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“‘Without the capability to shape and sharpen
implements by grinding, we might still be
living in the Stone Age.”

(Stephen Malkin)



RESUMO

Processos abrasivos, conhecidos por sua alta eficiéncia e confiabilidade, sao
fundamentais na manufatura e em diversas areas na engenharia. No entanto, a
interacdo entre graos abrasivos, material da peca e o resultado da usinagem ainda é
pouco compreendida, tornando essencial a analise detalhada dos discos para otimizar
sua producdo e desempenho. A fabricagdo de discos abrasivos é apoiada em
centenas de anos de métodos de tentativa e erro, levando a producéo customizada
das ferramentas a dificuldade de caracterizagdo da estrutura e propriedades
intrinsecas. Este processo envolve a selecéo criteriosa de gréos abrasivos, mistura
de aditivos e uniformidade para garantia de qualidade do produto final. A producao
moderna de discos abrasivos tem se beneficiado de avangos tecnoldgicos, incluindo
o controle da microestrutura para personalizar a geometria e distribuicdo dos graos
abrasivos. Um exemplo dessa técnica € o método de fabricacdo sol-gel. Esta
dissertagdo investiga o desempenho e as caracteristicas dos discos abrasivos
utilizados em procedimentos de corte, com um foco especifico na avaliacido de suas
propriedades microestruturais, composicdo de cinzas, coloragdo de cavacos e
experimentos de corte com controle de for¢ca. O objetivo principal é reconhecer os
atributos que representam eficacia em discos abrasivos. Trés discos empregando
diferentes abrasivos, 6xido de aluminio eletrofundido, 6xido de aluminio sol-gel e uma
mistura de alumina tenacificada por zircébnia (ZTA) e éxido de aluminio, foram
examinados e testados com dois materiais de corte, ago inoxidavel (AISI 304) e aco
baixo carbono com manganés (ST52-3). Por fim, identificou-se o disco de éxido de
aluminio sol-gel como a opgéao preferida devido ao seu método de produgéao distinto,
geometria de abrasivos diferenciada, tamanho de grao maior e volume reduzido de
gréos abrasivos. Embora os discos de Oxido de aluminio tenham apresentado
velocidades de corte mais altas, os discos de zircbnia proporcionaram uma
longevidade superior. Estudos subsequentes poderiam se concentrar em refinar ainda
mais os materiais do disco e os métodos de fabricacdo para melhorar o desempenho
em cenarios de corte industrial.

Palavras-chave: discos abrasivos; microestrutura; eficiéncia de corte.



ABSTRACT

Abrasive processes, known for their high efficiency and reliability, are fundamental in
manufacturing and in various fields of engineering. However, the interaction between
abrasive grains, workpiece material and the machining result is still relatively unknow,
making detailed analysis of the discs essential to optimize their production and
performance. The manufacture of abrasive discs is supported by hundreds of years of
trial and error methods, leading to the customized production of tools and the difficulty
of characterizing the structure and inherent properties. This process involves the
careful selection of abrasive grains, additives, and uniformity to guarantee the quality
of the final product. Modern abrasive disc production has benefited from technological
advances, including microstructure control to customize the geometry and distribution
of abrasive grains. An example of this technique is the sol-gel manufacturing method.
This dissertation investigates the performance and characteristics of abrasive discs
used in cutting procedures, with a specific focus on evaluating their microstructural
properties, ash composition, chip coloration and force-controlled cutting experiments.
The main objective is to recognize the attributes that make abrasive discs effective.
Three discs using different abrasives, electrofused aluminum oxide, solgel aluminum
oxide and a mixture of zirconia toughened alumina (ZTA) and aluminum oxide were
studied, and tested with two workpiece materials, stainless steel (AlSI 304) and low
carbon steel with manganese (ST52-3). Finally, the solgel aluminum oxide disc was
identified as the top option due to its distinct production method, different abrasives
geometry, larger grain size and reduced abrasive grain volume. Although the aluminum
oxide discs showed higher cutting speeds, the ZTA discs provided superior longevity.
Subsequent studies could focus on further refining disc materials and manufacturing
methods to improve performance in industrial cutting scenarios.

Keywords: abrasive discs; microstructure; cutting efficiency.



RESUMO EXPANDIDO

Introducao

Processos abrasivos, também chamados de usinagem com ferramentas de geometria
nao definida, sdo uma tecnologia critica na engenharia, conhecida por sua alta
eficiéncia e confiabilidade e sao aplicados em quase todas as produgdes,
principalmente na manufatura e metalurgia, devido a sua capacidade de moldar, lixar
e finalizar materiais. Apesar da disponibilidade de métodos de corte tradicionais, como
cisalhamento, torneamento e serragem de metal, o corte com disco abrasivo continua
a dominar o cenario industrial. No entanto, a interac&o entre grdos abrasivos, material
da peca e o resultado da usinagem ainda é relativamente desconhecido, entdo a
escolha de um tipo abrasivo apropriado ainda é desafiadora. Uma analise detalhada
desses discos torna-se essencial para entender os parametros tecnolégicos,
correlacdes (forca de retificacdo, temperatura) e resultados do trabalho (desgaste da
ferramenta), facilitando a produgao de discos otimizados.

Objetivos

A selecdo adequada de discos abrasivos impacta diretamente a produtividade, a
eficiéncia de custos e a qualidade do produto final. Portanto, entender as
caracteristicas de desempenho de diferentes tipos de discos abrasivos em varias
condi¢des é essencial para otimizar seu uso.

Este estudo visa analisar as caracteristicas e o0 desempenho de trés discos abrasivos
distintos quando aplicados a duas pegas de trabalho diferentes. O disco A tem o
abrasivo de Oxido de aluminio sol-gel; disco B tem graos abrasivos de oOxido de
aluminio; e disco C tem mistura de alumina endurecida por zirconia (ZTA) e graos
abrasivos de 6xido de aluminio. As pecas de trabalhos utilizadas nos ensaios foram
aco inoxidavel AlSI 304 e agco manganés de baixo carbono ST52-3.

Em resumo, esta investigagéo explora o comportamento dos discos abrasivos, com o
objetivo de otimizar seu desempenho para gerar beneficios econdmicos de longo
prazo e melhorar a eficiéncia operacional.

Metodologia

Na caracterizagdo inicial, amostras menores dos discos foram seccionadas,
embutidas em resina epoxi e lixadas com lixas de diamante, seguidas de analise
microscopica realizada com um microscoépio digital, obtendo-se imagens em duas
diregdes (vista superior e lateral). A tomografia computadorizada de raio-X foi utilizada
para analisar a estrutura interna dos discos em 3D, através da reconstrucio
volumétrica a partir de imagens de projecao adquiridas de diferentes diregcdes. A
analise de cinzas foi realizada em duas etapas: inicialmente, a remocao de umidade
foi feita colocando os discos em um forno mufla, seguida da queima para geracao de
cinzas. Apds o processo, 0os graos abrasivos foram peneirados para determinar seu
tamanho, e as cinzas foram analisadas por EDS para identificar os elementos
quimicos presentes.

