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Abstract: The potential to increase the life span of tools applied in cheese cutting machines is of
great importance, considering their cost and the risk of fragmented metallic parts of the tool being
inserted into the cheese. Such tools are commonly manufactured using stainless steel 405 and are
subjected to dynamic loads during their operation, leading to fatigue failure. An efficient method
to improve the fatigue properties of such tools is the application of micro-blasting. In this work, for
the first time, an experimental-analytical methodology was developed for determining optimum
micro-blasting conditions and ascertaining a preventive replacement of the tool before its extensive
fracture. This methodology is based on the construction of a pneumatic system for the precise cutting
of cheese and simultaneous force measurements. Additionally, the entire cheese-cutting process
is simulated by appropriate FEA modeling. According to the attained results, micro-blasting on
steel tools significantly improves the resistance against dynamic loads, whilst the number of impacts
that a tool can withstand until fatigue fracture is more than three times larger. Via the developed
methodology, a preventive replacement of the tool can be conducted, avoiding the risk of a sudden
tool failure. The proposed methodology can be applied to different tool geometries and materials.

Keywords: cheese cutting; tools; micro-blasting; fatigue

1. Introduction

The production of standard pieces of cheese concerning weight is a complicated pro-
cess, and its interruption due to the failure of the cutting tool entails prolonged production
time due to worn tool replacements and increased cost. In such a production process,
the tools are commonly made of stainless steel, and they are subjected to dynamic loads
during the cheese-cutting process. In this way, fatigue failure is the prevailing wear phe-
nomenon, significantly reducing tool life [1,2]. Various experimental techniques supported
by analytical models have been developed in the past for evaluating the fatigue behavior
of coated and uncoated steel parts possessing different geometries [3—6]. Moreover, the
perpendicular impact test is an efficient method for characterizing the material’s fatigue
endurance [7]. By conducting this test, the required force after one million impacts for the
initiation of failure is determined. Based on the appropriate FEA model, the maximum
equivalent stress developed in the material at the fatigue threshold force during its loading
and the remaining one due to the plastic deformation is calculated [7]. As a consequence,
the Smith-like diagram, as well as the Woehler diagram of the material, can be determined.

The success of products strongly depends on the properties of the outermost layer,
which can be significantly enhanced by appropriate surface treatments and suitable coat-
ings. In the past decade, the field of surface engineering has gained a leading role in
materials science and engineering and attracted great scientific and research interest with
a view to producing cost-effective and advanced multifunctional materials. In this way,
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the effect of various surface treatments, such as sandblasting, shot peening, etc., applied
to different materials on their mechanical properties were extensively investigated by
conducting well-established experimental procedures [8-10]. Among the examined pa-
rameters of shot-peening was the application of semi-random or regular shot peening [11],
different pressures [9], etc. Furthermore, theoretical investigations were conducted to
examine the effects of shot distance and impact sequence on the residual stress field in
shot-peening [12]. Based on these studies, the improvement of the mechanical and fatigue
properties of different materials after shot peening was revealed [13,14]. Moreover, in the
tool industry, micro-blasting has been registered as an efficient method for increasing the
life of coated tools [15-17]. However, the applied micro-blasting conditions have to be
carefully selected since this process can lead to an augmentation of the cutting-edge radius,
resulting in reduced cutting tool ability [18,19]. In the frame of the conducted research, the
potential of an effective application of micro-blasting on tools applied for cheese cutting
was investigated.

More specifically, various dry micro-blasting conditions were applied to the tool in
order to attain a similar magnitude of cutting-edge roundness to the pristine one. An
experimental-analytical methodology was developed for predicting the number of im-
pacts that the tool can receive during cheese cutting before its fatigue fracture initiation.
In this context, the mechanical properties of the untreated and micro-blasted tools were
determined by nanoindentations and perpendicular impact tests coupled with appropriate
FEA simulations. An appropriate device was designed and developed based on a pneu-
matic system for measuring the required forces for cheese cutting using micro-blasted
and untreated tools. Finally, 3D-FEA models were developed using ANSYS software for
simulating the cheese-cutting process and thus to determine the developed equivalent
stresses using the calculated forces as input data. It must be pointed out that the modeling
of the cutting processes has been denoted as a valuable tool for studying and predicting
the tool life [1,20,21]. Based on the developed methodology, a preventive replacement of
the tool can be conducted, avoiding the risk of a sudden tool failure.

