
Friction 9(4): 665–685 (2021) ISSN 2223-7690 
https://doi.org/10.1007/s40544-020-0430-z  CN 10-1237/TH 

REVIEW ARTICLE  

 
 

Galling phenomena in metal forming 
 

Kuniaki DOHDA1,*, Masahito YAMAMOTO1,2, Chengliang HU3,*, Laurent DUBAR4, Kornel F. EHMANN1 
1 Department of Mechanical Engineering, Northwestern University, Evanston, IL 60208-3111, USA 
2 Manufacturing Engineering Center, NSK Ltd., Fujisawa-Shi 251-8501, Japan 
3 Institute of Forming Technology and Equipment, School of Materials and Engineering, Shanghai Jiao Tong University, 

Shanghai 200240, China 
4 LAMIH UMR CNRS 8201, Université Polytechnique Hauts-de-France, Valenciennes Cedex 959313, France 

Received: 17 March 2020 / Revised: 05 July 2020 / Accepted: 07 July 2020 

© The author(s) 2020.  

 

Abstract: Galling phenomena in metal forming not only affect the quality of the engineered surfaces but 

also the success or failure of the manufacturing operation itself. This paper reviews the different galling 

conditions in sheet and bulk metal forming processes along with their evolution and the effects of 

temperature on galling. A group of anti-galling methods employed to prevent galling defects are also 

presented in detail. The techniques for quantitatively measuring galling are introduced, and the related 

prediction models, including friction, wear, and galling growth models, are presented to better understand 

the underlying phenomena. Galling phenomena in other processes similar to those occurring in metal 

forming are also examined to suggest different ways of further studying galling in metal forming. Finally, 

future research directions for the study of galling in metal forming are suggested. 
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1  Introduction 

Galling is a phenomenon in which the frictional 

force abruptly increases under specific conditions 

at the contact surface due to microscopic welding 

[1, 2]. The term has been used to describe different 

types of surface damage that occur during practical 

applications in mechanical engineering systems 

[3–5]. Relatively limited galling can be observed in 

bearings and gears, for example, where it appears 

as scuffing or scoring on the accompanying 

surfaces. Galling has been recognized as a form of 

seizure on frictional surfaces that have become 

thermally or mechanically unstable [6–9]. Further-

more, several terms that attempt to describe the 

progress of surface damage to some extent have 

been proposed to describe galling, such as lubrication 

failure, micro-welding, pick-up, and build-up.  

This article focuses on galling in metal forming. 

Galling phenomena between the tool and workpiece 

lead to a sharp increase in the forming load, fatal 

damage of the product surface, and severe wear of 

the tools. In metal forming, the mechanisms at the 

interface are quite complicated because the surface 

area increases due to bulk deformation, and the 

interface structure of the lubricant, oxide film, etc. 

greatly changes. Many factors are influencing galling, 

including deformation degree, tool surface roughness, 

lubricating film, and interface temperature [10]. 

Galling in metal forming is, in general, an unclear 

tribological issue in the process design stage that 

influences the success or failure of a new process. 

In real mass production, if mild galling appears on 

tools, an early change of tool before rapid wear 
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occurs is essential. Understanding the mechanisms 

underlying galling will enable control of the friction 

between the tool and workpiece, allowing for a 

high level of certainty in process design in the 

initial stages. 

Many researchers have conducted fundamental 

investigations on the mechanisms of galling conditions, 

establishment of testing methods for assessing 

galling resistance performance, and the development 

of new anti-galling technologies [11]. In recent 

years, there is an ever-increasing demand for the 

quantitative elucidation of galling mechanisms and 

their generation conditions in sheet metal and bulk- 

forming of high strength steels (HSS) and high 

strength aluminum alloys (HSAA). The quantitative 

roles of various friction factors affecting the 

formation process of the surface transfer layer and 

the galling phenomena have been clarified [12]. In 

the research area of new lubricant development, 

the forming process design of a product does not 

change, but the galling phenomena are easy to 

find. Therefore, quantitative analysis of galling 

mechanisms is also important for synthesizing an 

environment-friendly lubricant to substitute the 

conventional one in metal forming.  

In this review, to better understand galling 

phenomena in metal forming, the actual galling 

conditions clarified by many researchers are reviewed. 

