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 A B S T R A C T 

New way for defining of main process parameters procedure in the strip 
ironing process with double side thinning, as well as appropriate 
experimental results are presented in this paper. Given is improved 
analysis for friction coefficient and contact pressure defining. Classical 
common so called “Schlosser model” and other similar models are not 
suitable in certain cases, and give unreal values for both of main process 
parameters. Expressions obtained here were verified in suitable examples 
which are, also, presented in the paper. Verification was performed on the 
base of experimental results. Realized was the single and four phases 
ironing process of mild steel DC04 in sheet stripes drawing test. Stripes 
were 20 mm wide and 2.5 mm thick. Lateral force intensities were 5, 10 
and 15 kN. Maximal obtained thinning deformation in one phase was 
about 17 %. Appropriate lubrication with mineral oil and grease was used 
in conditions of lower speed of 20 mm/min. Results shows that proposed 
improved procedures enables more precise process monitoring and precise 
quantification of lateral force, contact pressure and thinning strain 
influence on friction. 
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1. INTRODUCTION  
 
Ironing is known as technological process which 
combine characteristics of sheet metal forming 
and bulk forming. Significance of ironing 
technology illustrate great interest of the 
researchers over the years. It is clearly visible in 
numerous published papers. Here are chosen 
relatively small number of selected references 
[1–22] whose are representing short history of 
last nearly four decades ironing researches. 

Main reason is probably great appliance of 
ironing forming process in modern industry. It is 
sufficiently to notice that industry produce by 
ironing process only, more than two hundred 
billions pieces yearly of well known product: 
beverage cans [5,7,9] or other products . 
 
There are many researches of ironing process 
modeling in literature. Only some of them are 
given here. Practically most of cited references 
give tribological approach, mainly because ironing 
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is more severe process in that sense. One of the 
significant tribological element is lubrication i.e. 
determination of the proper lubricants 
performance. In order to obtain tribological 
parameters and to quantify the performance of the 
individual lubricants, a different simulative tests 
was been developed. All the tests are modeling 
the process conditions in ironing, from old, now 
classic [1] to new ones [12,13]. All the tests 
considered mechanical models, parameters 
identification and experimental research of 
some selected factors influence on tribological 
phenomena’s or specific parameters. 
 
In papers [1] to [10] given were process 
analysis, modeling, parameters determination 
and particular experimental investigations of 
lubricants evaluation by friction coefficient 
determination mainly. In other cases used were 
specific materials, like in [3] and [4]. In [11] and 
[12] introduced was new test simulator and 
given were the results of tool characteristics 
influence on friction and lubrication. Papers [13] 
to [16] gives extensive researches of application 
of environmentally friendly lubricants. In papers 
[17] and [18] authors’ pays attention to some 
specific aspects of ironing process like acoustic 
emission, heat effects etc. In paper [19] 
introduced are engine pistons succesful 
manufacturing process of thick aluminium 
sheets with important ironing operation. Paper 
[20] give simulation and analysis of cylindrical 
parts ironing with profile inner plug indent onto 
inner surface of blank. Final estimation is 
favorable application in real conditions. In paper 
[21] experimental and numerical analyses were 
performed to explore the influence of 
DLC/TiAlN coated die surfaces in sheet-metal 
forming including ironing. The results indicated 
that the DLC/TiAlN coating strongly resists 
galling appearance and improve friction 
conditions. In paper [22] given is research of 
continuous micromanufacturing of the hollow 
flanged micropart with variable thickness. 
Microforming method was proposed by using an 
integrated hole flanging-ironing process. 
Conclusion is that hole flanging-ironing process 
is promising and efficient for 
micromanufacturing of micro-scaled parts. 
 
In this paper authors exposed are their own 
complete mechanical model and new method for 
friction coefficient and contact pressure 
determination depending on drawing force, 

lateral force, tool and material sample geometry. 
Double sided strip reduction test was chosen in 
whole experiment. Conducted were extensive 
experimental investigations towards 
verifications of proposed procedures. With the 
reliable defined parameters can be perform 
different experimental investigations and, it is 
important, obtain more safer and precise results. 
 