2. Materials and Methods
2.1. The Used Tools and the Employed Devices

The geometry of the tools employed for cheese cutting is illustrated in Figure 1.
The tools were made of annealed stainless steel 405. The radius of the cutting edge was
measured using white light scanning by a 3D confocal system mSURF of NANOFOCUS
AG [1], and amounted to 10 um. Dry micro-blasting was carried out on tools using sharp-
edgedAl,O3 or spherical ZrO; grains, as illustrated in the same figure. The average grain
size was 10 pum. Due to the different grains’ geometry, the cutting edge topomorphy was
expected to be variously affected.

The dry micro-blasting process was conducted using the WIWOX DI12SF located
in the Laboratory for Machine Tools and Manufacturing Engineering of the Aristotle
University of Thessaloniki (see Figure 2). All the micro-blasting parameters were kept
constant except for the pressure. More specifically, the micro-blasting duration was equal
to 4 s, the distance between the blasting nozzle and the tools was set to 100 mm, and the
applied pressure amounted to 0.1 or 0.2 MPa. For determining the mechanical properties
of the employed materials, nanoidentations were conducted by a FISCHERSCOPE H100
device (Helmut Fischer GmbH, Sindelfingen, Germany). The fatigue properties of the
untreated and micro-blasted tools were assessed by perpendicular impact tests using
an impact tester designed and manufactured by the Laboratory for Machine Tools and
Manufacturing Engineering of the Aristotle University of Thessaloniki in collaboration with
the company Impact-BZ (London, UK) [22]. The employed ceramic ball had a diameter of
5 mm. The applied time-dependent force signal is shown in Figure 2. Three-dimensional
measurement facilities of the confocal microscope SURF of NANOFOCUS AG (Oberhausen,
Germany) were used for evaluating the impact imprints. ANSYS 2021 R1 software was
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used for simulating the nanoindentation and impact tests and thus to determine the tool’s
mechanical properties [1].
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Figure 2. The employed devices for conducting micro-blasting and impact experiments as well as the
applied force signal during impact test.

2.2. The Developed Device for Cheese Cutting

For conducting cutting experiments on cheese possessing different hardness, an exper-
imental device was designed and manufactured by the Laboratory for Machine Tools and
Manufacturing Engineering (LMTME) of the Mechanical Engineering Department at the
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Aristotle University of Thessaloniki (see Figure 3). The cutting mechanism consists of a
cylindrical shaped piston that uses air pressure in order to move the cutting knife up and
down. For stabilizing the device, two high-rigidity beams were used, in which there is the
possibility of moving the piston mechanism according to the needs of the experiment. The
maximum knife’s displacement is approximately 160 mm. In this way, cheese with different
geometries can be cut. Between the piston and the cutting knife, a force measurement
sensor was set in order to directly record the cutting force of the cheese. The operation of
the developed device was controlled and monitored by a suitably developed algorithm
using commercial computer software (Labview 8.6), thus enabling its fully automated
operation. More specifically, the analog signal of the measurement device was turned into
digital through an AT converter. The digital control, the data processing, the recording, and
the results presentation were achieved through a developed algorithm using “Labview”
software (8.6). Typical registered results, such as force, displacement, and velocity versus
the experimental time taken from the developed software are presented at the bottom of
Figure 3.
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Figure 3. The developed device for measuring the cutting forces during cutting cheese experiments.

2.3. The Developed 3D-FEA Models for Simulating Cheese Cutting

Three-dimensional FEA models were developed using ANSYS 2021 R1 software
for simulating the cheese-cutting process when untreated tools and micro-blasted ones
were employed, as shown in Figure 4. The kinematic hardening rule was applied in
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the developed FEA model due to the fact that it leads to a rapid convergence in the
corresponding FEM calculations [23].

