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Abstract

This review systematically analyzes the technological progress, structural characteristics,
and performance disparities among various diamond grinding wheel bond systems, aim-
ing to establish a unified performance evaluation framework. This framework clarifies
material selection criteria and highlights promising research directions. Eight prevalent
bond systems are encompassed: resin, metal, ceramic, brazing, electroplating, composite,
additive manufacturing, and glass-ceramics. A comparative analysis of these systems is
conducted across multiple dimensions. Key evaluation metrics primarily include bond
strength, thermal stability, self-sharpening capability, thermal conductivity, and formabil-
ity. Considerable variations in these indicators are observed across the different bonding
agents. Each system presents distinct advantages alongside inherent limitations. Within
the constructed multi-metric framework, glass-ceramic bonding agents demonstrate high
comprehensive potential in critical aspects such as bond strength and thermal stability,
underscoring their research value as a novel high-performance bond system. Current
primary challenges focus on the regulation of crystallization kinetics, the design of interfa-
cial reaction layers, and multiscale performance prediction. Future research may advance
along several paths. Synergistic design of material composition and microstructure is
essential, while in-depth investigation into multiphysics coupling mechanisms remains
necessary. Furthermore, data-driven material optimization methods are poised to unlock
new possibilities for bond development. These approaches are expected to facilitate the
precise design and application of high-performance diamond grinding wheel bonds.

Keywords: diamond grinding wheel; bond system; performance evaluation; glass-ceramic
bonding agents

1. Introduction
Diamond grinding wheels play a vital role in machining hard and brittle materials,

leveraging the exceptional hardness [1,2], thermal conductivity [3], and thermal stability [4]
of diamond abrasives. However, individual abrasive grains cannot perform cutting inde-
pendently; they require bonding agents to form a coherent and effective working layer.
The selection of the bonding agent system critically determines overall wheel performance,
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influencing key outcomes such as material removal rate, workpiece surface quality, and
tool life, while also governing the grinding temperature rise [5]. Consequently, a thorough
investigation into the characteristics of different bond systems is warranted. Furthermore,
the interfacial interactions between the abrasive grains and the bond matrix are equally
significant. Therefore, gaining a profound understanding of various bond systems and their
interfacial mechanisms is crucial for enhancing process stability and, ultimately, improving
machining quality.

Within the abrasives industry, diamond grinding wheel bond systems hold a pivotal
position. The market is currently evolving, characterized by a trend towards diversification
in both bond materials and application fields. Market analyses indicate that the overall abra-
sives sector continues to exhibit expansion, with sustained growth in demand for bonded
abrasive products, including diamond grinding wheels. For instance, Technavio fore-
casts that the global grinding wheel market will grow by approximately USD 6.29 billion
between 2025 and 2029 [6]. This growth is further propelled by the rising demand for
diamond tools in key sectors such as the automotive industry, electronics manufacturing,
and precision engineering, which in turn drives the advancement of the diamond abrasive
bond market [7].

Bonding agents perform multiple critical functions within grinding wheels. They not
only secure diamond abrasive grains to the wheel substrate but also facilitate heat conduction
[8] and lubrication [9], while providing resistance to chemical erosion [10–12]. Currently,
mainstream bond systems are broadly categorized into three types: metallic, resin, and
ceramic [13]. Alongside these established systems, novel bond formulations are continually
under development. Each system exhibits distinct advantages alongside inherent limitations.
Therefore, a systematic comparison of these characteristics forms a crucial foundation for
evaluating the feasibility and potential of emerging bond systems (Figure 1).

Figure 1. Classification of bond systems and their application scenarios.

Resin bonds are characterized by high flexibility, excellent vibration damping, and
effective shock absorption properties. These attributes contribute to reduced vibration and
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noise during the grinding process while enabling the achievement of superior surface fin-
ishes [14,15]. However, their relatively low thermal stability renders them more susceptible
to thermal effects from coolants and lubricants compared to ceramic bonds. This can lead
to the formation of altered surface layers on the bond material. Such alteration modifies
the grinding wheel’s surface topography, which subsequently compromises the strength of
the bond interface and overall grinding performance [16].

Ceramic bonds have become the most prevalent choice for diamond grinding wheels,
owing to their high thermal stability, chemical resistance, and their ability to form robust
bonds with diamond abrasives [17]. Despite these advantages, this system presents notable
drawbacks. Ceramic materials are inherently brittle, rendering them prone to fracture.
Their limited flexibility can lead to stress concentration during grinding, and they generally
exhibit relatively low impact resistance [18].

Metal-bonded diamond grinding wheels are characterized by high structural stability,
excellent wear resistance, and superior thermal conductivity. They can securely retain
diamond abrasives even under heavy grinding loads, making them particularly suitable
for machining hard and highly abrasive materials [19]. However, this system faces certain
challenges, including higher manufacturing costs and a tendency for wheel loading, which
can reduce grinding efficiency. In contrast, brazed bonds offer superior cutting efficiency.
This system achieves very strong abrasive retention, significantly enhancing the material
removal capacity of the wheel. A primary drawback is that the brazing process typically
requires elevated temperatures, which may induce thermal damage to the diamond grains
and consequently compromise their cutting performance. Electroplated Bonding Agents
feature a high degree of abrasive protrusion, facilitating a more aggressive cutting action.
Nevertheless, compared to other bond systems, electroplated grinding wheels generally
exhibit a shorter operational lifespan [20].

Research on diamond grinding wheel bonds is transitioning from conventional ma-
terial property optimization towards structured and functionalized design approaches.
Current investigations predominantly focus on achieving localized performance enhance-
ments within specific, individual bond systems. Consequently, systematic comparisons
elucidating the relationships among composition, microstructure, and performance across
different bond types remain relatively limited. This review, therefore, centers on the princi-
ples of performance matching and interfacial synergy. It constructs a unified evaluation
framework for analyzing multiple bond systems. This framework aims to reveal intrinsic
correlations between critical properties, including bonding strength, thermal stability, self-
sharpening capability, and machinability. By comprehensively reviewing both traditional
and novel bonding agents, this work clarifies the key mechanisms governing overall grind-
ing wheel performance, thereby providing a foundational basis for the material selection
and development of emerging agents, such as glass-ceramics.

This review is intended to systematically examine the developmental status and
performance characteristics of diamond grinding wheel bond systems by establishing a
multi-dimensional evaluation framework centered on the interrelationships among compo-
sition, microstructure, and properties. A comparative analysis is conducted across multiple
bond types, including resin, ceramic, metal, brazed, composite, electroplated, and additive
manufacturing variants. Each system exhibits distinct advantages in terms of bond strength,
thermal stability, self-sharpening capability, and interface stability. The derived insights
provide a theoretical foundation for the design of novel high-performance bonds. Fur-
thermore, this paper explores the feasibility of employing glass-ceramics as a prospective
bonding material, examining its potential for low-temperature densification, high-strength
bonding, and thermal stress accommodation.
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The research primarily addresses the following key questions: How do the interfacial
structures and bonding mechanisms of different bond systems influence abrasive retention
and grinding stability? How can the thermal and mechanical properties of bonding agents
be effectively matched and synergized under high-temperature grinding conditions? Can
composite and structural designs achieve an optimal balance among bond strength, thermal
conductivity, and self-sharpening performance? Furthermore, can glass-ceramic bonding
agents provide novel material pathways for diamond grinding wheels through their tunable
properties and enhanced interfacial compatibility?

To achieve these objectives, the following work will be carried out (Figure 2). This pa-
per first introduces the research background and current market status of diamond grinding
wheel bond systems, employing bibliometric and keyword clustering analyses to identify
prevailing research hotspots and existing knowledge gaps. Subsequent sections provide
a comparative analysis of both traditional and emerging bond systems, examining the
research context, performance characteristics, and recent technological advancements for
each. Traditional systems are categorized into three primary types, including resin, metal,
and ceramic. Emerging systems subjected to critical review include brazing, ceramic-metal
composites, and additive manufacturing technologies. A unified performance evaluation
framework will be established to systematically assess key metrics such as bond retention
strength, self-sharpening capability, and thermal management performance. Based on this
framework, the feasibility, potential advantages, and primary challenges of novel systems,
such as glass-ceramics, will be analyzed. Finally, the review seeks to establish predictable
correlations between material properties and machining performance, thereby providing
theoretical support for the precise design of next-generation diamond grinding wheels.

Figure 2. Schematic diagram illustrating the structure of this review.

The technical roadmap is structured around a sequence of key phases, comprising the
identification of research problems, the characterization of material systems and under-
standing of their mechanisms, the exploration of technological development directions, and
finally, the construction and application validation of key performance indicator systems.
This structured approach facilitates the systematic correlation between material properties
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and grinding performance. By mapping critical challenges to the characteristics of bond
systems, emerging trends, and defining key performance indicator systems, a coherent and
unified logical framework is established (Figure 3).

Figure 3. Technical roadmap outlining the research methodology and key phases.

2. Current Status of Diamond Grinding Wheel Bond Research
To delineate the research trajectory in diamond grinding wheel bonding agents, this

section first examines the fundamental relationship between diamond grinding wheels and
their bonding matrices. A keyword co-occurrence network analysis was conducted using
VOSviewer (version 1.6.20) software on a corpus of 717 relevant papers retrieved from the
Web of Science database. The resulting network diagram is presented in Figure 4.

The overlay visualization generated using VOSviewer (version 1.6.20) indicates the
temporal evolution of research topics in the field of diamond grinding wheel bonding
agents. In this visualization, colors represent the average publication year of keywords,
with yellow tones corresponding to more recent research activity. Keywords related to
glass-ceramics are mainly distributed in the relatively recent time period of the map
and are associated with topics such as microstructure regulation, sintering behavior, and
mechanical properties. This distribution suggests that glass-ceramic bond systems have
attracted increasing research attention in recent years and may represent a developing
direction in bonding agent design. It should be noted that current studies are still largely at
the experimental stage, and further systematic investigation is required to fully assess their
engineering applicability and long-term reliability.

To elucidate the temporal evolution of research hotspots, a bibliometric analysis was
performed on 996 relevant papers retrieved from the Web of Science database (Figure 5).
The line graph illustrates the annual publication volume and its trend, while the background
word cloud visualizes the distribution of research attention across different thematic areas.
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Figure 4. Keyword co-occurrence network diagram (overlay visualization). The colors represent
the temporal evolution of research topics, with yellow indicating more recent studies. The red box
highlights the keyword “glass-ceramic”, indicating that it appears in more recent research within the
field of diamond grinding wheel bonding agents.

Figure 5. Temporal distribution map of research hotspots. The color gradient represents the density
of research topics, with warmer colors (yellow) indicating higher concentrations of keywords and
thus representing research hotspots.

The trend reveals a sustained increase in research on diamond grinding wheel bonds
beginning in 1990, transitioning into a phase of relatively stable development after 2000.
Over the past decade, the annual publication volume has consistently ranged between
30 and 45 papers, indicating this field has become a significant and steadily active domain
within ultra-precision machining research. The hotspot density map further clarifies the
core research areas. The high concentration of keywords such as grinding, performance,
diamond, and wear underscores that investigations remain fundamentally anchored in
grinding behaviour and performance evaluation, with machining mechanisms and quality
control persisting as central themes. Concurrently, material-related topics form distinct
clusters within the map. The prominence of keywords like microstructure, ceramics, and
sintering signifies a growing research focus extending towards bond composition design
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and microstructural regulation. The presence of peripheral themes, such as porosity and
composites, suggests an emerging trend towards the development of bond systems with
tailorable structures and functionally graded properties.