 
2. MECHANICAL MODEL 
 
In this approach double sided thick strip 
reduction test was chosen like previously was 
mentioned. Figure 1 shows scheme of test 
tooling elements and main forces. The thick 
metal strip is being placed into the holding jaw. 
The jaw with the sample is moving in vertical 
direction, from down to up. Before drawing 
there is a need of initial indentation of tools 
(lateral elements) which makes appropriate 
thnining of strip. After that starts acting of 
drawing force F and starts ironing process. 
Drawing force F and two lateral (side) forces FS 
acting on the sample are simulating the 
industrial tool die and perform the ironing. It is 
useful to notice that in Fig. 1 are shown active 
lateral force (outer tool side) and corresponding 
reactive forces (inner tool side). Also, it is 
important to notice for this model that existing 
of small vertical area (detail A, Fig. 2) which can 
be consider flat in first approximation (Figs. 1 
and 2). Also note that view in Fig. 1 is like in real 
conditions, but in Figs. 2, 3, 4, 5 and 6 given are 
common schematic views. 
 

 
Fig. 1. Test tooling elements. 
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Fig. 2. Contact zones. 
 

In real it is small arched surface of side element 
rounded edge i.e. part of cylindrical area with 
small radius (Fig. 3). Here, in particular case of 
used tools adopted is radius of about 1 mm and 
angle 10o (Fig. 4). 
 

 

Fig. 3. More realistic model. 

 
Forming and sliding process can be analyzed in 
two possible cases.  
 
First case: ironing in conditions of very small 
deformation of thinning according to criteria: 
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α=10o) given are: 
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Fig. 4. Model with adopted values. 
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Fig. 5. First case acting forces (right side). 

 
In such a case process is carrying out in 
conditions of contact established on rounded 
surface only (Fig. 5). There is no any flat contact. 
Mechanical model of acting forces is very simple: 
drawing force F, two side forces FS and two 
friction forces μFS (Fig. 5). Friction forces can be 
consider vertical (like adopted here) or inclined. 
Difference is negligible because angle α is 
relatively small and cosα≈1. 

Second case: Ironing in conditions of flat area 
formation above small rounded area. 
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So, sliding process and forces acting can be 
monitored now in two zones, rounded and flat. 
 

 
Fig. 6. Second case mechanical model of right side 
forces acting. 

 
Mechanical model of acting forces is given in Fig. 
6 (for right side only). Can be assumed that side 
tool element 1 is slightly moved right and his 
acting changed with the force FS. Distribution of 
force FS between flat inclined and small near 
vertical surfaces is determined by empirical 
parameter a. It was adopted a=0.7 after analysis 
in [7]. Friction force FSFR depends on normal 
component (aFSN) of side force part aFS. Force FSFR 
acting on flat inclined surface. Force FFFR depends 
on normal component of drawing force F/2. 
Friction force FFR´ depends on (1-a)FS part of side 
force FS which acting through small vertical 
surface. It is useful to notice that rounded area 
can be approximated by small vertical zone or 
not. That´s depends on particular case. 
 
2.1 Friction coefficient determination 
 
In first case of ironing (expressions (1) to (6)) 
three forces acting only, like is previously 
mentioned: drawing force and two friction forces, 
one on each side (Fig. 5). If considered friction 
force is vertical, coefficient of friction can be 
calculated by expression (11). Alternatively 
coefficient of friction can be calculated by 
expression (12) with negligible difference. 
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In second case (criteria in expressions (7) –(10)) 
for all acting forces on material sample (part 2, 
Fig. 6) can be written equilibrium equations 
(13), (14), (15). 
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It is better to use complete force system (both 
sides of sample) like is given here. After 
relatively simple mathematical transformations 
(16) can be obtained expression (17) i.e. 
coefficient of friction. If particular values of 
inclination angle (α=10o) and parameter a=0.7 is 
considered [8,10], can be obtained final 
expression for friction coefficient (18). 
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Expressions (17) and (18) clearly shows that 
precise measuring of drawing force is essential for 
accurate determination of friction coefficient μ. 
Important also were: side force intensity, tool 
geometry and parameter a, but these are constant 
and previously set up and adopted values. 
 
