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Abstract: The accurate representation of tribological boundary conditions at the tool–workpiece interface is 

crucial for analysis and optimization of formability, material flow, and surface quality of components during 

metal forming processes. It has been found that these tribological conditions vary spatially and historically 

with process parameters and contact conditions. These time-dependent tribological behaviours are also known 

as transient tribological phenomena, which are widely observed during forming processes and many other 

manufacturing application scenarios. However, constant friction values are usually assigned to represent 

complex and dynamic interfacial conditions, which would introduce deviations in the relevant predictions. In 

this paper, transient tribological phenomena and the contemporary understanding of the interaction between 

friction and wear are reviewed, and it has been found that these phenomena are induced by the transitions of 

friction mechanisms and highly dependent on complex loading conditions at the interface. Friction modelling 

techniques for transient behaviours for metal forming applications are also reviewed. To accurately describe 

the evolutionary friction values and corresponding wear during forming, the advanced interactive friction 

modelling has been established for different application scenarios, including lubricated condition, dry sliding 

condition (metal-on-metal contact), and coated system. 
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1  Introduction 

The challenging tribological conditions in metal forming 

processes, such as failure of formed components 

and limited tool-life, are always caused by severe 

contact conditions, poor lubrication, and mass/serial 

production during the forming of components with 

complex geometries and high strength materials. 

The tribological conditions are commonly evaluated 

by consideration of friction and wear during the 

forming process. Friction describes the tangential 

force generated at the contact point, which affects the 

material flow and drawability of the forming process. 

In comparison, wear occurs on both workpiece and tool 

and can cause damage to both surfaces, including 

material scratching, scoring, and galling, which can 

reduce tool-life and the surface quality of products. 

Friction and wear are not material properties but two 

evolutionary variables of an identical tribo-system [1]. 

These variables are identified as the result of the 

combination of multiple influencing parameters, which 

can be classified into three categories: (1) material 

properties of the contact pair, (2) operation parameters, 

such as lubrication condition and surface roughness, 

and (3) contact parameters (or process variables), 

such as temperature, sliding speed, sliding distance, 
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contact pressure, and forming cycle. As friction  

and wear are simultaneously affected by the 

above-mentioned parameters, they are reasonably 

related to each other, and interactions are expected 

between these tribo-responses [1], which have resulted 

in the transient tribological phenomena. These transient 

phenomena have been observed in various interaction 

scenarios, including lubricant breakdown [2–4], 

adhesive wear (galling) [5, 6], coating breakdown [7, 8], 

oxide film [9], and reaction layer [10]. 

Lubricant breakdown is a form of lubrication 

failure where it is not possible to maintain completely 

hydrodynamic or mixed lubrication conditions at the 

contact interface. Moreover, there may be a considerable 

amount of boundary lubrication, during which wear 

of the surfaces may occur [11]. In metal forming 

processes, this lubrication failure is caused by lubricant 

layer uneven transportation and thinning during 

forming and may lead to lubrication starvation and 

direct contact/wear of the workpiece and tool. As 

opposed to mechanical systems such as bearing and 

gear, an adequate amount of lubricant applied before 

the initiation of the forming operation does not 

guarantee desirable lubricity through the entire forming 

process. Therefore, the term, lubricant breakdown, is 

adopted in the present work to distinguish the forming 

tribo-system from cyclic systems. 

Galling is defined by the standard of American 

Society for Testing Material (ASTM) G40, as a form of 

macro-scale surface irregularities observed above the 

original interface. It usually features the formation 

of localized and rough protrusions, known as plastic 

flow or material transfer. Galling is more often 

mentioned in the industrial rather than the academic 

fields. For metal forming processes, galling is commonly 

referring to the severe adhesive wear and is 

characterized by the material transfer from the soft 

workpiece to the hard tool. In this process, a transfer 

layer is formed after repeated forming operations, 

especially at some critical positions, such as radii of a 

tool, which can result in high local friction, scratching 

on the workpiece and misalignment of a tool. Material 

transfer caused by adhesive wear may refer to other 

industrial terms, such as material pick-up, scuffing, 

localized welding, and seizing (seizure). Galling is the 

most widely used, and thus adopted in the present 

work. 

Coating breakdown is caused by the abrasive and/or 

adhesive wear of a coated contact during the relative 

sliding process. The hard coating is usually applied 

on the metal forming tool due to its high hardness, 

good anti-galling resistance, and chemical stability. 

However, the coated tools, in these cases, experience 

severe impact, which includes both high interfacial 

temperatures and heavy cyclic loadings, which 

inevitably lead to damage and finally breakdown  

or failure of the tool. In addition, coating can also  

be applied on the workpiece as a source of solid 

lubrication [12]. In the coated system, there are four 

main influencing parameters that control the coating 

breakdown phenomenon, including the coating 

thickness, hardness ratio between the coating and 

the substrate, interfacial surface roughness, and the 

composition and hardness of wear particles [1, 13, 14]. 

Formation of oxide layers will lead to the 

transformation of friction mechanism at the contact 

interface, which is determined by the characteristics 

of oxides in frictional contact based on their tribological 

natures and interfacial temperatures, either abrasive or 

lubricious. With the increase of interfacial temperature, 

the decrease of coefficient of friction (COF,  ) is 

probably due to the formation of oxides and/or 

intermetallic compounds, which would consequently 

reduce adhesion. On the other hand, the principal 

wear mechanism is the combination of adhesive wear 

and the contributions from abrasion of oxidized wear 

debris at elevated temperatures [12, 15, 16]. 

The transient tribological phenomena are also found 

to be highly affected by the instantaneous contact 

conditions such as interfacial temperature, pressure, 

and relative sliding speed at the tool–workpiece 

interface, namely complex loading conditions. Complex 

loading conditions have been widely experienced by 

interfacial elements during metal forming processes 

[17–20]. It has been found that over 99% of elements 

experience historical and spatial changes in interfacial 

conditions [21]. Protrusion features on the tool, such 

as draw beads and corner radii, are likely to generate 

higher contact pressures during the forming process 

than those of flat areas, such as the flange and side 

wall. As the forming process proceeds, the deformation 

and strain hardening of the workpiece may also result 

in a redistribution of local pressure and finally generate 
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a spatial distribution of the contact pressure. The  

sliding distance itself is a historical parameter that 

indicates the accumulation of the displacement between 

the workpiece and tool during a forming process. 