This analysis aligns with the preceding keyword clustering results. Collectively, they
indicate that research on diamond grinding wheel bonding agents is gradually transitioning
from traditional resin, metal, and ceramic systems towards glass-ceramic systems, which
offer controllable structures and tunable properties. This trend provides explicit literature
support for the subsequent analysis of novel bond systems.

2.1. Traditional Bonding Systems
2.1.1. Resin Bonding Agents

Resin bonds are widely employed in precision and ultra-precision machining due
to their excellent formability, high elasticity, and capacity for low grinding forces. Early
research primarily employed phenolic resins as the matrix material. In contrast, their
relatively low thermal decomposition temperature and limited bonding strength often
render them unsuitable for high-load grinding applications. With advances in material
science and processing techniques, research has expanded from single organic systems
towards functional composites and greener preparation methods. For instance, Li et al. [21]
significantly enhanced the bond strength at the diamond-resin interface by forming a TiC
reaction layer on diamond surfaces via a brazing coating technique, laying groundwork
for subsequent interfacial reinforcement studies. Concurrently, microwave-assisted curing
technology has been developed to improve the energy efficiency and curing uniformity of
resin-bonded wheels. Shu et al. [22] achieved efficient fabrication of nickel-plated diamond
resin-bonded wheels by utilizing recycled carbon fibers (CFs) as microwave absorbers,
reporting increases in flexural strength and hardness by 221% and 211.71%, respectively.
These outcomes indicate a transition in resin bond preparation from conventional thermal
curing towards energy-field-assisted methodologies.

The advantages of resin-bonded abrasives are primarily attributed to their inherent
damping properties and machining adaptability. They effectively reduce grinding forces
and vibrations while maintaining excellent surface quality. For example, research by
Yin et al. [23] demonstrated that when grinding SiCp/Al composites, resin-bonded wheels
generated significantly lower grinding forces than their electroplated counterparts and
produced superior surface roughness, highlighting their distinct advantage in applications
demanding high surface integrity. Wang [24] further showcased the potential of resin
bonds in precision optics fabrication by employing silicon carbide (SiC)-reinforced resin
to fabricate hemispherical grinding wheels, achieving a form accuracy of 1.3–2.5 µm dur-
ing sapphire aspheric machining. Furthermore, Bhatt et al. [25] utilized epoxy resin to
replace conventional phenolic systems, thereby enhancing thermal stability while elimi-
nating harmful emissions, demonstrating a pathway towards integrating environmental
sustainability with improved performance.

Current research on modifying resin-bonded abrasives is primarily directed toward
three key areas, comprising matrix modification, interfacial reinforcement, and dressing
process optimization. For instance, Liu et al. [26] enhanced the matrix’s thermal sta-
bility by employing a silane-modified phenolic resin (SMPR), reporting a 66% increase
in the thermal decomposition temperature and a 14% improvement in flexural strength,
thereby illustrating the efficacy of chemical modification in enhancing overall performance.
Lin et al. [27] utilized an ethylene-vinyl acetate (EVA)-toughened unsaturated polyester
resin system to improve the toughness and durability of the composite. In the realm of
cleaning and dressing, Gao et al. [28] proposed electrochemical clean grinding (ECCG)
technology, which removes adhered metallic debris via anodic dissolution, effectively pre-
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venting wheel loading and reducing energy consumption. Meanwhile, laser and electrolytic
dressing have emerged as critical techniques for improving wheel geometry and sharpness.
Deng et al. [15] employed acoustic emission monitoring combined with a layered laser
scanning strategy to control abrasive protrusion height, achieving a 5.7% reduction in
graphitization damage. Zahedi et al. [14] achieved a 29% decrease in energy consump-
tion and improved workpiece surface quality through electrolytic dressing. Furthermore,
Luo et al. [29] validated the optimization of laser parameters—specifically at 10 W power
and 100 kHz frequency—for preserving abrasive integrity and reducing grinding forces,
demonstrating promising potential for engineering applications.

Based on the foregoing, while resin bonds demonstrate flexibility and excellent forma-
bility, their thermal stability and interfacial strength remain inherently limited. Conse-
quently, current modification strategies are primarily directed towards interfacial reinforce-
ment and the development of green curing technologies.

2.1.2. Ceramic Bonding Agents

Ceramic bonds are characterized by high hardness, excellent heat resistance, and supe-
rior chemical stability, and are therefore widely used in high-precision and high-efficiency
grinding applications. Conventional ceramic bonds are typically based on Al2O3–SiO2

oxide systems, forming a rigid skeleton with a certain level of porosity through sinter-
ing, which enables them to maintain stable mechanical properties and dimensional ac-
curacy under elevated temperature conditions. With increasing demands on grinding
performance, research has gradually shifted from empirical formulation design toward
structure-controllable approaches. Rom et al. [30] proposed a three-dimensional volumetric
structural element model to predict the spatial distribution of abrasive grains, pores, and
bonding bridges in ceramic-bonded CBN grinding wheels, providing a theoretical basis for
reducing trial-and-error experiments. Furthermore, the regulation of abrasive distribution
via external fields has become a research hotspot. Wang et al. [31] achieved the directional
alignment of nickel-coated CBN abrasives using an alternating magnetic field, thereby
improving the stress distribution in the grinding zone, reducing grinding forces, and en-
hancing surface quality. In terms of performance evolution during service, data-driven
approaches have been progressively introduced. Zheng et al. [32] achieved wear state
identification of ceramic-bonded diamond grinding wheels based on acoustic emission
signals and grinding force data, providing a new pathway for process monitoring. Overall,
research on ceramic bonds has expanded from traditional material design to structural
optimization and service behavior evaluation.

Ceramic bonds exhibit high elastic modulus and wear resistance, enabling them to
maintain stable geometric shapes during grinding, thereby achieving high machining accu-
racy and superior surface quality. Meanwhile, their excellent thermal stability makes them
suitable for high-speed and high-load grinding conditions. The mechanical properties of ce-
ramic bonds can be further improved through compositional optimization. Wang et al. [33]
reported that the incorporation of ZrO2 and Y2O3 into borosilicate-based ceramic bonds
promotes structural stabilization, resulting in an approximately 23% increase in bond
strength and enhanced abrasive retention capability. In addition, the porous structure of
ceramic bonds facilitates coolant penetration and chip removal, thereby reducing heat accu-
mulation and improving process stability. In the machining of hard and brittle materials,
ceramic bonds demonstrate good wear resistance and interfacial stability. Relevant studies
have shown that ceramic-bonded diamond grinding wheels exhibit stable wear evolution
behavior during sapphire grinding [32], indicating promising application potential. Struc-
turally, ceramic-bonded abrasives exhibit a typical porous and brittle morphology with
uniformly distributed pores. Their self-sharpening behavior originates from the generation
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of new micro-cutting edges via controlled brittle fracture of the bond, although the bonding
interface itself can remain relatively fragile (Figure 6).

In recent years, the modification of ceramic bonds has mainly focused on composi-
tional optimization, structural regulation, and interfacial strengthening. Oxide additives
can improve material performance by regulating grain structure and bonding bridge
strength. Wang et al. [33] demonstrated that ZrO2 and Y2O3 enhance bond strength
and promote the formation of stable phase structures. In terms of structural regulation,
external-field-assisted methods provide new approaches for improving abrasive distri-
bution. Wang et al. [31] controlled abrasive orientation using a magnetic field, leading
to a directional distribution structure that reduces grinding forces and improves machin-
ing quality. Interfacial strengthening strategies also offer valuable insights for enhancing
ceramic bond performance. Shi et al. [34] proposed improving the bonding strength of
ceramic coatings through interfacial chemical bonding, the mechanism of which provides
guidance for enhancing the stability of the abrasive-bond interface. With the development
of signal analysis and machine learning techniques, data-driven state monitoring meth-
ods based on grinding process signals have been gradually applied to the performance
evaluation of ceramic-bonded grinding wheels [32].

Research on ceramic bonds is progressing toward structure controllability and perfor-
mance predictability, providing a theoretical foundation for the design of high-performance
grinding tools.

Figure 6. Cont.
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Figure 6. Microstructure of vitrified bonds with different BaO contents: (a) 0 wt.%; (b) 2 wt.%;
(c) 4 wt.%; (d) 6 wt.%; (e) 8 wt.%; (f) 10 wt.%. The regions marked I-IV indicate representative areas of
different crystalline phases: mullite phase (I), hexagonal barium feldspar (II), transitional structures
(III), and monoclinic barium feldspar (IV). Reproduced from open access Ref. [35].

2.1.3. Metal Bonding Agents

Metal-bonded diamond grinding wheels are characterized by high bonding strength,
excellent thermal conductivity, and outstanding wear resistance, playing a pivotal role in
the efficient grinding of hard and brittle materials such as optical glass, silicon carbide,
and zirconia. Early manufacturing predominantly relied on conventional sintering or hot-
pressing methods, which often led to non-uniform pore distribution and localized thermal
stress concentration. Xiao et al. [36] employed a multiscale computational fluid dynamics
(CFD)-discrete element method (DEM)-finite element method (FEM) model to elucidate
the densification mechanism during sintering. Their work demonstrated that an octahedral
arrangement of diamond particles offers advantages over dodecahedral structures in terms
of thermal stress distribution and densification rate, providing a theoretical foundation for
the structural design of metal bonds. With the advancement of additive manufacturing
techniques, 3D printing has emerged as a pivotal method for fabricating complex porous
metal-bonded wheels. For instance, Tian et al. [37,38] utilized selective laser melting (SLM)
to produce grinding wheels featuring triple-periodic minimal surface (TPMS) and octahe-
dral lattice structures. These wheels demonstrated significantly reduced specific energy
consumption during the grinding of BK7 glass while achieving metallurgical bonding
between the diamond abrasives and the metal matrix. This progress marks the entry of
metal-bonded abrasive research into a phase of coupled structure-property design.