Fixed area

micro-blasted

i

nodal forces

software: ANSYS
Element type: Solid185

Figure 4. The developed FEA models for simulating cheese cutting experiments.

The kinematic hardening assumes that the yield surface remains constant in size and
the surface translates in stress space with progressive yielding, whereas the Besseling model
is used [24], also called the sub-layer or overlay model, to characterize the material behavior.
In the case of the micro-blasted tool, a second material area was considered to possess the
mechanical properties and the width of the deformed region of a micro-blasted tool, as will
be described in the next session. A rigid film-substrate interface was considered in the case
of the coated tool. The geometry of the tool was similar to that one depicted in Figure 1.
The width of the tool was equal to the contact region between the cheese and the tool.
Convergence studies were conducted to determine the optimal mesh density and attain
a mesh-independent grid. Solid elements possessing a pyramid geometry were used for
generating the meshed volume. In order to simulate the cheese cutting, perpendicular nodal
forces were applied to the cutting-edge region until the calculated reaction loads in the fixed
upper area were equal to the measured one. The mechanical properties of the employed
materials were set accordingly to the extracted results shown in the next sessions. The
materials” mechanical behavior was simulated as an isotropic using multilinear laws. With
the aid of the developed FEA models, the developed maximum stresses corresponding to
certain impact forces can be calculated in the case of untreated tools and micro-blasted ones.

3. Results
3.1. Hardness Characterization of the Untreated and Micro-Blasted Tools

Nanoindenation measurements were carried out to characterize the hardness of the
examined materials using a Berkovich diamond indenter. The maximum indentation force
was selected to be 15 mN in order to capture the effect of the micro-blasting process on
superficial hardness modifications. The load—displacement diagrams of the untreated
and micro-blasted tools at various pressures are illustrated in Figure 5a. To exclude the
roughness effect on results accuracy, 30 measurements per nanoindentation were conducted.
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In this way, the moving average of the indentation depth versus the indentation force
was stabilized [1]. As observed in both micro-blasting grain cases, an increase in the
pressure was associated with a reduction of the maximum indentation depth. The latter
is an indication that there is a hardness augmentation after micro-blasting. This fact
can be explained by considering the induced residual stresses in the material structure
after micro-blasting and the resulting superficial material deformation. The effect of the
different employed grains on the material hardness is more clearly visible in Figure 5b,
where the course of maximum indentation force versus the micro-blasting pressure is
shown. According to the attained results, the registered maximum indentation depths were
comparably larger in the case of ZrO, grains under the same conditions. More specifically,
the pristine maximum indentation depth amounted to 230 nm. After micro-blasting, the
attained indentation depths at a pressure of 0.1 MPa were equal to 222 nm and 218 nm
when Al,O3 and ZrO, were employed, respectively. Moreover, the increase in material
hardness at higher micro-blasting pressure was not so intense since there was a limit to the
induced residual stresses that a material can receive prior to its fracture.
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Figure 5. (a) Nanoindentation results of the untreated and micro-blasted tools; (b) maximum attained
indentation depths after micro-blasting at various pressures.
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In order to interpret the previous shown results, roughness measurements were
conducted on variously micro-blasted tools. A characteristic roughness magnitude for
showing the effect of different employed grains on surface integrity was the maximum peak
to valley height Rt. Since Rt shows the height difference between the highest mountain
and lowest valley within the measured range, potential superficial cracks created due to
the grains’ impact can be captured. The related results are shown in Figure 6. Each bar
shown in this figure represents the mean value of 10 measurements. As can be observed in
Figure 6, the roughness Rt became more intense when Al,O3 grains were used. This can
be explained by considering the geometries of the used grains. Due to their sharp edges,
a part of the initial kinetic energy of the Al,O3 grains was consumed to micro-chipping
on the material surface, and in this way, the roughness increased. On the contrary, in the
case of ZrO, grains, a bigger portion of the initial kinetic energy was used for material
deformation and as a consequence, larger indentation depths were attained.
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Figure 6. Roughness measurements on variously micro-blasted tools.