Nos experimentos de corte, o primeiro processo envolveu o uso de um rebolo manual
para realizar cortes em aco inoxidavel AlSI 304 e aco carbono ST52-3, com medigao
da temperatura da superficie durante o corte utilizando um sensor infravermelho. No
segundo processo de corte, foi utiizada uma maquina de corte automatica com
sistema de monitoramento de forgca em circuito fechado, onde as forgas normais
aplicadas e as rotagdes por minuto (rpm) foram predefinidas. Os testes foram



realizados em ago inoxidavel AISI 304, com trés magnitudes de forga (40 N, 32 N e
20 N) e trés rotacdes distintas (6500, 7000 e 8000rpm).

Resultados e Discussao

Na caracterizagdo microestrutural, foi identificado que o disco A apresenta graos
abrasivos em forma de tridngulos, indicando um controle meticuloso durante o
processo sol-gel, resultando em uma distribuicdo mais densa. O disco B apresentou
graos de 6xido de alumina vermelha, sugerindo a adicao de CroO3 para melhorar a
dureza, com uma distribuicdo irregular. O disco C exibiu graos de duas cores distintas,
refletindo a presengca de dois tipos de abrasivos. A andlise de tomografia
computadorizada revelou a taxa volumétrica dos abrasivos dos discos A e B. Para o
disco C, a taxa volumétrica ndo péde ser calculada devido ao baixo contraste dos
graos de zirconia. No entanto, apds o processo de cinzas, foi identificado que o disco
C possui 0 maior volume de abrasivos comparado aos seus concorrentes, enquanto
o disco A apresenta a menor quantidade de volume, mas com graos maiores. O disco
B, por sua vez, apresenta o maior volume de poros. Além disso, a analise indicou que
o disco A possui dois tipos de materiais aditivos (PAF e criolita), o disco B contém
apenas PAF, e o disco C utiliza pirita.

Os resultados do primeiro experimento de corte mostraram que o disco A cortou os
materiais mais rapidamente, embora as temperaturas de corte entre os discos nao
apresentassem diferenca significativa, situando-se na faixa de 880°C a 1000°C para
todos os discos. O corte com sistema de monitoramento de for¢ca em circuito fechado
elucidou uma maior taxa de remocao de material e velocidade de corte do disco A,
além de menor desgaste da ferramenta e for¢cas de corte reduzidas. O disco C
demonstrou maior durabilidade, mas desempenho inferior em termos de velocidade
de corte. Ja o disco B apresentou maior velocidade que o disco C, porém com menor
durabilidade.

Consideragoes Finais

Com os resultados dos experimentos apresentados, fica claro que o disco A se
destaca como a melhor op¢ao para fins de corte abrasivo devido ao seu desempenho
excepcional em velocidade de corte, taxa de remogao de material e durabilidade da
ferramenta. Apesar dos compromissos envolvidos, sua eficiéncia e eficacia gerais o
estabelecem como um recurso valioso nas atividades de corte industrial.

Palavras-chave: discos abrasivos; microestrutura; eficiéncia de corte.
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1 INTRODUCTION

Abrasive processes, also called machining with geometrically undefined cutting
edges, are a critical technology in engineering, known for its high efficiency and
reliability. But to this day, the design of machining processes is still largely empirical.
(KLOCKE, 2009). They are applied in nearly every production, and are also core
technologies in developing new energy systems as well as in improving efficiency of
existing products. However, the interaction between abrasive grains, workpiece
material, and the machining result is still relatively unknow (LINKE, 2016).

The formulations of abrasive tools and the methods used for their production
are predominantly proprietary to companies. As the design process of a grinding tool
relies on the expertise of the manufacturer; it is often not a transparent procedure to
the customer (LINKE, 2016). In industrial settings, the use of abrasive discs for steel
cutting remains prevalent owing to its efficiency and economic advantages. Despite
the availability of traditional cutting methods such as turning, and metal sawing,
abrasive disc cutting continues to dominate the industrial landscape. This study
explores the behavior of abrasive discs, with the aim of optimizing their performance
to yield long-term economic benefits and enhance operational efficiency.

This study explores the behavior of abrasive discs to optimize their
performance, aiming to achieve long-term economic benefits and enhance operational
efficiency. Abrasive discs play a crucial role in providing controlled material removal
and are commonly employed in electric tools such as sanders and grinders. A detailed
analysis of these discs becomes essential to understand the technological parameters,
correlations (grinding force, temperature), and work results (tool wear), facilitating the
production of optimized discs. Such optimization not only leads to financial savings but
also significantly boosts material removal rates, thereby reducing task completion
times and improving operational efficiency.

Various experiments can be conducted to characterize abrasive processes.
Surface roughness measurements can show the quality of finished surfaces, while
material removal rate testing evaluates efficiency. Analysis using energy-dispersive X-
ray spectroscopy (EDS) examines the chemical composition of the abrasive tools.
Thermal analysis with embedded thermocouples provides data on the grinding

processes thermal impact. Through a systematic examination and comparison of
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various abrasives and their impact on the final product, this research attempt to
evaluate discs available in the market and delineate the characteristics indicative of
superior efficiency. The study employs three distinct types of abrasive discs and utilizes
two different material workpieces.

A critical element of the methodology involves a force control cutting test,
conducted to assess wear between abrasive discs using a bench machine, designed
to simulate the manual cutting process. The results encompass data related to
mechanical forces (normal force and torque), wear, required mechanical power, and
rotation, offering insights into the performance of different discs under varying
conditions.

Furthermore, optical microscopy, x-ray computerized tomography (XCT) and
ash analysis examinations of different discs are conducted to gain deeper insights into
the tools used. These analyses lay a foundation for subsequent comparisons between
the tools, facilitating the exploration of the characteristics of the discs and contributing
to a comprehensive analysis of abrasive cutting.

Additionally, another cutting test was performed, this time monitoring
temperature during the grinding process using an infrared thermometer. This allows
analysis of the heat radiation emitted and reflected by the object, converting these data
into temperature values, and providing an analysis of thermal dynamics during
abrasive grinding.

In summary, this investigation aims to understand the characteristics of the
discs available on the market and exam the influence of grinding on workpiece and
cutting results. The methodology, coupled with the specificity of the chosen abrasives

and materials, is poised to make a contribution to the field of abrasive processes.
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2 LITERATURE REVIEW

2.1 ABRASIVE CUTOFF PROCESSES

Grinding, a highly intricate mechanical method of abrasive machining, is
designed to process hard or brittle materials by leveraging abrasive particles that are
substantially harder than the material being machined. The abrasive particles,
possessing irregular shapes and oriented edges, and are bound together by bonds
(MACHADO et al., 2009). These bonds play a pivotal role in shaping the abrasive
processes, providing the structural integrity necessary for efficient material removal.
The tools used in grinding operations can be made from a variety of abrasives, from
traditional materials like aluminum oxide and silicon carbide to advanced super
abrasives such as cubic boron nitride (CBN) and synthetic diamond. The selection of
these abrasives depends on the specific material characteristics and desired outcomes
of the grinding process. The abrasive processes encompass all production methods
where hard abrasive grits are employed for material removal, whether it be for initial
shaping, final touches, or large-scale material removal. The control of all parameters
requires context knowledge in order to accomplish the intended outcomes (KUFFA,
2017).

