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! Tearing

2 Wrinkling

3 Coulomb’s friction model
4 Sticking friction model
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clear all
clc

Data

K=531.072;
u=0,0.1,0.2,0.3,0.4,0.5;
ThetaOA=0;

ThetaAB=pi/2;

ThetaBC=0;

ThetaDC=pi/2;

ThetaED=0;

n=0.2516;

t0=0.8;

Rab=0.01; % Unit m
clearance=0.01;% Unit m

Rcd=Rab;

ep0=0;

eplo=imput frome experimental data;
ep20=-0.5*eplo;

ep30=ep20;

Beta=-0.5;

R0=0.65; % r value

R90=0.83; % r value
to=t0*exp(ep30);
A=sqrt((R90*A"2+R0*(R0O*A”2-2*R0+R0+1))/(R90*(1+R0)));
epbar=(sqrt((R0+1)/R0)/(RO+R90+1))*sqrt(R90*(ep20-R0*ep30)"2+R0*(R90*ep30-
eplo)*2+(R0*eplo-R90*ep20)"2);

First length Unit (MPa)

w0=0.025;

LOOA=0.0245;

LOAB=0.01,;

LOBC=0.01;

LOCD=0.01;

LODE=0.0305;
LOOE=LOOA+LOAB+LOBC+LOCD+LODE;

Tension at the centerline Unit KN/m
To=(k*(epO+epbar)*n/A)*to;

Tensions Force Unit KN/m
Ta=To*exp(u*ThetaOA);
Th=Ta*exp(u*ThetaAB);
Tc=Tb;
Td=Tc/exp(u*ThetaDC);
Te=0;
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Blankholder Force Unit KN/m
Be=Td./(2*u);

Strain

syms epla;

solve (-Ta+(k*(ep0+(sqrt((RO+1)/R0)/(RO+R90+1))*sqrt(R90*(-0.5*epla-R0O*-
0.5*epla)"2+R0*(R90*-0.5*epla-epla)"2+(R0*epla-R90*-0.5*epla)”"2)) n/A)*t0*exp(-
0.5*epla*(1+Beta)));

double (ans);

epla=abs(ans);

ep2a=-0.5*epla;

ep3a=-0.5*epla;

syms eplb;

solve (-Th+(k*(epO+(sqrt((R0O+1)/R0)/(RO+R90+1))*sqrt(R90*(-0.5*ep1b-R0O*-
0.5*eplb)*2+R0*(R90*-0.5*eplb-eplb)*2+(R0*eplb-R90*-0.5*eplh)"2)) n/A)*t0*exp(-
0.5*eplb*(1+Beta)));

double (ans);

eplb=abs(ans);

ep2b=-0.5*ep1b;

ep3b=ep2b;

eplc=eplb;

ep2c=ep2b;

ep3c=ep3b;

syms epld;

solve (-Td+(k*(epO+(sqrt((R0O+1)/R0)/(RO+R90+1))*sqrt(R90*(-0.5*epld-R0O*-
0.5*ep1d)"2+R0*(R90*-0.5*epld-epld)"2+(R0O*epld-R90*-0.5*epld)"2)) n/A)*t0*exp(-
0.5*epld*(1+Beta)));

double (ans);

epld=abs(ans);

ep2d=-0.5*epld;

ep3d=ep2d;

eple=0;

ep2e=0;

ep3e=0;

Average Strain

eploa=(eplo+epla)/2;%(eplo+epla)/2
eplab=(epla+eplb)/2;%(epla+eplh)/2
eplbc=(eplb+eplc)/2;%(eplb+eplc)/2
eplcd=(eplc+epld)/2;%(eplc+epld)/2
eplde=(epld+eple)/2;%(epld+eple)/2
Second length Unit m

LOA=L0OA*exp(eploa);
LAB=L0AB*exp(eplab);
LBC=L0BC*exp(eplbc);
LCD=L0CD*exp(eplcd);
LDE=LODE*exp(eplde);
arcOE=LOA+LAB+LBC+LCD+LDE;