In addition, countermeasures against galling occurrence 

that comprise advanced processes developed in 

recent years are summarized. Most importantly, 

methods for predicting galling and studies to detect 

galling during processing are introduced.  

2  Galling phenomena  

To provide an overview of galling in both sheet 

metal and bulk metal forming, the phenomenon 

that leads to its occurrence and its status under 

different processing conditions are described. Fur-

thermore, the process of galling is explained, and 

the effects of temperature on galling are discussed.  

As shown in Table 1, the dominant factors and 

values that influence galling vary considerably 

between metal forming operations [13]. Galling 

status is experimentally clarified by measuring the 

following parameters: (1) contact pressure; (2) 

relative sliding velocity and distance between tool 

and workpiece; (3) heat generated by friction; (4) 

heat generation due to plastic deformation; (5) 

direct contact conditions between the tool and 

workpiece, which are affected by the newly generated 

surface of the deformed workpiece, surface roughness, 

and hardness of the tool and workpiece; and (6) 

lubricant film thickness at the interface. The 

tribological system for each forming process is 

complex and different as it depends on the process 

conditions. For example, an increase in forming 

speed reduces heat transfer to the tool but increases 

frictional heat generated by workpiece deformation. 

To investigate the tribological behavior in metal 

forming including galling, various basic tribometers 

have been developed and used for evaluation [14]. 

By considering the levels of these influencing 

factors and their combined effects in each process, 

the actual galling appearance in different cases 

will be summarized. 

2.1  Sheet metal forming  

In the last decades, HSS sheets and HSAA plates 

have been increasingly adopted for automotive 

body parts to achieve both weight reduction and 

collision safety. The increased strength of the sheet 

Table 1  Tribological conditions in metal forming processes. Reproduced with permission from Ref. [13], © ASME 2004. 

Process factor Sheet forming Drawing/ironing Rolling/rotary forming Forging/extrusion 

Pressure (MPa) 
(Ratio, p/Y*) 

1–100 
(0.1–1) 

100–1,000 
(1–2) 

100–1,000(1–3) 
100–3,000 

(1–5) 
Velocity (m/s) 

(Relative rate) 
103–101 

(0–102) 
102–102 

(102–102) 
102–10(0–101) 103–101 

Bulk temperature,  
Tb (℃) 

R.T.~150 R.T.~300 
R.T.~200 

or warm/hot Temp. 
R.T.~400 

or warm/hot Temp. 
Surface expansion  

rate, A/A0** 
0.5–1.5 1–2 1–2 1–100 

Note: Y*, yield stress of workpiece; A/A0**, rate of workpiece surface area after to before process. 



Friction 9(4): 665–685 (2021) 667 

∣www.Springer.com/journal/40544 | Friction 
 

http://friction.tsinghuajournals.com

material leads to a high load on the tool during 

forming, and as a result, the problem of galling 

becomes more pronounced [15–17].  

In cold stamping of a steel sheet with a grade 

exceeding 590 MPa, the contact pressure reaches 

800 MPa locally, and the tool surface is easily 

seized and damaged in the case of a normal tool 

steel without any hard coating, as shown in 

Fig. 1(a) [18]. Because of the high local pressure, 

the flanges and bead parts are the regions where 

damage is commonly found. In cold bending of a 

galvanized steel sheet with a grade of 1,180 MPa, 

adhesion occurs due to sliding with a velocity 

of175 mm/s [19], as illustrated in Fig. 1(b). 

Generally, bending tests are used to evaluate the 

durability and adhesion of hard coatings on the 

tool to prevent direct contact between the tool and 

the workpiece. In the cold/warm deep drawing 

process of square cups with a forming speed of 

3 mm/s using a 590 MPa steel, the effect of the tool 

coating and lubricant on the occurrence of adhesion 

has been analyzed, and the results have shown 

that forming at elevated temperatures tends to 

lead to galling [5].  

Typical examples of surface damage in hot 

stamping of aluminum are presented in Fig. 2(a) 

[20]. In the hot strip drawing test of an Al–Si 

coated HSS sheet, an area of severe abrasive wear 

is found that precedes a thick layer of compaction 

galling at higher temperatures (> 600 ℃) while 

adhesive wear is dominant at lower temperatures 

(< 600 ℃), as shown in Fig. 2(b) [21]. 