Metal grinding is classified as a machining process, involving the mechanisms
of material removal through a process of forming chips. Unlike other cutting methods
that use a tool with a known geometry and orientation, grinding uses many abrasive
grains with different shapes (MALKIN, 1968). As the tool rotates, the abrasive grains
remove material in the form of chip. These resistant abrasive grains are identified as a
cutting tool with an undefined geometry and are held together by a bonding resin to
create a grinding disc. Notably, these operations are often carried out in a dry
environment, free of lubricating fluids, relying solely on the abrasive power of the
wheels in the ambient air. The operational approach typically involves the radial
movement of the wheel through the workpiece (radial feed rate vsr), a procedure that
demands careful consideration of numerous factors to ensure optimal outcomes. The
contact length (/) between the wheel and workpiece (see Figure 1) is a critical variable
as it significantly impacts whether there is ample space between the abrasive grains

to accommodate the generated chips. Insufficient space can lead to excessive wheel
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wear or loading. Cutting forces are also important as they affect the mean force per
grain and the surface temperature of the wheel. (SHAW, FARMER and NAKAYAMA,
1967).

Figure 1 — Schematic representation of the abrasive cutoff process.
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NN

Source: Shaw et al. (1967).

In essence, the world of metal grinding unfolds as an interplay of abrasive
grains, grinding wheels, and workpieces, where the intricate control of variables
ensures not only the efficiency of material removal but also the longevity and
effectiveness of the grinding tools involved. The continuous evolution and refinement
of these processes contribute to the advancement of metalworking techniques,
embodying the balance between precision and pragmatism.

Hahn (1962 apud CARREIRA, 2022, p. 17) proposed a model that describes
the interaction between grain and workpiece in plane grinding, as shown in Figure 2.
The working penetration is represented by letter a, hm is the maximum chip thickness
and lk is the cutting path length. In this case, chip removal is divided into three phases:
in the first phase, the grain slides over the surface without cutting, only causing elastic
deformation; in the second phase, known as ploughing, with the increase in stress at
the grain/workpiece interface, the elastic regime is broken and plastic deformation
occurs; finally, the chip is formed when the accumulated material can no longer
withstand the shear stresses and is removed from the matrix.

Hahn's model not only serves as a theoretical framework but also offers a
practical lens through which the complexities of plane grinding can be interpreted. The
interplay of parameters, phases, and outcomes described by this model forms a

foundation for refining and advancing metal grinding techniques, contributing to the
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continual evolution of machining processes in the realm of material science and

engineering.

Figure 2 — Material removal mechanism in grinding.
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To effectively manage tools and maintain the operational efficiency of grinding

Source: Carreira (2022).

processes, a detailed understanding of wear mechanisms is required. Wear is a
combination of physical separation, chemical dissolution, and melting. Malkin (2008)
illustrates the complex mechanisms that underlie this type of wear, which are evident
through three main avenues (see Figure 3): fracture of the abrasive grains, wear due
to abrasion, and fracture of the bond. The fracture wear, greatly influenced by its
friability, involves a portion of the grain breaking off, subsequently creating a new
cutting edge. Simultaneously, the attritious wear causes the edges to gradually
become rounded, which has a negative impact on both the cutting efficiency and the
final quality of the machined surface. With the large increase in mechanical stresses,
the abrasive is unable to efficiently remove material and reaches a critical threshold,

causing the bond structure to fracture in individual abrasive grits (grain pullout).

Figure 3 — Fracture phenomena. A: attritious wear. B: fracture wear. C: grain pullout.
. grain

Source: Malkin (2008).
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The breakage of aluminum oxide abrasive grains can occur in two separate
ways: electrofused grains tend to suffer macro fracture, while sol-gel grains present a
microcrystalline fracture, as illustrated in Figure 4. A study conducted by Starkov et al.
(2014), corroborated by Naldony (2014), showed that when the abrasive with a
microcrystalline structure fracture, the breakage occurs in smaller and more uniform
fragments due to the sintering process of the microcrystalline abrasives during
manufacturing, which prompts an intragranular breakage along the sintering
boundaries, instead of the cleavage plane breakage absorbed in

polycrystalline/monocrystalline aluminum oxides.

Figure 4 — Grain fracture mechanisms.
Grain wear
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Source: Wegener (2011).

As cited by Klocke (2009), the microcrystalline structuresfound in the sol-gel aluminum
oxide abrasive grains, has dislocation yield stress at grain boundaries, enhancing
toughness and resulting in a favorable fracture behavior when compared with fused
corundum. As is possible to see on Figure 5, only small particles chip off and the grit

maintains it sharpness.
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Figure 5 — Comparison of the microstructure and fracture properties of fused (left) and sol-gel
aluminum oxide abrasive grains (right)
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Source: Klocke (2009)

In a sense, abrasive grit wear is a continuous process, shifting from micro-wear
(focus solely on the abrasive) to macro-wear, in which there is a reduction of the cutting
tool dimensions by bond fracture and consequently abrasive grain pullout, as well as

corner wear.
2.2 ABRASIVE CUTOFF DISC

The complete abrasive grinding disc is made of abrasive particles, resin bond,
fillers, fiber mesh, and a metalring. At the core of this composite structure are abrasive
ceramics grains, distinguished by their fundamental attribute of hardness or wear
resistance. A requisite level of toughness is indispensable to prevent easy fracture of
these abrasive particles, a critical factor in sustaining their effectiveness over
prolonged usage. Furthermore, acknowledging the potential generation of elevated
temperatures due to abrasive friction, a refractory feature within the abrasive particles
is essential, aligning with the insights provided by Callister (2016). The selection of the
abrasive material is crucial to ensure the effectiveness of the cutting process. Choosing
the right abrasive grain allows for efficient material removal rates, which reduces the

time and effort required to complete the cutting process.
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Aluminum oxide, also known as corundum, stands out as one of the most
efficient abrasive materials available. Aluminum oxide grains are produced in pot type
electric-arc furnaces, with the calcination of the raw material, bauxite, at approximately
950°C to remove moisture. Following this, ground coke and iron borings are mixed with
the calcined bauxite. An electric current generates intense heat, around 2000°C,
causing bauxite to melt and impurities to settle at the bottom of the furnace. Additional
bauxite mixture is continually added until the furnace reaches capacity. Upon emptying
the furnace, the outer impurities are stripped away, leaving behind aluminum oxide,
which is then processed into abrasive grains (BHOWMIK and NAIK, 2018). Due to its
exceptional hardness and durability, corundum keeps a sharp cutting edge and resists
deformation during abrasive operations (KLOCKE, 2009). Its prolonged durability
reduces the need for frequent replacements, resulting in cost savings and
guaranteeing the integrity of the disc during use, which significantly reduces the risk of
accidents. In this research, the aluminum oxide grains studied can be electrofused or
sol-gel.