3.2. Cutting Edge Radius of the Untreated and Micro-Blasted Tools

A crucial issue for the effective application of tools in a cheese-cutting machine is the
magnitude of their cutting-edge radii. This is attributed to the fact that the sharpness of the
tool plays a dominant role in maintaining the surface integrity of the cheese after its cutting,
which is desired to be as smooth as it can be. Although micro-blasting has been reported to
be an efficient method for improving material hardness, it causes an enlargement of the
cutting-edge radius [18]. In order to determine the variation of the cutting-edge radius of
the micro-blasted tools, confocal microscopy measurements were carried out. The related
results are shown in Figure 7. More specifically, it was necessary to register successive
cross-sections of the cutting edges and to determine the average values (see Figure 7). The
pristine cutting-edge radius of the untreated tools amounted to 10 pm. The conduct of
micro-blasting resulted in an enlargement of the cutting-edge radius. Only in the case of
Al>O3 grains and when the micro-blasting amounted to 0.1 MPa did this magnitude remain
almost invariable. Based on these results, an optimum micro-blasting pressure of 0.1 MPa
with Al,O3 grains was selected for improving the tool life.
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Figure 7. Measurements of cutting-edge radii via light scans along the cutting edge.

3.3. Mechanical Properties of the Untreated and Micro-Blasted Tools

For determining the mechanical properties of the untreated and micro-blasted tools
at a pressure of 0.1 MPa, the FEM-based procedure concerning the stepwise simulation
of the nanoindentation procedure, based on the SSCUBONI algorithm, was employed [1].
It has to be pointed out that only in these two cases the cutting-edge radii were almost
equal, and the tools preserved their sharpness. In this way, using the nanoindentation
results diagrams shown in Figure 5a, the input data to the developed algorithm was created,
and the mechanical properties of the investigated materials were extracted. These results
are illustrated in Figure 8. As observed, the elasticity modulus remained unaffected by
the micro-blasting process, whereas the yield and rupture stress grew. Generally, micro-
blasting results in a gradation of the strength properties [25]. In the described investigations,
for simplifying the related calculations, it was assumed that evenly distributed strength
properties develop up to a certain depth from the film surface. By applying the technique
described in ref. [25], the occurring equivalent stress distribution during micro-blasting
can be determined, and the width of the shadowed area associated with the plastically
deformed region can be calculated. These data were employed in the developed FEA model,
simulating the cheese-cutting process for determining the maximum developed stresses.

Furthermore, perpendicular impact tests were conducted at various impact loads in
order to detect the critical ones for fatigue damage initiation in the case of untreated and
micro-blasted tools. Related results in terms of the remaining imprint depths at various
exercised loads after 10° impacts on annealed stainless steel 405 and the micro-blasted ones
at a pressure of 0.1 MPa are shown in the diagram of Figure 9. To avoid the interpretation of
surfaces asperity damages as material damage, the double of the tool’s arithmetic roughness
Ra was considered as a criterion for material fracture. According to the attained results,
the critical impact loads for exceeding the above-mentioned criterion were 25 N and 50 N
for the annealed stainless steel 405 and the micro-blasted ones, respectively. Characteristic
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F=25N

impact imprints at various loads in the case of stainless steel 405 and the micro-blasted
ones, scanned by white light via confocal microscopy, are shown in the bottom part of

the figure.
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Figure 8. Mechanical properties of the untreated and micro-blasted tool at 0.1 MPa and the width of

the deformed region after micro-blasting at 0.1 MPa.
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Based on a FEM simulation of the impact process [1] and considering the results shown
in Figure 9, the Smith-like diagrams and the Woehler diagrams of an annealed stainless steel
405 and the micro-blasted ones were determined and are illustrated in Figure 10. The Smith
diagram presents the maximum load alterations versus its mean value for a fatigue-safe
operation of stressed material. The Woehler diagram illustrates the fatigue-safe maximum
stress versus the number of repetitive loads alternating from zero to a maximum value.
Since the developed stresses during the operation of the cheese cutting tool alternate from
zero up to a maximum value, the latter diagram can be used for predicting the number of
impacts that the tool can receive during cheese cutting before its fatigue fracture initiation.
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Figure 10. Determined Smith-like diagrams and Woehler diagrams of an annealed stainless steel 405
and the micro-blasted at 0.1 MPa.

