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ABSTRACT

SIMULATION AND MANUFACTURING OF METAL BRAZED CBN GRINDING
TOOLS

SeyedehSuzan Behrouz Baraghi

Mechatronics Engineering Master of Science Thesis, December 2024

Thesis Supervisor: Prof. Dr. Erhan Budak

Grinding processes are essential for achieving high-precision manufacturing in industries
such as aerospace, automotive, and medical devices. However, conventional cubic boron
nitride (CBN) grinding tools often face limitations, including excessive forces, high
temperatures, and restricted tool life, which hinder efficiency and precision. This research
primarily focuses on brazing as a transformative technique for manufacturing advanced
grinding tools, while also exploring laser ablation as a complementary method to further

enhance tool performance.

The brazing process utilized Ti-bronze as a bonding material to attach CBN abrasive grits
to a steel substrate. Key challenges such as material compatibility, uniform grit
distribution, and oxidation during furnace operations were systematically addressed
through process optimization. A controlled atmosphere was implemented to ensure
oxidation-free brazing and uniform bonding. Experimental evaluations demonstrated that
brazed CBN tools achieved significant reductions in grinding forces (19-21%) and
workpiece temperatures (25-27%) compared to conventional non-patterned CBN tools.
While the surface roughness values for brazed tools were slightly higher, these remained
within acceptable industrial tolerances, making brazing a cost-effective and flexible

alternative for applications with moderate surface finish requirements.

To assess the structural integrity of brazed tools, a finite element analysis (FEA)
framework was developed. The simulations validated the bonding strength of the brazed

layer and revealed its thermal dissipation capabilities under grinding stresses. This

\



framework provided insights into the thermal-mechanical stability of brazed tools, further
substantiating their feasibility for high-performance grinding applications. Moreover,
FEA highlighted the critical influence of furnace parameters, material composition, and

grit distribution on overall tool performance, guiding further process refinements.

To complement brazing developments, laser ablation was investigated as a supplementary
technique for enhancing grinding performance. Laser-structured patterns on CBN tools
improved chip evacuation and cooling by facilitating fluid penetration. Experimental
results showed that laser-patterned tools reduced grinding forces by 22-25% and
workpiece temperatures by 28-30%, surpassing the performance of conventional tools.
However, surface roughness for laser-patterned tools was slightly higher than for

traditional tools, albeit within acceptable tolerances.

A digital twin framework was integrated with model-based simulations to further
optimize brazing and laser ablation processes. This approach allowed for iterative
parameter adjustments to predict and refine grinding tool performance metrics, such as
forces, temperatures, and surface finishes, prior to fabrication. The digital twin not only
improved development efficiency but also minimized material waste during the

manufacturing process.

The findings of this research highlight brazing as a versatile and cost-effective
manufacturing method for high-precision grinding tools, offering significant advantages
in terms of process flexibility and performance improvements. While laser ablation
provides notable performance enhancements, brazing emerges as the more economically
viable solution, particularly for applications with less stringent surface finish
requirements. The combination of experimental validation, FEA, and digital twin
modeling ensures a comprehensive understanding of the underlying mechanisms driving

the performance of brazed tools.

This study represents a substantial advancement in the field of grinding technology,
addressing critical challenges in tool design and manufacturing. Future research will
focus on refining the brazing process further by exploring alternative bonding materials,
optimizing conditions, and expanding FEA models to incorporate complex interactions.
Together, these developments aim to establish sustainable, efficient, and high-

performance grinding processes for industries requiring high-precision machining.
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OZET

SERT LEHIMLEME YONTEMIYLE URETILEN CBN TASLAMA
TAKIMLARININ SIMULASYONU VE IMALATI

SeyedehSuzan Behrouz Baraghi

MEKATRONIK MUHENDISLIGI YUKSEK LiSANS TEZI, ARALIK 2024

Tez Danismani: Prof. Dr. ERHAN BUDAK

Taslama siiregleri, havacilik, otomotiv ve medikal cihazlar gibi cesitli sektorlerde yiiksek
hassasiyetli Gretim icin hayati dneme sahiptir. Kritik bir son isleme siireci olan taglama,
ozellikle geleneksel kiibik boron nitriir (CBN) taslama araglar1 kullanildiginda, asiri
kuvvetler, yliksek sicakliklar ve sinirlt takim 6mrii gibi kisitlamalarla karsilagsmaktadir.
Bu calismada, bu zorluklarin iistesinden gelmek i¢in taglama araglarinin performansini
artirmaya yonelik iki yenilik¢i tiretim teknigi incelenmistir: ylizey desenleri olusturmak
icin lazer ablasyonu ve asindirici tanelerin baglanmasi i¢in lehimleme yontemi. Bu
yontemler, taslama performansini taslama kuvvetlerini ve sicakliklari azaltarak
gelistirirken 1 parcasi ylizey kalitesini kabul edilebilir seviyelerde tutmayi

amaglamaktadir.

Arastirma ii¢ ana asamaya ayrilmustir. ilk asamada, CBN taslama araclarinda optimize
edilmis talag tahliyesi, takim-par¢a temasinin azaltilmasi ve s1v1 penetrasyonunu artirarak
sogutmay1 ityilestirmek amaciyla lazer ablasyonu kullanilarak desen geometrileri
olusturulmustur. Sistematik bir tasarim siireci izlenmis ve taslama kuvvetlerini ve
sicakliklarini en aza indirecek desen geometrilerini belirlemek icin bir taslama modeli
kullanilarak simiilasyonlar yapilmistir. Lazerle desenlenmis araglarin deneysel
degerlendirmesi, taglama kuvvetlerinde %22-25, is pargasi sicakliklarinda ise %28-30
oraninda bir azalma sagladigin1 gostermistir. Bu araclar, hafifce daha yiiksek yiizey
plriizliliigii degerleri sergilese de, bu degerler endiistriyel uygulamalarin cogu i¢in kabul

edilebilir tolerans araliginda kalmstir.

VIl



Ikinci asamada, lehimlenmis CBN araglarmin gelistirilmesi gerceklestirilmistir.
Lehimleme siirecinde, CBN tanelerini ¢elik alt tabakaya baglamak i¢in baglayici
malzeme olarak Ti-bronz kullanilmistir. Lehimleme siireciyle iliskili firin kosullari,
malzeme uyumlulugu ve sogutma ortamlar1 gibi ¢esitli zorluklar sistematik bir sekilde ele
alimmustir. Oksidasyonu 6nlemek ve esit baglanmay1 saglamak icin kontrollii bir atmosfer
olusturulmustur. Lehimlenmis araglar, benzer taglama kosullarinda degerlendirildiginde,
geleneksel araclara kiyasla taslama kuvvetlerinde %19-21, is parcasi sicakliklarinda ise
%25-27 oraninda azalma saglamistir. Ancak, lehimlenmis araclarin elde ettigi yiizey
plriizliliigii, desenlenmis araglara gore biraz daha diisiik kalitede olmustur. Bu durum,
muhtemelen tanelerin dagilimindaki ve baglanma uniformitesindeki farkliliklardan
kaynaklanmaktadir. Yine de, lehimlenmis araglar, iiretim esnekligi ve maliyet etkinligi
acisindan Onemli avantajlar sunmus ve belirli uygulamalar i¢in ¢ekici bir alternatif

olmustur.

Bu deneysel bulgular1 desteklemek i¢in, lehimlenmis araglarin taglama yiikleri altindaki
baglanma dayanimini ve termal-mekanik davranisini arastirmak amaciyla bir sonlu
elemanlar analiz (FEA) cercevesi gelistirilmistir. On analizler, lehim tabakasimnin
baglanma dayaniminin taglama sirasinda karsilagilan gerilmelere dayanacak kadar yeterli
oldugunu, firin parametrelerinin ve malzeme bilesimlerinin optimize edilmesi gerektigini
gostermistir. Bu simiilasyonlar ayrica, lehim tabakasimin termal dagilim yetenekleri
hakkinda icgoriiler saglayarak yiliksek performansh taglama uygulamalari igin

uygunlugunu desteklemistir.

Aragtirmanin son asamasinda, deneysel sonuglarin dogrulanmasi ve lazer ablasyonu ile
lehimleme tekniklerinin optimize edilmesi i¢in dijital ikiz teknolojisi kullanilmistir.
Simiilasyonlariyla entegre edilmis bir taglama dijital ikiz modeli, lazer ablasyonu ve
lehimleme parametrelerinin tekrarli olarak iyilestirilmesi i¢in kullanilmistir. Dijital ikiz
gergevesi, taglama araci tiretiminden Once taglama kuvveti, sicaklik ve ylizey kalitesi gibi
temel performans 6lgiitlerinin tahmin ve optimizasyonunu saglamistir. Bu yaklasim, ara¢
gelistirme verimliligini artirmanin yani sira tiretim siirecindeki kaynak tiiketimini de en

aza indirmistir.

Bu arastirmanin sonuglari, lazer ablasyonu ve lehimleme tekniklerinin taslama araci
tretiminde doniistiiriicii teknolojiler olarak potansiyelini ortaya koymaktadir. Lazerle
desenlenmis araglar, yiizey kalitesinde kiigiik bir 6diin karsiliginda kuvvet ve sicaklik
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azalmasi acisindan istiin performans sergilemistir. Lehimlenmis araglar ise, yiizey
kalitesinde hafif dezavantajlara ragmen, 6zellikle yiizey bitirme gereksinimlerinin daha
az kat1 oldugu uygulamalarda uygulanabilir ve maliyet etkin bir alternatif sunmustur.
Deneysel dogrulama, FEA ve dijital ikiz modellemenin kombinasyonu, bu araglarin
performansin1 yonlendiren temel mekanizmalarin kapsamli bir sekilde anlasilmasini

saglamigtir.

Bu calisma, ara¢ performansi ve lretimindeki kritik zorluklar1 ele alarak taslama
teknolojisi alaninda 6nemli bir ilerlemeyi temsil etmektedir. Bu ¢alismadan elde edilen
bulgularin, takim verimliligi ve dayaniklili§inin 6n planda oldugu yiiksek hassasiyetli
taglama islemlerine ihtiya¢c duyan sektorlerde genis etkiler yaratmasi beklenmektedir.
Gelecekteki arastirmalar, lehimleme siirecinin daha da gelistirilmesine, alternatif
baglayict malzemelerin arastirilmasina ve taslama araci, is pargasi ve taslama ortami
arasindaki daha karmasik etkilesimleri yakalamak i¢in FEA kapsaminin genigletilmesine
odaklanacaktir. Ayrica, lazerle desenleme gibi ileri desenleme tekniklerinin adaptif

geometrilerle uygulanmasi, takim performansini1 daha da artirmak igin arastirilacaktir.

Deneysel yenilikleri, hesaplamali modellemeyi ve dogrulamayi birlestirerek bu arastirma,
arag tasarimi ile pratik uygulama arasindaki boslugu doldurmakta ve daha siirdiiriilebilir,

verimli ve yliksek performansl taglama siireclerine giden yolu agmaktadir.
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1. INTRODUCTION

Grinding is a basic operation in material removal processes, which is essential for
achieving high precision and surface quality in manufacturing. It involves an abrasive
cutting of material by means of a rotating grinding wheel, with applications in many
industries, including automotive, machinery, aerospace, energy, medical etc. Unlike other
conventional machining, grinding can process extremely hard materials, which makes it
very valuable for components requiring tight tolerances and superior surface finishes.
However, conventional grinding has several drawbacks, such as high energy
consumption, heat generation, and surface damage due to the stochastic nature of abrasive

grit distribution on the grinding wheel [1].

Recent developments in Cubic Boron Nitride (CBN) grinding wheels have brought
significant improvements in these aspects. CBN wheels, known for their superior
hardness, thermal stability, and wear resistance, provide longer re-dress life and better
dimensional stability, hence are suitable for precision grinding [2]. However,
conventional CBN tools usually suffer from inefficiency in grit placement and heat

dissipation, which results in high grinding forces and thermal damage.

Surface texturing has emerged as a solution in recent years to improve the performances
of CBN grinding wheels. By introducing engineered patterns on the wheel surface,
texturing enhances coolant flow, chip evacuation, and friction reduction, hence improving
the efficiency of the process [3]. Laser ablation can be used in precisely micro and macro
patterning of pre-fabricated wheels [4], while controlled grit placement is possible in
brazing by means of bonding materials like Ti-based metal mixtures. These developments
not only raise grinding efficiency in terms of process outputs but also prolong the tool

life, thereby driving innovation in high-performance grinding applications.



1.1. Background on Grinding Processes and Tool Performance Requirements

Grinding plays a vital role in modern precise manufacturing where high surface quality,
and tight tolerances are needed. Precise manufacturing is mainly discussed in industries
like aerospace, automotive, and medical device production, where tough materials like
hardened steel, super-alloys, and ceramics are often used. Unlike traditional machining
methods, grinding relies on abrasive tools with unevenly spaced grits that engage the
workpiece through a mix of cutting, ploughing, and sliding procedure. This makes
grinding indispensable for applications demanding exceptional accuracy and flawless
surface finishes. Despite such importance, traditional grinding normally suffers from
inefficiencies. The random distribution of abrasive grains on conventional grinding
wheels is one of the causes for high grinding forces, excessive temperature rise, and tool
wear that compromises tool life and workpiece surface quality [2]. Such problems are
exacerbated during the machining of high-strength materials, which require high amounts
of energy input, more sophisticated methods of heat dissipation to avoid thermal damage

such as phase transformation, and residual stresses [5].

Super-abrasive materials like CBN have brought a major change in the performance of
grinding tools. With its extraordinary hardness, excellent thermal conductivity, and
resistance to wear, CBN allows high-speed grinding with less heat generation. This
property is particularly beneficial for machining hard-to-grind materials such as nickel-
based super-alloys used in aerospace components [6]. The CBN grinding tools possess
higher material removal rates, longer tool life, and efficiency compared to conventional

abrasives such as aluminum oxide [7].

However, CBN tools have their own limitations. The conventional bonding methods for
grits in a CBN wheel, such as electroplating or resin bonding, usually cannot withstand
very high thermal and mechanical loads and result in grit pullout, reducing the tool life
[8]. Consequently, new developments related to surface texturing and brazing techniques
have been proposed. Surface texturing, often achieved using laser ablation, creates precise
patterns that enhance chip evacuation, coolant flow, and friction reduction, leading to
lower grinding forces and improved heat dissipation [4]. Brazing, using materials like Ti-

bronze metal mixture, provides robust grit retention and thermal stability, ensuring



consistent tool performance under demanding conditions [9].

Besides material developments, grinding forces, temperature, surface roughness, and tool
wear are all performance metrics that are crucial for the evaluation of grinding tools. The
lower the grinding forces, the better the energy use and reduced tool wear; controlled
temperatures prevent thermal damage to the workpiece and tool itself. Surface roughness
Is another important indicator of process quality, reflecting the capability of grinding tools
to meet industrial standards. The various digital twin modeling techniques have further
contributed to understanding and optimizing these parameters, enabling predictive

evaluation of tool performance under various operational conditions [5][6].

Other key challenges of grinding processes are economic and ecological aspects. Due to
the energy-consuming nature of grinding, much effort is put into the optimization of
cutting forces and dissipation of heat to minimize costs of operation and environmental
effects. Current literature shows how recent trends are aimed at combining advanced tool
materials like CBN with appropriate cooling strategies and energy-efficient processes in

accomplishing such goals [10].

Furthermore, grinding is a mainstay in current manufacturing with constant development
solving many of its classic problems. CBN tools complemented by further progress on
surface texturing and brazing, therefore, stand as perfect examples of the developments
for enhanced tool performance and process efficiency. The latest developments have not
only opened a way to machine high-performance materials but have also opened a way
toward sustainable and cost-efficient grinding solutions for demanding industrial

applications.

1.2. Challenges in Conventional Grinding Tools

Despite of wide use of the conventional grinding tools, they have many drawbacks to
their effectiveness and efficiency in present-day industrial applications. These challenges
stem from the inherent stochastic nature of abrasive grit distribution, heat generation

during operation, and limitations in tool durability.
One of the most important problems in conventional grinding tools is the inefficient
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placement of grits. The abrasive particles are distributed on the surface of a grinding
wheel in a random manner, which causes variations in forces during material removal.
Higher grinding forces and energy consumption, together with a non-steady cutting
process, are the consequences of such conditions [10]. Random distribution of grit also
contributes to variations in the quality of the surface finish, where tight tolerances cannot
be held for high-precision applications [11].

Heat generation is another critical concern in grinding. The energy-intensive nature of the
process results in substantial heat accumulation at the grinding zone, which can adversely
affect the workpiece. Excessive heat leads to thermal damage, including micro-cracks,
residual stresses, and phase transformations, particularly in heat-sensitive materials like
hardened steels and super-alloys [2]. These thermal effects compromise the mechanical
integrity and surface quality of the workpiece, requiring additional processing steps to

mitigate damage.

Wear and degradation of grinding tools further degrade performance issues. Conventional
bonding methods, including resin or vitrified bonds, are prone to descent under high
temperatures and intensive loads, resulting in grit pullout and accelerated wheel wear,
which reduces tool life and increases operational costs [5]. The frequent need for re-
dressing and replacement of grinding wheels interrupts production workflows and

impacts overall productivity.

Chip evacuation and coolant flow are also not very effective in conventional grinding
tools. Due to the absence of engineered surface features, the removal of debris from the
cutting zone might face issues, which causes wheel clogging and increased grinding
forces. In addition, inefficient coolant flow reduces heat dissipation, increasing thermal

effects and tool wear [4].

These challenges require innovative approaches to the design and material of grinding
tools. Surface texturing and engineered grit placement have been two promising advances
in this respect. Laser ablation, for instance, can precisely micro or macro pattern the tool
surface, increasing chip evacuation and reducing friction. Similarly, brazed bonding
techniques enhance grit retention and thermal stability, thereby ensuring consistent

performance under demanding conditions [9].

Conventional grinding tools have been very critical to manufacturing for several decades,
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the challenges imposed by poor grit distribution, heat management, tool wear, and debris
evacuation become more severe. It requires a comprehensive approach, including
advanced materials, novel design methodologies, and operational strategies, to be

developed for such emerging high-precision and high-performance applications.

1.3. Thesis Scope and Outline

This thesis conducted as part of a research project regarding enhanced CBN grinding tool
design, manufacturing and evaluations. The project aimed to conduct various
manufacturing methods that specifically two methods present in this work and other

methods would be categorized as future outlook.

This thesis investigates the development and performance evaluation of textured CBN
grinding wheels to address key challenges in precision grinding processes. The scope
includes the manufacturing of tools with engineered surface patterns using laser ablation
and brazing techniques, aimed at improving grinding efficiency by reducing forces,
controlling temperature, and enhancing surface quality. This study also utilizes a
simulation-based approach using a grinding digital twin model to optimize patterns
geometry before manufacturing. Furthermore, a finite element analysis (FEA) is
conducted to assess the bonding strength of brazed tools, focusing on the interface
between grits, the Ti-bronze bonding material, and the steel substrate. This work also

examines the practical challenges encountered during manufacturing.

The scope of this thesis is mainly based on the aforementioned project. In this regard, the

thesis is organized as follows:

e Chapter 2 reviews advancements and previous research in CBN grinding tools,
the role of surface texturing, and production methods such as laser ablation and
brazing. It also discusses performance metrics and the importance of modeling in

grinding optimization.

e Chapter 3 briefly describes the grinding digital twin model and its use in
optimizing surface patterns. It includes the methodology for simulation and the
5



selection of patterns for laser ablation and brazing.

Chapter 4 presents the finite element model used to evaluate the bonding strength
of brazed tools, including stress distribution and failure mechanisms in the grit-

bonding interface.

Chapter 5 explains the manufacturing processes for laser-ablated and brazed
tools, highlighting the practical challenges encountered and the strategies

implemented to overcome them.

Chapter 6 presents the results of testing textured tools, comparing their
performance in terms of grinding forces, temperature, and surface roughness with

conventional tools.

Chapter 7 summarizes the key findings, discusses their industrial implications,

and provides recommendations for future research in grinding tool development.



2. LITERATURE REVIEW

Grinding is one of the most important finishing processes used extensively in aerospace,
automotive, and energy industries to obtain high accuracy with tight tolerances. The
capability of machining materials with high hardness, such as hardened steel, nickel-
based super-alloys, and ceramics, has led to its play a significant part of modern
manufacturing processes. Other than conventional methods, grinding is a process where
material removal takes place by the cutting, ploughing and sliding of abrasive grains
during the grinding process. These interactions develop exceptional surface finishes,
making the grinding process essential for those applications that require accuracy and

endurance [12].

The evolution of grinding is associated with improvements in materials and technologies
used. The abrasives used in early grinding tools were naturally occurring such as
sandstone and emery, whereas grinding wheels today contain engineered abrasives like
aluminum oxide and super-abrasives, including CBN and diamond [5]. Among these,
CBN wheels have been especially revolutionary because their very high hardness and
thermal stability have enabled high-speed machining on difficult-to-machine materials
[13]. These developments have widened the application range of grinding to industries
requiring increased surface integrity, such as in the manufacture of turbine blades and
medical implants [14].

However, there are many serious problems with conventional grinding. Since abrasive
grits are distributed randomly on conventional grinding wheels, it results in non-uniform
force distribution, leading to high grinding forces and excessively high temperature rise
[13], [15]. These inefficiencies not only reduce material removal rates but also accelerate
tool wear, necessitating frequent dressing and replacement [16]. Moreover, the thermal
energy generated during grinding can cause microstructural changes in the workpiece,
including residual stresses, phase transformations, and micro-cracking, compromising the

mechanical properties of the finished product [10] [17].

Due to these drawbacks, much research effort has been directed into improving tool

material and design. Super-abrasive grinding wheels, particularly those made with CBN,



have become the standard in high-performance applications due to their superior abrasion
resistance, thermal conductivity, and toughness [2]. It has been reported that CBN wheels
always exhibit higher tool life, material removal rates, and better process stability than

conventional abrasives when machining high-strength alloys [18].

