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rad Radiation

S Solid conductivity

top Top

total Total

tran Transfer phase

w Coolant in channels (water)

1 Introduction
The global goals of the automotive industry include the
increase in safety and the reduction of vehicle weight [1].
This has led to the application of the hot stamping process in
the production of crash relevant components with complex
shapes, high strength (up to 1500 MPa) and reduced weight
[2]. According to Karbasian and Tekkaya [3], hot stamping
processes can be classified as direct and indirect hot
stamping. Direct hot stamping involves firstly heating a blank
(thin metal sheet) to a temperature between 900 and 950 K
and transferring it to a press for forming and quenching. This
results in the formed blank having a martensitic structure with
high strength (1500 MPa). In indirect hot stamping, the blank
is firstly pre-cold formed before it is formed and quenched in
a press [3]. One of the crucial goals in research involving hot
sheet metal forming technology includes the reduction in
cycle time and this is highly influenced by the cooling time
of the blank in a closed tool during the forming and
guenching stage [4]. An analysis of the hot stamping process
showed that at least 30 % of the cycle time involves cooling
and holding the blank in a closed tool [5]. The forming and
quenching stage also affects the resultant tensile strength and
temperature distribution of the formed part [6]. This is
because hot stamping is a thermo-mechanical process
whereby the cooling rate affects the resultant microstructural
properties of the formed part [7,8]. To improve the quality
characteristics of the formed part (tensile strength), it is
necessary to increase the heat transfer rate between the blank
and tool. This can be established by improving the cooling
system of the tools. Research efforts have been made to
develop models for designing and optimizing the cooling
system of the tools in order to increase the cooling rate and
achieve a more uniform temperature distribution of the
formed part surfaces [6,9,10,11,12]. The developed models
and optimization methods are useful in determining the
cooling system structural parameters which maximizes heat
transfer. However, some of the models are computationally
intensive and not applicable for tools with complex geometry.
Another strategy involves the use of tool materials with high
thermal conductivity [13,14,15]. On the other hand, some of
the materials are costly and still in their development stages.
Heat transfer between blank and tool can be measured
based on the interfacial heat transfer coefficient (IHTC).
Currently, there is no proper equipment dedicated to
characterize the interfacial heat transfer coefficient because
of the complexity of the hot stamping process [16]. Current
research has focused on developing models for determining
the IHTC and related parameters during hot stamping
[7,17,18,19,20,21,22]. There is need to gain an understanding
of the heat transfer modes during the hot stamping process in
order to seek opportunities for reducing the cycle time and
improving quality. This paper aims to propose a basis for the
heat transfer model during the hot stamping process. The
paper firstly presents an analysis of heat transfer during the

process stages based on theory and literature study. This
includes a review of the current research that has been done
for the determination of IHTC. This is followed by a
discussion and a proposed model which governs the overall
heat transfer for the stamping cycle.

2 Heat transfer during the hot stamping

process stages
The hot stamping process can be grouped into four stages.
These stages include austenitization of the blank to 950 K in
a furnace, transfer of the blank to the forming tool, forming
and quenching in a closed tool* as shown in figure 1.

-w—-—ﬁﬁaﬁwv

Blank Austenitization Transfer ~ Forming and Part

quenching

Figure 1 Direct hot stamping process [3]

To study the heat transfer from the blank during the
process, it is necessary to analyse the stages in which heat is
lost from the blank. It is assumed that the temperature across
the blank is uniform because of the small thickness of blank
(0.6-3 mm). Hence the rate of heat loss from the blank
Q(t) can generally be expressed by equation 1 below.

Q1) =me,—* 1)

During the hot stamping process, the blank loses heat
when it is transferred from the austenitization furnace to the
forming tool (Q,4,), When it is placed on the forming tool
(Qplac) and when it is in contact with the forming tool during
the forming and quenching phase (Qform). The heat lost by

the blank during the above-mentioned stages (Qrocq;) (the
integral of equation 1), is considered as negative since heat is
released from the blank. This can be expressed
mathematically as shown in equation 2.

Qtotal = _Qtran_ Qplac - Qform (2)
The following section gives an analysis of the transfer,
placement and forming stages.

2.1 Transfer Stage

During transfer from furnace to the stamping tool, the blank
loses heat by radiation and convection to the surrounding air
at atmospheric temperature [7,23]. Hence heat loss from the
blank per given time is in the form of convective heat Q.ny,
and radiative heat Q,q4, as shown in equation 3.

Qtran = QCOTlV1 + Qracl1 (3)

It is assumed that the hot blank is transferred from the
furnace to the forming tool in its horizontal position.
However, this depends on the set up of a given industrial
process. In order to determine the convective heat transfer
during the transfer phase, the blank can be treated as a flat
plate which loses heat on both sides by convection to ambient
air [6,23,24] as shown in figure 2.

