicability of walnut shell abrasives for the purposes of pocket milling, a
much more demanding operation than cleaning or polishing. Although a couple of studies
mentioned the use of such abrasives, there is no work available on AWJ milling with a wide
range of parameters and related to pocket milling. Thus, in this work, experiments under
various process conditions are carried out and an analysis of their effect on pocket depth,
width, material removal rate, flatness and parallelism error is conducted with a view to
appropriately evaluate the potential of the chosen eco-friendly abrasive.

2. Materials and Methods

In this work, AWJ milling experiments were carried out, under varying process
conditions, in order to investigate the applicability of using an ecological organic abrasive
in this process. As this abrasive is considerably less hard than common abrasives, it is
important to determine the range of process parameters that allows for the creation of the
desired features on the workpiece as well as be able to optimize these conditions according
to different requirements. Given that no similar study is yet reported in the relevant
literature, the analysis conducted in this work includes not only the morphology of the
pockets, but also their dimensional accuracy, as well as the productivity of this process.
More specifically, at first, a series of experiments was conducted, designed by Taguchi L9
orthogonal array with three parameters, namely, stand-off distance (denoted as h), abrasive
mass flow rate (denoted as ma) and jet pressure (P), varying at three levels each; then, an
additional series of experiments was conducted based on interesting findings from the
analysis of the results of the first series of experiments in order to further focus on the
achievable pocket depth in respect to other parameters or a wider range of the existing
parameters, as controlled-depth milling is very important to investigate in AWJM.

The levels of process parameters for the experimental design using Taguchi L9 or-
thogonal array are displayed in Table 1. The range of parameters selected for the first
set of experiments is relevant to the machine tool capabilities, e.g., available range of jet
pressure and abrasive mass flow rate, as well as being relevant to values which could
provide meaningful results regarding pocket dimensions and accuracy and especially to
provide a wide range of depths and surface quality in order to perform a comprehensive
evaluation of the feasibility of using the walnut shell as an eco-friendly abrasive. Thus,
after preliminary experiments were carried out, the specific parameter range was chosen.
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Table 1. Process parameters for the first series of experiments.

Parameter Values

Stand-off distance (mm) 3, 7, 11
Abrasive mass flow rate (g/s) 2, 4, 6

Jet pressure (MPa) 150, 250, 350
Jet impingement angle (o) 90

Orifice diameter (mm) 0.3
Nozzle diameter (mm) 1.0

Traverse feed rate (mm/min) 100
Stepover (mm) 0.6

The parameters which remain constant throughout the experiments are the jet im-
pingement angle of 90◦, orifice diameter of 0.3 mm and nozzle diameter of 1.0 mm. As the
abrasive was rather soft, the nozzle wear was negligible during the experiments. In every
case, rectangular pockets were created with a zig-zag pattern for a width of 9.6 mm and
horizontal length path of 35 mm, as can be seen in Figure 1. In order to avoid confusion,
given that the dimension of the pocket in the direction of the workpiece width is larger,
it is termed as pocket length, whereas the dimension in the direction of workpiece length
is termed as pocket width. The length of each path was slightly longer than the width
of workpiece (30 mm), because it was intended to eliminate the effect of acceleration and
deceleration of the jet before creating the pockets, ensuring that material removal process
could be uniform and any effect of acceleration or deceleration of the jet would be negli-
gible, as it would occur outside the workpiece boundaries. Moreover, in the experiments
conducted under the Taguchi L9 orthogonal array, traverse feed rate (denoted as vt) was
100 mm/min and stepover (denoted as SO) was 0.6 mm. In Figure 1, schematics depicting
the process of pocket milling using AWJM and the used abrasive are presented. It is to
be noted that the workpiece was fixed on the machine tool bed by two heavy steel pieces
on both ends in order to avoid displacement during cutting and also eliminate possible
interference of improper fixation of the workpiece on the obtained flatness and parallelism
error [37]. The workpiece material was titanium grade 2, and its composition is displayed
in Table 2.