Instead of punch displacement, the material flow is 

also determined by the geometry of tool and COF, 

and thus makes it a spatial parameter. As the sliding 

speed is the derivation of the sliding distance, it is 

not only decided by punch speed but also inherits 

the historical and spatial dependency, where it varies 

at different locations during the forming process. The 

variations of contact pressure and sliding distance will 

further lead to the variation of interfacial temperature, 

as the interfacial heat transfer is highly dependent on 

pressure and duration of contact. 

Hot stamping and hot forging processes are 

representative forming processes, which have been 

shown in Fig. 1, to demonstrate this complex loading 

feature. Figure 1 demonstrates how contact conditions, 

such as interfacial temperature, contact pressure, and 

relative sliding speed (shown by different colours), 

evolve as the function of normalized forming time. The 

contact condition data of every element and every stage 

of the forming process have been extracted from the 

experimentally verified simulations of hot stamping 

and hot forging processes to ensure the accuracy and 

robustness of the collected data. Normalized forming 

time is calculated by the ratio of current forming 

step and total forming step. Each ring represents a 

specific forming time, i.e., normalized forming time 

increases from 0 to 1 from the inner ring to outer 

ring, indicating the progress of the forming process. 

Each radius represents an individual element at the 

tool–workpiece interface. Therefore, by analyzing the 

information demonstrated by Fig. 1, the maximum 

changing and changing rate of contact conditions 

have been figured out and demonstrated in the table 

in Fig. 1.  It is essential to consider and include the 

effects of complex loading conditions in the description 

of transient tribological behaviour. 

The accurate representation of tribological boundary 

conditions is crucial for analysis and optimization for 

metal forming processes. But constant friction values 

are usually assigned to represent this highly transient 

interfacial condition, which would introduce deviations 

in the prediction. Therefore, to overview and recognize 

the contemporary understanding of transient tribological 

phenomena, the friction mechanism transition during 

the transient tribological phenomenon is discussed, 

and the relevant literatures addressing the transient 

phenomena under various contact scenarios are 

reviewed in this paper. The modelling techniques to 

describe the transient tribological behaviours including 

friction and wear are also reviewed. Subsequently, 

the framework of interactive friction modelling is 

proposed and summarized to describe and predict 

the transient tribological phenomenon based on 

the underlying friction mechanism under lubricated 

condition, dry sliding (metal-on-metal contact) 

condition, and coated system. 

Fig. 1 Complex loading conditions during hot stamping and hot forging processes: changing contact conditions (interfacial temperature, 
contact pressure, and relative sliding speed) vs. normalized forming time. Note: Max., Med., and Min. here represent maximum, median, 
and minimum, respectively. 
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2 Friction mechanism transition-induced 

transient tribological phenomena 

2.1 Friction mechanism transition under lubricated 

contact and lubricant breakdown 

Lubricant breakdown is caused by a shortage of 

entrapped lubricant at the contact interface, where 

the entrapped film thickness reduces to a certain value, 

which can be affected by contact conditions, operation 

parameters, and lubricant properties (including lubricant 

viscosity,   and dry matter fraction). The entrapped 

lubricant film reduction can be caused by a variety  

of reasons, such as extreme contact conditions and 

required load-carrying capacity [22, 23], transfer of 

lubricant to a newly emerged interface [24], non- 

uniform load distribution [17], and consumption due 

to chemical reaction or escaping from the interface 

[25, 26]. With the thinning of the lubricant film, the 

friction mechanism transitions from full film lubrication 

(i.e., hydrodynamic and elasto-hydrodynamic lubrication) 

occur, where the contacting surfaces are separated or 

protected by thick film and few asperity contacts, to 

boundary lubrication and finally dry sliding condition,  

where direct metal-on-metal contact between the 

mating surfaces occurs, resulting in severe scratches 

leading to poor component surface quality and galling 

on the tool, causing friction to increase [2, 4, 20, 27–29], 

as shown in Fig. 2. 

The lubrication regime can be classified into three 

general conditions, as shown below, using the lambda 

ratio,  , which is the ratio of mean film thickness 

and standard deviation of asperity heights of the 

two surfaces [10, 30]. The variations of these factors 

will lead to the transition of the lubrication regimes 

and simultaneously influence the friction and wear 

conditions. 

1) Hydrodynamic or elasto-hydrodynamic lubrication 

( 5  ; typical thickness: 1–100 μm) 

2) Mixed lubrication ( 1 5  ; typical thickness: 

0.05–1 μm) 

3) Boundary lubrication ( 1  ; typical thickness: 

< 0.05 μm) 

The Stribeck curve [10, 27], as shown in Fig. 3, 

connects the lubrication mechanism transition with the 

variation of COF under various contact conditions and 

lubricant properties. The effects of these influencing 

 

Fig. 2 Transient behaviours and lubricant breakdown phenomena: COF evolution vs. sliding distance under (a) room temperature
(25 °C) and (b) elevated temperature (170 °C) with different lubricants, i.e., polytetrafluoroethylene (PTFE) spray and Fuchs, applied.
(c) Observation of surface topography of wear track on the 7-series aluminium alloy specimen after twist compression tests using PTFE 
spray, showing severe scratching. Reproduced with permission from Ref. [4], © Elsevier B.V. 2021. 
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Fig. 3 Schematic diagram of Stribeck curve: relation between 

  and 
U

P
. Reproduced with permission from Ref. [27], © John 

Wiley & Sons, Ltd 2013. 

factors are described by the Hersey number, 
U

P


,  

where η is the lubricant viscosity, U is the sliding 

speed, and P is the average contact pressure. The 

decrease of contact pressure reduces the amount of 

lubricant forced out of the interface, and the increase 

of the sliding speed enhances the hydrodynamic effect 

of lubricant, both of which will lead to an increase of 

the lubricant film thickness, h. Direct contact between 

surface asperities and plastic deformation will then 

be alleviated, resulting in decreased friction values. 

The decrease of friction slows down and may reach its 

minimum value as the lubrication regime transitions 

to the full-film lubrication condition due to the increase 

of shear stress among the layers of thick lubricant film. 

