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Abstract 

A methodology based on finite element computations is proposed to predict the galling onset of 

aluminium alloys in cold forming. The methodology assumes that galling starts as soon as a finite 

element in the area of contact has reached a critical damage. The damage is calculated using 

Xue’s model, which takes into account the effect of tangential stresses on the damage evolution. 

The tangential stress is calculated using Wilson’s mixed lubrication model taking into account 

the roughness of the tools. Strip reduction tests were performed on aluminium AA6082 

specimens, with and without lubricant. The proposed numerical model is in good agreement 

with experiments and is able to predict the onset of galling. The model is sufficiently accurate to 

determine the effect of tool roughness.  
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1 - Introduction 

 

Environmental issues have promoted the use of aluminium alloys (AA) and high strength steels 

(HSS) in the automotive and aerospace industries. Their physical and mechanical properties 

make them advantageous for the design of lighter vehicles, which contributes to the reduction of 

the carbon footprint [TUR20]. Compared to carbon steel, the lightweight property of HSS comes 

from their high yield stress. HSS components can support the same load with smaller cross-

sectional area than equivalent carbon steel components. Regarding aluminium alloys, their 

lightweight property comes from the low density of aluminium [SHE16], while alloying elements 

facilitate a high level of yield stress. Even if their physical and mechanical properties are totally 

different, both HSS and AA materials share the same manufacturing issue: they are prone to 

galling by pick-up on forming tools and subsequent scoring [BIL12][BAY97][DAN06]. The galling 

propensity of aluminium and aluminium alloys is due to the brittle nature of the oxide layer. 

Deformation will cause the oxide layer to break up and expose virgin metal, which is very prone 

to pick-up on the tool surface in case of insufficient lubrication [BAY 94]. Galling tendencies of 

HSS components are often attributed to their high yield stress, because HSS components require 

high contact pressure to be formed, and this leads to increased tool/workpiece interface 

temperature and lubricant film breakdown that initiates galling [COR09][AND98]. 

According to ASTM, galling is a form of surface damage arising between sliding solids; it is “a 

severe form of adhesive wear characterized by the formation of excrescences – macroscopic 

protuberances generated by adhesion between the rubbing surfaces” [BUD97]. This definition 

by the ASTM appears incomplete for metal forming applications. Galling can be formulated as a 

lubrication film breakdown resulting in pick-up of workpiece material to the tool surface, which 

results in scoring of subsequent workpiece material. Galling has been widely studied in the fields 

of cold and hot metal forming, stamping and machining. These studies are mainly based on 

experiments and back in 1999, P.J. Blau and K.C. Budinski already counted almost twenty ASTM 

standard wear tests among which at least a quarter could be used to study the galling 

phenomenon [BLA99]. Many other friction tests are also commonly used to study galling, such as 

the two crossed cylinders test [HAN08], the U-bending test [SCH94], the deep drawing test 

[KIM07] or the strip reduction test [AND98]. Each of these tests simulates different tribological 

conditions in terms of contact pressure, plastic strain, sliding velocities and temperature, 

thereby emulating various conditions of contact encountered in industrial forming or machining 

processes.  

Presented as a strictly qualitative method, the ASTM G98 standard however reports a threshold 

galling stress used as a ranking value to screen materials [AST98]. This threshold stress is 

sometimes advanced to explain the tendencies of HSS to gall. Nonetheless, Siefert and Babu 

report that the determination of the threshold galling stress is not a trivial manner, and may not 

be applicable for all materials [SIE14]. Hummel [HUM08] reported the same conclusions. Based 

on the use of a new test designed to operate with a constant contact pressure, Hummel 

highlights that the propensity for galling does not go through a step transition from non-galled 

to galled. The notion of a threshold galling stress appears then to be a misnomer.  

On the other hand, roughness is known to have a major impact on galling onset. In a recent 

study, Zabala et al. have tested the effect of strip surface texturing and tool surface polishing on 

the prevention of galling [ZAB21]. One of their conclusions is that minimum electrical discharge 



Numerical prediction of the galling of aluminium alloys in cold strip drawing - 3 -  

texturing (EDT) on the aluminium strip is required to avoid galling, while the die surface 

topography is the dominant factor controlling galling in forming. On rough tool surfaces galling 

takes place in the vicinity of the grinding scratches: relatively thick deposits are frequently 

observed in the scratches or in front of the scratches, whatever the materials and the testing 

method used [HAN09][FIL18] [JER15]. This is characterized by a layer-by-layer material 

transfer mechanism in the early stages of galling. In addition to the commonly used surface 

roughness parameters such as the arithmetic mean height Ra or the maximum height Rz, the 

ratio of peaks to valleys Rpk/Rvk of the tool surface, the peak material volume Vmp, the pit void 

volume Vvv, and the reduced summit height Spk, are identified to significantly influence the 

galling kinetics on unlubricated sliding surfaces [KLU16][ZAB21].  

However, galling occurs also on smooth tool surfaces [HEI09]. Klünsner et al. [KLU16] explain 

that in the absence of lubricants and macroscopic surface scratches, galling starts by nucleation 

of microscopic workpiece material adhesions at microscopic surface asperities. Material transfer 

on fine polished tool steel surfaces, i.e. with roughness of some nanometres, is dependent on the 

distribution, size and composition of hard phase particles of the tool steel grades investigated 

but no chemical surface properties have been clearly identified to promote galling. Results tend 

to prove that galling is mainly affected by the local geometry and not by the chemistry of the 

surfaces in contact [HEI13][KAR14][WES16].  

Other parameters are also known to influence galling: material plasticity [BUD15], interface 

temperature [PUJ13][OLS04][TRO17], lubricants and coatings [HEI10][POD17].  