Beyond material innovations, other improvements in the architecture of the grinding
wheel include surface patterning and segmenting, which continue to advance
performance. Surface patterning can be engineered precisely by techniques such as laser
ablation to improve chip evacuation and reduce friction and therefore enhance coolant
flow, hence decreasing grinding temperatures and forces [4][17]. Textured wheels-which
feature multi-porous grooves or slots-have shown the ability to reduce thermal effects and

increase process efficiency [15][19].

The development of modeling and simulation techniques has also contributed to
optimization in the grinding process. Techniques such as FEA and digital twin modeling
have made it possible for researchers to predict and analyze important performance
parameters such as grinding forces, temperature distribution, and tool wear [20], [21].
The utilities will bring huge insights into the complex interactions of the grinding tool
with the workpiece and thus create room for developing more efficient and reliable

grinding solutions [22].

The continuous development of grinding processes and tools has significantly enhanced
their industrial applicability. The high performance of sectors, such as the aerospace
industry, relies on surface integrity and dimensional accuracy and still favors grinding to
produce items like turbine blades, landing gears, and casings for jet engines [14]. On the
other side, medical implants and surgical tools require precise machining, for which
grinding is being increasingly employed due to its high-quality surface requirements [23].
Developments such as these in advanced applications show the ever-pressing need for
further advances in grinding. The sophistication of grinding operations, made possible by
advances in materials and the requirements of manufacturing, has further underlined the
need for robust digital frameworks with which to model, simulate, and optimize grinding

processes.

Active digital twins represent the state-of-the-art approach of Industry 4.0, offering real-

time virtual representations of physical grinding systems, monitoring processes



dynamically for optimization and predictive maintenance. The functionalities bridge
between purely empirical methodologies to more sophisticated computational models,
transforming grinding from a traditionally experience-driven process into a highly
controllable, data-driven operation [21][24]. Conventional grinding relies on static
process planning and offline modeling that cannot be dynamically updated in real time,
considering changes of material properties, tool wear, or operational parameters.

Digital twin technology has made adaptive process control a reality by integrating sensor-
based data acquisition with predictive computational models. For instance, instantaneous
measurements regarding forces, temperatures, and tool wear can be input to a digital twin
in order to dynamically update the simulation parameters for immediate changes [25][26].
In this respect, integration not only makes the process more effective but also ensures
quality consistency in the final product. Other functionalities of a digital twin include
prediction capability for process behavior by using advanced modeling techniques. The
use of frameworks like MATLAB in a digital twin, along with FEA, is quite common for
simulating the grinding dynamics, including stress distribution, thermal effects, and
material removal rates. For example, Agarwal and Rao [25]developed predictive models
of grinding forces and power consumption based on the analytical unreformed chip
thickness models. Similarly, Jamshidi an Budak [17] present a new approach of single
grit force simulation methods. Additionally, in research conducted by Dai et al. [27] into
grinding temperatures and the associated risks of burn-out during high-efficiency
grinding of Inconel 718, simulations were conducted to shed some light on the way heat
iIs managed and material behaves in such machining conditions. These predictive
capabilities are further exploited in the design and optimization of patterned grinding
wheels, since engineered surface geometries significantly alter grinding forces and heat
dissipation. Thus, digital twins can also conduct simulations of grit-workpiece interaction
to assess the performance of multiple patterns and guide the development towards more
efficient and durable grinding tools [4][28].

For this reason, patterned grinding tools with grooves or surface textures have been
greatly improved in many respects: reducing forces, dissipating heat, and improving
surface finish. Digital twins enable the design and validation of these patterns through
simulation of what different geometries may have on grinding performance. For example,

Ding et al. [27] considered chip thickness nonuniformity influence on the performance of
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textured CBN wheels by use of a digital twin with a capability to predict surface
topography and grinding forces. This necessity for such simulations minimizes physical
testing and hence development cycles and cost. Basically, integration of advanced sensor
technologies further strengthens the digital twin in monitoring and predicting tool wear,

surface roughness, and material behavior during grinding.

High-resolution sensors, as used by Darafon et al. [26] in characterizing grinding wheel
topography, provide critical data about the wear state and active cutting edges of a tool.
This information feeds into the digital twin to allow for precise predictions on tool life
and to plan maintenance activities. Predictive maintenance not only reduces unplanned
downtime but also prolongs the grinding tools' lives, thus contributing to overall cost
efficiency [24]. In modern manufacturing concepts, sustainability has become a major
priority. The role of the digital twin is important in such energy-efficient grinding
operations. The digital twin optimizes process parameters like cutting speed, feed rate,
and flow of coolant, additionally in this case the geometric parameters are also taken into
account. They also help in the development of sustainable grinding tools by considering
the environmental impact of various materials and designs during the development phase
itself [10][29].

Challenges related to digital twins in grinding processes concern data accuracy,
computational complexity, and system integration. In general, high-fidelity simulations
require very detailed material and process models, which are costly to develop and
compute. Also, the integration of a digital twin with operations necessitates seamless
communication among sensors, control systems, and computational platforms. The
research and development activities in addressing these challenges would require
advances in machine learning algorithms, cloud computing, and real-time data analytics
that further enhance the capabilities and adoption of digital twins in grinding applications
[30][31]. Digital twins represent a major change in grinding process control, unparalleled
in real-time monitoring, predictive modeling, and optimization of processes. Integrating
physical systems with virtual simulations enhances the efficiency, precision, and
sustainability of grinding operations. The technology is continuously in evolution, and
together with advances in sensor systems, machine learning algorithms, and high-
performance computing, it is expected to continue redefining the boundaries of what is

achievable in grinding.
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2.1. Grinding Wheel Patterning Through Laser Ablation

The optimization of grinding tools through surface patterning has fundamentally
transformed precision machining processes. Surface-engineered tools address long-
standing challenges in grinding, such as excessive heat generation, high grinding forces,
and inefficient material removal. Among various approaches to patterning, laser ablation
has emerged as a dominant technology, enabling unparalleled precision in the creation of
engineered geometries. With its ability to introduce grooves, dimples, and other textures
at micro and macro scales, laser ablation enhances grinding performance by improving

chip evacuation, thermal management, and tool longevity.

Laser ablation relies on high-energy, pulsed lasers to selectively remove material from
grinding wheels. Early studies, such as those by Nakayama et al. [32], introduced the
concept of patterned wheels using grooves to improve performance. However, the
precision required to achieve consistent and repeatable patterns remained elusive until the
advent of laser systems capable of sub-micron accuracy. Recent advancements in
nanosecond and picosecond lasers, as demonstrated by Zahedi et al. [33], have further
refined the process, enabling intricate patterns that optimize tool performance for specific
applications. For instance, micro-grooved diamond wheels produced via integrated laser

systems have been shown to improve the machining of brittle materials significantly [34].

A critical advantage of laser-patterned tools lies in their ability to facilitate efficient chip
evacuation. Patterns created through laser ablation act as pathways for debris to escape
the grinding zone, reducing clogging and maintaining sharp cutting edges. Denkena et al.
[16] observed that tools with linear and crosshatch grooves achieved superior chip

evacuation, leading to reduced grinding forces and improved material removal rates.

Similarly, Ding et al. [27] highlighted that laser-structured tools significantly reduced
grinding forces, particularly in applications involving super-alloys like Inconel 718.
These findings are corroborated by Deng et al. [35], who showed that optimized laser-
dressed bronze-bonded diamond wheels maintained consistent cutting efficiency over

extended operations.
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Figure 1: Patterned grinding wheel[3]

Thermal management is another area where laser-patterned tools excel. Grinding
generates significant heat, which can cause residual stresses, thermal damage, and
microstructural changes in the workpiece. Jamshidi and Budak's [8] study highlights the
thermal nature of grinding, where nearly all energy expended converts to heat,
significantly influencing surface burn phenomena. They developed a model incorporating
both workpiece temperature and exposure time, successfully predicting the onset and
thickness of surface burn, which they attribute primarily to metal oxidation at elevated

temperatures.

i

sample’l

Figure 2: Cross-sections of the workpiece samples [36]

Maximum temperature in sample 1 raises approximately to 700°C, the maximum surface
temperature for sample 3 is approximately equal to 600°C, and the sample 6 experienced

approximately maximum temperature of about 530 °C.

By creating engineered grooves, laser ablation enhances the flow of coolant into the
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grinding zone, reducing localized temperatures and improving thermal stability. Nguyen
and Zhang [14] reported a reduction in residual stresses with segmented, laser-patterned
wheels compared to conventional designs. Similarly, Maack et al. [37] demonstrated how
femtosecond lasers operating in liquid media further reduced redepositing during

ablation, leading to cleaner and more thermally stable surfaces.
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Figure 3: (a) by the standard wheel (b) by the segmented wheel [14]

In the mentioned study, grinding with the standard wheel resulted in significant rubbing
and ploughing on the workpieces, leading to high compressive residual stresses on the
surface. The mechanical stresses, however, lie within a thin layer on the surface, beneath
which the residual stresses are primarily tensile, generated by thermal deformation. On
the other hand, the segmented wheel system minimizes this occurrence of tensile stresses
with its effective cooling and reduced ploughing and rubbing, making them negligible in
this case.

Surface quality and integrity are two of the most important parameters in precision
grinding, as they directly affect functionality and aesthetics in machined components.
Laser ablation allows very precise control of the amount of grit exposure, which ensures
consistency in the contact between tool and workpiece. Walter et al. [4] have found that
laser-patterned wheels reduce micro-cracking and residual stresses while improving
dimensional accuracy. However, initial roughness increases have been observed in some
studies due to ununiform engagement of grit. To this end, Butler-Smith et al. [38] showed
that optimized micro-textures on titanium and silver base material surfaces improved
surface integrity without any loss in material removal rates. In agreement with the present
findings, Costa et al. [39] reviewed a number of texturing methods with respect to
13



grinding performance, including the trade-off between pattern design and surface finish.

Other advantages of laser-patterned grinding wheels include wear resistance and
longevity of the tool. The engineered geometries distribute the mechanical stresses
homogeneously over the tool surface, thus significantly reducing localized wear and
pullout of grits. Miao et al. [40] demonstrated that laser-structured tools did not lose their
cutting efficiency even after continuous operation in difficult applications involving
creep-feed grinding of nickel super-alloys. These wheels presented lower rates of grit loss
against conventional ones, underlining their economic advantages in terms of both

reduced downtime and replacement cost.

Recent innovations in laser ablation have introduced additional capabilities that extend
its applicability in grinding tool patterning. The employment of picosecond lasers, as
explored by Zahedi et al. [33], allows for finer control of the ablation depths and
minimizes thermal effects, thus being appropriate for high-precision applications.
Integrated nanosecond laser systems, such as those utilized by Geng et al. [34], have
enabled the creation of micro-grooves for machining brittle materials like ceramics and
glass. These advancements not only improve machining precision but also expand the

range of materials that can be processed efficiently using laser-patterned tools.

Advances in simulation technologies, such as the Finite Element Analysis (FEA) and
Computational fluid dynamics (CFD), also contribute to the adoption of laser ablation.
Pinto et al. [41] demonstrated how FEA models can predict the effects of groove geometry
on grinding forces, temperature distribution, and chip flow. These kinds of simulations
allow researchers to iteratively refine pattern designs with a reduced level of expensive

experimental trials.

However, despite its advantages, laser ablation still possesses challenges that must be
addressed for general acceptance. High initial investments into laser systems and the
time-consuming processing characteristics limit accessibility. Besides, consistent
performance for various applications is only possible with very accurate setting of laser
parameters like pulse energy, repetition rate, and scanning speed. All these are in the
process of overcoming with the development of ultra-short pulsed lasers and automation
technologies, and this will result in higher processing efficiency and lower costs in the

times to come.
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Accordingly, future developments in laser ablation probably will be in hybrid tool
geometries with combined use of laser-textured geometries and advanced materials like
CBN and diamond. This kind of tool would yield an even higher performance in ultra-
precision grinding. Guo et al. [42] proved this hypothesis especially when high wear
resistance and high thermal stability are necessary in these applications. In addition, the
potential integration of real-time monitoring systems and digital twins with laser ablation
for adaptive control could provide repeatable results under a variety of machining

conditions.

Laser ablation has indeed been a game-changer for grinding tool patterning due to its
great precision and versatility. It can produce engineered patterns for specific
applications, substantially improving grinding efficiency, thermal management, wear
resistance, and surface quality. Advanced modeling tools and sustainability unlocked new
possibilities for optimization of grinding processes. The industrial need for higher
precision, efficiency, and environmental responsibility means laser ablation will continue

to be at the core of innovative development within advanced manufacturing.

2.2, Brazed CBN Grinding Tools with Close Look to the Role of Titanium-Based

Bonding Materials

The advent of brazed CBN grinding tools has revolutionized material removal processes,
for most materials. These tools are widely lauded for their superior thermal stability,
exceptional wear resistance, and high grinding efficiency. Among the brazing materials
employed, titanium-based (Ti-based) bonding alloys stand out due to their remarkable
ability to create robust chemical bonds with CBN grains due to wettability specification
active Ti has. This capability ensures tool reliability under extreme mechanical and

thermal stresses encountered during high-speed grinding.

Brazing is a joining process where a filler alloy melts to adhere the abrasive grains onto

a tool substrate without melting the base materials. Ti-based brazing fillers, such as Cu—
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Sn-Ti and Ag-Cu/Ti, enable active bonding through the formation of chemical
compounds like titanium nitrides and carbides at the grain interface. These compounds
significantly enhance grit retention and reduce the likelihood of pullout, as demonstrated
by Ding et al. [43]. Their research highlighted the effectiveness of Ti-based fillers in
producing brazed CBN tools capable of handling high grinding forces while maintaining
stable performance. Wang et al. [44] further emphasized the role of titanium in
strengthening the interfacial bond and improving the microstructural integrity of
CBN/metal joints mainly with the effect of wettability. Such findings underline the

importance of Ti-based fillers in this method of grinding tool production.

(a) Pure Ag-Cu-Ti alloy (b) Ag-Cu-Ti/TiB; (8 wt.%) (c) Ag-Cu-Ti/TiN (8 wt.%) (d) Ag-Cu-TV/TiC (8 wt.%)
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Figure 4: Effects of the reinforcing particles on the spreading morphology and area of

composite filler materials [45]

The superior performance of brazed CBN tools with Ti-based fillers can be attributed to
their tailored interface properties. Titanium promotes active bonding by chemically
reacting with CBN to form a rigid interlayer, effectively transferring stresses during
grinding. Miab and Hadian [46] showed that brazing time and temperature significantly
influence the microstructure of this interlayer. Prolonged heating at optimal temperatures

ensures complete wetting and diffusion, minimizing voids and enhancing mechanical
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strength. The balance between brazing parameters is critical, as excessive temperatures
may degrade the CBN grains, while insufficient heat may lead to weak bonding.
Advanced brazing technigues, such as vacuum brazing, have been developed to mitigate
these challenges by reducing oxidation and contamination at the interface. Xu et al.
[47]demonstrated that vacuum brazing with Ti-based fillers improves bonding

uniformity, ensuring consistent tool performance in demanding applications.
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Figure 5: Microstructure of brazing interface between diamond and CBN with Cu-Sn—
Ti active filler (a) SEM image, (b) elemental distribution curves of (a) [47]

The ability of brazed CBN tools to withstand extreme grinding conditions is pivotal to
their adoption in high-speed and creep-feed grinding. Studies have shown that brazed
CBN wheels exhibit lower grinding forces, reduced wear, and higher material removal
rates compared to vitrified or electroplated wheels. Ding et al. [48] investigated the wear
behavior of brazed CBN wheels during creep-feed grinding of nickel-based superalloys.
Their findings revealed that the Ti-based bonding layer maintained grit integrity and
minimized tool wear, even under prolonged exposure to high temperatures. This
robustness is especially advantageous in machining materials like Inconel 718, where
conventional tools often fail due to rapid wear and thermal damage.

Thermal stability is a key advantage of Ti-based brazed CBN tools. Grinding processes
inherently generate substantial heat at the tool-workpiece interface, leading to potential
thermal damage to both the tool and the workpiece. Ti-based fillers excel in such
conditions due to their ability to form stable interfacial compounds that resist thermal
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degradation. Chen et al. [49] conducted analyses to study residual stresses in brazed joints
and found that Ti-based alloys effectively dissipated thermal stresses, preserving the
structural integrity of the tool. Additionally, their study highlighted that the optimized
morphology of brazed joints reduced the likelihood of thermal cracking, further

enhancing tool life.

The grit distribution and exposure in brazed tools play a critical role in their grinding
efficiency. Monolayer brazing, a widely used technique, allows for precise control over
grit placement, ensuring uniform cutting action and minimizing clogging. Research by
Ghosh and Chattopadhyay [50] demonstrated that brazed CBN tools with optimized grit
distribution exhibited superior cutting performance, particularly in high-hardness
materials. This uniformity not only improves material removal rates but also enhances
surface finish quality. Jiang et al. [51] emphasized the importance of chip space in brazed
diamond wheels for grinding titanium alloys, noting that the strategic spacing of abrasives
reduces heat accumulation and facilitates chip evacuation.

The wear mechanisms of brazed CBN tools are another area of extensive study. Attritions
wear, grain fracture, and bond failure are the primary wear modes observed during
grinding. Malkin and Cook [52] investigated the attritions wear behavior of CBN grains
in brazed tools, finding that the strong interfacial bonds provided by Ti-based fillers
significantly delayed the onset of wear. Ding et al. [53] corroborated these findings,
highlighting the role of titanium in enhancing the wear resistance of brazed tools during
high-speed grinding. Additionally, Suh et al. [54] explored the fracture behavior of brazed
diamond wheels and emphasized the importance of residual stress management in
prolonging tool life. Their study found that the integration of titanium in the bonding layer

reduced residual stress concentrations, thereby mitigating premature grain fracture.

Finite element modeling (FEM) has been instrumental in understanding the mechanical
behavior of brazed joints and optimizing tool design. Zhou et al. [55] used FEM to analyze
stress distributions at the abrasive-matrix interface during grinding, revealing critical
insights into bond strength and wear mechanisms. Chen et al. [56] extended this work by
simulating the effects of solder alloy composition on the mechanical properties of brazed
joints. Their findings provided valuable guidelines for selecting Ti-based fillers that

maximize tool performance under specific grinding conditions.
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Despite their numerous advantages, brazed CBN tools face challenges related to cost and
scalability. The high cost of CBN abrasives and titanium-based fillers can limit their
widespread adoption, particularly for small and medium-sized enterprises. However,
ongoing research into alternative filler compositions and manufacturing techniques aims
to address these challenges. Miab et al. [46] explored cost-effective brazing alloys such
as Cu—Ni-Sn-Ti, achieving comparable performance to pure titanium fillers at a lower
cost. Similarly, advancements in additive manufacturing have enabled the production of
customized brazed tools with complex geometries, further enhancing their industrial

applicability.

The integration of brazed CBN tools with digital technologies and hybrid manufacturing
methods holds significant promise for future advancements. Real-time monitoring
systems and data-driven optimization algorithms can enhance tool performance by
adapting grinding parameters to changing conditions. Additionally, hybrid tools that
combine laser-patterned surfaces with brazed CBN layers offer the potential for
unprecedented efficiency and versatility. Guo et al. [42] demonstrated the synergistic
effects of such combinations, achieving improved chip evacuation and thermal control in

demanding grinding applications.

Brazed CBN grinding tools with titanium-based bonding materials represent a significant
technological advancement in modern machining. Their exceptional mechanical
properties, thermal stability, and wear resistance make them indispensable for high-
performance grinding applications. While challenges such as cost and process complexity
remain, ongoing research and innovation continue to push the boundaries of their
capabilities. By leveraging the unique properties of Ti-based fillers and integrating
advanced manufacturing techniques, brazed CBN tools are poised to remain a cornerstone

of precision grinding for years to come.
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3. DIGITAL MODELING AND OPTIMIZATION OF TOOL PATTERNS

The optimization of tool patterns for grinding processes is a pivotal element in achieving
high-performance machining outcomes. By leveraging the capabilities of the digital twin
framework, advanced optimization methodologies that iteratively refine tool geometries
and operational parameters have been established in the laboratory, which the results are
being used in this study. Starting with a brief explanation on mention framework, these
methodologies aim to optimize critical performance metrics, including reduced grinding
forces, improved surface quality, enhanced material removal rates (MRR), and effective
thermal dissipation. The integration of simulation-driven insights with experimental
validation forms the backbone of this optimization approach, ensuring both theoretical
robustness and practical applicability.

Genetic algorithms (GAs) play a central role in this framework, providing robust
solutions for complex, multi-objective optimization problems inherent to tool patterning.
Inspired by the principles of biological evolution, GAs operate by iteratively evolving a
population of solutions through processes like selection, crossover, and mutation. Their
ability to navigate high-dimensional, non-linear design spaces makes them ideal for
optimizing groove geometries and spacing configurations to balance grinding forces and
coolant flow. Goldberg [57] provided the foundational framework for GAs,
demonstrating their utility in solving multi-modal engineering problems. In the context
of grinding, GAs have been successfully applied to identify optimal configurations that

minimize thermal damage and improve cutting efficiency.

Complementing GAs, response surface methodology (RSM) provides a statistical and
mathematical framework for modeling and predicting grinding outcomes based on input
parameters. By creating second-order polynomial models, RSM explores the design space
with minimal experimental runs, identifying optimal parameter combinations such as
groove dimensions, laser ablation power, and cutting speeds. For example, Denkena et al.
[16] employed RSM to evaluate the influence of pattern geometry on tool performance,
highlighting its potential to streamline design processes by capturing non-linear

relationships effectively.
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To address uncertainty and resource constraints in high-dimensional parameter spaces,
Bayesian optimization is incorporated into the methodology. This probabilistic approach
balances exploration (searching unexplored regions) and exploitation (refining known
optimal areas) to achieve convergence to global optima efficiently. Bayesian methods are
particularly effective in adaptive optimization tasks where computational resources or
experimental budgets are limited, as demonstrated in prior studies on advanced machining
and grinding tools [58][59].