It was found that the prediction of the thinning trend 

of the lubricant film by 
U

P


 had wide engineering  

applications including mechanical systems and metal 

working processes [31, 32]. 

In mechanical systems where lubricant can be 

replenished by the oil bath, ideal separation of contact 

surfaces by the hydrodynamic film can be achieved, 

presenting a low friction value and little wear due  

to relative movement. However, in metal working 

processes, severe contact conditions such as high 

contact pressure and interfacial temperature prevail 

at the tool–workpiece interface. The uneven distribution 

of contact conditions such as pressure, relative sliding 

distance, L, and temperature will make it difficult 

to control the transportation and flow of lubricant. 

Moreover, there is starvation of lubricant, where it 

cannot be replenished after the process initiates. 

Therefore, it is difficult to maintain sufficient lubricity 

under these circumstances, and there may be 

considerable levels of non-hydrodynamic lubrication 

in some tribologically-harsh location or stage, e.g., 

mixed or boundary lubrication and even lubricant 

breakdown that results in galling and abrasive wear on 

the tooling and formed component, even if an adequate 

amount of lubricant applied at the tool–workpiece 

interface [11, 33]. 

Complex loading conditions widely experienced 

by the interfacial elements during metal forming 

processes would influence physical properties and 

mechano-chemical behaviours of the entrapped 

lubricants [17, 34, 35]. Figure 4 demonstrates the 

evolutionary lubricant behaviours and breakdown 

under changing contact conditions and elevated tooling 

temperature scenarios. In the starving lubrication 

conditions, increasing contact load, W and decreasing 

  due to elevated temperature would result in a 

reduced film thickness, and thus an earlier breakdown 

phenomenon [11, 22, 36]. The effect of the sliding 

speed was found to be dependent on the speed 

range and might present contrasting results on the 

lubricant breakdown phenomenon, either increasing 

or decreasing the breakdown distance [22, 37]. It 

has been found that both the single-phase (liquid) 

and two-phase (liquid–solid) lubricants present a 

significant response of friction evolution and transient 

breakdown behaviours to the changing of contact 

conditions, which can be attributed to the combined 

effects of physical diminution and chemical 

decomposition [3, 38, 39]. 

2.2 Friction mechanism transition in metal-on-metal 

contact and galling phenomenon 

Metal-on-metal contact means that no lubricant is 

applied between or on the contact pairs. The transient 

tribological phenomenon in metal-on-metal contact is 

mainly caused by abrasive/adhesive wear, namely 

galling, at the contact interface, where the initial mating 

contact between the tool and workpiece materials 

gradually transforms to the self-contact between the 

workpiece and transfer layer. The friction mechanism 

for galling can be classified into two sequential 

processes: (1) the wear (detachment) process and  

(2) the transfer process. 
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2.2.1 Wear (detachment) process 

The wear process is the origin of galling as the source 

of the transfer material and has been identified from 

the original contact pairs [41, 42]. The adhesive wear 

mechanism has been well reviewed in Refs. [1, 10, 27, 

30, 43, 44], in which Holm–Archard’s and Suh’s 

theories [43, 44] are the most influential and well 

accepted. 

The Holm–Archard model (Eq. (1)) and its 

modifications [17, 27, 44] provide the basic linear 

relations between the factors. 

kWx
V

H
                  (1) 

where V is the wear volume, k is the wear coefficient, 

W is the contact load, x is the sliding distance, and H 

is the hardness of the soft material. In this model, 

increasing the contact load and sliding distance will 

increase the wear volume, whereas the increase of H 

will decrease the wear volume. Most of the material 

follows the trend of wear volume predicted by this 

model, although a more complex relation between the 

contact load and material hardness on the wear volume 

was widely observed in sliding contact. 

Suh’s delamination adhesive wear theory [43] 

explains the deformation and detachment mechanism 

inside soft materials. It states that large plastic strains 

are developed inside the workpiece and result in 

cracks and void nucleation in the deformation layers, 

which causes the generation of lathy wear particles. 

On a macro-scale, the increasing contact load and L 

can lead to the increase of the critical depth of the 

delamination layer. The metallurgical structure is 

considered in this theory but is difficult to qualitatively 

measure [45]. 

Moreover, both the Holm–Archard model [44] and 

Suh’s delamination wear theory [43] neglect the 

built-up of the tribo-layer and the role of wear particles 

in their treatment of adhesive wear [42, 45], which 

have been found to form a running-in state during 

sliding. In metal forming processes, considerable 

 

Fig. 4 Transient lubricant behaviours under complex loading conditions featuring abrupt temperature, load, and speed changes and
elevated tooling temperatures. Dec and Inc represents decrease and increase, respectively. Reproduced with permission from Ref. [3]
for (a–c), © The author(s) 2021; Ref. [40] for (d), © the author(s) 2022.  
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forming cycles occur in the running-in state, and thus 

its effect cannot be ignored. The study of Burwell and 

Strang [46] examined the running-in of wear evolutions. 

It was found that at the initial stage, wear increased 

in a nonlinear fashion due to transfer layer formation 

as a function of sliding distance. As shown in Fig. 5, 

in the running-in state, the increase of wear volume 

gradually slows down corresponding to the decrease 

of wear rate. In the steady state, the wear volume 

exhibits a linear relation with the sliding distance, 

namely a constant wear rate, which can be explained 

by static wear models. 

2.2.2 Transfer process 

The detached materials may transfer to the counterpart 

by direct and indirect transfer mechanisms. The direct 

transfer mechanism was proposed by Bowden and 

Tabor [11], where the asperities of the workpiece can 

directly adhere to the counterpart by mechanical and 

chemical bonding. In this situation, the shear strength 

generated at the interface is smaller than the stress 

inside the workpiece material, and the asperity breaks 

and transfer occur during sliding. Rabinowicz [47] 

stated a similar explanation where an adhesive junction 

has been formed between workpiece and tool surfaces; 

the junction area is likely to break inside the softer 

material, which generates the least resistance. 