The experiments were performed on a model HWE-1520 H.G. RIDDER Automa-
tisierungs GmbH machine (H.G. RIDDER H., Hamm, Germany). This machine has the
capability to adjust the pressure from 50 to 400 MPa and abrasive flow rate from 10 g/min
to 600 g/min. The ecological abrasive which was used is actually walnut shell, acquired by
HERUBIN company (HERUBIN, Dobra, Poland). The geometry of the abrasive particles
can be seen in the SEM (Scanning Electron Microscope, SU-70, Hitachi, Tokyo, Japan)
micrograph in Figure 1c, which is rather uncommon in comparison to the more usually
used garnet abrasive which has an irregular but prismatic shape, or glass beads which have
an almost perfect spherical shape. This abrasive is considered an appropriate medium for
machining of soft metals, surface cleaning and especially coating removal. It is considered
reusable and according to the manufacturer it contains 55–70% cellulose, 19–22% lignin
and 22–27% hemicellulose. Its density is estimated around 1.28 g/cm3 and its hardness is
rather low, around 2.5–3 Mohs.

The depth, flatness and parallelism error of the pockets were determined by the use of
a Coordinate Measuring Machine (CMM), namely the Mitutoyo CMM Crysta Plus M443
(Mitutoyo, Kawasaki, Japan). For each pocket, the appropriate procedure was used to
estimate the average depth and the values of flatness and parallelism according to the
relevant standard. Flatness and parallelism error are two responses of particular interest
for practical reasons; however, only a limited number of authors have tried to analyze the
influence of machining parameters. The flatness of surfaces has been mostly studied in the
case of conventional end milling rather than non-conventional processes, e.g., in the works
of Mikó and Rácz [38], Bustillo et al. [39], Tai, Stephenson and Shih [40], and Agarwal
and Desai [41], where some conclusions on the effect of process parameters regarding
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flatness were discussed. Nevertheless, parallelism has been less studied in the field of
manufacturing processes [42–44].
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Table 2. Chemical composition of titanium grade 2.

Titanium (%) Iron (%) Oxygen (%) Carbon (%) Nitrogen (%) Hydrogen (%)

98.9 0.3 0.25 0.08 0.03 0.015

During the evaluation of the flatness of a surface, which is a form error, the surface
should lie between two parallel planes and the tolerance value indicates the maximum
distance of the two planes in length unit, whereas parallelism is an orientation error and is
evaluated as the smallest possible distance between two theoretical parallel planes, which
are also parallel to a reference surface (datum), such that all the measured points fall within
this distance. In the present work, the flatness and perpendicularity were estimated based
in measurements by the CMM machine on 12 points equally distributed on the pocket
surface, a strategy which has also been employed in similar cases [39]. Especially for the
parallelism error, the datum was chosen to be in the uncut surface of the workpiece which
had low roughness in order to avoid interference with the measurement. Finally, for the
determination of width, high-resolution images of the workpiece surface were analyzed
by ImageJ software (version 15.3t, National Institute of Health and LOCI, University of
Wisconsin, Madison, WI, USA).
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3. Results and Discussion
3.1. First Series of Experiments

After the experiments were carried out and various measurements were performed
on the workpiece regarding average depth (denoted as d) and width of pockets (denoted
as w), flatness and parallelism deviation as well as MRR, the results presented in Table 3
were obtained. As multiple measurements were performed for d, w and MRR, the standard
deviation values are also presented, denoted by σ. At first, the results pertinent to the
first series of experiments, conducted based on the Taguchi L9 orthogonal array, will be
analyzed using statistical methods and then discussed; afterwards, further investigations
of additional parameters will be carried out in order to supplement the already-derived
conclusions. It is worth noting that, in every graph containing surface plots, the color scale
on the plots is relevant to the magnitude of the quantity presented in the z axis, with blue
areas representing lower values and red areas higher values, in order to further emphasize
its values and facilitate understanding by the readers.

Table 3. Experimental results for the first series of experiments.