The sol-gel method involves preparing a sol, a stable colloidal suspension of
nanoscale particles. Through hydrolysis and condensation reactions, the sol is
transformed into a three-dimensional gel of suspended nanoparticles. The sol-gel
method offers advantages such as control over the grain size, composition, and purity
of the particles.

Zirconia toughened alumina (ZTA), or also called specialized alumina or
Zirconia Aluminum Oxide, have a combination of two materials, and so, features
unique characteristics. Zirconia, known for its strength and resistance to heat, when
combined with alumina, creates a synergy that improves abrasive properties. Based
on studies on dynamic fatigue and wear resistance have demonstrated that stress-
induced transformation improves the static fatigue properties. Nevertheless, the wear
resistance of zirconia toughened alumina decreased in comparison to pure alumina,
which was linked to the presence of microcracks on the surface caused by stress
induced transformation. (WANG and STEVENS, 1989).

Resin bonds, typically composed of phenolic resin, a thermosetting polymer,
play a pivotal role in cohesive combination, constantly holding the abrasive particles
together. This particular category of resin experiences an irreversible process of

solidification during the formation of a network, thus maintaining its structural integrity
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even when subjected to elevated temperatures. The inherent rigidity, durability, and
dimensional stability of thermosetting polymers, when compared to thermoplastics,
contribute significantly to the overall strength of the bonds formed by the resin
(CALLISTER, 2016). Due to its strong thermal stability of the thermosettingresins used
in the disc’s formulation, abrasives can withstand elevated temperatures without
degrading their qualities. This property guarantees the integrity and lifespan of the
abrasive material and helps prevent premature deterioration of the matrix. The high
heat resistance of the resin helps to extend the life of the disc and maintain consistent
performance, even during grinding in elevated temperature conditions (KLOCKE,
2009).

Recognizing the inherent fragility of these resin bonds, reinforcements become
essential in order to enhance the safety and longevity of the process of material
removal, a principle supported by Linke (2016). Consequently, cut-off wheels are
strategically reinforced with materials such as glass fibers, nylon discs, and other
agents that enhance strength, as emphasized by Colleselli (1988). The specific
patterns in which the fibers are joined introduce variations in the types of weaves or
interlaces, thereby impacting the extension characteristics and overall performance
attributes of the reinforcing body. (LINKE, 2016).

An additional pivotal element in the composition of the grinding disc is the
strategic use of fillers, employed to modify the properties of resin systems. Fillers help
adhere the grain to the bond, increasing the mechanical strength of the disc. Prevent
thermal degradation of the resin, cool the tool while it is operating and much more.
(RUDAWSKA, 2018). In the form of solid lubricants, fillers can reduce friction at the
wheel-workpiece interface and preserved sharpness of the abrasive grits. (LINKE,
2016). The selection of fillers involves nuanced considerations, including cost, density,
resin absorption by the filler, filler loading, and particle size distribution. The insights
presented by Laza et al. (2007) stress the need for meticulous consideration of the
curing process and the intended use of the final composite, signifying the importance
of optimal filler selection for achieving desired material properties.

Cryolite (sodium aluminum fluoride) is a filler that melts at elevated
temperatures, causing increased porosity and enhancing the grinding process
effectively (KNOP and PILATO, 1985). Acting as a grinding aid with lubricating

characteristics, this compound has the potential to enhance overall performance
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(COES, 1955). Sulfur-containing additives, such as pyrite (iron sulfide), are utilized to
retard the creation of strongly adherent metal oxide layers through an oxidation-
reduction reaction at elevated temperatures. These additives also slow down the
oxidative deterioration of phenolic resin bonding, extending the lifespan of the wheel.
Potassium aluminum fluoride (PAF) serves as a filler and a binder, effectively attaching
the abrasive to the abrasive surface. The binder material must have adequate bond
strength to prevent the abrasive from pulling. Simultaneously, it should exhibit sufficient
toughness to withstand the axial and radial forces generated during the grinding
operation. Furthermore, PAF can rapidly dissipate the generated heat from the
workpiece to maintain a cool temperature, consequently preventing oxidation. The
chemical interaction between PAF and the workpiece surface enhances the abrasive
efficiency of the process.

In summary, the interplay of abrasive particles, resin bond, and fillers in an
abrasive grinding disc represents an intricate engineering undertaking. This
comprehensive understanding not only elucidates the complexities of material removal
processes but also emphasize the continual evolution and refinement of abrasive

technology in the realm of engineering and manufacturing.

2.3 CHARACTERIZATION OF ABRASIVE TOOLS

The characterization of abrasive cutting discs in the literature focuses on various
parameters that influence cutting performance and disc wear. For instance, Ortega
(2020) conducted study using the following methods: measuring weight loss, analyzing
disc profile and surface topography, and digitizing disc surfaces to evaluate cutting
ability and surface roughness. Techniques such as optical microscopy, confocal
microscopy, portable profilometry, scanning electron microscopy, and computerized
tomography were employed to gain insights into disc structure and wear patterns.

Goldstein et al. (2003) used energy dispersive X-ray spectroscopy (EDX) with
scanning electron microscopy (SEM) for detailed elemental analysis of abrasive grains
and binders. The combination of these techniques allowed for precise characterization
of the chemical and microstructural compositions of the abrasive materials.

Malkin and Guo (2008) described test methods for wear and durability of

abrasive discs, addressing simulations of real cutting conditions. Their work was
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essential to understanding the efficiency and service life of discs, influencing the
design of more durable abrasive tools.

Bianchi et al. (2006) examined the impact of binder hardness on cutting force
and the grinding ratio. They used abrasive discs with three different hardness levels
and observed a slight increase in cutting force with increased hardness. However,
there were no significant differences in the G-ratio. Neugebauer et al. (2005) analyzed
the influence of the shape of Al2O3 abrasive particles on the number of cuts per disc.
They investigated three types of grain geometries in cutting tubes of different materials
and diameters.

Bordin et al. (2021) characterized through X-ray computed tomography the
abrasive, pore and bond content of conventional aluminum oxide grinding wheels, with
mixtures of electrofused and sol-gel abrasive grits. The authors were able to discern
that, even with the same label description, the grinding wheels showcased different
volumetric content.

The most influential variables of grinding are the type and size of the abrasive
grit. In contrast, disc cost and tool life are crucial aspects in the daily production work.
Thereby, the characterization methods used in this research aim to consider all these

variables to evaluate the performance of the studied discs.

