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ABSTRACT

Diamond reinforced composite materials, with their excellent thermodynamic properties,
have become a new generation of advanced materials in fields such as electronics, intelligent
robots, and high-end healthcare. However, whether in ceramic, metallic, or resin-based
systems, these composites composed of heterogeneous components commonly suffer from
interfacial bonding issues. The discontinuity at the interface severely restricts the full
utilization of their comprehensive performance. Additionally, existing manufacturing
technologies are constrained by limited flexibility in shaping, making it difficult to directly
fabricate diamond composites with complex shapes and continuously adjustable gradient
properties. This greatly restricts the application of diamond reinforced composites in diverse
scenarios, such as flexible sensing. To address these challenges, our team has innovatively
proposed an original "acoustic manufacturing" method that utilizes ultrasound for direct
manufacturing. This method overcomes the limitations of conventional techniques, enabling
360° omnidirectional forming and continuously adjustable properties. Nevertheless, the
current performance control range of acoustic manufacturing method is still unable to meet
the special requirements of high-sensitivity force-sensing applications for gradient material
properties. When diamond is introduced as a reinforcing phase, the mechanism of its influence
on the regulation of gradient performance is not clear. The mechanism of acoustic wave on
the interface formation and forming of composite materials is also unclear. Therefore, in-depth
research into these fundamental mechanisms is crucial for achieving fixed-point quantitative
structural and performance control of acoustic manufacturing diamond-reinforced composites.
This is of great significance for developing a high-performance device manufacturing method
that employs acoustic waves as a precisely controllable energy field, and promoting its
innovative application in the new field of flexible sensing.

Supported by the XXX Project, this study proposes, for the first time, an original acoustic
manufacturing method to rapidly fabricate diamond-reinforced composites with multiple
controllable structural and functional properties. The research systematically investigated the
interfacial structures and compositional characteristics between diamond and ceramic, metal,
and resin matrix. It elucidated the interfacial formation mechanisms and interaction
relationships of composites under different energy fields. From micro-, meso-, to macro-scales,
the study thoroughly examined the enhancement mechanisms of the acoustic chemical,
mechanical, and physical effects of diamond particles on materials under acoustic fields,

revealing the key mechanism of structure-performance control in acoustic manufacturing.
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ABSTRACT

Furthermore, it developed precise multi-directional gradient property control methods for
point-line-plane-volume structures, establishing an acoustic manufacturing process system for
targeted and quantitative structure-performance control. Additionally, the study clarified the
sensing mechanisms of gradient- performance structures fabricated via acoustic
manufacturing and innovatively designed a series of flexible sensors. The main findings are
as follows:

(1) Under different energy fields, the interfaces between diamond and ceramic, metal,
and resin matrices exhibited different structural characteristics and interaction relationships.
For diamond Si3N4 ceramic matrix composite materials, an interfacial transition layer (TiCiNj.-
i) was formed between diamond and ceramic matrix due to the introduction of Ti coating under
thermal pressure field. This layer served as an interface "bridge", reducing phonon vibration
mismatch in heat transfer, suppressing diamond graphitization, and establishing a continuous
interface structure; For diamond metal matrix composites, the multi-scale atomic clusters in
metal glass (BMG) matrix migrated under the thermal flow field, enabling rapid embedding
of diamond particles into the plastically flowing matrix, forming a tightly bonding interface.
The introduction of interfacial coatings promoted the formation of a dissolution-diffusion
interface, increased the bonding interface area, and created a micro mechanical interlocking
interface. However, this bonding mode remained limited to secondary bonds, and has yet to
achieve stronger chemical bonding.

(2) Furthermore, by using acoustic waves for interface strengthening, it was found that
chemical anchoring connections were formed between the active functional groups on the
diamond surface and the resin matrix under the acoustic field. The localized energy of acoustic
waves induced a dehydrogenation reaction between the hydroxyl groups on the diamond
surface and the Si-H bonds of the resin matrix. This process created a thin, highly dispersed
Si-O interfacial layer, establishing a continuous and stable chemical bonding interface. The
interfacial strength of this bond was significantly higher than that of mechanical interlocking
interface formed under conventional thermal fields (an increase of 375%). The unique
advantages of this non-contact acoustic field offer a novel strategy for achieving precise and
controllable interface optimization in diamond-reinforced composites.

(3) Based on the interfacial bonding mechanism of diamond/resin under acoustic fields,
this study proposed an acoustic manufacturing method for the rapid fabrication of
diamond/resin composites, and investigated their key mechanisms at micro-, meso-, and

macro-scales. It was found that in acoustic manufacturing, the material system exhibited three
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distinct acoustic effects: acoustic chemical, mechanical, and physical effects. At the
microscopic scale, acoustic chemical and mechanical effects were predominant: acoustic
chemical effects are mainly caused by the extreme thermodynamic conditions generated by
acoustic waves. This special environment promoted the formation of active free radical groups
in materials, rapidly triggering chemical polymerization and cross-linking network formation;
The mechanical effect, driven by periodic ultrasonic vibrations, facilitated the breakage and
recombination of molecular chain bonds, thereby enhancing polymerization efficiency and
crosslinking density. At the mesoscopic scale, the acoustic physical effect was dominant,
primarily manifesting as acoustic cavitation: the periodic pressure changes induced by
acoustic waves promoted the generation of a large number of cavitation bubbles in the resin
system. The continuous formation and collapse of these bubbles provided initial activation
energy for the material, thus promoting curing.

