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Abstract: Polymer composites are widely used in tribological systems owing to their low density, 

self-lubricating capability, and corrosion resistance. However, their intrinsically low thermal 

conductivity promotes frictional heat accumulation at the sliding interface, making frictional heat a 

critical factor influencing interfacial evolution, tribological performance, and service reliability. 

Rather than focusing solely on frictional heat as a temperature rise, this review considers the role in 
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the evolution of friction interfaces. The discussion covers heat generation mechanisms, analytical, 

numerical, and experimental approaches for temperature evaluation, thermally induced material and 

interfacial changes, and degradation caused by excessive heat accumulation. Thermal management 

strategies are summarized in terms of intrinsic thermal stability, friction reduction, heat dissipation, 

and interfacial regulation. Remaining challenges in quantitative heat source identification, criteria for 

beneficial and detrimental thermal effects, and engineering translation are also discussed to support 

thermal management and material design. 

 

Keywords: Polymer, Tribology, Frictional heat, Thermal management 

 

1 Introduction 

Polymers and their composites are widely used in tribological components, including bearings 

[1], gears [2], seals [3], and braking systems [4], because of their low density, excellent self-

lubricating properties, corrosion resistance, and effective vibration and noise damping. However, 

increasing applied loads and sliding velocities generate substantial frictional heat at the contact 

interface, making frictional heat a key factor affecting the performance and service life of polymer 

tribological materials [5]. Unlike metals, where heat is primarily conducted by free electrons, heat 

transfer in polymers mainly relies on phonon transport [6]. The disordered molecular structure, high 

amorphous fraction, and strong phonon scattering give polymers intrinsically low thermal 

conductivity compared with metals. Tab. 1 summarizes the thermal conductivity of representative 

polymer materials. Limited heat dissipation promotes localized heat accumulation during sliding, 

which can alter the modulus, hardness, load bearing capacity, molecular mobility, and interfacial 

state of the polymer [7][8][9]. 

Tab. 1  Thermal conductivity of typical polymers. 
Polymer Thermal conductivity (W/(m·K)) Reference 

PA 0.28 [10] 
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PPS 0.22 [11] 
Epoxy 0.08-0.11 [12][13] 
PEEK 0.28 [14] 

PI 0.15 [15] 
PAEK 0.18 [16] 

UHMWPE 0.34 [17] 
PTFE 0.33 [18] 

Previous studies on polymer tribology have mainly examined frictional heating through 

interfacial temperature evolution and the associated changes in friction and wear [19][20][21]. A 

recent comprehensive review of polymer tribology has further identified thermal effects and 

localized melting as important mechanisms governing friction and wear, noting that frictional 

heating can alter rheological properties, reduce elastic modulus, and even induce surface layer 

melting [22]. These studies establish the importance of thermal effects in polymer tribology, while 

also indicating the need for a more focused consideration of frictional heat throughout the sliding 

process. Accordingly, as shown in Fig. 1, this review examines the mechanisms of frictional heat 

generation, methods for calculating and characterizing friction induced temperature, thermally 

induced changes and degradation of polymer materials and friction interfaces, and strategies for 

thermal management. By integrating these aspects with frictional heat as the organizing theme, the 

review aims to clarify the role of frictional heat in polymer tribological systems and to provide 

guidance for thermal management and material design. 
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Fig. 1  Integrated framework of frictional heat generation, accumulation, damage, and management in polymer 

tribological materials. 

2 Mechanisms of frictional heat generation 

During friction, the input mechanical work is inevitably converted into heat. Frictional heat is 

therefore a direct result of energy dissipation across multiple scales. In all tribological systems, 

interfacial shear is the initial stage of mechanical energy input and dissipation. When two surfaces 

slide against each other, mechanical work is required to overcome frictional resistance. At real 

contact areas, asperities undergo adhesion, shearing, ploughing, and fracture, thereby directly 

converting mechanical energy into thermal energy [23]. Unlike metals, polymers possess long chain 

molecular structures, pronounced viscoelasticity, and low thermal conductivity. As a result, the 

mechanical energy input at the interface is not immediately and fully released as heat. Instead, it is 

first redistributed through internal structural evolution and then dissipated into heat via multiple 

physical mechanisms. This process mainly involves energy dissipation pathways across different 

scales, including molecular chain conformational relaxation, segmental viscoelastic response, and 

localized plastic deformation. 

From a microscopic perspective, under sustained frictional shear, external mechanical work first 

induces internal rotation of the polymer backbone. This causes dihedral angles to deviate from their 

intrinsic equilibrium conformations. As a result, mechanical energy is temporarily stored within the 

molecular chains as conformational potential energy, primarily in the form of dihedral potential 

energy. However, this deformation is not static. The molecular chains undergo aperiodic stretch 

relaxation fluctuations in the shear flow field. This non-equilibrium dynamic process gradually 

releases the stored conformational potential energy. The released energy is then directly converted 

into kinetic energy of the system through segmental thermal motion. Macroscopically, this process 

manifests as continuous and irreversible frictional heat generation. Owing to differences in chain 

stiffness, the aperiodic conformational fluctuation behaviors vary significantly, leading to markedly 
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different heat generation characteristics. As shown in Fig. 2 (a), for soft molecular chains such as 

PTFE, aperiodic stretch relaxation fluctuations persist during the steady friction stage (1-10 ns). 

These fluctuations drive continuous conversion between potential and kinetic energy, thereby 

maintaining a pronounced temperature rise in the system. As shown in Fig. 2 (b), for molecular 

chains with higher stiffness such as PI, only limited conformational rearrangement occurs during the 

initial friction stage (1-4 ns). The radius of gyration distribution then rapidly stabilizes. In the slip 

region, the chains almost cease to exhibit fluctuations after 4 ns, which interrupts the conversion 

between potential and kinetic energy. Consequently, the temperature rise essentially stops after 4 ns, 

and the overall temperature increase is significantly lower than that of PTFE [24]. 

Recent molecular dynamics studies have further revealed the diversity in the spatial dissipation 

modes of this mechanism [25]. As shown in Fig. 2 (c), POM achieves conformational dissipation 

primarily through changes in bond angles and dihedral angles. This dissipative behavior extends 

several nanometers into the subsurface, exhibiting a dissipation pattern distributed across the entire 

thickness direction. The dissipation of PTFE relies mainly on the reorganization of non-bonded 

interactions near the interface. This results in a dissipation pattern localized in the near interface 

region, accompanied by a distinct subsurface temperature rise peak. These results indicate that the 

generation of frictional heat in polymers is not only governed by chain stiffness but is also closely 

related to the chemical structure of the molecular chains and the nature of intermolecular interactions. 

The conformational dissipation described above essentially represents energy conversion 

through conformational changes of polymer chains under frictional shear. For polymer systems with 

pronounced viscoelasticity, such as natural rubber, styrene butadiene rubber, and polyurethane 

elastomers, the frictional heat originates primarily from viscoelastic dissipation caused by internal 

friction during segmental motion. This type of dissipation can be classified into two categories. The 

first is hysteresis loss, which refers to the irreversible energy dissipation caused by internal friction 

between segments during cyclic compression-rebound deformation [26]. The second is interface-
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induced viscoelastic frictional dissipation, which arises from localized high frequency micro-

vibrations induced by surface roughness [27][28]. These micro-vibrations cause a time dependent 

viscoelastic response of the polymer and convert mechanical energy into heat. A study has shown 

that in water-lubricated rubber bearings, even under hydrodynamic lubrication conditions, the 

contribution of fluid shear is limited due to the extremely low viscosity of water. As shown in Fig. 

2(d), the contribution of viscoelastic dissipation to the transient friction coefficient and total heat flux 

still exceeds that of actual contact shear and fluid shear [29]. This indicates that for rubber 

components operating in mixed lubrication regimes, controlling the viscoelastic response of the 

material is an important approach to reducing frictional heat accumulation. 

The viscoelastic response involved in this dissipation process is strongly dependent on both 

temperature and deformation frequency. For polymers that approximately obey the time-temperature 

superposition (TTS) principle, changes in temperature can be related to equivalent changes in 

deformation frequency, allowing dynamic mechanical behavior over a broad temperature and 

frequency range to be represented by a master curve. The Williams-Landel-Ferry (WLF) relation is 

commonly used to describe this temperature dependent shift near the glass transition region [30]. In 

sliding contacts, repeated deformation caused by surface asperities introduces characteristic 

deformation frequencies related to sliding velocity and surface roughness. TTS therefore provides a 

useful framework for relating the local thermal state and deformation frequency to dynamic 

mechanical properties such as the loss modulus and loss factor, which characterize viscoelastic 

energy dissipation [28][31]. This temperature and frequency dependence should be considered when 

evaluating frictional heat generation and when selecting material properties and operating conditions 

to avoid regimes of excessive viscoelastic loss. However, TTS mainly describes the viscoelastic 

contribution to frictional heating. Under more complex frictional conditions, nonlinear deformation, 

interfacial slip, structural evolution, and tribo-chemical reactions may also contribute to the overall 

energy dissipation. 
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Fig. 2  Representative frictional heat generation mechanisms in polymers. (a) Temperature evolution and 
representative molecular chain fluctuation of PTFE during sliding; (b) temperature evolution and conformational 
stabilization of PI during sliding [24]; (c) contrasting spatial energy dissipation modes in POM and PTFE [25]; (d) 
contributions of viscoelastic deformation, asperity contact, and fluid shear to heat generation in a water lubricated 
rubber bearing [29]. 

Additionally, during the running-in stage or under conditions of high load and high surface 

roughness, local plastic deformation is also an important internal dissipation mechanism. Within the 

real contact area, the material undergoes irreversible deformation such as yielding, plastic flow, 

abrasive micro-cutting, and fatigue spalling. These processes convert mechanical energy into heat 

through plastic dissipation [32]. Compared with metallic materials, plastic deformation in polymers 

typically occurs together with segmental orientation, disentanglement, and thermal softening. 

Therefore, their heat generation behavior exhibits more pronounced time dependence and structural 

sensitivity.  

When the sliding speed, contact pressure, or interface temperature increases further, tribo-

chemical reactions gradually become a non-negligible additional heat source. Under friction, 

polymers may undergo chain scission, crosslinking, oxidation, and free-radical reactions, with 

associated heat release. For example, PEEK undergoes chain scission and oxidation during high-

temperature sliding [33], and the formation of oxide films on steel/polymer tribo-pairs is an 
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exothermic process [23]. Although tribo-chemical heat is usually not the primary source of frictional 

heat, under conditions of high flash temperatures or prolonged service, its continuous accumulation 

can further alter the material structure and interface state. This, in turn, feeds back to affect 

subsequent frictional heat generation and interfacial temperature rise. 