Metal-bonded grinding wheels offer high thermal conductivity and mechanical
strength, ensuring stable performance under high-load, high-speed grinding conditions.
For example, Han et al. [39] fabricated grinding wheels with gradient triple-periodic min-
imal surface (TPMS) structures by controlling porosity ranging from 30% to 70%. They
observed a 28.3% reduction in workpiece surface roughness at 50% porosity, achieving an
optimal balance between structural stiffness and chip evacuation. Wu et al. [40] designed
a 3D-printed diamond grinding wheel with integrated linear cooling channels, which
significantly improved coolant flow and heat dissipation, thereby reducing wheel clogging
and enhancing grinding stability. Additionally, the self-sharpening capability of metal-
bonded wheels can be markedly enhanced through designed porosity. Denkena et al. [41]
employed field-assisted sintering technology to fabricate wheels with 30% porosity, which
effectively reduced grinding forces and improved self-sharpening behaviour, highlighting
the comprehensive benefits of porous structures in heat dissipation and abrasive renewal.
Overall, metal bonds demonstrate outstanding comprehensive performance in applications
demanding precision, high-temperature resistance, and long service life.

https://doi.org/10.3390/inorganics14040116

https://doi.org/10.3390/inorganics14040116


Inorganics 2026, 14, 116 11 of 38

As high-end manufacturing demands increasingly stringent precision and efficiency,
the research focus on metal-bonded abrasives continues to evolve. Investigations have
progressively shifted from traditional powder sintering towards an integrated development
pathway that combines additive manufacturing with advanced dressing techniques. Re-
garding laser dressing, Tao et al. [42] employed a nanosecond pulsed laser to dress concave
fine-grain grinding wheels. By controlling the circumferential overlap rate to 30%, they
effectively reduced the heat-affected zone, although some degree of metamorphic layer
residue persisted. Yan et al. [43] utilized microwave-induced electrical discharge machining
(MV-EDM) to achieve a diamond protrusion height of 91 µm with minimal graphitiza-
tion, maintaining simulation errors below ±15 µm, which demonstrates the feasibility
of this energy-field composite dressing method. Zhang et al. [44] developed a wire-cut
EDM prototyping machine capable of achieving grinding wheel radial runout below 2 µm
and surface roughness Ra < 0.8 µm, attaining sub-micrometer precision. Lu et al. [45]
constructed a critical model distinguishing arc from spark discharge, enabling dynamic
discharge control successfully applied to optical glass mirror grinding. Concurrently, sig-
nificant breakthroughs have been made in material modification. Collectively, these studies
indicate that performance optimization for metal-bonded abrasives is increasingly adopting
a combined approach involving multi-material composites, energy-field-assisted dressing,
and precise microstructural regulation. Metal bonds are characterized by high thermal
conductivity and bonding strength, rendering them well-suited for high-load grinding
applications. In contrast, their difficult dressing characteristics and high process complex-
ity often necessitate further performance optimization, achievable through energy-field
assistance and composite material strategies.

2.2. Exploration of Emerging Bonding Agent Systems
2.2.1. Bond Systems Based on Novel Materials

(1) Brazed bonding agents

Brazed bonding agents have attracted considerable research interest in recent years.
Their high bonding strength, excellent thermal stability, and ability to form metallurgical
bonds between abrasive grains and the metallic matrix establish them as a promising
alternative to electroplated and resin-based bond systems. The efficacy of this technology
hinges on the rational design of active brazing alloys and the optimization of brazing
parameters. By precisely controlling the interfacial reaction process and the characteristics
of the resultant heat-affected zone, stable abrasive retention and sustained self-sharpening
capability can be achieved.

In terms of material systems, brazed bonds are generally considered a developmental
direction based on novel bonding materials, with the core innovation being the introduction
of reactive brazing alloys. Traditional electroplated and resin-bonded grinding wheels
often suffer from limitations such as insufficient bond strength, poor thermal stability, and
rapid wear. Brazing technology addresses these shortcomings by incorporating reactive
elements like Ti and Cr into the filler metal. These elements react with the diamond surface
to form carbide interfacial layers, establishing a chemical metallurgical bond between
the abrasives and the metal matrix. This shifts the bonding mechanism from physical
adsorption to chemical bonding, thereby enhancing overall wheel performance and es-
tablishing brazed bonded abrasives as an independent system characterized by novel
material design. Ding et al. [20] pioneered the design of brazed grinding wheels with
ordered abrasive distributions by integrating finite element analysis with kinematic testing.
Their design reduced grinding force by 36% and surface roughness by 19.3% compared
to electroplated wheels, demonstrating the potential of brazed bonds for high-efficiency
grinding. Subsequently, Nanda et al. [46] compared various abrasive distribution patterns,
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finding that ordered arrangements minimized grinding path overlap and yielded more
stable surface quality. To further improve bond strength and thermal stability, researchers
have developed multi-component composite brazing alloys (e.g., Ni-Cr, Ag-Cu-Ti), often
modified with rare earth additions, creating novel systems that combine active brazing
alloys with functional fillers.

The brazing filler offers several key advantages, including high bonding strength,
excellent thermal stability, and stable grinding performance. Research on Yb-doped Ni-Cr
brazing filler has shown that at a rare earth content of 1.0 wt%, the diamond retention
strength reaches 3575.7 MPa, significantly exceeding that of undoped samples [47]. The use
of a µ-TiC nanocomposite brazing filler promotes the formation of fine carbide particles
that reinforce the interface structure, effectively suppressing crack initiation at the root [48].
Compared to vacuum brazing, the continuous tunnel furnace brazing process not only
increases the static bond strength by 22.2% but also reduces graphitization and residual
stress [49]. Furthermore, research on micro-textured, orderly-arranged brazed diamond
grinding wheels has enhanced the performance of brazing systems. Preparing micro-
grooves or micro-porous structures on the abrasive surface significantly reduces grinding
forces and improves self-sharpening capability, with TG-GH micro-porous composite
structures demonstrating optimal performance [50,51]. These studies indicate that the
synergistic optimization of active brazing alloys and controlled surface micro-textures
represents a primary direction for advancing brazed bonded abrasive performance.

In contrast to traditional bonding agents such as resin, ceramic, and metal bonds—which
primarily depend on mechanical interlocking or physical adsorption—brazing bonds
utilize active elements (e.g., Ti, Cr) to form carbides with diamond, thereby establishing a
chemical/metallurgical bond at the interface between the metal matrix and the abrasive.
This bonding mechanism addresses the inherent weakness of interfaces in traditional
systems that rely mainly on mechanical encapsulation, leading to significant enhancements
in bond strength, thermal stability, and abrasive retention capability.

The advancement of brazing bonds lies in the integrated approach to designing
reactive brazing alloys, interfacial reactions, and microstructural control. By tailoring
brazing filler systems such as Ni-Cr and Ag-Cu-Ti, and introducing dopants like rare
earth elements, strong interfacial bonding can be achieved at relatively low temperatures.
Concurrently, employing pulsed laser, induction, or microwave-assisted brazing techniques
allows for precise control of heat input, reduction of residual stresses, and optimization of
the interfacial structure. This integrated strategy effectively balances high bond strength
with extended service life.

The growing demand for high-efficiency and high-temperature grinding applica-
tions is propelling continuous advancements in brazing bond technology, particularly
towards multi-field coupling and structurally composite designs. At the level of process
innovation, the controllability of brazing has been significantly enhanced. For instance,
pulsed laser brazing effectively minimizes thermal cracking and improves filler metal
wettability through precise regulation of pulse energy and scanning speed [52]. High-
frequency induction brazing employs multi-field coupling models to predict and control
thermal deformation; optimizing the scan speed to 2.0 mm/s can reduce the thickness
of the phase transformation layer to just 2.9 mm [53]. Concurrently, the integration of
structure and function represents an emerging trend. Brazed-resin composite grinding
wheels, which retain a brazed CBN layer in the metal segment embedded within a resin
matrix, balance rigidity with cushioning, thereby reducing grinding temperatures by 28.8%
and significantly extending service life [54]. For difficult-to-machine materials, brazed
grinding wheels demonstrate excellent adaptability. During the machining of alumina
ceramics [51,55], C/SiC composites [56], and high-SiCp/Al-based composites [50], grind-
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ing forces decreased by 13–36%, clogging rates were reduced, and surface integrity was
improved. These developments indicate that brazing bonds based on reactive filler alloys
are progressively evolving from single-layer to composite structures and from static brazing
towards intelligent process control.

Brazing bonds achieve high strength and extended service life through chemi-
cal/metallurgical bonding. Despite these advantages, challenges such as thermal stress
concentration and interfacial embrittlement require further mitigation. Future efforts may
therefore be directed towards developing low-temperature, high-activity brazing filler
alloys and implementing effective stress management strategies.

(2) Ceramic-metal composite bonding agents

Ceramic-metal composite bonds represent a significant recent development in bond-
ing systems, aiming to integrate the high toughness of metallic phases with the superior
hardness and thermal stability of ceramic phases. This approach seeks a synergistic opti-
mization of properties, including bond strength, thermal conductivity, and self-sharpening
capability. Early research primarily focused on enhancing the properties of individual
metallic or ceramic matrices, which often resulted in a pronounced trade-off between
thermal conductivity and thermal stability. Consequently, recent strategies have shifted
towards integrating ceramic and metallic components through the design of multi-phase
microstructures and precise interfacial control to achieve complementary performance.

Denkena et al. [57] employed field-assisted sintering to fabricate Cu-Cr-diamond
composites. Their findings indicated that at a chromium content of 2 wt%, the diamond
grit retention increased by 363% and the thermal conductivity rose by 84%, significantly im-
proving the grinding wheel’s wear resistance and heat dissipation capability. Subsequently,
the same research group [41] proposed a porous metal bond structure design. Samples with
30% porosity demonstrated lower grinding forces and enhanced self-sharpening properties
during wear tests, establishing a foundational approach for the development of subsequent
porous composite bond systems.

Ceramic-metal composite bonded grinding wheels integrate the high hardness of
ceramics with the excellent thermal conductivity and toughness of metals, resulting in
superior thermal stability and interfacial bond strength. For instance, Shu et al. [17] en-
hanced the diamond-ceramic interfacial bond strength by controllably introducing sodium
into a SiO2-Na2O-B2O3 glass matrix. This modification enabled sintering at 620 °C while
maintaining a flexural strength of 126 MPa. In a different approach, Tian et al. [58] utilized
metal 3D printing to fabricate composite wheels incorporating internal coolant circulation
channels. This design allowed for the precise layout of lubrication pathways, significantly
improving heat dissipation and chip removal efficiency without compromising mechanical
strength. Furthermore, Zhang et al. [59] developed a chemical mechanical polishing (CMP)
process employing iron-containing glass abrasives. By controlling the formation stage of
Fe3C, graphitization reactions were effectively suppressed, reducing subsurface damage
in diamond films to a range of 20–50 nm. Collectively, these studies demonstrate that
composite bond systems not only improve wear resistance and thermal conductivity but
also sustain stable grinding performance under thermal load, rendering them suitable for
precision machining of optical crystals and hard-brittle composites.

The ceramic-metal composite bond system overcomes the limitations inherent to
traditional single-material systems by effectively combining the high hardness and ther-
mal stability of ceramics with the superior toughness and thermal conductivity of metals.
Consequently, compared to conventional ceramic bonds, its brittleness is significantly
reduced; while relative to metal bonds, its thermal stability and self-sharpening capabil-
ity are markedly enhanced. This synergy achieves an optimal balance between rigidity
and flexibility.
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The innovation of this system lies in its multiphase synergistic design and gradi-
ent interfacial architecture. By constructing metal-ceramic interpenetrating networks or
compositionally graded diffusion interfaces at the micro-scale, effective thermal stress
accommodation and an optimal balance between thermal conductivity and mechanical
strength can be achieved. Concurrently, the integration of microwave-assisted sintering
with 3D printing technologies overcomes the limitations of conventional high-temperature
densification, enabling low-temperature fabrication and the creation of controllably porous
structures. This approach provides a novel design pathway for developing grinding wheels
with high thermal conductivity and superior wear resistance.