All these experimental works are of great help to understand the mechanisms of galling and to 

develop solutions in order to avoid or to limit this surface defect. The results, however, barely 

provide information able to predict if galling will occur or not during a forming process. 

Considering that the cost of the dies in metal forming is up to 30% of the total production costs 

[DEB16][HAW16], and that galling reduces tool life considerably, developing methods to predict 

galling becomes a necessity. Yoshikawa et al. [SOE13][WAN14] have developed a prediction 

method of galling behaviour dedicated to press forming. Based on experimental observations 

they assume that galling occurs in the area where the temperature is maximum and the material 

is sliding out of the dies. They use FEM to calculate the temperature field and then predict the 

galling area. Olsson et al. proposed a prediction method for lubricated contact based on the 

assumption that the lubricant film breaks down when it reaches a critical temperature 

determined experimentally [OLS04]. In this model, galling starts as soon as the lubricant film 

thickness is diminished to the maximum tool roughness causing direct metal-to-metal  contact.  

Dong et al. have proposed a numerical approach of galling prediction based on the Archard’s 

wear model [DON16]. The model is implemented in a FE software and is used to compute wear 

depth along the die surface. If the area with the highest wear depth may correspond to galling, 

the results may be subject to discussion since the predicted wear depth have a magnitude of 10-4 

mm, which is smaller than the roughness of the dies. Deng et al. [DEN19] used a modified 

version of Archard’s wear model to predict galling. In their model, the specific wear rate is not 

constant but a function of contact pressure and temperature. The galling simulation precisely 

predicted the position of severe galling in the tool radius. Moghadam et al. [MOG20] also 

predicted the location of wear in stamping dies with drawbeads based on Archard’s model, 

taking normal pressure and sliding length into account.  The above mentioned methods provide 

information on the risk of even slight galling to occur using finite element computations of the 
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full-scale process. The main drawbacks of these methods are that they need an accurate 

determination of the wear rates of the materials and they do not explicitly take into account the 

tool roughness.  

The present work proposes a new approach to predict galling. Galling is characterised by the 

presence of adhesive wear, and material has then to be torn from the softer surface to adhere to 

the harder surface. The tearing of the softer material can be seen as the first step of galling. The 

methodologies commonly used to study ductile failure can be applied to detect the galling onset. 

In this work, the onset of galling is assumed to occur when the material in the vicinity of the 

contact area reaches a critical damage, Dc, before being torn off the surface. The damage to be 

compared with Dc is computed with a damage model that takes into account the effect of shear 

stresses, since the surfaces are subjected to friction stresses. The friction model applied in the 

finite element computations explicitly takes into account the surface roughness. In the present 

work, the methodology is applied to the Strip Reduction Test developed at DTU [UST17]. 

2 – The damage model 

Many phenomenological and micromechanical damage models have been developed to study 

ductile failure. Phenomenological models are based on continuum damage mechanics (CDM). 

Popularised by Lemaitre [LEM85], these models involve a damage variable coupled into 

constitutive equations representing the continuous deterioration of elastic stiffness and material 

strength. Damage measurements are convenient and require the identification of a few 

parameters [LEM12]. The damage increment is related to the equivalent plastic strain increment 

and the damage strain energy release rate, which facilitates the description of the stress 

triaxiality effect on damage parameters [LEM85, YU19]. Many extended damage-coupled yield 

criteria derive from this model [BON05, BRU18, MAL14, NGU15, SAA94]. On the other hand, 

micromechanical models predict the evolution of void volume within the material by modelling 

the nucleation, growth, and coalescence of initial voids present in the material volume. These 

models are based on the Gurson’s model [GUR77] and they have been widely used to predict the 

evolution of damage in metal forming and other applications [GAO09, GOL93, LAU97, TVE84, 

XUE07].  

A first study had been carried out to investigate the capability of Lemaitre and Gurson-

Tvergaard-Needleman (GTN) damage models to predict the galling onset [PHA15]. Galling 

experiments were performed on AA 6082 specimens using the Upsetting-Sliding Test (UST) 

[DUB96]. Finite element models of the UST were used to simulate the experiments, where 

galling occurred. A first model adopted a macroscopic approach. The vicinity of the surfaces was 

modelled with quadratic elements of 0.1 mm x 0.1 mm and the surface of the tool was assumed 

smooth. A second model adopted a mesoscopic approach. The vicinity of the surfaces was 

modelled with quadratic elements of 0.033 mm x 0.033 mm and the roughness of the tool was 

modelled. Both FE models were run with Lemaitre’s and with GTN damage models. Neither of 

the damage models involved showed critical damage in the contact area with the macroscopic 

models. Critical damage was observed only in some computations performed with the 

mesoscopic model and Lemaitre’s damage model. These results were explained by the fact that 

the contact area was mainly subjected to compressive and shear stresses, while classical damage 

models are only sensitive to tensile stresses. The roughness in the mesoscopic model modified 

the stress state near the surface, such that tensile stresses occurred between the asperities 

[BEL08], leading to damage. Nevertheless, these tensile stresses were large enough to generate a 
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critical damage only in the most extreme conditions of contact. These FE models were then 

considered not accurate enough to predict galling onset [DUB17].  