The above molecular-scale and microscopic interfacial mechanisms reveal the intrinsic origins 

of frictional heat generation. These mechanisms are not mutually exclusive. Instead, frictional 

heating in polymer tribological systems generally results from their combined contributions. Owing 

to differences in molecular architecture, viscoelastic behavior, crystallinity, thermal stability, and 

interfacial chemistry, the predominant heat-generation pathway varies considerably among polymer 

systems and operating conditions. Tab. 2 summarizes the predominant mechanisms for 

representative polymer tribological systems under different contact and operating conditions. 

However, quantitative data on the relative contributions of the different dissipation mechanisms 

remain limited. Existing studies employ different material pairs, operating conditions, spatial-

temporal scales, and evaluation parameters, making direct quantitative comparison difficult. 

 
 

Tab. 2  Main frictional heat-generation mechanisms in representative polymer systems. 

Polymer Contact and 
operating conditions Main mechanism Reported evidence Reference 

PTFE 

Cu/PTFE; planar 
sliding; 500 MPa; 0.5 
Å ps-1; 298.15 K (MD 
simulation) 

Sustained conformational 
dissipation 

Conformational 
fluctuations persist 
during 1-10 ns; 
dissipation is 
concentrated near the 
interface with a distinct 
subsurface temperature 
peak 

[24] 

Fe(001)/PTFE; planar 
sliding; 100 MPa; 1.47 
m/s; 300 K (MD 
simulation) 

Interface-localized non-
bonded dissipation 

Van der Waals and 
electrostatic energy 
dissipation is 
concentrated near the 
interface and is 
accompanied by a 
pronounced subsurface 
temperature maximum 

[25] 

PI 

Cu/PI; planar sliding; 
500 MPa; 0.5 Å ps-1; 
298.15 K (MD 
simulation) 

Limited conformational 
dissipation associated with 
high chain rigidity 

Conformational 
rearrangement mainly 
occurs during 1–4 ns and 
subsequently stabilizes; 

[24] 
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the temperature rise is 
markedly lower than that 
of PTFE 

POM 

Fe(001)/POM; planar 
sliding; 100 MPa; 1.47 
m/s; 300 K (MD 
simulation) 

Distributed conformational 
dissipation 

Bond-angle and 
dihedral-angle relaxation 
produces a distributed 
dissipation zone 
extending several 
nanometers into the 
polymer subsurface 

[25] 

Rubber 

Water/rubber-bearing 
interface; transient 
journal-bearing contact 
under mixed 
lubrication; dynamic 
rotor loading and 
variable rubber 
relaxation time; water 
lubrication 
(Experiment) 

Bulk viscoelastic hysteresis 
and roughness induced 
viscoelastic dissipation 

The viscoelastic 
contribution to transient 
friction and total heat 
flux exceeds the 
contributions of actual 
contact shear and fluid 
shear 

[29] 

Polyurethane 

Polyurethane/cotton-
fabric interface; dry 
sliding against fibrous 
counterface; variable 
normal load and sliding 
speed; ambient 
conditions 
(Experiment) 

Interfacial shear and plastic 
dissipation 

Irreversible deformation, 
plastic flow, micro-
cutting, and fatigue 
damage become more 
significant as contact 
severity increases; the 
plastic heat contribution 
was not separately 
quantified 

[32] 

PEEK 

PEEK/steel or 
PEEK/sapphire; ball-
on-disc dry sliding; 1 
and 40 N at 100 mm/s, 
or 10 N at 1-4000 
mm/s; 25 °C 
(Experiment) 

Interfacial shear and transfer 
film-controlled heating, with 
increasing tribochemical 
contribution under severe 
conditions 

Transfer film formation 
changes the local contact 
from PEEK/steel to 
PEEK/PEEK and 
substantially alters the 
predicted flash 
temperature; individual 
contributions remain 
unresolved 

[33] 

The two PTFE studies listed in Tab. 2 involve different counterfaces and operating conditions. 

The former study highlights the temporal persistence of conformational fluctuations, while the latter 

reveals near-interface dissipation dominated by the reorganization of non-bonded interactions. These 

results indicate that changes in the counterface material, contact pressure, and sliding velocity can 

modify interfacial interactions and stress transfer behavior, thereby affecting the predominant 

pathway and characteristics of frictional energy dissipation, even for the same polymer. The 

mechanisms summarized in Tab. 2 should be regarded as representative pathways under specific 

conditions rather than universal processes occurring simultaneously in every polymer material. As 

illustrated in Fig. 3, future studies should focus on quantitatively identifying the relative contribution 

Ju
st

 A
cc

ep
te

d



                                                                                    
Friction                                                                              https://mc03.manuscriptcentral.com/friction 

10 

of each mechanism by combining mechanism-specific energy indicators with heat-flux and 

temperature measurements. To establish the link between microscopic energy conversion and 

macroscopic temperature rise, Section 3 therefore reviews the methods for calculating and 

characterizing friction induced temperature. 

 

Fig. 3  Schematic diagram of quantitatively identifying the relative contribution of each mechanism under different 
material systems and friction conditions. 

 

3 Calculation and characterization of frictional heat 

Due to the low thermal conductivity and limited thermal diffusivity of polymers [34], they often 

exhibit more pronounced local temperature rises than metallic systems under the same heat 

generation conditions. Therefore, accurately calculating the contact temperature of polymer tribo-

pairs is essential for understanding their wear mechanisms, predicting service life, and optimizing 

material design. Research on the temperature rise caused by frictional heat in polymers can be 

broadly divided into three areas. The first is analytical calculation based on flash temperature theory 

and moving heat source theory, which mainly reveals the fundamental relationship between frictional 

work input and the transient interfacial temperature rise. The second is numerical simulation based 

on the finite element method, which focuses on problems that are difficult for analytical models to 

Ju
st

 A
cc

ep
te

d



                                                                                    
Friction                                                                              https://mc03.manuscriptcentral.com/friction 

11 

handle, such as finite dimensions, complex boundaries, material nonlinearity, and the dynamic 

evolution of heat partition. The third is experimental measurement using techniques such as 

thermocouples and infrared thermography, aimed at calibrating model results and capturing the 

temperature response of real friction interfaces. 

In 1937, Blok first introduced the concept of flash temperature, noting that actual contact 

between tribo-pair occurs at asperities. The frictional work is largely dissipated at the real contact 

points, thereby generating localized instantaneous temperatures far exceeding the average interface 

temperature [35]. Subsequently, Jaeger developed an analytical model of the sliding contact 

temperature field based on moving heat source theory. In this model, the frictional contact zone is 

treated as a moving heat source, revealing the relationship between heat input and thermal diffusion. 

The Peclet number was introduced to characterize the relative strength between heat advection and 

thermal diffusion [36]. To facilitate engineering applications, Archard proposed a simplified model 

for predicting the temperature rise in actual tribo-pairs. This work gradually established flash 

temperature theory as an important tool for frictional heat analysis [37]. To overcome the limited 

applicability of conventional models under different sliding speed conditions, Tian and Kennedy 

employed the Green's function method to develop a flash temperature prediction model that is valid 

over the entire range of Peclet numbers, thereby improving the accuracy and universality of 

temperature calculations [38]. The theoretical framework of these classical flash temperature models 

is general and was not originally developed specifically for polymers. However, driven by the severe 

thermally induced failures that polymers often suffer in applications, researchers have applied these 

models to predict temperature rises in polymer-metal tribo-pairs. Based on the flash temperature 

solution of Tian and Kennedy [38], the steady-state temperature rise solution of Ashby et al. [39], 

and the steady-state temperature rise solution for disk convection cooling of Laraqi et al. [40], 

Kennedy et al. [23] developed a temperature prediction method for the pin-on-disk configuration. 

This method was applied to the design of wear tests for an ultrahigh-molecular-weight polyethylene 
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(UHMWPE) pin-on-disk contact, with the aim of determining the safe sliding speed range that 

avoids thermally induced transitions in wear mechanisms. As research has progressed, the limitations 

of classical flash temperature models for polymer-metal tribo-pairs have gradually become apparent. 

First, these models typically treat the contacting bodies as semi-infinite solids, ignoring the effects of 

sample size and boundary conditions on heat accumulation [23]. They also focus only on the 

instantaneous temperature rise at the contact interface and do not account for the long-term 

accumulation of frictional heat within the contacting bodies [21]. Second, polymers tend to form 

transfer films on the metal counterface during sliding, which alters the actual material pairing at the 

contact interface. In infrared thermography experiments on PEEK-sapphire and PEEK-steel contacts, 

Laux et al. [33] found that when the PEEK transfer film formed on the steel counterface, the local 

contact became a self-mated PEEK-PEEK contact. Since the predicted flash temperature for PEEK-

PEEK contact is much higher than that for PEEK-steel contact, the presence of such a transfer film 

can cause the actual contact temperature to be significantly higher than the value calculated based on 

the initial material pair. This indicates that the evolution of the friction interface is also a source of 

deviation in flash temperature predictions. 

To overcome the limitations of flash temperature models in handling finite dimensions, 

complex boundaries, and material nonlinearity, the finite element method (FEM) has been introduced 

into the calculation of frictional heat for polymer-metal contacts. Mu et al. [41] quantified the 

influence of material parameters on contact temperature by developing a two-dimensional 

axisymmetric FEM model of a ring-block contact for PI composites, and systematically analyzed the 

effects of thermal conductivity and friction coefficient. Their study showed that reducing the friction 

coefficient by 40% decreased the temperature by approximately 72°C, an effect about 18 times 

greater than that of an equivalent increase in thermal conductivity. This finding directly indicates that, 

given the limited scope for improving the thermal conductivity of composites, controlling interfacial 

friction is more effective in suppressing the heat source itself. Xia et al. [42] developed an FEM 
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model that incorporates a time-varying friction coefficient and temperature dependent material 

parameters. They adopted the total heat flux method, which enforces temperature continuity at the 

interface to achieve automatic heat flux partitioning. The model revealed that, in polymer-steel 

friction, the heat partition coefficient is not a constant but evolves dynamically from an initial value 

to a steady-state value. It is also significantly influenced by geometric parameters such as the 

polymer contact area and the steel disk thickness. Kalin et al. [21] built a complete three-dimensional 

FEM model incorporating a steel disk, a PTFE insulating disk, and a polymer pin. The boundary 

conditions covered three heat transfer mechanisms: convection, conduction, and radiation. Calibrated 

against an infrared thermography experimental system, the model predicted the temperature field 

with a relative deviation of 0.4%-2.0% from experimental measurements. Using this model, they 

obtained the contact interface temperature, which cannot be directly measured experimentally. The 

results quantitatively revealed that the steady-state temperature rise of the steel disk accounted for 

91%-97% of the maximum contact temperature, while the flash temperature contributed only 6%-9%. 

This demonstrated that, for polymer-metal tribo-pairs, thermal management at the friction interface is 

more critical than the intrinsic thermal conductivity of the material. 