The integration of these methodologies within the digital twin framework allows for real-
time evaluation and iterative refinement of tool patterns. Laser-ablated CBN grinding
wheels serve as the physical validation platform, enabling a seamless transition from
simulation insights to experimental outcomes. Notable findings include up to reductions
in grinding forces, improved thermal dissipation, and enhanced surface finish quality,

aligning the optimized tool designs with industrial benchmarks[48] [51].

The digital twin framework and the associated optimization methodologies, including
GAs, RSM, and Bayesian optimization, were developed as part of this research. While
the development of these methodologies was not my direct contribution, their application
and integration were integral to achieving the objectives of this study. Specifically, I
utilized these results to refine the parameters for patterned CBN grinding tools, guided
by the optimized configurations provided by the digital twin. This framework informed
the experimental design and validation phases, ensuring a seamless transition from
theoretical insights to practical outcomes. The experimental tests conducted were
designed to validate these optimized configurations and assess their real-world
applicability in improving grinding performance metrics such as reduced forces,
enhanced thermal dissipation, and improved surface finish. For a detailed account of the

methodologies and their formulations, refer to Appendix A.

3.1. Digital Twin Framework for Grinding

The digital twin framework for grinding tool optimization provides a comprehensive and
adaptable system that integrates geometric modeling, thermo-mechanical simulations,
optimization, and validation. Mentioned framework established in our research laboratory

represents a pivotal advancement in precision manufacturing, enabling dynamic
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evaluation and refinement of grinding processes. Generally process digital twin creates a
virtual representation of the tool and its interaction with the workpiece, the digital twin
bridges the gap between theoretical predictions and practical application, offering a

scalable methodology for optimizing performance and durability[60].

The grinding digital twin is designed as a modular concept whereby different modules
each serve one aspect of the optimization process. Geometric modeling forms the
foundation of the framework, capturing the intricate patterns on the grinding tool’s
surface and their influence on machining performance. Surface geometries such as
grooves or textures are defined by key parameters, including general shape, depth, width,
angle, and spacing. These features are critical for improving chip evacuation, reducing
grinding forces, and enhancing thermal dissipation [28]. MATLAB simulations and
parametric studies enable a systematic exploration of these variables, producing a robust
dataset that informs subsequent optimization steps. By accurately modeling tool
geometries and process parameters, the digital twin ensures that performance predictions

align closely with real-world outcomes.

Thermo-mechanical simulations complement geometric modeling by analyzing the
thermal and mechanical loads encountered during grinding. Grinding processes
inherently generate significant heat due to friction and material deformation, necessitating
detailed heat transfer modeling [61]. Heat flux is calculated based on normal force, cutting
speed, and friction coefficients, while Fourier’s heat transfer principles are used to predict
temperature gradients across the grinding zone [62]. These simulations identify critical
areas of thermal accumulation, guiding the refinement of groove designs to improve heat
dissipation. Mechanical stress analysis evaluates the distribution of tangential and normal
forces across the tool’s contact area, providing insights into wear patterns and tool
durability [63]. Together, these simulations create a holistic understanding of the tool-

workpiece interaction.

One of the defining features of the digital twin is its ability to integrate real-world data
through a feedback loop. Experimental validation plays a crucial role in this process,
providing sensor-based data on forces, temperatures, and wear during grinding
operations. This data is fed back into the simulation environment, refining model
accuracy and ensuring that predictions remain reliable under varying operational

conditions. The iterative nature of this feedback loop allows the digital twin to adapt
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dynamically, bridging the gap between static modeling and real-time application [60].

Optimization is another cornerstone of the digital twin framework, leveraging advanced
algorithms to refine tool designs iteratively. Genetic algorithms and Bayesian
optimization techniques are employed to explore a wide range of design configurations,
balancing conflicting objectives such as reducing grinding forces, minimizing thermal
loads, and improving surface quality[57]. Machine learning tools, such as Support Vector
Regression (SVR), enhance this process by predicting the performance of new designs
based on existing datasets. These techniques significantly reduce computational effort
while maintaining a high degree of accuracy, enabling the framework to converge on
globally optimal designs efficiently.

The digital twin’s adaptability extends beyond grinding to other machining processes,
such as milling and turning, highlighting its potential as a universal tool in precision
manufacturing. Its modular design allows for seamless integration with Industry 4.0
technologies, such as loT-enabled sensors and real-time data analytics, further enhancing
its versatility [64]. By reducing material waste, energy consumption, and tool wear, the
digital twin is in tune with broader sustainability goals in modern manufacturing and

provides a pathway to more efficient and greener production systems.

This framework also emphasizes scalability, making it applicable across various
industries with differing operational requirements. For instance, in high-precision
aerospace machining, where tool durability and surface quality are paramount, the digital
twin provides a systematic approach to optimizing tool geometries under stringent
conditions [65]. In the automotive sector, it facilitates the development of grinding tools
tailored for high-speed, high-volume manufacturing, ensuring consistent performance

and reduced downtime [66].
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Figure 6: Workflow Flowchart of the both Simulation and Optimization

The grinding digital twin model thus serves as a transformative tool for precision
manufacturing, integrating advanced simulations, experimental validation, and
optimization into a unified system. By addressing each component of the tool design
process systematically, the framework not only enhances machining performance but also

establishes a scalable methodology applicable to diverse industrial challenges.

3.2. Simulation Methodology for Pattern Optimization

The identified grit geometry parameters are fed into the digital twin model to replicate
the physical characteristics of the grinding tool accurately. The influence of grit geometry
on performance metrics such as cutting forces, surface roughness, and thermal behavior

can then be assessed, providing a robust framework for optimizing grinding processes.

In the context of simulation, grit geometry serves as one of the most important parameters
which affects the whole process outputs and interactions within the digital model. The
following aspects of grit geometry influence the simulation:

Contact Mechanics:

Grit height and width determine the contact area between the abrasive and the workpiece,

directly influencing cutting forces and stress distribution during the grinding process.
Rake angle and clearance angle impact the direction and magnitude of the forces applied,
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affecting both material removal efficiency and heat generation.
Material Removal Dynamics:

Hone radius, often associated with the sharpness of the grit edges, plays a critical role in
chip formation and material removal mechanisms. Larger hone radii can lead to higher
cutting forces and heat, while smaller radii improve cutting efficiency but may increase

wear rates.
Thermal Behavior:

Oblique angle affects the distribution of cutting forces and, consequently, the heat flux at
the tool-workpiece interface. Simulating these thermal effects requires precise input of
these geometrical parameters to predict heat transfer and thermal gradients accurately.

Tool Wear and Durability:

The simulation of tool wear and grit retention relies heavily on these geometric properties.
For instance, variations in rake and clearance angles can significantly impact grit stability

under operational loads, influencing the tool’s lifespan.

The precise measurement of grit characteristics was conducted using a psurf Nanofocus
confocal microscope, which offers sub-micron accuracy in capturing the three-
dimensional topography of the tool surface. This advanced metrology enables the
identification of critical dimensions and angles that influence the grit’s interaction with
the workpiece. The measurements of grit geometry are summarized in Table 1, and Figure
7 illustrates the usurf Nanofocus pictures from this analysis. These values provide a
detailed input set for simulation models, ensuring the accurate replication of the physical

tool's performance in digital environments.
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Table 1 Grit Geometry Properties

2™ group wheels
1%t group wheels with
. with 20 mm
15 mm diameter

diameter

Number of Grits 23 30

Grit Width (um) 73 133
Average Grit Nose Radius (pm) 1.07 2
Average Grit Height (um) 88 76
Width of Cut (um) 23 47
Average Rake Angle -49 -71
Average Oblique Angle 27 20
Average Clearance Angle 4.5 8.1

Sy

.“ \ ,,\ 1 L

Clearance Angle

Figure 7: CBN measurements with Nanofocus

The simulation produces detailed outputs that serve as critical inputs for the optimization

phase. These include:
e Thermal maps that highlight hotspots and evaluate the cooling efficiency of
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different patterns.
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Figure 8: an Example for Generated Temperature during Grinding

Force profiles that quantify the mechanical load on the tool and guide efforts to

minimize energy consumption.
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Figure 9: Total Force Profile for x and z direction

Chip evacuation metrics that assess how effectively patterns channel chips away
from the grinding zone.

Surface interaction data, including contact area and uncut chip thickness, which
influence material removal rates and surface quality, additionally generates

surface topography which presents the surface roughness value.

27



T e Wﬁzﬂ '
g ,‘A |. .

Figure 10: Generated Surface Topography based on the Geometry

By interpreting these outputs, the simulation provides actionable data for optimizing
groove patterns. Patterns that perform poorly in terms of heat dissipation or force
distribution are iteratively modified and re-simulated, while high-performing designs are
selected for further analysis. The iterative nature of this simulation methodology ensures
convergence toward globally optimal patterns that balance conflicting objectives, such as
thermal efficiency and mechanical robustness.

The precision of the simulation is bolstered by advanced computational tools, including
MATLAB for trajectory calculations and finite element methods for thermal and
mechanical process modeling. These tools enable high-resolution analysis, capturing
subtle variations in tool performance that might otherwise go unnoticed. Additionally, the
simulation incorporates experimentally validated parameters, such as material properties

and friction coefficients, ensuring that predictions align closely with real-world behavior.

This simulation methodology forms the foundation for pattern optimization by providing
a detailed and realistic representation of grinding processes. By integrating geometric
modeling, thermal analysis, and force simulations, it offers a robust framework for
evaluating tool patterns and identifying optimal designs for further refinement in the
optimization phase.
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3.3. Optimization Methods for Patterned CBN Grinding Wheels

The optimization of patterned CBN grinding wheels relies on a structured, multi-objective
framework designed to balance productivity, surface quality, and thermal control. At the
heart of this framework lies the objective function, which evaluates parameter
configurations by integrating material removal rate (MRR), surface roughness, cutting
force, and thermal damage. These interdependent factors influence critical grinding
outcomes, including tool wear, energy consumption, and workpiece quality. Derived from
a combination of experimental insights and simulation outputs, the revised objective
function provides a robust foundation for guiding the optimization process toward

industrially relevant solutions.

The optimization results highlight significant improvements in grinding tool performance
achieved through the integration of advanced methodologies. The optimized parameters
yielded substantial reductions in grinding forces, improved material removal rates
(MRR), and maintained surface roughness values below industrially acceptable
thresholds.

Based on the objective functions and optimization targets, one of the optimized
geometries which will be used for the bases of the production and further simulations

would be present in following table,

Table 2: Optimized Geometry Parameters

Pattern Pattern Spindle Depth of  Grit Density  Grit Height
shape width (mm) speed (rpm)  Cut (mm) (%) Range
Stripe “/” 0.9 14600 0.03 55 99-148
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3.4. Summary of Modeling and Optimization

The optimization of patterned CBN grinding wheels begins with a detailed simulation
phase, which serves as the foundation for subsequent parameter refinement. Simulations
provide critical insights into the interactions between the tool and the workpiece, enabling
the evaluation of performance metrics such as material removal rate (MRR), cutting
forces, surface quality, and thermal behavior. By incorporating detailed geometric
modeling, material properties, and operational conditions, this phase ensures a realistic

representation of the grinding process.

The simulation phase models the geometry of patterned grinding tools, capturing features
such as strip angle, grit density, radial depth of cut, and spacing. Dynamic trajectory
calculations track the movement of each grit during tool rotation and feed motion,
providing precise predictions of chip formation, contact areas, and material removal. The
uncut chip thickness is determined for each grit engagement, which directly impacts
cutting forces and grinding efficiency. Heat generation is modeled using Fourier’s heat
conduction equation, capturing the effects of friction and deformation at the grinding
interface. Localized hotspots and cooling pathways are analyzed to identify patterns that
enhance heat dissipation, a critical factor for reducing thermal damage. Stress
distributions across the tool surface are also examined, revealing regions prone to wear

or excessive forces.

Simulation outputs include thermal maps, force profiles, and surface interaction metrics.
These data points serve as inputs for the optimization phase, enabling systematic
exploration of parameter configurations. For example, simulations revealed that patterns
with strip angles between 30° and 45° and grit densities near 70%—-85% provided superior
cooling efficiency and chip evacuation. These findings informed the initial parameter
ranges for optimization, ensuring that the subsequent process builds on robust, high-

resolution data.

The optimization phase is structured around a multi-objective framework designed to
balance productivity, surface quality, and thermal control. This phase relies on an
objective function that evaluates grinding performance by integrating MRR in the

numerator with penalties for surface roughness, cutting force, and thermal damage in the
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denominator:

Objective Function

MRR )

— max (a . Surface Roughness + . Temperature +y . Cutting Forces

where o ,p ,y are weighting factors calibrated to reflect specific industrial priorities. For
instance, applications prioritizing precision machining assign higher weights to surface
roughness, while scenarios emphasizing productivity and tool life focus on cutting force
and MRR.

Response Surface Methodology (RSM) and Genetic Algorithms (GA) are employed to
explore and refine parameter configurations. RSM begins by systematically evaluating
the effects of key variables, such as strip angle, grit density, and radial depth of cut, on
MRR and surface roughness. Using a Box-Behnken experimental design, RSM models
non-linear interactions and generates predictive equations to guide parameter refinement.
For instance, the RSM analysis revealed that grit densities above 85% enhanced cooling
efficiency but introduced higher surface roughness at extreme spindle speeds. Radial
depths of cut in the range of 0.3 mm were identified as optimal for balancing material
removal and thermal stability.

While RSM provides detailed insights into parameter interactions, its scope is limited to
local optima. GA extends this exploration by enabling global optimization across broader
design spaces. The GA process begins with an initial population of candidate solutions,
each representing a unique combination of parameters. High-performing solutions are
selected for reproduction, while crossover and mutation introduce variations to explore
previously untested configurations. For example, a candidate with a strip angle of 40° and
a grit density of 80% might combine with another candidate to produce offspring with
new combinations. The objective function evaluates these solutions, guiding the

algorithm toward globally optimal configurations.

GA converged on parameter ranges that maximized MRR while maintaining acceptable
surface roughness and thermal control. Strip angles of 30°—45° and grit densities around
85% emerged as optimal configurations, balancing productivity and quality. The iterative
refinement process highlighted the importance of managing trade-offs between cutting

forces and surface finish, particularly in high-speed grinding scenarios.
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The result of the optimization process demonstrated significant improvements over
conventional grinding wheels. Grinding forces were reduced by up to 30 attributed to
enhance cooling pathways and efficient chip evacuation provided by optimized patterns.
Surface roughness values remained below the 0.4 um meeting the industrial standards

according to the grinding tolerances.

The results of the optimization process demonstrated significant improvements over
conventional grinding wheels. Grinding forces were reduced by up to 30%, attributed to
enhanced cooling pathways and efficient chip evacuation provided by the optimized
patterns. Surface roughness values remained below 0.4 pm, meeting industrial standards
for precision machining, while MRR increased significantly. Experimental validation
closely aligned with these findings, confirming the robustness of the optimization
methodologies. For example, radial depths of cut around 0.3 mm optimized productivity

without inducing excessive thermal loads.

Graphical analyses provided additional clarity, showcasing the outcomes of the
optimization process. Response surface plots from RSM illustrated the sensitivity of
grinding outcomes to parameter variations, highlighting the critical role of strip angle and
grit density. Fitness convergence graphs from GA demonstrated how parameter
configurations evolved toward optimal solutions over successive generations.
Comparative charts underscored the advantages of optimized patterns, emphasizing their
ability to reduce forces, improve cooling efficiency, and maintain superior surface

quality.

This integrated framework, spanning simulation, optimization, and experimental
validation, establishes a robust methodology for advancing grinding tool design. The
combination of RSM and GA ensures a balance between statistical precision and global
exploration, delivering high-performance patterns tailored to diverse manufacturing
needs. As the field progresses, incorporating machine learning and real-time adaptive
optimization promises to further enhance this approach, enabling dynamic parameter
adjustments based on live process feedback. These advancements align with the broader
goals of Industry 4.0, emphasizing precision, sustainability, and efficiency in modern

manufacturing.
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4. FINITE ELEMENT ANALYSIS OF BONDING STRENGTH

The FEA has been a cornerstone in developing a deep understanding of the strength of
bonding in brazed CBN grinding wheels, essential in high-precision machining
operations requiring consistent performance under extreme mechanical and thermal
loads. In this connection, the process of brazing, through which the abrasive grits are
attached to the substrate of the wheel, becomes very vital for the reliability and efficiency
of the tool. The brazing process allows the formation of strong metallurgical bonds, which
help in keeping the abrasive grits properly anchored during high-speed grinding. Using
active filler metals such as Cu-Sn-Ti alloys, this process creates durable interfaces, as
demonstrated by [43], who showed that titanium's inclusion in filler alloys enhances
bonding by forming chemically stable interfacial layers. Such interfaces are crucial for
withstanding cyclic mechanical and thermal stresses, a challenge often faced by grinding

tools in demanding applications.

In high-performance grinding, bonding strength directly influences not only tool
durability but also the quality of the machined surface and overall energy efficiency.
Suboptimal bonding can lead to grit detachment, uneven force distribution, and increased
tool wear, significantly impairing tool performance. The grinding wheels used in modern
aerospace, automotive, and medical device manufacturing applications need to be able to
handle fluctuating loads while maintaining high material removal rates and superior
surface finishes. Integrating FEA into the development process enables engineers to
predict and mitigate modes of failure, thus providing data to anchor improvements in tool

design.

It was for this reason that the brazed grinding wheel was developed, which required
stronger and more resilient bonds to hold the integrity of the tool under fluctuating loads.
Brazed CBN wheels have significant advantages over conventional electroplated and
resin-bonded wheels: improved grit retention, better thermal conductivity, and wear
resistance. Studies such as those by Pal et al. [69] and Bhaduri et al. [70] have highlighted
the superior performance of brazed wheels in applications involving hardened steels and
titanium alloys. These tools exhibit prolonged life cycles and reduced tool wear due to
their ability to distribute grinding forces more evenly across the bonded interface.
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FEA has proven invaluable in optimizing these brazed interfaces by providing detailed
insights into stress distributions, thermal gradients, and potential failure zones. By
incorporating material properties, geometries, and operational loads, FEA enables
researchers to simulate real-world conditions and predict the behavior of bonding layers
under high-stress environments. Ding et al. [48] employed FEA to investigate the
influence of bonding layer thickness on stress distribution, revealing that optimal
configurations can mitigate stress concentrations and enhance joint durability. Similarly,
Liu et al. [71] demonstrated the role of material properties in determining bonding
strength, showing that active filler alloys with high thermal resistance improve the
stability of the brazed joint under thermal cycling.

The brazing process itself is a complex interplay of thermal and mechanical factors, each
of which influences the microstructure and performance of the bond. Miab and Hadian
[46] explored the effects of brazing time and temperature on the microstructural
characteristics of brazed joints, finding that controlled parameters yield more uniform and
robust bonds. Their FEA models corroborated these findings, showing that shorter
brazing times reduce thermal degradation while maintaining sufficient interfacial
diffusion. This balance is critical in ensuring that the bond can withstand the thermal and
mechanical loads encountered during grinding.

The role of grit geometry and distribution in determining bonding strength has also been
a focus of extensive research. Ichida et al. [72] investigated the behavior of ultrafine
crystalline CBN grits and found that their higher fracture strength contributes to improved
load distribution and reduced grit pullout. Their findings align with the simulations
conducted by Pal et al. [69], which showed that uniform grit spacing minimizes stress
concentrations and enhances the bond's overall stability. Grit protrusion, another critical
factor, influences both cutting efficiency and stress distribution. Excessive protrusion can
lead to uneven force application and premature failure, as highlighted by Ding et al. [73]

in their studies on grit-substrate interactions.

In recent years, researchers have begun to explore hybrid brazing methods and advanced
materials to further enhance bonding performance. Techniques such as laser-assisted
brazing and vacuum brazing are gaining attention for their ability to create more uniform
bonds with minimal thermal distortion. These methods, combined with FEA, offer

unparalleled precision in predicting the mechanical behavior of bonding interfaces. For
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instance, vacuum brazing has been shown to reduce void formation within the bonding

layer, leading to improved stress distribution and fatigue resistance.

Substrate properties further affect the performance of brazed joints. High-stiffness
substrates provide a stable base for brazed grits, reducing the likelihood of delamination
under repeated loading cycles. Bhaduri et al. [70] emphasized the importance of substrate
stiffness in their FEA models, demonstrating that stiffer materials improve the bond's
ability to distribute grinding forces. However, the compatibility between the substrate and
the filler alloy must also be carefully considered, as mismatched thermal expansion
coefficients can induce tensile stresses at the interface. Ding et al. [43] addressed this
issue by optimizing the filler alloy composition to minimize thermal mismatch and

improve joint reliability.

Thermal management during grinding is another critical consideration in the design of
brazed CBN wheels. The heat generated at the interface can lead to significant thermal
stresses, particularly in applications involving high-speed grinding. FEA simulations
conducted by Liu et al. [71] revealed that thermal gradients within the bonding layer
exacerbate stress concentrations, increasing the risk of failure. To address this,
researchers have investigated advanced brazing techniques that improve thermal
conductivity while maintaining mechanical strength. For instance, the addition of
titanium to filler alloys has been shown to enhance thermal resistance by promoting the
formation of interfacial reaction layers, as demonstrated by Ding et al. [48]. These layers,
while beneficial for bond strength, must be carefully controlled to prevent brittleness and

maintain flexibility under thermal cycling.