2.2  Bulk metal forming 

In the combined forward and backward extrusion 

process, galling easily occurs on the sizing lands of 

the punch in backward extrusion and on the die in 

forward extrusion under dry conditions after three 

extrusion cycles [22], as shown in Fig. 3. High 

friction is generated at the interface between the 

workpiece and tooling. Once even a small adhesion 

damage is initiated on the tooling, more serious 

galling forms under the large surface expansion in 

bulk-forming. In the backward extrusion process 

with a reduction in the cross-sectional area of 50% 

under an initial punching speed of 150–200 mm/s, 

galling appears at the bottom of the punches 

where the relative sliding velocity is high and at 

the inner surfaces of the cup because this portion 

undergoes the largest surface area expansion [23], 

as shown in Fig. 4. To observe the process of 

galling generation, a rotating extrusion test with a 

conic punch was proposed. Scratches on the punch 

were observed and the frictional force was 

measured (Fig. 5) [24]. Two stages, including com-

pression with large bulk deformation and sliding 

under a holding pressure, were carried out in the 

sliding compression test, in which sliding plates 

 

Fig. 1  Galling appearance in high-strength-steel forming. (a) Example of galling damage in sheet forming [18]. Reproduced 
with permission from Ref. [18], © The Japan Society for Technology of Plasticity 2007. (b) Observation of galling during 
fundamental tests. Reproduced with permission from Ref. [19], © The Japan Society for Technology of Plasticity 2015. 
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Fig. 2  Galling appearance in sheet forming at elevated temperatures. (a) Surface failure of AA6061 in hot stamping. 
Reproduced with permission from Ref. [20], © Springer Nature 2018. (b) Drawn surface appearance on coated steel sheet at 
elevated temperatures. Reproduced with permission from Ref. [21], © Elsevier B.V. 2018. 
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Fig. 3  Galling on sizing lands. Reproduced with permission from Ref. [22], © Elsevier B.V. 2017.  
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Fig. 4  Galling appearances in backward extrusion. 
Reproduced with permission from Ref. [23], © Elsevier B.V. 
2012. 

 

Fig. 5  Galling and friction behavior in rotational and 
backward extrusion. Reproduced with permission from Ref. 
[24], © Elsevier B.V. 2012. 
 

blasted with S390 abrasive shots were used; immediate 

adhesion of the plates was observed during the 

first test [25]. 

At elevated temperatures, the galling phenomena 

are even more complex, especially in bulk-forming. 

The mechanisms of the degradation of hot forging 

tools are complex, as abrasive wear, oxidization, 

thermomechanical fatigue, and plastic deformation 

occur simultaneously and interact with each other 

[26]. Abrasive wear probably starts with adhesion. 

The mechanisms resulting in the transfer of aluminum 

on hot forming tools have been investigated from 

the standpoint of chemical and metallurgical inter-

actions between the surfaces and mechanical inter-

actions related to surface finish. Adhesion patches 

grew by adding more aluminum to the material 

already transferred in previous cycles [27]. In the 

warm and hot upsetting sliding tests, the contactor 

surface was heated to 200 ℃ by an embedded heating 

cartridge, whereas specimens made of AISI 4820 

steel with a diameter of 30 mm were heated to 

1,200 ℃ in an induction furnace and cooled down 

in the air to 1,100 ℃. The adhesion of the contactor 

(Fig. 6) could be observed with different degrees 

of deformation of the specimens after a test in 

which lubricant was not applied [28].  

2.3  Evolution of galling phenomena 

Figure 7 shows the basic idea of the evolution of 

galling phenomena in metal forming. Many factors 

contribute to galling. In different metal forming 

processes, the controlling factors are quite different, 

and their relationships are very complex. Considering 

the phenomena at the point where galling occurs 

at the tool-workpiece interface, initiation of galling 

occurs as a result of direct contact. This state can 

be understood by the destruction of the following 

three layers: (1) appearance of a surface being 

generated simultaneously with the destruction of 

the oxide film due to enlargement of the surface 

area of the workpiece, (2) breakage of the lubricant 

oil film due to a decrease in the kinematic viscosity 

caused by an increase in the interface temperature, 

and (3) the breakage of the thin hard coating of the 

tool’s surface layer. This phenomenon is derived 

from the thermal stresses on the tool surface. An 

understanding of the above three factors is important 

in devising measures to prevent galling. Depending 

on the number of machining cycles, the frictional 

state changes as a result of a micro-gallin phenomenon. 