Although the flash temperature models and finite element simulations described above can 

predict the distribution of the contact temperature field, the accuracy of their results depends on the 

reasonable specification of input information such as boundary conditions, material parameters, and 

heat transfer modes. They therefore require calibration and validation through experimental 

measurements. For this purpose, researchers have developed various methods to measure 

temperature at or near the friction interface. For contact based thermometry, embedded 

thermocouples are among the most widely used methods. Mu et al. [41] embedded thermocouples at 

a distance of 1 mm from the friction interface in ring-on-block tests, and the error between the 

experimental and FEM-predicted values was kept within 10%. As shown in Fig. 4 (a), Xia et al. [42] 

implanted thermocouples into the polymer side wall 1.5 mm from the contact surface, with a 
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measurement error of 1-2 °C. Kennedy et al. [23] used thermocouples to measure the temperature at 

the outlet side of the steel disk in PEEK-steel contact, showing that the contact temperature 

approached the glass transition temperature of PEEK. However, contact thermometry cannot directly 

capture the interface temperature, and embedded sensors can disturb the local heat flux. For non-

contact thermometry, as shown in Fig. 4 (b) and (c), infrared thermography can provide the 

temperature distribution during the friction process, thereby overcoming the limitation of single-

point measurements inherent to thermocouples [32][43]. More recently, luminescence thermometry 

has been introduced into polymer-gear temperature measurements. It determines temperature from 

the temperature dependent emission of luminescent particles incorporated into the polymer. This 

method enables non-contact measurement, but requires optical access and material-specific 

calibration; moreover, the particles may affect the polymer properties, and the buried contact 

temperature remains difficult to measure [44]. 

 

Fig. 4  Representative experimental methods for frictional temperature measurement. (a) Thermocouple based 
measurement of the temperature near a polymer friction interface [42]; (b) Schematic diagram of the experimental 
setup and infrared thermography imaging [32]; (c) snapshots of in-situ temperature measurement using IR imaging 
[43]. 

Overall, the prediction and characterization of friction induced temperature in polymer tribo-

pairs involve complementary analytical, numerical, and experimental approaches. Analytical models 

provide efficient estimates of local contact temperature but rely on simplified assumptions regarding 

geometry, material properties, and interface evolution. Finite element models can incorporate finite 

dimensions, complex boundary conditions, temperature dependent properties, and dynamic heat 

partition, whereas experimental measurements are required for model calibration and validation. 
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Accordingly, these approaches are increasingly used in combination to characterize friction induced 

temperature in polymer tribological systems. Tab. 3 summarizes the applications, reported errors or 

uncertainties, spatial and temporal resolutions, limitations, and representative studies of the principal 

analytical, numerical, and experimental methods. Despite recent progress, existing methods cannot 

simultaneously resolve localized temperature changes at buried polymer interfaces and identify the 

mechanical processes responsible for heat generation. Raman thermometry can map local 

temperature from calibrated spectral changes [54]. Its potential for polymer tribology is supported by 

Raman temperature measurement in a polymer device [55] and in-operando Raman monitoring of 

lubricant drainage, wear and internal stress during polymer sliding [56]. Acoustic emission can 

complement infrared, luminescence or Raman thermometry by detecting transient mechanical events, 

as demonstrated in PEKK sliding contacts [57]. Combining these methods could link local heating 

with stick–slip, cracking and debris formation, thereby improving our understanding of how 

frictional heating affects interfacial behavior and wear evolution. 

Tab. 3  Comparison of analytical, numerical and experimental methods for friction induced temperature analysis in 
polymer tribo-pairs. 

Method Type Application Reported 
error/uncertainty 

Spatial 
resolution 

Temporal 
resolution Limitations Reference 

Analytical 
flash-

temperature 
models 

Prediction 

Estimate 
mean or 

maximum 
contact 

temperature 
in pin-on-

disc, block-
on-ring and 

gear contacts 

- - - 

Accuracy 
depends on 

contact area, 
heat partition, 

friction 
coefficient 

and 
temperature 
dependent 
properties. 

Asperity scale 
flash 

temperatures 
are generally 
unresolved 

[21] 

Finite-
element 

simulation 
Prediction 

Calculate 
transient 

temperature 
fields in 
complex 
polymer 

contacts and 
gears 

Experiment-
simulation 

difference: <10% 
in Mu et al. [41]; 

experimental 
thermocouple 

error: 1-2 °C in 
Xia et al. [42] 

- - 

Strongly 
dependent on 
mesh, time 

step, 
boundary 

conditions, 
thermal 
contact 

[41][42] 
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resistance and 
temperature 
dependent 
material 

properties 

Embedded/ne
ar-contact 

thermocouple 

Indirect 
measureme

nt 

Measure 
subsurface or 

bulk 
temperature 
in polymer 
pins, blocks 
and gears 

1-2°C after 
calibration in Xia 

et al. [42] 

0.1 mm 
junction 
scale in 

Nosko et 
al. [45]; 
typical 
depths: 
0.5-1.5 

mm from 
the 

interface 

2 Hz in 
Nosko et 
al. [45] 

Steep 
temperature 

gradients 
cause 

interface-
temperature 

underestimati
on. Wires, 
holes and 
adhesives 

may disturb 
local heat 

flow 

[41][42][4
5][47] 

Grindable 
thermocouple 

Direct, 
intrusive 

measureme
nt 

Measure 
sliding-
surface 

temperature 
in polymers 

and tyre 
tread rubber 

Average test-retest 
repeatability: 

5.7%; 
temperature-rise 
overestimation 

was 23% 
compared with the 

exposed 
conventional-
thermocouple 

reference 

0.34 mm 
nominal 
sensing 
scale, 

based on 
tip 

diameter 

2 Hz 

The metallic 
tip 

participates in 
friction and 

may increase 
local heating. 

Junction 
stability 

decreases at 
low contact 

pressure 

[45][46] 

Point IR 
pyrometer 

Non-
contact, 
single-
point 

measureme
nt 

Measure 
spot-

averaged 
temperature 

near an 
exposed 
polymer 
contact 

- - - 

No two-
dimensional 
temperature 

field is 
obtained. 
Results 

depend on 
spot size, 

emissivity, 
roughness 

and transfer 
film 

formation. 
Buried 

contacts are 
inaccessible 

[48] 

IR 
thermography 

Non-
contact, 
full-field 

measureme
nt 

Map 
temperature 
on exposed 

gear 
surfaces, 

tooth flanks 
and wear 

tracks 

- - 

Approxim
ately 1912 
frames s⁻¹; 
calculated 

frame 
interval: 

0.523 ms; 
integration 
time: 0.1 
ms[49] 

Closed 
contacts are 
obscured. 
Emissivity 
varies with 

polymer type, 
temperature, 
roughness, 

viewing angle 
and transfer 

film 

[49][50][5
1] 

IR Non- Map - 3 µm for - Restricted to [33][52] 
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thermography 
(through 

transparent 
counterface) 

contact, 
full-field 

measureme
nt 

apparent 
interface 

temperature 
through CaF₂ 
or sapphire 

rubber/Ca
F₂; 6.3 µm 

for 
PEEK/sap
phire and 
PBI/sapph

ire 

IR-
transparent 

counterfaces; 
counterface 
absorption, 

reflection and 
calibration 

must be 
corrected; 
transparent 

contacts may 
differ from 
engineering 

contacts 

[53] 

luminescence 
thermometry 

Non-
contact 
optical 

measureme
nt 

Measure 
friction 
induced 
surface 

heating in 
polymer gear 

Repeatability, 
expressed as SD 
of 100 readings: 
0.07 K at steady 

state and 700 rpm. 
Calibration SD: 

0.07-0.10 K over 
299-373 K. 

- - 

Probe 
particles may 

alter 
mechanical, 
thermal and 
tribological 
properties. 
Pressure, 
stress and 

laser heating 
effects 
require 

validation 

[44] 

Note: Reported performance values are specific to the instrument and experimental configuration. A dash (-) 
indicates that the corresponding information was not reported. 

4 Adverse effects of excessive frictional heat 

As frictional heat accumulates at the friction interface, the molecular mobility of polymer chains, 

interfacial contact characteristics, tribo-chemical reactions, and transfer film evolution continuously 

change. These thermally induced structural evolutions, in turn, influence friction, wear resistance, 

and long-term service stability. Because different polymers possess distinct thermal transition 

temperatures and thermal stability, the same interface temperature may induce different tribological 

responses in different material systems. Representative thermal references and corresponding 

tribological responses for different polymer classes are summarized in Tab. 4. It should be noted that 

the regimes summarized in Tab. 4 are representative rather than fixed temperature boundaries, 

because the actual thermal response also depends on the contact configuration, load/contact pressure, 

sliding velocity, counterface material, lubrication or environmental conditions, and heat dissipation 

characteristics of the tribological system. The glass transition temperature (Tg) provides an important 
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thermal reference because the physical state and viscoelastic response of polymers change markedly 

in its vicinity, often accompanied by pronounced changes in friction and wear [22][66][67]. However, 

reaching or moderately exceeding Tg does not necessarily imply thermal damage. Enhanced 

segmental mobility can facilitate interfacial accommodation and stress relaxation, thereby reducing 

friction and wear in some polymer systems, while thermally activated interfacial processes can also 

promote the formation of lubricating transfer films [68][69]. Conversely, thermal softening in the 

glass transition region may destabilize the transfer film and aggravate friction and surface damage 

under other contact conditions. Therefore, whether frictional heat is beneficial or detrimental 

depends on the competition between thermally activated interfacial adaptation and heat induced loss 

of mechanical and interfacial stability. Accordingly, this section focuses specifically on excessive 

frictional heating, whose adverse effects can be broadly classified into three representative 

mechanisms: thermal softening of the polymer matrix, chemical degradation, and transfer film failure, 

as schematically illustrated in Fig. 5. 