0=0;

Vo



A=L0OA;

B=LOA+LAB;
C=LOA+LAB+LBC;
D=LOA+LAB+LBC+LCD;
E=LOA+LAB+LBC+LCD+LDE;

%average strain
avep=log(arcOE/LOOE);

Thickness Unit mm
ta =t0*exp(ep3a);
tb=t0*exp(ep3b);
tc=tb;
td=t0*exp(ep3d);
te=t0;

stress Unit (MPa)
epbara=(sqrt((R0O+1)/R0)/(R0O+R90+1))*sqrt(R90*(ep20-R0*ep30)"2+R0*(R90*ep30-
eplo).~2+(R0*eplo-R90*ep20).M2);

Sresshara=k*(ep0O+epbara).”n;

Stresslo=Sressbara/A,;
epbara=(sqrt((RO+1)/R0)/(RO+R90+1))*sqrt(R90*(ep2a-R0*ep3a)*2+R0O*(R90*ep3a-
epla)."2+(R0*epla-R90*ep2a).n2);

Sressbara=k*(ep0O+epbara).”n;

Stressla=Sressbara/A;
epbarb=(sqrt((R0+1)/R0)/(R0O+R90+1))*sqrt(R90*(ep2b-R0*ep3b)*2+R0O*(R90*ep3b
eplb).~2+(R0*eplb-R90*ep2b). 2);

Sressbarb=k*(epO+epbarb).”n;

Stress1b=Sressbarb/A;
epbarc=(sqrt((R0O+1)/R0)/(RO+R90+1))*sqrt(R90*(ep2c-R0O*ep3c)*2+R0O*(R90*ep3c-
eplc). 2+(R0*eplc-R90*ep2c). 2);

Sressbarc=k*(ep0+epbarc).”n;

Stresslc=Sressbharc/A,;
epbard=(sqrt((R0+1)/R0)/(R0+R90+1))*sqrt(R90*(ep2d-R0*ep3d)"2+R0O*(R90*ep3d
epld).~2+(R0*epld-R90*ep2d)."2);

Sressbard=k*(epO+epbard).™n;

Stressld=Sressbard/A;
epbare=(sqrt((R0O+1)/R0)/(RO+R90+1))*sqrt(R90*(ep2e-R0*ep3e)"2+R0O*(R90*ep3e-
eple)."2+(R0*eple-R90*ep2e)"2);

Sressbare=k*(ep0O+epbare).™n;

Stressle=Sressbare/A;

Punch Force Unit (MPa)
F=2*Tb*wO0*sin(acos(clearance/LBC))
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Abstract

The study of friction in the sheet metal forming is important because of its significant effects
on dimensional accuracy, product surface quality, required power, and energy. Having the
sufficient knowledge about the contact friction and how it affects the abovementioned
parameters will greatly help the modeling and designing of process. In this research, an
analytical-numerical-experimental study of friction coefficient in stretch forming of DC04 steel
sheet as a widely used raw material in the automotive industry has been carried out. In the
experimental stage, by performing a uniaxial tensile test at angles of 0 °, 45 °, and 90 ° with
respect to the rolling direction, the plastic anisotropy coefficients, the constants of the power-
law model, and other mechanical components of the material were obtained. Then, by
presenting an analytical method of classical plasticity for the stretch forming, based on the Hill-
48 anisotropic yield criterion and the associated flow rule, the stress and strain components in
different zones of the blank were calculated. In this method, by deriving the equilibrium
equations at the contact surfaces of the sheet with the tooling components, the effect of frictional
forces on the stress distribution was investigated using the Coulomb model. Then, the stress
distribution, strain, and thickness changes in different areas as well as the forming force were
calculated. In the numerical stage, the stretch forming was simulated for two different blanks
including cut-out and without cut-out. As a result, two novel friction calibration diagrams were
achieved by modeling of processes for six coefficients of friction i.e. 0, 0.1, 0.2, 0.3, 0.4, and
0.5. These two diagrams were related to the magnitude of in-plane strain and cut-out diameter
in the deformed blank. After designing and manufacturing the stretch tooling, the stretching of
both specimens i.e. with and without cut-out were done by using different lubricants of grease
and nylon for various displacements, and the values of strain, stress, thickness, and diameter of
circular cut-out were calculated. Consequently, the magnitude of friction coefficients were
estimated according to each calibrating diagrams. Finally, the analytical results were acceptably