2.2 Procedure of contact pressure  
       determination 
 
According to previous consideration there exist 
two possible cases of ironing process, and that is 
related to contact pressure, also. 
 
In first case there is no flat area (h=0, A1=h·b=0, 
Fig. 5) and consequently not exist 
corresponding forces from Fig. 6 (expression 
19). It is clear that: 

000 11  iAFAandhif  (19) 
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So, contact pressure p can be calculated by 
expression (20) where A2 is rounded surface 
which depends on arch length l and sample 
width b (21). With particular values, l is given by 
(22) and p by (23). 
 
In second case can be assumed that area A1 and 
area A2 are joined and continuous ((24) –(27)), 
and there are acting normal components of 
drawing force (F/2 for one sample side) and 
lateral force FS  . 
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Pressure p can be calculated by starting 
expressions (28) and (29). Final expression is 
(30) for this particular case. 
 
Can be noticed that small rounded area A2 is 
adopted here like flat, inclined with angle α. This 

approximation is possible and reasonable 
because area A2 is very small in comparison with 
A1, and with lower significance in this case. Such 
approximation contributing to obtain simpler 
final expression for pressure p. Also, important 
is to notice that approach like previous isn’t 
reasonable for friction analysis in sliding process 
where two areas (A1 and A2) produce different 
friction forces each. 
 
 
3. EXPERIMENTAL VERIFICATION 
 
3.1 Oil lubrication example 
 
Experimental verification of proposed approach, 
expressions i.e. formulas for coefficient of 
friction (μ) and contact pressure (p) presented 
were in this and next chapter. 
 
Behind application of such formulas, monitoring 
and analysis of obtained results, given were 
results of comparison between new results and 
results obtained with classic, older formulas. 
Explanation of classic approach and classic 
formulas can be seen in [1,5,7,8]. These are well 
known classic expressions: 
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All the details about experiment: equipment, 
tooling, material properties, geometry, 
lubricants properties, process properties etc. is 
not presented because of limited space and can 
be fined in [7], [8] and [10]. However, some data 
of materials, lubricants, process and equipment 
will be given here. In Figs. 7, 8 and 9 presented 
are tools elements and experimental equipment. 
 
Material samples i.e. 2.5 mm thick, 20 mm wide 
and 200 mm long strips were made of mild steel 
DC04. Lateral forces were 5, 10 and 15 kN. 
Sliding speed was 20 mm/min. Applied were 
two lubricants from domestic producer: mineral 
oil (kinematic viscosity 170 mm2/s at 40 °C, 
density 0.950 g/cm3 at 20 °C) and special grease 
intended for drawing processes (viscosity 330 
mm2/s at 40 °C). 
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Fig. 7. 3D model of tool assembley. 
 

 
Fig. 8. Real tool assembley. 

 

 
Fig. 9. Experimental equipment. 

 
Most important starting data gives dependencies 
of drawing (pulling) force on sliding length 
(sample travel). By using data acquisition 
system it is possible to obtain force dependence 
on sliding length in numerical form. That allows 

appliance of different formulas for friction 
coefficient (μ) and contact pressure (p) and 
obtaining corresponding dependencies during 
the ironing, i.e. sliding process. That also allows 
relatively simple comparison and evaluation of 
any particular approach. 
 
Figure 10 shows force variation during the 
process for one phase ironing. Samples were 
deformed in one phase each, but with different 
lateral force FS. 
 

 
Fig. 10. Force dependence on sliding length. 

 
Curves in Figs. 11 and 12 were obtained by 
application of classic formulas ((31), (32)) and 
can be seen that μ have very low values and 
pressure, quite opposite very high values in 
conditions of small deformations i.e. lower 
intensity of side force FS [7,8,10]. Pressure p 
intensity is near 3000 MPa and friction 
coefficient μ near zero which are unreal.  
 

 
Fig. 11. Friction coefficient dependence on sliding 
length. 
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Fig. 12. Pressure dependence on sliding length. 

 
In Figs. 13 and 14 shown are results of here 
proposed formulas, signed as corrected on the 
diagrams. Values are much more realistic. 
 