Tab. 4  Characteristic thermal references of major polymer classes. 
Polymer 

classification 
Main thermal 

reference Thermal response Excessive heating 
response 

Representative 
polymer 

Amorphous 
thermoplastics Tg 

Near Tg, increased 
segmental mobility 
strongly alters 
interfacial shear and 
may reduce 
friction/wear in 
some systems 

Further thermal 
softening reduces 
mechanical strength 
and may promote 
adhesion, cracking, 
or wear 

PVC [58], PMMA 
[59], PS [60], PC 

[61],PEI [62] 

Semicrystalline 
thermoplastics Tg, Tm 

Around/above Tg, 
mobility of the 
amorphous phase 
increases while 
crystallites still 
constrain flow; 
transfer layer 
formation may be 
promoted 

Softening or transfer 
film instability may 
develop near/above 
Tg; toward Tm, 
crystalline constraint 
is progressively lost 

PAEK [67], 
PEEK[68]  

Thermosets Tg 

Below/near Tg, the 
crosslinked matrix 
retains relatively 
high stiffness and 
mechanical support 

Across/above Tg, 
glassy to rubbery 
softening can 
increase 
deformation, 
friction, and wear 

Phenolic[63], 
Polybenzoxazine 

[64] 

Elastomers Tg/temperature 
dependent 

Typically above Tg, 
friction is strongly 

Large flash-
temperature rises SBR [31], NBR [65] 
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viscoelasticity governed by 
temperature 
dependent 
deformation and 
energy dissipation; 
moderate heating 
may shift or reduce 
friction 

can strongly alter 
friction and may 
induce friction loss 
or instability 

 

 

Fig. 5  Adverse effects of frictional heat: (a) thermal softening of the polymer matrix, (b) chemical degradation, (c) 
transfer film failure. 
4.1 Thermal softening of the polymer matrix 

Polymers have inherently low thermal conductivity. This restricts the rapid conduction of 

frictional heat into the bulk material and the external environment, causing substantial heat 

accumulation near the friction interface. When the interface temperature approaches or exceeds the 

glass transition temperature or melting point of the polymer matrix, the matrix first undergoes 

thermal softening. The elastic modulus, hardness, and load-bearing capacity of the matrix then 

decrease significantly [70]. After thermal softening, the polymer becomes more susceptible to plastic 

flow and adhesive deformation under the combined action of normal load and tangential shear stress. 

The softened surface layer continuously undergoes compaction, stretching, and repeated shear, 

gradually forming an uneven plastic deformation zone. In severe cases, flake-like detachment may 

occur [11][71]. Meanwhile, the elastic recovery ability of the matrix decreases. This leads to an 

increase in the real contact area, interfacial shear resistance, and friction coefficient, which further 

promotes frictional heat accumulation and material wear [72]. When the interface temperature 

continues to rise and approaches the melting point of the polymer, localized melting flow may even 

Ju
st

 A
cc

ep
te

d



                                                                                    
Friction                                                                              https://mc03.manuscriptcentral.com/friction 

20 

occur. This reduces the dimensional stability of the material and severely shortens the service life of 

the polymer component [33]. 

Thermal softening weakens the support and confinement provided by the polymer matrix to the 

reinforcing filler. As the matrix modulus and interfacial bonding strength decrease, load transfer 

between the matrix and filler becomes inefficient, and stress concentration at the interface intensifies. 

Under cyclic contact and shear, the filler becomes more prone to debonding, pull-out, or even 

fracture [73]. Once the filler detaches, the original reinforcing and load-bearing framework of the 

composite is disrupted. More load then concentrates on the softened matrix, further aggravating local 

plastic deformation and interfacial stress concentration, and causing a continuous decline in load-

bearing capacity. This interfacial bonding failure induced by thermal softening not only undermines 

the structural stability of the composite, but also adversely affects the stability of the transfer film 

and the evolution of the friction interface. 

4.2 Chemical degradation of the polymer 

The rise in interface temperature not only causes matrix softening but also triggers chemical 

degradation of the polymer chains, such as covalent bond scission, oxidation, or changes in 

crosslinked structures [74][75]. This degradation is generally irreversible [76]. 

Main-chain scission is the most typical manifestation of thermochemical degradation in 

polymers. In phenolic resin-based composites, when frictional heat raises the interface temperature 

above 350 °C, the resin undergoes thermal cracking and generates a large number of low-molecular-

weight gases. These gases accumulate at the friction interface, forming a gas cushion effect. The gas 

cushion reduces the actual contact pressure and leads to a rapid drop in friction coefficient. This 

phenomenon is known as thermal fade [77]. In epoxy resin systems, frictional heat induces oxidative 

scission of molecular bonds in the molecular chains. As a result, the material peels off as debris [78]. 

Even polyimide, known for excellent heat resistance, remains susceptible to localized thermal 

degradation under high frictional temperature conditions. Studies show that frictional heat can induce 
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selective scission of C-O and C=O bonds in polyimide molecular chains. With the involvement of 

the metal counterface and lubricant components, further thermochemical reactions occur. As shown 

in Fig. 6 (a), these reactions generate black degradation products [79]. In addition, localized high 

temperatures generated by high loads may induce carbonization and ring opening of the imide ring. 

A schematic of this process is shown in Fig. 6 (b). This further weakens the structural stability of the 

polymer and aggravates the deterioration of tribological performance [80]. 

It is worth noting that chemical degradation of polymers is driven by more than frictional heat 

alone. In studies of PEEK–steel tribo-pairs, the interface temperature was only slightly above the 

glass transition temperature. The thermal effect alone failed to explain the significant degradation 

observed. As shown in Fig. 6 (c), subsequent analysis showed that friction plasma generated during 

sliding and mechanical shear act together. Through free-radical reactions, these factors induce chain 

scission and crosslinking, which are the primary cause of structural changes in PEEK molecular 

chains [43]. 

 

Fig. 6  Representative chemical degradation processes during polymer sliding. (a1, a2) Friction response and wear 
track evolution of PI under dry and PAO4 lubricated conditions [79]; (b) proposed carbonization and chelation of 
PI during sliding [80]; (c) optical evidence of friction plasma generated in a PEEK and steel contact [43]. 

 

4.3 Failure of the polymer transfer film 

The transfer film is critical for reducing interfacial shear resistance and improving friction and 

wear performance during sliding of polymer composites [81][82]. The continuity, integrity, and 

stability of the transfer film directly determine the self-lubricating ability of the material. Continuous 
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accumulation of frictional heat suppresses the formation of the transfer film. It also weakens the 

interfacial bonding strength and structural stability of the film, eventually leading to transfer film 

failure. 

The bonding between the transfer film and the metal counterface relies on physical adsorption 

or chemical bonding. The sustained temperature rise driven by continuous frictional heat causes the 

film to detach from the counterface surface. The exposed metal surface reveals fresh active sites after 

detachment. During continuous sliding, adhesion occurs between the metal and the polymer, forming 

a cycle of adhesion, failure, and readhesion, accompanied by large amounts of wear debris. When the 

accumulated frictional heat drives the temperature sufficiently high, localized melt welding may 

even be triggered [83]. After detachment, the transfer film becomes more prone to bulk or flake-like 

spalling under shear stress. The spalled fragments transform from a lubricating film into abrasive 

particles, converting two-body wear into more severe three-body wear [84].  

Collectively, these degradation modes are strongly coupled rather than independent. The 

thermomechanical damage described in Section 4.1 increases the supply of detached material and 

wear debris to the sliding interface. Material transfer is the basis for transfer film development, 

whereas the size, morphology, adhesion, and persistence of the transferred debris strongly influence 

whether a continuous and protective film can be established [85][86]. For example, large and loosely 

adhered debris dominated transfer films can be repeatedly removed during running-in, whereas 

smaller and more strongly adhered fragments can persist, grow, and merge into a stable transfer film 

[86]. Therefore, debris generated from a softened and damaged surface may either contribute to 

transfer film replenishment or, when poorly adhered and continuously removed, disturb the film 

continuity. Loss of a stable transfer film increases direct interaction between the polymer and 

counterface and thereby increases interfacial shear and friction. A similar transition has been 

observed in PAEK mated with steel, where transfer film instability in the glass transition region was 

accompanied by increased friction and surface damage [67]. The resulting increase in frictional 
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dissipation generates additional heat, which can in turn intensify thermomechanical softening and 

material removal, forming a positive feedback between surface degradation and transfer film 

instability. 

Chemical degradation provides another feedback pathway. As discussed in Section 4.2, tribo-

chemical degradation may involve both chain scission and crosslinking. When chain scission 

predominates, the molecular-weight averages decrease, whereas concurrent crosslinking can partly 

counteract this change [87]. For polymers exhibiting a Fox-Flory type molecular-weight dependence, 

a decrease in number-average molecular weight is associated with a decrease in the glass transition 

temperature [88][89]. Consequently, sufficiently extensive chain scission may shift the near-surface 

polymer toward a more readily softened state at a given interface temperature, thereby further 

coupling chemical degradation with thermomechanical softening. This relationship is not universal 

because the net response depends on the competition among chain scission, crosslinking, oxidation, 

and other tribo-chemical reactions. For example, as discussed above for PEEK and steel contacts, 

frictional heating alone is insufficient to account for the observed chemical changes, and 

mechanically assisted and tribo-plasma related reactions also contribute to the degradation process 

[43]. Therefore, thermal softening, chemical degradation, and transfer film failure should be regarded 

as a coupled feedback network whose dominant pathway evolves with the polymer and operating 

conditions. 

Importantly, the accumulation of frictional heat damages both the polymer and the friction 

interface, and may also cause functional failure or reduced safety of the entire tribological system. In 

braking systems, heat accumulation causes hot spots and thermal damage. These directly reduce 

braking safety and service life [90][91]. Under high-speed landing conditions, the tire tread 

undergoes severe wear and rapid heating due to frictional heat accumulation. In extreme cases, this 

can even lead to tire blowout [26]. In polymer gear transmission systems, continuous frictional heat 

raises the tooth surface temperature. This causes a decrease in material hardness and accelerates wear. 
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It also leads to increased energy loss, reduced system efficiency, and greater noise and vibration [92]. 

In artificial joint applications, frictional heat may denature proteins in the synovial fluid. This 

impairs lubrication and shortens the implant lifespan [93]. Overall, when the interfacial temperature 

exceeds the thermal tolerance limit of the polymer, the tribological response may shift from mild 

wear to severe thermal adhesive wear or thermomechanical failure. This ultimately reduces 

equipment reliability. Although thermal softening, chemical degradation, and transfer film failure are 

commonly observed, their relative contributions remain highly dependent on the material and 

operating conditions and have rarely been quantified. Future work should establish quantitative 

criteria to identify the dominant degradation pathway under different friction conditions. 

5 Frictional heat management strategies 

To mitigate the adverse effects of frictional heat discussed above, a variety of thermal 

management strategies have been developed for polymer tribological materials. Thermal 

management strategies can target different stages of heat generation, transport, accumulation, and 

interfacial response. According to the primary stage at which they intervene, as shown in Fig. 7, 

existing strategies can be broadly classified into four categories: (i) enhancing the intrinsic thermal 

stability of polymers to improve resistance to friction induced thermal damage; (ii) reducing 

interfacial shear to suppress frictional heat generation; (iii) constructing efficient thermal conduction 

pathways to accelerate heat transport and dissipation; and (iv) designing surface structures to 

regulate contact conditions and interfacial evolution. Ju
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Fig. 7  Schematic diagram of frictional heat management strategies. 

5.1 Raising failure threshold via intrinsic thermal stability 

Enhancing the intrinsic thermal stability of polymers is a direct strategy for improving their 

tolerance to frictional heating. As the interface temperature rises during sliding, polymers gradually 

undergo thermal softening, followed by thermo-oxidative degradation and eventually irreversible 

structural failure. Therefore, increasing the critical temperature at which these processes occur 

effectively broadens the operating temperature window and delays friction induced failure. 