The indirect transfer mechanisms were developed 

by recognizing the important role of free wear particles 

and their effect on the tribo-system. In this case, they 

may freely exist at the contact interface and transfer 

to the counterpart with the help of external forces 

during sliding [48, 49]. Otherwise, the wear particles 

may finally be ejected. On the counterpart, the transferred 

 

Fig. 5 Typical relation of wear volume and wear rate vs. sliding 
distance with transition from running-in to steady state in adhesive 
wear tribo-system. 

wear particles may also back transfer to the original 

bulk material [42, 45, 50–52]. 

The transfer process is triggered by both mechanical 

and chemical resistance. Mechanically, the tool surface 

condition is of great importance in the initial transfer 

process. In the wear process, in general, a certain 

range of the surface roughness increases the wear rate; 

in the transfer process, the rough surface triggers the 

transfer process by entrapping wear particles. In the 

work of Groche and Köhler [53], the cross-sectional 

images showed that aluminium transfer lumps were 

likely formed at the spheroidal graphite defects on 

the cast iron surface with protruding features that 

activate aluminium transfer. Schedin [41] reported 

that in sheet metal forming, the tool surface defects 

were the initiation sites for the material transfer. Lumps, 

which were observed as the individual components 

of the transfer layer, were built up during successive 

forming operations. Olsson et al. [54] carried out a 

similar study by a punching test between stainless 

sheet and American Iron and Steel Institute (AISI) 

M3:2. The tests showed that the initial pick-up of the 

workpiece filled the surface texture of the punch 

consisting of microscopic valleys. Hanson et al. [55] 

further examined the roughness effect on workpiece 

transfer of powder metallurgical tool steel against an 

austenitic stainless steel and aluminium alloy. A general 

conclusion was given that the risk of workpiece 

adhesion and transfer increased with the roughness 

of the tool material; however, it was still largely affected 

by the workpiece material and their oxidation process. 

Also, many patterns designed at the contact with high 

surface roughness can also reduce material transfer 

by storing wear particles [11]. 

Chemically, the transfer process is affected by 

material pairs as well as the tribo-materials that are 

generated by the mechanical/chemical reaction. Many 

commonly formed workpiece materials were reported 

causing galling on tool steel used in metal forming, 

including carbon steel [41, 56, 57], stainless steel [55, 58], 

and aluminium alloy [41, 55, 59–61]. According to 

Ref. [62], the possibility of galling between contact 

pairs can be explained by the influence of metallurgical 

compatibility, which was the degree of intrinsic 

attraction of the atoms between the contacting 

metals. High metallurgical compatibility indicated 

high possibility of forming strong metallic bonding. 
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Bhushan [27] stated that when a high contact load 

was applied to soft metals such as aluminium and 

copper, plastic deformation occurred at the contact 

region that led to small separations and formation 

of metallic bonds between the workpiece and tool. 

Dwivedi [51] made a similar conclusion that the 

actual contact area increased due to the deformation 

of surface asperities under an external contact load, 

which resulted in increased metallic intimacy. 

2.3 Interaction between friction and wear 

It is well observed that galling leads to transient 

tribological phenomena of both friction and wear at 

the contact. With the generation and build-up of a 

transfer layer from the running-in state to the steady 

state, the friction mechanism transitions from the 

original contact pair to the transfer layer contact result 

in high adhesion and mechanical resistance, and thus 

increased friction value. The roles, i.e., (1) transmitting 

tangential force, (2) triggering further wear and 

transfer, and (3) accommodating velocity difference, 

are played by the transfer layer and wear particles 

(third body) instead of the original contact pair. 

As both the variations of friction and wear are 

related to the formation of the transfer layer, an 

interaction between them is formed, which has been 

predicted and observed in the literature. The third 

body theory was developed to provide a global 

approach to studying the galling phenomenon by 

focusing on the role of the interface on friction and 

wear. Godet [48] defined the third body by two 

senses. In a material sense, the third body is a zone, 

which exhibits a marked change in composition from 

the original contact pair, i.e., first body. In a kinematic 

sense, it could be defined as the thickness, across 

which the difference in velocity between solids is 

accommodated. The third body theory provides a 

global view of the whole tribo-system including the 

original contact pair (first body) and the generated 

transfer layer and wear particles at the interface 

(third body), thus making it a powerful approach to 

analyzing the adhesive wear tribo-system [63–66]. 

Hu et al. [67] studied the interaction between friction 

and wear by conducting a pin-on-disc test between the 

contact pair of AA6082 and cast iron G3500. Three 

different contact loads (2, 5, and 10 N) were used. It 

was found that the COF at the steady state was 

independent of the contact load in the test pressure 

range (0.64–3.18 MPa). Under different loads, the 

COF began at an initial value of 0.18 and increased 

to a constant value of 0.55. With the transfer layer 

gradually forming on the cast iron surface, the increase 

of COF and corresponding decrease of wear rate were 

observed. Further tests were conducted to investigate 

the effect of complex loading conditions, such as 

rapid load change, on the formation of transfer layer 

and galling behaviours [18], as shown in Fig. 6. It was 

found that the formation rate was highly dependent 

on the contact pressure, indicating much faster 

evolutions of both the COF and galling area to the 

saturated condition when the contact load increased 

from 2 to 10 N. A new phenomenon when the load 

decreased from 10 to 2 N was that although the COF 

value monotonously increased to the high plateau 

before the equilibrium was reached, there was a period 

of self-healing for the material transfer formation, 

demonstrating a decrease of the galling area due to 

secondary transfer and back transfer mechanisms. 

Although anti-galling coatings are introduced with 

the purpose of separating the original contact pairs 

and could partly reduce galling, it is found that the 

galling formation process also widely exists in the 

coating system by similar mechanisms with tool steel, 

and there is a high level of combination between 

adhesive and abrasive wear in this galling phenomenon. 

Heinrichs et al. [60] conducted the in-situ experiments 

of sliding contact by AA6082 against diamond like 

carbon (DLC) coating and tool steel. Immediate pick-up 

of aluminium has been found in AA6082 against tool 

steel, compared to a slower build-up process of 

aluminium transfer layer in AA6082 against DLC. 

