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Abstract: This work discusses challenges in conventional grinding wheels: heat-induced tool wear
and workpiece thermal damage. While textured abrasive wheels improve heat dissipation, the
current surface-only methods, such as those based on laser and machining, have high renewal costs.
The proposed manufacturing technology introduces an innovative 3D cooling channel structure
throughout the wheel, enabling various channel geometries for specific abrasive wheel applications.
The production steps were designed to accommodate the conventional pressing and sintering phases.
During pressing, a 3D organic structure was included in the green body. A drying cycle eliminated all
present fluids, and a sintering one burnt away the structure, revealing channels in the final product.
Key parameters, such as binder type/content and heating rate, were optimized for reproducibility
check for and scalability. Wear tests showed a huge efficiency increase (>100%) in performance and durability
updates compared of this system to conventional wheels. Hexagonal channel structures decreased the wear
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coolant flow through the cooling channels. This new design methodology for three-dimensionally
structured grinding wheels innovates the operation configuration by delivering the coolant directly

where it is needed. It allows for increasing the overall efficiency by optimizing cooling, reducing tool
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wear, and enhancing manufacturing precision. This 3D channel structure eliminates the need for
reconditioning, thus lowering the operation costs.

Keywords: structured grinding wheel; 3D cooling channels; additive manufacturing; wear resistance;

Academic Editor: Yashar Javadi cooling efficiency; precision manufacturing advancements

Received: 12 June 2024

Revised: 23 July 2024

Accepted: 24 July 2024

Published: 26 July 2024 1. Introduction

Precision manufacturing often utilizes grinding as a primary technique to fabricate
components with meticulous accuracy, exceptional surface finish, and optimized dimen-
- sional tolerance [1-3]. Throughout the grinding process, the properties of the grinding
wheel exert a substantial impact on the grinding force, temperature, and resultant surface
quality of the workpiece [3,4]. Furthermore, ensuring the supply of cutting fluids during
grinding operations becomes imperative to preserve surface integrity and mitigate tool
wear [5]. Consequently, considerable emphasis is placed by academic and industrial sectors
alike on advancing research and development related to grinding wheel technology [1-5].
creativecommons.org, licenses,/by/ The conventional geometry of grinding wheels hinders the dissipation of heat gener-
140/). ated during the grinding process, while approximately 60% of the applied coolant fluids
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are not effectively utilized in the process, failing to reach the working surface [6-8]. The
limited heat dissipation at the contact point can lead to excessive tool wear, increased
grinding forces, residual stress, phase transformation, re-hardening, reduced material
removal rate, surface defects, and other thermal damages [2,9-11]. Residual tensile stress
and re-hardening burn pose significant challenges, as they adversely impact the longevity
and dependability of a workpiece when exposed to fatigue conditions [12]. The ther-
mal loads produced during the grinding process serve as the main contributor to these
tensile residual stresses. The most effective approach to prevent the occurrence of such
stresses is by maintaining the grinding temperatures below the tempering temperature
of the workpiece [13,14]. Thus, within the specific tool-to-workpiece contact zone, the
continual improvement of the local concentration and dispersion of the coolant/lubricant
fluid is imperative for optimal performance [7,15]. On the other hand, the adoption of a
Minimum Quantity Lubrication (MQL) is gaining attention, given the prevalent use of sig-
nificant quantities of coolant lubricants in the metallurgical industry [16]. This widespread
usage leads to elevated consumption and disposal expenses, also contributing to major
environmental concerns [17].

Mineral oils, additives, and biocides improve the fluid performance in grinding
while also increasing the number of toxic and deteriorating compounds in the global
biosphere [18]. As a result, not only does the disposal of the fluid into the sewage system
or into the waterways reduce the amount of drinking water available on the planet, but
also it contaminates people and animals that come into contact with or ingest the water
contaminated with the cutting fluid, having a direct impact on human health and the
aquatic biosphere [19,20]. As a result, decreasing the use of conventional fluids is an urgent
requirement for society to conserve the ecosystem [20].

To address these issues and optimize the operation, textured abrasive tools have been
proposed [21]. By introducing grooves into a grinding wheel, it was possible to achieve
a 61% reduction in energy consumption and double the material removal rate compared
to what achieved with a non-textured tool [22-24]. Regarding the ability to enhance heat
dissipation by incorporating microgrooves in grinding wheels, a temperature reduction
of 105 °C and a 60% decrease in lubricant fluid consumption were observed during the
grinding of aluminum [8,25]. The grooves in abrasive wheels serve as pockets, strategically
designed to concentrate the jet towards the contact zone while effectively containing the
fluid within [5]. This design feature not only enhances the flow rate within the contact zone
but also facilitates the uniform flow of fluid and expels debris along the shortest path [5,26].
Consequently, it minimizes pore clogging and diminishes the abrasion of grinding debris,
resulting in an even material removal and improved surface quality of the workpiece [26].
Additionally, textures on the grinding wheel assist in breaking up the air barrier that forms
around the revolving wheel [27,28] and makes it difficult to properly supply the grinding
fluid to the grinding zone [29]. As a result, adopting structured grinding wheels improves
the efficiency of grinding processes [30].