Molecular-level design of the polymer chemical structure improves the glass transition 

temperature and intrinsic thermal stability. Fluorine atoms have strong electronegativity and large 

steric hindrance. Introducing trifluoromethyl groups (-CF₃) into the polymer backbone or side chains 

significantly increases chain rigidity and the rotational energy barrier, thereby suppressing segmental 

motion at elevated temperatures. Studies show that incorporating fluorine-containing structures 

raises the glass transition temperature by approximately 10 °C and simultaneously enhances thermal 

stability. More importantly, this increased rigidity imparts stronger resistance to thermal softening 

during friction. Even when frictional heating raises the interface temperature, the molecular chains 

maintain a relatively stable conformation and load-bearing capacity, leading to a markedly reduced 

wear rate. Furthermore, the low surface energy of fluorine-containing groups reduces adhesion 
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between the polymer and the metal counterface, helping to mitigate adhesive wear at the friction 

interface[94]. Replacing flexible segments with monomers containing rigid aromatic heterocycles or 

biphenyl structures significantly reduces the conformational freedom of the polymer backbone and 

raises the activation energy for segmental motion. This design not only increases the glass transition 

temperature but also enhances the elastic modulus and shear modulus of the material. Notably, while 

the increased chain rigidity raises the glass transition temperature and strengthens resistance to 

thermal softening, it may lead to a higher friction coefficient under dry sliding conditions [95]. Thus, 

polymer structure should therefore be optimized to balance thermal tolerance and tribological 

performance. 

5.2 Reducing friction to suppress heat generation 

5.2.1 Phase-change lubrication 

Phase change lubrication uses transient interfacial heating to trigger a phase transition. As the 

interfacial temperature rises during sliding, the phase-change component undergoes a reversible 

phase transition, consuming part of the friction-generated heat in the form of latent heat and thereby 

suppressing further temperature rise. Meanwhile, the phase-transition products generated in situ 

provide a lubricating medium with low shear resistance, enabling the synergistic regulation of 

interfacial temperature and lubrication. According to the phase-transition mode, current phase-

change lubrication strategies mainly include solid-liquid and liquid–gas phase transitions. 

Solid-liquid phase transition can be achieved either through the melting of the polymer itself or 

through encapsulated phase-change materials. As illustrated in Fig. 8 (a), incorporating 

polycaprolactone (PCL) into epoxy coatings enables frictional heat to melt the PCL. The resulting 

liquid polymer, owing to its high viscosity and low shear resistance, spreads over the contact 

surfaces to form a lubricating film, significantly reducing friction and wear [96]. A similar solid-

liquid phase-transition mechanism has also been realized using encapsulated phase-change materials. 

As shown in Fig. 8 (b), n-docosane encapsulated in MXene-decorated microcapsules was 
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incorporated into PPS/PTFE fabric composites. Frictional heat triggers the solid-liquid phase 

transition of n-docosane, absorbing heat to alleviate thermal accumulation. Simultaneously, the 

molten alkane is continuously released from ruptured microcapsules and forms a self-lubricating film 

at the friction interface [97]. 

In addition to solid-liquid phase transition, liquid–gas phase transition has also been employed 

for frictional heat regulation by exploiting the high latent heat of water evaporation. As illustrated in 

Fig. 8 (c), hygroscopic lithium chloride (LiCl) was introduced into porous unsaturated polyester 

composites. Moisture absorbed from the surrounding environment evaporates once triggered by 

frictional heat, consuming a considerable amount of friction-generated heat through vaporization. 

Consequently, the interfacial temperature is effectively reduced, preventing thermal softening of the 

polymer matrix [98]. Overall, phase-change lubrication converts frictional heat into the driving 

energy for phase transition, thereby simultaneously dissipating heat and generating lubrication in an 

adaptive manner. This strategy enables self-responsive thermal management without the need for 

external energy input. Nevertheless, challenges such as leakage of phase-change materials, limited 

thermal cycling stability, and insufficient matching between the phase-transition temperature and the 

actual frictional temperature window still restrict its practical applications [99]. 

 

Fig. 8  Representative thermally activated lubrication mechanisms. (a) Solid to liquid transition of PCL and 
formation of a lubricating film at the sliding interface [96]; (b) friction responsive phase change microcapsules for 
simultaneous heat absorption and interfacial lubrication [97]; (c) moisture adsorption and evaporation in LiCl 
containing UPR composites for coupled cooling and lubrication [98]. 

These limitations may be alleviated by coordinating capsule architecture, phase-transition 

behavior, and long-term stability rather than optimizing them independently. Strengthening the shell 

offers an effective way to retain the molten PCM during repeated phase transitions. For instance, 
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introducing a secondary SiO₂ layer into paraffin@MF microcapsules decreased leakage by 45.06% 

while preserving a latent heat above 176 J/g [100], whereas controlled polysiloxane crosslinking of 

PMMA shells achieved an encapsulation efficiency of 81.3% and a melting enthalpy of 285.0 J/g 

[101]. Beyond structural stabilization, the phase-transition window itself can be tailored to the 

expected frictional-temperature range through composition regulation. Paraffin–fatty-acid eutectic 

systems have demonstrated tunable phase-transition temperatures spanning approximately 49-66°C, 

providing flexibility for matching PCM activation with different temperature windows [102]. Long-

term performance should further be judged by the retention of latent heat and transition temperature, 

together with leakage and shell integrity over repeated cycles; double-layer ceramic-shell 

microcapsules, for example, retained more than 90% of their latent heat with almost no leakage after 

3000 thermal cycles [103]. Although these strategies have shown promising performance in thermal 

management, their applicability to polymer tribological materials still needs to be established under 

the coupled effects of frictional heating, contact pressure, and repeated shear. 

5.2.2 Self-lubrication at the sliding interface 

Unlike phase-change lubrication, which relies on phase transitions of the material, self-

lubrication at the friction interface reduces resistance through the in-situ formation of a low-shear 

lubricating layer. The main pathways include the formation of a self-lubricating transfer film and the 

in-situ release of lubricating media. Transfer films generally form through deformation, debris 

generation, compaction, and interfacial adhesion [75][104]. Under normal load and shear force, 

frictional heat softens and even locally melts the debris [105][106]. After compaction and spreading, 

the debris adheres to the counterface [107]. However, films formed by physical compaction have 

weak bonding and are prone to spalling. In contrast, chemical anchoring driven by moderate 

frictional heat can firmly bond the film to the metal counterface, thereby enhancing service stability. 

This mechanism has been confirmed in PEEK [108], PI [109], and PTFE [105]. Fillers can promote 

transfer film formation through two main mechanisms. 
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First, promoting transfer film formation. Layered materials promote transfer film formation 

through an anisotropic mechanical structure, which combines strong in-plane covalent bonds with 

weak interlayer van der Waals forces. Under frictional shear stress, relative sliding and exfoliation 

occur between the layers, forming a low-shear-strength transfer film. This film covers the 

counterface surface, reduces direct adhesion between the contacting interfaces, and lowers frictional 

resistance [110][111]. Layered materials such as graphite, hexagonal boron nitride (h-BN), 

molybdenum disulfide (MoS₂), MXene, and graphene differ in their ability to promote transfer film 

formation and maintain service effectiveness. These differences arise mainly from the interfacial 

evolution behavior jointly determined by chemical composition and environmental conditions. For 

example, the excellent thermal-oxidative stability of h-BN enables the transfer film to remain in a 

low-shear state under high-temperature conditions [112]. Under high-speed and heavy-load 

conditions, graphite and the resulting transfer film face a severe risk of oxidative failure. The 

structural stability declines significantly as the interface temperature rises [113][114]. MoS2 transfer 

films are sensitive to high-humidity environments. The edge active sites of the MoS2 react 

preferentially with water and oxygen molecules in the air. This generates MoO3 abrasive particles, 

which disrupt the layered structure and weaken the lubricating effect [115][116]. MXene is a typical 

two-dimensional layered material. The intralayer M-X bonds are strong covalent/metallic bonds, 

while the interlayer bonding relies solely on weak van der Waals forces. Under shear stress, 

interlayer sliding occurs readily. Abundant surface functional groups, such as -F, -OH, and -O, 

endow MXene with chemical activity. Under thermo-mechanical coupling conditions, these groups 

enable MXene to participate in tribo-chemical reactions and form a chemical bonding interface 

between the transfer film and the counterface [117][118][119]. However, in high-humidity 

environments, water molecule intercalation expands the interlayer spacing and disrupts the two-

dimensional structure, preventing the formation of a dense protective transfer film [120]. 
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A second approach is to introduce chemically active components that strengthen adhesion 

between the transfer film and the counterface. For example, Fu et al. [121] found that the addition of 

Cu nanoparticles significantly promoted the chemical crosslinking reaction between polydopamine 

(PDA) and the PTFE. This established stronger chemical bonding between PDA and PTFE, thereby 

improving the interfacial bonding strength of the coating and enhancing the adhesion of the transfer 

film to the counterpart surface. Similarly, metals such as Ag can generate in situ oxides via tribo-

chemical reactions during sliding. These oxides can enhance the mechanical strength of the transfer 

film and improve its interfacial adhesion [122]. 

Another approach for interfacial self-lubrication is the in-situ release of lubricating media. This 

is achieved by incorporating core-shell microcapsules into the matrix to enable friction-responsive 

release of liquid lubricants [123]. During sliding friction, frictional heat first softens the polymer 

matrix and reduces the local stress concentration around the microcapsules. This promotes controlled 

rupture of the shell at a lower contact stress [78]. Subsequently, the rupture of the microcapsule shell 

releases the encapsulated liquid lubricant to the contact interface. The lubricant spreads rapidly to 

form a continuous lubricating film [124]. Meanwhile, active groups in the released lubricant, such as 

Si-OH in silicone oil, undergo dehydration condensation reactions with the polymer matrix under 

frictional heat. These reactions form Si-O-C covalent bonds and chemically anchor the lubricating 

film to the counterface. Furthermore, the cavities formed after microcapsule rupture can capture wear 

debris, reducing damage to the material surface. 

5.2.3 Molecular chain response 

During friction, polymer molecular chains undergo various structural responses under the action 

of heat and shear stress. These responses actively regulate frictional heat through mechanisms such 

as dynamic bond reorganization, structural transformation, and changes in rheological properties. 

As shown in Fig. 9 (a), dynamic bond reorganization can reduce interfacial shear through the 

reversible disruption and reformation of hydrogen bonds. In a polyimide urea copolymer containing 
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multiple hydrogen bonds, friction induced temperature rise and shear stress partially disrupt the 

hydrogen bond network, thereby increasing segmental mobility. The rigid segments subsequently 

align along the shear direction through π-π stacking, forming a more ordered interfacial structure 

with lower shear resistance. When the loading conditions change, the hydrogen bonds can reform 

and the oriented structure can recover. This reversible molecular reorganization helps maintain a low 

shear interfacial state, thereby reducing the friction coefficient and subsequent frictional heat 

generation [125]. 