The transient COF value was found to be highly 

influenced by the scratch damage on the polished 

coating through the complex microscale procedure of 

primary, secondary, and damage-induced transfer 

[68]. De Rooij and Schipper [69] studied the severity 

of galling as a function of tool roughness for DLC 

coating against AA6016 T4. It was clear that lower 

surface roughness reduced material transfer. Also, it 

had been noticed that the transition from low material 

transfer to high material transfer occurred within a 

narrow range of surface roughness values. Hu et al. [70] 
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Fig. 6 Transient tribological phenomena: evolutionary friction values and interaction with surface morphologies (the galling area)
under complex loading conditions in dry-sliding contact of (a) load increase and (b) load decrease. Reproduced with permission from
Ref. [18], © The author(s) 2021. 
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examined the galling phenomenon between AA6082 

against coatings of CrN and AlCrN. The primary, 

secondary, and damage-activated transfer were 

observed in these coating systems, which were 

triggered by the minor coating defects. Dong et al. [71] 

studied the anti-galling property of cathodic arc 

physical vapor deposition (CAPVD) WC:C coated tool 

against AA6082 in a U-shape bending test, as shown 

in Fig. 7. It showed that the WC:C coating had a 

much lower adhesion rate compared to the uncoated 

G3500 tool steel. The COF evolution of WC:C against 

aluminium was relatively flat, which indicates that 

both low severity and rapid saturation of galling 

were formed at the contact. An interesting dynamic 

COF recession phenomenon over time was observed 

in the WC:C coated system, which resulted from the 

self-passivation of free C-bonds on the coating film 

and absorbance of hydrogen molecule from the 

contact interface [71]. Apart from coatings on the tool 

material, coated workpiece is also utilized in some 

forming processes. In the direct press hardening 

process of Al–Si coated high-speed steel (HSS), the 

transient tribological behaviours were found to be 

determined by the morphology change and adhesive/ 

abrasive wear of the forming tool occurred during 

the consecutive strip drawing [5]. Dominant wear 

mechanisms switched from abrasive to adhesive wear 

as the temperature decreased, which demonstrated 

an inverse trend compared with the uncoated sliding 

system. 

The wear mechanism of galling is a combination of 

abrasion and adhesion. With the formation of transfer 

layer, wear mechanisms that were generated between 

the asperities of the workpiece and coated tool are 

partly replaced by cohesion (or self-adhesion) and 

abrasion between the workpiece and soft transfer 

layer. The tribo-system tends towards an equilibrium 

with active self-mating by flatting and polishing, and 

a transition from severe wear to mild wear occurs. 

This transition largely reduces the wear rate [45, 57, 

58, 60, 72] to a stable value, and thus slows down the 

increase of wear volume to a linear relation that can 

be predicted by the Holm–Archard equation [46]. 

2.4 Friction mechanism transition in coating system 

and coating breakdown 

When the counterpart material is much harder than 

the coating, and little adhesion friction exists at the 

contact interface, the transient friction evolution in 

the coating system is mainly attributed to abrasive 

wear of the coated material, e.g., coating breakdown 

and friction mechanism transition from ploughing 

of hard asperities to ploughing of entrapped large 

wear particles. 

Ma et al. [8] investigated the friction evolution 

between WC–6% Co ball and TiN coated bearing 

steel GCr15 and the surface topography of the sliding 

wear on the coated counterpart after a series of different 

sliding distances, and found that the continuous 

sliding can be classified into three stages according to 

 

Fig. 7 Transient tribological phenomena and evolution of COF vs. number of strokes under different pressures: (a) 1.8 MPa and 
(b) 0.07 MPa with coated and uncoated tooling during U-shape bending of AA6082. Note: a-C here represents amorphous carbon.
Reproduced with permission from Ref. [71], © Published by Elsevier B.V. 2016. 
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different friction mechanisms and wear behaviours, 

as shown in Fig. 8. The friction force mainly stems 

from ploughing of hard asperities, and the adhesion 

force is negligible between the ball and the coating [73] 

at room temperature in the initial low friction stage. 

An increased friction value is observed due to the 

mechanism transition to ploughing of large number 

and size wear particles after localized coating 

spallation, and it finally reaches a high plateau after 

complete coating breakdown and direct contact 

between GCr15 (substrate material) and WC ball. 

There is a highly interactive relation between friction 

and abrasive wear in the coated system, especially 

when the coating breakdown initiates. Friction values 

begin to increase rapidly due to accumulation of hard 

wear particles in size and volume, and thus increased 

plowing forces. This will in turn accelerate the coating 

spallation and generation of wear particles as the 

shear forces increase due to increased friction. This 

interaction will finally lead to complete coating 

removal and direct contact between the substrate 

material and its counterpart. 

A comprehensive understanding of the underlying 

mechanisms that drive the transient tribological 

phenomena at the tool–workpiece interface is essential 

for the establishment of descriptive and predictive 

models. The friction mechanism transition has been 

found to be closely associated with an interactive 

relation between friction and wear, which can be 

implemented properly in the model development. 

3 Modelling of transient tribological 

behaviours (friction and wear) in metal 

forming 

Friction models are established to describe tribological 

behaviours and friction values after they have   

been investigated and observed through friction 

characterization methods. In metal forming processes, 

an appropriate and accurate description of friction 

behaviours is crucial for the reliable establishment  

of numerical simulations. Significant efforts have 

been made by researchers to propose friction models 

to describe the tribological phenomenon under 

lubricated or dry condition and predict COF values, 

which can be employed into finite element (FE) 

simulations. 

Wilson et al. [74] developed friction models for 

cold stamping under lubricant condition with the 

consideration of lubricant breakdown. The friction 

under the full film lubrication condition was calculated 

by Reynolds equation [75–77], as shown in Eq. (2): 

 
3

12

h P h
Uh

x x x t
    

  
    

         (2) 

where P is the pressure, and U  is the average sliding 

speed. The transformation of lubrication regime was 

determined by comparing the calculated h to the 

surface roughness,  . Once h was lower than 3 , 

the lubrication condition was transformed to mixed 

lubrication conditions, in which the frictional stress,  

 
Fig. 8 Transient behaviours and coating breakdown in coated system under a series of contact load (pressure) conditions. Reproduced
with permission from Ref. [8], © Elsevier B.V. 2015. 
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f
  was calculated by Eq. (3): 

f a p h
(1 )A A A                   (3) 

where A is the frictional contact area, and 
a
 , 

p
 , and 

h
  are the adhesion, ploughing, and hydrodynamic 

frictional stress components, respectively. This model 

was applied to model a simple stretch forming 

process. 