At present, various processing techniques are employed for the production of textured
grinding wheels [21]. It is evident that the machining process stands out as the most
conventional and straightforward method for texturing grinding wheels [31-33]. Neverthe-
less, this is a manual process wherein the surface finish of the workpiece is typically not
tightly controlled. Furthermore, mechanical texturing methods lead to substantial wear of
the texturing tool and considerable vibration during grinding operations [8]. Alternative
approaches, such as laser texturing [34-37], provide efficient and precise methodologies;
however, they are associated with high costs and necessitate meticulous adjustment of
process parameters [38]. Nearly all employed techniques thus far generate only surface-
level grooves, necessitating a subsequent operation for retexturing after the grinding wheel
undergoes wear. While Selective Laser Sintering (SLS) [39] offers the capability to produce
internal channels, it is an expensive process and lacks feasibility for large-scale industrial
production [40,41].
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The conventional method of producing vitrified-matrix abrasive composites always
involves the following processing steps: (i) powder mixing; (ii) powder pressing to form
a green composite; (iii) drying the green composite; (iv) sintering the green composite.
The powder mixing step involves abrasive grains (e.g., alumina), vitrified powder (the
precursor of the vitrified matrix), and a temporary organic binder [42,43]. After mixing, the
resulting powders are weighed and placed in a mold to be pressed and compacted into a
specific geometry [44]. The mechanical consistency of the pressed green compact, resulting
from this step, is ensured by the presence of an organic binder. The subsequent drying step
aims to gently remove the water content associated with the temporary organic binder in
the composite to prevent crack formation [45,46]. This is followed by the sintering step,
which occurs in two phases. First, the organic components typically associated with the
temporary binder burn off. Then, the vitrified powder softens, giving rise to the vitrified
matrix of the abrasive composite upon cooling [47].

This article introduces an innovative methodology for manufacturing abrasive grind-
ing wheels with a vitrified matrix, featuring a three-dimensional (3D) internal cooling
structure system. Unlike conventional methods, this approach enables the production of
wheels with permanent internal channels, eliminating the need for repeated operations
after wear. Furthermore, it distinguishes itself from more advanced methods, like SLS,
due to its practicality in manufacturing and minimal deviation from conventional pro-
cesses. Additionally, this technology offers versatility in producing structured grinding
wheels with various geometries, achieved through additive manufacturing (AM) to obtain
a preform. Wear tests were conducted to evaluate the performance of these wheels, sup-
plemented by comprehensive Computational Fluid Dynamics (CFD) simulations to better
understand the effect of the coolant flow through the channels and its surface distribution.
This multi-faceted approach provided valuable insights into the performance and durability
of the structured grinding wheels, facilitating the interpretation and justification of the
experimental results obtained from the wear tests.

This innovative approach aligns with the Industry 4.0 principles by leveraging ad-
vanced manufacturing techniques, such as AM, to enhance product functionality and
performance. By integrating structures to form internal channels within abrasive compos-
ites, this method not only improves heat dissipation and reduces tool wear but also enables
a precise control over the manufacturing process, ensuring higher quality and consistency.
Furthermore, the adoption of such cutting-edge technology facilitates greater flexibility
and customization in production, allowing for efficient adaptation to varying industrial
demands and complex geometries. Ultimately, this advancement contributes to the creation
of intelligent, efficient, and highly optimized manufacturing environments, embodying the
core tenets of Industry 4.0.

2. New Grinding Wheel Design Methodology Concept

The concept behind this new methodology, illustrated in Figure 1, involves an abrasive
wheel with a 3D internal cooling channel structure. This design offers versatility, accommo-
dating various internal channel geometries suitable for different materials and grinding
operations. Compared to traditional surface texturing methods for grinding wheels, this
approach eliminates the need for reconditioning or renewing the wheel surface through
machining or laser methods. This not only reduces the processing costs but also lowers the
operational costs, including time, machine usage, and labor, for reconditioning.

For processing these three-dimensionally structured wheels, during the pressing step
(Figure 1d), a polymeric 3D preform (Figure 1b) that can be produced using methods
such as AM [48] was introduced into the composite to form the desired channel structure
geometry. The composite composition and pressing conditions were adjusted to prevent
defects during this step, primarily due to the elastic recovery of the polymeric 3D structure.
The polymeric structure remained within the green composite after pressing (Figure le)
and was subsequently removed by combustion during the sintering cycle, creating a hollow
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internal network of channels with the desired geometry (Figure 1f). This innovative design
offers flexibility in channel dimensions and geometry within the abrasive wheel.

Production process

Three-dimensional textured grinding wheel

(@) (b) (©)
Mixing of powders Manufacturing of the Inclusion of the structure
three-dimensional structure in the mold

=8
©-0-0

Textured composite obtained Extraction of the green composite Inclusion of the powders
after sintering and placement in the oven in the mold and pressing
il (e) (d)

Figure 1. Manufacturing process of grinding wheels with a 3D internal cooling structure system.

The polymeric structure and the green abrasive composite have distinct properties,
including mechanical behavior and coefficients of thermal expansion (CTE). These material
differences affect their behavior differently with temperature changes. During pressing, the
plasticity of the powder mixture significantly influences the inclusion and retention of the
polymeric structure in the green composite. Consideration of these property divergences is
crucial during the drying phase to prevent crack formation.