A small Biot number (Bi <<1) is assumed for the blank
because of its small thickness (0.6-3mm), high thermal
conductivity (32 W/mK) and large surface area to volume
ratio which translates to a low characteristic length [23,25].
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Furthermore, other authors from literature have also
confirmed a small Biot number for the blank [17,26]. Based
on this notion, the blank is considered to have uniform
temperature during the transfer stage. The Biot number can
be expressed using equation 4.

Bi = % (4)
htop
|
I
hbot

Figure 2 Heat loss of blank at the top and bottom surfaces

It can also be assumed that the heat lost on the edges of
the blank is negligible due to the small thickness [7].
According to the process requirements, the blank must be
transferred to the forming tool soon after release from the
furnace [27]. The effect of natural convection must be
considered depending on the set up of the process. If fast
material handling devices such as robotic arms are used to
rapidly transfer the blank to the furnace, the effect of natural
convection may be neglected or be replaced by forced
convection consideration. On the other hand if the blank is
left for some time before the forming stage, it is necessary to
include the effect of natural convection arising. To re-
examine these effects preference is given to include the effect
of natural convection in a detailed analysis. Hence the total
convective heat loss on both sides of a hot flat plate is given
by equation 5 [28].

Qconvl =4, (htop + hpor) (Tp — Tair) ®)

The natural convective heat transfer coefficients at the top
and bottom can be calculated using equations 6 and 7 [23,24].

The Grashof (Gr) and Prandtl (Pr) numbers can be defined
by equations 8 and 9.

htop = [0.27(Grpr)0.33] kL_b ©
hbot = [014(GT‘P1‘)025]kL_b (7)
2 Ta—Tp, L2
oy = 9PP*(Ta=To)12 .
1
Pr = ‘pit (9)

k
Regarding equations 6 and 7, the convection heat transfer
coefficient at the top surface is larger than at the bottom
surface because of the effects of buoyancy [29]. Substituting
equation 6 and 7 in 5 will result in the following equation:

Qconv, = -2 Ap[0.27(GrPr)*3* + 0.14(GrPr)° (T, —

Tair) (10)
The radiative heat transfer from the blank Q,,, to the

surrounding floor and ceiling surfaces in the plant can be

expressed by equation 11 [28]. Regarding equation 11, a
shape factor of unity has been applied.

Qrad = 0¢e4, (Tl;1 - Tf4ac) (11)

It has been mentioned earlier that the blank loses heat on
both sides as shown on figure 1. Thus the heat lost in equation
11 is doubled as shown in equation 12.

Qradl = 208Ab(Tl;l - T]é}ac) (12)

A single equation for the transfer phase can then be
formulated based on equation 3. This equation is obtained by
substituting equation 10 and 12 into equation 3 as shown
below.

Qtran = "2 Ap[0.27(GrPr)*3 + 0.14(GrPr)*25](T, —
Tair) + 2O-EAb (TI;L - Tf4ac) (13)

2.2 Placement Stage

The placement phase is the time that the blank is brought
between the punch and the die before forming takes place as
shown in figure 3.

__-Punch
l, l _Blankholder
____—Blank
\ J /.Die

Figure 3 Hot stamping placement phase

During the placement phase, the top surface of the blank
is cooled by natural convection through ambient air and
radiation exchange with the punch and blank holder. The
bottom surface can be split into three sections. Two of the
sections are cooled by thermal contact with the die surface.
To effectively cool the blank, cooling channels are inserted
in the die and punch. Hence the punch and die are assumed
to be at a lower temperature than the blank. The other blank
section on top of the die cavity is cooled by natural
convection with air and radiation exchange with the die [7].
This can be expressed using equation 14.

Qplac = (Qconvz + Qradz) + (Qcon1+ Qconv3 + Qrad3)(14)
The heat lost by natural convection with ambient air at the
upper side of blank can be expressed using equation 15 [28].

Qconvz = Ahtop (Ty — Tair) (15)

It is assumed that the punch and blank holder are at the
same initial temperature. Hence the radiative heat transfer
from the blank to the punch and blank holder can be
expressed using the usual radiation heat transfer expression
shown in equation 16 [29]. The radiation shape factor f;
between the upper surface area of the blank and the lower
surface area of the punch and blank holder is considered. The
surface area of the blank, which is exposed to the punch and
blank holder 4,, is also considered.

Qradz = UgAbpfl (Tl;l - Tz;l-) (16)
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The IHTC at the interface between the blank and the die
during placement R, is affected by the surface area,
lubrication conditions and integrity of the contacting surfaces
[20]. Figure 4 shows that heat transfer occurs at certain points
and this reduces the overall contact area thus affecting the
IHTC.