Gelinck and Schipper [32] developed a model for 

line contact under mixed lubrication conditions. By 

interaction calculation and reference to the Stribeck 

curve, the shift between lubrication regimes, such as 

from boundary to elasto-hydrodynamic regime, could 

be predicted, and subsequently the lubrication regime 

can be determined for a specific contact operation.  

In this model, the friction force, 
f

F  was generated by 

the integral of the shear stress at the asperity contact 

and the hydro- dynamic components (Eq. (4)): 

dif
f 0

0

2 arcsinh
u

F Bb
h





             (4) 

where B is the length of the cylinder, b is half of the 

contact width, 
0
  is the Eyring shear stress, and 

dif
u  

is the differential velocity. 

A functional relationship, as shown in Eqs. (5) 

and (6), determining the COF between the reference 

forming process and a specific friction test were 

proposed by Groche et al. [19] based on the 

investigation of tribological loads, including normal 

pressure, 
n

 , relative sliding speed,
rel

v , surface 

enlargement,  , and interfacial temperature, T of six 

friction tests widely used in bulk forming processes. 

The model parameters (such as w, r, o, and q) were 

determined by optimization of deviations between 

different friction tests. This semi-empirical friction 

model was then implemented into the numerical 

simulation of a reference extrusion process, and    

a good agreement has been achieved between the 

experimental and numerically calculated extrusion 

forces before the lubricant was accumulated within 

the forming course. 

( )
/

e j j j e
K K               (5) 

/ n, / rel , / / /
ln( ) ln( ) ln( ) ln( )qw r o

e j e j e j e j e j
K v T     (6) 

The different combination and value of /e j  denote 

a range of frictional tests from ring compression test 

with boss and extrusion tests to upsetting sliding and 

sliding compression tests [19]. 

Lee et al. [78] established a friction model 

incorporating the effects of contact pressure, sliding 

velocity, and strain hardening of the deformed material 

on springback simulations with an oil lubricant applied. 

The experimental results demonstrated an increase 

of COF with a decrease of sliding velocity and an 

increase of contact pressure in the range below 10 MPa, 

the multiplicative relations of which were modelled by 

a phenomenological model, as expressed by Eq. (7): 

v p
( , ) ( ) ( )v p v p                (7) 

where, v is the sliding velocity. Then, 
v
( )v  (Eq. (8)) 

and 
p
( )p  (Eq. (9)) can be characterized using the 

obtained experimental data. 

v 1 2 3
( ) exp( )v a a a v               (8) 

p 1 2
( ) 1 exp( ))(p b b p               (9) 

where 
1

a , 
2

a , 
3

a  
1

b , and 
2

b  are model constants. 

Hol et al. [79, 80] developed the multi-scale friction 

modelling for sheet metal forming, in which the 

effect of surface roughness and deformation under 

pressure were taken into account. In this model,  

the real area of contact was used to determine    

the influence of ploughing and adhesion effects 

between contacting asperities on COF. The COF was 

determined by the ratio of the total friction force and 

the total load carried by all the contact patches, as 

shown in Eq. (10):  

p

p

W 1

N
1

( )
M

i i ii

M

ii

A HF

F A H

 
 



  


          (10) 

where FW means the total friction force, FN means the 

total load carried by all contact patches, Ai is the 

contact area of individual patch, Mp is the number of 

patches, and 
i

  is the individual value of COF for a 

single patch. 
i

  was determined as a function of the 

attack angle,   and the shear factor, 
c

f  by the active 

contact mode including cutting, ploughing, and wear 

conditions, modelled by Eqs. (11)–(13):  
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cutting c

1 1
tan π arccos

4 2
f  

   
 

       (11) 

1 c
ploughing

1 c

sin cos(arccos( ))

sin sin(arccos( ))

B f

B f

 


 
 


 

     (12) 

 

 

1
2 2

2 c c

wear 1
2 2

2 c c

1 2sin 1 sin cos

1 2sin 1 cos sin

B f f

B f f

 


 

 
    

  
 
     

  (13) 

where, B1 and B2 are model parameters determined 

by the attach angle and shear factor. 

A statistical approach was then adapted to transform 

the microscopic model to a macro-scope level, enabling 

the friction model to be implemented into an FE 

code and applied to a full-scale sheet metal forming 

simulation. The proposed friction model was able 

to predict the relation between the interfacial change 

and friction variation although it did not consider 

the galling phenomenon. This model was then 

further developed and expanded to include the 

effects of coating properties on lubricated regimes 

such as mixed and boundary conditions [81, 82]. 

A friction model was proposed to describe the 

decrease of 
f
  with the increase of pressure by 

introducing the ratio of real contact area, 
1

  and 

pressure in the closed pools under the liquid-lubricated 

condition [83]. The   was expressed by Eq. (14) 

with 
1 1 1

/ ( )   , which represented the contribution 

of the nominal contact pressure made by the real 

contact area.  

a 1
r

a 1 1
p

 
 

 
 


            (14) 

where 
a
  and 

a
p  are frictional shear stress and nominal 

contact pressure, respectively, 
r

  is the friction value 

measured at the average pressure ratio lower than 0.5, 

and 
1

  is a model parameter introduced under the 

lubricated condition. The COF decreased initially, 

and then became constant as the lubricant pressure 

reached its maximum. 

The running-in state that was caused by the creation 

of material transfer layer was the focus of Yang’s 

adhesive wear model [84, 85]. In the running-in state, 

it was assumed that the wear rate in terms of L was 

determined by the amount of material available at 

the contacting junctions. The integration of wear 

volume is shown in Eq. (15). This model adopted the 

Holm–Archard equation to model the steady state, 

and thus the whole wear evolution could be predicted. 

 (1 e )BLV A               (15) 

In this model, V  denotes the wear volume, and B 

is a model constant that is determined by contact 

load and surface conditions. 