2.4 GRINDING HEAT

The central outcomes of any material removal process revolve around the
significant thermal and mechanical effects, prominently illustrated in Figure 6. This
graphical representation provides a clear depiction of how these effects play a crucial
role in shaping both the material removal process and the integrity of the resulting
surface. In essence, the intricate relationship between thermal and mechanical impacts
is linked, shaping the overall performance and quality of the material removal process.
The comprehensive understanding of these intertwined mechanisms, as emphasized
by Marinescu et al. (2015), underscores the complexity inherent in this process,
highlighting the challenge of disentangling their distinct impacts on material removal

mechanisms and surface integrity.
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Figure 6 — Thermal and mechanical effects influence the material removal mechanisms.
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The grinding process is characterized by a significant energy consumption per
unit volume of material removed. Nearly all of this energy is transformed into heat,
which becomes concentrated within the grinding area. The elevated temperatures
generated during grinding have the potential to induce a diverse form of thermal effects
on the workpiece, including burning, alterations in phase, tempering of the surface
layer, potential subsequent hardening, detrimental residual tensile stresses, the
development of fractures, and a reduction in strength against fatigue (MALKIN and
GUO, 2008). The chosen abrasive, bond, grain size and grain concentration will
determine the thermal and mechanical tool quality.

As per Hou and Komaduri (2004), the distribution of heat among the chip,
workpiece, and abrasive grains was systematically explored using the grain-workpiece
interface heat source model (see Figure 7). The findings from this study revealed,
contrary to the grinding process with vitreous conventional grinding wheels, a
substantial allocation of heat, ranging from 60% to 75%, directed into the chip,
approximately 20% to 35% into the workpiece, and only a minimal fraction into the
abrasive grains. This distribution aligns with the inherent nature of cut-off operations,
which bear resemblance to cutting processes but involve the utilization of high negative

rake tools.
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Figure 7 — Schematic model for the abrasive cutoff operation.
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The intricate interplay of energy conversion and heat distribution elucidated by
these studies emphasizes the multifaceted nature of thermal effects in the grinding
process. As a result, a comprehensive understanding of these thermal dynamics is
crucial for optimizing the selection of abrasive tools and minimizing the potential for
adverse thermal consequences on the workpiece. The complexity disclosed in the
distribution of heat provides valuable insights for refining and enhancing the efficiency
of grinding operations, contributing to advancements in the field of material removal
processes.

One possible effect of heat during dry grinding is the appearance of temper
colors on the workpiece and chip. Tempering is a common heat treatment for steels,
and temper colors are the discoloration thar occurs when steel is heated at high
temperatures. The colors are created by light interference in thin layers, where oxygen
from the air causes an oxide layer to form, resulting in a temperature-specific color.
The thickness of the oxide layer depends on the diffusion depth of the oxygen atoms,
which is temperature dependent. (CALLISTER, 2016).

According to Ning, Rahman and Wong (2001), the higher the cutting speed and
feed rate, the darker the color of the chip and the greater the degree of oxidation, which
leads to a higher temperature. The colors identified in his experiment are shown in
Table 1.
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Table 1 — Temper color and temperature of the chip.

Temper color

Chip temperature [°C]
Dark blue + green >1000
Dark blue 960 - 1000
Dark blue + purple 920 - 960
Golden brown 820 - 860
Yellow 800 - 840
Source: Ning (2001).
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3 EXPERIMENTAL METODOLOGY

The experimental procedure involves the utilization of three abrasive discs
applied to two distinct workpieces composed of varied materials. For confidentiality

reason, the disc brands must be omitted, so the identification will be by letter and

characteristic:
o Disc A has sol-gel aluminum oxide abrasive material,
. Disc B has aluminum oxide abrasive grains, and
o Disc C has a mixture of zirconium toughened alumina (ZTA) and

aluminum oxide abrasive grains.
All the three discs analyzed (Figure 8a) in this study have the same dimensions:
outer diameter and width, equal to 125mm and 1mm, respectively. The initial

workpiece dimensions were 10mm x 15mm x 30mm as highlighted in Figure 8b.

Figure 8 - Photographic images of the (a) abrasive disc; and (b) workpiece.

A

Source: The author (2024).

The selection of these discs is based on their specific material characteristics,
which will provide valuable insights into the material removal process. Disc A
(A60SBF41) is known for its cutting efficiency and durability, making it ideal for general
metalworking applications such as ferrous metals, stainless steel, steel alloys, and
gray cast iron. Disc B (A60TBF41) offers simplicity and accessibility compared to Disc
A, which has higher added value. It is recommended for routine metal cutting, including
the cutting of steel rebar, angle profiles, tubes, and sheets. Disc C (Z60VBF41) adds
complexity with its zirconia composition, known for its toughness and heat resistance.
It is designed for cutting metals in the form of rods, gutters, angle profiles, tubes, and

sheets. Especially developed for cutting steel and stainless steel.
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An important choice in this study is the selection of resin-bonded abrasive
discs. These wheels represent a specific grinding process in which the focus is on the
cut, rather than on the final surface and topography of the workpiece. In this process,
the grinding disc must remain sharp and does not undergo a dressing process. Thus,
a resin matrix allows the disposal of "used" grains, continuously presenting new grains
and maintaining sufficient strength to hold the grains while they are still active.

The two workpiece bars used in this study are composed of materials
representing real-world applications, stainless steel AlSI 304 and ST52-3, a low carbon

manganese steel. Table 2 and Table 3 show the chemical compositions of each steel.

Table 2 — Chemical composition of the AlSI 304 stainless steel.

Carbon Silicon Manganese Phospor Sulphur Chromium Nickel Nitrogen
17.5 - 8.0 -
0, 0, 0, 0, 0, 0,
0.07%  1.00% 2.00% 0.45%  0.0015% 195% 105 % 0.10 %

Source: HABA Solutions in Plates. Technical specification of Inox V2A.

Table 3 — Chemical composition of the ST52-3 low carbon steel.
Carbon Silicon Manganese Phosphor Sulphur
0.20 % 0.55 % 1.60 % 0.035 % 0.035 %
Source: HABA Solutions in Plates. Technical specification of Konstrukta 52.

This selection serves to introduce variability into the experimental setup,
enabling a comprehensive assessment of the abrasive disc's performance across
diverse material compositions, allied to the abrasive disc structure and composition
characterization, leads to broader point of view in terms of abrasive disc analysis.
Figure 9 is a flowchart illustrating the experimental setup and its corresponding

expected outcomes.
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Figure 9 — Experimental setup and expected results flowchart.
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3.1 MICROSTRUCTURE CHARACTERIZATION

The initial characterization of the tools involved optical microscopy. For the
microscopy analysis to be possible, it was necessary to section two smaller segments
of each disc, embed them and sand the resin coat and fiberglass, so the abrasive
grains can be evaluated.