In recent years, research on composite bonded abrasives has increasingly focused
on interface structure regulation and functional filler reinforcement. For example,
Duan et al. [60] employed an Ni-Cr alloy brazing layer to enhance diamond bonding
strength, while Feng et al. [61] effectively improved the thermal interfacial properties
between diamond and an aluminium matrix composite via a TiC coating. Building on
this, Zhang et al. [62] introduced 8 vol% MoS2/TiO2 nanofillers into the bond, reducing
grinding forces by 40% and significantly mitigating abrasive adhesion. Zhou et al. [63]
demonstrated that ceramic-metal composite wheels facilitate flow-chip plastic removal
during the grinding of Cf/SiC composites, thereby improving surface integrity. Natália de
Oliveira Sousa et al. [64] further reported that polycrystalline diamond (PCD) composite
tools exhibit an order-of-magnitude improvement in wear resistance compared to WC/Co
under high-pressure sliding conditions. Roesige et al. [65] revealed a dual-mechanism
material removal characteristic in Al2O3/AlSi10Mg interpenetrating composites, where
reconsolidation of the metallic phase suppresses brittle crack propagation, enhancing both
material removal rate and surface flatness. Collectively, these studies indicate that the opti-
mization of composite bond systems is evolving towards a three-dimensional convergence
of multiphase synergy, interfacial reinforcement, and functional additive integration.

Ceramic-metal composite bonds combine rigidity with flexibility, significantly enhanc-
ing thermal conductivity and wear resistance. In contrast, their relatively narrow sintering
window and complex interfacial reactions continue to pose constraints for broader engi-
neering applications.

2.2.2. Bonding Technologies Dominated by Manufacturing Processes

(1) Electroplated bonding agents

Electroplated Bonding Agents are categorized under bond manufacturing technologies
based on novel processes, as the formation and properties of the bond layer are entirely
governed by the electrodeposition process. The core principle lies not in material innovation
but in the precise control of process parameters such as current density and temperature
to enable the uniform deposition of a metal layer, typically nickel, around the abrasive
grains, thereby ensuring reliable grain retention. Thus, it is fundamentally a bonding
technology centered on a specific manufacturing process. Electroplated diamond grinding
wheels are characterized by relatively simple preparation, high abrasive protrusion, and
excellent form accuracy, and have long been a vital tooling system for precision grinding.
In recent years, driven by growing demands for micro-machining and high-efficiency
grinding, electroplating technology has evolved from traditional coating reinforcement
towards multi-field composites, precision dressing control, and structural innovation. This
progression represents the advancement of novel processes within a traditional bond
system framework.

Early electroplated wheels typically employed single-layer nickel-based co-deposition,
which often suffered from limitations including non-uniform abrasive distribution, thermal
damage, and brittle interfacial fracture. To address these issues, Wang et al. [66] used
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morphological and Raman spectroscopy analyses to reveal the influence of abrasive particle
size on wear evolution, proposing that optimizing the particle size distribution could
improve the retention of the dressed wheel morphology. Li et al. [67] developed a submi-
cron dressing technique based on nitrogen-assisted friction-chemical truncation, achieving
uniform control of abrasive protrusion height at the submicron level while confirming the
absence of diamond phase transformation. This work marks a transition in the dressing
of electroplated Bonding Agents from macroscopic mechanical methods toward precision
control based on chemo-mechanical synergy.

Electroplated bonded grinding wheels offer high bond strength and form accuracy,
demonstrating excellent performance in the efficient grinding of metals, ceramics, and
composites. For instance, Xi et al. [68] compared electroplated diamond and electroplated
CBN wheels, finding that the former reduced the wear rate by 28% and increased the
material removal rate by 35% during the grinding of γ-TiAl alloys, while maintaining
residual stresses between −100 and −500 MPa, indicative of good wear resistance and
thermal stability. In a study on ultrasonic vibration-assisted grinding, Feng et al. [69]
observed that electroplated wheels were more effective than resin-bonded ones in reducing
grinding forces, whereas resin bonds performed better in improving surface roughness.
Furthermore, Mao et al. [70] designed an ordered 0.1 mm × 1.5 mm micro-groove structure
on the wheel surface, which increased coolant flow by 40% and reduced grinding force by
15%, significantly enhancing heat dissipation and grinding stability. These studies indicate
that electroplated bonded wheels exhibit outstanding comprehensive performance under
high-load and localized high-temperature conditions, making them particularly suitable
for the high-precision machining of complex materials.

Electroplated Bonding Agents differ fundamentally from sintered or cured bond types,
as the bond layer is formed via electrochemical deposition. This process avoids the need for
high-temperature sintering or organic curing. Compared to resin or sintered metal bonds,
the electroplating technique enables the robust encapsulation of diamond abrasives at low
temperatures while ensuring a relatively uniform abrasive distribution. This method offers
high form accuracy and adjustable abrasive protrusion, making it widely applicable in
micro-grinding and precision forming operations.

Technological innovations in electroplated bonding agents are primarily focused on
two key areas: multi-field composite enhancement and interfacial reinforcement. Multi-
layer co-deposition systems, such as Ni-B and Cr-C, have been developed to significantly
improve interfacial bond strength and wear resistance. Dynamic control of abrasive protru-
sion is being achieved through laser-, ultrasonic-, or spray-assisted dressing techniques.
Concurrently, the introduction of structured designs, including micro-grooves and micro-
pores, promotes more uniform coolant distribution and reduces grinding temperature rise.
These advancements are collectively driving the electroplating process towards greater
functionalization and precision control.

To further enhance the service life and interfacial stability of electroplated grinding
wheels, researchers have systematically investigated coating compositions and preparation
methods. Huang et al. [71] developed a three-layer electroplating process comprising
an Ni underplating, a diamond co-deposition, and an Ni-B reinforcement layer. When
diamond coverage reached 80%, and the coating thickness was approximately 90 µm, the
tool life was extended by 40%, although the Ni-B co-deposition layer still carried a risk of
brittle interfacial fracture. In another approach, Huang et al. [72] attempted to reinforce
the interface using Cr-C composite coatings, though further optimization is required. Con-
currently, Meng et al. [73] introduced spray-assisted laser machining (SALM) technology,
representing a significant innovation in electroplated bond processing. By regulating spray
pressure and iteration cycles, this method effectively suppressed graphitization while
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significantly reducing the width of the heat-affected zone, achieving low-thermal-damage
dressing. Xia et al. [74] further established a numerical model showing that when the
abrasive protrusion height reached 25% of the nominal grain diameter, the workpiece
surface roughness (Sa/Sq) could be reduced by 97.5–99.7%, enabling the prediction and
optimization of surface quality. Moreover, the 0.85 mm diameter micro-diamond electro-
plated grinding wheel developed by Lyu et al. [75] demonstrated potential for minimally
invasive biomedical processing. In simulated vascular grinding experiments, it expanded
the lumen diameter from 1.5 mm to 3.03 mm within 120 s without any abrasive shedding.
Electroplated bonding agents are characterized by relatively simple preparation and high
abrasive retention, offering distinct advantages in high-precision and micro-grinding appli-
cations. Nevertheless, challenges such as coating brittleness and limited service life remain
key issues requiring further improvement.

(2) Additive manufacturing technology (AM)

The introduction of additive manufacturing technology has fundamentally reshaped
the design paradigm for grinding wheel structures. Traditional sintering and molding
processes encounter constraints in achieving uniform pore distribution, rational cooling
channel layouts, and consistent microstructures. In contrast, AM enables unprecedented
structural controllability and functional integration through its layer-by-layer fabrication
and parametric design capabilities. For instance, Wu et al. [76] utilized dual-filament
3D printing to fabricate diamond grinding wheels with integrated linear cooling chan-
nels, achieving optimal grinding efficiency at 300 r/min. Their results confirmed that
such channels improve thermal management and overall grinding performance. Similarly,
Tian et al. [37] and Chen et al. [77] employed triply periodic minimal surface (TPMS) lat-
tice topology models to design wheel structures, achieving precise control over porosity
and permeability. The resulting gyroid-structured wheel reduced grinding force by ap-
proximately 30% while preserving mechanical strength, signifying a paradigm shift from
stochastically porous to architecturally engineered grinding wheel design.

Additive manufacturing provides grinding wheels with exceptional structural design
flexibility, significantly enhancing their cooling, chip evacuation, and thermal management
capabilities. Wu et al. [40] demonstrated that optimizing cooling channel spacing to match
the diamond abrasive size effectively reduces the grinding temperature rise and prevents
wheel loading. Li et al. [78] quantified pore characteristics, revealing that spherical pores
improve shear strength and permeability, with an optimal mechanical-thermal balance
achieved at approximately 25% porosity. Tian et al. [38] utilized an octahedral lattice
structure to enable intermittent cutting, reducing grinding energy consumption by 40%
and demonstrating the potential of periodic open-pore structures in regulating stress fields
and chip fragmentation. Lin et al. [79] combined 3D-printed molds with gel casting to
fabricate ceramic-bonded wheels, achieving a grinding ratio of 1:152, which significantly
outperformed conventional cold-pressed wheels. Furthermore, Chen et al. [77] employed
photopolymerization to create multi-lattice structures, reducing grinding temperatures and
improving surface roughness by approximately 45%. These results collectively indicate
that AM technology not only enhances grinding wheel performance but also expands its
applicability to scenarios demanding complex geometries and efficient heat dissipation.

In conventional powder sintering or molding processes, the structure of grinding
wheels is largely dictated by the inherent properties of the raw materials, imposing signifi-
cant constraints on achievable pore morphology and cooling channel geometry. In contrast,
additive manufacturing builds grinding wheels through layer-by-layer material deposition,
enabling the direct design and precise control of complex three-dimensional architectures.
This capability overcomes the structural limitations of traditional manufacturing, allowing
pore distribution, channel orientation, and overall structural integrity to be tailored to
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specific functional requirements. Consequently, the design paradigm for grinding wheels
shifts from being predominantly material-defined to being fundamentally structure-led.

The innovation inherent to additive manufacturing lies in its capacity for structure-
property co-design and multi-material co-printing. By utilizing topological architec-
tures—such as TPMS lattices, octahedral units, and helical channels—key parameters
including porosity, permeability, and mechanical strength can be tuned with a high de-
gree of control. Concurrently, advances in ceramic-metal co-printing and high-solid-
content photopolymerization have enhanced both the printing accuracy and the final
density of fabricated bonds. This integrated technological approach provides novel path-
ways toward customized grinding wheel design, controlled thermal dissipation, and
intelligent manufacturing.

Advances in additive manufacturing (AM) technology have promoted diversification
within the grinding wheel material system. For instance, Wang et al. [80] employed laser
powder bed fusion (LPBF) to fabricate diamond wheels based on a high-entropy alloy
matrix, where the formation of a TiC interfacial layer enhanced self-sharpening behaviour.
Denkena et al. [81] utilized an NiTi alloy substrate processed via LPBF to achieve stable dia-
mond embedding, significantly improving abrasive retention. Tillmann et al. [82] validated
the feasibility of cold-sprayed Cu-Ni-diamond grinding wheels, achieving a 12% abrasive
embedment ratio suitable for thick coating production. Barmouz et al. [83,84] explored
photopolymer resin-metal hybrid bond systems, reporting a threefold extension in tool life
with a 28% increase in metal content, while helical groove designs further reduced grinding
forces by 60%. Additionally, the work by Chen and Tian’s teams [77,85] demonstrated that
slurry solid content (80 wt%) and viscosity (<4.2 Pa·s) are critical parameters for successfully
printing photopolymer-based ceramic grinding wheels, whereas Wu et al. [40] noted that
excessively fine abrasive particles can lead to agglomeration and cracking. Structurally,
additively manufactured bond samples exhibit characteristic melt pool textures and inter-
layer interfaces inherent to the layer-by-layer fabrication process. Localized micro-porosity
and partially fused regions reflect the direct influence of the applied energy density on
microstructural densification and abrasive coating quality (Figure 7). Collectively, these
studies reflect significant progress in AM technology in bond system design, interfacial
control, and formability.