As shown in Fig. 9 (b), structural transformation achieves surface hardening through friction 

induced crystallization, reducing the real contact area and interfacial shear resistance, lowering the 

friction coefficient, and decreasing the conversion of frictional work into heat. Taking polyurea-

imide resin as an example, the resin is normally amorphous. During friction, the combined action of 

interfacial temperature rise and shear stress causes molecular segments to orient along the sliding 

direction and fold into ordered crystals, a process known as friction induced crystallization. The 

formation of crystalline regions increases the hardness and shear resistance of the friction surface. 

Meanwhile, this entropy decreasing process directly consumes part of the frictional heat, helping to 

prevent thermal softening of the polymer [126].  

As shown in Fig. 9 (c), as the temperature approaches or exceeds Tg, increased segmental 

mobility alters the rheological response of the surface layer. The segments then align along the 

sliding direction, reducing the friction coefficient and suppressing frictional heat accumulation at the 

source. Polyvinyl chloride (PVC) has a glass transition temperature of approximately 30 °C. Below 

Tg, segmental mobility is restricted. The segments cannot relieve shear stress through 

conformational adjustments, so the friction coefficient remains high and considerable frictional heat 

is generated. When the interfacial temperature rise exceeds Tg, segmental mobility increases and the 

segments align along the sliding direction. Through conformational adjustments, the segments adapt 

to the counterface micro-topography, relieving stress concentration and frictional resistance and 
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significantly lowering the friction coefficient. Meanwhile, the softened wear debris curls and rolls 

between the interfaces, converting part of the sliding friction into rolling friction and further reducing 

the friction coefficient. The reduction in friction coefficient directly decreases the input of frictional 

work, thereby suppressing the continuous accumulation of frictional heat at the source [58]. More 

generally, the temperature frequency dependence discussed in Section 2 can be used to identify 

operating regions associated with high viscoelastic loss. For material design, polymers with suitable 

Tg and relaxation characteristics can be selected so that the expected contact temperature and 

deformation frequency remain away from these high loss regions. For operating conditions, sliding 

velocity, surface roughness, and heat dissipation can be regulated to further limit viscoelastic energy 

loss and the associated frictional heat generation. 

 

Fig. 9  Molecular chain responses that reduce frictional heat generation. (a) Dynamic bond reorganization and 
transfer film formation in PUI-H [125]; (b) friction induced crystallization and interfacial evolution in PURI-DMI 
[126]; (c) increased segmental ordering associated with temperature activated molecular mobility [58]. 
 

The friction source suppression strategies discussed above operate through different activation 

mechanisms and therefore exhibit distinct applicable conditions. Phase change lubrication relies on a 

defined thermal trigger, conventional self-lubrication provides persistent or replenishable low shear 

interfaces, whereas molecular chain responses require suitable bond dynamics, crystallizability, or 

segmental mobility. Tab. 5 compares representative quantitative improvements together with the 

operating conditions for which each strategy is most appropriate and its principal limitations. These 
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strategies primarily regulate frictional heat by reducing interfacial shear or by exploiting frictional 

heat to activate adaptive lubrication. When heat generation cannot be sufficiently suppressed, 

accelerating heat removal from the contact becomes a complementary requirement, motivating the 

thermally conductive network strategies discussed in Section 5.3. 

Tab. 5  Quantitative comparison, applications and limitations of strategies for reducing friction to suppress heat 
generation. (COF means coefficient of friction) 

Strategy Representative 
sample 

Key 
quantitative 

value 

Best suited conditions 
and applications Limitations Reference 

Solid liquid 
phase change 

lubrication 
10 wt% PCL/EP 

COF:  
↓50.6%; 

wear rate: 
↓93.1% 

Contacts experiencing 
repeated temperature 
excursions into a 
designed phase 
transition range, where 
simultaneous friction 
reduction and temporary 
heat absorption are 
required 

Performance is 
strongly dependent 
on reaching the 
transition 
temperature; long 
term phase cycling 
and structural 
stability require 
consideration 

[96] 

Liquid gas 
phase change 

lubrication 
2 wt% LiCl/UPR 

Wear rate: 
↓88.7%; 
contact 

temperature: 
↓62.0% 

Contacts operating in 
moisture accessible 
environments where 
adsorbed water can 
provide lubrication and 
evaporation can remove 
frictional heat 

Strong dependence 
on environmental 
humidity and water 
replenishment; 
effectiveness 
decreases when 
moisture supply is 
insufficient 

[98] 

Transfer film 
self-lubrication 

PDA/Cu modified 
PTFE 

Wear rate: 
↓53.5% 

Dry sliding contacts 
requiring sustained self-
lubrication through the 
formation of a stable, 
low shear transfer film 
on the counterface 

Performance 
depends on transfer 
film formation, 
adhesion, and 
stability; weak 
interfacial bonding, 
oxidation, or 
environmental 
sensitivity can 
cause film 
disruption 

[121] 

Friction induced 
lubricant release 

15 wt% 
PMPS@PI/PEEK–

PTFE 

COF:  
↓68.82%;  
wear rate: 
↓98.53% 

Dry sliding systems 
under variable loads and 
temperatures where on 
demand lubricant release 
helps maintain a stable 
low friction interface 

Lubricant supply is 
finite; capsule 
integrity and 
rupture timing 
directly affect 
durability and 
repeatability 

[124] 

Dynamic bond 
reorganization PUI-H 

COF: 
↓72.4%;  

wear rate: 
↓85.2% 

Adaptive polymer 
interfaces in which shear 
and moderate frictional 
heating can activate 
reversible 
intermolecular bond 
rearrangement while 
retaining structural 

Highly dependent 
on molecular 
chemistry; long 
term reversibility 
and cycling 
stability under 
different 
temperatures and 

[125] 
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support environments 
require further 
validation 

Friction induced 
crystallization PURI-DMI 

COF: 
↓≈4%;  
wear rate: 
↓≈26% 

(when rotational 
speed increased 
from 360 to 800 
r/ min) 

Crystallizable polymer 
matrices subjected to 
sustained shear and 

frictional heating that 
can promote local chain 

ordering without 
entering the thermal 

damage regime 

Requires sufficient 
chain mobility and 
crystallizability; 
response depends 
strongly on 
temperature, shear 
history and initial 
molecular structure 

[126] 

Tg mediated 
segmental 
mobility 

PVC 

COF:  
↓≈13%;  

wear rate: 
↓≈11% 

(when 
temperature 
increased from 
20 to 50℃) 

Amorphous polymers 
operating near a 
controlled glass 
transition window, 
where moderate heating 
can activate segmental 
mobility and interfacial 
stress relaxation 

Beneficial 
temperature range 
is limited; 
excessive heating 
can cause excessive 
softening and loss 
of mechanical 
support 

[58] 

Note: Relative change in the reported property compared with the control/reference sample defined in the original 
study under the same test conditions 
5.3 Building thermally conductive networks to accelerate heat dissipation 

5.3.1 Dispersed thermally conductive network 

The effectiveness of dispersed thermally conductive networks depends strongly on filler size, 

dimensionality, and connectivity. Micron sized fillers often require relatively high loadings to 

establish continuous heat transport pathways, whereas nanofillers are more susceptible to 

agglomeration and interfacial thermal resistance. Combining fillers of different scales and 

dimensionalities can exploit their complementary structural functions and improve both network 

continuity and interfacial stability [90][127]. 

In multiscale thermally conductive networks, zero-dimensional fillers can act as thermally 

conductive nodes that shorten local heat transport distances and also contribute to load support 

during sliding. However, isolated particles cannot independently establish long range heat transport 

pathways. One-dimensional fillers can bridge separated conductive units and construct extended 

thermal transport frameworks, while also improving deformation resistance and suppressing filler 

debonding. Two-dimensional fillers provide large contact areas and high in plane thermal 

conductivity, facilitating heat spreading through lamellar contacts. Their combination therefore 
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improves connectivity among conductive units, shortens heat transport distances, and enhances the 

continuity and stability of the thermal network. 

Representative multiscale architectures are shown in Fig. 10. As shown in Fig. 10 (a), the 

combination of one dimensional and two-dimensional fillers forms a line plane conductive network 

with numerous contacts among the fillers, thereby reducing interfacial thermal resistance [128]. In 

Fig. 10 (b), metal and diamond particles are codeposited on carbon fibers to construct a rod on 

particle thermal transport structure. The carbon fibers provide the conductive framework, whereas 

the diamond particles act as high thermal conductivity nodes, together forming three-dimensional 

heat transport pathways [129]. These multiscale architectures can promote frictional heat dissipation 

while also contributing to load support and interfacial stability. 

 

Fig. 10. Heat transfer mechanisms in dispersed thermally conductive networks. (a) Frictional heat dissipation 
through multiscale conductive fillers in PEN composites [128]; (b) representative thermal conduction pathway 
formed by a carbon fiber based hybrid conductive network [129]. 
5.3.2 Continuous 3D thermal conduction network 

In a polymer matrix, conventional randomly dispersed thermally conductive fillers are limited 

by the interfacial thermal resistance between the matrix and the fillers and by the discontinuous 

contact among the fillers. A high filler loading is usually required to form effective thermal 

conduction pathways. However, high filler loading often causes the deterioration of mechanical and 

tribological properties [130]. To address this, constructing a continuous three-dimensional thermally 

conductive network inside the matrix can achieve enhanced thermal conductivity at lower filler 

loadings. 
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As shown in Fig. 11, three-dimensional open-cell metal foams, such as copper and nickel, rely 

on a heat conduction mechanism dominated by free electrons. The interconnected pore-wall structure 

forms a three-dimensional heat transport backbone within the polymer matrix. When frictional heat 

is generated at the contact points, free electrons in the metal skeleton rapidly transport heat from the 

high-temperature zone to the low-temperature zone, avoiding the formation of localized hot spots 

[18][84]. The key structural parameter of this strategy is the pore density of the metal skeleton, 

expressed as PPI (Pores Per Inch). A higher PPI means a denser distribution of the metal skeleton per 

unit volume, and the number of available channels for heat conduction along the metal network 

increases. At the same time, the finer skeleton structure enlarges the interfacial contact area between 

the metal and the polymer matrix. This facilitates heat transfer from the low thermal conductivity 

polymer matrix to the high thermal conductivity metal network, reducing the interfacial thermal 

resistance. The two factors work synergistically, so the effective thermal conductivity is positively 

correlated with the pore density [131]. Meanwhile, the normal stiffness of the continuous metal 

network provides mechanical support to the polymer and restricts plastic deformation of the matrix 

under load. However, mismatch in the coefficients of thermal expansion of the metal and polymer 

inevitably generates micron-scale interfacial gaps during high-temperature curing or frictional 

temperature rise. These interfacial gaps partially reduce the interfacial heat conduction efficiency 

[18][84]. 
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Fig. 11  Representative continuous 3D thermal conduction networks and their heat transfer behavior. (a) 
Representative Cu foam structures with different pore densities [131]; (b) interfacial temperature response and 
infrared thermal distribution during sliding in a metal network reinforced polymer composite [18]; (c) proposed 
friction, wear, and heat transfer mechanism of NF-PTFE interpenetrating composites [84]. 