Fillot et al. [63] developed a wear model based on 

the third body concept that modelled the wear volume 

variations from the initial running-in to the steady 

state. In this model, an equilibrium of the mass inside 

the contact is developed, as shown in Eq. (16). 

i
s w

d

d

M
Q Q

t
               (16) 

where 
s

Q  is the flow of third body detached from 

the first body, 
w

Q  is the wear flow of third body 

ejected outside the contact, and 
i

M  is the mass of 

third body entrapped inside of the contact. It could 

be seen that the wear process constituted a form   

of competition between 
s

Q  and 
w

Q , which were 

modelled by Eqs. (17) and (18), respectively. This 

model successfully modelled the variation of the 

volumetric changing rate of detached, entrapped, 

and ejected wear particles from the initial running-in 

state to the steady state. 

max

s s i i
( )Q C M M              (17) 

start

w w i i
( )Q C M M             (18) 

where 
s

C  and max

i
M  are constants of the experiments, 

start

i
M  is the mass of third body entrapped in 

unevenness of the surfaces, and 
w

C  is a function of 

ejection speed of wear particles. 

Models that focused on the growth of transfer layer 

were also developed. Based on the experimental 

results of aluminium alloy–DLC contact [69], de Rooij 

and Schipper [86] developed a lump growth model 

for general macro-scale applications, which focused on 

modelling of the physical contact behaviours affected 

by the modification of asperity height distribution 

during the formation of material transfer layer. Instead 

of a continuous transfer layer, de Rooij et al. [58] 
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developed a material transfer model on a single asperity 

scale and presented the geometrical development  

of a single lump over time. The shape of the lump 

was modelled as mechanically stable, and thus 

could resist the forces acted on it. The orientation of 

the lumps and the multi-layer structure were also 

considered in this model. 

Most modelling studies have been focused on 

providing an averaged friction value by considering 

the effects of various factors including contact 

conditions and process parameters, e.g., 
n

 , 
rel

v , 

plastic deformation, surface roughness, and interfacial 

temperature. Some model takes the instantaneous 

contact conditions into account, but the evolutionary 

effect of contact parameters is overlooked. 

4 Development of interactive friction 

modelling for transient tribological 

phenomena 

The interactive modelling frame has been introduced 

in describing the transient tribological behaviours 

under various contact scenarios, e.g., lubricated contact, 

metal-on-metal contact, and coating system, based 

on the corresponding friction mechanism transition 

during the sliding process. The instantaneous and 

evolutionary friction values and the corresponding 

morphology change, such as the galling area, can be 

expressed and predicted based on its time-dependent 

feature. Furthermore, the effect of evolutionary history 

of contact conditions, e.g., complex loading conditions, 

on friction and wear is also incorporated in this 

model, which is essential to describe the transient 

behaviours, as mentioned in Section 1. 

To describe the transient feature of the friction 

value, the overall COF, ( ),t  is expressed as a 

time-dependent variable, which is comprised of two 

components at the contact interface, as expressed 

by Eq. (19): 

i s
( ) (1 ) ( ) ( )t t t              (19) 

where 
i
( )t  and 

s
( )t  are the friction values at the 

initial low friction state and steady high plateau state, 

respectively.   is included to model the transition of 

different friction mechanisms from the initial to the 

steady state. When 0  , the transition of the friction 

mechanism does not occur, and the mechanism for 

generating low 
f

F  is dominant. While   increases  

to 1, the friction mechanism transition is completed, 

and the mechanism for a high level of friction (steady 

state) takes control at the interface.   also represents 

the interaction between friction and wear, which 

will be summarized in detail in different contact 

scenarios. 

4.1 Modelling of transient behaviours under 

lubricated contact 

The interactive modelling for the lubricated contact 

[2, 3, 38] addresses the transition of boundary 

lubrication as well as the interaction between friction 

and lubricant film thinning. This model incorporates 

the effects of interfacial temperature, contact pressure, 

sliding speed, relative sliding distance, and the initial 

lubricant amount on the COF evolution and transient 

lubricant behaviours, which can be applied to scenarios 

involving lubricant breakdown in a dynamic contact 

interface such as metal forming and machining, where 

the use of averaged constant friction values present 

limitations in prediction accuracy. The model is 

presented in Eqs. (20)–(22). 

l2

1

t
l

l

( )
( ) exp

h t
t






       
  

         (20) 

where 
l
( )t  represents the area ratio between dry 

condition and boundary contact, which links the 

interaction between friction and instantaneous 

lubricant film thickness, 
t
( )h t . 

1l
  and 

2l
  are model 

parameters, which are determined by the interfacial 

surface roughness and lubricant properties. 

The reduction of instantaneous film thickness can be 

modelled by Eqs. (21) and (22), which represent the 

consumption of liquid lubricant and solid tribo-layer, 

respectively. It should be noted that the solid tribo-layer 

is formed due to vanish of the liquid phase (carrier 

agent) and deposition of solid additives under elevated 

temperatures. Thus, Eq. (22) is applicable to the two- 

phase (liquid–solid) lubricant. 

 ll l 31 2

1 l l l l
( ) ( ) / ( )( ( ))

kk k kh t C h t P v D T h t      (21) 
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s s1 2

l l

c

( ) ( )( ( )) ( )

n n

k

s

P v
h t mD T h t K T

H
        (22) 

where 
l
( )h t



 and 
s
( )h t



 denote the changing rates of 

thickness of the residual liquid lubricant and the 

solid tribo-layer, respectively, 
1l

k , 
2l

k , and 
3l

k  are 

model parameters dependent on instantaneous contact  

conditions, 
l
( )D T  is a temperature-dependent liquid 

vanishing (referring to both evaporation and 

decomposition as it is difficult to separate these two 

processes at elevated temperatures) coefficient, C1 is a 

model constant, and k  is a model parameter. m is the 

equivalent volume fraction of solid additives, which 

is determined by compositions of the two-phase 

lubricant. ( )K T  is a temperature-dependent wear 

coefficient, and 
1s

n  and 
2s

n  are model parameters. 

c
H  is the combined hardness of the substrate    

and tribo-layer, which is determined based on the 

mechanical properties of the solid additives and the 

tooling temperature. 

4.2 Modelling of galling phenomenon in metal- 

on-metal contact 

Interactive friction modelling to address the interaction 

between friction and adhesion wear in the galling 

tribo-system [18, 67] is developed to model the 

transient evolution of friction and saturation process 

of the galling area, as expressed in Eqs. (23) and (24). 