3.4. Cutting Results

The experiments were carried out on two different types of cheese concerning its
hardness (feta cheese and semi-hard cheese), as illustrated in Figure 11. The effect of cheese
hardness on the developed forces is clearly visible. Every curve represents the mean value
of approximately 20 experiments. For the semi-hard cheese, a cutting force of about 220 N is
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required, while for the feta cheese, only 100 N is needed. According to the conducted force
measurements of cheeses with different heights, the maximum developed force remains
practically invariable from the cheese geometry, and it depends only upon its hardness.
Moreover, the knife’s displacement and the velocity of the piston were measured, as shown
in the bottom part of the figure. It is obvious that the measurements are almost identical for
both types of cheese. The whole cutting process for a knife displacement of 160 mm lasts
approximately less than 250 ms. Thus, dynamic loads are developed on the cutting edge of
the knife during the repetitive cuts, leading to the initiation of fatigue failure after a certain
number of cuts.

350 I
N — feta cheese
250 —
200
150 i
3
5 100
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0 \A
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Figure 11. Measured forces as well as knife displacement and velocity in the case of cutting cheese
with different hardness.

3.5. FEA Results during Cheese Cutting

By employing the aforementioned FEA models (see Figure 4), the developed equivalent
stress fields in the tools during cheese cutting associated with the most intense loading
case of semi-hard cheese were determined. The related results for both uncoated and
micro-blasted tools are shown in Figure 12. The maximum stress in both cases amounts to
0.81 GPa. This stress is developed in the right part of the tool. This fact can be explained
by the cutting-edge geometry (see Figure 1). More specifically, in this region, due to its
geometry, higher bending stresses are developed, resulting in a more intense tool loading.
Although the maximum equivalent stress does not exceed the material yield stress in
both cases, it is higher than the critical fatigue endurance stress. As a consequence, a
fatigue damage initiation is expected after approximately 200,000 impacts in the case of the
uncoated tool (see Figure 13). Moreover, the application of micro-blasting at 0.1 MPa results
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in a significant augmentation of the number of impacts that the tool can withstand up to
the fatigue fracture initiation. As can be observed in Figure 13, the first coating fracture
occurred after approximately 700,000 impacts.
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Figure 12. Developed equivalent stress fields in the case of annealed stainless steel 405 and the
micro-blasted ones at a pressure of 0.1 MPa during cutting semi-hard cheese.
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Figure 13. Prediction of the number of impacts up to the first fatigue fracture in the case of
annealed stainless steel 405 and the micro-blasted ones at a pressure of 0.1 MPa during cutting
semi-hard cheese.

4. Discussion

In the food industry, the production of standard pieces of cheese concerning its weight
is a complicated process with high importance. In this context, cheese packages less than
a certain weight are not accepted, whereas overweight packages are associated with an
additional cost for industries. Moreover, the interruption of this process due to the failure
of the cutting tool entails prolonged production time due to the replacement of worn tools
and increased cost. In such a production process, the tools are commonly made of stainless
steel, and they are subjected to dynamic loads during the cheese-cutting process. In this
way, fatigue failure is the prevailing wear phenomenon, significantly reducing the tool life.