Gelation strategies use chemical crosslinking or strong hydrogen bonding to enable dispersed 

two-dimensional nanosheets and one-dimensional nanofibers to spontaneously assemble into a three-

dimensional hydrogel framework in solution. Freeze-drying then yields a continuous porous network 

structure [12][132]. The network forms through hydrogen bonding between nano-units and reactions 

between crosslinking agents and functional groups on the filler surfaces. The hydrogen bonding and 

crosslinking reactions connect the individually dispersed nano-units into an integral whole [133]. In 

the three-dimensional network, fillers form continuous thermal conduction pathways through 

covalent bonds or physical contacts, reducing the interfacial thermal resistance caused by 

discontinuous filler contacts in conventional randomly dispersed systems [134]. When the composite 

system is subjected to frictional loads, the thermally conductive network rapidly conducts heat away 
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from the friction interface. The rapid heat conduction suppresses the formation of local hot spots and 

slows the thermal softening and thermal degradation of the resin matrix [12][132]. The gelation 

based network offers a highly tunable network architecture; the pore size and orientation can be 

controlled by adjusting the filler concentration and freezing conditions [12]. However, volume 

shrinkage during drying and the insufficient stability of the carbon-based skeleton in high-

temperature oxidative environments remain concerns for practical applications. 

5.3.3 Orientation control of thermally conductive fillers 

Besides enhancing the continuity of thermally conductive networks, the spatial arrangement of 

thermally conductive fillers also determines the transport path of frictional heat. Since frictional heat 

is primarily generated at the material surface, heat can either spread along the friction surface to the 

surroundings or be conducted along the thickness direction into the material interior. Therefore, 

aligning thermally conductive fillers through external fields can not only enhance thermal conduction 

efficiency but also enable directional control of heat flow. 

As shown in Fig. 12(a), when the filler orientation is parallel to the friction surface, adjacent 

fillers interconnect along the in-plane direction, forming continuous thermal transport pathways. 

These pathways enable heat to spread rapidly along the surface and effectively reduce the 

temperature of localized hot spots. If the filler alignment direction is also parallel to the sliding 

direction, the lamellar structure can maintain an ordered arrangement and form a continuous and 

stable low-shear interface. The frictional stress then remains at a low level [71][135]. 

Fig. 12 (b) shows the effect of graphene orientation on tribological properties of organic 

coatings. When the fillers are oriented perpendicular to the friction surface, they form directional 

thermal conduction channels through the thickness. As the orientation angle increases, the heat 

dissipation rate of the coating in the thickness direction rises. Frictional heat is then rapidly 

transferred into the material interior or toward the opposite heat sink, reducing heat accumulation at 

the surface. Meanwhile, the normal elastic modulus reaches the highest value under vertical 
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orientation. This enhances the normal load-bearing capacity and helps maintain the stability of the 

friction interface [136]. 

 

Fig. 12  Effect of filler orientation on frictional heat transport and tribological performance. (a) Heat transfer routes 
in random and oriented PA6 based thermally conductive networks [71]; (b) representative graphene orientation 
model and corresponding changes in heat dissipation rate and wear scar [136]. 

The network architectures described above differ not only in heat transport efficiency but also in 

filler organization, directional dependence, processing route, and compatibility with different 

component geometries. Tab. 6 compares representative dispersed, continuous 3D, and oriented 

networks in terms of thermal and tribological improvements, suitable application conditions, and 

practical limitations. Despite the considerable improvement in thermal conductivity, the overall heat 

transport efficiency of polymer composites is not determined solely by the architecture of the 

conductive pathways. Heat transfer across the numerous polymer-filler and filler-filler interfaces is 

frequently impeded by interfacial thermal resistance, which has become one of the major factors 

limiting further enhancement of thermal conductivity. Therefore, quantitative evaluation of 

interfacial thermal resistance (ITR) is essential for understanding heat transport mechanisms and 

guiding the rational design of thermally conductive networks. Representative analytical, empirical, 

and simulation approaches that have been developed for this purpose are summarized in Tab. 7. 

These models provide valuable theoretical guidance for interface modification and thermal network 
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optimization, although accurately describing the dynamically evolving interfaces under frictional 

conditions remains challenging. 

Tab. 6  Quantitative comparison and applicability of representative thermally conductive network strategies. (TC 
means thermal conductivity, COF means coefficient of friction) 

Strategy Representative 
sample 

Key 
quantitative 

value 

Best suited 
conditions and 

applications 
Limitations Reference 

Dispersed thermally 
conductive network 
Multidimensional 
dispersed network 

 

h-BN filled 
brake friction 

composite 
TC: ↑62.8% 

Polymer friction 
composites 

where thermally 
conductive 

fillers can be 
directly 

incorporated 
into the matrix 
to improve heat 

dissipation 
while retaining 

the original 
composite 

architecture 

Effective heat 
transport 

depends on 
filler dispersion 

and contact 
between 

conductive 
units; relatively 

high filler 
contents may be 

required to 
establish 

continuous heat 
transfer 

pathways 

[90] 

PEN/SiCws–
BNNS@PDA–

PEI 

TC: ↑189.11%; 
COF: ↓45.16%; 

wear rate: 
↓87.57% 

Same as above Same as above [128] 

PPS@PDA–
CNTs–SiC 

TC: ↑120%; 
COF: ↓18.9%; 

wear rate; 
↓50.0% 

Same as above Same as above [73] 

Continuous 3D 
thermal conduction 

network 

0.75 wt% C 
CNT/130 PPI 
Cu foam/EP 

TC: ↑54.8%; 
COF: ↓9.5%; 

wear rate: 
↓40.6% 

Polymer 
composites 

where a 
continuous 
conductive 

skeleton can be 
incorporated 

into the matrix 
to provide 

persistent heat 
transfer 

pathways and 
mechanical 

support 

Thermal 
expansion 
mismatch 

between metal 
and polymer 
can generate 

interfacial gaps 
and reduce heat 

transfer 
efficiency; the 
matrix must 

also adequately 
infiltrate the 

porous skeleton 

[131] 

RGO/Si₃N₄ 
hybrid 

aerogel/EP 

TC: ↑45.4%; 
COF: ↓83.7%; 

wear rate: 
↓35.8% 

Resin based 
tribological 
composites 

where a 
preformed 

porous network 
can provide 

continuous heat 
transfer 

pathways and 

The preparation 
process is 

complex, drying 
shrinkage and 
the oxidative 
stability of 
skeletons 

remain practical 
concerns 

[134] 
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suppress local 
frictional heat 
accumulation 

Oriented network 
Oriented hybrid 

network 

SiC packed 
BN/PA6 

In plane TC: 
↑352%; 

through plane: 
TC: ↑25%;  
wear rate: 
↓92.5% 

Filler alignment 
can be designed 

to spread 
frictional heat 

along the 
required 
direction 

Thermal 
enhancement is 

strongly 
direction 

dependent; the 
benefit 

decreases when 
filler orientation 

does not 
coincide with 
the required 
heat transfer 

direction 

[71] 

Note: Relative change in the reported property compared with the control/reference sample defined in the original 
study under the same test conditions 

Tab. 7  Representative methods for analyzing interfacial thermal resistance in polymer thermal conduction 
networks (R denotes the interfacial thermal resistance). 

Method Filler geometry Key formula/approach Reference 

EMA 

(Maxwell-Garnett) 
Spherical, ellipsoidal 

Ke

Km
=1+

fp
3

Kc
Km

p+ 2RKm
d

Kc
Km

 [137] 

EMA  

(with hc) 

Spheres, circular 

cylinders, flat plates 

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 =

𝐾𝐾𝑚𝑚
2�𝐾𝐾𝑑𝑑𝐾𝐾𝑚𝑚

−𝐾𝐾𝑑𝑑
𝑎𝑎ℎ𝑐𝑐

−1�𝑉𝑉𝑑𝑑+
𝐾𝐾𝑑𝑑
𝐾𝐾𝑚𝑚

+2𝐾𝐾𝑑𝑑𝑎𝑎ℎ𝑐𝑐
+2

�1−𝐾𝐾𝑑𝑑
𝐾𝐾𝑚𝑚

+𝐾𝐾𝑑𝑑
𝑎𝑎ℎ𝑐𝑐

�𝑉𝑉𝑑𝑑+
𝐾𝐾𝑑𝑑
𝐾𝐾𝑚𝑚

+2𝐾𝐾𝑑𝑑𝑎𝑎ℎ𝑐𝑐
+2

, 𝑅𝑅 =

1
ℎ𝑐𝑐

 

[138] 

NEMD 
Graphene/graphite 

(2D sheets) 
R=

ΔT
J

 [139] 

Foygel theory 2D sheets R= 1
k0×L×(ϕc)τ

2d2

Π
ln[ �1+p-1+1�1-p-1

�1+p-1-�1-p-1 ]  [128] 

Percolation theory 2D sheets 𝐾𝐾𝑥𝑥𝑐𝑐 =
𝐾𝐾𝑝𝑝

2𝑅𝑅𝐾𝐾𝑝𝑝
𝐿𝐿 + 1

 [140] 

Representative applications further demonstrate how these models can quantitatively guide 

network optimization. For EMA models, Macedo and Ferreira incorporated ITR into the prediction 

of polymer/carbon-fiber composites and extracted thermal contact resistance from experimentally 

measured thermal conductivity. The calculated values agreed well with theoretical predictions, 
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showing that effective-medium models can quantitatively evaluate the coupled effects of filler size, 

volume fraction, and interface resistance and can estimate the attainable thermal conductivity of a 

composite [141]. For molecular dynamics based interfacial analysis, Shen et al. combined molecular 

dynamics simulations with experiments for graphene/epoxy composites. The simulations showed 

that both graphene thermal conductivity and heat transfer across the graphene-epoxy interface 

increased with graphene layer number, while experiments confirmed that graphite nanoplatelets 

with >10 layers and lateral dimensions >30 μm achieved approximately 1.5 W/(m·K) at only 2.8 

vol%, demonstrating that filler thickness and lateral size must be optimized simultaneously to reduce 

interfacial transport losses while maintaining a high aspect ratio [142]. For percolation modeling, 

Sarikhani et al. developed a generalized framework and experimentally validated it using a three-

dimensional segregated MWCNT/polypropylene network. The model identified a thermal 

percolation threshold of approximately 1.5 vol% and was further validated against 23 independent 

datasets containing more than 350 experimental and numerical data points, demonstrating its utility 

for determining the minimum filler loading required to establish continuous heat-conduction 

pathways [143]. Together, these cases show that effective medium models quantify the penalty 

imposed by interfacial resistance, molecular simulations identify the nanoscale structural parameters 

controlling interfacial heat transfer, and percolation models determine the critical filler content for 

network formation. Nevertheless, direct quantitative validation of these models under dynamically 

evolving sliding interfaces remains limited. 