To overcome this issue computations have to consider the effect of shear stresses on damage 

evolution. The damage model developed by Xue is used in the present work [XUE07]. This 

damage model has been successfully applied to study various metal forming processes [CAO15, 

MAL12, ZEH19]. In this model, the shear stresses are considered by the Lode parameter. The 

damage model is governed by the following equations [XUE09]: 

 𝜎𝑒𝑞 = (1 − 𝐷𝛽)𝜎𝑀(𝜀𝑝) (1) 

 �̇� = 𝑚 (
𝜀𝑝

𝜀𝑓
)

𝑚−1
𝜀�̇�

𝜀𝑓
 (2) 

 𝜀𝑓 = 𝜀𝑓0𝜇𝑝(𝑝)𝜇𝜃(𝜃) = 𝜀𝑓0 [1 − 𝑞𝑙𝑜𝑔 (1 −
𝑝

𝑝𝑙𝑖𝑚
)] [𝛾 + (1 − 𝛾)|𝜃|

𝑘
] (3) 

 

where σeq is the equivalent stress, σM is the equivalent matrix stress, p is the current plastic 

strain, D is the damage parameter, �̇� is the damage rate, f is the fracture envelope, p is the 

hydrostatic pressure and 𝜃 is the Lode parameter given by: 

 

𝜃 = −
6

𝜋
tan−1 (

1

√3

2𝜎𝐼𝐼 − 𝜎𝐼 − 𝜎𝐼𝐼𝐼

𝜎𝐼 − 𝜎𝐼𝐼𝐼
) (4) 

 

where σI, σII and σIII are the ordered principal stress components. The equivalent stress is 

calculated using the Bai-Wierzbicki general form of asymmetric metal plasticity [BAI08]. 

According to Cao’s work, the correction term in pressure is neglected [CAO13]. Equation (1) is 

then rewritten as: 

 

𝜎𝑒𝑞 = (1 − 𝐷𝛽) [𝐶𝑠 + (𝐶𝑎𝑥 − 𝐶𝑠) (�̅�2 −
�̅�2𝑘𝑝

2𝑘𝑝
)] �̂�𝑀(𝜀𝑝) (5) 

 

where  �̂�𝑀(𝜀𝑝) is the intrinsic stress–strain property and Cs, Cax, kp are material parameters. The 

damage to fracture transition takes place when the damage parameter D reaches the critical 

value Dc. Therefore, the Xue’s damage model requires the identification of 11 material 

parameters: the damage exponent m, the weakening exponent , the reference fracture strain f0, 

the shape parameter q, the limiting pressure plim, the fracture strain ratio , the critical damage 

Dc, the Lode angle dependence exponent k, and the Lode angle correction parameters Cs, Cax, kp.   

The damage model is implemented in Abaqus. The kill element option is used to remove 

elements where critical damage Dc is reached. 
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3 – The friction model  

The reliability of the numerical prediction of galling depends on the knowledge of the stress 

state in the vicinity of the contact area. The contact pressure is quite independent of the 

tribological conditions [GUE99, DUB96]. Nonetheless, the prediction of the friction stress is more 

complex and requires friction laws able to model the complexity of the chemical, physical and 

mechanical interactions at the tool/workpiece interface [KIH90]. The main friction models used 

in metal forming are the constant friction model, the second generation models based on the 

crushing of asperities and the third generation models based on fluid-structure interaction to 

consider explicitly the effect of liquid lubrication on friction [DUB16, NIE18, YAN08]. The friction 

models used in the present work derive from Wilson’s work on mixed and boundary lubrication 

in metal forming [WIL88, WIL90, WIL91]. One of the advantages of these models is their ability 

to take into account the tool roughness as an input parameter. The computation of the friction 

stress operates in three steps [WIL95]. The first step is the appraisal of the normalized film 

thickness z. The second step is the identification of the lubrication regime. The third step is the 

calculation of the friction stress. The lubricant normalized film thickness z is given by:  

 

 
z =

ℎ

3𝑅𝑒𝑞
=

ℎ

3√𝑅𝑞𝑊
2 + 𝑅𝑞𝑇

2

 
(6) 

 

where h is the film thickness and RqW and RqT are the quadratic mean roughness of the workpiece 

and of the tool, respectively. In the present work the calculation of thickness h derives from the 

Hamrock and Dowson’s equations in which correction factors are introduced to take into 

account the thermal changes between the bath and the inlet zone and the shear-thinning effects 

in the contact zone [Bair07, ECH17]: 

 ℎ = 𝜑𝑡ℎ𝑁𝑐𝜑𝑠𝑡  (7) 

 

where hNc is the Newtonian central film thickness at bath temperature, φt is the thermal 

correction factor and φst is the shear thinning correction factor:  

 ℎ𝑁𝑐 = 1.55𝛼0.53(𝜂0𝑣𝑚)0.67𝐸′0.06
𝑅0,33𝑝

−0.2
 (8) 

 𝜑𝑡 =
1 − 13.2 (

𝑝
𝐸′) 𝐿𝑡

0.42

1 + 0.213 [1 + 2.23 (
𝑣𝑠
𝑣𝑚

)
0.83

] 𝐿𝑡
0.64

 𝑤𝑖𝑡ℎ 𝐿𝑡 =
𝛽𝜂0𝑣𝑚

2

𝐾𝑙
 (9) 

 𝜑𝑠𝑡 = [1 + 0.79 ((1 +
𝑣𝑠

𝑣𝑚
)

𝑣𝑚𝜂0

𝜑𝑡ℎ𝑁𝑐𝐺
)

𝑣𝑚
𝑣𝑚+0.2𝑣𝑠

]

−3.6(1−𝑛)1.7

 (10) 
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In these equations, 𝑝 is the mean contact pressure, R is the contact radius, α is the pressure-

viscosity coefficient,  is the temperature-viscosity coefficient, E’ is the tool-workpiece reduced 

Young’s modulus, G is the lubricant shear modulus, vs is the relative sliding speed, vm is the 

average contact speed, η0 is the viscosity at room temperature, Kl is the lubricant thermal 

conductivity, and n is an exponent dependent on the lubricant [ECH11].  