Experimental validation of FEA models is essential to ensure their accuracy and
applicability. Grinding trials with brazed CBN wheels, such as those conducted by
Bhaduri et al. [70], have confirmed the predictions of stress and strain distributions
obtained through simulations. These experiments not only validate the models but also
provide valuable feedback for refining material properties and geometric configurations.
Ding et al. [48] combined FEA with microstructural analysis to evaluate the effects of
grit protrusion levels, demonstrating that optimized configurations enhance tool life by

reducing wear and improving load distribution.

Surface treatments and coatings have further expanded the capabilities of brazed CBN

35



wheels. Bhaduri et al. [70] explored the application of TiN coatings, finding that they
significantly improve wear resistance and reduce grinding forces. FEA models of coated
wheels have shown that these treatments help distribute stresses more evenly across the
bonding layer, reducing the likelihood of localized failures. Liu et al. [71] performed
research on the enhancement of both thermal and mechanical properties with the help of
surface treatment modifications in brazed joints, showing that treated surfaces may have

higher resistance against both delamination and micro-cracking.

The integration of FEA into the design and optimization of brazed CBN wheels has seen
substantial improvements in their performance and reliability. Combining simulation
insight with experimental validation, research developed tools that meet the growing
demands of high-performance applications in the aerospace, automotive, and medical
device manufacturing industries. Pal et al. [69] outlined some advantages of integrating
FEA into the development process; for example, it reduces the use of trial-and-error

methods, hence minimizing production costs and increasing the speed of innovation.

These developments mean the influence has reached not only singular tools but also
stretched towards the overall development in the grinding technology field. Advances
through the use of FEA for brazing parameter optimizations, composition of filler alloy,
and grit configurations allowed tool producers to build remarkable tools for applications
that need both precision and reliability under adverse operating conditions. These
advances have come through the use of material sciences, computational modeling, and
experimental research in a combined methodology toward further improvements in tool

performance.

4.1. Objectives of the Finite Element Analysis

The FEA conducted in this study aims to systematically evaluate and optimize the
bonding strength of brazed CBN grinding wheels under operational conditions. Given the
critical role of bonding strength in determining the tool’s performance, durability, and

efficiency, the following specific objectives were established to guide the analysis:
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1. Modeling Stress Distributions within the Bonding Interface

To simulate the stress distributions in the bonding layer during high-speed grinding
operations, accounting for the combined effects of mechanical forces and thermal
gradients. This includes identifying critical stress concentrations and potential failure

zones at the interface between the abrasive grit, filler alloy, and substrate.

2. Evaluating the Influence of Geometric and Material Parameters

To assess how variations in grit geometry, brazing layer thickness, substrate properties,
and filler alloy compositions affect bonding performance. This objective focuses on
quantifying the relationship between these parameters and the tool’s mechanical stability

and thermal resistance.

3. Optimizing Brazing Layer Thickness and Composition

Find an optimal thickness and material composition of the brazing layer that balances the
mitigation of stress with thermal conductivity by identifying configurations that minimize

risk for micro-cracking, delamination, and adhesive failure.

4. Incorporating Realistic Grinding Loads into FEA Simulations

To simulate the actual grinding forces and thermal loads encountered during machining,
ensuring that the analysis reflects real-world operating conditions. This includes
modeling cyclic thermal stresses and the dynamic interactions between the abrasive grits

and the workpiece.

5. Investigating the Effects of Grit Arrangement and Protrusion

To evaluate the impact of grit spacing, alignment, and protrusion levels on the overall
stress distribution and load transfer efficiency within the bonded interface. This objective

aims to refine grit configurations for improved tool performance.
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6. Predicting Bonding Failure Mechanisms

To identify and characterize potential failure mechanisms, such as adhesive failure,
micro-cracking, grit pull-out or thermal fatigue, within the brazed joint. The objective is
to provide actionable insights for mitigating these issues through design and process

optimization.

4.2. Model Development

FEA was utilized to evaluate the bonding strength of brazed CBN grinding wheels, with
a focus on simulating realistic operational conditions to identify critical stress

distributions and potential failure mechanisms.

The modeled geometry replicated the essential components of a brazed CBN grinding
wheel, incorporating the abrasive grits, brazing layer, and steel substrate. Abrasive grits
were designed with cylindrical and truncated conical shapes, reflecting the common
geometries used in ultrafine crystalline CBN tools. These shapes were selected to capture
critical interactions between grit protrusion, spacing, and load application during
grinding. The brazing layer, which serves as the bonding medium, was modeled as a thin
interfacial layer with thicknesses 500 um to minimize the influence of layer dimensions
on stress distribution and thermal conductivity. The steel substrate was modeled with
sufficient dimensions to prevent boundary effects during stress calculations, ensuring the
results focused on the bonding layer and grit interactions. This setup represents standard

configurations in brazed grinding tools and ensures simulation fidelity.
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Figure 11: a) CBN grit shape demonstration b) Single Grit implementation in bonding

material for Stress analysis

Material properties for the abrasive grits, brazing layer, and substrate were carefully
selected from experimental data and reliable literature to ensure accurate representation.
Table 3 summarizes the material properties used in the analysis, including elastic
modulus, Poisson’s ratio, and thermal conductivity. CBN grits were characterized by their
exceptional hardness and stiffness, with an elastic modulus of 800 GPa and a low
coefficient of thermal expansion(4 x 107° /°C), properties critical for maintaining
structural integrity under high loads. The brazing layer, composed of Cu-Sn-Ti alloy,
exhibited a yield strength of 120 MPa and a thermal conductivity of 40 W/m-K, striking
a balance between mechanical strength and heat dissipation. The steel substrate, with its
elastic modulus of 200 GPa and thermal conductivity of 50 W/m-K, provided a stable
base while contributing to overall heat management. Notably, the thermal expansion
coefficient of the steel substrate(12 x 107 /°C), required careful consideration to

minimize thermal mismatch with the brazing alloy.
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Table 3 Material Properties

Elastic b Thermal Cocfficient of Thermal Density Yield
oisson’s o oefficient o erma
Material ~ Modulus _ Conductivity _ Kg Strength
Ratio w Expansion (/°C) p _]

(GPa) kw[——] Wlmm3] (MPa)
CBN 3.48 x 106
Abrasive 800 0.2 240 (4 x107¢ /°C) -
Grits
Cu-Sn-Ti

_ 100 0.3 40 (12 x 1076 /°C) 120

Brazing
Hardened 7.85 x 10
Steel 200 0.3 49.8 (12 x 1076 /°C) -
Substrate

Realistic boundary conditions and operational loads were applied to replicate the grinding
environment accurately. Tangential forces ranging from 5to 100 N were introduced at the
abrasive grit surfaces, simulating the cutting forces experienced during machining. To
account for the thermal effects of high-speed grinding, a temperature gradient of 100 to
400°C was imposed on the brazing layer, reflecting typical heat generation during
operations. The steel substrate was constrained at its base to prevent rigid body motion,
while symmetry boundary conditions reduced computational complexity without

compromising accuracy.

A fine meshing strategy ensured precision in stress and strain calculations, particularly at
the critical grit-brazing interface where stress concentrations are highest. Three-
dimensional tetrahedral elements (C3D10) were used for their ability to accommodate
complex geometries, with element sizes refined to 10 pum in high-stress regions. Less
critical areas of the substrate were meshed with coarser elements (100 um) to balance
computational efficiency with accuracy. Convergence studies confirmed that further
refinement did not significantly alter the simulation results, ensuring confidence in the

model’s predictions.
The analysis was conducted in three simulation steps to replicate the brazing and grinding
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processes comprehensively. The first step simulated residual stresses induced during
brazing by applying thermal contraction to the brazing layer, highlighting the effects of
cooling rates with conducting different heating and cooling times and rates on stress
distribution. In the second step, tangential grinding forces were incrementally applied to
evaluate stress distributions within the bonding layer and at the grit-substrate interface.
Finally, a transient thermal analysis simulated the effects of temperature gradients on
interfacial stresses. These steps were combined into a coupled thermo-mechanical
analysis to capture the interactions between thermal and mechanical effects accurately

and will be discussed in detail in further section.

To evaluate potential failure zones, multiple failure criteria were employed. Von Mises
stress was used to assess plastic deformation in the brazing layer, while maximum
principal stress identified tensile stress concentrations that could lead to cracking or
delamination. Indicators of thermal fatigue were also included to predict long-term
degradation due to cyclic thermal stresses. The post-processing of simulation results
provided detailed stress contours, deformation patterns, and temperature profiles, which
were analyzed to identify optimal brazing configurations and areas requiring

improvement.

This methodology provides a robust framework for understanding and optimizing the
bonding strength of brazed CBN grinding wheels. By incorporating realistic operational
conditions and advanced failure criteria, the simulations deliver critical insights into stress
distributions and failure mechanisms, forming the foundation for developing high-
performance grinding tools tailored to demanding industrial applications.

4.3. Simulation Setup

The finite element simulations conducted in this study were designed to provide a detailed

understanding of the stress and thermal dynamics governing the performance of brazed

CBN grinding wheels. The simulations were divided into two interconnected phases: the

brazing process and the grinding operation. This dual-phase approach allowed for a

comprehensive evaluation of the bonding interface by analyzing both manufacturing-
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induced residual stresses and operational loads. The methodology combines state-of-the-
art practices in coupled thermo-mechanical simulations, offering insights into material
behavior, failure mechanisms, and design optimization for high-performance abrasive

tools.

4.3.1. Simulation of Brazing Process

The brazing process establishes the initial stress state within the bonding layer, which
significantly impacts the durability and performance of the grinding tool during operation.
During brazing, the bonding material (Cu-Sn-Ti alloy) undergoes thermal cycling,
creating strong metallurgical bonds between the abrasive grits and the steel substrate. The
rapid cooling phase introduces residual stresses due to thermal contraction, particularly

at the interfaces between the brazing layer, grits, and substrate.

To model this process, a transient thermal analysis simulated the heat transfer, phase
changes, and cooling dynamics within the brazing layer. The thermal gradient applied
reflected the alloy’s melting range of 700-950°C, followed by controlled cooling to room
temperature. The cooling rate was adjusted in the simulation to reflect industrial brazing
processes, ensuring realistic residual stress distributions. Advanced heat transfer
equations were solved to capture the conduction, convection, and thermal diffusion

effects that govern the temperature field within the brazing layer.

As mentioned in the previous section heating and cooling rates plays a significant role in
generating the stresses which could be compared through following graphics and
continuously numerical tables. The time-temperature figure is also mentioned for each

cycle. The system goes through the maximum temperature of 950 °C.
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Time vs. Temperature
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Figure 12: Brazing simulation time step, constant heating and cooling rate

Figure 13: System Temperature Contour

As demonstrated above the grit and undergoes the 555.9 °C temperature which would be
not adequate for the brazing process to be conducted. The next graph demonstrate the
heating and cooling rate of the optimum method of brazing process, allow the system to
absorb the heat through the stop points.
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Time vs. Temperature
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Figure 14: Brazing simulation time step, pulsed heating and cooling rate

As demonstrated in the figure below the internal part of the grit integrated in the bounding

layer encounter the temperature of the 747°C according to the pulsed time step.
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Figure 15: System Temperature Contour

Material behavior under thermal cycling was modeled using temperature-dependent
properties, accounting for changes in the elastic modulus and thermal conductivity of the
Cu-Sn-Ti alloy at high temperatures. The analysis incorporated the heat capacity and
latent heat of the brazing material to simulate phase transitions during melting and
solidification. These material behaviors were validated against experimental data,
ensuring that the model accurately captured the stress evolution. This phase generated
detailed residual stress maps, highlighting critical zones prone to failure due to thermal

contraction. Such stress patterns are consistent with findings in advanced brazing
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simulations for high-precision applications [46].

4.3.2. Simulation of Grinding Operation

The grinding phase evaluates the bonding interface's response to combined mechanical
and thermal loads, replicating real-world operational conditions. Tangential and normal
forces ranging from 5 to 100 N were incrementally applied to the abrasive grit surfaces
to simulate grinding pressures. These forces, derived from typical machining parameters,
accounted for variations in feed rate, depth of cut, and grit engagement. The force-
displacement relationship was monitored throughout the simulation to analyze stress

propagation and load transfer efficiency within the brazing layer.

Thermal effects during grinding were modeled by imposing a time-varying temperature
gradient of 100-400°C across the bonding layer. This gradient reflected heat generation
due to friction and material removal at the tool-workpiece interface. Heat transfer was
modeled using Fourier’s law, incorporating both convective heat dissipation and localized
heat accumulation due to high-speed cutting. To simulate the transient thermal conditions
accurately, a time-resolved approach was employed, tracking temperature evolution at
sub-millisecond intervals. This analysis provided insights into thermal fatigue,
highlighting how repeated heating and cooling cycles influence stress accumulation and

material degradation.

The coupled thermal-mechanical analysis accounted for interactions between heat-
induced material expansion and mechanical stresses. Stress evolution was evaluated at
critical points in the brazing layer, grit, and substrate, revealing patterns of deformation
under combined loading. The simulation outputs included stress contour plots,
temperature distributions, and deformation maps, offering a granular understanding of the
bonding interface's behavior under grinding conditions.

e Boundary Conditions

Boundary conditions were defined to replicate the constraints and interactions in brazed
grinding tools under both brazing and grinding phases. During brazing, the steel substrate
was fixed at its base to mimic the physical constraints during thermal contraction. The
brazing layer and grits were allowed limited motion to account for interface deformation

under thermal and mechanical stresses.
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In the grinding phase, symmetry boundary conditions were applied to reduce
computational complexity, focusing on a representative section of the grinding tool. The
applied loads included both static and dynamic components, simulating the fluctuating
forces and thermal gradients experienced during high-speed grinding. The boundary
conditions were validated using experimental data from similar tools, ensuring accuracy
in stress propagation and load transfer modeling. Advanced contact algorithms were
employed to capture the frictional interactions between the grits and workpiece,

enhancing the model’s realism.
e Failure Criteria

Multiple failure criteria were implemented to evaluate the bonding interface's

performance under brazing and grinding conditions. These criteria included:

e Von Mises Stress: Used to assess plastic deformation and identify regions where

material yield occurs.

e Maximum Principal Stress: Targeted tensile stress concentrations at the grit
interfaces, predicting potential cracking or delamination.

e Thermal Fatigue Indicators: Analyzed stress accumulation due to cyclic thermal

loading, identifying long-term degradation risks in the brazing layer.

e Shear Stress Analysis: Focused on interfacial shear stresses between the brazing

layer and substrate, evaluating adhesion strength under operational loads.

The failure criteria were applied iteratively across simulation steps, enabling detailed
tracking of stress thresholds and material response. This multi-faceted approach aligns

with cutting-edge studies in stress analysis for brazed joints and abrasive tools [43][69].

4.3.3. Integration of Brazing and Grinding Simulations

The brazing and grinding simulations were seamlessly integrated to ensure continuity and
realism. The residual stresses generated during the brazing phase provided the initial
conditions for the grinding analysis, linking manufacturing-induced stresses to
operational performance. This integration allowed the evaluation of how residual stress
distributions influence stress propagation, load transfer, and failure mechanisms during

grinding. By combining these phases, the simulation captured the full lifecycle of the
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brazed grinding tool, offering actionable insights for improving bonding strength and tool

longevity.

This dual-phase approach demonstrates the critical interplay between manufacturing
processes and operational conditions, advancing the understanding of stress dynamics in
brazed CBN grinding wheels. The insights gained from these simulations provide a robust
foundation for optimizing tool design, material selection, and process parameters.

Making the simulation being two phases could make the opportunity to have the both
brazing simulation details and grinding simulations details but the grinding simulations
details would be restricted to failure outputs of the grits. The grinding simulation
methodology could be summarized as the specify the range of the grinding forces which
is the result of our optimum geometry and force simulations developed in our project, are
being used as the boundary conditions of the grinding FEM simulations and the analysis
in this study would be specify the failures in the grit scale, which could be define as the
pull out failure or may be the breaking failure of the grits and the additional output could
be also mentioned as the amount of stresses which the bonding interactions of grit and

bonding material could tolerate the forces result from our grinding digital twin.

4.3.4. Enhanced Simulation Methodology

FEA serves as the cornerstone for evaluating the bonding strength and performance of
brazed CBN grinding wheels. The simulations were carefully structured to replicate the
intricate interplay of mechanical and thermal forces during brazing and grinding,
providing insights into stress distributions, bonding interface behavior, and failure
mechanisms. The simulation methodology involved detailed modeling of the wheel
components, advanced material representations, precise boundary conditions, and robust

numerical techniques to ensure high accuracy and relevance to real-world applications.

The accuracy of FEA simulations is heavily influenced by the choice of elements and
their formulations. The meshing strategy was designed to balance computational
efficiency and result precision, ensuring critical regions were adequately resolved without

excessive computational overhead.

47



e Element Types:

The brazing layer and abrasive grits were meshed using quadratic tetrahedral elements
(C3D10), chosen for their ability to conform to irregular geometries. These 10-node
elements provided higher-order interpolation, ensuring precise stress and strain

calculations across curved and sharp interfaces.

The steel substrate, being a simpler geometry, was modeled using linear hexahedral
elements (C3D8). These elements are computationally efficient and well-suited for
regular, block-like structures, enabling accurate stress propagation analysis.

e Integration Methods:

Reduced integration was applied to the C3D10 and C3D8 elements to minimize
computational cost and prevent volumetric locking in areas subjected to high plastic
deformation. This approach also improved solution convergence for non-linear material

behavior.

Full integration was avoided for the brazing layer to reduce the risk of overly stiff

responses, which could skew stress predictions.

The combination of these element types and integration methods ensured a robust
representation of the bonding interface and adjacent regions, capturing critical stress
gradients while maintaining computational feasibility.

4.3.5. Contact Modeling and Interaction Strategies

Modeling interactions between the abrasive grits, brazing layer, and substrate was critical
to accurately simulate both the brazing process and the operational grinding phase.

Different interaction strategies were employed for the two simulation phases:
e Brazing Phase:

Tie constraints were applied to the interfaces between the brazing layer and the steel
substrate, simulating a perfect metallurgical bond. This assumption reflects the strong
adhesion achieved through chemical interactions and diffusion during brazing.

The grit-brazing interface was also modeled using tie constraints, ensuring no relative

motion occurred during thermal contraction simulations. This approach provided an
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idealized representation of the brazed joint before operational loading.
e Grinding Phase:

Contact interactions were used to simulate the realistic frictional and adhesive forces at
the abrasive grit surfaces during grinding. A penalty-based formulation was applied to
handle normal and tangential forces, with a Coulomb friction coefficient of 0.3 reflecting

typical grinding conditions.

Separation criteria were incorporated at the grit-brazing and brazing-substrate interfaces

to evaluate delamination risks under excessive mechanical or thermal stresses.

These interaction strategies allowed the simulations to transition seamlessly from the
brazing-induced residual stress state to the dynamic loading conditions of grinding,

providing a holistic understanding of bonding performance.
e Boundary Conditions for Accurate Representation

Accurate boundary conditions are essential for replicating the physical constraints and
movements experienced by grinding tools during operation. The following considerations

were applied to ensure realistic and reliable simulations:
e Substrate Constraints:

The steel substrate was fixed at its base to prevent rigid body motion, providing a stable

foundation for stress propagation through the brazing layer and grit interfaces.
e Symmetry Conditions:

Symmetry boundary conditions were employed to model a representative segment of the
grinding tool. This approach reduced computational complexity while maintaining high

fidelity in critical regions, such as the grit-brazing interface.
¢ Interface Deformation:

The brazing layer was allowed limited deformation along its interfaces with the abrasive
grits and substrate during grinding simulations. This flexibility ensured that stress

redistribution and interface behavior were realistically captured under operational loads.

These boundary conditions ensured that the simulations captured both the constraints
imposed during brazing and the flexibility required during grinding operations, providing
a comprehensive view of bonding behavior.
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e Formulation and Solver Details

FEA employs advanced numerical techniques to solve the partial differential equations
governing the mechanical and thermal behaviors of materials. For this study, the
simulations relied on finite element formulations rooted in the principle of virtual work,

ensuring accurate stress-strain predictions under complex loading conditions.
e Weak Form Solutions:

The finite element equations were derived using Galerkin’s method, where the weighted
residuals of the governing equations were minimized. This approach enabled precise
integration of stress and strain distributions over the volume of each element.

e Coupled Analysis:

Thermal and mechanical effects were coupled using Fourier’s law for heat conduction
and stress-strain relationships for deformation. This coupling was essential for capturing
interactions between heat generation, material expansion, and stress development during

grinding.
e Solver Techniques:

In this study non-linear static and dynamic analyses are considered. The Newton-Raphson
iterative method was employed to converge solutions for non-linear material properties,

large deformations, and contact conditions.

The combination of these numerical techniques ensured robust and accurate simulations,

providing actionable insights into bonding strength and failure risks.

e Comprehensive Load Application
The applied loads reflected the distinct phases of brazing and grinding:
Brazing Phase:

A transient thermal load simulated the heating and cooling cycles of brazing, with
temperatures ranging from 20°C to 950°C during heating and room temperature during
cooling. The resulting thermal contraction induced residual stresses in the brazing layer
and bonding interfaces, forming the baseline stress state for subsequent grinding

simulations.
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Grinding Phase:

Tangential and normal forces were incrementally applied to the grit tips, simulating
cutting and frictional pressures. These forces ranged from 5 N to 100 N, representing

typical operational conditions for high-speed grinding.

Thermal gradients, ranging from 100°C to 400°C, were imposed on the brazing layer to
simulate heat generation during grinding. These gradients were integrated into the
coupled thermal-mechanical analysis to evaluate their impact on stress redistribution and

failure mechanisms.