 
Fig. 13. Friction coefficient dependence on sliding 
length. 

 

 
Fig. 14. Pressure dependence on sliding length. 
 

Figure 15 illustrate second type of ironing 
process, multi phase sliding. On one and same 

sample makes four phase sliding process in 
conditions of side force FS=5 kN. Figures 16 and 
17 gives are results of classic formulas 
application with observations similar to 
previous case. In Figs. 18 and 19 shown are 
results of here proposed approach. Comments 
are like in previous case. 
 

 
Fig. 15. Force dependence on sliding length. 

 

 
Fig. 16. Friction coefficient dependence on sliding 
length. 
 

 
Fig. 17. Pressure dependence on sliding length. 
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Fig. 18. Friction coefficient dependence on sliding 
length. 

 

 
Fig. 19. Pressure dependence on sliding length. 

 
3.2 Grease lubrication example 

 
Figure 20 corresponds to Fig. 10. Different is 
only lubricant. There is used appropriate grease 
[8,10]. 
 

 
Fig. 20. Force dependence on sliding length. 

 
Fig. 21. Friction coefficient dependence on sliding 
length. 

 

 
Fig. 22. Pressure dependence on sliding length. 

 

 
Fig. 23. Pressure dependence on sliding length. 

 
Classic formulas gives unacceptable results 
(coefficient of friction μ<0, and pressure p≈4500 
MPa) in Figs. 21 and 22. 
 
In Fig. 23 are shown example where are 
illustrated small variation of pressure intensity. 
With appropriate scale it can be seen. 
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Fig. 24. Friction coefficient dependence on sliding 
length. 

 

 
Fig. 25. Pressure dependence on sliding length. 

 
Results with new formulas are much better 
(Figs. 24 and 25). 
 
Last example in this paper given is in Fig. 26 and 
corresponds to example in Fig. 15. 
 

 
Fig. 26. Force dependence on sliding length. 

 
Fig. 27. Friction coefficient dependence on sliding 
length. 

 

 
Fig. 28. Pressure dependence on sliding length. 

 
Application of classic formulas gives in some 
cases negative values for friction coefficient and 
completely unreal values for pressure also (Figs. 
27 and 28). It is clearly visible that results in 
Figs. 29 and 30 are more realistic. 
 

 
Fig. 29. Friction coefficient dependence on sliding                
length. 
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Fig. 30. Pressure dependence on sliding length. 

 
 
4. CONCLUSION  
 
Main goals in this study were: to establish 
mechanical model of ironing process with 
double side reduction, to define reliable 
expressions for coefficient of friction and contact 
pressure determination and evaluate 
applicability by experimental verification. 
 
Obtained results presented in this paper, like 
others that’s not presented here, clearly shows 
that proposed approach is acceptable, and it can 
be reliable support in next experimental 
investigations of ironing process. Also, it can 
help in common experiments like the 
evaluations of the quality of lubricants, 
evaluation of influence of different sample 
materials etc. 
 
 
Acknowledgement  
 
The experimental research with results reported 
in this paper was partially supported by the 
Ministry of Education, Science and Technological 
Development, Republic of Serbia through contract 
TR34002 and authors are very grateful for that. 
 
 
REFERENCES  
 
[1] D. Schlosser, Beeinflussung der Reibung beim 

Streifenziehen von austenitischem Blech: 
verschiedene Schmierstoffe und Werkzeuge aus 
gesinterten Hartstoffen, Bander Bleche Rohre, 
No. 7/8, pp. 302-306, 1975. (in German) 

[2] P. Deneuville, R. Lecot, The study of friction in 
ironing process by physical and numerical 
modelling, Journal of Materials Processing 
Technology, vol. 45, iss. 1-4,  pp. 625–630, 1994, 
doi: 10.1016/0924-0136(94)90409-X 

[3] J.L. Andreasen, N. Bay, M. Andersen, E. 
Christensen, N. Bjerrum, Screening the 
performance of lubricants for the ironing of 
stainless steel with a strip reduction test, Wear, 
vol. 207, iss. 1-2, pp. 1-5, 1997, doi: 
10.1016/S0043-1648(96)07462-5 