When z is larger than 3, the contact is in the thick film regime. The friction stress results from 

shearing of the lubricant. Its expression is a function of the viscosity of the lubricant ηG, the 

relative sliding speed vs and lubricant film thickness h: 

 𝜏𝑡ℎ𝑖𝑐𝑘𝑓𝑖𝑙𝑚 = 𝜂𝐺

𝑣𝑠

ℎ
 (11) 

 

In the present study, the Carreau’s equation is applied to take into account the effect of the 

hydrostatic pressure pE and the shear rate �̇� on the viscosity of the lubricant: 

 𝜂𝐺 = 𝜂0𝑒𝛼𝑝𝐸 [1 + (
𝜂0𝑒𝛼𝑝𝐸 �̇�

𝐺
)

2

]

𝑛−1
2

 (12) 

 

where η0 is the viscosity at ambient pressure. 

When z is ranging from 1 to 3, the contact is in the thin film regime. A shear stress factor is then 

introduced to take into account the effect of the roughness on the lubricant flow [PAT78]: 

 𝜏𝑡ℎ𝑖𝑛𝑓𝑖𝑙𝑚 = 𝜙𝑡ℎ𝑖𝑛𝑓𝑖𝑙𝑚𝜂𝐺

𝑣𝑠

ℎ
 (13) 

 
𝜙𝑡ℎ𝑖𝑛𝑓𝑖𝑙𝑚 = 4.81𝑧2 − 5.83𝑧4 + 2.19𝑧6

+ (1.09𝑧 − 3.28𝑧3 + 3.28𝑧5 − 1.08𝑧7) ln (
𝑧 + 1

𝑧 − 1
) 

(14) 

 

When z is lower than one, direct contact between the tool and workpiece surfaces occurs. The 

lubrication regime is mixed if a liquid lubricant is used, or boundary if a solid lubricant or no 

lubricant is used. In the mixed lubrication regime, the friction stress is given by: 

 𝜏𝑚𝑖𝑥𝑒𝑑 = (𝜏𝑎 + 𝜏𝑝)𝐴 + 𝜙𝑚𝑖𝑥𝑒𝑑𝜂𝐺

𝑣𝑠

ℎ
(1 − 𝐴) (15) 

 

where A is the fractional area of contact, τa is the adhesive friction stress and τp is the ploughing 

friction stresses, both occurring at the asperity level. Assuming a rough tool sliding on a smooth 

workpiece, these mechanical quantities are given by [WIL88, WIL91, WIL98]:  
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 𝜏𝑎 = 𝑚0𝑘 (16) 

 𝜏𝑝 =
𝑝𝑡𝑎𝑛𝜃

𝐴
= 𝑝𝑎𝑡𝑎𝑛𝜃 (17) 

 𝐴 = 0.5 − 1.09𝑧 + 1.09𝑧3 − 0.66𝑧5 + 0.16𝑧7 (18) 

 
𝜙𝑚𝑖𝑥𝑒𝑑 = 5.24𝑧 + 2.41𝑧2 − 12.43𝑧3 − 2.92𝑧4 + 17.99𝑧5 + 1.09𝑧6 − 3.56𝑧7

+ (1.09𝑧 − 3.28𝑧3 + 3.28𝑧5 − 1.08𝑧7) ln(𝑧 + 1) 
(19) 

 

where m0 is the adhesion coefficient, which is equivalent to the friction factor at the microscopic 

scale, p is the mean contact pressure, pa is the microscopic contact pressure, k is the shear yield 

stress and θ is the mean slope of tool asperities (Fig. 1). 

In the boundary lubrication regime, the fractional area of contact A is obtained by assuming a 

partial contact along the asperities (Fig. 1b). Under this assumption, A is lower or equal to 0.5 

and is identified from the following equation [WIL91]: 

 
2𝑘

𝑝
= (−0.86𝐴2 + 0.345𝐴 + 0.515)

�̅�𝐼𝐼𝑙(1 − 𝐴)

𝑣𝑠𝑡𝑎𝑛𝜃
+

1

(2.571 − 𝐴 − Aln(1 − 𝐴))
 (20) 

 

where �̅�𝐼𝐼 is the strain rate in the vicinity of the contact surface and 2l is the distance between 

two asperities. The friction stress is given by: 

 𝜏𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦−𝑝𝑎𝑟𝑡𝑖𝑎𝑙 = 𝐴𝑚0𝑘 + 𝑝𝑡𝑎𝑛𝜃 (21) 

 

If equation (20) leads to a fractional area A larger than 0.5, the assumption of partial contact is 

incorrect, and the contact is then complete (Fig. 1c) and A equals 1. In this condition, the 

ploughing stress depends on the pressure on both sides of the asperities and cannot be 

calculated from the mean pressure 𝑝 alone. The friction stress is then given by [WIL88, WIL91, 

KOR92]:  

 𝜏𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦−𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 = 𝑚0𝑘 +
2𝑣𝑠𝑡𝑎𝑛²𝜃

0.472�̅�𝐼𝐼𝑙 + 0.828𝑣𝑠𝑡𝑎𝑛𝜃
𝑘 (22) 

 

These friction models are implemented in ABAQUS with the VFRICTION user subroutine. The 

input data of the subroutine are the coefficient of adhesion m0, the slope and the distance of tool 

asperities θ and 2l and the lubricant properties. The output is the friction stress.  
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Figure 1. Micro contact geometry of the Wilson friction model [WIL91]. 

 

4 – The material  

The aluminium alloy AA6082-T4 is considered in this research. This material is commonly used 

for car body and chassis parts in the automobile industry [ROD14]. Table 1 provides the 

chemical composition of the material.   

Table 1: Chemical composition of AA 6082 (% by mass) 

Si Fe Cu Mn Mg Cr Ni Zn Al 
0.92 0.41 0.07 0.58 0.78 0.04 0.01 0.03 Bal. 