4.4, Simulation Results

The FEA simulations provided detailed insights into the mechanical and thermal
behaviors of brazed CBN grinding wheels. By analyzing stress distributions, bonding
interface performance, and failure mechanisms, the results reveal the intricate interplay
between brazing-induced residual stresses and operational grinding loads. These findings
establish a foundation for evaluating the brazing layer's performance and guiding the

optimization of high-performance grinding tools.

4.4.1. Results from the Brazing Phase

Simulations of the brazing process revealed the evolution of residual stresses within the
bonding layer, driven by the thermal contraction of the Cu-Sn-Ti alloy during cooling
from peak temperatures of approximately 950°C to ambient conditions. These residual
stresses were influenced by the differential thermal expansion coefficients of the brazing
alloy and steel substrate, leading to significant tensile stresses at the brazing-substrate

interface and compressive stresses within the brazing layer.

Localized stress concentrations were most pronounced at grit edges and corners, where
geometric transitions amplified stress magnitudes. These areas represent potential failure
zones, particularly under subsequent operational loads. The simulations showed that the
thickness of the brazing layer had a pronounced effect on stress distribution. Thinner

brazing layers exhibited higher stress intensities, especially tensile stresses at the substrate
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interface, due to their limited capacity to accommodate thermal contraction. In contrast,
thicker brazing layers resulted in more uniform stress distributions but introduced

potential challenges in thermal dissipation during grinding.

Figure 16: Stress Contour (Mises Stress)

Figure 17: Maximum and minimum Principle stresses
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Residual stress contour plots demonstrated distinct high-stress zones around grit
boundaries and brazing edges, consistent with failure patterns observed in experimental
studies of brazed joints. These findings underscore the importance of optimizing brazing
parameters to minimize residual stress concentrations while maintaining effective

bonding integrity.

The von Mises stress distribution obtained from the finite element analysis reveals
significant residual stress concentrations in surprisingly few elements where the grit joins
the bonding material, particularly near the material interface. The maximum von Mises
stress reaches 1.76 GPa, as indicated by the red regions in the contour plot, while the
lower stress regions remain below 0.29 GPa. When compared to the typical yield strength
of the Ti-bronze bonding material (400 MPa) and its ultimate strength (800 MPa), the
observed stresses exceed these thresholds. Such high stresses indicate a strong likelihood
of plastic deformation or even failure in the bonding layer, particularly in critical regions
where thermal contraction during the cooling phase may have intensified the stress

accumulation.

4.4.2. Results from the Grinding Phase

The grinding simulations demonstrated how operational loads, including cutting forces
and friction-induced thermal gradients, influenced stress distributions and bonding layer
performance. Tangential and normal forces applied to abrasive grit tips generated
complex stress patterns within the bonding layer. Shear stresses dominated the regions
near the grit-brazing interface, while tensile stresses were concentrated at the brazing-
substrate junction. These findings align with experimental results from high-speed
grinding studies, highlighting the dynamic interplay between mechanical and thermal

loads.

Thermal gradients imposed during grinding exacerbated stress concentrations. Regions
with lower thermal conductivity, such as the brazing layer, experienced steep temperature
gradients, leading to localized stress amplification. The coupled effects of mechanical
forces and thermal gradients revealed potential failure mechanisms, including adhesive

failure at the grit-brazing interface and cohesive failure within the brazing layer. These
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observations emphasized the critical role of balancing grit spacing, brazing layer
thickness, and thermal management to mitigate stress accumulation and enhance tool

durability.

Combined mechanical and thermal stress distribution maps identified zones of additive
stress magnitudes, where brazing-induced residual stresses intensified the effects of
grinding loads. These stress zones were particularly evident in regions of high grit density
or sharp geometric transitions, underscoring the importance of uniform design parameters

to minimize localized stress amplification.

The finite element analysis highlights critical stress regions in brazed CBN grits during
grinding, with significant implications for grit failure mechanisms. At the grit vertex
region, where grinding forces are applied, the resultant compressive stresses range from
-754 MPato -1243 MPa. These stresses exceed the compressive strength of CBN, causing
micro-fracture in the vertex area. This localized fracture is primarily due to stress
concentration and increases with wear progression. Additionally, at the grit-bond
junction, large brazing-induced tensile stresses of up to 256 MPa were observed. Tensile
stresses are particularly detrimental to brittle materials like CBN, as they can lead to crack

initiation and propagation, ultimately causing macro-fracture and grit pull-out.

The von Mises stress distribution (as shown in the contour plot) further emphasizes these
critical stress states. The peak von Mises stresses reach 1.76 GPa in the grit vertex, far
exceeding the compressive strength of CBN. This confirms that micro-fracture will
dominate in the vertex region under grinding loads. In the grit-bond junction, the von
Mises stresses transition to tensile, aligning with FEM results of tensile stresses up to 256
MPa. These stresses significantly increase the likelihood of macro-fracture and grit pull-

out as the bond degrades during wear.

At 50% grit wear and 30% bond wear, brazing-induced stresses peak at 268 MPa, while
resultant stresses stabilize around 200 MPa in the grit-bond region. These stress
concentrations ensure that both micro-fractures in the grit vertex and macro-fractures (grit
pull-out) at the junction are likely to occur during the grinding process. The combination
of compressive and tensile stresses highlights the dual risk of vertex fracture and grit

detachment, impacting the tool's durability and performance.
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4.4.3. Observed Failure Mechanisms

The simulations identified several failure mechanisms arising from the interplay of
brazing-induced residual stresses and grinding-induced operational loads. The primary

failure modes include:
e Adhesive Failure:

High tensile stresses at the grit-brazing interface exceeded the tensile strength of the
bonding material, leading to grit pullout or deboning under extreme grinding loads. This

failure mode was prevalent in regions with thin brazing layers or sharp grit geometries.
e Cohesive Failure:

Localized plastic deformation within the brazing layer resulted in cohesive failure,
particularly in regions subjected to combined shear and tensile stresses. These failures
were more pronounced in areas with uneven stress distributions due to non-uniform grit

spacing.
e Thermal Fatigue:

Repeated thermal cycles during grinding caused stress accumulation and microstructural
degradation within the brazing layer. This fatigue mechanism increased the risk of
delamination over time, particularly in regions with high thermal gradients and low

thermal conductivity.

The integration of brazing and grinding simulations provided deeper insights into the
additive effects of residual and operational stresses. Residual tensile stresses from the
brazing phase heightened failure risks during grinding, particularly in regions where
mechanical and thermal stresses overlapped. These findings underscore the importance
of optimizing brazing parameters to control residual stress distributions without

compromising the overall bonding integrity.

Key Insights and Implications

The findings from the FEA simulations reveal several critical factors influencing the

performance and durability of brazed CBN grinding wheels. Key insights include:
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e Brazing Layer Design:

The thickness of the brazing layer significantly affects stress distributions. Optimizing
this parameter is essential to reduce stress concentrations while maintaining sufficient

thermal conductivity for effective heat dissipation during grinding.
e Thermal Management:

Improved cooling strategies during brazing and the use of high-conductivity brazing
materials can mitigate stress amplification caused by thermal gradients. Effective thermal

management minimizes the risk of thermal fatigue and extends tool longevity.
e Geometry Optimization:

Uniform grit spacing and reduced geometric transitions are critical for minimizing
localized stress amplifications. Controlled grit configurations improve load distribution

and bonding layer performance under operational loads.
e Integrated Process Optimization:

Coordinating brazing and grinding parameters is essential to balance residual and
operational stresses. Tailored processes ensure that stress levels remain within acceptable

limits across the tool’s lifecycle.

These results provide actionable guidelines for optimizing the design and manufacturing
processes of brazed CBN grinding wheels. Future research will focus on validating these
findings through experimental testing and refining simulation models to incorporate real-

time feedback from operational tools.

4.5. Implications for Tool Performance and Design Optimization

The finite element simulations provided a detailed understanding of the bonding behavior

and operational performance of brazed CBN grinding wheels. The findings highlight

critical factors such as stress distributions, failure mechanisms, and the interplay between

brazing-induced residual stresses and operational grinding loads. Translating these results

into actionable design recommendations is essential for improving the durability,

efficiency, and reliability of brazed CBN tools. This section discusses how these insights
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can be applied to optimize tool design, enhance performance, and meet the demands of
high-precision grinding applications.

Key Implications for Tool Design

The simulations underscore the complex role of bonding layer design in balancing
mechanical strength and thermal conductivity. Thin bonding layers (<100 pum) exhibited
elevated tensile stresses at the substrate interface, often exceeding the material's yield
strength, which increases the risk of delamination. This is due to their limited ability to
accommodate thermal contraction during the brazing process. Conversely, thicker
bonding layers (>200 pum) provided more uniform stress distributions but introduced
challenges in thermal dissipation during grinding. Thermal resistance increased with layer
thickness, leading to localized heat buildup and exacerbating thermal gradients during
high-speed operations. An optimal intermediate thickness, approximately 100-150 pm,
minimizes these trade-offs by effectively distributing stresses while maintaining
sufficient thermal conductivity.

Localized stress concentrations were observed near grit edges and geometry transitions.
These regions, where stress magnitudes exceeded 150 MPa, were identified as potential
sites for adhesive failure under grinding loads. Smooth grit geometry transitions, uniform
spacing, and controlled protrusion heights are critical for reducing these localized stress
amplifications. For example, a reduction in protrusion height irregularities by 10-20 pum

led to a 30% decrease in peak stress magnitudes during grinding simulations.

Advanced brazing techniques, such as laser-assisted brazing, offer significant advantages
in improving bonding uniformity. These methods achieve tighter control over joint
formation, reducing void content and ensuring consistent stress distributions.
Additionally, using filler materials with high ductility and thermal resistance, such as Cu-
Sn-Ti alloys, further enhances bonding performance by accommodating cyclic

mechanical and thermal loads.
Thermal Management and Its Implications

Thermal gradients observed during grinding simulations emphasized the need for robust
thermal management strategies. Temperature increases from 100°C to 400°C in the
brazing layer resulted in steep thermal gradients, amplifying stress magnitudes by 15—
20% compared to mechanical loads alone. High thermal conductivity materials, such as
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copper-based filler alloys, significantly mitigated these effects, reducing the overall
thermal stress contribution by up to 15%.

Active cooling mechanisms, including forced air and fluid-assisted grinding, were shown
to effectively dissipate heat during operation. Simulations incorporating these cooling
strategies indicated a reduction in peak temperatures by 20-30°C, which corresponded to
a 10-15% reduction in thermal stress accumulation. These findings highlight the
importance of integrating active cooling systems into tool design to maintain the
mechanical integrity of the brazing layer and reduce failure risks during prolonged

grinding operations.
Impact on Tool Performance

The integration of these design optimizations is expected to yield substantial
improvements in the performance and lifecycle of brazed CBN grinding wheels.
Enhanced bonding strength minimizes grit pullout and reduces tool wear, extending tool
longevity by up to 50% in high-speed grinding conditions. Uniform stress distributions
improve grinding consistency, enabling higher material removal rates (MRR) while

preserving surface finish quality within tolerances of £5 pum.

Thermal management solutions, such as high-conductivity materials and active cooling
systems, prevent thermal damage to both the bonding layer and the workpiece. These
advancements enhance precision in critical machining applications, including aerospace

and medical component manufacturing, where dimensional accuracy is paramount.

The combined effect of these optimizations translates to lower operational costs through
reduced tool replacement frequency and maintenance requirements. Furthermore,
optimized tools reduce grinding forces, decreasing energy consumption and supporting

sustainable manufacturing practices.
Recommendations for Optimization

The following recommendations are derived from simulation findings and serve as

actionable guidelines for the design and manufacturing of brazed CBN grinding wheels:
e Bonding Layer Design:

Utilize intermediate bonding layer thicknesses of approximately 100-150 pum to balance

stress distribution and thermal conductivity.
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Employ filler materials with high thermal resistance and ductility, such as Cu-Sn-Ti
alloys, to withstand cyclic mechanical and thermal loads without failure.

e Geometric Optimization:
Ensure uniform grit spacing and alignment to minimize localized stress concentrations.

Avoid sharp transitions in grit geometry and maintain protrusion height variations within

10-20 pum for improved load distribution.
e Thermal Management:

Incorporate active cooling systems during grinding, such as forced air or fluid-assisted
mechanisms, to reduce heat buildup and thermal gradients.

Select brazing materials with superior thermal conductivity to enhance heat dissipation

during high-speed operations.
e Manufacturing Techniques:

Adopt precision brazing methods, including laser-assisted brazing and vacuum brazing,

to improve joint uniformity and minimize voids.

Implement advanced quality control systems, such as real-time monitoring of bonding

layer thickness and grit alignment, to ensure consistent tool performance.
Broader Implications and Future Directions

The findings from this study also hold broader implications for the future of brazed
grinding tool design and manufacturing. Advanced simulation models, coupled with
experimental validation, provide a powerful framework for predictive tool optimization.
Incorporating machine learning into design workflows can accelerate the identification
of optimal brazing parameters and grit configurations, reducing development time and
costs.

Adaptive grinding systems that monitor tool wear and operational conditions in real-time
offer promising opportunities for extending tool lifespan. These systems can dynamically
adjust grinding parameters to minimize stress accumulation and failure risks, further

enhancing reliability in demanding applications.

The development of hybrid tools, combining brazing with additional bonding techniques
or surface coatings, represents a promising avenue for innovation. These tools could offer
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superior wear resistance, enhanced thermal stability, and greater versatility in applications
requiring extreme precision and durability. Such advancements align with the needs of
high-value industries, including aerospace, automotive, and medical manufacturing,

where grinding performance and reliability are critical.

5. MANUFACTURING OF ENGINEERED GRINDING TOOLS

The manufacturing of engineered grinding tools, particularly brazed CBN grinding
wheels, represents a critical bridge between theoretical design optimization and high-
performance machining solutions. These tools are indispensable in precision applications
where durability, efficiency, and surface quality are paramount. By integrating advanced
manufacturing techniques with insights from finite element simulations, brazed CBN
grinding wheels can meet the stringent demands of modern machining industries, offering

unparalleled performance and reliability.
Significance of Brazed CBN Grinding Wheels

Brazed CBN grinding wheels are renowned for their ability to retain abrasive grits under
extreme mechanical and thermal loads, a feature attributed to the strong metallurgical
bonds formed during the brazing process. These bonds, achieved using filler materials
such as Cu-Sn-Ti alloys, offer superior grit retention, exceptional thermal conductivity,
and enhanced wear resistance compared to traditional electroplated or resin-bonded
wheels. The brazing process, however, demands precise control over parameters such as
temperature, time, and material interactions to ensure uniform bonding and minimize
residual stresses [46]. Mismanagement of these variables can lead to void formation,

uneven stress distribution, and compromised tool performance.
Integration of Precision and Geometry

The geometric configuration of brazed grinding tools, including grit spacing and

protrusion height, plays a pivotal role in their operational performance. Uniform grit

spacing reduces localized stress concentrations and ensures even force distribution during

grinding, thereby improving tool longevity. Controlled protrusion heights further

optimize cutting efficiency and reduce energy consumption [72]. Advances in laser-
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assisted brazing have enabled unparalleled precision in grit placement, contributing to the

consistent performance of modern brazed tools.
Emerging Manufacturing Technologies

Innovations in manufacturing technology, such as laser structuring and additive
manufacturing, have expanded the design possibilities for engineered grinding tools.
Laser structuring techniques allow for the creation of micro- and nano-scale patterns on
grinding wheel surfaces, improving chip evacuation, reducing thermal damage, and
enhancing tool efficiency [51]. Additive manufacturing, on the other hand, offers the
potential for creating hybrid tools with complex geometries and multi-material
configurations, tailored to specific machining requirements. These emerging methods
also facilitate the integration of real-time quality control systems, ensuring consistent

production standards.
Connection to Simulation Insights

Finite element simulations provide invaluable guidance for optimizing manufacturing
parameters, such as bonding layer thickness, grit placement, and brazing temperatures.
By predicting stress distributions, thermal effects, and failure mechanisms, these
simulations enable manufacturers to mitigate risks and enhance tool performance. For
instance, Azarhoushang et al. [74] demonstrated that simulation-informed laser
structuring reduces thermal stress accumulation, leading to better tool durability and

efficiency.
Challenges and Opportunities

Despite these advancements, challenges persist in achieving repeatable grit placement,
controlling thermal distortion during brazing, and scaling precision techniques for
industrial production. Machine learning-assisted optimization and advanced quality
monitoring systems offer promising solutions to these challenges. By enabling real-time
adjustments during manufacturing, these technologies can ensure that each tool meets the

desired performance specifications.

This chapter explores the materials, techniques, and processes involved in the production
of engineered grinding tools, emphasizing the synergy between material sciences, process

optimization, and advanced manufacturing technologies. By addressing current
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challenges and leveraging simulation insights, the chapter provides a comprehensive
framework for the production of high-performance grinding tools tailored to the evolving

needs of the machining industry.

5.1. Fabrication of Laser-Ablated Patterned Tools

Laser ablation is a cutting-edge technology that has revolutionized the fabrication of
engineered grinding tools, offering unparalleled precision and control in the creation of
functional surface patterns. By leveraging the high energy density of laser beams, this
process enables localized material removal without mechanical contact, eliminating the
risks of tool wear and deformation associated with conventional methods. For CBN
grinding tools, laser ablation facilitates the formation of optimized surface structures that
directly enhance machining efficiency, tool durability, and surface quality of the

workpiece [51].

The role of laser ablation in grinding tool fabrication extends beyond surface
modification. It aligns seamlessly with simulation-driven designs, enabling the translation
of theoretical stress and thermal analyses into practical, high-performance grinding
solutions. Patterns such as grooves, dimples, and ridges, informed by finite element
simulations, can be etched with sub-micron accuracy, offering enhanced chip evacuation
and reduced thermal stress during grinding. As demonstrated by Azarhoushang et al. [74],
laser-textured grinding tools reduced grinding forces by up to 30% and improved the
cooling efficiency at the tool-workpiece interface, showcasing the transformative

potential of laser ablation in precision machining.
Advantages of Laser Ablation

Compared to traditional grinding tool fabrication methods, laser ablation offers several

distinct advantages:

e Precision and Versatility: With femtosecond lasers, manufacturers can achieve
intricate surface features with minimal thermal damage to the base material. This
level of precision is particularly beneficial for high-speed grinding applications,
where tool geometry plays a critical role in performance.
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Customization: Laser ablation enables the production of tailored patterns based
on application-specific requirements, such as reduced cutting forces, improved

chip removal, or enhanced cooling capabilities.

Non-contact Processing: By eliminating mechanical interaction, laser ablation
minimizes tool wear during manufacturing and ensures consistency across

batches.

Sustainability: The process generates minimal waste and requires no additional

tooling, aligning with modern manufacturing’s push toward sustainability.

Process Mechanisms and Challenges

Laser ablation operates by focusing high-energy laser pulses onto the tool surface,

causing localized material removal through melting, vaporization, or sublimation. Key

parameters such as pulse energy, duration, and repetition rate govern the ablation

efficiency, surface quality, and depth of material removal. For example:

Nanosecond Lasers: Suitable for high material removal rates but may introduce
thermal effects, such as heat-affected zones, which could compromise material

properties.

Femtosecond Lasers: Provide superior precision and minimal thermal damage,

making them ideal for applications requiring fine patterns and smooth surfaces.

However, achieving the full potential of laser ablation requires addressing certain

challenges:

Thermal Effects: Despite advances in ultrafast lasers, localized heat generation
during ablation can lead to residual stresses or microstructural changes if not

carefully controlled.

Material Compatibility: The efficiency of ablation varies with material properties,
such as reflectivity, absorption coefficient, and thermal conductivity,

necessitating precise parameter tuning for each substrate.

Scaling for Industrial Applications: While laser ablation excels in small-scale and
customized production, scalability remains a challenge for high-volume

manufacturing.
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Integration with Simulation-Driven Designs

The synergy between laser ablation and simulation-informed optimization offers a
powerful framework for advancing grinding tool performance. Finite element simulations
provide valuable insights into stress distributions, thermal gradients, and failure zones,
which guide the selection of laser ablation patterns. For instance, simulation studies have
shown that specific dimple geometries can reduce grinding-induced tensile stresses by
redistributing loads more evenly across the tool surface. These insights allow laser
ablation to precisely implement patterns that not only enhance tool durability but also

improve grinding efficiency [74].
Focus of This Section

This section explores the fabrication of laser-ablated tools, focusing on the equipment
configurations and process parameters that enable precision patterning. It also examines
the implementation of simulation-optimized patterns, highlighting their impact on tool
performance and quality. By integrating advanced manufacturing techniques with
simulation-driven designs, laser ablation serves as a cornerstone for producing high-

performance grinding tools tailored to the demands of modern machining industries.

5.1.1. Equipment Configuration and Laser Ablation Parameters

The fabrication of laser-ablated grinding tools requires an advanced laser ablation system
capable of achieving the intricate patterns necessary for optimizing grinding performance.
Laser ablation involves the precise removal of material from a surface through the
application of high-intensity laser energy, enabling the creation of custom-designed
channels, grooves, and textures that improve chip evacuation, coolant penetration, and
grinding force distribution. By tailoring the ablation process to simulation-driven designs,
manufacturers can produce high-performance tools for demanding machining

applications.
Laser System Configuration

A laser ablation system for grinding tool fabrication typically consists of the following

components:
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e Laser Source:

Commonly used sources include infrared (IR) and ultraviolet (UV) lasers, with
wavelengths ranging from 355 nm to 1064 nm. UV lasers are particularly advantageous
for metallic substrates due to their higher absorption rates, resulting in finer ablation

precision and reduced heat-affected zones (HAZ).

The choice of pulse duration is equally important. Femtosecond lasers confine energy to
the ablation site, minimizing thermal effects, while nanosecond lasers offer higher
material removal rates, albeit with potential thermal side effects.

Optical Delivery System:

Mirrors, lenses, and beam expanders shape and direct the laser beam onto the workpiece.
Galvanometer-based scanning systems enable rapid and precise beam movement,

ensuring uniform ablation across intricate patterns.