No. h (mm) ma
(g/s) P (MPa) d (mm) σd (mm) w (mm) σw

(mm)
MRR

(mm3/min)
σMRR

(mm3/min)
Flatness

(mm)
Parallelism

(mm)

1 3 2 150 0.014 0.002 10.78 0.153 0.727 0.1043 0.015 0.108
2 3 4 250 0.031 0.003 10.97 0.108 1.637 0.1592 0.007 0.050
3 3 6 350 0.880 0.011 11.17 0.062 47.335 0.6473 0.029 2.777
4 7 2 250 0.065 0.004 11.32 0.085 3.543 0.2196 0.011 0.166
5 7 4 350 0.951 0.015 11.25 0.052 51.519 0.8467 0.057 3.095
6 7 6 150 0.108 0.009 10.79 0.040 5.611 0.468 0.014 0.056
7 11 2 350 1.154 0.014 11.29 0.056 62.738 0.8184 0.078 1.379
8 11 4 150 0.074 0.005 10.93 0.117 3.895 0.2664 0.013 0.028
9 11 6 250 0.139 0.007 11.02 0.042 7.376 0.3725 0.030 0.352

The depth of pockets in AWJ milling occur due to the superposition of adjacent grooves
formed by the abrasive jet moving in a zig-zag pattern with alternating directions. Thus,
the addition of new grooves produced close to the previous ones based on a constant
stepover distance leads to much higher depth than the one obtained during slot milling
under the same condition. Regarding pocket depth, it becomes obvious from the values
presented in Table 3 that a considerable large variation of depth can be obtained under the
selected range, mainly due to the very prominent effect of jet pressure on pocket depth. It
is worth noting that the smaller pocket is barely distinguishable on the workpiece surface,
having an average depth of only 14 µm and fairly flat morphology, whereas the largest
one has a depth of over 1 mm, with a large amount of irregularities formed due to the
intense impact of particles on the surface. This result is rather important, as it can prove
that, under specific circumstances, the use of an uncommon, soft abrasive such as nut shell
can produce pockets with dimensions comparable to those produced by common abrasives
at the expense of high power and abrasive consumption. However, the results indicate
that the use of this type of abrasive offers the capability of regulating the depth at very low
values without the need of using very high speeds or very low pressure which could be
beyond the capabilities of the machine tool if a harder abrasive such as garnet was used.

As can be seen in the main effects plot of Figure 2 and the surface plots of Figure 3, the
jet pressure is definitely the most significant parameter regarding the pocket depth. When
jet pressure increases, especially after 250 MPa, a tremendous increase in depth values
occurs. This result indicates that the increase in particle velocity and the more intense
interaction between the abrasives and workpiece surface can directly lead to increased
material removal. Moreover, these findings are in accordance with the findings of previous
works in the relevant literature, where it is underlined that jet pressure increases the
momentum of the waterjet and subsequently the velocity of abrasive particles [45–47].
Thus, under higher jet pressure, it is easier to overcome the energy threshold for material
removal [45]. It is also important to note that lower values of jet pressure have been
reported to allow a more uniform erosion of the surface, whereas higher values of pressure
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can lead to lateral erosion as well, reducing the quality of the pockets and even creating a
“speed bump” shape for the pockets [48]. However, as power consumption during AWJM
is mainly dependent on jet pressure, using high values of jet pressure also increases the
energy consumption and, apart from higher costs, contributes to a less sustainable process.
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On the other hand, the other two parameters are relatively less significant, with the
increase in stand-off distance contributing to a slight increase in depth, and the increase
in abrasive mass flow rate leading to a slight increase in depth. In the latter case, this
behavior can probably be attributed to the higher level of fragmentation of the abrasive
grains at high concentrations due the low hardness and inferior mechanical properties of
the abrasive material, which lead to destruction of the sharp edges and size reduction, thus
rendering them less effective and comparable to particles of a smaller size. These findings
are also reported in the relevant literature on pocket milling using AWJM technology, as it
was found that the impact of abrasive mass flow rate is relatively low in pocket milling
compared to other parameters, being almost negligible in some cases [45,49]. Higher rate
implies that more particles impact the workpiece per unit time, with the total kinetic energy
increasing considerably [45]. However, above a certain value, the fracture of particles
is more possible due to collisions between them, reducing the capabilities of material
removal [45]. The stand-off distance was found to exhibit a non-linear relationship with
pocket depth, as the increase in SOD up to a point is proven to be positively correlated with
the depth, increasing the jet energy [45]. However, for higher values, the energy decreases
due to lack of focus [45].