This new concept of abrasive wheels with internal cooling channels revolutionizes
the grinding operations by directing the coolant fluid precisely where needed. The vol-
ume, pressure, and distribution of the coolant fluid are controlled by the 3D internal
channel geometry.

This study focused on examining the innovative manufacturing methodology by study-
ing the parameters influencing the inclusion of the 3D channel structure in the abrasive
composite. This methodological advancement allows for the production of abrasive com-
posites with a cooling channel structure throughout their volume, resulting in structured
grinding wheels with self-regeneration capability. Consequently, improved workpiece
surface quality is expected, alongside increased productivity and reduced processing costs
due to the permanent presence of the channels.

3. Concept Development: Optimization of the Processing Conditions

In the context of developing this new methodology concept, some components and
initial production process parameters were selected to be optimized. Several steps of
the production process were studied to allow for the inclusion of the internal channel
structure without physical and/or geometric defect formation. The manufacturing process
of the grinding wheel with a 3D channel structure, initiated with the powder mixing stage
(Figure 1a). The primary components of the vitrified abrasive composites developed for
this study included alumina abrasive grains (with a particle size of 220 mesh) and a matrix
precursor, such as a vitrified powder. Furthermore, a temporary organic binder, comprising
a polysaccharide powder and water, was used to enable the green mechanical strength of
the produced grinding wheels.

Simultaneously, a 3D channel structure precursor was created through additive man-
ufacturing using a polymeric material (Figure 1b). The selection of the channel structure
geometry was based on the CFD simulation results regarding the coolant distribution on the
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working surface. Also, for this work, a Polylactic Acid (PLA) filament of the doWire brand
was used, along with an Ultimaker 3 printer for structure printing by Fused Deposition
Modelling (FDM). Among other organic materials, PLA was chosen for its biodegradability,
cost-effectiveness, and desired thermal characteristics. For example, during sintering, PLA
could be combusted at temperatures lower than the melting point of the vitrified matrix
precursor powders (620 °C). Additionally, PLA exhibits adequate mechanical properties for
the intended application, ensuring the structural geometry is maintained. The printing con-
ditions remained consistent throughout the process, maintaining a temperature of 220 °C,
a print head speed of 40 mm/s, and a layer height of 0.1 mm per pass. In the subsequent
phase, the channel structure was positioned in the mold, followed by the inclusion of
the powder mixture on top and composite pressing at 27.5 MPa, as shown in Figure 1c,d
respectively. Following this, the green composite was removed from the mold and placed
in the oven for the thermal drying and sintering cycle, as depicted in Figure 1e. Finally, the
three-dimensionally structured abrasive composite was obtained, as illustrated in Figure 1f.

To examine the dimensional changes in abrasive composites caused by PLA incor-
poration, abrasive composite samples (06 x 6 mm) were produced, with and without a
PLA channel structure. To this end, a Y-shaped PLA structure, shown in Figure 2, with
an arm section measuring 1 x 1 mm and a length of 2 mm, was introduced before the
pressing phase into the abrasive composite. Dimensional analyses were carried out on both
specimen types, using the TMA Q400 equipment from TA Instruments [49]. The tests were
carried out in air atmosphere, ranging from 30 up to 950 °C, with a preload of 0.01 N and
a heating rate of 4 °C/min. Three samples were tested for each studied condition, and
dimensional changes upon cooling were also recorded. Figure 3a compares the dimen-
sional variation curves of the same abrasive composite, with and without the PLA structure
included, in order to evaluate the impact of PLA on the composite deformation. To better
understand the behavior of each raw material as a component present in the abrasive
composite, Differential Scanning Calorimetry (DSC) assessments and Thermogravimetric
Analysis (TGA) were performed on the PLA material (Figure 3b) and the polysaccharide
solution—polysaccharide powder + water (Figure 3c). These analyses were conducted in
air atmosphere at a heating rate of 10 °C/min, using the SDT2960 Simultaneous DSC-TGA
equipment from TA Instruments.

(a)

Figure 2. (a) Y-shaped PLA structure employed in the production of @6 X 6 mm structured abrasive
composite specimens for dimensional analyses (TMAs). (b) Abrasive composite sample (06 x 6 mm)
with the Y-shaped PLA structure included.
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Figure 3. (a) TMA analysis of green composite samples with and without the incorporated PLA structure
(4 °C/min, air atmosphere). (b) DSC/TGA analysis of the polysaccharide solution (10 °C/min, air
atmosphere). (c) DSC/TGA analysis of the PLA channel precursor (10 °C/min, air atmosphere).

Comparing the linear dimensional variation curves of the abrasive composite samples
with and without the PLA structure (Figure 3a), we observed different behaviors. It
was evident that the most critical temperature range for processing the composite with
the included PLA structure was between 30 °C and 300 °C. During the drying step, up
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to 80 °C, an expansion peak occurred at 63 °C, and the presence of PLA significantly
increases the expansion/deformation of the composite. Another peak, which also seemed
to be characteristic of the presence of the PLA structure in the abrasive composite, was
observed before its sintering, at 144 °C. These two expansion peaks at 63 °C and 144 °C, only
observable in the composite with the PLA structure, were linked to its transformations, such
as glass transition (Tg) and melting point (Tm), respectively [50,51], and can be identified
in the PLA DSC curve (Figure 3b). The crystallization temperature (Tc), at 122 °C [52,53],
did not seem to significantly affect the abrasive composite dimensions. The DSC/TGA
analyses revealed that the combustion of PLA initiated at 300 °C (Figure 3b) and occurred
in two stages associated with two exothermic reactions (two peaks). It was accompanied
by a mass reduction that concluded at 450 °C, at which point an almost complete mass
reduction was observed. No significant residues from the 3D structure combustion were
detected after the composite sintering. The significant expansion observed in the composite
sample with the inclusion of PLA could lead to crack defects, which makes it an important
parameter to control.