Adaptive optics allow for dynamic adjustments to the beam focus and path, enhancing

the precision and consistency of ablation.
e Workpiece Positioning System:

Multi-axis stages with sub-micron accuracy position the workpiece under the laser beam.
This ensures alignment with predefined patterns and facilitates the implementation of

simulation-optimized designs.
e Laser Ablation Parameters

Achieving the desired surface patterns and tool performance depends on carefully

controlling several parameters:
1. Wavelength:

The absorption properties of CBN and bonding materials depend on the laser wavelength.
Shorter wavelengths, such as UV lasers, are more effective for ablation of reflective

surfaces like nickel and CBN, maximizing precision while minimizing HAZ.
2. Pulse Energy and Duration:

High pulse energy promotes material removal but requires careful tuning to avoid
substrate damage. Femtosecond pulses ensure localized energy deposition, preventing

unintended thermal diffusion.
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3. Scan Speed and Overlap:

The speed at which the laser moves across the surface directly influences ablation depth
and resolution. Beam overlap, typically in the range of 50-80%, ensures uniform energy

delivery and pattern continuity.
4. Energy Density:

Laser energy density determines whether material vaporizes or melts. Higher densities
favor vaporization, enabling precise pattern formation without residual material

deposition.
5. Loop Count:

Repeated passes (loop count) allow for incremental ablation, preventing thermal overload
and ensuring consistent channel depth. This stepwise approach also minimizes

unintended melting of adjacent areas.
6. Focus Spot Size:

Smaller spot sizes allow for higher-resolution patterning, particularly for micro-
structuring applications. Sizes between 10 and 50 pum are optimal for most grinding tool

applications.
Specific Application to CBN Tools

Laser ablation of CBN inserts involves unique challenges due to the material’s hardness
and thermal properties. The laser must reach temperatures exceeding 3800°C to vaporize
CBN and create well-defined patterns. The phase transition from solid to gas
(sublimation) is critical, as it ensures precise material removal while preventing damage

to surrounding areas.

Additionally, for electroplated CBN tools, the laser ablation process must remove both
the nickel bonding material and the CBN grits to form channels. Patterns such as ¢/ and
‘X’ grooves, designed through simulation and optimization, provide improved chip
evacuation and coolant flow. These channels reduce the contact area between the tool and
workpiece, lowering friction and grinding temperature while maintaining cutting

efficiency.

Challenges and Advances
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Thermal Effects:

Localized heating during ablation can cause residual stresses or micro-cracks in the

substrate. Cooling systems and optimized loop counts help mitigate these issues.
Material Compatibility:

Different absorption and reflectivity properties of CBN and bonding materials necessitate
extensive parameter tuning to ensure effective ablation without compromising structural

integrity.
Scaling for Industrial Use:

Although laser ablation excels in precision applications, its scalability for large-scale
manufacturing remains a challenge. Adaptive control systems and hybrid laser setups are

emerging as solutions to enhance throughput and consistency.

Laser ablation offers a versatile and precise method for fabricating grinding tools with
optimized surface patterns. By leveraging advanced equipment configurations and
carefully tuned parameters, manufacturers can achieve unparalleled control over tool
geometry and performance. The integration of simulation-driven designs with laser
ablation technology ensures that grinding tools meet the stringent demands of modern
machining industries, paving the way for further advancements in precision

manufacturing.

5.1.2. Production Setup and Configuration

The laser ablation process for fabricating grinding tools involved precise control of
equipment and parameters to produce simulation-optimized surface patterns. This process
aimed to enhance grinding performance by improving chip evacuation, reducing thermal
loads, and achieving uniform force distribution during machining. The setup was
carefully designed to ensure repeatability, high-quality results, and alignment with
theoretical optimizations.

1. Material Preparation
Substrate Selection

Electroplated CBN grinding tools were chosen as the base material. These tools provide
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a high hardness-to-weight ratio, wear resistance, and thermal stability, making them ideal

for laser ablation.

The electroplated nickel bonding layer supported precise laser patterning without

degrading the CBN’s mechanical properties.

Figure 18: Patterned CBN grinding wheels

Surface Cleaning:

Substrates were immersed in acetone for 5 minutes to remove organic contaminants.
A rinse with deionized water was applied to eliminate residual particles.

Samples were dried using filtered compressed air to avoid surface degradation.

2. Laser Ablation Process

The equipment Configuration could be mention as a laser ablation system consisted of a
nanosecond pulsed laser with a wavelength of 1064 nm with precision positioning stage

with an accuracy of +1 pum and rotational stage with an accuracy of + 0.01°.
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Figure 19: Laser ablation setup

The success of laser ablation heavily depended on the fine-tuning of the laser parameters

mentioned in Table 5.

Table 4 Laser Parameter Table

Parameter Value Range Purpose

Emission 1064 nm Efficient absorption by electroplated CBN tools
Wavelength

Pulse Duration 200 ns Effects the uniformity and thermal damages
Output power 25W Governs ablation depth and quality

Repetition Rate 48 kHz Balances speed and precision

Scan speed 500 mm/s Affects uniformity and efficiency

Spot size 20-50 pm Determines pattern resolution

Overlap ratio 50-80% Ensures continuous surface features
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The patterns implemented included grooves, dimples, and cross-hatch textures designed
to enhance the process issues for instance, coolant flow into the grinding zone, force

distribution across the tool surface, reduction of heat-induced wear.

Simulation-driven designs informed the spacing and depth of patterns to optimize tool

performance.
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Figure 20: Schematics of possible designs of textured grinding wheels revealing the

key texture dimension

A Coordinate Measuring Machine (CMM) measured the dimensions of the ablated

features against simulation predictions, with tolerances maintained within £10 pm.

Table 5 Comparison of measured versus desired pattern dimensions

Pattern type Desired depth (um) Measured depth (um)  Error (%)
Linear stripe pattern 1000 938 6.2
Cross pattern 1000 916 8.4
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Figure 21: a) Stripe Pattern b) Cross Pattern, Nanofocus taken images
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For the final step a profilometer evaluated the roughness of the ablated patterns. The
results ensured that the surface roughness met the design criteria for improved chip

evacuation and minimal wear.
4. Validation Testing

Tools were tested under controlled grinding conditions to assess their performance in

terms of:
e Surface quality in terms of roughness.
e Force reduction.
e Surface temperature during operation.

Data collected during these tests validated the improvements provided by the laser-
ablated patterns. The detailed test parameters conducted for experimental process and
comparison forces and surface roughness of the workpiece are demonstrated in the next
chapter. Additionally, the measured force sample and sample surface roughness measured

will be illustrated below.
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Figure 22: Sample Measured Force
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Figure 23: Sample Surface Roughness measurement,

a) Feed direction b) cross-Feed direction

5.2. Brazing of Grinding Tools

Producing grinding tools with taking different methods available into account is
considered as an essential issue in the manufacturing process. There are several methods
for producing CBN abrasive grinding tools. These methods differ in the way that the CBN
particles are bonded to the substrate material. Choosing the best method for producing
tools should consider the different parameters as required bond strength, precision, and
also manufacturing cost. The common methods used in this aim would be brazing,
electroplating, resin bonding, and sintering. During experiments done on analyzing the
tools produced with different methods, strength and weak points of each method could be
concluded. For instance, with manufacturing CBN wheels with the use of monolayer
electroplating and multilayer sintering the following problems may be faced, such as not
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proper space for chips, not adequate joining strength among grains, and pulled out CBN
grains which results in decrease in effective working life and increase tool and production
costs[1]. Brazing is a widely used method for producing CBN grinding tools, as it
provides a strong and durable bond. Additionally, it has been reported that the brazed
single layer CBN grinding tools perfume more efficiently that the tools produced through
other methods mention specifically electroplating[2][3].

Specifically focusing on brazing method, the following content would briefly explain the
general brazing process and tool production with brazing and also mention some

advantages of this method for tool production.

Brazing is a metallurgical joining process that involves the use of a filler metal to join
two or more metal parts. The process involves heating the base metals to a temperature
above the melting point of the filler metal but below the melting point of the base metals.
The filler metal penetrates into the joint area, where it melts and flows by capillary action
to fill the gap between the parts. The molten filler metal solidifies on cooling and bonds
the base metals together. Brazing is specifically used to join metals that cannot be welded
due to their dissimilar compositions, thickness, or other factors. The filler metal used in
brazing can vary depending on the base metal being joined and the application
requirements, while considering the factors such as the melting point, mechanical
properties, and corrosion resistance required in the joint. The most commonly used filler
metals are copper-based alloys, silver-based alloys, and nickel-based alloys. Brazing can
be performed using various heat sources, including torches, furnaces, and induction
heating [75].

As mentioned above, one of the main usages of brazing process is tool production. One
of the primary benefits of brazing in tool production is the ability to join different
materials together, which contain dissimilar metals. Another advantage of brazing in tool
production is the ability to create complex shapes and geometries. This is achieved by
pre-forming the filler metal into the desired shape and then heating it to melt and flow
into the joint area. This allows for precise control over the shape of the joint and can result
in stronger and more precise cutting tools. Brazing also offers excellent bonding strength
and durability, allowing the resulting tools to withstand the high temperatures and
pressures associated with cutting operations, which is the result of the various parameters

like cutting forces. Additionally, brazed joints typically have a smooth and seamless
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appearance, which can improve the overall aesthetics and functionality of the tool.

In more specific manner of brazing in grinding tool production, this method is widely
used for manufacturing diamond and CBN grinding wheels. In this application, the
abrasive particles are typically embedded in a metallic or ceramic matrix, which is brazed
onto a metal or composite core. The brazing process involves pre-coating the abrasive
particles with a layer of brazing alloy and then placing them into a mold or form. The
matrix material is then poured or pressed into the mold and heated to a temperature above
the melting point of the brazing alloy but below the melting point of the matrix material.
The molten alloy then flows around the abrasive particles, bonding them to the core
material. Brazing is a preferred method for producing grinding wheels because it allows
for a strong bond between the abrasive particles and the matrix material. This results in a
wheel that can withstand high grinding pressures and temperatures without losing its
shape or performance. Brazed grinding wheels also offer superior durability and long life
compared to other types of bonding methods[75].

According to the definition of brazing and different methods of brazing, the method
selected for this project is furnace brazing, due to its beneficial characteristics such as
providing controlled process parameters like pressure and temperature, consistent and
repeatable results, high bond strength, high production volume. The temperature is
maintained for a specific period of time to allow the brazing alloy to melt and flow around
the CBN particles and substrate material. The furnace is then cooled to allow the brazed
assembly to solidify and form a strong bond. To achieve the best results in furnace brazing
of CBN abrasive grinding tools, several parameters need to be carefully controlled. The
most important parameters could be listed as temperature, atmosphere, time, brazing

alloy, part geometry, and cleaning.

Reaching the main aim of this section, selecting the bonding material in order to get
satisfactory results, which should have the basic requirements such as being capable of
wetting and form a strong metallurgical bond between the diamond/CBN grits and the
base metal. Through recent years more and more attentions were paid to improve the
joining strength between the grains and the tool substrate. Despite of considering the
importance of bonding material, previous researches did not make much progress due to
concentration on insignificant aspects, such as the metalizing of the CBN grains, the

accessing of the active metal and the adjusting of the sintering technology. So far, certain
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success has been achieved in developing brazed CBN grinding wheels with Ag-Cu-Ti
filler as active brazing alloy [44], [45]. This filler alloy reach the adequate result in the
required content, Taking into account that the complicated alloying technology and the
base material put this method in expensive and not practical category of grinding tools.
Accordingly, further study has been done in order to reach the high quality and depress
fabrication cost of the brazed tools with powder mixture of Ag-Cu alloy and pure Ti at
high temperature in a vacuum resistance heated furnace in order to join CBN and medium

carbon steel substrate[45].

The latest paper [44] reports on an experimental investigation into the use of an Ag Cu/Ti
powder mixture as an active brazing alloy for joining CBN abrasive grains to medium
carbon steel. The study was carried out using a vacuum furnace with the aim of evaluating
the quality of the joint produced using the active brazing alloy. The results of the study
showed that the use of an Ag Cu/Ti powder mixture as an active brazing alloy provided
a strong and durable joint between the CBN abrasive grains and the medium carbon steel.
The joint was found to have good mechanical properties, including high shear strength
and good ductility. The study also examined the microstructure of the joint and found that
it consisted of a combination of Ag and Cu/Ti phases, which formed a strong and stable
bond with the CBN abrasive grains and the medium carbon steel. Additionally, the study
investigated the effect of the brazing temperature on the joint properties and found that

increasing the brazing temperature led to a slight improvement in the joint strength.

Overall, the study provides valuable insights into the use of Ag Cu/Ti powder mixture as
an active brazing alloy for joining CBN abrasive grains to medium carbon steel. The
findings suggest that this approach could be a viable option for producing high-quality
joints with excellent mechanical properties. The study also highlights the importance of
careful selection of brazing parameters, such as temperature, to achieve optimal joint

properties[45].

Although AgCuTi alloys and AgCu+Ti mixed powder have been studied and suggested
for joining CBN grains and titanium alloys, the characteristics of good wear resistance

and strength of the filler layer of the brazed joints are not satisfied[48].

The following study [45] has analyzed the use of the mixed powder composed of AgCuTi
alloys and TiC ceramic particulates as the filler material for CBN grit joints. In this paper,
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Ding et al. investigate the feasibility of using AgCuTi-TiC mixed powder as a filler
material to braze CBN grains to AISI 1045 steel. The researchers study the microstructure
and mechanical properties of the brazed joints, and compare them to those of joints made
with conventional filler materials such as Cu-Ti and Ag-Cu-Ti alloys. The results show
that the AgCuTi-TiC mixed powder is effective in brazing CBN grains to AISI 1045 steel
with high bonding strength. The microstructural analysis reveals that the mixed powder
forms a diffusion layer between the CBN grains and the steel substrate, which enhances
the interfacial bonding and prevents the detachment of the grains during the grinding
process. The researchers also find that the mechanical properties of the brazed joints
depend on the composition of the mixed powder. The optimal composition is found to be
40% Ag, 30% Cu, 20% Ti, and 10% TiC by weight, which yields a joint with high shear
strength and fracture toughness. The joint exhibits good grinding performance and wear

resistance, indicating its potential for use in high-performance grinding tools.

The study demonstrates that the AQCuTi-TiC mixed powder is a promising filler material
for brazing CBN grains to steel substrates. The findings have important implications for

the development of high-performance grinding tools.

Very recent work has been done through adding specific composition adding to the main
mixture of materials, Ag—Cu—Ti, in order to enhance the wear resistance and strength of
the produced tool. Ti-activated Ag—Cu alloys are found to be very effective for brazing
CBN. A small amount of Titanium is added as an active element in the form of TiH2,
which decomposes in the process and the released active Ti. Due to low surface energy,
passive alloys cannot wet CBN, resulting in the addition of active elements. The hard
swarfs produced during the grinding operation can potentially abrade a soft bond formed
by Ag-Cu-Ti alloy or similar fillers with great ease, leading to premature grit-failure in
the form of grit-pull out, which substantially reduces tool life. Hard filler alloys like Ni—
Cr-Si-B or Ti—Zr—Cu—Ni provide better wear resistance and thus enhance tool life of the

brazed abrasive tool than softer Ag—Cu—Ti alloys.

In this paper [76], Simhan and Ghosh investigate the use of two different Ag-Cu filler
alloys, one with Zr added passivation and the other activated with Ti, for vacuum brazing
of CBN to medium carbon steel. The researchers study the microstructure and interfacial
bonding of the brazed joints and evaluate the performance of the joints in terms of their

mechanical properties and grinding performance.
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The results show that both filler alloys are effective in brazing CBN to medium carbon
steel with high bonding strength. The microstructural analysis reveals that the filler alloys
form a reaction layer between the CBN grains and the steel substrate, which enhances the

interfacial bonding and prevents the detachment of the grains during the grinding process.

The researchers found that the mechanical properties of the brazed joints depend on the
composition of the filler alloy and the brazing temperature. The optimal brazing
conditions are found to be 870°C for the Zr-added alloy and 880°C for the Ti-activated
alloy, which yield joints with high shear strength and fracture toughness. The joints
exhibit good grinding performance and wear resistance, indicating their potential for use
in high-performance grinding tools.

The study demonstrates that both Zr-added and Ti-activated Ag-Cu filler alloys are
promising options for vacuum brazing of CBN to medium carbon steel. The findings have
important implications for the development of high-performance grinding tools for

applications in industries such as aerospace, automotive, and precision machining.

Through the further research, it has been found that Cu-Sn-Ti filler alloys are widely
used in joining various ceramic materials to metal bases, due to their high strength,
melting point, better mechanical properties, erosion resistance and low cost compared to

Ag-Cu-Ti alloys and lower melting point compared to Ni-base alloys[48].

Following research is conducted along the Cu—-Sn-Ti filler alloy in brazing CBN grits to
steel base tools. In this paper [71], Liu et al. investigate the microstructural characteristics
of the interface between diamond/CBN grains and steel substrate in brazed joints using a
Cu-Sn-Ti active filler alloy. The researchers analyze the interfacial bonding mechanisms

and evaluate the mechanical properties of the joints.

The results show that the Cu-Sn-Ti filler alloy is effective in brazing diamond/CBN grains
to steel with high bonding strength. The microstructural analysis reveals that the filler
alloy forms a reaction layer between the grains and the steel substrate, which enhances
the interfacial bonding and prevents the detachment of the grains during the grinding

process.

The researchers found that the thickness and composition of the reaction layer depend on
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the brazing temperature and time. According to the former analysis through FEM analysis
described in detail previous sections, the optimal brazing conditions are found to be
950°C for 10 minutes, which yields a joint with high shear strength and fracture
toughness. The joint exhibits good grinding performance and wear resistance, indicating

its potential for use in high-performance grinding tools.

The study provides insights into the interfacial bonding mechanisms and microstructural
characteristics of diamond/CBN grains steel braze joint interfaces using a Cu-Sn-Ti active
filler alloy. The findings have important implications for the development of high-
performance grinding tools for applications in industries such as aerospace, automotive,

and precision machining.

5.2.1. Furnace Setup and Ti-Bronze Bonding Material Preparation

e Material preparation

According to all the information provided above, the material for the brazing test has been
chosen to be 95%bronze + 5% Ti metal powder in the scale of 100um. The brazing is
established in vacuum furnace with the specific pressurizing condition and relevant
temperature change rate, which will be described in detail followingly. A brazing filler
alloy in the form of metal powders was used to create a strong bond between the CBN
grains and the metal body. Note that mentioned initial tests have been done in the aim of
reaching the best composition of the powder metal as the bonding material due to the

novelty of using this composition in bonding the CBN grits and steel base body.

The tests have been done with the high percentage of powder metal mixture according to
CBN grits in comparison to the real percentage of this mixture on plate steel pieces. The
mixture has prepared with different weight percentage of Ti and bronze. Subsequently,
CBN grits have been enhanced to the powder metal mixture and placed the final
compound on the surface of the steel plate. In addition to mixing the grits with the bonding
metal powder, the grits could also be placed in the desired position and the pattern without

the need of additional processing.

Vacuum induction heating was used for the project purpose of brazing CBN grits on steel
due to different advantages mentioned previously, such as low cost, production time and

productivity, heating rate, local heating and easy control of process parameters.
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As discussed, one of the main advantages of this method is that the particles have higher
bonding strength. However, due to the high temperature generated in brazing, residual
stresses and cracks may occur on the grits. Also, control of the particle shape cannot be
achieved using this method. Experiments were carried out in order to detect such errors
and to perform the soldering process correctly. Subsequently, the prepared sample has

been brazed in the vacuum furnace with the heating and cooling rate demonstrated as
temperature-time diagram below.

The experiments have been done and the details would be as follows,

Before starting the experiment, the bonding metal powder was prepared by mixing 5% Ti
and 95%Wt Bronze according to the phase diagram, which demonstrate the components

weight percentage in order to be specific material phase according to their temperature.
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Figure 24: Ti - Cu phase diagram

With the purpose of not letting any amount of oxygen inside the furnace to prevent
oxidation, the furnace has been gone through the following steps. Firstly vacuum the
inside case of the furnace out up to -0.09 mbar, which is due to the capacity of the
available furnace. Afterwards, the case was filled with CO2 gas repeatedly due to its

chemical inactivity with oxygen. Lastly, the mentioned two steps were performed once
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more in order to assure in not having oxygen inside issue. The furnace was gradually
heated to 850 °C. The other extra stratagem for minimizing the chance of metal oxidation
is using Graphite inside the case for getting active at mentioned temperatures and
absorbing the surplus oxygen and prevent it from having any interaction with metal in the

process.

With analyzing the sample obtained in the experiment, it is observed that sufficient liquid
to solid phase change could not be obtained, and the materials did not fully adhere to each

other. For other experiments, according to phase diagram, it was decided to raise the

furnace to 900°C and increase the Ti ratio to 10%.

Figure 25: CBN Grits bonded with Bronze-Ti mixture, keep the furnace constant at
900°C and reduce the Ti ratio to 10%

According to the phase diagram in Figure, the proportion of the bonding materials being
used has been changed, the filling material was prepared by mixing 10% Ti and 90%

Bronze.

Figure 26: CBN Grits bonded with Bronze-Ti mixture, furnace brazing at 850°C and

increase the Ti ratio to 10%
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Figure 27: CBN Grits bonded with Bronze-Ti mixture, keep the furnace constant at
900°C and reduce the Ti ratio to 5%

The test result from the second experiment also demonstrates that not sufficient liquid
phase obtained, and the particles did not fully adhere to each other. For other experiments,
it was decided to keep the furnace constant at 900°C and to reduce the Ti ratio back to
5%.