Consequently, given that the contribution of these two parameters is far smaller than
that of jet pressure, these trends have only a minor importance regarding the regulation of
pocket depth. Thus, apart from its contribution to energy consumption, jet pressure plays a
significant role in achieving the desired pocket depth in a controlled-depth milling process.

The results regarding pocket depth will be also interesting to discuss alongside the
results regarding the pocket width, as both results affect the material removal rate, which is
a fundamental indicator regarding productivity of the process. As the length of the pocket,
which coincides with the workpiece width, is constant, the estimation of removed volume
of material requires the calculation of depth and width only.
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Regarding the variation of pocket width, it can be also related to the superposition
of adjacent grooves formed by the movement of the abrasive jet over the predefined path.
Pocket width is more relevant to the kerf width, as it actually occurs as a summation of
adjacent kerfs; thus, it is expected to be correlated with the process parameters to a different
extent than the pocket depth. The values of pocket width, presented in Figures 4 and 5,
show that the variation of this quantity is much lower than the variation of average
pocket depth, even in harsher conditions. The main effects plot of Figure 4 indicates that
pocket width values increase mainly due to the increased jet pressure values, as the higher
amount of material removed through the more intense interaction of abrasive particles and
workpiece surface also leads to larger width of the pockets. The effect of stand-off distance
is more complex, as it contributes to an increase in width up to a point, due to the larger
dispersion of abrasive particles, but after the stand-off distance is higher than a certain
value, due to several reasons such as the reduction of energy of the particles, the width is
less affected. Finally, the increase in abrasive mass flow rate leads to a slight decrease in
kerf width, possibly to the increase in particle fragmentation.
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After having presented and discussed the results regarding depth and width of the
produced pockets, the effect of process parameters on material removal rate will be dis-
cussed. In Figure 6, the main effects plot for MRR is presented. As it is expected, the
material removal rate is highly correlated with the jet pressure which contributes to the
enlargement of both pocket depth and width, something that was also observed in the
relevant literature [48,49]. Taking into consideration that higher jet pressure also leads to
higher energy consumption, it is necessary to perform a favorable compromise between
two important targets, such as productivity and energy consumption, by regulating the
values of jet pressure. On the other hand, the contribution of the two other parameters
is rather minimal, as can be seen both in Figures 6 and 7, with the increase in stand-off
distance increasing the MRR due to the creation of wider pockets and the abrasive mass
flow rate leading to a negligible decrease and subsequent increase in the MRR. Although
these results were already anticipated based on the previous analysis of depth and width,
it is worth noting that the magnitude of MRR is almost two orders of magnitude lower
than the value obtained using other types of abrasives [46,49] in some cases, especially
when jet pressure is minimal, rendering pockets with a depth of a few tens of micrometers;
even at the highest pressure and abrasive mass flow rate values, it still remains under
100 mm3/min. The main reason for these observations is the considerably low hardness of
the abrasive, being estimated around 2.5–3 Mohs, while garnet is usually reported to have a
hardness of 7–7.5 Mohs. This result indicates that, although the use of softer abrasives even
for cutting operations is justified under certain conditions, this organic ecological abrasive
is not efficient for roughing but can used in conjunction with a harder abrasive in order to
achieve both high productivity and better sustainability of the process.
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Flatness deviation is another important consideration in the manufacturing industry
related to the geometry of the outer surfaces of produced parts. It is especially useful when
it is required to connect two elements across a common surface in such a manner that
air-tightness or liquid-tightness is achieved. In the context of geometric dimensioning and
tolerancing, flatness is considered a geometric characteristic, relevant to form; according
to the ASME Y14.5 standard, flatness is defined as a tolerance zone determined by two
parallel planes, within which the surface must lie. The calculation of flatness does not
require a datum and is often conducted by fitting of points using the least squares method
or another relevant method. When flatness is perfect, all points of the surface should lie
in the same plane. Flatness is a quantity which is very rarely studied in relevant works,
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especially in the field of AWJ machining, although it is a very important parameter in
industrial practice. Flatness is significantly different to surface roughness as it is classified
as being two levels higher beyond surface roughness and one level higher than waviness
as a surface parameter. Thus, it is expected not to exhibit the same correlation as surface
roughness in respect to process parameters or it is affected to a different degree by them.
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In the present case, the results indicate again that there is a considerable variation of
flatness values in the conducted experiments. These differences can be mainly attributed
to the increase in jet pressure rather than the other two parameters, as can be seen in the
main effects plot of Figure 8. In fact, jet pressure is a very effective parameter for the
regulation of pocket flatness, as low pressure leads to almost perfectly flat surfaces, but
in the case of moderate or higher jet pressure values, the deviations can be considerably
large. Thus, it becomes obvious that jet pressure does not only alter the topography of
the surface but its form as well, with observable deviations occurring at higher pressure
values. Thus, it is important to note that the largest increase in flatness deviation occurs
for jet pressure values over 250 MPa. On the other hand, stand-off distance and abrasive
mass flow rate have a lower contribution to the deviation of flatness, as can be also seen
in Figures 8 and 9. In detail, the increase in stand-off distance leads to slightly higher
flatness deviation values due to the large area of dispersion of the abrasive particles and
less focusing of the jet, whereas the mass flow rate increase leads to slightly lower flatness
error, as in the case of depth, probably to due to higher fragmentation of particles which
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smoothens their geometry, reduces their cutting ability and contributes to the achievement
of better uniformity of the produced surface. Thus, in order to achieve flat surfaces during
AWJM, jet pressure values should be carefully chosen within the acceptable range, whereas
the other parameters can be adjusted with more flexibility, taking into consideration other
process outcomes as well.
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Figure 8. Main effects plot of flatness.