Except for the contribution of PLA (between 30 °C and 300 °C, when combustion
began), both abrasive composites showed similar curve shapes up to 950 °C, at the end
of the test. The curves showed identical oscillations, with a singular shift attributed to
the initial impact of PLA on the dimensional variations of the composite during drying
(Figure 3b). Between 30 °C and 100 °C, a shrinkage of the composite without the PLA
structure was observed, corresponding to the evaporation of water from the polysaccharide
solution. Between 275 °C and 475 °C, the organic binder combustion occurred in two
steps, beginning at 275 °C and 425 °C, as depicted in Figure 3c. These two reactions were
associated with a dimensional reduction for both abrasive composites (Figure 3a). The
technical data sheet of the vitrified binder, used for this abrasive production, indicates that
this material softens at 620 °C. It suggests that, during the sintering process of the abrasive
composite, both PLA and the polysaccharide organic binder undergo combustion at lower
temperatures (450 °C and 475 °C) compared to the softening temperature of the vitrified
binder (620 °C). This effectively prevented the entrapment, within the vitrified matrix, of
the ashes, formed from the combustion of these organic materials.

As shown in Figure 3a, the inclusion of the PLA 3D structure produced a significant
change in the overall expansion behavior during the pressing and the initial part of the
drying and sintering steps. The production of components without microstructural defects
was carried out by combining the capacity for dimensional variation, through the variation
of internal porosity, and by controlling the plasticity of the binding element in the composite
structure during the pressing and thermal cycle stages.

The organic binder enhanced the plasticity of the composite, facilitating the proper
accommodation of the mixture powders with the PLA structure. The presence of a polysac-
charide solution (polysaccharide + water), as an organic binder, played an important role
during the pressing stage in the sliding of the alumina grains, the compaction of the pow-
ders, and the incorporation of the PLA structure. To minimize the expansion mismatch
during pressing and thermal cycle, a study of the plasticity of the binder was conducted as
a function of the following parameters: i) the water content in the polysaccharide solution;
ii) the polysaccharide solution’s volume fraction in the composite; iii) the heating rate
during the drying stage.

The effect of the water content in the polysaccharide solution was studied. For this
investigation, cylindrical test specimens of 6 x 6 mm in diameter were produced using the
powdered polysaccharide and water, with variations in the water content relative to the
polysaccharide powder. Three specimens of each organic binder type, labeled as W7, W20,
W26, and W30, with varying water contents, as specified in Table 1, were manufactured
and tested. The plasticity of these samples as a function of the temperature was assessed
using the previously mentioned TMA Q400 equipment. These tests were conducted with a
pre-load of 0.01 N, in air atmosphere and at a heating rate of 4 °C/min, from 30 °C to 80 °C.
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Testing water contents exceeding 30% was impractical due to difficulties in producing a
solid compact for testing.

Table 1. Tested compositions for the study of plasticity in @6 x 6 mm test specimens of organic
binder (polysaccharide + water): W7, W20, W26, and W30.

Binder Polysaccharide Water Polysaccharide
Sample Powder (wt.%) (wt.%) /Water Ratio
W7 93.00 7.00 13.29
W20 80.30 19.70 4.08
W26 74.34 25.66 2.90
W30 70.00 30.00 2.33

As depicted in Figure 4, during the drying process between 30 °C and 80 °C, with
an increasing water content in the polysaccharide solution, there was a notable reduction
in sample dimensions. This trend underscored the heightened plasticity of the samples
with a higher water content. In the corresponding green composites, a tendency for lateral
deformation was observed, characterized by a bulging resembling a ‘barrel’ configuration.
A decrease in water content to 7% (W?7) resulted in a marginal increase in sample dimen-
sions, of around 0.3%, up to 47.5 °C, indicating thermal expansion and reduced plasticity.
The polysaccharide/water ratio of the sample W30 (70/30) emerged as the optimal value,
allowing for the formation of a compact with sufficient mechanical resistance and high
plasticity to accommodate the dimensional changes of the PLA structure. This ratio facili-
tated the production of a green composite with prolonged plasticity, as water retention was
extended, ensuring adequate mechanical strength.

0.5

0.0 —
os|
a0l
as|
-2.0 -_

-2.5

30 .

sl ,\
4.0 L |- W20 ]

Dimensional change (%)

45k

5.0 fb—r—+——7"7—"+—"1—""1T"—"T"—"T"—T"—T"———7
25

85
Temperature (°C)

Figure 4. Study of organic binder plasticity. TMA curves of polysaccharide solution samples with
varying water contents (7%, 20%, 26%, and 30%).