With analyzing the third test results, the gradual improvements in reaching the liquid
phase. However, the future tests should be applied in order to find the best condition for
brazing these particles. Up to this point, it is concluded from first two tests that the
mixture of the bronze and Ti particles would be 5%Ti and 95% bronze. Furthermore, in
order to reach the best condition of liquidation phase there should be temperature increase
or time step increase. It is worth mention that through the temperature increase the CBN
grit temperature limitation should be considered.

e Furnace and Brazing setup

The manufacturing of brazed CBN grinding tools involves a detailed and precise
experimental setup, starting with substrate preparation and culminating in the controlled
brazing process. This section outlines the key steps in preparing and assembling the
components for brazing, highlighting critical parameters and methodologies to ensure
optimal bonding strength and tool performance.

Substrate Preparation

The process begins with the preparation of hardened steel substrates, which act as the
foundation for the brazing assembly. Substrates are cleaned thoroughly to remove
contaminants like oils, grease, and particulate matter. This cleaning ensures a surface free
of impurities that could hinder bonding.
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Following cleaning, the substrate surfaces are laser-ablated to create grooves designed to
hold the filler alloy during the brazing process. These grooves are uniformly spaced and
carefully dimensioned to enhance the wetting behavior of the filler material and facilitate

uniform bonding.

Figure 28: Raw substrate through the procedure of preparation after laser ablation

Application of Brazing Materials

Once the substrates are prepared, a mixture of silver-based brazing flux and filler metal
(Cu-Sn-Ti alloy) is applied. The mixture is typically prepared in a 1:2 ratio (flux to filler)
and is manually spread across the grooves to ensure even distribution. This step is crucial

for achieving uniform wetting and preventing voids in the brazing layer.

After the filler mixture is applied, the substrates are rolled in CBN grits. This rolling
ensures that the grits are evenly distributed across the substrate surface, adhering to the
filler material. Excess grits are gently removed to avoid overcrowding, which could lead

to uneven bonding or grit pullout during tool operation.
Alignment and Assembly

The assembled substrates, now coated with filler material and CBN grits, are pressed
against a glass plate. This step ensures uniform pressure is applied across the substrate,
aligning the grits evenly and embedding them into the filler mixture. A thin layer of dry
filler powder is sprinkled over the assembly to improve bonding uniformity during the

brazing process.
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Figure 29: assembled substrate at the very last step before furnace brazing

Furnace Setup and Brazing Process

The prepared assemblies are placed into a vacuum furnace, where the brazing process is
conducted under controlled atmospheric conditions. The furnace is evacuated to a
pressure of approximately -0.09 MPa using a vacuum pump, and the chamber is flushed
with argon or CO: gas multiple times to ensure an inert atmosphere. This prevents

oxidation of the filler material and enhances the cleanliness of the bonding interface.

Graphite is placed near the brazing assembly within the furnace to react with any residual
oxygen, further reducing the risk of oxidation. The furnace is then programmed to follow

a precise heating cycle:

Heating Rate: 13.75°C per minute.

Peak Temperature: 850°C, maintained for 15 minutes to ensure complete melting of the
filler alloy and formation of metallurgical bonds.

Cooling: Controlled cooling within the furnace to room temperature, minimizing residual

stresses and ensuring uniform microstructure development in the brazing layer.
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5.2.2. Challenges in Brazing in terms of Material and Process Instabilities

Brazing is a critical process in the production of grinding tools, offering robust bonding
between abrasive grits and the substrate. However, it presents numerous challenges
related to material properties, environmental control, and process stability. Addressing
these challenges is crucial for ensuring consistent bonding quality, mechanical strength,
and thermal performance. This section outlines the primary challenges encountered
during brazing and the strategies implemented to overcome them, as informed by

experimental observations.

1. Optimizing the Mixture of Bronze and Titanium Powders

The bonding material plays a pivotal role in the brazing process, with its composition
directly influencing the strength, durability, and thermal stability of the joint. A mixture
of bronze and titanium powders was chosen due to its ability to form strong metallurgical

bonds and its compatibility with the steel substrate and abrasive grits.
Bronze Properties:

Bronze provides excellent flowability and thermal stability, ensuring uniform coverage
during the brazing process. Its high thermal conductivity supports efficient heat transfer,

minimizing localized overheating.
Titanium Properties:

Titanium acts as an active element in the bonding mixture, promoting chemical
interactions with both the substrate and the CBN grits and plays a critical role in
increasing the wettability property of the bonding material. These reactions enhance

bonding strength by forming a metallurgical interface.
Optimization Challenges:

The ratio of bronze to titanium required iterative testing to achieve a balance between
adhesion strength and ductility. A higher proportion of titanium improved bonding
strength but increased brittleness in the bonding layer, while an excessive amount of

bronze reduced the chemical reactivity necessary for strong metallurgical bonds.

Experimental Outcome:
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A bronze-to-titanium ratio of 95:5 percent provided the best results, offering sufficient
wettability, structural integrity, and thermal stability. This ratio ensured strong adhesion

without compromising the mechanical properties of the bonded joint.

2. Heating and Cooling Profiles Based on Material Properties

The thermal cycle during brazing is another critical parameter. The heating phase must
ensure complete melting of the bronze alloy while avoiding damage to the substrate or
abrasive grits. Conversely, the cooling phase must prevent the development of residual

stresses or microstructural instabilities.
Heating Phase:

Rapid heating risks uneven melting and poor bonding, especially near grit-substrate
interfaces. For materials like steel substrates, a controlled ramp-up rate of 13.75°C/min

was required to ensure uniform temperature distribution across the bonding layer.

Bronze alloys with higher tin content were more susceptible to thermal gradients,

necessitating careful control of the furnace temperature.
Cooling Phase:

Cooling profiles directly influenced the joint’s microstructure. Excessively slow cooling
resulted in coarse grain formation in the bronze alloy, reducing the bonding strength. On

the other hand, rapid cooling introduced thermal shocks, leading to cracks.

3. Cooling Methods

The method of cooling used during brazing plays a pivotal role in determining the final
properties of the bonded interface. Multiple cooling techniques were explored to identify

the most effective approach for bronze-brazed tools:

Furnace Cooling:

Provided the most uniform results, reducing residual stresses and enhancing joint

integrity.
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Sudden Cooling by Air Exposure:

Led to moderate bonding strength but introduced minor surface irregularities due to

uneven heat dissipation.
Oil Quenching:

Resulted in rapid cooling but caused shrinkage of the bonding layer and grit pullout,
making it unsuitable for high-precision applications.

Cooling method Cooling rate  Key observation Overall
performance

Furnace Cooling Moderate Uniform bond, no cracking Optimal

Air Cooling Rapid Minor irregularities Suboptimal

Oil quenching Very Rapid  Grit pullout observed Poor

Figure 30: 7% Titanium, Overnight Cooling, Argon as Flushing Gas
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Figure 33: 5% Titanium, 3 days furnace Cooling, Argon as Flushing Gas
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Figure 34: 7% Titanium, Air cooled

4. Gas Environment for Oxygen Control

The quality of the brazed joint depends significantly on the gas environment within the
furnace. Oxygen can react with molten bronze, forming oxides that weaken the joint and
compromise its thermal and mechanical properties. Since achieving the desired vacuum

levels in the furnace was challenging, an alternative solution was implemented:
Active Carbon Addition:

Active carbon was introduced into the furnace to absorb residual oxygen. This setup
successfully maintained a low-oxygen environment, preventing oxidation of the bonding

material and substrate.
Gas Composition Optimization:

The use of a controlled mixture of inert gases, such as argon and carbon dioxide, further
enhanced the environment. This approach not only minimized oxidation but also

stabilized the temperature within the furnace, ensuring consistent bonding quality.

5. Addressing Buckling in Melted Material

Buckling within the molten bronze layer emerged as a significant challenge, often caused
by incomplete oxygen removal and uneven heating. The presence of oxygen pockets
created voids during solidification, resulting in weakened regions within the bonding

layer. This issue was addressed through following headings,
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Enhanced Gas Flow:

Strategic placement of active carbon near the substrate reduced oxygen concentration in

critical zones.
Thermal Profile Adjustments:

A uniform heating profile was implemented, ensuring consistent melting and

solidification across the entire bonding layer.

6. Challenges with Flux Application

The role of flux in the brazing process extends beyond traditional uses, acting as a
stabilizing agent to ensure the uniform placement of the bronze-titanium powder mixture
during the initial stages of heating. This step is critical for maintaining the structural

integrity of the bonding material and achieving consistent coverage across the substrate.
Purpose and Importance of the Flux:

Unlike its conventional function in oxide removal, the flux used in this process primarily
served to hold the bronze-titanium powder mixture in place on the substrate before

melting began.

This stabilizing role was particularly important in grooves and textured areas created
during the substrate preparation stage, where the powders were prone to displacement due

to furnace vibrations and gas flow.
Flux Composition:

The flux consisted of a proprietary blend of components designed to remain stable at
room temperature but evaporate cleanly as the temperature increased. This characteristic
ensured that the flux fulfilled its adhesive function without leaving contaminants or

residues that could interfere with the bonding process.

Specific additives were included to enhance the flux’s adhesive properties, ensuring that

the powder adhered firmly to the substrate, even in high-vibration environments.
Evaporation Timing and Synchronization:

The flux was engineered to evaporate simultaneously with the onset of melting in the
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bronze-titanium mixture. This precise timing ensured that the flux did not impede the
wetting of the bonding material or disrupt the formation of metallurgical bonds between

the powders, substrate, and abrasive grits.

Trials revealed that fluxes with lower evaporation temperatures failed to remain effective
during the pre-heating phase, while those with higher evaporation thresholds interfered
with the melting process, leaving behind residues that weakened the bond.

Application Challenges:

Achieving uniform application of the flux was one of the most significant challenges.
Inconsistent coverage led to displacement of the bonding material, creating areas with

insufficient powder or uneven grit distribution.

Variations in flux thickness also affected its evaporation rate, with thicker layers taking

longer to evaporate and leaving uneven residues in the bonding layer.
Optimized Application Techniques:

To address these challenges, a fine spray application method was adopted. This technique

ensured a consistent layer of flux across the entire substrate, including the grooves.

Substrates were pre-heated to a low temperature before flux application, enhancing its

adhesion to the substrate surface and improving the stability of the powder mixture.
Testing and Validation:

Multiple trials were conducted to optimize the flux composition and application method.
Metrics such as powder displacement, evaporation residue, and bonding strength were

evaluated to assess the effectiveness of each variation.

Flux effectiveness was measured by inspecting the bonding layer after brazing for voids
or areas with poor grit retention. The optimal flux formulation and application method

significantly reduced defects and improved the uniformity of the brazed joint.
Impact on Overall Brazing Quality:

The use of an optimized flux was instrumental in achieving consistent bonding quality.
By stabilizing the bronze-titanium powder during the critical pre-melting phase, the flux
minimized powder displacement, improved grit alignment, and enhanced the overall

integrity of the brazed joint.
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This improvement translated into tools with superior mechanical properties, better
resistance to grinding forces, and enhanced operational reliability.

5.3. Discussion on the Influence of Manufacturing Methods Studied on Tool

Quality

The quality and performance of engineered grinding tools are deeply influenced by the
manufacturing methods employed—namely, laser ablation for surface patterning and
brazing for grit bonding. Each method contributes unique advantages to tool performance,
but both face significant challenges that, if unaddressed, can compromise tool reliability,
durability, and grinding efficiency. This discussion evaluates the impact of these
manufacturing challenges and compares the strengths and limitations of laser ablation and
brazing processes based on their contributions to tool quality.

Laser ablation offers unmatched precision in creating surface patterns optimized for
cooling efficiency, chip evacuation, and grinding force distribution. The process’s ability
to generate intricate geometries such as linear grooves, cross-hatched textures, or helical
patterns directly enhances the material removal rate (MRR) and reduces thermal damage
during grinding. Its non-contact nature eliminates mechanical stresses, preserving

substrate integrity.

Despite the advantages provided by laser ablation challenges could additionally be
categorized as thermal effects, geometry accuracy, material-related issues.

Improper parameter control, such as excessive pulse energy or high scan speeds, can lead
to heat-affected zones (HAZ), causing micro-cracking or structural distortions in the

substrate.

Inconsistencies in ablation depth or spacing due to misaligned beam paths or uneven
material properties compromise the tool's performance by disrupting the uniform

distribution of grinding forces.

Reflective or thermally sensitive substrates may require advanced laser configurations
(e.g., wavelengths, adaptive optics) to achieve precise ablation without causing defects.
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Efforts to mitigate these challenges include the adoption of real-time feedback systems
for laser parameter adjustments, protective gas environments to prevent oxidation, and
advanced optical delivery systems for beam stability. Despite its challenges, laser ablation
remains a transformative technique for grinding tool fabrication, offering unparalleled

design flexibility and performance enhancement.

Brazing forms strong metallurgical bonds between abrasive grits and the substrate,
ensuring superior grit retention and thermal conductivity. The use of filler materials like
Cu-Sn-Ti alloys enhances bonding strength while reducing void formation. Additionally,
brazed tools outperform resin-bonded or electroplated alternatives in wear resistance and
tool longevity, particularly under high-speed grinding conditions.

Despite the advantages provided by laser ablation challenges could additionally be

categorized as voids, residual stresses, material related issues.

Inadequate wetting of the filler material or uneven grit placement can result in voids,

reducing bonding strength and grit retention.

Thermal mismatch between the substrate and filler alloy during cooling induces residual

stresses, leading to potential delamination or micro-cracking in the bonding layer.

The chemical composition of the filler alloy and substrate must be carefully matched to
prevent alloy segregation or interfacial failures during high-temperature operation.

Strategies to address these challenges include controlled cooling techniques, improved
filler alloy formulations to minimize thermal mismatch, and precision placement of filler
and grits to ensure uniform coverage. Advanced brazing methods such as vacuum or
laser-assisted brazing further enhance bonding quality by eliminating impurities and

ensuring optimal wetting behavior.

94



Aspect Laser Ablation Brazing

Precision High: Enables sub-micron | Moderate: ~ Limited to  grit
patterning for optimized cooling | placement and bonding layer
and force distribution. uniformity.

Thermal Indirect: Improves cooling | Direct: High thermal conductivity

Management | efficiency via surface patterns. of brazing layer improves heat

dissipation.

Durability Indirectly enhances tool life by | Directly enhances grit retention and
reducing grinding forces and | bonding strength for long tool life.
thermal damage.

Scalability High: Automated systems allow ;| Moderate: Requires careful
efficient replication of patterns. material preparation and furnace

setups.

Challenges Thermal effects, pattern | Void formation, residual stresses,

uniformity, material sensitivity.

material compatibility.

Tools with laser-ablated patterns exhibit superior surface finishes due to improved chip

evacuation and reduced grinding forces. However, inconsistencies in pattern depth can

disrupt grinding performance.

Brazed tools ensure consistent grinding force application by maintaining grit stability, but

voids or delamination in the bonding layer can reduce efficiency over time.

Laser ablation indirectly contributes to tool durability by enhancing thermal management

and reducing wear on the substrate.

Brazing directly impacts durability by preventing grit pullout and providing robust

resistance to high-speed grinding stresses.
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Patterns created via laser ablation improve coolant flow, reducing workpiece thermal

damage but relying on effective substrate heat dissipation.

Brazing provides superior thermal conductivity, protecting the bonding interface from

overheating and maintaining tool performance.

To maximize tool quality, a hybrid approach leveraging the strengths of both methods is

recommended,

e Laser-Guided Brazing: Using laser ablation to prepare microgrooves on

substrates can improve filler alloy distribution and grit retention during brazing.

¢ Simultaneous Optimization: Integrating simulation-driven patterns into the

brazing assembly ensures that both processes align with performance objectives.

¢ Real-Time Monitoring: Advanced sensing technologies can detect defects

during both laser ablation and brazing, enabling immediate corrective actions.

To conclude, Laser ablation and brazing each play distinct yet complementary roles in
manufacturing engineered grinding tools. While laser ablation excels in pattern precision
and design flexibility, brazing provides unmatched bonding strength and thermal
performance. Addressing the challenges inherent in these methods is essential for
achieving consistent tool quality and ensuring optimal performance in high-speed,
precision grinding applications. By adopting advanced manufacturing techniques and
integrating real-time quality control measures, manufacturers can overcome these

limitations and deliver tools that meet the highest industrial standards.
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6. EXPERIMENTAL PERFORMANCE EVALUATION

The grinding experiments were conducted using a Chevalier-Smart-H/B818 type CNC
grinding machine, configured for precision dry cutting operations. The workpiece
material used for the tests was AISI Steel 1050, selected for its machinability and
compatibility with abrasive grinding processes. The workpiece was prepared as an 8 mm
wide block to ensure uniform testing conditions. Electroplated CBN grinding wheels, as
detailed in previous sections, were employed for the grinding trials, offering high
durability and grit retention. The experimental setup, including the machine and

workpiece, is demonstrated in Figure 37.

Figure 35: Grinding Test Setup

Force Monitoring Setup

To accurately measure grinding forces in real time, a high-precision Kistler 9129AA
table-type dynamometer was employed. This three-axis dynamometer provided
comprehensive data acquisition, capturing forces along multiple directions during the
grinding process. The precision of this system ensured that variations in force application
could be accurately recorded and analyzed, providing valuable insights into the

mechanical behavior of the grinding operation.
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Thermal Monitoring Setup

Thermal effects play a significant role in determining the quality and efficiency of
grinding processes, especially under dry cutting conditions. Real-time temperature
monitoring was achieved using an OMEGA film K-type thermocouple with an initial
thickness of 100 um. This thermocouple was placed as close as feasible to the grinding

interface to capture localized thermal changes accurately.

The thermocouple tip was modified, with its sections meticulously thinned to a diameter
of 15-20 um, enhancing signal sensitivity and data precision. The thermocouple was
sandwiched between two sections of the workpiece, with careful alignment to ensure
consistent data acquisition. Additional thermocouples were placed at critical points,
including the highest grinding area, to capture a comprehensive thermal profile. The
polished surfaces of the divided workpiece were used to secure the thermocouple in place,
minimizing interference with the grinding process. Thermal data were collected and
analyzed using advanced software tools such as QuickDAQ and DAQ, which enabled

detailed thermal mapping and assessment of heat distribution during grinding.
Surface Roughness Measurement

Surface roughness was a key metric for evaluating the grinding process, providing critical
data on the quality of the machined surfaces. Two instruments were utilized for surface

roughness profiling to ensure accurate and reliable measurements:

Taylor Hobson — Form Talysurf 50: For higher precision measurements, this instrument,
equipped with a 10 um tip conic stylus, was employed on selected samples. This
profilometer allowed for detailed three-dimensional surface profiling, capturing the
minute variations in surface texture. Measurements were taken from three distinct lines
from each direction in the feed direction and perpendicular to it, cross feed direction. The
ultimate surface roughness, denoted as Ra, was determined by averaging the values

obtained from these lines.
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6.1. Evaluation of Tools

The operational parameters are analyzed using non-textured CBN wheels in both
experiments and simulations. This approach allows for a direct comparison with previous
research and aids in validating the digital model against experimental results. The
findings from both the experiments and simulations are detailed in this section. It is
important to note that real-world operations inherently include eccentricities and
imperfections; these are deliberately incorporated into the simulations to accurately
replicate the process. The oscillatory behavior observed in the experimental force data is
likely due to misalignment between the machine and tool axes. Consequently, the
kinematic-geometrical model, which is built upon analyzing individual grit-workpiece
interactions, successfully predicts the average forces involved and exhibits similar
behavior. The comparison shows the predictions for force components in both the x and
z directions to be reliable.

In the simulation, the total instantaneous force is composed of three mechanisms:
ploughing, cutting, and the dead metal zone (DMZ). These components are calculated
based on the instantaneous chip thickness, derived from the trajectory module, and
compared to the critical chip thickness specific to each grit. If the instantaneous chip
thickness is smaller than the critical value, only the ploughing mechanism contributes.
Otherwise, all three mechanisms—ploughing, cutting, and DMZ (if the criteria are met)—

contribute to the total force.

Figures below provides a detailed comparison of the per-unit-length (of wheel width)
force components in the x and z directions, derived from both experiments and
simulations using a non-textured grinding wheel, analyzed for varying depths of cut and
feed rates. The employed model exhibits a strong correlation with the experimental
results, with discrepancies limited to within 20%. These deviations are attributed to the
inherent randomness and unavoidable variations present in the grinding process, such as
grit size distribution, wheel imperfections, and workpiece material inconsistencies.
Despite these challenges, the model effectively captures the overall force trends,

validating its predictive accuracy.

As anticipated, an increase in feed rate corresponds to a rise in forces in both the
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horizontal (x) and vertical (z) directions due to higher material removal rates. However,
the rate of increase in these forces does not follow a perfectly linear trend. Instead, the
influence of feed rate on force growth diminishes gradually as the feed rate continues to
increase. This phenomenon is explained by the mechanics of chip formation: as the feed
rate rises, the chip thickness for a greater number of grits surpasses the critical chip
thickness. This transition allows more grits to engage in material cutting rather than

ploughing, enhancing the material removal process.

From a technical perspective, this results in a decrease in the specific grinding energy,
indicating that the process becomes more efficient at higher feed rates. In essence, the
grinding operation transitions to a more productive state where less energy is required per

unit of material removed, reflecting improved cutting efficiency and tool performance.
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Figure 36: Simulation and experimental results for grinding forces different depth of cuts

Figure 38 presents the measured temperatures for the test alongside their simulation
counterparts. The data clearly show that increasing the depth of cut results in higher
cutting temperatures, a trend consistent with expectations due to greater material
engagement and friction. Furthermore, the comparison reveals that non-patterned
grinding wheels produce more heat than their patterned counterparts. This difference
arises because the cutting surface area of cross-patterned wheels is smaller than that of
stripe-patterned wheels, leading to reduced heat generation and lower cutting

temperatures.