This point is often considered in modeling as a slip 

distance related to the number of cycles. The PV 

value is also important in the field of tribology, but 

the PV value is insufficient to represent the lubrication 

condition on the surface. Information on the local 

surface temperature (or heat) of the tool is as 

important as information on the local surface 

under boundary lubrication conditions. 

2.4  Effects of temperature on galling 

Galling is affected by the frictional surface temperature. 
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Controlling the temperature in systems is essential 

since friction depends on the interface temperature 

[29]. The interface temperature is affected by the 

heat due to friction, heat due to plastic deformation, 

and the heat of the workpiece. Theoretically, the 

generated heat at the interface can be estimated 

through the flash temperature theory based on the 

assumption of the real contact area ratio and uniform 

interface [30–32]. Experimentally, the interface 

temperature distribution in metal forming is difficult 

to measure due to its severe condition. As it is not 

possible to install a temperature sensor near the 

contact surface, thermocouples are placed as close 

to the interface as possible. In practice, a method is 

adopted in which sensor holes and grooves are 

machined to install the thermocouples on the backside 

of the tool. The hole is made as small as possible 

so as not to affect the strength of the tool and heat 

transfer. Following embedding of the thermocouples, 

the temperature evolution (Fig. 8(a)) on the punch 

in extrusion [33], variation in temperature on the 

side of a forging die as a function of forging speed 

(Fig. 8(b)) [34], and temperature distribution of the 

roll [35] were obtained. The detected temperature 

Adhesion 

 

Fig. 6  Adhesion of material on the tool in warm penetration tests. Reproduced with permission from Ref. [28], © Elsevier B.V. 
2018. 

 

Fig. 7  Galling process during metal forming. 
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Fig. 8  Temperature measurement with thermocouples. (a) In extrusion punch. Reproduced with permission from Ref. [33], © 

Elsevier Science S.A. 1999. (b) In side forging die. Reproduced with permission from Ref. [34], © Elsevier Science Ltd. 2002. 

 

change depends on the distance from the interface 

to the thermocouple and the heat capacity. 

The adhesion force is measured through a burnishing 

process under elevated temperatures [36]. Measure-

ments show that the adhesion force is strengthened 

at elevated temperatures around 700 ℃ and that 

the temperature of the contact surface is roughly 

half the melting point of the material. The adhesion 

force increases with temperature rise, sliding speed, 

and diffusion progression. The relation between 

galling and interface temperature is investigated 

by different friction testing methods such as the 

strip reduction test (Fig. 9(a)) and twist compression 

test (Fig. 9(b)) with relatively little plastic deformation. 

The measured temperature distribution and the 

values obtained from finite element analysis are in 

good agreement [37, 38]. To obtain a precise simulation 

result, it is necessary to measure the heat transfer 

coefficient between the tool and the workpiece. 

3  Anti-galling methods 

As mentioned above, the destruction of the protective 

film leads to galling. Therefore, galling can be 

preventing or delaying the destruction of the film. 

Although it is true that galling in metal forming 

should be avoided depending on the die design, in 

the case where process conditions closer to the 

critical state must be adopted in the design, a 

method that expands this critical condition is implied 

by the galling mechanism. In this section, various 

approaches for preventing galling and wear during  
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Fig. 9  Temperature evolution from measured and simulated results. (a) In strip reduction test. Reproduced with permission 
from Ref. [37], © CIRP. Published by Elsevier Ltd. 2004. (b) In twist compression test. Reproduced with permission from Ref. [38], 
© Elsevier B.V. 2007. 

 

metal forming will be introduced. 

3.1  Improvement of lubricant performance 

The role of the lubricating film in metal forming is 

frictional force reduction and tool release. It is 

important to keep sufficient amounts of lubricant 

at the interface from the beginning to the end of 

processing; however, it is generally known that 

kinematic viscosity rapidly decreases with increasing 

temperatures and decreasing film thickness [39]. 