To assess how binder content changes influenced the plasticity of the abrasive compos-
ite during the pressing procedure, a series of composite mixtures were tested in compression
mode (@6 x 6 mm samples,) in the Dynamic Mechanical Analyzer (DMA) DMA-Q800,
from TA instruments. All tests were conducted in air atmosphere, with a ramp force of
0.3 N/min up to 16 N. The testing conditions are presented in Table 2. Three distinct
Y-shaped PLA structures, produced through AM, with branch sections of 1 mm width and
thicknesses of 0.5, 1.0, and 1.5 mm, were also tested (Figure 5b).
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Table 2. Study of the plasticity of the cylindrical test specimens of the green abrasive composite by

varying the W30 organic binder content.

Abrasive Alumina Vitrified Powder Organic Binder
Composite (wt.%) (wt.%) (wt.%)
B3.0 85.6 10.4 3.0
B4.5 85.3 10.2 45
B7.5 82.6 9.9 7.5
B10.5 79.9 9.6 10.5
0.9 T+ 1+ 1 ' 1 v T ‘v T Tt T T T ' T 7T
I composite plasticity increase with binder content (a) 1
08| g
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Figure 5. Stress—strain test curves obtained by DMA assessments, in compression mode, (a) A plasticity
study of the cylindrical samples B3, B7.5, and B10.5 (without the PLA structure) of the abrasive composites;
(b) an elasticity study of the Y-shaped PLA structure with branch thicknesses of 0.5, 1.0, and 1.5 mm.

As Figure 5a illustrates, as the content of the organic binder W30 in the abrasive composite
increased from 3.0% to 10.5%, there was an increase in deformation (strain), regardless of the
stress applied to the sample. These findings show that the plasticity of the composite increased
as the organic binder content increased. The results of the PLA compression tests (Figure 5b)
indicate that, during the pressing step, reducing the thickness of the rectangular branch section
in the PLA structure tended to increase its deformation or flexibility.
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As the organic binder content significantly influenced the composite plasticity (Figure 5a),
abrasive composite test specimens with W30 binder content ranging from 4.5% to 10.5% were
also produced (Table 2: B4.5, B7.5, and B10.5), incorporating the Y-shaped PLA structure,
and subjected to TMA dimensional analysis testing. These tests were performed with
the same TMA equipment with a pre-load of 0.01 N, a heating rate of 4 °C/min, in air
atmosphere, covering a temperature range from 30 to 650 °C. As illustrated in Figure 6,
during the drying phase, the critical material thermal expansion (around 50 °C) was
highly influenced by the organic binder content. With an increase in the proportion of the
temporary organic binder, these abrasive composites exhibited a significant reduction in
thermal expansion (from 1.8% to 0.4%). However, at a 10.5% organic binder content, there
was a sudden increase in dimensional change at 350 °C, which was not noted for lower
organic binder contents. This effect, seemingly linked to PLA degradation, was consistently
observed in different test repetitions. The gases produced during the PLA burning process
were encapsulated due to an excessive amount of organic binder, resulting in a sudden
expansion at this temperature. This suggests that an excessive amount of organic binder is
not advisable, as it prevents the gases from PLA burning to escape.

2.00 —————————————————————————

Dimensional change (%)

sudden expansion due to
excessive binder content

LI L LT I I A N PR NN LA AN PN I
0 50 100 150 200 250 300 350 400 450 500 550 600 650
Temperature (°C)

Figure 6. TMA of abrasive composites with included PLA structure, manufactured with W30 organic
binder contents of 4.5 wt.%, 7.5 wt.%, and 10.5 wt.% (4 °C/min, air atmosphere).

Based on the acquired results, it is apparent that the dimensional variation of the spec-
imens increased in the examined composites with a lower total water content, particularly
during the initial heating phase in the thermal drying cycle. Notably, high and abrupt
dimensional changes were directly correlated with the likelihood of cracks forming in the
abrasive grinding wheel. Hence, comprehending how this initial heating rate influenced
the behavior of these composites became paramount. The composite B10.5, featuring 10.5%
of organic binder, was excluded due to additional dimensional variations caused by the
excessive encapsulation of PLA in the organic binder, hindering the normal polymer com-
bustion around 300 °C (Figure 6, at 350 °C). Consequently, for this analysis, the composite
B7.5, with 7.5% of organic binder (Table 2), was selected.

In the abrasive grinding wheel production process, after the pressing stage, the subse-
quent step is drying, which consists of two primary phases, i.e., a temperature ramp-up
to 75 °C followed by a two-hour stage at that temperature. During the heating phase, a
substantial amount of water, originating from the organic binder within the composite, is
removed. It is crucial to optimize the heating rate in this stage to ensure a controlled and
gradual drying of the composite, thus preventing the formation of cracks. To assess the
impact of varying heating rates during drying, a dimensional analysis was conducted on
the structured abrasive composite with B7.5 composition. Drying heating rates similar to
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conventional ones were tested to explore alternative values for potential process improve-
ments. Temperature ramp rates of 0.1, 1.0, and 4.0 °C/min were employed in the tests,
using the same TMA equipment with a preload of 0.01 N. The tested cylindrical samples
were @6 x 6 mm in size, with an incorporated Y-shaped structure (Figure 2a).