It is important to note that only a couple of studies exist in the relevant literature
regarding flatness in AWJM. Srinivasu and Axinte [37] reported a flatness tolerance of
1.2 mm while creating pockets on a composite workpiece by the maskless procedure. Popan
et al. [50] observed flatness values between 0.5–3 mm in their investigation. Kong et al. [51]
obtained flatness error values below 0.33 mm at the bottom surfaces of pockets on a NiTi
workpiece.

Parallelism or surface parallelism is another indicator relevant to the geometric char-
acteristics of the surface, which is relevant to the comparison of two different surfaces
which should be parallel between them within a suitable tolerance value. Contrary to
flatness, the measurement of parallelism requires the definition of an appropriate datum.
This parameter is rather useful when it is required to guarantee the contact between mating
parts in an assembly which should be parallel and is not a form but orientation tolerance
parameter. As in the case of flatness, parallelism is also is rarely studied as a parameter,
although it has considerable importance in industrial applications.

From the results presented in Table 3, it can be observed that the variation of paral-
lelism error is very high, with negligible values in some cases and much higher values
in others. The main effects plot of Figure 10 and the surface plots of Figure 11 provide
the necessary information in order to observe the trends regarding parallelism error in
respect to the three process parameters. As it was expected, the jet pressure is a prominent
parameter for affecting parallelism of pocket surfaces to a large extent. The indication that,
in the present case, pressure values over 250 MPa have a detrimental effect on the outcome
of the process is once more justified, given that the parallelism error deviates significantly
when pressure is increased over 250 MPa. On the other hand, the results regarding the other
two parameters are less conclusive, as, apart from the weaker correlation with parallelism
error, stand-off distance seems to lead to a slight increase in the error, after which the error
is decreased, probably due to the larger dispersion of particles positively affecting their
impact on the surface, whereas an increased abrasive mass flow rate leads to deterioration
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of parallelism until it reaches a critical value. These results are not important given the
considerably low contribution of these parameters to the total variation of parallelism.
Thus, in order to achieve the required parallelism of pockets, low to moderate jet pressure
values are recommended.
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Figure 9. Surface plots for flatness in respect to (a) stand-off distance and abrasive mass flow rate,
(b) stand-off distance and jet pressure, (c) abrasive mass flow rate and jet pressure.