 

Tensile and shear tests were performed to identify the material parameters. Specimens were 

machined from a 2 mm thick cold rolled plate according to the geometries given in Fig. 2. Tensile 

tests achieved in the longitudinal and transversal directions of the plate revealed no anisotropic 

behaviour of the material [PRU17]. Shear tests were performed with stereo Digital Image 

Correlation (DIC) technique to map the strain in surface. 

According to Cao et al. and Xue, the value for k, m, q and Cs for aluminium alloys can be chosen 

as k = 1, m = 2, q = 1.5, Cs = 1 [XUE07, CAO13, CAO14]. The fracture strain ratio  is defined as the 

shear effective strains over the tensile effective strains at failure. So it is identified directly from 

tests results. The remaining parameters are obtained from inverse identification applied to the 

beginning of the tensile force-displacement curves first, to the shear force-displacement curves 

second, and to the end of the tensile force-displacement curves last. The beginning of the tensile 

curves provide the intrinsic stress-strain curve (assuming no damage occurs for small plastic 

strain). Then the shear test curves lead to the identification of the Lode angle correction 

parameters Cax and kp. Finally the end of the tensile curves allows the identification of damage 

parameters Dc, plim,  and f0 (Fig. 3). The stress-strain curve is given by equation (23) and 

material and damage parameters are given in Table 2. All of these parameters are validated by 

comparing the FE results of the shear test to the experimental data coming from the stereo DIC 

and not used in the identification procedure. A good agreement is obtained in terms of final 

shape, localisation and range of equivalent plastic strain (Fig. 4). 

 

 �̂�𝑀(𝜀𝑝) = 205(1 + 90.9 𝜀𝑝)
0.21

 𝑀𝑃𝑎 (23) 
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Table 2: material and damage parameters for the 6082-T4 aluminium alloy 

f0 Dc m k plim q   Cs Cax kp 
1,25 0,34 2 1 800 1,5 1,2 1 1 0.89 6 

 

(a) (b) 

 
 

Figure 2. (a) Tensile specimen, from [HUB11], (b) shear specimen, from [MER13] 

 

 

Figure 3. Numerical vs experimental tensile forces. (a) Computation performed after the identification of 

the intrinsic stress-strain curve (without damage) (b) Computation performed after the identification of 

the damage parameters. 
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Figure 4. Validation of the damage model. Experimental vs numerical equivalent plastic strain just before 

rupture. 

 

5 - Galling experiments 

5-1 Design of experiments 

Galling experiments were performed by the Strip Reduction Test (SRT). Initially designed to 

study the ironing process, the SRT has been used with success to study the limits of lubrication, 

and the galling onset occurring in metal forming [AND98, OLS04, UST17].  

The SRT involves a strip that is pulled through two fixed tools in order to reduce its thickness. 

Tools may be two flat dies, a circular cylindric pin and a flat die or two circular cylindric pins. 

The cylindric pin tools do not rotate and their spacing is adjusted by the use of gauge blocks (Fig. 

5). Main test inputs are the percent of strip reduction, the sliding length, the strip exit speed, the 

temperature of strip and tools, strip and tools roughness and the properties of the lubricant 

when the tests are lubricated. The sliding length can be adjusted to multiple short distances to 

get closer to production conditions, as proposed by Üstünyagiz et al. [UST17, UST18, 

UST19], or set to a long sliding distance for fundamental study of accumulated 

lubrication and wear mechanisms. Main test outputs are drawing force FT recorded during 

the tests and the sliding distance before the first scratch occurs on the strip Ls, as defined in 

[LAZ98]. Acoustic emission may be used to detect the galling onset and the tools roughness can 

be measured after the tests to quantify the severity of the galling [MOG17, DUB18]. The clamping 

force FC required to obtain a specific reduction ratio is unknown and cannot be used to identify a 

coefficient of friction. 
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Figure 5. SRT sketch. (a) cross-section view, (b) front view. 

The design of experiments is shown in Table 3. The initial dimensions of the specimens were a 

total length of 500 mm, a width of 30 mm and a thickness of 1 mm. Two sets of experiments 

were performed: set 1 with lubricant and with large thickness reduction, set 2 without lubricant 

and with small thickness reduction. The drawing speed was set to 100 mm/s and the total 

sliding length was 300 mm. The SRT tools were AISI H11 steel circular cylindric pins of 15 mm 

diameter and 35 mm width. The mean arithmetic roughness of the tools were measured prior to 

the test using the Alicona InfiniteFocus optical surface measurement system.  

In the present work, the SRT tools were hand polished. Each tool was prepared on a mini-lathe 

machine with a rotation speed of 300 rpm and an operator applies a constant pressure on the 

tool surface using a 500 grit SiC paper. The polishing ridges are thereby in the direction of the 

drawing. Although they were polished with care, the roughness of the upper and lower tools 

were different. The arithmetical mean roughness Ra and the rms slope Rdq are given in Table 4. 

These testing conditions lead to a mean equivalent plastic strain ranging from 0.08 to 0.19, 

which is sufficient to generate intermetallic particles removal without affecting the grain size 

itself [BOU15].  

Table 3: Design of experiments. 

Test parameter set 1 set 2 

thickness reduction (%) 16 20 25 30 7 9 10 12 15 
lubricant  mineral oil no lubricant 
drawing speed (mm/s) 100 100 
temperature (°C) 20 20 
total sliding length(mm) 300 300 
reference of tools F A B C D E 

 

Table 4: Experiments, roughness, slope and half distance of asperities on upper (Up) and lower 

(Lo) tools before the tests 

Tool A B C D E F 
reference Up Lo Up Lo Up Lo Up Lo Up Lo Up Lo 

Ra (µm) 0.3 0.3 0.3 1.0 0.3 0.5 0.3 0.7 0.9 0.3 0.3 0.4 

Rdq (°) 4 4 4 13 4 5 7 4 4 8 4 4 

θ (rad) 0.07 0.07 0.07 0.23 0.07 0.09 0.12 0.07 0.07 0.14 0.07 0.07 

l (µm) 17.1 17.1 17.1 17.3 17.1 22.8 9.8 40.0 51.5 8.5 17.1 22.9 
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5-2 Experimental results – Drawing force 

For the lubricated tests, the drawing forces are quite steady and follow the same tendency (Fig. 