After the drying process, the organic binder hardens, enhancing the stiffness and mechan-
ical consistency of the green composite. The subsequent step involves sintering the composite.
In this study, the green composites were sintered at 950 °C, the same maximum temperature
used for conventional wheels, and the same vitrified matrix precursor was employed in the
sintering cycle. During this stage, all organic components within the green composite, includ-
ing the dried organic binder, were eliminated by combustion. Furthermore, in the composites
with incorporated PLA structures, PLA was incinerated, leaving behind a structured network
of hollow channels. The thermal cycle has to be thoughtfully selected to ensure the removal of
the organic components before the vitrified powder softens and forms the vitrified matrix [44].
This precaution was taken to prevent the entrapment of residues within the vitrified matrix,
which could result in defects in the composite.

Figure 7 illustrates the impact of the heating rate on the dimensional expansion of the
composite for three different heating rates: 0.1 °C/min, 1.0 °C/min, and 4.0 °C/min. A reduction
in the heating rate from 4 to 0.1 °C/min significantly diminished the dimensional expansion
associated with the introduction of PLA into the composite. Despite the extended drying time,
the utilization of a slower heating rate during the heating ramp of the drying cycle substantially
mitigated the likelihood of crack formation resulting from the expansion of the composite.

14 T T T T T T T T T T
13[ ]
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1ol [=——4.0°C/min|
09
038
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Figure 7. Dimensional analysis (TMA) of the B7.5 abrasive composite with the incorporated PLA
structure in green, as a function of the heating rate (0.1, 1.0, and 4.0 °C/min). (a) Temperature-
dependent; (b) time-dependent.
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Table 3 summarizes the optimal processing conditions, which were identified for the
production of three-dimensionally structured grinding wheels, using this new method-
ology. Concerning the composition, the findings indicated that W30 served as the most
suitable temporary organic binder to facilitate the integration of the PLA structure into the
composite, as shown in Figure 4. Additionally, it was determined that, for this purpose,
the optimal amount of this binder in the composite was 7.5% (B7.5, Figure 6). During
the drying phase, the investigation revealed that a heating rate of 0.1 °C/min provided
superior dimensional control of the structured abrasive composite, significantly reducing
the likelihood of crack development. In the sintering phase, it was observed that utilizing
PLA as a material to create the preform of the channel structure in the composite was
advantageous. Its combustion could occur up to 450 °C (Figure 3b), a value lower than the
temperature at which the temporary organic binder completed its combustion (Figure 3c),
which was 475 °C. This will allow for maintaining roughly the typical sintering thermal
cycle for unstructured abrasive composites.

Table 3. Optimal processing conditions, as an output of the presented research, for the production of
structured abrasive composites, using the new methodology.

Assessable

Factors Decision Justification

Higher water content in the binder allows for greater durability
W30 of its plasticity and that of the composite. Still, it enables good

mechanical strength of the composite after drying.

This option enables increased green composite plasticity

Temporary
organic binder

orTearr?Z (i)rfrfc}ller B75 without an excessive amount of organic binder.
& ’ Moreover, it allows for the elimination of PLA without large
content . . . :
dimensional changes in the composite shape.
Drying This choice reduces the composite deformation during
heating rate 0.1 drying and initial sintering, preventing the formation of
(°C/min) cracks in the composite.

4. Production and Characterization of Three-Dimensionally Structured
Grinding Wheels

Based on the present study and processing conditions showed in Table 3, different
abrasive wheels were produced and characterized. Figure 8a shows a typical unstructured
reference disc (R). This novel methodology enables the use of various 3D structures with
different geometries, which can be tailored depending on the specific application of the
abrasive wheel. In this particular case, channels with a honeycomb-inspired geometry, a
hexagonal channel structure (H), were designed for face grinding wheels, aiming for a
homogeneous coolant flow and an effective removal of chips generated during the grinding
operation. Samples featuring that hexagonal channel structure (H) were produced, using a
three-layer PLA structure as a channel precursor (Figure 8b). One of the produced abrasive
wheels with a 3D hexagonal structure was cut, as depicted in Figure 8c,d. The cross section
of this structured abrasive wheel revealed the internal channel structure organized in three
layers, fully occupying the thickness of the wheel. The internal network geometry of the
channels remained uniform. This approach enabled the production of three-dimensionally
structured abrasive wheels throughout their thickness and without any defects, allowing
for the accurate prediction of the shape and the dimensions of the channel structure. The
channel thickness (~0.52 &+ 0.02 mm) and height (~4.54 & 0.12 mm) were maintained similar
to those of the PLA preform, exhibiting only an average overlap of 5.4% among the three
layers of channels.
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Figure 8. (a) Unstructured reference disc—R. (b) Perspective view of the PLA structure designed
to incorporate the channel network in abrasive grinding wheels. (c) Surface view of the hexagonal
structured abrasive grinding wheel prototype—H. (d) Internal view of the grinding wheel—H—with
a 3D internal cooling system in the region of the cross-sectional cut.