As stated above, additive manufacturing offers notable structural design flexibility and
functional integration, thereby expanding the potential for enhanced thermal management
and lightweight construction in grinding wheels. On the other hand, challenges related to
formability and material interface stability require further improvement.

2.3. Bond Performance Evaluation

To enable a clear comparison of the structural characteristics, performance metrics,
and application scenarios across different bond systems, this section systematically summa-
rizes key properties, including bond strength, thermal stability, self-sharpening capability,
thermal conductivity, formability, and material compatibility. The corresponding data
are compiled in Table 1. The comparison reveals that traditional bond systems—resin,
ceramic, and metal—each emphasize distinct properties and retain significant advantages
under specific processing conditions. In contrast, novel systems such as brazing, composite,
electroplated, and additive manufacturing bonds demonstrate superior performance in
the synergistic integration and functional consolidation of multiple properties. Overall,
the development trajectory of bonding agents is evolving from an emphasis on single
performance metrics towards a path of multi-property synergy and structural composites.
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Figure 7. Comparative microstructure of sintered additively manufactured grinding wheel samples.
(a) SEM of segments after printing and sharpening [81]. (b) SEM-Images of cross section; 2000×
magnification [82]. (c) Surface morphology of the diamond grinding wheel (GW-H) after dressing [83].
Reproduced from open access Ref. [81]. Reproduced from open access Ref. [82]. Reproduced from
open access Ref. [83].

A comparison across the structural, performance, and application dimensions demon-
strates that different bond systems possess distinct and often complementary characteristics.
Structurally, resin bonds employ an organic polymer matrix, providing high flexibility
and excellent formability, which makes them well-suited for precision grinding under low
loads where superior surface quality is required. In contrast, ceramic bonds, primarily
composed of inorganic glass phases, exhibit high rigidity and outstanding self-sharpening
properties, allowing them to maintain stable performance in high-temperature, high-speed
grinding environments. Metal bonds leverage the high strength and excellent thermal
conductivity of continuous metallic networks, rendering them ideal for heavy-duty, high-
efficiency machining. Emerging bond systems further integrate these functionalities. For
example, brazed bonds achieve ultra-high strength through chemical/metallurgical inter-
faces; ceramic-metal composites combine high rigidity with good toughness; electroplated
systems offer high precision and effective cooling; and additive manufacturing bonds
unify enhanced heat dissipation with lightweight design through topological optimization.
This analysis indicates that while traditional systems each excel in specific properties,
emerging systems effectively bridge the performance gaps, enabling a new equilibrium
between mechanical strength, thermal management, and structural design flexibility in
grinding wheels.

Overall, the development of bond systems is transitioning from a focus on single prop-
erties towards the pursuit of integrated performance synergies. Emerging systems not only
achieve material-structural composites but also enhance the intelligence and adaptability of
grinding wheels through energy-field augmentation, interfacial regulation, and topological
optimization. However, significant disparities currently exist in performance evaluation
methods and experimental standards across studies, and a unified assessment framework
is lacking. This impedes both cross-system comparisons and quantitative performance pre-
dictions. Furthermore, comprehensive theoretical models for the micro-interface behaviour
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and thermodynamic stability of bonding agents, as well as their coupling mechanisms with
the grinding process, remain underdeveloped, hindering high-precision life prediction and
design optimization. Consequently, future research should prioritize the establishment of
quantitative evaluation systems, in-depth investigation of interfacial reaction mechanisms,
and the development of multi-scale simulation models. These efforts will provide a unified
theoretical foundation for predicting performance and designing bond system architectures.
Building on the comprehensive performance comparisons outlined, it is particularly crucial
to further explore glass-ceramics bond systems, which exhibit superior thermal stability
and structural design flexibility.

Table 1. Comparative evaluation of key performance indicators for different bonding agent systems
based on the proposed framework.

Bond Type
Typical Composi-
tion/Structural
Characteristics

Bond Strength Thermal
Stability Self-Sharpening Thermal

Conductivity Formability References

Resin Bond
Phenolic resin, epoxy
systems with nano-fillers
(SiO2, CNTs)

Moderate Low (<250 ◦C) Excellent Lower Excellent [23,25]

Ceramic Bond Al2O3–SiO2–B2O3,
BaO–SiO2–CaO systems High High (~800 ◦C) Excellent Moderate Poor [30–32]

Metal Bond
Cu, Ni, Fe, Co powder
systems (hot
pressing/AM)

Extremely High High (~700 ◦C) Moderate High Moderate [37,38,45]

Brazing Filler
Metals

Ni–Cr, Ag–Cu–Ti alloys
with TiC interface layer Extremely High Excellent

(≤900 ◦C) Good High Moderate [47,49,54]

Ceramic-Metal
Composite Bonds

Interpenetrating or
gradient composite
systems

High High Excellent High Moderate [58,64,65]

Electroplated
Bond

Ni or Ni–B plating,
monolayer structure Moderate Moderate Excellent Moderate High [68,71]

Additive
Manufacturing
Bond

TPMS topology,
3D-printed composite
systems

Adjustable High Excellent High Excellent [40,76,77]

3. Research Progress and Compatibility Analysis of Glass-Ceramic
Bond Systems

Conventional resin, ceramic, and metal bond systems continue to face challenges
related to thermal stability, controllability of interfacial reactions, and morphological re-
tention under high-temperature, high-load, and complex operating conditions. To expand
the design space for bonding agents, recent research has increasingly focused on glass-
ceramic materials, which combine the formability of glass with the structural stability
of ceramics. Through controlled crystallization processes, these materials develop fine-
grained microstructures, which theoretically enable the regulation of mechanical properties,
thermal expansion behaviour, and interfacial compatibility. This potential has led to their
introduction as bonding agents for diamond grinding wheels.

Glass-ceramics are polycrystalline materials produced through the controlled nu-
cleation and crystallization of glass. The process involves melting and forming a glass,
followed by a tailored heat treatment to develop a predetermined crystalline phase. The
foundation for controlling internal crystallization lies in effective nucleation, which pro-
motes the formation of fine, randomly oriented grains typically devoid of voids, micro-
cracks, or significant porosity. Consequently, the glass-ceramics manufacturing process
is fundamentally a precision heat treatment procedure [86]. These materials develop a
uniform, fine-grained microstructure via controlled crystallization. This not only lowers
sintering temperatures and improves densification and interfacial bond quality but also
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enables performance tailoring through the regulation of crystal phase type and content.
These attributes underpin their potential as a diamond grinding wheel bonding agent.

3.1. Overview of Glass-Ceramic Bond Systems
3.1.1. Typical Glass-Ceramic Bond Systems

The glass-ceramic bond systems that are currently the focus of significant research
primarily encompass five categories: Li2O-Al2O3-SiO2 (LAS), MgO-Al2O3-SiO2 (MAS),
ZnO-Al2O3-SiO2 (ZAS), CaO-Al2O3-SiO2 (CAS), and Li2O-MgO-SiO2 (LMS). These systems
exhibit considerable variations in crystalline phase composition, crystallization behaviour,
and resulting microstructure. These differences directly influence their mechanical proper-
ties, thermal characteristics, and interfacial compatibility with diamond abrasives, thereby
defining their respective suitability and potential as bonding agents.

The LAS system is characterized by a low coefficient of thermal expansion [87], high
mechanical strength [88], and tunable optical transparency [89], making it a common glass-
ceramic for precision ceramics and optical substrates. Its representative crystalline phase,
the β-quartz solid solution, is stable at room temperature and helps suppress thermal stress-
induced cracking. The MAS system, with cordierite and spinel as its primary crystalline
phases, offers a low thermal expansion coefficient, a high softening temperature, and
excellent mechanical rigidity coupled with good wear resistance [90,91]. For the ZAS
system, the main crystalline phases are gahnite (ZnAl2O4) and willemite (Zn2SiO4); this
system provides high transparency and strong chemical stability, enabling the formation
of stable interfacial reaction layers with metallic or oxide surfaces [92]. The CAS system,
featuring anorthite and wollastonite as its principal crystalline phases, exhibits a strong
viscosity-temperature dependence. Its softening temperature can be adjusted by controlling
the SiO2 content, making it suitable for medium-temperature sintering applications [93,94].
Finally, the LMS system is noted for its rapid crystallization kinetics, a moderate thermal
expansion coefficient, and relatively high thermal conductivity, which makes it a candidate
for high-load grinding scenarios [95].

The five typical glass-ceramic systems each possess characteristic properties in terms
of mechanical, thermal, and interfacial performance. The LAS system is renowned for
its low thermal expansion and high thermal shock resistance; the MAS system excels in
high strength and thermal stability; the ZAS system offers a combination of chemical
inertness and high thermal conductivity; the CAS system is suitable for low-stress forming
processes; and the LMS system achieves a balance between high thermal conductivity and
medium-temperature applicability. These distinct property profiles provide a fundamental
basis for the subsequent screening and selection of systems with high compatibility for
diamond grinding wheel applications.

These characteristic differences provide the basis for screening systems with rela-
tively high compatibility for diamond grinding wheel applications, among which selected
representative systems are further discussed in the following section.

3.1.2. Research Progress of Glass-Ceramic Bond Materials

Recent experimental studies have confirmed that glass-ceramic materials exhibit
tunable crystallization behavior, stable thermomechanical properties, and reliable interfacial
bonding capability. Although some investigations originate from different application
scenarios, the revealed structure-property relationships provide valuable guidance for the
design of glass-ceramic bond systems for superhard abrasive tools.

Composition regulation has been demonstrated to significantly influence crystalliza-
tion kinetics and mechanical performance. Liang et al. [96] reported that introducing ZnS
additives within the composition range of 0–6 wt% promotes the uniform precipitation
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of β-spodumene phases, enabling the material to achieve a flexural strength of 76.52 MPa
while maintaining a low coefficient of thermal expansion of 3.44 × 10−6 ◦C−1 together with
a porosity level of approximately 16%. Meng et al. [97] showed that Ti-Cu alloy additives
enhance interfacial bonding through the formation of Ti-N chemical bonds, resulting in a
significant improvement in mechanical strength, with flexural strength reaching 175 MPa.

Heat treatment parameters also play a critical role in determining crystalline phase
composition and bonding behavior. Shi et al. [98] demonstrated that heat treatment within
the temperature interval of 760–860 ◦C regulates the relative proportion of LiAlSi2O8 and
LiAlSi3O8 crystalline phases, thereby strengthening chemical bonding at the interface and
enabling the material to achieve a flexural strength of 89.71 MPa. Roy et al. [99] reported
that glass-ceramic bonding layers maintain a relatively low porosity of approximately 8%
after 400 thermal cycles at temperatures approaching 1100 ◦C, indicating excellent thermal
stability and resistance to thermal fatigue.