The smaller samples were taken from the discs by a Struers cutoff machine
Lobotom-5. A diamond wheel was employed to section the samples. These smaller
specimens were dipped in a highly transparent two-component cold mounting material,
epoxy resin QPREP KEM 92, with a mixture of 50g of resin for 11.5g of hardener.
Poured in a mounting mold with the sample. The molding process uses a vacuum
infiltration and pressure device for 20 minutes. These cold embedding materials must
be cured in a pressure device under positive pressure (2 - 2.5 bar). This increases the

boiling point of the embedding material and suppresses the formation of gas bubbles
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during polymerization. After the cure time of 24 hours, the solidified resin was ready to
be prepared.

The sanding was performed with diamond sandpapers to access the interior of
the disc, and not only its surface. Since the samples had abrasive grains, a normal
sandpaper of aluminum oxide was not going to be enough. Consequently, the sample
was manipulated with 3 different granulometry (220, 500 and 1200 mesh), for 15min
with 40N and 300p/min in a grinding and polishing machine Saphir 550 with Rubin 520
head for working wheels. After sanding, the specimen was taken to an ultrasound bath
for 5 minutes and submitted to a drying process by an air jet to avoid corrosion.

All the microscope analyses were made in the Keyence digital Microscope VHX
—700. For the embedded samples, two directional pictures were taken of each disc. A
picture of the top view of the sectioned disc, to have a transversal view of the interior
of the disc; the second picture should be a side picture of the sectioned disc, to obtain
the profile of the interior of the disc, as illustrated in Figure 10. Each of these directional

pictures were taken with a magnification of 20, 50 and 100 times.

Figure 10 — Top and side views of the sectioned disc.

Source: VT'hauo23.
3.2 X-RAY COMPUTED TOMOGRAPHY (XCT)

X-ray computed tomography is a technology to analyze structures in three
dimensions where projection images of a specimen acquired from different directions
are used to reconstruct its volumetric representation (LEIBNER et al., 2019). The
computed tomography was performed externally to the Inspire AG laboratory, in the

Porous Media and Thermophysical Properties Laboratory. (LMPT/ UFSC). The sample
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used in the XCT is exemplified in Figure 11, and the resultant images were sent for

review.

Figure 11 — X-ray Computed Tomography sample of a disc.

Source: LMPT (2023).

The image analysis was conducted using Fiji /ImagedJ software, and the process
to treat the data involved importing the images into the software, correcting brightness,
and contrast, identifying abrasive grains using the Threshold tool, and disconnecting
particles for 3D volume analysis. The analysis further includes the determination of
particle size distribution and the computation of the volume rate. The results provided
a detailed 3D image representation of the sample, offering valuable insights into its
internal structure and characteristics. This analytical approach can be used for diverse
applications, contributing to a better understanding of materials through

comprehensive image analysis.

3.3 ASH ANALYSIS

Ash analysis is part of the reverse engineering process used to identify as much
information as possible about the discs chosen for this research, mainly: bonding
material, filler material, size, volume, weight, and composition of the abrasive grains.
This portion of the study is divided into two distinct steps. The initial step is focused on
eliminating the moisture from the samples. To achieve this, the discs were placed in
the Thermo Scientific™ Heratherm™ Advanced Protocol Ovens at 110°C for a

duration of 8 hours.
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Following the drying process of the discs, it becomes necessary to conduct
various measurements. These measurements include assessing the removed
humidity, determining the weight of the metal disc, and recording the weight of the disc
after its initial exposure to the oven.

The next step involves the ash process itself. During this phase, the discs,
excluding the metal ring, must be positioned inside a ceramic crucible. These crucibles
are then placed in an ash furnace; this time, they remain heated for a period of 12
hours at a temperature of 550°C. This step is crucial to evaporate the resin content,
leaving only the fiber, abrasive grains, and ash in the crucible. After the process, the
mesh must be removed, and the ash and abrasive grains are saved and analyzed
separately.

The abrasive grains extracted from each disc posterior the ash process go
through sieving with various mesh sizes to determine their size. Meanwhile, the ashes
are analyzed using EDX, where the elements present in them are identified, helping to

discern the type of filler used in each disc.

3.4 TEMPERATURE EXPERIMENTS

To guarantee the optimal state of the abrasive discs for experimentation, the
same procedure utilized in the ash analysis to eradicate any trace of humidity was
performed, the discs are subjected to a controlled temperature of 110 °C for an
extended duration of 8 hours in a muffle furnace.

In the temperature experiments, each individual disc is attached to a manual
angle grinder, a bar measuring 10mm x 30mm x 150mm serves as the workpiece for
the abrasive trials. Within the experimental framework, a total of 5 cuts are
systematically executed on the bar, providing a comprehensive evaluation of the
abrasive disc performance.

The advanced Voltcraft IR2201-50D USB IR-Thermometer, an infrared laser
gun, serves as the measuring instrument in this experimental setup. Its function is to
gauge the surface temperature of the materials subjected to the abrasive cutting
process. Operating on the principles of infrared thermometry, this device utilizes a
sensitive sensor to analyze the heat radiation emitted and reflected by the object under

examination. To avoid imprecise measuring values, emissivity levels can be set.
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During the grinding operation, the infrared laser gun is strategically positioned
at a 90° angle at the end of the bar, as depicted in Figure 12. This positioning ensures
optimal coverage and a thorough assessment of the thermal changes occurring at the
cutting interface. To initiate the temperature measurement, the measuring button is
pressed, activating the permanent measurement function. This feature allows the
thermometer to continuously record temperature data until the measuring button is
pressed again, ensuring comprehensive and uninterrupted monitoring of the thermal

profile throughout the grinding process.

Figure 12 - Schematic image of the cutoff process with temperature measurement control.
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Source: The author (2014).

As the abrasive disc progresses through the material, it generates heat
through its mechanical action, a phenomenon intricately captured by the infrared laser

gun. During each cut, the thermometer takes a reading of the bar temperature.

3.5 FORCE CONTROL CUTTING EXPERIMENTS

The force controlled cutting experiment was carried out on an automatic cutting
machine, designed to simulate the manual cutting process using abrasive discs, with
a closed loop force control monitoring system. The normal force applied to the disc is
pre-determined, as are the revolutions per minute. Once these values are set, the disc
is attached to the machine, and the test begins. During the test, the machine remains
closed until completion.
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Figure 13 - Schematic representation of the closed loop force control system.
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Source: The author (2024).

The results of these tests include data on the mechanical forces (normal force
and torque) acting on the disc, diametrical wear (which can be converted into the G-
ratio), mechanical power required and speed. The test concludes either when the disc
reaches the end of its life or when an error such as glazing or disc breakage occurs.
Subsequently, the collected data is processed and analyzed.

