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Fig.1 Schematic illustration of force fields and mechanochemical process in polymer processing
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Tab.1 Methods for studying mechanochemical processes under polymer processing conditions
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Fig.2 Shear flow-induced chain scission in polymer melts™
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Fig. 3 Polymer chain scission mechanisms of polymer chains under sonication-induced flow fields
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Research Progress on Mechanochemical Processes in Polymer Processing
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Abstract:

Significance During dynamic polymer processing operations, such as extrusion, melt mixing, injection molding, fiber spinning, and ball milling,
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polymer chains are subjected to complex mechanical fields involving shear, extension, and compression. These mechanical forces induce chain
stretching and conformational evolution and, under sufficiently high stresses, can cause covalent bond scission, resulting in a range of mechano-
chemical processes. Since early studies demonstrated that mechanical processing can cause irreversible reductions in polymer molecular weight,
processing mechanochemistry has attracted sustained attention, particularly because of its critical role in determining processing stability and
polymer performance. Force-induced bond scission has traditionally been regarded as a primary cause of polymer degradation during processing.
However, the reactive intermediates generated by bond cleavage, such as polymer-centered radicals, also provide unique opportunities for graft-
ing, crosslinking, functionalization, and controlled degradation. Therefore, elucidating the mechanochemical mechanisms of polymer processing
is important not only for preventing undesirable degradation but also for harnessing mechanochemistry as a versatile strategy for polymer modifi-
cation, sustainable recycling, and value-added upcycling. Nevertheless, these mechanisms remain insufficiently understood because practical
polymer processing involves the simultaneous interplay of complex flow fields, thermal effects, oxidation, and heterogeneous processing environ-
ments. This review comprehensively summarizes recent progress in elucidating the mechanisms of force-induced chain scission under processing
conditions through investigations of actual processing operations, equivalent mechanochemical platforms, and molecular dynamics simulations. It
further reviews processing-enabled polymer functionalization and emerging mechanochemical strategies for polymer degradation, recycling, and
upcycling. Finally, the remaining challenges and future opportunities for integrating mechanochemistry with polymer processing are discussed to
facilitate the rational design, advanced manufacturing, and sustainable utilization of next-generation polymeric materials.

Progress Recent studies have significantly advanced the understanding of polymer mechanochemistry during processing from both mechanistic
and application-oriented perspectives. First, considerable progress has been made in elucidating force-induced bond scission under processing
conditions. Both industrial processing operations, such as extrusion and melt mixing, and equivalent mechanochemical platforms, such as ultra-
sonication, ball milling, and model flow devices, have been widely employed to investigate processing-induced chain scission. These studies have
systematically revealed how processing conditions and molecular characteristics, including flow type, deformation rate, molecular weight, mo-
lecular architecture, and polymer concentration, govern stress transmission and chain scission. Advanced characterization techniques, including
rheological analysis, molecular weight determination, and electron spin resonance spectroscopy, have enabled increasingly quantitative evaluation
of mechanochemical degradation. In particular, the incorporation of mechanophore-based probes into polymer chains has allowed for the direct vi-
sualization of force-induced bond scission during processing. Meanwhile, molecular dynamics simulations and multiscale theoretical models have
provided molecular-level mechanistic insights into these processes. Together, these complementary experimental and computational approaches
have established a more comprehensive mechanistic framework linking macroscopic processing conditions to molecular-scale mechanical
activation.

Beyond understanding degradation mechanisms, processing mechanochemistry has gradually evolved into an effective strategy for polymer
functionalization. Rather than being viewed only as an unavoidable degradation process, mechanically induced bond scission can be exploited to
generate highly reactive chain ends that can participate in grafting, crosslinking, chain extension, and end-group or side-chain functionalization.
Processing methods, including reactive extrusion, two-roll milling, and ball milling, enable the simultaneous integration of mechanical activation
and chemical reactions under solvent-free or solvent-minimized conditions. Representative examples include the mechanochemical grafting of
maleic anhydride onto polypropylene, one-step construction of multifunctional rubber crosslinked networks, fluorescence labeling through radical
coupling, phosphorylation of natural and synthetic polymers, and mechanochemical activation of highly crystalline polymers to facilitate subse-
quent chemical modification. Compared with conventional solution-phase chemistry, these approaches generally offer reduced solvent consump-
tion, simplified processing procedures, compatibility with existing polymer processing equipment, and considerable potential for continuous
manufacturing.

Mechanochemistry has also emerged as a promising platform for polymer degradation, recycling, and high-value utilization. Mechanical acti-
vation has been successfully applied to depolymerize a wide range of polymers, including polyolefins, poly (methyl methacrylate), polystyrene,
fluoropolymers, and poly (ethylene terephthalate), into monomers or other valuable small molecules. Ball milling, in particular, has become an ef-
fective solvent-free method for degrading otherwise difficult-to-recycle polymers. More recently, the rational incorporation of mechanophores
into polymer backbones has enabled programmable degradation, allowing mechanically stable polymers to undergo selective bond activation and
subsequent chemical degradation only upon external mechanical stimulation. Such strategies have been extended to commodity polyolefins, pro-
viding new opportunities for controlled degradation while retaining desirable service performance. Furthermore, mechanically generated radicals
and other reactive intermediates have been directly utilized in organic synthesis and polymer upcycling, in which waste plastics function not only
as recyclable feedstocks but also as radical initiators, Brensted acid sources, or precursors for value-added chemical transformations. These devel-

opments demonstrate that processing mechanochemistry is rapidly expanding beyond degradation studies toward integrated strategies that com-
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bine polymer processing, functionalization, recycling, and sustainable chemical manufacturing.

Conclusions and Prospects Polymer processing mechanochemistry has evolved from empirical observations of processing-induced degradation
to a molecular-level understanding of force-induced bond scission and, further, to processing-enabled polymer functionalization, controlled degra-
dation, and chemical upcycling. Despite these advances, several key challenges remain. First, quantitative relationships between processing condi-
tions, molecular stress distributions, and bond scission behavior have yet to be established, largely because direct observation of molecular events
during processing remains challenging. Developing noninvasive in situ characterization techniques capable of monitoring chain rupture, radical
generation, and subsequent reaction pathways will therefore be essential. Second, mechanochemical mechanisms under realistic processing condi-
tions, where thermal, mechanical, oxidative, and chemical effects are strongly coupled, remain insufficiently understood, highlighting the need for
integrated experimental, theoretical, and multiscale simulation approaches. Third, extending processing mechanochemistry beyond conventional
synthetic polymers to structurally complex biomacromolecules, such as cellulose, chitosan, proteins, and DNA, may reveal new force-structure re-
lationships and broaden its applications in sustainable materials and bio-related systems. Finally, translating laboratory-scale mechanochemical
strategies into industrial polymer processing requires improved reaction controllability, scalability, and compatibility with existing manufacturing
technologies. Addressing these challenges will enable more precise mechanochemical regulation during polymer processing and accelerate the de-
velopment of high-performance polymeric materials, sustainable manufacturing processes, and efficient polymer recycling and upcycling.

Key words: polymer processing; mechanochemistry; flow field; bond scission; degradation and recycling
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