Interfacial modification studies further indicate that glass-ceramic systems are capable
of generating residual compressive stresses after thermal ageing, thereby improving long-
term interfacial bonding stability [100,101]. Overall, the available experimental results
indicate that glass-ceramic materials typically exhibit flexural strength values distributed
between 76 MPa and 175 MPa depending on composition design and processing conditions.
These findings provide quantitative evidence supporting the feasibility of glass-ceramic
materials as promising bond systems for high-performance grinding tools.

3.2. Matching of Glass-Ceramic Bonds for Diamond Grinding Wheels
3.2.1. Experimental Studies on Glass-Ceramic Bonds for Diamond Grinding Wheels

Recent studies have demonstrated that glass-ceramic bond systems exhibit signif-
icant potential for high-efficiency and precision grinding of hard and brittle materials.
Current research mainly focuses on improving grinding performance through additive
manufacturing, composition optimization, and porous structure design. These approaches
aim to enhance coolant transport, chip evacuation, and abrasive retention ability, thereby
improving grinding efficiency and thermal stability.

Additive manufacturing technologies have become an important approach for fabri-
cating glass-ceramic bonded diamond grinding wheels with controllable pore structures.
Chen et al. [77,85,102] systematically investigated stereolithography (SLA), digital light
processing (DLP), and LCD-based photopolymerisation techniques for preparing porous
glass-ceramic grinding wheels. By optimizing slurry formulations with solid loadings of
65–80 wt% and viscosities as low as 4.21 Pa·s, stable printing performance was achieved.
Furthermore, triply periodic minimal surface (TPMS) structures, such as gyroid and dia-
mond configurations, significantly improved pore connectivity and distribution uniformity.
Grinding tests on SiC ceramics showed that porous structures reduced grinding tempera-
ture by 20–30% and achieved surface roughness values as low as 1.767 µm compared with
dense wheels [77,85,102]. These results demonstrate the feasibility of structural design
strategies for improving heat dissipation and grinding stability.

Composition design and pore-forming strategies have also been widely investi-
gated to optimize the mechanical and grinding properties of glass-ceramic bonded
wheels. Zhang et al. [103] compared sol-gel and melt-derived Na2O-Al2O3-B2O3-SiO2

glass-ceramic systems and reported that the sol-gel route improved flexural strength by
31.7% to 137 MPa while reducing the coefficient of thermal expansion. Huang et al. [104]
fabricated porous grinding wheels using direct ink writing (DIW) combined with xan-
than gum-based inks and PMMA pore-forming agents, achieving a 40% increase in ma-
terial removal rate due to improved pore connectivity. Wang et al. [105] introduced
hollow alumina spheres as pore formers and found that a content of approximately 8%
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provided effective grinding performance for sapphire and SiC, whereas excessive poros-
ity (>21%) significantly reduced mechanical strength. In addition, lithium aluminosil-
icate systems have demonstrated promising performance in superhard abrasive tools.
Jackson et al. [106] developed Li2O-Al2O3-SiO2 glass-ceramic bonded diamond wheels
with service life up to three times longer than resin-bonded wheels, although excessive
filler addition reduced durability.

Hybrid forming approaches combining gel casting and additive manufacturing have
also shown potential for improving structural integrity. Lin et al. [79] reported that grinding
wheels fabricated using gel-casting with 3D-printed moulds exhibited flexural strength
up to 78 MPa after sintering at 760 ◦C, with grinding ratios reaching 1:152, comparable
to conventional cold-pressed wheels. Studies on grinding behavior further indicate that
glass-ceramic bonded wheels exhibit stable wear characteristics when machining hard
materials such as bearing steel and polycrystalline diamond composites [107,108], although
quantitative data remain limited.

Overall, current experimental studies indicate that glass-ceramic bond systems enable
flexible control of pore structure, mechanical strength, and grinding performance through
integrated design of composition and manufacturing processes. However, challenges
remain in balancing high porosity and mechanical strength, as well as ensuring long-term
stability under industrial grinding conditions.

3.2.2. Interfacial Mechanisms and Crystallization Behavior Under Grinding Conditions

The grinding performance of glass-ceramic bonded diamond grinding wheels is gov-
erned by both interfacial interactions and crystallization behavior under thermomechanical
loading. Glass-ceramic materials consist of crystalline phases dispersed within a residual
glass matrix, and their structure-property relationships can be tailored through composi-
tional design and controlled crystallization processes [109–111].

Interfacial bonding is generally attributed to the combined effects of mechanical
interlocking and physicochemical interactions. During sintering, the viscous flow of the
glass phase enhances wettability on diamond surfaces, thereby promoting effective abrasive
embedding and improving load transfer efficiency. This behavior is closely related to the
viscosity and structural characteristics of the glass phase [112].

Thermomechanical compatibility plays a critical role in interfacial stability. Due to
differences in thermal expansion coefficients between diamond and the glass-ceramic
matrix, residual stresses may develop during cooling, potentially leading to interfacial
microcracking and reduced abrasive retention. By tailoring crystalline phase composition
and microstructure, the thermal expansion behavior and residual stress distribution can be
effectively adjusted [110,113].

Under grinding conditions, the interface is subjected to coupled thermal and me-
chanical loading, which may induce local structural relaxation, further crystallization, or
phase transformation. The presence of dispersed crystalline phases can enhance mechan-
ical strength and hinder crack propagation, while excessive crystallization may reduce
fracture toughness and increase the risk of brittle failure. Therefore, a balanced microstruc-
ture containing both glassy and crystalline phases is essential for maintaining grinding
stability [109,111].

3.2.3. Screening of Systems with High Compatibility for Diamond Grinding Wheels

The selection of bonding materials for diamond grinding wheels must satisfy the
fundamental demands of typical service conditions involving high temperature, high
pressure, and intense shear. Based on the evaluation framework established in this study,
the compatibility of glass-ceramic bond systems can be assessed in terms of thermal
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expansion matching, bond strength, thermal stability, interfacial reaction controllability,
and thermal conductivity. These performance indicators are closely related to the ability of
the bond to maintain abrasive retention, structural integrity, and morphological stability
under severe grinding conditions.

According to existing studies, the LAS, MAS, and ZAS systems demonstrate rela-
tively balanced performance across these key indicators. These systems generally exhibit
favorable thermal expansion compatibility with diamond, good mechanical strength, and
relatively stable interfacial structures, providing a more consistent experimental basis for
evaluating their suitability as bonding materials.

Thermal expansion compatibility between diamond and bonding materials plays
a critical role in determining interfacial reliability. Diamond exhibits a relatively low
coefficient of thermal expansion, typically around 1–2 × 10−6 K−1, whereas conventional
ceramic bonding materials often show values exceeding 7 × 10−6 K−1. Excessive mismatch
may lead to residual thermal stresses, which can induce interfacial microcracking or grain
pull-out during grinding. Glass-ceramic systems allow compositional adjustment of the
crystalline phase content, enabling the coefficient of thermal expansion to be tailored within
a relatively moderate range. This characteristic contributes to reducing thermal stress
concentration and improving interfacial stability during thermal cycling.

In contrast, although the CAS and LMS systems exhibit certain advantages in specific
properties, current studies are more commonly focused on structural ceramics or func-
tional glass applications. Systematic investigations regarding their interfacial bonding
behavior with diamond abrasives and grinding performance remain relatively limited. In
particular, the relatively higher thermal expansion tendency of CAS-based systems and the
still-developing research framework for LMS-based compositions make their compatibility
under severe grinding conditions less clearly established. Therefore, to ensure the compara-
bility and relevance of the discussion, this section focuses on LAS, MAS, and ZAS systems
for further analysis. CAS and LMS systems still demonstrate potential as candidate bonding
materials. With further investigation into compositional optimization and crystallization
control, their applicability in diamond grinding tools may be further clarified.

The low thermal expansion coefficient and excellent thermal shock resistance of the
LAS system effectively mitigate thermal mismatch stresses between the diamond and the
bond matrix. This system also exhibits high flexural strength, high Vickers hardness, and
favorable thermal conductivity [114,115], which help prevent interfacial delamination or
abrasive fracture while maintaining adequate bond strength. The MAS system is charac-
terized by a low coefficient of thermal expansion, outstanding thermal fatigue resistance,
and good chemical corrosion resistance, collectively ensuring the stability of the bond
layer during high-temperature grinding [116,117]. Within the ZAS system, Zn2+ ions can
form stable interfacial phases such as ZnAl2O4 or Zn2SiO4 with surface-oxidized metals
or rare-earth dopants, thereby enhancing both the mechanical interlocking and chemical
bonding with diamond abrasives.

3.3. Comparative Evaluation of Bond Systems and Matching Conclusions
3.3.1. Quantitative Comparison with Other Bond Systems

Based on available experimental studies, different bond systems exhibit significant
differences in mechanical and thermal properties. Resin bonds are typically cured at
150–200 ◦C and exhibit flexural strength in the range of approximately 20–80 MPa, to-
gether with relatively low thermal conductivity (about 0.2–0.6 W·m−1·K−1), providing
good self-sharpening capability but limited thermal resistance [118]. Ceramic bonds are
sintered at temperatures above 600–700 ◦C, forming stable glassy phases with flexural
strength typically in the range of tens to about 100 MPa and excellent thermal stability and
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stiffness [102]. Metal bonds, commonly based on bronze or iron powders, exhibit superior
grain retention and significantly higher thermal conductivity than polymer-based bonds.
Recently, additively manufactured bonds fabricated via photopolymerization or composite
sintering show strength levels typically between 40–100 MPa, while metallic fillers can
further improve thermal conductivity [119]. Overall, bond systems exhibit a clear gradient
in strength, thermal stability, and thermal conductivity, which directly influences grinding
performance and tool life. The reported values are collected from different studies under
varying testing conditions, and therefore are intended for comparative analysis rather than
direct equivalence.

3.3.2. Compatibility Conclusions

Based on the experimental studies, interfacial mechanisms, and quantitative com-
parisons discussed above, it is evident that different bond systems exhibit significant
differences in mechanical properties, thermal stability, and interfacial behavior, which
directly influence the grinding performance and service stability of diamond grinding
wheels. Conventional resin, ceramic, and metal bonds each possess specific advantages in
formability, thermal resistance, and thermal conductivity, respectively, but generally lack
integrated multi-property optimization.

In comparison, glass-ceramic bonds demonstrate notable potential in achieving bal-
anced performance through controllable crystallization and compositional design, par-
ticularly in terms of thermal expansion matching and interfacial stability. Among them,
LAS, MAS, and ZAS systems exhibit relatively favorable comprehensive properties and are
therefore identified as promising candidates for further investigation.

Overall, glass-ceramic bond systems provide a feasible pathway for combining struc-
tural design flexibility with tunable material performance. However, their practical applica-
tion still requires further systematic validation through experimental studies and long-term
service evaluation.

The proposed evaluation framework provides a systematic and structured approach
for comparing different bonding systems, particularly under conditions where compre-
hensive quantitative datasets are not yet fully available. It enables the integration of
both quantitative data and literature-based knowledge, offering a practical pathway for
multi-criteria assessment.