Nair and Kumanan [52] were among the few researchers to report findings on par-
allelism of pockets fabricated by AWJM. Although the results on parallelism were not
separately analyzed, the range of values was found to be between 0.08 and 0.25 mm.
Moreover, Babu and Chetty [8] mentioned that use of recycled abrasives can improve the
parallelism error of cut surfaces.
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3.2. Additional Series of Experiments

During the analysis of the experiments designed by the Taguchi L9 array, it seems that
the most prominent parameter, which was related to all the outcome quantities, was jet
pressure; for this parameter, an interesting observation was made, especially regarding
the radical increase in depth, width and other quantities when jet pressure is increased in
the range 250–350 MPa. So, in order to further investigate this phenomenon, especially in
regards to the pocket depth, additional experiments were conducted. Emphasis was placed
on the pocket depth, as the achievement of controlled-depth milling is fundamental in
many non-conventional processes, such as AWJM. Moreover, in order to be able to further
evaluate the possibilities offered by the ecological walnut shell abrasive for controlled-
depth milling of pockets, it is important to determine the effect of other parameters such as
traverse feed rate and stepover and their contribution to the results. Thus, the study was
extended by additional experiments, with different traverse feed rate and stepover values,
which are also important parameters of this process.

The results of the additional experiments regarding the effect of jet pressure are
presented in Figure 12. These results are particularly useful in establishing the range of
jet pressure values which is appropriate for efficient pocket milling and the jet pressure
value which can be directly related to the onset of considerable deviation regarding surface
quality. More specifically, in Figure 12a, the pocket depth values under different jet pressure
values, with other parameters constant (stand-off distance 3 mm, abrasive mass flow rate
6 g/s, stepover 0.6 mm, traverse feed rate 100 mm/min) are depicted. These results
extended the findings presented in Figure 2 and directly indicate that there is a non-
linear correlation between depth and jet pressure. As was aforementioned, the high
intensity of abrasive particle impact on the workpiece surface, even though walnut shell
abrasive is rather soft, leads to excessive material removal and larger average depths. This
additional investigation about the effect of jet pressure values is particularly important as
this parameter is directly related to energy consumption during AWJ machining. Choosing
the suitable jet pressure value is crucial in order to achieve the desired depth but also avoid
higher energy consumption, deterioration of surface quality and distortion of its form, as
was established in the previous subsection. In order to achieve all objectives, it is possible
to use different strategies such as the multi-pass strategy by removing less material in each
pass but avoiding the deterioration of the produced surface.

In Figure 12b, the correlation between pocket depth and traverse feed rate is depicted
under the following conditions: stand-off distance of 3 mm, abrasive mass flow rate of
6 g/s, stepover of 0.6 mm and jet pressure 350 MPa. This investigation is necessary as
the traverse feed rate has a direct implication in the productivity of the process and it
is important to determine how much it can be increased for the specific combination of
abrasive and workpiece material. In the previous series of experiments, traverse feed
rate was not varied and it was kept constant at 100 mm/min, a value which was chosen
by preliminary experiments as it was sufficient for material removal even at the lowest
pressure value of 150 MPa and abrasive mass flow rate of 2 g/s. The findings of Figure 12b
indicate the anticipated correlation between pocket depth and traverse feed rate, which is
negative, as the reduction of exposure time of the jet at high traverse feed rates leads to a
lower amount of removed material and more shallow depths. However, in comparison to
the effect of jet pressure, the effect of traverse feed rate is rather low, as a threefold increase
in traverse feed rate resulted in less than a twofold reduction of depth. This result is rather
important for two reasons: at first, it can indicate the limit value of traverse feed rate which
can be used (for the specific combinations) in order to remove a considerable amount of
material, and on the other hand it is important as it shows that an increase in traverse feed
rate does not decreases pocket depth proportionally, meaning that a twofold or threefold
increase in traverse feed rate, which proportionally reduces the machining time, can be
selected without having an adverse effects on productivity. Finally, the reason that traverse
feed rate is not as important for the regulation of depth during pocket milling as during
slot milling is that, in pocket milling, the depth is mainly regulated by the succession of
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adjacent slots; thus, stepover is expected to be more important, as well as jet pressure,
which produces deeper grooves. The obtained results are in line with results from the
relevant literature, which indicate that traverse feed rate is a significant parameter for
pocket milling (although less significant than stepover or jet pressure), leading to a decrease
in depth, as a faster speed is related to lower exposure time and a lower number of particles
impacting the workpiece surface [45,46,48,49]. Moreover, an increase in traverse feed rate
leads to a considerable decrease in MRR [48,49].