As an example, the local tool temperature in 

forging, could reach up to 600 ℃ [40]. The first 

principle of galling prevention is that the lubricants 

maintain the desired film thickness at elevated 

temperatures. Therefore, it is essential to raise 

their critical temperature by extreme pressure 

additives [41, 42]. In hot forging, their function is 

slightly different from that of ordinary lubricants, 

and the purpose is to facilitate the tool releasing and 

tool cooling processes. Graphite and white lubricants 

are mainly used in this process. Attention is also 

being paid to solid lubricants suitable for high- 

temperature forming [43] (Fig. 10). A study [44] to 

improve formability by controlling the heat transfer 

by the choice of the lubricant (Fig. 11) is also being 

conducted. From environmental-free, some examples 

of lubrication with organic oils have been tried 

and recently reported [45]. 
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Fig. 10  Lubricant evaluation at elevated temperatures. Reproduced with permission from Ref. [43], © Elsevier Ltd. 2014. 
 

 
Fig. 11  Improvement of formability of AA7075 in sheet 
forming. Reproduced with permission from Ref. [44], © 
Elsevier Ltd. 2017. 

3.2  Improvement of anti-galling by coating the 

workpiece 

In cold forging, chemical conversion coatings composed 

of soap and phosphate are generally used to maintain 

a protective film under contact pressures as high 

as 3,000 MPa [46]. The improvement in galling 

resistance by phosphoric acid coatings is studied 

in detail in Ref. [47]. Researchers are also looking 

for alternative methods that are more eco- friendly 

from the viewpoint of industrial wastewater treatment 

related to conversion coating treatment [48]. A 

method for creating a new lubricating film for 

forging, which is used to replace the phosphate 

plus soap coating, has been proposed, and its galling 
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properties have been noted [49]. 

In forming HSS sheets, Al–Si coatings have been 

applied to the workpiece, and galling properties 

were investigated in Ref. [50]. Furthermore, for 

galvanized HSS sheets, products specialized for 

enhancing galling resistance have been released 

[51]. Parts formed from Al–Si coated blanks exhibited 

lower mass loss but more aggressive wear behavior 

through adhesive wear of the die, while the workpiece 

related mass loss was higher for Zn–Ni. In the 

latter case, however, considerable metallic build-up 

layers on the die did not occur [52]. 

3.3  Improvement of anti-galling by coated tools 

An effective means for reducing galling in metal 

forming is smoothing of the tool surface and 

bringing the contact surface closer to the fluid 

lubrication state. For smoothing, to minimize the 

level of irregularities, polishing is used as in the 

past, but there are economic restrictions. Coating 

is a surface modification method capable of 

stabilizing the boundary lubrication condition during 

processing by smoothing the surface and streng-

thening the vicinity of the tool surface. 

Two physical vapor deposition (PVD) processes 

to make Cr and nitride layers on the surface, 

namely electron beam PVD (EBPVD) and unbalanced 

magnetron sputtering (UMS), have been investigated. 

The galling wear resistance of coatings deposited 

by UMS is approximately ten times that of the 

EBPVD coatings (Fig. 12), and the crystal orientation 

of the chromium coatings appears to play a significant 

role [53]. In cold sheet metal stamping, a PVD 

treatment of CrN on the D53 mold surface enhances 

the hardness to 1,600 HV, and the obtained good 

anti-adhesive properties of the surface significantly 

improve its galling resistance [54], as shown in 

Fig. 13. In hot aluminum forming, a hexagonal 

boron nitride (h-BN) coating has been used to 

improve the anti-galling property of the tool. 

Results from load-scanner tests at an elevated 

temperature of 400 ℃ reveal that large h-BN powder 

size and low h-BN concentration can help [55]. 

Ti–Al–N coatings with Ta have proven to enhance 

hardness, thermal stability, and oxidation resistance; 

however, by optimizing the chemical composition 

of x alloyed Ti1-xAlxN coatings, the oxidation 

resistance can be significantly improved, resulting 

in a much wider range of applications [56]. 

3.4  Improvement of die materials 

By changing the chemical composition of tool steel, 

a new cold working tool steel with excellent capability 

in terms of galling resistance was developed [57]. 

The anti-galling properties were evaluated by using 

different grades of HSS sheets in the Hat-shaped 

bending test. The developed tool steel was superior 

to the conventional SKD 61, as shown in Fig. 14. 