Three forces magnitudes and four distinct revolutions per minute were used:
40N at 7000 and 8000 rpm, 32N at 6500 rpm and 20N at 7000 rpm and 8000 rpm. The
cutting material used was AISI 304 stainless steel.
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4 RESULTS

4.1 TOOL CHARACTERIZATION

The microstructure of each disc was analyzed in an optical microscope. The

images of each of the discs are disclosed in Figure 14.

Figure 14 — Tool characterization by optical microscopy: Sol-gel aluminum oxide (a). Aluminum oxide
(b). Zirconia toughened alumina and aluminum oxide (c).
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Source: The author (2024).

The abrasive grains in disc A appear as shaped triangles, byproduct of the
meticulous control during the sol-gel process, as well as distributed in square section
along the radial and width directions of the abrasive grit. In disc B, red corundum grains
are discernible, suggesting the addition of Cr203 to the grain to improve toughness.
The distribution in this disc appears to be of irregular shape and form, but with
stochastic distribution and similarly to the abrasives presented in disc C. As
anticipated, disc C exhibits two distinct abrasive colors, reflecting the presence of two
different abrasive types within the disc. Furthermore, it is observed that the abrasive
grains of disc A, as well as having a triangular shape when viewed from the front,
present a smaller thickness when viewed from the side. In contrast, discs B and C
appear to have a more uniform geometry, with the same dimensions in all directions.

Therefore, it can be stated that the number of abrasive grains in A, given a disc width
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of 10 mm, could be higher. This is because, if the grains are all oriented in the same

direction, they will take up less space.

4.2 X-RAY COMPUTED TOMOGRAPHY (XCT)

The x-ray computed tomography, as previously mentioned, was conducted at a
different laboratory, and only the resulting images were sent for evaluation. Images
were processed using Fiji /Imaged software, to facilitate the examination of the volume
rate and distribution of particle sizes in the discs. Figure 15 provides an illustrative
example of the image step-by-step guide utilized for the analysis of the samples. The

volume rate is presented in the following Table 4.

Figure 15 — X-ray computed tomography image analysis: identified abrasive grains with threshold tool
top left). Disconnected particles (bottom left), and 3D volume view (right).

Source: The author (2024).

Table 4 — X-ray computed tomography results: abrasive volume rate.

Disc Abrasive volume rate [%]
A 25.1
B 28.9
C inconclusive

Source: The author, 2024
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It is known that disc C have a mixture of zirconium oxide and aluminum oxide
as the abrasive materials. In Figure 16, we can identify the zirconia abrasive as the
dark abrasive grains, indicated by the yellow circle, and the Al2O3 abrasives as the
white ones, indicated by the red circle.

Figure 16 - XCT image of disc C. Red circle indicates aluminum oxide abrasive grains; yellow circle
indicates zirconium oxide abrasive grains.

Source: The author (2024)

ImageJ software uses color contrast to identify different elements. In this case,
the dark abrasive grains do not have enough contrast to make it possible to separate
them from the color of the resin. Because of this, the volume ratio could not be

calculated for disc C.

4.3 ASH ANALYSIS

After the ash oven process, the abrasive grains, ashes, and fiber were analyzed
separately. To determine the grain size, they underwent sieving through various pre-
determined mesh sizes. The ashes were analyzed using Energy Dispersive X-ray
Spectroscopy (EDX) to determine the chemical elements present and consequently,
the type of filler and bond material used in each disc. To illustrate the results, the EDS
spectrum analysis of disc C show the two different abrasive types to be analyzed

(Figure 17) and the result specter of each abrasive (Figure 18 and Figure 19).
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d areas of disc C

Source: The author (2024)

Figure 18 — Result specter of area 1: ZTA abrasive grain
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Figure 19 — Result specter of area 2: Al203 abrasive grain
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The fiber was removed from the disc, and its dimensions were measured using
a caliper. The volume composition of each disc and the identified filler and, fiber mesh

size and abrasive grain size are shown in Figure 20 and Table 5.

Figure 20 — Volumetric composition of the discs.
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Source: The author (2024).

Table 5 — Ash analysis results.

Disc Abrasive Filler Fiber [grams Grain size
grain type type per meter [mm]
square]
A Sol-gel Al20s  PAF + cryolite 60 0.525-0.438
B Al2O3 PAF 85 0.438 — 0.370
C ZrO2 + Al203 Pyrite 85 0.438 — 0.370

Source: The author (2024).

Comparing the results, it is evident that disc A exhibits a reduced grain volume
in comparison to its counterparts; however, it compensates with larger grain sizes.
Notably, disc A demonstrates a unique composition with two distinct fillers coexisting
within the same disc, in contrast to discs B and C, each containing only one type of
filler. Additionally, disc A features a smaller fiber size. Disc C presents a bigger volume
of both grain and resin, when compared to the other two studied discs, and a
significantly smaller volume of pores.

Primarily, the incorporation of sol-gel technology in the abrasive grain
manufacturing process stands out as a crucial contributor to disc A's enhanced
performance, aligning with the observations made by Klein (2013). Sol-gel technology
affords precise control over various grain characteristics, including size, composition,
and purity, thereby optimizing cutting efficiency and tool durability, as underscored by
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Starkov et al. (2014) and Naldony (2014). The microscopy and ash analysis revealing
the triangular shape of the abrasive grains, along with their larger size and reduced
volume per disc, further sets disc A apart from its competitors, echoing the importance
of grain morphology highlighted in the literature.

4.4 TEMPERATURE EXPERIMENTS

After removing moisture from the abrasive discs to ensure homogeneity, the
cutoff experiments were carried out with a Hilti angle grinder AG 125-19SE handheld
machine. In the Figure 21 and 22, are disclosed the temperature curve of all the
experiments. The emissivity value used to set the infrared laser gun thermometer was
€ = 0,30 for both workpiece steels. The workpieces were painted black to reduce the
reflection.

Figure 21 — Number of measurements vs temperature: stainless steel workpiece.
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Source: The author (2024).
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Figure 22 — Number of measurements vs temperature: low carbon steel workpiece.
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Source: The author (2024).

The graph fluctuates due to the manual cutting process, indicating the beginning
and end of each cut. The peaks in the graph represent the end of each cut, signaling
when the disc passes through the workpiece and the cutting process of one sample
concludes. Five cuts are made per sample. Itis important to note that the results depict
the temperature of the workpiece during cutting, not the temperature of the cutting
process itself. Hence, the temperature does not exceed 1000°C, as would be expected
in abrasive cutting processes without lubrication.

As we can observe, cutting five samples using disc A was faster for both
stainless steel, which required approximately 110 seconds, and low carbon steel,
which took just under 100 seconds. When cutting the stainless steel workpiece, disc B
was faster than disc C, approximately 175 and 275 seconds, respectively. However,
for the low carbon steel sample, disc C cut faster, approximately 160 seconds, while
disc B took 540 seconds.