Table 4 compares the final characteristics of abrasive wheels featuring a 3D internal
cooling structure with those of conventional unstructured wheels of the same dimensions.
These innovative three-dimensionally structured grinding wheels allowed for a 3.40%
increase in the coolant fluid container volume, compared to conventional unstructured
wheels, with this augmentation specifically targeted at the wheel /workpiece contact zones.
Considering face grinding, the active surface of this hexagonal three-dimensionally struc-
tured grinding wheel was reduced by 3.88%. Figure 9a illustrates one of the grooves on
the surface of the abrasive wheel with a 3D structure. In Figure 9b, a closer examination
reveals the details of the abrasive grains, pores, and vitrified matrix, showing similarity
with the typical unstructured wheels, thus demonstrating the validity of this new process
methodology.

Table 4. Final characteristics of the unstructured and structured abrasive wheels.

Characteristics Unstructured Structured
Grinding Wheel Grinding Wheel
Diameter (mm) 62.3 62.3
Thickness (mm) 13.00 + 0.19 13.00 + 0.19
Porosity + Channel Volumes (%) 40.00 £2.83 41.36 £2.96
Face Grinding Active Surface (%) 100.00 96.12 +£ 0.23
Height (mm) - 454 +0.12

Channel Section Width (mm) - 0.52 £ 0.02
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Figure 9. Abrasive disc with a 3D internal cooling structure system. (a) Groove observed on the
surface of the structured abrasive wheel. (b) Detail of abrasive grains and vitrified matrix in the
abrasive composite.

For evaluating the abrasive wear properties, abrasive composite discs with dimensions of
62.3 x 8.0 mm were produced in both unstructured (R) and structured hexagonal geometry
(H). These evaluations were performed both with and without a flow of 6 mL/min of distilled
water, used as a coolant fluid (CF). The R wear discs underwent wear tests both with and
without the application of a CE and the results were compared with those of the H abrasive
discs tested with the CF. The wear tests were conducted in a pin-on-disk configuration, with
three discs manufactured for each test condition. A 5 mm diameter alumina pin was employed
to generate a 24 mm radius wear track on the composite during the wear tests. A 20 N load was
applied on the pin, and a sliding speed of 0.5 m/s (222 rpm) was maintained during the tests.

Figure 10 illustrates a substantial 61% reduction in the wear rate of the reference un-
structured abrasive discs (R) when the CF was introduced. Under identical test conditions,
the wear rate of the alumina pin (corresponding to abrasive R) experienced only a 34%
reduction. This resulted in a noteworthy 66% increase in the grinding ratio (pin wear
rate/abrasive wear rate), demonstrating a significant improvement in the efficiency of the
abrasive wheel in the presence of CF.
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Figure 10. Wear tests results on abrasive discs: R without CF, R+CF, and H+CF. (a) Wear rates of the
abrasive discs. (b) Wear rates of the alumina pin counterbody. (c) Grinding ratio for the tested pairs

R+CF H+CF

of abrasive discs with an alumina pin.

The inclusion of hexagonal channel structures in the abrasive discs led to a 64% reduc-
tion in their wear rate (H+CF). The wear rate of the corresponding alumina counterparts
decreased by ~23%. Consequently, when compared to the unstructured abrasive discs
(R+CF), there was an impressive 111% increase in the efficiency of the abrasive discs with
hexagonal channel structures (H+CF) in the presence of CF. The active surface reduction of
3.88% in the abrasive material (Table 4), from the R+CF to the H+CF tests, created room
for the channels, fostering a more efficient cooling of tribological pairs and, as a result,
enhancing the grinding ratio of the abrasive discs.
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The integration of internal channels facilitated a more uniform distribution of the
coolant across the entire grinding surface, which prevented localized overheating and
reduced the risk of thermal damage. The channels also helped minimize the clogging of the
abrasive surface with wear debris, which is a common problem with conventional grinding
wheels [54,55]. As a consequence, by maintaining a cleaner grinding surface, the structured
discs maintained their cutting efficiency, and their operational life was extended.

The experimental results underscore the potential of incorporating three-dimensional
internal cooling channels in abrasive wheels. The significant improvements in wear rates,
grinding ratios, and overall performance metrics highlight the advantages of this innovative
design over that of conventional unstructured grinding wheels. These findings open new
possibilities for the application of structured grinding wheels in various precision manufacturing
processes, where maintaining low temperatures and high efficiency is critical.

5. CFD Simulation Applied to Structured and Unstructured Grinding Wheels

CFD simulations were conducted using Ansys Workbench to investigate how the 3D
internal channel structure affected the distribution of the coolant fluid (water) during the
pin-on-disc test. The dimensions of the grinding wheel used in the simulation matched
those specified in Table 4. The simulation domain included the grinding wheel (both with
and without channels), a pin with a 5 mm diameter positioned 0.25 mm from the wheel’s
surface, and a 2 mm diameter water inlet located 5 mm from the pin and 1.5 mm from the
wheel’s surface (acting as a coolant fluid). A 2 mm thick domain with the same diameter as
that of the grinding wheel was created above it to observe the spreading of water during
the test. The external faces of the channels were defined as outlets. The geometric model is
depicted in Figure 11a.