The importance of micro-blasting as a technique to increase the life span of tools has
been registered in the past [18,19]. This process has as a target to induce residual stresses
in the material structure and, in this way, to increase the mechanical properties [14]. As
a consequence, the fatigue properties are also expected to be improved. However, this
process has to be carefully applied concerning the selected conditions since it can modify
the geometry of the cutting edge. In our previous publication [18], dry micro-blasting was
conducted on TiAIN coatings deposited on cemented carbide inserts using Al,Os or ZrO,
grains. These coatings were characterized by comparably superior mechanical properties.
As a result, larger micro-blasting pressures must be applied to deform the coating structure
and thus induce residual stresses. In the case of the coated tools described in ref. [18], an
enlargement of the cutting-edge radius takes place as the micro-blasting pressure increases.
A larger cutting-edge radius leads to a reduction of the developed stresses on the coated
tool during cutting and to a simultaneous tool life increase [26]. However, special care must
be taken to avoid substrate revelation due to coating abrasion in the cutting-edge region
during micro-blasting. In the case of annealed stainless steel 405, the applied conditions
must appropriately change to attain sufficient increases in the mechanical characteristics
without enlarging the cutting-edge radius. This must occur since the sharpness of the
tool plays a dominant role in ensuring the surface integrity of the cheese after its cutting,
making it as smooth as it can be.

In this paper, for the first time, an experimental-analytical methodology was developed
for selecting optimum micro-blasting conditions dependent upon the tool geometry and
properties and for determining the number of impacts that the tool can withstand until the
first fatigue fracture. Via the developed methodology, preventive replacement of the tool
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can be conducted, avoiding the risk of sudden tool failure. This methodology was applied
in the case tools employed in cheese cutting. To verify the developed methodology’s
capability to predict the number of impacts for fatigue damage initiation of the tool, cutting
experiments were conducted using a semi-hard cheese as the workpiece material (see
Figure 14). The tool possesses the geometry as illustrated in Figure 1, and it is made of
annealed stainless steel 405. According to attained results, after 200,000 impacts, there was
no sign of failure, and fatigue cracks appeared after the conduct of further 10,000 impacts,
resulting in tool material removal. These results are in good agreement with the calculated
ones. Thus, the capability of the developed methodology to predict the critical number
of impacts for tool replacement is verified. The issue of the tool replacement prior to its
fatigue fracture is very important. Despite the cheese cleanness process after the production
of standard pieces of cheese concerning weight, the whole process became more secure
since any possibility of fragmented metallic parts of the tool being inserted into the cheese
was avoided. Another significant issue in the market is the surface integrity of the cheese
region that must be cut. By assuring an unworn cutting-edge geometry of the tool, the
surface integrity of the cheese is expected to be improved, and wasted material during
cutting is predicted to be minimized.

fatigue fractures after

fter 200,000 i t
i ’ RRHEES a/pprox. 210,000 impacts

Figure 14. Characteristic images of an unworn and worn tool after cheese cutting.

5. Conclusions

In the present work, the potential to enlarge the life span of tools applied in a cheese
cutting machine via micro-blasting was investigated. Optimum micro-blasting conditions
were detected, considering an almost invariable cutting-edge radius as a criterion. More-
over, a methodology was developed for predicting the number of impacts that the tool
can receive during cheese cutting before its fatigue fracture initiation. This methodology
was based on the construction of a pneumatic system for the precise cutting of cheese and
the simultaneous measurement of the forces developed, as well as on appropriate FEA
modeling. The following basic conclusions can be summarized:

e  The conduct of dry micro-blasting at a pressure of 0.1 MPa using Al,O3 grains can
increase the number of impacts that the tool can withstand, more than three times,
until the fatigue fracture initiation.

e  Experimental cutting investigations on semi-hard cheese using an untreated tool verify
the capability of the developed methodology to predict the critical number of impacts
for fatigue damage imitation.

e  The proposed methodology can be applied to different tool geometries and materials
since a parametric FEA model was developed.

e  The issue of the tool replacement prior to its fatigue fracture is very important. De-
spite the cheese cleanness process after the production of standard pieces of cheese
concerning weight, the whole process became more secure since any possibility of
damaged parts being inserted into the cheese was avoided. Moreover, by assuring
an unworn cutting-edge geometry of the tool, the surface integrity of the cheese was
expected to be improved, and wasted material during cutting was minimized.
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