[4] H.C.E. van der Aa, M.A.H. van der Aa, P.J.G. 
Schreurs, F.P.T. Baaijens, W.J. van Veenen, An 
experimental and numerical study of the wall 
ironing process of polymer coated sheet metal, 
Mechanics of Materials, vol. 32, iss. 7, pp. 423-443, 
2000, doi: 10.1016/S0167-6636(00)00013-2 

[5] D. Adamovic, M. Stefanovic, V. Mandic, Modelling 
of ironing process. Faculty of Engineering, 
University of Kragujevac, 2012. (in Serbian) 

[6] M. Djordjević, S. Aleksandrović, V. Lazić, M. 
Stefanović, R. Nikolić, D. Arsić, Experimental 
analysis of influence of different lubricants types 
on the multi-phase ironing process, Materials 
Engineering - Materiálové inžinierstvo, vol. 20, 
no. 3, pp. 147-152, 2013.  

[7] S. Aleksandrović, M. Đorđević, M. Stefanović, V. 
Lazić, D. Adamović, D. Arsić, Different Ways of 
Friction Coefficient Determination in Stripe 
Ironing Test, in  13th  International Conference 
on Tribology, 15-17 May, 2013, Serbiatrib '13, 
Kragujevac, pp. 359-363.  

[8] S. Djacic, Metal forming with double sided 
ironing, Master thesis. Faculty of Engineering, 
University of Kragujevac, 2016. (in Serbian) 

[9] M. Djordjević, V. Mandić, S. Aleksandrović, V. 
Lazić, D. Arsić, R.R. Nikolić, Z. Gulišija, 
Experimental-numerical analysis of contact 
conditions influence on the ironing strip drawing 
process, Industrial  lubrication and tribology, 
vol. 69, no. 4, pp. 464-470, 2017, doi: 
10.1108/ILT-05-2016-0113 

[10] S. Aleksandrović, S. Đačić, M. Stefanović, M. 
Đorđević, V. Lazic, D. Arsić, Influence of process 
parameters on the friction coefficient in one and 
multi phase steel strip drawing ironing test, in 
ACTA TECHNICA CORVINIENSIS – Bulletin of 
Engineering, Tome XI, Fascicule 2, pp. 29-33, 2018. 

[11] H. Sulaiman , P. Christiansen, N. Bay, Influence of 
tool texture on friction and lubrication in strip 
reduction, Procedia Engineering, vol. 207, pp. 
2263–2268, 2017, doi: 
10.1016/j.proeng.2017.10.992 

0 10 20 30 40 50 60 70

h, mm

0

500

1000

1500

2000

2500

p
, 
M

P
a

     DC04
v=20 mm/min
Lubr. - Grease
Corrected

FS=5 kN

1 sample
4 phases

First and second

Third

Fourth

https://doi.org/10.1016/0924-0136(94)90409-X
https://doi.org/10.1016/S0043-1648(96)07462-5
https://doi.org/10.1016/S0043-1648(96)07462-5
https://doi.org/10.1016/S0167-6636(00)00013-2
https://doi.org/10.1108/ILT-05-2016-0113
https://doi.org/10.1108/ILT-05-2016-0113
https://doi.org/10.1016/j.proeng.2017.10.992
https://doi.org/10.1016/j.proeng.2017.10.992


S. Aleksandrović et al., Tribology in Industry Vol. 42, No. 1 (2020) 59-69 

 

 69 

[12] E. Ustunyagiz, C. Nielsen, P. Christiansen, P.  
Martins, N. Bay, Continuous Strip Reduction Test 
Simulating Tribological Conditions in Ironing, 
Procedia Engineering, vol. 207, pp. 2286–2291, 
2017, doi: 10.1016/j.proeng.2017.10.996 

[13] N. Bay, A. Azushima, P. Groche, I. Ishibashi, M. 
Merklein, M. Morishita, T. Nakamura, S. Schmid, 
M. Yoshida, Environmentally benign tribo-
systems for metal forming, CIRP Annals - 
Manufacturing Technology, vol. 59, iss. 2, pp. 
760–780, 2010, doi: 10.1016/j.cirp.2010.05.007 

