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Abstract: Due to the demands to reducing the gas emissions, energygsavil producing safer vehicles have driven the development
of ultra high strength steel. Since the mechanical progemi ultra high strength steel are remarkably high, it hanine a major
setback for forming process and this has led lead to the oewednt of special forming technique for ultra high strergfeel called

Hot Stamping. In hot stamping, the ultra high strength diteik is heated to its austenization temperature of abdut 960°C inside

the furnace. Then, the heated blank is transferred to tHemoere forming takes place and simultaneously quench thiekhinside

the tool. As the tool dwells, the microstructure of the bléglcomes fully martensite thus giving the final part strergfthp to 1500
MPa. In order to have a better understanding of the Hot Stagnprocess, a numerical model of heat transfer need to béogede

to simulate the temperature changes of the blank as welllmgtathe heat transfer coefficient (HTC) of the blank arml twntact
surface as a function of distance and time. The numericalefrisdased on the heat transfer at the contact surface betheailtra
high strength steel blank (Boron Manganese Steel) and thenade of Tool Steel (SKD11).

Keywords: Numerical Model of Heat Transfer, Hot Stamping ProcessaHtigh Strength Steel

1 Introduction 50

Metallic materials are the common materials used in 401

automotive industries since the automotive industries \ High strength

starting to produce a car in mass production. Although the = 301

development and invention of new plastics material in last .2 P, \

thirty years drastically increased, but hasn't changed so E‘H Austenitization Fiiiiag ot Goicting

much. Among the metallic materials, steel sheet = 2 E ; 2

contributing almost half of the materials utilization 22MnBS5 22MnBs

compared to others metallic material3.[ 101 anncaled hardened
In the last few years, more and more automotive MS

component has been produced by ultra high strength steel 0 ———————————7——

sheet especially for part which is related vehicle safety 0 200 400 600 %00 1000 1200 14001500

and also due to the weight reduction purposes. It is due to Tensile strength in MPa

the high mechanical properties of the ultra high strength

steel gain from heat treatment process during the formin

process2]. Although the ultra high strength steel gain its

strength through the heat treatment process, an annealed

ultra high strength steel (as per deliver) two times

stronger than mild steel which impracticable to be form

by cold forming process (normal stamping proces}) [ 1.1 Hot Stamping Process

(Figurel). This led the development of specific technique

so called 'Hot Stamping’ to form ultra high strength steel. In hot stamping process, the ultra high strength steel
blank is heated to the temperature approximately 1,700

Fig. 1: Graph shows the strength comparison between ultra high
g5trength steel and typical steel for automotive.
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calculating the heat transfer coefficient (HTC) of the
blank and tool contact surface.

2.Software analysis- to validate the result from the
numerical model

3.Experimental— to record the actual temperature
change over time of the blank and tool as well as to
study the heat transfer dependency.

0000,
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B0

BLANK FURNACE FORMING LASER . . . .
L GUENCHNG TRAMING In this paper will focus on the first approach using
o . numerical model. The numerical model is based on the
Fig. 2: Direct Hot Stamping Process flow. heat transfer at the contact surface between the Ultra High

Strength Steel blank which is the Boron Manganese Steel
and the tool made of Tool Steel (SKD11). Since the main
objective of this study is to study the heat transfer so the

degrees F (900 - 950 degrees C) for 5 to 10 minutes in th@lank and t(_)ol is keep flat to eliminqte the heat generated
inside the furnace to change the microstructure of theduring forming take place as shown in Figie

blank to Austenite structure as shown in FigieTo In order to model the heat transfer process, the partial
avoid cooling of the part before forming, the blank must differential equation (PDE) that governs the heat transfer
be transferred as quickly as possible from the furnace td°rocess needs to be solved. In this case, the partial
the press. Then, forming must take place before thedifferential equation is “non-steady one dimension heat
beginning of the martensite transformation. Therefore, aransfer” with derivative boundary condition will be
fast tool closing and forming process are the preconditiorsolved using Finite Different Method (Crank Nicolson
for a successful process control. After forming, the part isMethod) ] to calculate the temperature for every time
quenched as the tool dwell at bottom death (closedstep for each nodal point.

position), which is cooled by water ducts to transfer the

heat out of the tool system.This technique is proven to be ]

effective to reducing the spring-back effect and improved2.1 Assumption

the formability of material thus indirectly reducing the . ) .

forming force and allowing smaller machine tonnage [ !N this numerical model, it is assumed that:

1.Heat is transferred in unidirectional and normal to the

] tool surface.
1.2 Ultra High Strength Steel 2.The blank and tool is in perfect contact and heat flux is
constant at all point on the blank and the tool interface.