verified by comparing numerical outcomes with the experimental results.

Keywords: Sheet metal forming, Friction, Stretch forming, Calibration curve, Plastic

anisotropy, DC04 sheet, Stamping.



Shahrood University of Technology
Faculty of Mechanical and Mechatronics Engineering

M.Sc. Thesis in Manufacturing and Production Engineering

Title

Evaluation of the friction in sheet metal forming using a novel theoretical-

experimental approach

By: Hossein Javdani

Supervisor:
Dr. Mahdi Gerdooei

February 2022



	تقدیم‌نامه
	سپاس‌گزاری
	تعهدنامه
	چکیده
	دستاورد‌های مستخرج از پایان‌نامه
	فهرست عنوان‌ها
	فهرست شکل‌ها
	فهرست جدول‌ها
	فهرست نشانه‌ها
	فصل1 مقدمه
	1-1 مقدمه
	1-2 معرفی فرایند اتساع
	1-3 اصطکاک در شکل‌دهی ورق‌های فلزی
	1-4 مدل‌های اصطکاکی
	1-5 مکانیزم‌های روان‌کاری
	1-6 ناهمسانگردی پلاستیک
	1-7 اندازه‌گیری ناهمسانگردی پلاستیک
	1-8 معیار تسلیم و مدل سخت‌شوندگی
	1-9 پیشینه پژوهش
	1-10 معرفی پایان‌نامه، ضرورت و نوآوري

	فصل2 مواد و روش تجربی
	2-1 مقدمه
	2-2 معرفی فولاد DC04
	2-3 معرفی دستگاه کشش-فشار سنتام
	2-4 آماده سازی نمونه آزمایش کشش
	2-5 محاسبه تنش تسلیم و تعیین ثوابت قانون توانی
	2-6 محاسبه ضریب ناهمسانگردی ورق فولادی
	2-7 طراحی و ساخت قالب
	2-8 دستگاه سختی‌سنج یونیورسال
	2-9 دستگاه زبری‌سنج سطح
	2-10 آماده‌سازی بلانک اولیه و شرایط روان‌کاری
	2-11 شرح انجام آزمایش

	فصل3 حل تحلیلی و عددی فرایند اتساع
	3-1 مقدمه
	3-2 تحلیل فرایند اتساع
	3-3 مدل‌سازی عددی فرایند اتساع در نرم‌افزار آباکوس

	فصل4 نتایج و بحث
	4-1 مقدمه
	4-2 نتايج اتساع بلانک سالم
	4-1-1 نتایج تحلیلی
	4-1-2 مقایسه نتایج تحلیلی و تجربی
	4-1-3 نتایج شبیه‌سازی اجزای محدود
	4-1-4 مقایسه نتایج عددی و تجربی

	4-3 نتايج اتساع بلانک داراي گشودگي
	4-2-1 نتایج شبیه‌سازی اجزای محدود
	4-2-2 مقایسه نتایج عددی و تجربی


	فصل5 نتیجه‌گیری و پیشنهاد‌ها
	5-1 نتیجه‌گیری
	5-2 پیشنهاد‌ها

	پیوست 1: نقشه اجزای قالب اتساع
	پیوست 2: کد متلب حل تحلیلی فرایند اتساع ورق DC04
	مراجع
	Abstract