Failed large hot forging dies were refabricated 

through a bimetal-layer weld surfacing technology 

 

Fig. 12  Coating evaluation in scratch testing. Reproduced 

with permission from Ref. [53], © Elsevier B.V. 2018. 

 

Fig. 13  Surface morphology after sliding of DC53 mold. (a) 
Quenched and tempered and (b) CrN coated. Reproduced 
with permission from Ref. [54], © Taylor & Francis 2018. 
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Fig. 14   Anti-galling tool steel for sheet forming. Reproduced 
with permission from Ref. [57], © Elsevier B.V. 2011. 

 

with a cobalt-based superalloy and a ferrous alloy. 

A hot working die with a three-layer structure was 

made of 5CrNiMo, Co03, and JXHC15, as shown in 

Fig. 15. No failure was observed on the forging die 

after producing 25 pieces, and the feasibility of the 

die with a three-layer structure was verified [58]. 

4  Measurement methods  

To understand the galling phenomena at the 

interface of tools in metal forming, it is essential to 

have a technique to quantitatively measure it at 

high resolution. An ASTM standard test method 

G98-02 exists, wherein a block specimen is generally 

kept stationary while a cylindrical button specimen 

loaded with a constant force is rotated during 

testing, and the threshold galling stress is evaluated 

[59]. A new parameter, the Galling50 value, that 

represents the stress value at which galling is 

expected to occur in 50% of the tested specimens 

has been presented to provide a statistically relevant 

measure of galling resistance [60]. The Galling50 

value has been adopted by the ASTM standard test 

method G196-08 [61]. According to the standard 

method, a galling tester that could work at room  

 

Fig. 15  Three-layer structure tool in hot forging. Reproduced with permission from Ref. [58], © The Society of Manufacturing 
Engineers. Published by Elsevier Ltd. 2018. 
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and elevated temperatures of up to 300 ℃  has 

been developed [62]. 

As described in Section 2.4, the interface tem-

perature is strongly related to the galling phenomena. 

Owing to the harshness of the tool interface in 

forging, it is quite difficult to capture the interface 

temperature. Due to the size of the sensor, the 

temperature distribution obtained is limited to 

discrete data [63]. Therefore, methods for detecting 

changes in surface properties during the forming 

process, the forming load profile of each shot, and 

the change in frictional force have been developed 

[64, 65]. A sensoric fastener, which could gather 

the combined force and torque sensor signals in 

individual spatial directions, was invented to monitor 

pretensioning forces and operating loads in mechanical 

connections between components [66]. The method 

can be suitably applied to the monitoring of process 

and tool states in forging processes [67]. However, 

the force measurement is not an effective index for 

assessing galling because variations in the load are 

mostly hidden in changes in material properties, 

formed shapes, lubricating conditions, and other 

issues. To realize online monitoring of galling in 

metal forming processes, a correlation of the acoustic 

emission signal parameters to the severity of galling 

was found, and an attempt was made to use the 

acoustic emission measuring technique to inspect 

galling on sheet surfaces [68]. A novel wear sensor, 

which is printed conformal to the surface of or 

embedded into a material to detect the depth of 

abrasion, can be additively manufactured using 

direct writing methods for in-situ monitoring of 

wear and abrasion of materials [69]. 

5  Galling prediction modeling 

To understand the galling phenomena, simulation 

tools such as the finite element method can be 

employed. In addition, three groups of models, 

wear progression models, relation models with 

friction laws, and galling growth models, can be 

applied along with the galling prediction methods 

described in the sections that follow. 

5.1  Friction models and galling 

Seizures could be described by boundary lubrication 

friction concepts [70, 71]. The frictional force is 

reduced in order to smoothly maintain the surface 

properties of the tool and the workpiece, and to 

allow for constant maintenance of the lubricating 

film during metal forming. In forming, as a result 

of plastic deformation, sliding of a newly born 

surface occurs, so the description scheme of the 

transition state is a major task of friction modeling 

[72]. As shown in Fig. 16, the local friction distri-

bution affects deformation [73]. A friction model 

suitable for metal forming is desired.  