Ultra high strength steel also known as Boron Steel 3 The heat flux generated due to heat convection is
classified as Low Alloyed Steel. This material contains  negligible since the area relatively small.

Carbon (C), Manganese (Mn), Silicon (SlI) and Boron (B)
as an alloying element. The presence of the Boron has

greatly improved the hardenability of the ste6].[The 2 2 One Dimension Heat Diffusion Equation
pre-processing Boron Steel has a Ferritic-Pearlitic

microstructure has with a tensile strength of about 600consider a 2.0 mm ultra high strength steel blank heated
MPa while hardened Boron Steel exhibits a Martensiticinside the furnace to the temperature 1223 K and brought
microstructure with strength of about 1500 MPa. into contact with the tool surface (assuming that no heat
Generally Boron Steel will be coated with |oss during transferring the blank into the tool) with the
aluminum-silicon to avoid any oxidation occurs during initial temperature 303 K and the tool is closing
heating process since it has a direct contact withinstantaneously. As the tool closed, the cooling process
atmospheric oxygen. During heating, this protectivetgke place and the blank will cooled down at rate 30 K/s
coating is transformed into an alloyed layer of Fe-Al-Si jn average (rate of heat loss = 70.01 J/s) while the tool
that is highly adherent to the substrate and providingcooling at a rate 50 K/s. Ideally the heats transfer in
excellent corrosion resistancg | unidirectional from the core of the blank (at distance
thickness/2) toward the tool surface.
From 1st law Statement for closed, nonworking system

2 Methodology and heat conduction out of the element during unsteady
flow (12):
In order to have a better understanding of the heat transfer (12) Onet= Qin — Qout (1)
in hot stamping process, this study will use three different ) ) e ,
approaches: So one dimension heat diffusion equation at blank can
, ) be written as (13):
1.Numerical model of heat transfer to simulate the

temperature changes of the blank as well as cp AdXxAT =q(x)-A—q(x+dx)-A 2
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Steel grade (%) 81 (%) Mn (%) P | 5% Cr (%) B (%
min.max | max min . max max max | min . max min . max

Docol 20MnBS 017.023 0.40 1.10- 140 0.010 0016 | 0.10.0.30 0.000¢ - 0.0050
Docol 30MNBS 027.0.33 040 1.16 - 1.46 .01 0.016 0.10-0.30 00008 . 0.0050
Docel 2AMNES 036. 042 0.40 1.16- 146 0.030 0.016 0.10-0.30 0.0008 . 0.0050
Docol Z7MNCres 0.24-0130 040 1.10. 1.40 0.030 0.016 0.30-060 0,000€ - 0.0050
Docel 33MnCres 0.30.036 0.40 1.20. 1.50 0.030 0.016 | 0.30.060 0.00%€ - 0.0050
Decel 3MnCres 0.36- 0.42 0.40 140.1.70 0.030 0.016 | 0.30-060 0.000¢ - 0.0080

Fig. 3: Chemical composition of the Boron Steel by ASSH [
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Fig. 4: lllustration of the tool and the blank for the numerical
model.
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Fig. 5: Heat flow through half thickness of the blank.

Wherec is the specific heat (J/kgK] is the density
(kg/m?), A area in (M), g the heat flux (w/m) andT is
the temperature (K). By dividing the equation (3) with the
volume of the element, the equation becomes:

d(x) — a(x+dx)
dx

By applying Fourier Law the equation (4) becomes:

cp At = (3)

dT(xt)
T

2
p T (x)
dt?

(4)
whenT > Ms.

Wherek is the thermal conductivity (J/m.s.KJ,(x,t)
temperature at distance and timet and Ms is the
martensite formation temperature. Since there is heat
generated due to metallurgical phase transformation from
austenite to martensite at the blank, so the equation (4)
becomes:

AT
L

d2T (x1)

= KA

Qm (5)

whenT < Ms.

Where Qm is the heat generated due to phase
transformation from austenite to martensite. The same
method could be applied to the tool and one dimension
heat diffusion equation become:

2
p T (x)
dt?