6a). Logically, the higher reduction, the greater drawing force. In the case of the 30% reduction, 

a sudden rupture of the specimen after a drawing distance of 100 mm was observed. Figure 6b 

presents the drawing force curves for the unlubricated tests. Three different behaviours are 

observed. For the reduction of 7%, the variation of drawing force is similar to that of the 

lubricated tests. For reduction of 10%, the level of the drawing force is close to that obtained at 

7% but the curve presents some fluctuations, with a first maximum within the first ten 

millimetres of drawing, a second maximum after about 130 mm, and finally a continuous 

increase after 210 mm. Finally, for reductions of 9, 12 and 15%, the drawing force increases and 

reaches a first maximum around 30-40 mm of drawing, then decreases until a drawing of 50-60 

mm, then increases again significantly until the rupture of the strip. The specimen with the 

highest reduction rate breaks first but no logical correlation between the maximum value of the 

drawing force and the reduction rate is noticed. This result suggests that the contact conditions 

are so deteriorated that the friction energy becomes dominant rather than the plastic strain 

energy.  

 

 
Figure 6: Experimental drawing force vs drawing distance for (a) lubricated and (b) 

unlubricated contact. 

 

5-3 Experimental results – sliding length before the first scratch Ls 

Seizure is characterized by the appearance of an increasingly dense network of scratches, 

removal of material and, in the most severe cases, the appearance of networks of cracks. In the 

present study, it is assumed that galling onset occurs as soon as the tearing of the material from 

the strip is visually observable.  

The lubricated test specimens are presented in Fig. 7. The lower and upper surfaces of the 

specimens showed a few light scratches at the start of the test. With the exception of the 30% 

case, these scratches tend to fade after a few millimetres of displacement. For the 30% case, the 

surface present marked scratches but no cracks or micro-tearing are observed. The tool surface 

present brighter lines but no galling has occurred (Fig. 8-set1). The brighter lines are 
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characteristic of a light adhesive wear [UST18]. As shown in Fig. 7 related to the 30% reduction 

configuration, this light adhesive wear takes the form of ridges along the strip surface. These 

ridges may exist on a long sliding distance without evolving into galling. The light adhesive wear 

is then not linked to galling onset, i.e. there were no scratches on the specimen surface, no 

increase of friction force, and no material transfer strongly adherent to the tool surface. 

The non-lubricated test specimens are presented in Fig. 9. The visual appearance of the test 

specimen at 7% is similar to that observed during the lubricated tests. The surface showed only 

a few scratches at the beginning of the test and no more significant defects afterwards. No pick-

up of workpiece material is observed on the tools. For specimens with a reduction of 9, 12 and 

15%, significant marks are observed along the strip, which are accentuated before the rupture 

zone (Fig. 9b). These defects tend to be localised on the edges of the strips. For these three test 

configurations, the seizure of the specimen occurs after drawing lengths of 9 mm, 32 mm and 15 

mm, respectively. The test performed at 10% of thickness reduction exhibits three distinct zones 

on the lower side of the strip. The first zone appears after a few millimetres of drawing and the 

second between 80 and 130 mm. These first two zones affect the specimen only over part of its 

width with a dense network of light scratches. At 200 mm, a new defect zone starts. The galling 

onsets at 220 mm sliding length with the occurrence of severe scratches and cracks (Fig. 9c). 

These different areas are directly correlated to the variation in the drawing force shown in Fig. 

6b. No defect is noticed on the upper side of the strip. When seizure occurs, it is observed on 

both sides of the specimen except for the 10% case. However, it does not always appear 

symmetrically and with the same severity. These galling observations are correlated with the 

observation of tool surfaces in Fig. 8. Finally, it is interesting to note the build-up of material at 

the entrance to the contact zone. Experimental results are summarised in Table 5.  
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Figure 7: Experiments - set 1. Lubricated tests. Photos of the specimens after testing. 

 

 

Figure 8: Experiments – set 1 and 2. Photos of the tools after testing.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 9: Experiments - set  2. (a) Photos of the specimens after testing; (b) zoom on surface 

defects in case of 12% of thickness reduction; (c) localisation of the galling area in case of 10% of 

thickness reduction; (d) zoom on the area of rupture in case of 15% of thickness reduction. 
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Table 5: Main experimental results.  

 set 1 set 2 
Thickness reduction 16 20 25 30 7 9 10 12 15 

Ls (mm)  >300 >300 >300 >100 >300 9 220 32 15 
galling on upper side - - - - - ● - ● ● 

galling on lower side - - - - - ● ● ● ● 

strip rupture - - - ● - ● ● ● ● 

 
 

6 – Prediction of galling prediction by numerical simulations 

6-1 Initial mesh and boundary conditions 

Computations were performed using ABAQUS Explicit. Xue’s damage model and Wilson’s 

lubrication model are implemented using Abaqus user subroutines (Fig. 10). Since the 

roughness of the upper and lower tools are different, only the symmetry with the xy plane is 

considered (Fig. 11). This symmetry plane corresponds to z = 0. The mesh of the strip is made of 

225,000 thermo-elasto-plastic hexahedral elements with reduced integration C3D8RT of 

dimensions 0.2 x 0.2 x 0.2 mm3. The element type and the mesh size are identical to the one used 

for the inverse identification of the damage models in Section 4. The rheology assigned to the 

elements is given by equation (23) and the damage parameters in Table 2. Each tool is modelled 

by 20,720 rigid thermal elements C3D8RT. Their rheology is given by a Young’s modulus of 

210,000 MPa and a Poisson’s ratio of 0.3.  
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Figure 10: schematic view of the computation algorithm. 
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The loading operates in two steps. Step 1: the upper and the lower tools move in the y direction 

to compress the strip. During this step the node set So identified in Fig. 11b is blocked. Step 2: 

the tools are held in position and a displacement of 100 mm or 250 mm in the x direction is 

imposed on the node set So.  