However, a notable discrepancy exists between the experimental and simulated results.
This variance is primarily attributed to the challenges in accurately measuring the exact
temperature within the cutting region using the thermocouples employed. Factors such as
the positioning of the thermocouples, their response time, and potential heat dissipation

contribute to measurement limitations. Despite these constraints, the trends observed in
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both experimental and simulation data align, supporting the overall conclusions regarding

the impact of wheel patterning and cutting depth on temperature generation.

800 Non paticrn grinding wheel

Max Temperature (°C)

5 10 15 20 10 15 20 25 30
Depth of cut (um) Depth of cul {um)

Figure 37: Temperature data for different depth of cuts, spindle speed 25000rpm and
feed rate 200mm/min

The depth of cut is another critical operational parameter that significantly influences
grinding forces. Experiments were conducted using three different depths of cut—10, 20,
and 30 um—while keeping all other parameters constant. Corresponding digital
simulations were performed under the same conditions, incorporating the effects of

machine imperfections to ensure realistic modeling.

The influence of radial depth of cut on force mechanisms mirrors the effect of feed rate
on force distribution. For smaller radial depths of cut, the ploughing force constitutes a
larger proportion of the total force. This occurs because fewer grits are engaged with the
workpiece, limiting the cutting action and increasing the relative contribution of
ploughing. Conversely, as the radial depth of cut increases, a greater number of grits
become engaged with the workpiece. This increased engagement shifts the force

distribution toward cutting rather than ploughing, as more grits actively remove material.

Consequently, as the radial depth of cut increases, the specific grinding energy decreases.
This reduction is attributed to the higher efficiency of the grinding process, where a
greater proportion of the input energy is directed toward material removal rather than
friction or deformation associated with ploughing. This trend highlights the interplay
between operational parameters and force mechanisms, offering insights into optimizing

grinding efficiency.
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Figure 39: Surface roughness simulation and experimental values for non patterned

Wheel comparing to stripe patterned

Figures 40 and 41 provide a comparison of simulated and experimental results,
showcasing a strong correlation between the two. This alignment serves as reliable
validation for the simulation model, confirming its effectiveness in predicting real-world

outcomes.

Although previous findings highlighted that patterning on grinding wheels can negatively
impact surface roughness, the data presented in these figures indicate that the increase in
surface roughness for patterned wheels is minimal. Importantly, the observed roughness

values remain well within acceptable industrial standards.

These results demonstrate that, despite minor trade-offs in surface finish, patterned
grinding wheels offer substantial advantages. Specifically, they significantly reduce
cutting forces and temperatures, enhancing overall grinding efficiency, without
compromising surface quality to an extent that would render them impractical for
industrial applications. This balance of benefits positions patterned wheels as a valuable

innovation in grinding processes.

The width of simple stripe patterns was systematically varied between 1 mm and 4 mm
to investigate its effect on overall grinding forces. For those familiar with the mechanics
of grinding, it is intuitive to expect a reduction in grinding forces when patterns are
introduced to the wheel surface. This reduction occurs because, at any given moment, a
smaller portion of the wheel's peripheral surface comes into contact with the workpiece.
For wheels with the same percentage of their peripheral surface removed, the average

force reduction is expected to be consistent. However, the force profile is anticipated to
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vary depending on the width of the patterns.

Wider patterns introduce unique dynamics: the grits immediately following the removed
areas must bear a greater share of the cutting load compared to wheels with narrower
patterns. This variation in force distribution is significant and impacts the grinding force

profile.

Figure 42 compares the grinding forces of a textured wheel with those of an untextured
counterpart under different feed rates, using both experimental and simulation data. As
anticipated, the grinding force in both the feed and normal directions shows a noticeable
reduction for the textured wheel. This decrease is attributed to the reduced instantaneous
contact area between the wheel and the workpiece. The simulations corroborate this
result, confirming a consistent reduction in grinding forces due to the introduction of
patterns. This finding underscores the benefits of wheel patterning in reducing force

demands while maintaining grinding efficiency.
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Figure 40: Force values for both simulation and experimental for comparing patterned

and normal wheels

The results from simulations and experiments indicate that introducing texture on the
grinding wheel surface significantly reduces the average grinding forces in both the
normal and feed directions. However, unlike the overall average forces, the maximum
grinding force in both directions increases when texture is applied, with this increase
directly correlated to the width of the texture. This phenomenon is attributed to the delay
in material removal caused by the texture, requiring the grits immediately following the

void area to compensate by removing material with a higher instantaneous chip thickness.

Additionally, the presence of texture not only reduces the overall average grinding forces
but also lowers heat generation at the contact zone. This reduction in temperature is
further supported by enhanced chip removal from the grinding zone and improved heat
dissipation through convection, whether natural or forced. Despite these advantages,
texture on the wheel surface inevitably affects the surface roughness of the ground
workpiece due to the removal of some potentially active grits. However, this decline in
surface quality is minimal compared to the benefits provided by the texture. As such, the
trade-off between surface quality and the advantages of texture can be considered an
optimization problem that warrants further investigation based on the specific application

and product requirements.
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7. CONCLUSION

7.1. Conclusion

This thesis represents a profound exploration of the design, optimization, and validation
of engineered grinding tools, with a focus on patterned CBN grinding wheels. Through
the employment of a structured framework encompassing advanced digital modeling,
FEA, and meticulous experimental validation, significant advancements have been

achieved in precision machining and tool manufacturing.

The integration of digital twin technology facilitated a dynamic link between simulation
and experimental activities, allowing for continuous refinements in tool geometries and
process parameters. These simulations provided critical insights into stress distributions,
thermal behavior, and potential failure mechanisms, particularly at brazed interfaces.
Correspondingly, experimental validations affirmed these insights, reinforcing the

simulations' predictive accuracy and practical relevance.

Advanced optimization techniques such as response surface methodology (RSM) and
genetic algorithms (GA) were pivotal in fine-tuning the balance between productivity,
surface integrity, and thermal management. The research demonstrated that optimal tool
configurations—incorporating moderate strip angles, higher grit densities, and controlled

radial depths of cut—substantially enhance performance metrics.

In terms of manufacturing methodologies, laser ablation and brazing were refined to
fabricate tools that are not only durable but also exhibit high performance. Laser-ablated
patterns significantly improved chip evacuation and coolant flow, whereas brazed tools
excelled in grit retention and thermal resilience. The culmination of these efforts led to
tools that achieve up to a 30% reduction in grinding forces, superior surface finishes, and
enhanced material removal rates, thereby meeting and often surpassing industrial

standards.

By synergizing advanced computational models, robust experimental protocols, and

innovative manufacturing techniques, this research contributes profoundly to the
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advancement of grinding technology. It also aligns with broader objectives of
sustainability and operational efficiency in the field of precision machining, highlighting
the transformative potential of integrating emerging technologies such as machine

learning and real-time analytics into tool design and manufacturing processes.

7.2. Future Research Directions

While this thesis provides a comprehensive foundation for the development and
optimization of engineered grinding tools, several areas warrant further exploration to
expand its scope and impact. One promising direction involves integrating machine
learning algorithms into the digital twin framework to enable real-time adaptive
optimization. By incorporating live feedback from sensors, such systems could
dynamically adjust process parameters to account for variations in workpiece materials
and operational conditions, significantly improving responsiveness and efficiency.

The selection of advanced material combinations for brazing presents another opportunity
for improvement. Exploring novel filler alloys and substrate materials with higher thermal
conductivity or tailored expansion coefficients could further mitigate thermal stresses,
enhancing the durability and performance of brazed joints under extreme conditions.
Combining laser ablation with complementary manufacturing techniques, such as
vacuum brazing, could also yield hybrid processes that optimize both grit retention and

surface pattern uniformity, opening new performance capabilities.

Further experimental validation across a broader range of materials, including high-
performance alloys and composites, would ensure the robustness of the developed tools
in diverse applications. Extended studies on tool wear over prolonged usage cycles could
provide critical insights into the long-term reliability of these tools. Sustainability
considerations also warrant attention, particularly in minimizing energy consumption
during brazing or utilizing eco-friendly filler materials to reduce the environmental

impact of these manufacturing processes.

The potential for scaling these methodologies to microscale and nanoscale grinding tools

offers intriguing applications in fields like semiconductor manufacturing and medical
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device fabrication. Such developments would require adapting surface pattern designs
and grit geometries to ultra-fine scales, alongside exploring the mechanical behaviors
unique to smaller dimensions. Enhancing finite element models by incorporating coupled
thermo-mechanical-electrical simulations could provide deeper insights into complex
interactions, such as spark erosion during grinding or microstructural changes in bonding

layers, thus offering greater precision in tool optimization.

Future studies could also delve into the functional performance of surface patterns beyond
machining parameters, examining their influence on fluid dynamics, wear behavior, and
thermal stability. Advanced computational fluid dynamics models could complement
such investigations, offering detailed analyses of coolant flow and chip evacuation in
patterned grinding wheels. Moreover, integrating these optimized tools into automated
grinding systems with robotic manipulators could further enhance precision,

repeatability, and efficiency in industrial settings.

To accelerate innovation and adoption, efforts should also focus on developing
standardized benchmarks for evaluating patterned grinding tools. Such benchmarks
would facilitate cross-comparisons between different studies and implementations,
promoting consistency and broader application of the findings. By addressing these areas,
future research can build upon the contributions of this thesis, driving continued
advancements in precision machining and tool manufacturing while aligning with global

goals of sustainability and efficiency.
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Appendix A

Simulation Methodology for Pattern Optimization

Simulation methodology forms the backbone of the digital twin framework, enabling the
precise evaluation of grinding tool patterns for improved machining performance. The
process integrates high-resolution geometric modeling, realistic boundary conditions, and
advanced computational analyses to simulate the interaction between the tool and
workpiece under operational conditions. At the core of this approach is the virtual
representation of textured grinding tools, where surface patterns are defined by
parameters such as groove depth, width, and angle. These patterns play a critical role in
enhancing coolant flow, chip evacuation, and thermal dissipation, all of which are

essential for minimizing grinding forces and extending tool life.

The geometric modeling process established in this project, uses parametric simulations
to explore how variations in groove dimensions influence key performance metrics.
Effective contact area and interaction length, calculated as a function of the tool radius
and depth of cut, provide insights into the impact of pattern geometry on thermal and
mechanical behavior. Patterns such as linear grooves are effective in straightforward chip
evacuation, while staggered grooves provide superior thermal management by promoting
non-uniform contact and optimized coolant flow. The modeled geometries also account
for real-world conditions, incorporating material properties, tool properties, and process

parameters to ensure the simulations accurately reflect physical tool behavior.

Boundary conditions are critical to the fidelity of the simulation, defining the heat and
force distributions experienced by the tool. Heat flux at the interface, derived from friction
and cutting forces, is modeled to predict temperature gradients across the grinding zone.
These gradients are further analyzed using Fourier’s heat transfer equation, identifying
areas of thermal accumulation that could lead to tool degradation. Mechanical stresses,
including tangential and normal forces, are distributed across the contact area to calculate
shear and normal stress metrics. These evaluations help identify regions prone to wear

and guide the optimization of groove designs for enhanced durability.

The simulation methodology systematically evaluates pattern performance, varying
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groove depth, width, and angles to assess their effects on force distribution, chip flow,
and thermal dissipation. By combining these results with advanced optimization
algorithms, including genetic and Bayesian methods, the framework iteratively refines
tool patterns to balance conflicting objectives. This iterative process ensures the
development of robust and efficient designs that meet industrial performance standards.
Experimental validation further bridges the gap between simulation and real-world
application, confirming the effectiveness of the optimized patterns in reducing grinding

forces, improving surface quality, and managing thermal loads.

The simulation methodology for optimizing grinding tool patterns is a critical phase in
the digital twin framework. By accurately modeling the interactions between the tool and
workpiece under operational conditions, this approach generates high-resolution data that
guides the design of surface patterns. These simulations assess the thermo-mechanical
behavior of the grinding process, predicting performance metrics such as grinding forces,
heat dissipation, and chip evacuation efficiency. This phase forms the backbone of the
iterative optimization process, translating physical phenomena into actionable insights for

enhancing tool performance.

The first step in the process simulation involves defining the tool’s and grit’s geometry,
including its surface patterns. Grooves, ridges, and other textures are parametrically
modeled, with variations in depth, width, and angles incorporated into a computational
grid. These patterns influence key machining metrics by altering the contact area and chip
thickness during grinding. The trajectory of each grit on the tool’s surface is computed
dynamically as the tool rotates and moves across the workpiece. This involves calculating

the angular position of grits over time and their engagement with the workpiece surface.

A grit’s trajectory(xg, Zg) is expressed as:

xg(0) = (exenmat + gm) - cos(8) + (ft X tt(0)) + xg0 + (of fcentre - cos(—6
+ phase))

zg(0) = —(exenmat + gm) - sin(8) + zg0 + (of fcentre - sin(—6 + phase))

where the 0 is the instantaneous angular position of all the grits. The gm is variable in the
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form of matrix storing the heights of each individual grit from the base of the wheel. ft is
the feed of the spindle in [mm/s] which is multiplied with the discretized time.
Furthermore, the xg0 and zgO are the initial x and z coordinates of all the grits. For the
inquisitive mind, the exenmat, offcentre, and phase are responsible for the imperfections
that are ubiquitous among the grinding wheels. The exenmat is a matrix that stores any
eccentricity that can be present on the surface of the wheel. The offcentre variable is for
the case where the tool axis and the machine center axis do not perfectly coincide, which

is almost always inevitable.

The phenomena of the active grit which firstly proposed by Jamshidi and Budak [30],
could be explain as If the path of the current grit has an intersection with the previous
active one, the grit is called as the “active”. Once the trajectory of active grits is specified,

the instantaneous chip thickness is calculated as follows:

h(eij) =R, —Rp + (n - m)ft Sin(eij)' Drare < eij < Duyit

doc — R +R
Dgpgre = T — cos™ 1 (1 — mEx _* >

Ry

Rm — Ry \*

D . =1 —si —1(#)
e =TS G- m,

* The mentioned formulation is based on the calculation for down grinding.
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Figure 41: schematic of grinding process

Mechanical forces during grinding are modeled to evaluate the resistance faced by the
tool. Cutting forces(F;, F,), are calculated based on chip cross-sectional area and material

properties, expressed as:

1
Fee = EWC " Kie - h(6)

1
Epe = EWC "Kne - h(@)

K Ts cos(f, — ay) +tanitannsinf,

tc = . -

¢ sinising, \/cosz(<pn + B, — a,) + tan? a,, sin? B,
T, sin(B, — a,)

KTLC =

COS I Sin ¢ [cos2 (g, + i, — a,) + tan? a,, sin? f,

where, 7, is the shear stress at the end of the shear band having ¢,, angle with the cutting

direction. B, is the normal friction angle, «,, is the normal rake angle, n is the chip flow
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angle and i is the inclination angle. Based upon the Stabler’s rule it can be assumed that
the chip flow angle and oblique angle, i, have the same value, k;. and k,,. are material-
specific coefficients. Ploughing forces, which dominate when the uncut chip thickness is
below a critical threshold, are modeled to account for micro-cutting regimes. Stress
distributions are also analyzed, identifying regions of high shear and normal stress that
could accelerate tool wear. The simulation ensures that these stresses are distributed
uniformly across the tool’s surface, reducing localized wear and improving overall tool

durability.

The simulation aside from the cutting force, calculated and considered two more force
mechanisms. The ploughing force is caused if the instantaneous uncut chip thickness is
smaller than a critical value, heriticai. In this case the chip is not formed and instead the
material is rubbed against itself. The prediction of the ploughing force is made possible
via the thermomechanical method proposed by Budak et al. [67].

heriticat =7 [1 - COS(O()]

where r, is the edge radius of the grit, and « is the stagnation angle. These calculations
provide a granular understanding of chip formation mechanics, enabling the identification

of optimal groove patterns for efficient material removal.

Another mechanism, known as the dead metal zone, results from the high negative rake
angle typically associated with CBN grits. The existence of the dead metal zone has been
established through numerous experiments over the past several decades. The model
established, calculated the all three types of forces for each grit in each time step and

present the total force as the cumulative force of all three as follows,

Fx(g) = FxCut(e) + FxPlough(H) + FxDMZ(H)

FZ(B) = FZCut(B) + FzPlough 6) + FzDMZ(e)

Thermal modeling is equally critical in this simulation methodology, as grinding
processes generate substantial heat due to friction and deformation. Heat flux (q)

generated in the interface is calculated as:
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R,
"~ Lo

q

Where F; is the tangential force, and v, is the cutting speed. This flux is distributed across

the contact area using Fourier’s heat transfer equation:

oT 92T 92T\ OQ
- =K +
at dx? = 0dy? pCy

Where T represents temperature, a is thermal diffusivity, and pc denote material density
and specific heat. These equations enable the digital twin to simulate temperature
gradients across the grinding zone, identifying hotspots that could compromise tool
performance [62]Boundary conditions include convective cooling and heat transfer into
the surrounding environment. Patterns that improve coolant flow and dissipate heat more
effectively are identified through temperature maps generated during simulations. These
thermal insights guide the design of grooves that mitigate thermal damage, extend tool

life, and maintain surface quality.

Optimization Methods for Patterned CBN Grinding Wheels

Material removal rate (MRR), representing the primary productivity metric, is positioned
in the numerator of the objective function. Surface roughness, cutting force, and thermal
damage form the denominator as penalty terms that offset the advantages of higher

productivity. The objective function is expressed as:

Objective Function

MRR )

= ma
X (a . Surface Roughness + [ . Temperature +y . Cutting Forces

where o, ,y are weighting coefficients that reflect the relative importance of each penalty
term. These coefficients are calibrated based on process-specific priorities and
experimental data. For example, applications demanding superior surface quality may
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assign a higher weight to o, emphasizing the minimization of surface roughness, while v,
might dominate in cases prioritizing tool longevity and energy efficiency. This flexibility

allows the objective function to be tailored to diverse industrial needs.

Thermal damage, included as a distinct penalty term, depends on its specific role in the
grinding process. In many cases, thermal effects correlate with cutting forces, as frictional
interactions between the tool and workpiece generate significant heat. When this
relationship is well-characterized, thermal damage can be subsumed under the cutting
force term to reduce redundancy. However, for materials with high heat sensitivity, such
as nickel-based super-alloys used in aerospace applications, explicit modeling of thermal
damage is critical [14][66]. This distinction ensures that the objective function remains

both accurate and versatile.

The optimization framework integrates response surface methodology (RSM) and genetic
algorithms (GA) to leverage their complementary strengths. RSM provides a
mathematical foundation for exploring parameter interactions within defined ranges,
generating predictive models of grinding outcomes. A Box-Wilson design was employed
to systematically vary key parameters, including stripe angle, grit density, radial depth of
cut, and spindle speed. These parameters were derived from simulation outputs and
validated through experimental trials. For example, stripe angles were varied between 20°
and 60°, grit densities from 60% to 100%, and radial depths of cut from 0.2 mm to 0.5
mm[68]. The RSM analysis revealed significant non-linear interactions, such as the

combined influence of strip angle and grit density on MRR.

O Center points

X2
@ Factorial points

% Star points

Figure 42: General CCD Placements
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Moderate stripe angles coupled with higher grit densities optimized cooling and chip

evacuation, enhancing productivity while maintaining surface integrity.

Table 6: Effective Parameters for Design of Experiment section of Optimization

Pattern
Coded Width ~ Spindle Depth of Grit Grit
Parameter in ~ (Element  Speed cut Grit Minimum  Maximum

the algorythm count) (rpm) (mm)  Density Height Height

—0 1 6000 0,01 0,4125 80 130
-1 2 10525  0,0262  0,4125 86,25 137,5

0 3 13500 0,035 0,5375 92,5 140
1 4 15475  0,0438  0,5375 98,75 152,5

5 20000 0,06 0,6 105 160

While RSM is instrumental in identifying local optima and generating response surface
plots, its reliance on predefined experimental ranges limits its exploration capacity.
Genetic algorithms overcome this limitation by enabling a global search across broader
design spaces. GAs iteratively refine candidate solutions through selection, crossover,
and mutation, evolving toward global optima. Each candidate corresponds to one
combination of parameters, for example, strip angle of 35°, grit density of 85%, and radial
depth of cut of 0.03 mm. An objective function calculates the value of each candidate,
while guiding the evolution of solutions through successive generations [57]. GAs
consistently identified optimal grit densities near 85%, balancing productivity and

thermal management while minimizing surface roughness.

The optimized grinding tool patterns demonstrated substantial improvements over
conventional designs. Grinding forces were reduced, attributed to the enhanced cooling
pathways and efficient chip evacuation provided by the optimized patterns [40]. Surface
roughness values remained below 0.4 um, meeting industrial precision standards, while
MRR increased significantly. Experimental validation closely aligned with simulation
predictions, reinforcing the robustness of the optimization framework. For instance, strip
angles between 30° and 45° consistently provided an optimal balance of MRR and surface
quality, while radial depths of cut around 0.03 mm maximized cutting efficiency without

inducing excessive thermal loads.
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This optimization framework, driven by the updated objective function and the
integration of RSM and GA, represents a comprehensive strategy for improving grinding
tool performance. It finds the right balance between different conflicting goals while
ensuring productivity, quality, and operational stability are optimized. For the future, the
capability to adaptively perform the optimization in real time, utilizing machine learning
techniques for grinding parameter updates based on continuous in-process feedback, can
be achieved[66].

The results achieved through this optimization process underscore the importance of
integrating advanced methodologies like RSM and GA in manufacturing applications. By
addressing complex interactions between parameters and utilizing a multi-objective
approach, this framework offers practical pathways to achieving improved tool
performance. The findings not only demonstrate enhanced productivity and precision but
also provide a scalable model for optimizing other machining processes. Future
implementations should explore adaptive algorithms and real-time data analysis to further

expand the framework's applicability across diverse industrial contexts.
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