JICLIEAY

dt ©

2.3 Finite Difference Element (Crank Nicolson
Method)

In the last section, the derived heat transfer equation for
the blank and the tool (equation 5, 6 and 7) classified as
partial differential equation. To solve the partial
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matrix equation:
utUt Uz U3 Uz Us g
(24+2R) -R 0 0 0
| -R (242R) -R 0 0
g | 0 -R (2+2R) -R 0
| 0 0 -R (2+2R) -R
-“— 0 0 0 ~R  (2+2R)
I
Heat Flux at ; | (2—-2R) R 0 0 0
blank interface o~ | R (2-2R R 0 0
| - 0 R (2-2R) R 0
- | 0 0 R (2-2R) R
0 0 0 R (2-2R)
i | Q)
“— I
MI 2.4 Derivative boundary at blank side
0.5 Thickness At blank interfacex = 0
AX=0.00025 Blank Thickness = 0.002m dT  —kAUz—-Up)
kAdX = 200%) = —hcA(Tpjank— Ttool) (10)

Fig. 6: The element divided into a numbers of grids. rate of heat 105s= —hCA Thiank— Trool) — —70.01 (1)

U, =U, - 0.00135 (12)

Wherek is the thermal conductivity (W/mK) is the
area (M), Ax is the distances spacing between the grid
¢(m), hcis the thermal contact conductance (VoK and
Ais the area of contact (fj

At blank corex=1.0

differential equation that governs the heat transfe
process, the finite difference element method based o
Crank Nicolson approach is uses.[

dT  —kA(Us—Ug)

The simplified Crank Nicolson Method formula: —kKA G = 200 0 (13)

Ur=U4 (14)

R= KAt 7 Compute theR value using equation (8) witht =1

5 (7) . ) .
cp(Ax) s.TreatU; grid on the blank with equation (9) (Crank
_ _ _ Nicolson Method) this will lead to a set of algebraic
~RU 2+ 2RV - RUE equations:
. . _ (8) _ . _
=RU',+(2+2RV/ —RU, —86.494U/ " + 1749880] "' - 86.494U) 1
(15)

— 86.494) — 170988U; + RU!

Substitute equation (12) into equation (15):
where k is the thermal conductivity (W/mK)¢ is the

11 1
specific heat (J/kgK)p is the density (kg/), Ax is the 1749880{ " — 172988U;"
distances spacing between the grid (#y,time spacing J. J. (16)
s). — -170988J; + 1729880} - 0.24

Treat others grid on the blank with equation (9)
(Crank Nicolson Method) this will lead to a set of
algebraic equations:

All five grid on the element will be treat with equation
(8) generating 5 algebraic equation with 10 unknowns.
This algebraic equation will be solve using simultaneous
equation by rearrange the equation to form a set »f55
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—86.494J] ™ +1749880) ™ —86.4940) "1 — 86,4940 — 170988U) + RUJ 17)
~86.494U) ™ + 17498801 — 86.494) 1 — 86.494U) — 170988U] + RU} (18)
~86.494U3™ + 1749880} — 86.4940) 1 — 86,4940 — 1709880 + RUJ (19)
—86.494J) " + 17498801 — 86.4940) " — 86,4940 — 1709880 + RUL (20)

Substitute equation (14) into equation (20):

~1729880, "' + 17498800 grol
| | (21) g 1000
_ i i &
=172988J; — 170988, oo
Rearrange the equation and transform it into a matrix :gg
form: o
174988 ~172988 0 0 0 oo EoEeomeme B
—86.494 174988 —86.494 0 0 ’
0 —86.494 174988 —86.494 0
0 0 —86.494 174988 —86.494 Fig. 7: The temperature change over time based on the numerical
0 0 0 —172988 174988 model.
170988 172988 —0.24 0 0
86.494 —170988 86494 0 0
= 0 86494 170988 86494 0 200 == —
0 0 86494 —170988 86494 800 al B
0 0 0 172988 —170988 ) 700 \ v //)550%
(22) < WS =)
E Gk \\1 \ {A B : \
Simultaneous equations for temperature distribution at o 500 (- 7 Amﬁf
the blank need to be solved using matrix operation: %400 o %r ‘\L-L;/ P feriite
Aultl = BU (23) %-300 |‘ 1‘ P: perlite
j+1_ - j = 200 T—Quenching 4\ |M:mariensite |
Ut =(A-Bju (24) 60 inKJs 100127 0.2
HV ‘~475‘.4’m 150‘;‘
0 — .
3 Results 0.1 ] 10 [00 1000
Timerins