Figure 12. Pocket depth variation in respect to (a) jet pressure, (b) traverse feed rate, (c) stepover values.

In Figure 12c, the variation of pocket depth in respect to the stepover values is plotted
for experiments conducted under the following conditions: stand-off distance of 3 mm,
abrasive mass flow rate of 2 g/s, traverse feed rate of 100 mm/min and jet pressure of
150 MPa. In the case of stepover, increased values of this parameter are related to higher
distances between adjacent lateral grooves; thus, it is expected that the depth will decrease
as the stepover is increased. The results directly reflect this anticipated trend, as the pocket
depth decreases significantly for stepover values over 0.2 mm. In fact, a threefold increase
in step over led to an almost twofold decrease in depth, indicating that variation in the
stepover can affect the depth significantly, perhaps to a lesser degree than jet pressure,
but to a higher degree than the other parameters. Moreover, as this parameter also affects
machining time—given that, in order to machine a pocket of the same dimensions, a
longer path is required when stepover is small—a favorable compromise between time and
achievable depth is possible only for specific stepover values. These findings are similar to
those reported in the relevant literature, as it is accepted that stepover is a considerably
important parameter for pocket milling, as are jet pressure and traverse feed rate, with a
clear decrease in pocket depth occurring when stepover increases due to lower overlap
between subsequent traverse passes of the jet [46,49]. Furthermore, it is evident that it also
can cause a large reduction of MRR when its values are increased [49].

4. Conclusions

In the present work, AWJ machining experiments were carried out with particles of
an ecological organic abrasive material, namely, walnut shell. In order to determine the
capabilities of such an abrasive type, at first a series of experiments conducted under a
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Taguchi L9 orthogonal array were carried out and a statistical analysis of pocket depth,
width, material removal rate, flatness and parallelism error was performed. Afterwards,
some additional experiments were carried out to further evaluate the capabilities of pocket
milling with the selected abrasive and extended the investigation of the non-linear effect of
jet pressure. The following conclusions were drawn from these investigations.

During the first series of experiments, it was revealed that, during pocket milling, jet
pressure is the predominant parameter regarding various process outputs, including pocket
depth, pocket width, material removal rate, flatness and parallelism error. For pressure
values over 250 MPa, the pocket dimensions, material removal rate, form and orientation
errors increase to a large extent, indicating that there should be a limit on the range of jet
pressure in order to ensure the appropriate creation of pockets.

Regarding the other process parameters, namely, stand-off distance and abrasive mass
flow rate, their relative contribution was found to be minimal for every process output.

The findings from the additional experiments showed that the traverse feed rate has
an observable effect on pocket depth, although its relative contribution is much lower
regarding pocket milling than slot milling. On the other hand, stepover is a considerable
parameter of the AWJ milling process, perhaps second only to jet pressure, given that it can
affect pocket depth significantly compared to the other parameters.

Finally, it was proven that soft abrasives, such as walnut shell, have the potential not
only for cleaning or polishing operations but also for cutting operations under appropriate
conditions. Although the cutting efficiency is rather low, these results are considered
promising, especially regarding the potential use of soft abrasives in a mixture with harder
ones in order to achieve both high productivity and better surface integrity.
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