Phase2.Volume Fraction

Volume Rendering 1
1.00

0.76

0.00

0 10.0 20.0 (mm)
— T — )
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0 15.0
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Figure 11. Tridimensional rendered diagram of the volumetric fraction of water in the cooling
channels (a). Surface view of water spreading on an unstructured grinding wheel (b) and on a
structured wheel at time 1 (c¢) and time 2 (d).
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In the analysis of the gas-liquid two-phase flow field in the grinding area, air and
grinding fluid are considered immiscible [56]. To outline this situation, the Volume of Fluid
(VOF) model is most suitable [14,57] and was applied in this study. The following boundary
conditions were defined: (i) grinding wheel rotation speed of 200 rpm; (ii) water inlet flow
rate of 1 L/min; (iii) outlets at atmospheric pressure.

The rendered diagram illustrates the volumetric fraction distribution of the coolant
grinding fluid in the gas-liquid two-phase flow field. This was obtained for a grinding
wheel without channels (Figure 11b) and for a grinding wheel with channels under two
different scenarios, i.e., when the pin had channels underneath (Figure 11a,c), and when it
did not (Figure 11d).

Figure 11 shows that the inlet water followed three possible trajectories: it entered
the channels, it remained on the grinding wheel surface, or it was directed outward due
to centrifugal forces. Circulation within the channels allowed the fluid to penetrate up to
the second layer, as shown in Figure 11a. The fluid dynamics within the cooling channels
(Figure 11a) improved the heat dissipation and material removal from the contact zone in
comparison with the conventional dynamics resulting from open porosity in unstructured
grinding wheels. This efficient fluid distribution allowed for an even more uniform cooling,
reducing the grinding wheel surface temperature, while enhancing the outflow of chips
and other wear debris. Acting as a carrier agent, the coolant fluid directed the debris
away from the workpiece and tool surface, which is particularly critical in high-speed
operations to prevent surface damages. Debris transport through channels is crucial for
operational efficiency, as it can directly impact the quality of the machined piece and the
tool’s lifespan [58].

The results showed that on structured wheels, beyond the usual surface cooling
mechanism, a second one occurred depending on the fluid dynamics in the cooling chan-
nels. Furthermore, it is noteworthy that the position of the channel network continuously
changed with the grinding wheel’s rotation. Hence, the cooling channel intermittently
contacted the pin, providing, by heat transfer, effective cooling of the grinding fluid on the
grinding surface, while allowing material removal from the pin. Figure 11c,d illustrate two
distinct scenarios during a test (identified as time 1 and time 2) as follows: (1) when the
channel network was located beneath the pin; (2) when the pin was positioned between two
channels. Notably, in Figure 11d, even when the pin and the water outlet were not directly
above a channel, the fluid could still penetrate through the channels, demonstrating the
efficiency of the channel system in distributing the coolant fluid.

When physically introducing a 3D cooling channel structure into an abrasive disk for
pin-on-disc tests (Figure 8d), the results of the experimental wear tests (Figure 10) could
be easily correlated with and explained by the coolant fluid distribution observed in the
CFD simulation. The wear rate reduction for the abrasive composite and the grinding ratio
increase indicate enhancement of the grinding conditions, such as better heat dissipation
and more effective removal of wear debris in the contact zone.

The use of this simulation tool is highly valuable, as it enables the comparison of
different channel structures. This capability allows for the selection of the most efficient
3D structure geometries, reducing the need for physical testing of the tools and leading to
significant material savings and process optimization.

6. Conclusions

This study introduces an innovative approach to manufacturing grinding wheels
with 3D internal cooling channel structures. By integrating an organic channel precursor
during the pressing step and subsequently removing it during sintering, we achieved a
new adjustable design. This allows the channel geometry to be modified based on the type
of operation or application, enabling the cooling system to deliver the coolant fluid directly
where it is most needed. The optimal process conditions were meticulously determined.

A complete cycle chain is proposed, encompassing materials, composite composition,
and process parameters for grinding wheel production. This includes steps such as additive
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manufactured structures, composite pressing with the inclusion of 3D internal cooling
channel structure precursors, drying, and sintering. This advanced methodology led to
the production of three-dimensionally structured abrasive prototypes with well-preserved
channel geometries after sintering, demonstrating minimal geometric changes (under 5.4%).

The wear tests showed significant performance improvements, with the honeycomb-
inspired hexagonal channel structures reducing the wear rates by 64% and enhancing the
system efficiency by over 100%. This reflects superior heat dissipation and debris removal
capacity, prolonging the wheel lifespan and potentially reducing the coolant fluid usage,
thereby mitigating environmental concerns.

The CFD simulations validated enhanced fluid distribution and cooling efficiency in
the structured grinding wheels, promoting uniform cooling and efficient debris transport.
These results highlight the benefits of integrating 3D internal cooling channels for improved
tool durability, performance, and cost-efficiency.

Future research opportunities include exploring different channel geometries and
channel precursor materials. Comprehensive studies on the grinding performance, includ-
ing force measurement, temperature monitoring, and wear analysis compared to those
of unstructured wheels, are essential to validate the effectiveness of this solution across
diverse machining applications. The surface finish quality of the workpiece can also be as-
sessed through roughness measurements. The method’s versatility extends to flat grinding
applications, promising broader utility in precision manufacturing industries.

The proposed wheel process design and the newly developed performant technology will
enhance the production chain, reduce material consumption, lower the environmental impact,
and improve the final product quality. These achievements align with the Industry 4.0 trends.
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