5.4 Regulating interfacial contact and morphological evolution 

In addition to building thermal conduction pathways inside the material to promote heat 

dissipation, surface micro/nano structures can also be designed. These structures use geometric 

modification to regulate the contact state, stress distribution, and thermal conduction path at the 

friction interface, thereby suppressing frictional heat generation and accelerating heat dissipation. As 

shown in Fig. 13, surface textures on composites can turn the originally continuous friction interface 
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into discrete point or line contacts. This significantly reduces the real contact area. Concentrated 

loads are then distributed among multiple local contact points, preventing the formation of a single 

high-pressure zone. As a result, plastic deformation accumulation and instantaneous high 

temperatures caused by stress concentration are suppressed [144][145]. Notably, in the above studies, 

circular dimples and pentagonal surface textures exhibited better performance. In contrast, shapes 

with sharp corners or right angles, such as triangles and grid intersections, caused localized stress 

concentration and increased deformation. Therefore, surface texture design should prioritize 

geometries with gentle curvature and rounded corners to minimize stress concentration and thermal 

and mechanical damage. On the other hand, under dry friction conditions, wear debris acts as third-

body abrasive particles, rolling or sliding at the interface and causing additional plowing and micro-

cutting. This process aggravates material loss and produces additional heat through frictional 

dissipation associated with debris motion. The dimples or grooves of surface textures can trap wear 

debris, thereby reducing the extra heat generated by debris movement. 

 

Fig. 13. Effects of surface texturing on contact deformation and interfacial friction. (a1-a4) Total deformation 
distributions of the untextured surface and three representative textured surfaces, and (a5) proposed mechanism of 
friction reduction and wear suppression [144]; (b1-b6) representative morphologies of different microtextured 
surfaces; (c1, c2) schematic comparison of the frictional contact on smooth and pentagonal textured surfaces [145]. 
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Besides altering the contact state and storing wear debris, surface textures undergo plastic 

deformation and morphological evolution under frictional heat and shear stress. Because of the low 

thermal conductivity of polymers, stress concentration at micro-asperities promotes local heat 

accumulation and thermal softening. Under the combined action of normal load and tangential force, 

as shown in Fig. 14, the softened asperities undergo plastic deformation and tilt along the sliding 

direction, gradually transforming from the original square shape into a fish-scale-like morphology. 

The fish-scale-like surface has reduced roughness. The layered morphology facilitates interlayer 

sliding under shear. The interlayer sliding reduces interfacial stress transfer. During prolonged 

friction, the fish-scale-like layer continuously undergoes mild wear and re-forms. Frictional heat 

maintains the surface softening, allowing the deformed layer to self-regulate and sustain a low-

friction state. Note that the sulfonated polyetheretherketone (SPEEK) used in the study possesses 

high thermal stability and did not undergo chemical degradation within the friction induced 

temperature rise range investigated [146][147]. However, for other polymers with lower thermal 

stability, the possibility of concurrent chemical changes should therefore be evaluated for each 

polymer system. 
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Fig. 14  Biomimetic surface textures and friction induced morphological evolution of SPEEK films. (a) Schematic 
preparation of SPEEK self-lubricating films; (b1–b3) iris inspired texture, including the natural surface, its 
characteristic morphology, and the corresponding textured SPEEK film; (b4–b6) canna inspired texture and the 
corresponding surface morphology of the textured film; (c) proposed evolution of the textured surface and its self-
lubricating mechanism during sliding[146]. 

Overall, these frictional heat management strategies involve distinct trade-offs and should not 

be directly ranked because the reported polymer systems, contact configurations, loads, sliding 

velocities, temperatures, environments, and test durations differ considerably among studies. 

Intrinsic thermal stabilization improves resistance to thermal softening but may restrict segmental 

mobility, whereas friction reduction strategies depend on the stability or activation of lubricating 

mechanisms. Thermally conductive networks facilitate heat dissipation but may require increased 

filler loading or additional network fabrication, while oriented structures are strongly dependent on 

the match between filler orientation and heat flow direction. Therefore, strategy selection should 

consider the dominant thermal bottleneck together with load, sliding speed, operating temperature, 

polymer thermal stability, friction and wear requirements, processability, manufacturability, and cost. 

Under severe conditions, suppressing heat generation and accelerating heat dissipation may need to 

be considered together rather than optimized independently. Accordingly, the selection of an 

appropriate thermal management strategy should be based on the dominant issue under the target 

operating conditions. As summarized in Fig. 15, the different regulation strategies can be selected 

according to the major thermal bottleneck while simultaneously considering practical constraints 

such as processability, durability, and manufacturability. 
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Fig. 15  Decision flowchart for selecting frictional heat management strategies in polymer tribological materials. 

6  Conclusions and prospects 

During sliding, frictional heat is continuously generated, accumulated, and dissipated while 

interacting with molecular chain motion, interfacial contact evolution, tribo-chemical reactions, and 

transfer film formation. These coupled thermo-mechanical processes determine the evolution of the 

friction interface and ultimately control the friction coefficient, wear resistance, and long-term 

service reliability of polymer composites. Therefore, understanding frictional heat requires moving 

beyond temperature rise alone and establishing the intrinsic relationship between frictional heat 

evolution and interface structural evolution. Existing studies have demonstrated that frictional heat 

originates from the combined contributions of multiple mechanisms, including molecular chain 

conformational changes, viscoelastic dissipation, interfacial shear, localized plastic deformation, and 

tribo-chemical reactions. The development of flash temperature models, finite element simulations, 
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and experimental characterization techniques has significantly improved the understanding of 

friction induced thermal behavior. Meanwhile, frictional heat exhibits a distinct dual effect. When 

the interface temperature remains within the thermal tolerance window of the polymer, appropriate 

frictional heating can promote molecular chain mobility and transfer film evolution, thereby 

improving tribological performance. However, excessive heat accumulation gradually drives the 

friction interface into the thermal damage regime, resulting in matrix softening, chemical degradation, 

transfer film failure, and ultimately accelerated wear and premature material failure. To regulate 

frictional heat, considerable efforts have been devoted to improving the intrinsic thermal stability of 

polymers, suppressing frictional heat generation, accelerating heat dissipation, and optimizing 

interfacial contact conditions. Although these strategies intervene at different stages of frictional heat 

evolution, they share the common objective of regulating heat generation, heat accumulation, and 

thermal damage throughout the friction process. Future thermal management should therefore shift 

from optimizing individual material properties toward coordinated regulation of the entire thermal 

evolution process. 

Despite substantial progress, important gaps remain in mechanistic understanding and 

engineering translation. The main problems in current research are as follows: 

(1) Quantitative identification of frictional heat generation mechanisms remains insufficient. 

Frictional heat originates from the coupling of multiple mechanisms. However, the relative 

contribution of each heat source under different material systems and operating conditions remains 

unclear, and systematic quantitative methods capable of separating these contributions are still 

lacking. This limitation hinders mechanism oriented thermal management and material design. 

(2) Reliable criteria for distinguishing beneficial and detrimental frictional heat have not yet 

been established. Existing studies frequently evaluate thermal effects using characteristic 

temperatures such as the glass transition temperature or melting temperature. Nevertheless, the 

thermal response of polymer tribological systems is governed by the combined effects of material 
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thermal tolerance, heat accumulation, loading conditions, sliding parameters, counterface 

characteristics, environmental media, and interface evolution. Establishing reliable criteria capable of 

quantitatively defining the beneficial thermal window and the onset of irreversible thermal damage 

therefore remains a major challenge. 

(3) Transition from laboratory studies to engineering applications remains challenging. In real 

service environments, polymer friction materials must meet friction and wear performance 

requirements while also accounting for environmental aging, creep fatigue, impact loads, thermo-

oxidative degradation, and long-term service stability. Meanwhile, the costs associated with high-

performance polymer matrices, functional fillers, and complex manufacturing processes also restrict 

engineering applications. Therefore, achieving a balance among tribological performance, service 

reliability, processability, and economic cost remains a critical issue for the engineering application 

of polymer composites. 

Based on the existing problems in this field, the following future research directions are 

proposed: 

(1) Quantitative identification of frictional heat-generation mechanisms should be achieved by 

integrating mechanism specific experimental characterization with multiscale modeling. in situ 

Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), electron spin resonance (ESR), 

differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and infrared 

thermography (IRT) with embedded thermocouples can be combined to track chain conformation, 

bond scission, radicals, heat flow, viscoelastic loss, and interfacial temperature. These data can be 

cross validated against MD simulations and used as inputs to FEM or COMSOL models. Bayesian 

inversion and machine learning can then separate the contributions of conformational, viscoelastic, 

plastic, interfacial shear, and tribo-chemical heat sources.  

(2) Reliable criteria for beneficial and detrimental frictional heat should be established by 

linking material thermal transitions with interfacial evolution and operating conditions. 
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Thermogravimetric analysis (TGA) coupled with FTIR and mass spectrometry (MS), oxidation 

induction time (OIT) tests, in situ Raman and ESR, and transfer film monitoring can identify critical 

transitions in decomposition, oxidation, and interfacial failure. These results can be integrated with 

Arrhenius models, time temperature superposition (TTS), the Peclet number, and the Damköhler 

number to describe the competition among heat generation, heat dissipation, and chemical reaction. 

Machine learning can further be used to construct phase diagrams for temperature, speed, load, and 

atmosphere. The expected outputs are thresholds such as the ratio of interfacial temperature to glass 

transition temperature, the ratio of interfacial temperature to melting temperature, OIT, transfer film 

failure, and abrupt changes in friction or wear.  

(3) Engineering translation should follow a hierarchical validation route that progressively 

connects laboratory mechanisms with real service conditions. A multiscale validation route should be 

established from laboratory pin-on-disc or ring-on-block tests to full scale gear, bearing, seal, and 

brake bench tests, and finally to field service. Accelerated aging, creep, impact, and thermo-oxidative 

degradation should be included. Multiphysics simulation, machine learning surrogate models, online 

temperature, vibration, and triboelectric sensors, and digital twins can predict interfacial thermal 

states and service life. Life cycle assessment (LCA) and technoeconomic analysis (TEA) can help 

evaluate trade-offs among tribological performance, service reliability, processability, and cost. 
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