A friction model was established as a function of 

normal pressure and interface temperature at the 

tool/workpiece interface and verified in a cold 

forward extrusion process performed at different 

reduction degrees [74]. A new friction law in cold 

dry forming, a constant friction coefficient at low 

contact pressure (Fig. 17(a)) and an associated frictional 

stress at high contact pressures were proposed and 

confirmed [75]. Another friction model that can 

distinguish between stress states at low and high 

contact pressures has been proposed. In the model,  

 

Fig. 16  Influence of frictional distribution on plastic deformation. Reproduced with permission from Ref. [73], © Elsevier Ltd. 
2011. 
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Fig. 17  Friction model for metal forming. (a) Relating to pressure and surface condition. Reproduced with permission from Ref. 
[75], © CIRP. Published by Elsevier Ltd. 2014. (b) Relating to slip rate and heat transfer. Reproduced with permission from Ref. 
[76], © Elsevier B.V. 2004. 
 

the sliding velocity, equivalent stress, and yield 

stress were considered, as shown in Fig. 17(b) [76]. 

An empirically-based friction model describes 

friction as a function of the sliding distance and 

the most relevant friction influencing parameters 

[77]. In general, to create the friction model, 

parameters related to galling are always introduced. 

5.2  Wear models and galling 

Galling and wear, although different, are closely 

related, and minute changes in the frictional 

condition appear as wear on the tool as a result of 

repeated processes. Therefore, it is considered that 

a change in the friction condition of a surface is 

due to an accumulated micro seizure condition in 

each process. Under process conditions that simulate 

wear phenomena, surface condition is always 

observed as a form of wear progression rather than 

one of severe galling. The concept of adhesion friction 

and wear [78], and a delamination theory based on 

fracture mechanics [79] have been theoretically 

established. During cycles of adhesion wear, the 
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detachment of agglomerates is considered a major 

cause of wear; once adhered fine particles peel off, 

they scratch the surface layer again. In this cycle, 

the adhesion wear grows until it appears as galling 

[80]. In the case of adhesion wear, the total sliding 

distance is relatively long. Experimentally, this 

phenomenon can be easily observed in the testing 

processes of the rolling or drawing type [81]. 

Archard and Hirst [82] and Oyane [83] proposed 

wear models that can be applied in FEM analysis. 

They are based on the concept of plastic working 

at the interface. It is assumed that the progress of 

wear is on a wear-plastic working curve, which is 

gain the above theories. Simulations that take into 

consideration changes in the tool shape due to 

wear have been conducted [84]. A simulation 

example for a case in which a newly designed tool 

is simulated by considering the galling height has 

been performed [85]. 

5.3  Galling growth model 

Based on a model focusing on the adhesion pheno-

menon, a galling growth model has been proposed 

[86]. As shown in Eq. (1), the galling increment is 

described by the following factors: contact pressure, 

surface area expansion, equivalent thermal conductivity, 

temperature, and sliding increment. 

 
   d , 1 exp( / )ds f P s K T L        (1) 
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where s is the adhesion area degree, ds is the 

adhesion area increment,  is the surface area 

expansion ratio, P is the contact surface pressure, 

dL is the slip distance increment, K and  coeffi-

cients are determined by a combination of tool and 

workpiece materials, and 
Y

  is the yield stress. 

The s  indicates the degree of adhesion in the 

examination area, A. Assuming that the inspection 

area is A , the seizure area degree can be calculated 

by /A A . ds is the increment in time unit. The 

resultant area A , which changes over time, is 

calculated from /A A . 

From the results given in Fig. 18, the predicted 

results agree with the experimental results at small 

slip distances, but deviate at long distances. This is 

because adhesion growth in three dimensions has 

not been modeled. Furthermore, the prediction 

model could be improved for mechanisms involving 

heat generation, as it does not take into account 

the local temperature increase by heat generated 

through deformation and friction. 

6  Galling in other processes  

In this section, rather than being limited to metal 

forming, it may be possible to find useful information 

on other manufacturing processes to help to 

understand galling phenomena. The phenomena at 

the interface at the constituent cutting edge in 

cutting and friction stir welding (FSW) are similar 

to those in metal forming. The galling phenomena 

that occur during other processes are different 

from the galling phenomena observed in metal 

forming, however, the phenomena share a common 

mechanism. 

To understand the mechanism underlying micro-

scopic initiation of galling, it is very important to 

make clear the effects of temperature. The related 

observed methods, such as local temperature 

measurement in different processes could contri-

bute to the study of the mechanisms of galling 

phenomena. 