This model demonstrates that the formation of transfer 

layer is a competing result of detached material from 

the first body into the interface and ejected material 

leaving the contact interface. 

g1

lg

sat

( )
( ) ( ) ( ( ))

( )

f t
t f t b t

f t

           (23) 

g2 g3

l l l( ) ( ( ) 1 ( ))t aP T v n t t
    

 
       (24) 

The formation rate of the normalized third body 

density, l ( )t , represents the formation process of 

the material transfer layer from the clean contact 

l( 0)   to the equilibrium state l( 1)  . ( )f t , 
sat

( )f t , 

and, ( )f t  are the instantaneous galling area, saturated 

galling area, and instantaneous normalized galling 

area, respectively, and a relation has been built 

between l ( )t  and ( )f t , as shown in Eq. (23). b and 

g1
  are model parameters. The normalized galling 

area varies from 0 to 1, indicating the transition of 

the tribo-system from an initial running-in to a final 

steady state and the contact condition (or friction 

mechanism) transition from the contact between the 

original pairs to that between the workpiece and 

transfer layer, as denoted by 
g
( )t . In this model, the 

instantaneous form of Holm–Archard equation is 

adopted to model the wear rate at the steady state. 

a, 
g2
 , 

g3
 , and n are model parameters. 

4.3 Modelling of transient phenomenon induced 

by coating breakdown 

In a coating system where the adhesion force and 

material transfer between the coating and its counterpart 

play a negligible role, the transient phenomenon is 

usually caused by abrasive wear and interaction 

between friction and instantaneous coating thickness, 

c
( )h t  [8], which can be described by the interactive 

modelling. The contact condition (or friction mechanism) 

at the interface transitions from the ploughing friction 

between the coating and counterpart to that between 

the substrate and counterpart when the coating is 

gradually worn off and coating breakdown occurs. 

Therefore, the ratio of friction mechanism transitions in 

the coated contact, 
c

 , in this case, can be expressed by 

Eq. (25): 

  c2

1c c c
( ) exp ( )t h t


            (25) 

where 
1c

  and 
2c

  are model parameters. 

The instantaneous coating thickness can be obtained 

by integrating a time-dependent wear rate, ( )
c

h t , 

which can be expressed based on Archard’s wear 

equation, as shown in Eq. (26). 

c

c

( )
KPv

h t
H

                (26) 

2 2

c
c s 2

c

( )
( )

( )

h t
H H T

h t

 
 





         (27) 

where K is the coefficient of wear, which is a load- 

dependent and temperature-dependent parameter. 

c
H  is the combined hardness for the contact system 

in both equations. Tribo-layer is treated as a kind of 
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coating in Eq. (22), where 
s

H  is the hardness of the 

substrate material, which is temperature-dependent, 

  is the hardness ratio between the coating and the 

substrate, and   is an influential factor of 
c
( )h t . 

Section 4 introduces the investigation and 

development of the interactive friction models for 

predictions of transient friction and wear evolutions 

under complex loading conditions in different 

application scenarios. Good agreements have been 

achieved between the modelling results and experimental 

results, verifying the efficiency and accuracy of the 

developed models in predicting the COF evolution as 

a function of the instantaneous contact conditions 

experienced in metal forming processes. This further 

provides the potential of utilizing the interactive 

friction model in the data-driven related research. 

5 Conclusions 

Transient tribological phenomena are widely observed 

during the metal forming processes, which is induced 

by the transition of friction mechanisms and complex 

loading conditions at the contact interface. Constant 

friction values were usually assigned or assumed as 

the boundary condition to simplify the simulation 

process, which would introduce inaccurate predictions 

when describing the complex and evolutionary 

tribological conditions during friction-sensitive forming 

scenarios. In addition, as friction and wear are highly 

interactive tribological phenomena during the forming 

processes, dynamic surface morphology also exists at 

the tool–workpiece interface, which indicates that the 

transient tribological conditions become a challenge 

for desirable component surface quality control. The 

aim of this paper is to review the previous work and 

highlight the current research focus involving transient 

tribological phenomena, e.g., lubricant breakdown, 

galling, and coating breakdown, in metal forming 

processes and the interactive responses between 

friction and wear and their contributions to the 

tribo-system. 

In lubricant breakdown phenomenon, the thinning 

of lubricant film will lead to the tribo-system to 

transfer to the dry sliding condition, in which friction 

increases due to the increased percentage of dry 

sliding condition, and wear rate increases due to the 

direct metal-on-metal contact. In galling phenomenon, 

the built-up of transfer layer on the tool always leads 

to an increase of friction due to the high cohesion 

between the workpiece and the transfer layer and a 

decrease of wear rate due to the hard tool asperities 

covered by relatively soft transfer layer. In coating 

breakdown phenomenon, coating spallation due to 

ploughing of large-sized wear particles will further 

increase 
f

F  and accelerate generation of wear particles, 

thus increasing the wear rate. 

Although the variation of COF due to transient 

tribological phenomena has widely been observed 

in lab-scale tests, it is still hard to be implemented 

into an FE software. It is because the historical effect 

of transient behaviours under dynamic loading 

conditions/between different forming cycles is still 

unknown. And there is still no such model that addresses 

complex loading parameters of metal forming. The 

lubrication condition in metal forming is relative 

better understood. However, in many lubrication 

models for the forming process, it is still assumed 

that the lubrication condition is under hydrodynamic 

or mixed lubrication conditions, which makes the 

COF vary in a low range and cannot address the 

consequence tribological failures, e.g., galling due to 

lubricant breakdown. 

Thus, there is an urgent requirement to develop a 

holistic friction model that can describe the transient 

tribological conditions and address the distribution 

of evolutionary tribological failures under a dynamic 

multi-cycle forming condition. Focusing on these 

aims, interactive friction models have been developed, 

and the dependency of instantaneous contact 

conditions and forming history has been addressed 

in the holistic modelling of transient tribological 

phenomena, which include lubricant breakdown, 

galling, and coating breakdown. Future research can 

be focused on the implementation of interactive models 

into an FE simulation software and the realization of 

predictions of transient tribological behaviours under 

multi-cycle loading conditions. 
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