Figure7 shows the temperature change over the time by
the blank. Based on the numerical model, the blank takerig. 8: The critical cooling rate of ultra high strength steel blank
about 50 s to reach the Ms temperatwe400°C), with ~ during hot stamping process][
temperature (based from numerical model) descending
gradually less than 20 K/s for 50 s (Figu8e

During the actual process, the cooling of the blank
represent by the exponential pattern compared to the
graph plotted from the numerical model (FigBg It is reducing the strength of the final microstructure as well as
observed that the actual process take less than 10 s f&e final part.
reach the Ms temperature, the temperature where the It is due to the defined rate of heat loss at the blank
martensite microstructure starts to build up. At this point (cooling rate 30 K/s or 70.01 J/s) is based on the average
it is critical to have the blank cooled to a temperature ofcooling rate of the blank causing the temperature of the
less than< 400°C in the first 15 s of the quenching blank (based from numerical model) to decrease gradually.
process. Otherwise the cooling path of the blank will be As compared to the actual graph, the cooling rate for the
dragged into phase mixture between austenite and bainitérst 10 s reached up to 100 K/s. This numerical model
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could be improved with the use of actual data taken from
a future experiment.

4 Conclusion

The main focus of study presented in this paper is to

model the temperature changes at the blank while the tool

temperature will be measure in experiment that will be

conduct later as well as to model the thermal conductance

behaviour in a function of time for the actual cooling rate
value.. By knowing both interface temperature (blank and
tool), the heat transfer coefficient or thermal contact
resistance (Rc) at the interface could be calculate using

_ Tblank_ Ttool
¢

Where R; is the thermal contact resistance at the
blank and tool interfaceélyank is temperature of the blank
in Kelvin (K) and Tioq is tool temperature in Kelvin (K)
andg is the heat flux density (w/f)

Re (25)

Acknowledgement

Mohd Ali Hanafiah
Shaharudin graduated from
UTHM, Malaysia in Bachelor
in Manufacturing Technology

and obtained Master
of Science (Manufacturing)
from the Faculty of

Manufacturing Engineering,
Universiti Malaysia Pahang
(UMP), Malaysia.

Zahari Taha He received
the B.Sc (Hons) from Bath
University, Bath, U.K in 1983
and Ph.D. Degree from the
University of Wales, Cardiff,
U.K. in 1983. He is currently
a Professor at the Faculty of
Manufacturing Engineering,
University Malaysia Pahang,
Malaysia. Dr. Taha is a
Chartered Engineer registered with the Engineering
Council, United Kingdom and a member of the Institution
of Engineering Designers, United Kingdom. His research
interest include renewable energy, Eco-Design, real-time
control system, robotic, engineering design, ergonomic

This research is funded by short term grant underand Artificial Intelligence.

Automotive Excellent Center in Universiti Malaysia
Pahang and also the written paper is part of the thesis fo
the Master in Manufacturing Engineering.

References

[1] H. Karbasian, A.E. Tekkaya 2010 Journal of Materials
Processing Technology

[2] K. Mori, Y. Okuda CIRP Annals —
Technology 59 (2010). 291-294.

[3] K. Mori, S. Maki, Y. Tanaka CIRP Annals - Manufacturing
Technology, Volume 54, Issue 1, 2005. 209-212.

[4] Lopez-Chipres, E., Mejia, |, Maldonado, C., Bedolla-
Jacuinde, A., El-Wahabi, M., & Cabrera, J. M. “Hot flow
behavior of boron microalloyed steel” Materials Sciencd an
Engineering A 480 (2008) 49-55.

[5] Curtis F. Gerald Applied Numerical Analysis 2nd Editjon
Addisson-Wesley  Publishing Company, Philippines
(1980),pp 400-41.

[6] DOCOL Boron Steel Catalogue, SSAB Swedish Steel
Manufacturer, www.ssab.com.

[7] M. Merklein, J. Lechler, T. Stoehr. International Joalkof
Material Forming, Volume 2, Supplement 1(2009).

[8] P. Bosetti, S. Bruschi, T. Stoehr, J. Lechler and Intéamel
Journal of Material Forming Volume 3, Supplement 1, 817-
820 (2010).

[9] F. Tondini, P. Bosetti, and S. Bruschi. Internationalidwl of
7th EUROMECH Solid Mechanics Conference (2009).

Manufacturing

r

(@© 2017 NSP
Natural Sciences Publishing Cor.



	Introduction
	Methodology
	Results
	Conclusion