(4) The introduction of diamond particles was found to significantly enhance the acoustic
chemical, mechanical, and physical effects at different scales. At the microscopic scale, the
intense ultrasonic shockwaves generated by acoustic waves at the diamond particle surfaces
promoted the breakage of active hydroxyl groups, forming a higher content of reactive free
radicals. This intensified acoustic chemical effect effectively improved polymerization and
crosslinking efficiency, with the controllable range of reactive functional groups (e.g., vinyl
groups) expanding by 68.94% compared to pure resin systems. Simultaneously, the
introduction of diamond particles altered the acoustic momentum distribution, achieving
spatially uniform dispersion of acoustic mechanical forces through the interaction between
acoustic waves and particles. This enhanced acoustic mechanical effect facilitated molecular
chain movement and collision, greatly improving micro molecular polymerization (about
twice that of pure resin systems). At the mesoscopic scale, diamond particles further amplified
acoustic cavitation behavior. Functioning as heterogeneous nucleation sites, they not only
intensified cavitation effects and improved distribution uniformity but also reduced the energy
barrier for bubble nucleation. This dual effect promoted more frequent cycles of bubble
nucleation, growth, and collapse, with sustained energy release accelerating local curing rates.

(5) At the macroscopic scale, the synergistic interaction of these three acoustic effects
enabled the progressive and continuous curing of diamond/resin composites from localized
points to full-area integration. Specifically, the acoustic chemical effect continuously drove
polymerization and crosslinking reactions (serving as the fundamental microscopic curing

mechanism), while the mechanical acoustic effect reinforced the polymerization-crosslinking
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network (micro strengthening effect). Concurrently, the physical acoustic effect facilitated
local curing through transient high-temperature/pressure conditions generated by cavitation
bubble collapse (mesoscopic curing effect). The synergistic effect of these three acoustic
effects ultimately achieved continuous acoustic manufacturing of diamond/resin composite
materials from micro molecular polymerization to macro structure.

(6) Based on the above mechanism of acoustic manufacturing, this study further
investigated the structure-performance control methods of acoustic manufacturing
diamond/resin composite materials, systematically exploring the precise control of
multidirectional gradient performance in "point-line- plane -volume" structures. For "point"
structures, diamond particles were found to significantly enhance the acoustic regulation
capability of microstructures through synergistic reinforcement of acoustic chemical,
mechanical, and physical effects. The regulation range of the conversion rate of reactive
functional groups (such as vinyl) has increased by 56.67 % compared to pure resin systems,
and the regulation range of crosslinking density has increased by 98.05 %. When connecting
the gradient structure controllable "points" into "lines" and weaving them into "plane", the
gradient structure design enabled the material to adapt more flexibly to deformation under
stress, achieving dynamic adjustment of stress distribution and energy absorption. The tensile
strength was increased by 30.07 % compared to homogeneous structures. Notably, three-
dimensional acoustic modulation could further construct "volume" structures with
multidirectional gradient elasticity, realizing controllable elastic modulus distribution across
different spatial dimensions (transverse, longitudinal, and circumferential). This gradient
performance structure exhibited significant spatial mechanical response characteristics,
providing the possibility for rapid response and sensitive perception of minute forces.

(7) Based on the gradient performance structure control characteristics described above,
a series of flexible strain, pressure, and tactile sensors were designed and fabricated. By
utilizing the enhanced external deformation adaptability of gradient "plane" woven structures,
a flexible strain sensor for rapid strain sensing was developed. Its sensitivity reaches 54.94,
which is 60.46 % higher than that of a uniform performance sensor, and enabling real-time
monitoring of human joint activity. The multi-level deformation exhibited by transverse
gradient performance "volume" microstructure arrays under load was employed to fabricate
flexible pressure sensors suitable for detecting subtle motions, vital signs, and micro-forces or
vibrations. Furthermore, the circumferential gradient performance fingerprint structures

demonstrated strong signal variation under minimal loading due to their radially differentiated
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mechanical response. The designed fingertip tactile sensor exhibited improved wearability,
sensitivity (0.493 kPa!), and response speed (65.19 ms), with a response speed almost twice

that of conventional sensors, and can accurately identify surface roughness and fine texture

structures.

Key words: Diamond-reinforced composites; Acoustic manufacturing; Interface optimization;

Structure-performance control; Flexible sensors
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