 

 

 

Figure 11: Initial FE mesh of the SRT test shown in (a) perspective and (b) plane view (xy). 

6-2 Friction data 

According to Section 3, the input data required by the mixed lubrication friction model are the 

equivalent roughness Req, the lubricant properties, the coefficient of adhesion m0 and the tool 

asperity slope θ and the distance between tool asperities 2l.  Lubricated tests were performed 

with a pure mineral oil with properties given in Table 6. The slope and half distance between the 

tool asperities are given in Table 4. Only the adhesion coefficient m0 has to be identified. As the 

compression force FC is unknown, the coefficients of adhesion are identified by an inverse 

method by correlating the experimental drawing force with the numerical one. The 

identification is done for strip displacement in the range of 50 to 100 mm. Two coefficients are 

identified, m01 for the lubricated tests and m02 for the unlubricated tests. The identifications are 

based on the tests performed with the smallest strip reduction, where no galling was observed 

experimentally. Results are presented in Fig. 12. While the numerical simulations are calibrated 

by experiments to match the apparent friction, it is noted that the estimated local adhesion is 

smaller than expected. This might be due to overestimation of the ploughing contribution in the 

Wilson model. Possible overestimation of ploughing may be attributed to the overall angles 

determined by profile measurements being larger than the angles associated with rounded, local 

asperity tips. 

 

Table 6: Physical properties of the mineral oil [ECH17].  

viscosity at ambiant pressure η0 23.4 mPa·s 
pressure-viscosity coefficient α 15.7 GPa-1 
temperature-viscosity coefficient  0.033 K-1 
lubricant shear modulus G 1 MPa 
lubricant thermal conductivity Kl  0.12 W/mK 
exponent n 0.5 
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Figure 12: Adhesion coefficients m0 identified by inverse analysis for (a) set 1of experiments 

with lubrication and (b) set 2 of experiments without lubrication. 

 

6-3 Finite element results of drawing forces 

Fig. 13 presents the evolution of the drawing forces for the lubricated tests. All the computations 

are carried out with the adhesion coefficient m01 = 0.01 identified at 16%. As the tools all have 

the same roughness, only the thickness reduction is changed from one simulation to another. 

The numerical results show a good correlation with the experiments. For strip reduction of 30%, 

the damage model is able to predict the rupture of the strip although it overestimates the 

drawing distance before rupture (112 mm instead of 100 mm).  

 

 
Figure 13: Experimental vs numerical drawing forces for set 1 including lubricated tests at 

reductions of (a) 20%, (b) 25% and (c) 30%. 

 

Fig. 14 presents the evolution of the drawing forces for the unlubricated tests. Although the 

computations are run with the same adhesion coefficient m02 = 0.1, the friction conditions differ 

on the two sides of the strips, since the roughness of the lower and upper tools is different. The 

trends of the drawing forces are very different from the experimental ones. These differences 

can be explained by the assumptions made in the present work to study the onset of galling. First 

the fully damaged elements are removed from the strip but they are not transferred to the tool 

surface. Therefore, as soon as the galling has started, there is a loss of material in the numerical 

simulation that has no physical meaning. Second, in the experiments, pick-up of workpiece 

material on the tool surface modifies the tribosystem. The strip no longer comes in contact with 

steel but with a steel/aluminium layer, which may induce a lower coefficient of friction [HEI09]. 
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The parameters of the friction model, in particular the coefficient of adhesion m02 and the 

roughness parameters l and θ are no longer valid as soon as galling begins and would need to be 

updated. 

 

 

Figure 14: Experimental vs numerical drawing forces for set 2 including unlubricated tests at 

reductions of (a) 9%, (b) 10% and (c) 15%. 

 

6-4 Prediction of galling onset 

In order to identify the onset of galling, this section focusses on three test conditions: lubricated 

with a high strip reduction (test S1-30%), unlubricated with a small strip reduction (test S2-7%) 

and unlubricated with a medium strip reduction (test S2-15%). Galling was observed only in the 

S2-15% configuration.  

Fig. 15 presents the contact pressure profiles in the yz plane after 10 mm and 100 mm drawing 

distances. At these distances, the three configurations present no critical damage. Despite a 

thickness reduction four times larger, the contact pressure profiles of configurations S1-30% 

and S2-7% are identical, with a value of 400 MPa over two thirds of the width of the specimen 

(from z = 0) and a decrease to 220 MPa at the edge. On the other hand, the pressure profile is 

very different for the S2-15% configuration, with a minimum value on the axis of symmetry (z = 

0), a maximum at 500 MPa in z = 8.5 mm, and a decrease at the edge of the strip to reach the 

same value as cases S1-30% and S2-7% (Fig. 15a). After 100 mm drawing length, the pressure 

profiles for the S1-30% and the S2-7% configurations remain quite the same as for 10mm, with 

a slightly lower average value for the S2-7% test (360 MPa). On the other hand the S2-15% 

configuration presents a strong variation of the contact pressure profile. Its maximum reaches 

