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Abstract- In sheet metal forming operations, adhesive wear is the main causeof tool damage as sheet material is transferred 
to the tool surface during the forming operation. Means of reducing adhesive wear are of high interest for the metal forming 
industry.In the present work, molecular dynamics simulations were used to investigate influence of alloying iron with 
vanadium on adhesive properties in contact with iron. The results showed that adhesion, quantified by the work of adhesion, 
decreased as the vanadium content increased. Highest reduction was obtained for 10 at.% vanadium which corresponded to a 
decrease in adhesive work of approximately 10%.  
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I. INTRODUCTION 
 
In sheet metal forming operations, wear often occurs 
due to an adhesive wear mechanism where sheet 
material is transferred to the tool steelsurface. 
Subsequent forming operations lead to scratching of 
the sheet surface by the transferred material that has 
gained in hardness due to severe plastic deformation 
and oxidation phenomena [1,2]. 
 Several process parameters have been identified that 
influence the material transfer rate and both contact 
pressure and sliding speed lead to more severe 
forming conditions. Another parameter that depends 
on both pressure and speed is frictional heating of the 
surfaces during sliding. It has been observed that 
increasing temperature also increases the rate of 
adhesive wear [3]. 
Regarding materials, a significant difference is 
generally observed between different tool materials. 
For tool steels, the performance is increased as the 
volume fraction of primary precipitates, such as 
carbides, increases. This is often attributed to lower 
adhesion between the ceramic phase and the steel 
sheet work piece. Additionally, type of precipitate 
seems to influence the tool life. In[4], tool steels with 
similar volume fraction, size and shape of precipitates 
were investigated in sliding against steel sheet. The 
results showed that a material containingV(C,N) 
precipitates had substantially longer sliding distance 
until severe transfer of material occurred, as 
compared to a material with VC particles. It was 
argued that the difference was due to differences in 
adhesion between V(C,N)/steel and VC/steel. 
However, using friction force microscopy to 
investigate friction and adhesion at the 
microstructural scale, little difference between 
different types of precipitates was found []. Instead, 
largest difference was obtained for the steel matrix 
for different types of tool steel. Although the 
materials are based on a martensitic steel matrix, 
there will be some differences in chemical 
composition as type and content of alloying elements 

are different in different steel grades. Therefore, it is 
of interest to investigate if alloying of steel may 
influence on adhesion, 
The present work focuses on influence of vanadium 
in solid solution in steel on adhesion. Molecular 
dynamics simulations will be utilized to assess how 
different amounts of vanadium effects adhesion in a 
contact against an iron counter-surface. 
 
II. COMPUTATIONAL DETAILS 
 
In order to study the adhesive properties, molecular 
dynamics simulations were carried out using 
modified embedded atom method (MEAM) potentials 
to describe the interaction between Fe-V [1] and Fe-C 
[2], respectively. The MD model consisted of two 
slabs where the lower slab was made of 15 layers of 
bcc iron oriented on [110] direction while the upper 
slab composed of iron and varying vanadium content. 
The dimension of the simulation box was 
34.5x34.5x60 A in –x,y and z direction, respectively. 
The atomic positions of the atoms located in the two 
bottom layers of the lower and the topmost two layers 
of the upper block were fixed.  Before running the 
simulation, the two slabs were separated vertically by 
a distance greater than the cut off radius of the 
interatomic potential. As a result, when the upper slab 
was pushed down towards the substrate, the initial 
force of adhesion between the two slabs was almost 
zero.  
The simulation box was initially minimized by the 
conjugate gradient (CG) method to avoid overlapped 
atoms. Then the system was thermally equilibrated to 
300 K for 200 ps using a Nosé-Hoover thermostat. .. 
During loading, the upper slab was moved downward 
to the lower slab by applying a constant velocity of 
20 ms-1 to the fixed atoms, while a velocity of -20 ms-

1 was maintained during the unloading stage.All 
simulationswere performed using open-source 
software lammps[3] and visualized using 
ovito[4].The work of adhesion WAD was used as an 
indicator of adhesion. WAD is defined as the energy 
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required to separate two surfaces from the 
equilibrium position to infinity[10]. The value of 
WAD was calculated from 
 
W = γ + γ − γ    (1) 
 
Here A, B and AB represent surface energy of slab 
A, slab B and interfacial energy of AB, respectively. 
Their values can be calculated as follows 
 
γ ≈     (2) 

γ ≈     (3) 
 
γ ≈    (4) 
 
where EA and EBcorrespond to the energy differences 
between the bulk system and a system with a free 
surface. Substituting Eqs (2-4) into Eq. (1), the value 
ofWAD can be written as 
 
W ≈     (5) 
 
The value of EAB was estimated by numerical 
integration of the attractive portion of a force 
displacement curve in retraction mode and then 
dividing by the contacting area of the computational 
cell [11]. 
 
III. RESULTS AND DISCUSSION 
 
A typical force-separation curveis shown in Fig. 1 for 
iron/iron. The force was calculated by summing the 
total normal force exerted on the lower slab atoms.  

 

 
Fig. 1. Typical force-separation curve (Fe/Fe) during approach 

and retract 
 
Fig. 2 shows the obtained values based on Eq (5) of 
the WADfor different vanadium content. As seen, 
adhesion decreased as the vanadium content 
increased and minimum value was obtained for 
approximately 10 at.% of vanadium. Thereafter, WAD 
started to increase again. 

 
Fig. 2. Work of adhesion for varying vanadium content in iron. 
 
The decrease of WADat 10 at.% vanadium was 
approximately 10%. A reduction in adhesion when 
adding vanadium has also been reported from density 
functional theory studies (DFT) [5]. The results imply 
that alloying of steel can be an additional way of 
reducing adhesion and adhesive wear and depending 
on the work material, the tool chemical composition 
may be tailor made for low adhesion. In [6–9], a 
reduction in wear was observed using vanadium as 
alloying element, which may be explained by the 
results obtained in the present study.However, further 
studies are necessary where other alloying elements 
are included.   
 
CONCLUSIONS 
 
The present work included molecular dynamics 
simulations of adhesive properties of iron alloyed 
with vanadium in contact against an iron counter-
surface. The results showed that the work of adhesion 
decreased as vanadium content increased up till 10 
at.%. At this value a decrease of approximately 10 % 
was observed. Higher vanadium content led to an 
increase in adhesion again. The results were 
discussed in terms of alloying being a method of 
decreasing adhesion in sliding contacts suffering from 
adhesive wear. 
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