[14] Y. Sagisaka, I. Ishibashi, T. Nakamura, M. 
Sekizawa, Y. Sumioka, M. Kawano, Evaluation of 
Environmentally Friendly Lubricants for Cold 
Forging, Journal of Materials Processing 
Technology, vol. 212, iss. 9, pp. 1869–1874, 
2012, doi: 10.1016/j.jmatprotec.2012.04.011 

[15] M. Djordjevic, S. Aleksandrovic, V. Lazic, D. Arsic, 
M. Stefanovic, D. Milosavljevic, Two-phase ironing 
process in conditions of ecologic and classic 
lubricants application, in  14th  International 
Conference on Tribology, 13-15 May, 2015, 
Serbiatrib '15, Belgrade, pp. 407-413. 

[16] M. Đorđević, D. Arsić, S. Aleksandrović, V. Lazić, 
D. Milosavljević, R. Nikolić , Comparative study of 
an environmentally friendly single-bath lubricant 
and conventional  lubricants in a strip ironing 
test, Journal of Balkan Tribological Association, 
vol. 22, no.1A-II, pp. 947-958, 2016. 

[17] M. Moghadam, P. Christiansen, N. Bay, Detection 
of the onset of galling in strip reduction testing 
using acoustic emission, Procedia Engineering, 

vol. 183, pp. 59–64, 2017, doi: 
10.1016/j.proeng.2017.04.011 

[18] E. Ustunyagiz, C.V. Nielsen, P. Christiansen, 
P.A.F. Martins, T. Altan, N. Bay, A combined 
numerical and experimental approach for 
determining the contact temperature in an 
industrial ironing operation, Journal of Materials 
Processing Technology, vol. 264, pp. 249–258, 
2019, doi: 10.1016/j.jmatprotec.2018.09.015 

[19] K.C. Nayak, P.P. Date, Manufacturing of light 
automobile engine piston head using sheet metal, 
Procedia Manufacturing, vol. 15, pp. 940–948, 
2018, doi: 10.1016/j.promfg.2018.07.402 

[20] T. Ozawa, T. Kuboki, S. Kajikawa, A. Yamauchi, A. 
Gunji, K. Onishi, Fabrication of ring groove on 
inner surface of cylindrical blank by ironing from 
outer surface, Procedia Manufacturing, vol. 15, 
pp. 899–906, 2018, doi: 
10.1016/j.promfg.2018.07.407 

[21] M.H. Sulaiman, R.N. Farahana, K. Bienk, C.V. 
Nielsen, N. Bay, Effects of DLC/TiAlN-coated die on 
friction and wear in sheet-metal forming under dry 
and oil-lubricated conditions: Experimental and 
numerical studies, Wear vol. 438-439, 2019, doi: 
10.1016/j.wear.2019.203040 

[22] B. Meng, M.W. Fu, S.Q. Shi, Deformation 
characteristic and geometrical size effect in 
continuous manufacturing of cylindrical and 
variable-thickness flanged microparts, Journal of 
Materials Processing Technology, vol. 252, pp. 
546–558, 2018, doi: 
10.1016/j.jmatprotec.2017.10.022 

 

https://doi.org/10.1016/j.proeng.2017.10.996
https://doi.org/10.1016/j.cirp.2010.05.007
https://doi.org/10.1016/j.jmatprotec.2012.04.011
https://doi.org/10.1016/j.proeng.2017.04.011
https://doi.org/10.1016/j.proeng.2017.04.011
https://doi.org/10.1016/j.jmatprotec.2018.09.015
https://doi.org/10.1016/j.promfg.2018.07.402
https://doi.org/10.1016/j.promfg.2018.07.407
https://doi.org/10.1016/j.promfg.2018.07.407
https://doi.org/10.1016/j.wear.2019.203040
https://doi.org/10.1016/j.wear.2019.203040
https://doi.org/10.1016/j.jmatprotec.2017.10.022
https://doi.org/10.1016/j.jmatprotec.2017.10.022