Dry cutting using an abrasive disc can elevate the cut temperature beyond the
tempering color. According to Ning, Rahman and Wong (2001), the higher the cutting
speed and feed rate, the darker the color of the chip and the greater the degree of
oxidation, which leads to a higher temperature. Consequently, it becomes feasible to
identify the cutting temperature by examining the colors of both the sample extracted

from the cut (Figure 23) and the produced chips (Figure 24).
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Figure 23 — Sectioned workpieces of stainless (left) and low carbon steel (right). Disc A, B and C
indicated in each row.

Source: The author (2024).

As expected, the stainless steel samples did not color as much as the low
carbon steel ones, since they have chromium as an alloying agent, that mix with
oxygen in the air to form a thin protective film on the surface of the metal and protect
it from more visible corrosion. But even with the protective film, it is possible to identify
some slight temper green, blue and golden colors in the samples cut with discs A, B

and C. Indicating a cutting temperature ranging from 880 to above 1000°C.

Figure 24 — Resulting chip morphology: low carbon (top), and stainless steel chips (bottom); for discs
A, Band C.

Source: The author (2024).

Based on the Table 1 provided in the literature review chapter above, the chip
hues can be correlated with the temperatures at which they were produced. As a result,

one can predominantly notice green, blue, purple, and golden shades. Hence, it can
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be concluded that the cutting temperature of the low carbon steel ST52-3 specimens
using all three discs was consistent, varying between 880 to above 1000°C.

All cutting operations exhibited the formation of spherical chips, characterized
by the generation of small spherical balls resulting from the interaction of the extremely
hot chip with the surrounding air. The presence of numerous spherical chips suggests
a high contact temperature exceeding the melting point of the workpiece material.
Consequently, it can be theorized that the material of the chip undergoes a phase
change, transitioning from a solid to a liquid state before solidifying once again.

(KUFFA, 2017).

4.5 FORCE CONTROL CUTTING EXPERIMENT

To compare the discs, the results of feed rate and grinding ratio were presented
in graphs. The grinding ratio is determined based on the amount of wear on the
workpiece, divided by the difference in diameter of the disc before and after the cutoff
process, as measured by the automatic machine. The feed rate is calculated by
dividing the disc width by the average time of cut. The results were categorized by
variations in normal force, resulting in three separate graphs (Figure 26, Figure 27, and

Figure 27, respectively). The optimal disc minimizes wear while maximizing feed rate.

Figure 25 — Force control cutting test results: 40N force.
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Figure 26 — Force control cutting test results: 32N force.

NN W
o 0 O

N
H

.Disc A (32N 6500 rpm)

N
N

FEED RATE [CM/MIN]
=N
o O

[uny
[e)]

Disc B (32N 6500 rpm)
14

12 X Disc C(32N-6500-rpm)

10
15 20 25 30 35 40 45 50

G RATIO [CVPCM?]
Source: The author (2024).

Figure 27 — Force control cutting test results: 20N force.
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It is consistently observable in all forces variations observable that disc A (Sol-
gel AlzOs3) exhibits the highest feed rate and grinding ratio. This finding aligns with
existing literature. Linke (2016) reported that sol-gel corundum displayed notably lower
radial wear and a higher maximum specific material removal rate compared to
traditional corundum under conditions of high load or cutting speeds. The superior

performance of sol-gel corundum can be attributed to its abrasive grains wearing
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through micro-splintering, proving particularly effective at elevated cutting speeds and
high material removal rates.

Disc C exhibits high feed speed and grinding ratio in tests with applied normal
force of 40N, at both tested rotations per minute, 7000 and 8000rpm, as well as with a
force of 20N and 8000rpm. However, in the test with 20N and 7000rpm, disc B shows
higher feed speed, while disc C demonstrates a higher grinding ratio. This pattern
repeats itself in the 32N test with 6500rpm.

As a result of these attributes, disc A demonstrates exceptional performance
across multiple metrics. It exhibits a higher material removal rate and cutting speed,
indicative of its efficiency in cutting tasks and potential for improved productivity.
Additionally, disc A displays reduced tool wear and lower cutting forces, corroborating
its resilience and efficacy in abrasive cutting procedures, as supported by Malkin
(2008). Moreover, the speed in which the workpiece is sectioned is notably faster
compared to its competitors, contributing to improved productivity. Additionally, disc A
shows less tool wear and lower cutting forces, indicating its resilience and efficacy in
abrasive cutting procedures, as illustrated in the force control cutting test results.

Nevertheless, it is important to acknowledge that the zirconia-based disc C
offers greater durability compared to aluminum oxide discs B observed by Wang and
Stevens (1989) is evidenced in this work by the force control test results. While
aluminum oxide discs may wear out quicker, they offer faster cutting speeds, striking

a balance between speed and longevity.
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5 CONCLUSION

In conclusion, the outcomes from the experiments presented above, it is clear
that disc A surpasses its counterparts in multiple aspects. The excellence of disc A can
be credited to several key factors, as elucidated by both the findings of this study and
insights from relevant literature, due to its exceptional performance in cutting speed,
material removal rate, and tool durability. Despite the compromises involved, its overall
efficiency and effectiveness establish it as an asset in industrial cutting activities.

The use of X-ray computed tomography (XCT) offered a notable advantage by
allowing the geometry of the abrasive grain to be visualized in detail. The volumetric
analysis provided by XCT proved to be more meaningful and informative than a two-
dimensional (2D) analysis, offering a deeper understanding of the internal structure
and distribution of the grains. Notably, disk A presented an important differentiator due
to its triangular shape with a thin thickness, which directs the wear in a unique way.
This shape, together with the uniformity between the grains, gives it distinct
performance characteristics that are worth highlighting.

Furthermore, by examining the ash analysis of the discs and the results of the
force control cutting experiment, it can be concluded that disc A, with its utilization of
cryolite and potassium aluminum fluoride (PAF), benefits from both enhanced grinding
effectiveness and prolonged durability, making it superior in terms of filler quality. Disc
B, which also includes cryolite, offers enhanced performance but do not match the
durability of disc A due to the absence of the PAF properties. On the other hand, disc
C's use of pyrite focuses on durability, but its performance is not as optimized as disc
A and B due to the absence of cryolite.

The most effective characterization technique in this study was the ash analysis.
The results of this method provided critical information about the abrasive grain size,
volume, and type. It enabled the identification of fillers and determined the volume of
each element present in the discs. This detailed compositional data was instrumental
in understanding the performance variations among the discs. Future research could
focus on optimizing and modifying abrasive discs to further enhance the efficiency and
effectiveness demonstrated by disc A. Additional studies should concentrate on the
impact of specific additives, the resin bond, and other characteristics of the disc beyond

the abrasive grains alone. Furthermore, investigations into improving grain distribution
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could give valuable insights for developing discs with increased durability and higher
material removal rates. The application of advanced monitoring techniques during
cutting processes would also provide critical data for refining and enhancing cutting

parameters.
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