Nevertheless, several aspects define the current scope of the framework. First, the
use of fuzzy comprehensive evaluation allows the incorporation of multiple performance
indicators; however, part of the assessment is based on linguistic variables, which reflects
the current stage of research where fully standardized quantitative data are still limited.
Second, the quantitative data adopted in this study are collected from different literature
sources with varying experimental conditions, which may introduce certain variability in
direct comparisons.

In addition, some performance indicators, such as interfacial bonding behavior and
self-sharpening capability, are inherently complex and not yet supported by universally ac-
cepted testing standards. Therefore, the framework is particularly suitable for comparative
evaluation and trend analysis at the present stage.

With the advancement of standardized testing methods and the accumulation of
systematic experimental data, the proposed framework can be further refined toward a
more fully quantitative and predictive evaluation tool.
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4. Comprehensive Performance Evaluation and Material Optimisation
Analysis of Bond Systems

A multi-level fuzzy comprehensive evaluation model was established based on mem-
bership degree assessments across five key performance indicators, including bond strength,
thermal stability, self-sharpening capability, thermal conductivity, and formability. This
model was employed to systematically analyze typical diamond grinding wheel bond
systems, including resin, ceramic, metal, brazing, ceramic/metal composite, electroplated,
additive manufacturing, and glass-ceramics. The evaluation results indicate that while dif-
ferent bond systems exhibit distinct advantages in specific performance metrics, significant
disparities persist at the level of overall comprehensive performance.

The integrated Analytic Hierarchy Process (AHP)-fuzzy evaluation framework estab-
lished in this work was primarily designed to facilitate cross-system comparisons, identify
developmental trends, and inform material design strategies for various bond systems.
Its purpose is to elucidate the relative strengths and potential compatibility of different
bonding agents across critical performance dimensions. The evaluation outcomes thus
serve as a supportive decision-making tool for material selection and research prioritization,
offering a quantitative reference for the investigation of novel bond systems.

4.1. Determination of Indicator Weights Based on Analytic Hierarchy Process

To rationally ascertain the relative importance of performance evaluation indicators
for diamond grinding wheel bond systems, the Analytic Hierarchy Process (AHP) was
employed to determine the weighting of each indicator. Initially, a hierarchical model
was constructed, comprising an objective layer, a criterion layer, and an alternative layer.
The objective layer represents the comprehensive performance evaluation of diamond
grinding wheel bonding agents. The criterion layer consists of five key performance
indicators, comprising bond strength, thermal stability, self-sharpening capability, thermal
conductivity, and formability. The alternative layer encompasses the different types of
bond systems under consideration.

The relative importance of the criteria-level indicators was assessed through pairwise
comparisons. Materials experts were invited to independently score each indicator using
the Saaty 1–9 scale. Their judgments were consolidated using geometric averaging to
construct a comprehensive judgment matrix. The weight coefficients for each evaluation
criterion were then calculated using the eigenvector method.

To ensure the validity of the assessment, consistency testing was performed on the
judgment matrix. Consistency was evaluated by calculating the consistency index (CI)
and the consistency ratio (CR). A CR value below 0.10 is considered to indicate accept-
able consistency. The resulting weight coefficients were applied in the subsequent fuzzy
comprehensive evaluation analysis, with the specific results presented in Table 2.

Table 2. Weighting of performance evaluation indicators for diamond grinding wheel bonding agents.

Indicator Weight

Bond Strength 0.34

Thermal Stability 0.26

Self-sharpening 0.16

Thermal Conductivity 0.14

Formability 0.10
Note: The consistency ratio (CR) of the judgment matrix is 0.047, which is below the acceptable threshold of 0.10.
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This weighting system reflects the relative significance of each performance indicator
during the material selection stage under typical high-performance grinding scenarios.
It should be noted that these weightings are context-dependent. They can be adjusted
according to specific engineering requirements, such as different workpiece materials or
distinct operational conditions.

In order to improve transparency and reproducibility, the pairwise comparison judg-
ments were obtained from multiple domain experts specializing in grinding technology,
superhard materials, and materials engineering. The aggregated judgment matrix was
constructed using the geometric mean method, ensuring that the weighting results reflect
collective expert knowledge rather than individual subjective preference.

4.2. Fuzzy Comprehensive Evaluation Method

After determining the weights of the evaluation indicators using the Analytic Hi-
erarchy Process, this study further addresses the inherent uncertainty in assessing the
performance of diamond grinding wheel bonds. Interdependencies often exist among dif-
ferent performance metrics, and some characteristics are difficult to characterize precisely
with single numerical values. Recognizing this practical limitation, a fuzzy comprehensive
evaluation method is introduced to quantitatively analyze the overall performance of vari-
ous bond systems. This method allows for the simultaneous processing of information from
multiple indicators and facilitates comprehensive trade-offs across different performance
dimensions. Consequently, the evaluation results are more aligned with actual operational
conditions and hold greater value for engineering reference.

4.2.1. Evaluation Factor Set and Comment Set

Based on the comprehensive performance requirements for the bond in diamond
grinding wheels under actual service conditions, the evaluation factor set is established as:

U = {u1, u2, u3, u4, u5}

where u1 represents bond strength, u2 thermal stability, u3 self-sharpening ability,
u4 thermal conductivity, and u5 formability.

The selection of evaluation indicators is based on commonly reported performance
criteria for diamond grinding wheel bonds in the literature, reflecting the key interfacial
load-bearing capability, thermal resistance, and material-process adaptability required
under high-temperature grinding conditions.

To characterize different performance levels, a five-level comment set is introduced:

V = {“VeryPoor”, “Poor”, “Moderate”, “Good”, “Excellent”}.

4.2.2. Construction of Membership Matrix and Fuzzy Synthesis

Based on qualitative and semi-quantitative descriptions of the performance character-
istics of different bond systems from the existing literature, and informed by engineering
application experience, membership degrees were assigned to represent the performance
level of each bond system under the various evaluation criteria. This process established
the membership matrix, R, which corresponds to the defined evaluation factor set and
comment set. Adhering to the constraints of non-negativity and normality for member-
ship values, a weighted-average fuzzy synthesis operator was applied to integrate the
multi-criteria information:

B = A ◦ R (1)

where A denotes the weight vector of the evaluation indicators determined by the Analytic
Hierarchy Process (AHP), R is the membership matrix, and B represents the resulting fuzzy
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comprehensive evaluation vector. The detailed membership matrices used for the fuzzy
comprehensive evaluation are provided in Appendix A to ensure reproducibility of the
evaluation process.

The membership values were determined based on qualitative and semi-quantitative
performance descriptions reported in the literature and subsequently normalized into
a unified evaluation scale to ensure comparability across heterogeneous data sources.
This treatment enables structured integration of multi-source information when fully
consistent experimental datasets are not available, thereby improving the interpretability
and reproducibility of the evaluation results.

To quantify and compare the fuzzy comprehensive evaluation results, a scoring
method was applied to defuzzify the comment set, using a predefined scoring vector:

S = (20, 40, 60, 80, 100)

The comprehensive evaluation score was computed via the weighted averaging approach:

F = B · ST (2)

This process essentially transforms the fuzzy evaluation results into a single, compara-
ble metric by obtaining the comprehensive performance score for each bond system.

4.3. Results and Analysis
4.3.1. Comprehensive Evaluation Results

The fuzzy comprehensive evaluation results reveal significant differences in the overall
performance among the various bond systems. While certain bonding agents demonstrate
pronounced advantages in specific performance metrics, their aggregate scores are limited
by shortcomings in other critical properties. In contrast, glass-ceramic bonding agents
exhibit a more balanced performance profile across multiple indicators, consequently
achieving higher comprehensive scores, as detailed in Table 3. The comprehensive ranking
presented here reflects the relative performance levels and developmental potential of
different bond systems within the established unified evaluation framework and under
the assumed conditions. It should be noted that this ranking does not directly identify an
optimal material for any specific engineering application. In practice, the final selection of
a bonding agent must be made based on a holistic consideration of the workpiece material,
grinding process parameters, and experimental validation.

Table 3. Comprehensive scores and ranking of diamond grinding wheel bonding agents.

Ranking Bonding Agent Type Comprehensive Score

1 Glass-ceramics bonding agent 76.76

2 Ceramic-metal composite bonding agent 75.78

3 Brazed bonding agent 75.32

4 Metal bonding agent 72.74

5 Ceramic bonding agent 69.84

6 Additive manufacturing bonding agent 69.70

7 Electroplated bonding agent 61.90

8 Resin bonding agent 50.72

The comprehensive ranking reveals that glass-ceramic bonding agents exhibit the
most favorable overall performance, followed by ceramic-metal composite and brazed
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bonding agents. Metal and ceramic bonding agents demonstrate moderate performance,
while resin and electroplated bonding agents show relatively lower comprehensive scores.

The comprehensive evaluation results are illustrated in Figure 8. Under a unified
evaluation framework, the single-factor membership distributions and overall scores of
eight representative diamond grinding wheel bond systems are visualized and arranged
along a technological development timeline. The results indicate that each bond system
exhibits advantages in specific individual properties, whereas the overall performance
depends on the balance and synergy among multiple key indicators. Glass-ceramic bond
systems demonstrate relatively favorable integrated performance potential in terms of
bonding strength and thermal stability while maintaining a comparatively balanced multi-
property distribution, reflecting a relatively broad material design space.

Figure 8. Development stages, single-factor membership distributions, and comprehensive perfor-
mance evaluation of different diamond grinding wheel bond systems. The figure arranges repre-
sentative bond systems along a technological development timeline and presents the single-factor
membership distributions of each system with respect to bonding strength, thermal resistance, self-
sharpening ability, thermal conductivity, and formability, together with their overall evaluation scores.
Membership values were normalized based on performance characteristics reported in the literature
to reflect the relative performance levels of different bond systems across multiple criteria. In the
single-factor membership matrix, pink represents “very poor”, orange represents “poor”, yellow
represents “average”, light green represents “good”, and dark green represents “excellent”. Schematic
crystallization diagrams of typical glass-ceramic systems (LAS, MAS, ZAS) are also included to illus-
trate the structural basis for their tunable properties [90–95]. From the perspective of technological
evolution and performance integration, the figure highlights the transition of bond design strategies
from single-property optimization toward multi-performance synergistic regulation.

4.3.2. Discussion of Results

The evaluation results indicate that the comprehensive performance of a bonding
agent depends not only on the extreme values of individual metrics but also on the synergy
and balance among multiple key properties. The glass-ceramics bond, while exhibiting
high bond strength and excellent thermal stability, simultaneously maintains favorable
self-sharpening properties, thermal conductivity, and formability. Consequently, it demon-
strates a significant advantage in the comprehensive evaluation.
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Although additive manufacturing bonding agents exhibit significant advantages in
formability and structural design flexibility, their comprehensive score remains relatively
moderate within the present evaluation framework. This outcome is primarily related to
the weighting distribution of the evaluation indicators. According to the AHP-derived
weights, formability accounts for 0.10, which is lower than bond strength (0.34) and thermal
stability (0.26). Therefore, the advantages of additive manufacturing in structural design
flexibility cannot fully compensate for its comparatively moderate performance in other
key properties, particularly bond strength stability and interfacial reliability. In addition,
current additive manufacturing technologies for grinding wheel bonding systems are
still under development, and challenges related to microstructural densification, interface
stability, and processing cost remain. Consequently, the relatively moderate comprehensive
score reflects the current balance among multiple performance indicators and the present
level of technological maturity, rather than contradicting the recognized advantages of
additive manufacturing in structural controllability and functional integration.