6.1  Cutting 

Build-up edges in cutting processes [87] exhibit a 

behavior that is similar to the galling phenomena 

in metal forming. In the cutting process, especially 

that of an aluminum alloy, to understand build-up 

edge phenomena occurring under certain conditions, 

the interface temperature is measured by a thermo-

couple to estimate the heat transfer state between the 

workpiece and tool [88]. In the cutting process, a 

group of thin-film thermocouples are arranged at 

the tip of the insert under the rake face to measure 

the tool-chip temperature distribution. The array 

of micro-thin film thermocouples is embedded 

into polycrystalline cubic boron nitride cutting 

inserts (Fig. 19) using diffusion bonding. Temperature  
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Fig. 18  Galling growth model. Reproduced with permission from Ref. [86], © Society of Manufacturing Engineers (SME). 
Published by Elsevier Ltd. 2018. 

 

 

Fig. 19  Cutting. Reproduced with permission from Ref. [90], 

© Elsevier Ltd. 2013. 

data can be obtained quickly, accurately, and 

reliably during cutting [89, 90]. 

6.2  Friction stir welding  

The joining process in FSW [91, 92] shows similar 

behavior as galling phenomena in metal forming. 

In the FSW process, the temperature and thermal 

stresses were investigated by the in-situ neutron 

diffraction method, where the deep penetration 

capability of neutrons made it possible, for the 

first time, to obtain data inside the workpiece [93]. 

Furthermore, a calculation method based on the 

molecular dynamics method can be used to understand 

the deformation and temperature phenomena of 

interfaces [94]. The corresponding finite element 

model is shown in Fig. 20. A real-time wireless 

temperature measurement system using a bluetooth 

module has been developed, where a tiny thermo-

couple was installed at the tip of the rotary tool, 

and used to successfully implement a closed-loop 

control of the interface temperature [95]. 
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Fig. 20  Particle method in FSW. Reproduced with permission 

from Ref. [94], © Taylor & Francis 2012. 

 

The above developed interfacial temperature 

measurement technologies for other processes 

have the potential to be applied to tools in metal 

forming to detect the surface change due to galling. 

Although real galling phenomena are quite complex, 

molecular dynamics methods or another numerical 

simulation method could be used to model galling 

in metal forming in the next stage of research. 

7  Summary and concluding remarks 

1) Studies on galling in metal forming are reviewed. 

The actual conditions of galling are different in 

sheet metal and bulk metal forming processes. 

Typical galling defects are exemplified by deferent 

cases in sheet and bulk-forming to show the 

appearance of galling in metal forming. Furthermore, 

the evolution of galling is explained in three 

phases. Among the main impact parameters, the 

effect of temperature on galling is emphatically 

discussed.  

2) To prevent galling defects or delay their 

progress, different anti-galling methods such as 

improvement of the lubricant properties of the die 

materials, coating the workpiece, and using coated 

tools could be applied. The first principle of lubricant 

use in maintaining the desired film thickness at 

elevated temperatures. Tool steels with excellent 

capability in terms of galling resistance, pre-coated 

workpieces, and hard tool coatings are recommended. 

The new coating techniques show promise in 

improving the anti-galling characteristics in metal 

forming. 

3) Quantitative measurement technologies with 

high resolution need to be developed. Indirect 

evaluation indexes such as specific stress, frictional 

force, and forming load are being used, but the 

variation in these values is mostly buried in changes 

due to many factors. Attempts have been made to 

use in-situ monitoring methods to monitor galling 

processes. In the future, online monitoring techniques 

could be an important research field.  

4) With the development of friction and wear 

models, friction behavior and wear progress could 

be simulated, and galling phenomena could be 

better understood. A galling growth model has 

been proposed, but adhesion growth in 3D has not 

been modeled. A prediction model that considers 

the local heat causing deformation and friction is 

needed to create improved galling models related 

to heat.  

5) Interfacial temperature measurement techniques 

are quite important for understanding galling 

phenomena. The galling phenomena in cutting and 

friction stir welding processes were also investigated. 

The related observed technologies that use an 

array of micro-thin film thermocouples and a 

real-time wireless temperature measurement system 

could contribute to the study of mechanisms in 

galling. 
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