900 MPa and tends to spread across a 1.5 mm wide area. The contact pressure profiles in the xy 

plane after a 100 mm drawing distance are given in Fig. 16. Profiles are plotted in the planes z = 

0 and z = 7 mm where the contact pressure is maximum. The abscissa x = 0 corresponds to the 

entrance of the contact area. The increase in reduction naturally leads to an increase in the 

contact area. For the S2-15% configuration, the increase in the contact length is explained by the 

material build-up at the entrance to the deformation zone, which significantly increases the 

thickness of the strip at the entrance. It seems that the amplitude of the contact pressure is more 

influenced by the friction conditions that generate the material build-up than by the thickness 

reduction itself. In all cases, the pressure has an absolute maximum at the entrance of the 

contact and a relative maximum at the output.  
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Figure 15: Calculated contact pressure profiles in the yz plane after drawing distances of (a) 10 

mm and (b) 100 mm.  

 

 

Figure 16: Calculated contact pressure profiles in the xy plane after a drawing distance of 100 

mm. 

 

Fig. 17 shows the evolution of the triaxiality η, the Lode parameter 𝜃, the damage variable D and 

the contact pressure after 10 mm of drawing. These values are computed in the strip elements 

closest to the surface. The curves are drawn in the xy plane, where the contact pressure is 

maximum (in z = 0 for the S2-7% and S1-30% configurations, and in z = 7 mm for the S1-15% 

configuration). The damage variable D increases with the strip reduction for all the 

configurations. The damage at the exit of the contact area is negligible in the case of 7% (around 

10-3, equivalent to 0.3% of Dc), moderate in the case of 30% (less than 0.06, 17% of Dc) and 

strong in the case of 15% (larger than 0.2, 59% of Dc). Evidently, the triaxiality is negative in the 

contact area, which is mainly in compression, and positive after the exit (mainly in traction). In 

the S1-30% configuration, where the reduction is high, and in the S2-15% configuration, with 

unfavourable friction conditions, a compression zone forms at the entrance to the contact area. 

This leads to a very significant drop in the stress triaxiality η which goes below -1. This 

compressive zone delays the damage occurrence in the entrance area. Nonetheless, as the strip 

thickness is reduced and the plastic strain increases, the hydrostatic pressure decreases and the 

Lode parameter tends to zero. This leads to a decrease of the fracture strain (Eqn. 3) and 

consequently to an increase of the damage.  
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Figure 17: Computations. Calculated damage, Lode parameter and stress triaxiality profiles after 

a 10 mm drawing distance for the configurations: (a) S1-30%, (b) S2-7% and (c) S2-15%. 

The drawing distance before the predicted onset of galling Ls is given in Table 7. The numerical 

value of Ls correspond to the drawing distance before the first finite element is delated. No 

galling is found for the configurations were no galling was observed experimentally, 

independent of the lubrication. For the configurations where galling is experimentally observed, 

the finite element model is able to predict it. The main drawback is that the prediction is always 

optimistic, the numerical drawing distance before galling being larger than the experimental 

one. This difference may be explained as a mesh effect. The numerical model predicts galling 

when a 0.2 mm element is fully damaged where the material affected by the galling onset is of 

some micrometers thickness [DON16]. Nevertheless, the proposed model is able to detect the 

strip rupture due to traction (S1-30%) or resulting from galling (strips of Set 2). The geometry of 

the fracture zone is in good agreement with experiments (Fig. 18). The numerical model is also 

able to take into account the influence of roughness since it predicts correctly the galling on only 

one side of the strip for the S2-10% configuration. 

 Table 7: Experimental vs numerical results of galling.  

 set 1 set 2 
Results 16 20 25 30 7 9 10 12 15 

Experiments          
Ls (mm)       9 220 32 15 
galling on upper side - - - - - ● - ● ● 

galling on lower side - - - - - ● ● ● ● 

strip rupture - - - ● - ● ● ● ● 

Computations          
Ls (mm)       24 262 38 38 
galling on upper side - - - - - ● - ● ● 

galling on lower side - - - - - ● ● ● ● 

strip rupture - - - ● - ● ● ● ● 

mean contact pressure (MPa) 275 280 280 280 225 300 225 260 250 
mean friction Stress (MPa) 6.0 6.5 6.5 6 15 70 20 27 30 
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Figure 18: Numerical vs experimental geometry of the fractured strip. (a) configuration S1-30% 

without galling and a tensile fracture; (b) configuration S2-15% with galling and a zoom on the 

bulge area. 

 

Conclusions 

A methodology based on finite element computations is proposed to predict the galling onset of 

aluminium alloys in cold forming. The methodology assumes that galling starts as soon as one of 

the finite elements in the area of contact has reached a critical damage. The damage is calculated 

using Xue’s model, which takes into account the effect of tangential stresses on the damage 

evolution. The tangential stress is calculated using Wilson’s mixed lubrication model in order to 

explicitly take into account the roughness of the tools in the computation. Strip reduction tests 

were performed on aluminium AA6082 specimens, with and without lubricant. The following is 

concluded:  

- The coefficient of adhesion needed to predict the tangential stress by Wilson’s friction 

model needs to be identified only once for each lubrication configuration.  
- The proposed numerical model is in good agreement with experiments. It is able to 

predict the onset of galling when galling actually occurs and it does not predict galling 

when no galling is experimentally observed. 
- The model is sufficiently accurate to distinguish the effect of tool roughness.  
- The computed sliding distance before galling occurs is always larger than the 

experimental one. This difference may be linked to the mesh size.  
- The pick-up of strip material on the tool surface is not modelled. As soon as galling 

occurs, the damaged finite elements are deleted. This leads to a loss of material that has 

no physical meaning.  Consequently the model is only valid until the onset of galling.   
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