It should be emphasized that the ranking result obtained from the fuzzy compre-
hensive evaluation reflects the relative development potential of different bond systems
rather than their current level of engineering maturity. The evaluation framework considers
key performance indicators relevant to extreme grinding conditions, including property
tunability, interfacial compatibility, thermal stability, mechanical reliability, and thermal
conductivity. Within this framework, glass-ceramic bond systems achieve a relatively high
score primarily due to their controllable crystallization behavior and flexible compositional
design, which enable regulation of thermal expansion characteristics, bonding strength,
and interfacial performance within a comparatively broad material design space.

However, current research on glass-ceramic bonds remains largely at the laboratory
stage, and systematic validation regarding long-term service stability, large-scale manufac-
turability, and engineering reliability is still limited. Therefore, the relatively high ranking
should not be interpreted as indicating that glass-ceramic bond systems have reached a
higher level of technological maturity than conventional resin, vitrified, or metal bond
systems. Instead, the ranking highlights their potential as a promising research direction
and supports the necessity for further experimental investigation.

The AHP-fuzzy comprehensive evaluation approach provides a structured means
to integrate heterogeneous performance information, including both quantitative data
and literature-based qualitative descriptions, thereby reducing potential bias arising from
reliance on any single indicator. The method emphasizes balanced multi-performance
assessment and offers a reproducible analytical pathway for comparing diamond grinding
wheel bond systems, while also providing a foundation for future quantitative optimization
based on experimental validation.

5. Conclusions and Perspectives
5.1. Conclusions

The evolution of diamond grinding wheel bond systems has progressively advanced
from traditional resin, ceramic, and metal types into the realm of multi-phase compos-
ites and architecturally engineered materials. This review has outlined the historical
development and recent research progress of these bonds, systematically summarizing
the performance characteristics and application scenarios of key representative systems.
Analysis indicates that while different bond systems exhibit distinct emphases in prop-
erties such as bond strength, thermal stability, self-sharpening capability, and interfacial
stability, their strategies for performance enhancement diverge significantly. Traditional
systems have primarily focused on improving individual properties, whereas emerging
systems emphasize the synergistic regulation of material composition, microstructure, and
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interfacial design. Among these, ceramic-metal composite systems achieve a balanced
combination of rigidity and flexibility. Brazed systems markedly enhance thermal stability
and abrasive retention efficiency through metallurgical bonding. Additive manufacturing
systems overcome inherent limitations in structural design, providing novel pathways for
fabricating porous and functionally graded wheels.

Building on this comparative analysis, this paper further examines the application
feasibility of glass-ceramics as a novel bond system. Glass-ceramics exhibit advantageous
characteristics such as low-temperature crystallization, a tailorable coefficient of thermal
expansion, and moderate strength, which enable high bonding efficiency and excellent
formability while ensuring diamond stability. By analyzing the performance of various
typical systems, this study offers new insights for material selection in diamond grinding
wheels intended for high-temperature and ultra-precision machining applications. This
review not only establishes a comparative framework for evaluating bond performance
but also provides a theoretical foundation and systematic reference for subsequent research
aimed at the synergistic optimization of composition, structure, and properties.

5.2. Perspectives

Future research should extend beyond the present review to advance the predictive
design and multi-scale characterization of bond systems. By integrating in situ observation
with numerical simulation, the interfacial evolution mechanisms of bonding agents under
high-temperature, high-stress grinding conditions can be elucidated, thereby establishing
robust correlation models linking microstructure, interfacial bonding, and macroscopic
performance. Furthermore, data-driven material design methodologies should be devel-
oped, leveraging machine learning and coupled thermomechanical simulations to enable
the rapid prediction and optimization of bond system properties.

Furthermore, the development of bond systems will increasingly emphasize composite
design, functionalization, intelligent design, and environmental sustainability. Introducing
functions such as self-lubrication, self-sensing, and thermal conductivity regulation can
facilitate real-time state feedback and adaptive adjustments during grinding operations.
The utilization of additive manufacturing and energy-field-assisted techniques to fabricate
smart bond layers with gradient structures and porous channels will enhance heat dissipa-
tion and abrasive renewal capabilities. Subsequent research should focus on investigating
the interfacial regulation mechanisms and thermal stress-matching behaviour of glass-
ceramic systems to explore their practical potential in high-performance grinding wheels.
This will offer new technical pathways for achieving precision machining, extended service
life, and environmentally sustainable production of diamond abrasive tools. The proposed
evaluation framework serves as a multi-criteria decision-making method oriented towards
trend analysis and directional screening. Its primary advantage lies in enabling systematic
comparisons among complex bond systems, particularly when comprehensive experimen-
tal data are still lacking. In contrast, this approach cannot fully capture the multi-physics
coupling and dynamic interfacial evolution occurring during actual grinding. Therefore,
future work must further validate and refine these evaluation outcomes through systematic
experimentation, in situ characterization, and numerical simulation.

Future research should extend beyond the present review to further advance the
predictive design and multi-scale characterization of bond systems. By combining in
situ characterization with numerical simulation, the interfacial evolution mechanisms of
bonding agents under high-temperature and high-stress grinding conditions can be more
clearly understood, thereby establishing quantitative correlations among microstructure,
interfacial bonding behavior, and macroscopic performance. Data-driven material design
approaches, including machine learning-assisted modeling coupled with thermomechani-
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cal simulation, may further accelerate the prediction and optimization of bond strength,
thermal stability, self-sharpening capability, thermal conductivity, and formability.

For glass-ceramic bonding agents, future studies should place greater emphasis on the
regulation of interfacial bonding behavior between diamond abrasives and the bond matrix.
In high-performance grinding, excessively strong interfacial bonding may induce prema-
ture abrasive fracture, whereas insufficient bonding strength may lead to grain pull-out
and reduced service life. Therefore, identifying an appropriate interfacial bonding strength
window is a key scientific challenge for glass-ceramic systems. This requires systematic
investigation of interface reaction layer formation, crystal phase composition, and thermal
expansion compatibility in order to control residual thermal stress and interfacial stability.
In addition, the relationship between microstructural characteristics and self-sharpening
capability should be further clarified. Particular attention should be given to the role of
controlled micro-crack propagation, crystal phase distribution, and glass phase connectivity
in balancing grain retention and abrasive renewal behavior. Optimizing the multi-phase
structure of glass-ceramic bonds, including glass phase fraction, crystalline phase composi-
tion, and porosity architecture, may enable simultaneous improvement in bond strength,
thermal stability, and thermal conductivity, thereby enhancing heat dissipation capability
and reducing grinding-induced thermal damage.

Future bond systems will also benefit from composite design, functionalization, and in-
telligent structural regulation. The introduction of self-lubricating phases, thermal conduc-
tivity regulation components, or gradient microstructures may improve grinding stability
and adaptability. Additive manufacturing and energy-field-assisted fabrication techniques
provide opportunities for constructing porous channels or graded architectures, which may
further improve heat dissipation and abrasive renewal capability. These targeted research
tasks highlight the unique tunability of glass-ceramic bonding systems compared with
conventional ceramic bonds, offering new pathways for achieving high-efficiency, long-
life, and environmentally sustainable diamond grinding tools. The proposed evaluation
framework provides a multi-criteria decision-making approach for systematic comparison
of different bond systems, particularly when experimental data remain limited. However,
the framework cannot fully capture the complex multi-physics coupling and dynamic inter-
facial evolution occurring during actual grinding processes. Therefore, future work should
further validate and refine the evaluation results through systematic experimentation, in
situ characterization, and numerical simulation.
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Appendix A. Membership Matrices
To ensure transparency and reproducibility of the AHP-fuzzy comprehensive evalua-

tion process, the membership matrices used in this study are provided in this appendix.
Each bond system is represented by a membership matrix describing its relative perfor-
mance levels with respect to the defined evaluation criteria.

The evaluation factor set is defined as:

U = {u1, u2, u3, u4, u5}

where u1 represents bond strength, u2 thermal stability, u3 self-sharpening ability,
u4 thermal conductivity, and u5 formability.

To characterize different performance levels, a five-level comment set is introduced:

V = {“VeryPoor”, “Poor”, “Moderate”, “Good”, “Excellent”}.

For each bond system, a membership matrix is constructed as:

Ri =


r11 r12 r13 r14 r15

r21 r22 r23 r24 r25

r31 r32 r33 r34 r35

r41 r42 r43 r44 r45

r51 r52 r53 r54 r55


Each row satisfies the normalization condition:

5

∑
j=1

rij = 1

ensuring consistency with fuzzy set theory.
The membership values were determined based on qualitative and semi-quantitative

performance descriptions reported in the literature and subsequently normalized into a
unified evaluation scale to ensure comparability across heterogeneous data sources. Below
are the membership matrices Ri.

R(Resin) =


0.30 0.40 0.20 0.10 0.00
0.35 0.40 0.15 0.10 0.00
0.05 0.15 0.40 0.30 0.10
0.20 0.30 0.30 0.15 0.05
0.00 0.05 0.15 0.30 0.50



R(Ceramic) =


0.05 0.10 0.25 0.40 0.20
0.00 0.05 0.20 0.40 0.35
0.10 0.20 0.30 0.25 0.15
0.10 0.20 0.30 0.25 0.15
0.15 0.30 0.30 0.20 0.05



R(Metal) =


0.00 0.05 0.15 0.40 0.40
0.05 0.10 0.20 0.35 0.30
0.20 0.30 0.30 0.15 0.05
0.00 0.05 0.15 0.35 0.45
0.20 0.30 0.30 0.15 0.05


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R(Brazed) =


0.00 0.00 0.10 0.35 0.55
0.00 0.05 0.15 0.35 0.45
0.35 0.35 0.20 0.10 0.00
0.00 0.05 0.15 0.35 0.45
0.25 0.30 0.25 0.15 0.05



R(Cement) =


0.00 0.05 0.20 0.45 0.30
0.00 0.05 0.20 0.45 0.30
0.05 0.15 0.30 0.35 0.15
0.05 0.10 0.30 0.40 0.15
0.05 0.10 0.30 0.35 0.20



R(Electroplated) =


0.05 0.10 0.30 0.35 0.20
0.10 0.20 0.35 0.25 0.10
0.30 0.30 0.25 0.10 0.05
0.05 0.10 0.30 0.35 0.20
0.30 0.30 0.25 0.10 0.05



R(AM) =


0.05 0.15 0.35 0.30 0.15
0.05 0.15 0.35 0.30 0.15
0.05 0.10 0.30 0.35 0.20
0.05 0.10 0.30 0.35 0.20
0.00 0.05 0.20 0.35 0.40



R(Glass-Ceramic) =


0.00 0.05 0.15 0.40 0.40
0.00 0.05 0.20 0.45 0.30
0.05 0.10 0.25 0.40 0.20
0.05 0.15 0.30 0.35 0.15
0.05 0.15 0.35 0.30 0.15


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