== High temperature part

- Contact gaps

"=+ Heat transfer direction

Figure 4 Surface the blank and die

topography at
interface [20]

Equation 17 shows the heat transfer at the interface
between blank and die. The surface area of the blank in
contact with the die 4,4, is again considered.

Qcon1 = RplacAbd1 (Ty, — Tg) (15)

The heat loss by natural convection between the blank and
the air space in the die cavity can again be expressed by
equation 18.

QconV3 = hbotzAbdz (Ty — Tair) (16)

It must be noted that the position of the blank on the die
might limit the amount of convection heat transfer depending
on the process set up.

Equation 19 shows the radiative heat transfer between the
blank and the cavity. The net radiation shape factor f,
between the bottom and sides of the cavity and the bottom of
the blank is considered. The quantity 4,,, represents the
surface area of the blank under the die cavity.

Qrad3 = UgAbdzfz(sz - T;) (7)

The total heat lost by the blank during the approach phase
can be expressed using equation 20, which is obtained by
substituting equation 15, 16, 17, 18 and 19 into equation 14.

Qplac = [Ahtop (Tb - Tair) + O-SAbpfl(TIf - Tz;})] +
[RplacAbd1 (Ty = Ta) + hpor,Aan, To — Tair) +
Ufi‘hwlzfz(Tz;L - T;)]

2.3 Forming and Quenching Stage

It is assumed that forming and quenching occur
simultaneously. During the forming and quenching stage,
contact heat transfer occurs between the hot blank and cold
tool. Figure 5 shows the interfaces during forming and
quenching. The deformation of the blank into the die cavity
causes sliding contact with the blank holder. However, heat
conduction to the blank holder during the forming stage has
been assumed to be negligible because of the small sliding
time of the blank (0.92 s) [7] and relative low contact
pressure.

It is also assumed that the heat lost to the environment is
negligible since the temperatures of the punch and die are
controlled by the cooling fluid over time. After the forming
stage, the blank is held in the closed tool to allow cooling for
about 15 to 25 s [11].

(18)

F
l __Punch
- _Blankholder
M e— —
_Die

Figure 5 Interfaces during forming and quenching

2.3.1 General considerations
The following work rates and heat transfer scenarios have
been considered for the forming and quenching phases:
e Heat absorbed by the punch from the blank surface
Q1)
o Heat absorbed by the die from the alternate blank
surface (Q,)
o Heat transferred from the die surface to the internal die
cooling channel walls (Q5)
o Heat transfer from the internal die cooling channel walls
to the coolant (Q,)
e Heat carried by the coolant in the die cooling
channels (Qs)
¢ Rate of work done on the blank as a results of frictional
forces (W,)
e Rate of work done on the blank due to plastic
deformation (W,)
e Heat released in the blank due to metallurgical
transformations (assuming exothermic) (Qc)

The blank changes in temperature as a result of heat
arising from the work done due to frictional forces (W),
plastic deformation (W,), heat released during metallurgical
transformation (Q,), heat absorbed by the die (Q,) and the

punch ( ;). Hence the sum of heat transfer and work rates
during forming can be expressed as shown in equation 21.

Qform = (Q1 +Q2) — (Wl + W, + Q6) (19)

The amount of heat transferred from blank to the tool
depends on the design of the tool, surface area and geometry
of the blank for a specific part. For simplicity we ignore any
transient thermal differences between both water cooled
punch and die. Therefore, the following discussion focuses
on die only. Transients within the die are accounted for
through the IHTC discussed below. As mentioned earlier, the
heat lost by the tool to the environment is assumed negligible.
Hence, it follows that the heat which is transferred from the
die surface to the cooling channel walls Q is assumed to be
equivalent to the heat transferred from the cooling channel
walls to the coolant Q, and the heat carried by the moving
coolant Q5 [9,30] as shown in equation 22. However, this
might depend on the set up of a given process.
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Ql=QZ=QS=Q4=QS (20)
The following section discusses the heat transfer
scenarios during the forming and quenching phase.

2.3.1.1 Interface heat transfer from blank surface to
the die surface

Heat is transferred from the blank surface to the punch/die
surface upon contact. It is assumed that the punch and die are
kept at the same temperature and that heat is evenly
distributed between them. The heat transfer from the blank

surface to the die surface is defined by equation 23 [16].

QZ = RformAb(Tb - Tcl) (21)
In order to analyse the heat transfer during the forming
and quenching phases, it is necessary to determine the IHTC
between the blank and die/punch [19]. The IHTC is an
important parameter since it determines the forming and
quenching time [16]. The IHTC is also required in order to
perform an accurate Finite Element analysis of the hot
stamping process [26]. Furthermore, it can be utilized to
determine the effect of other process parameters (pressure,
temperature and surface roughness) on heat transferability.
Therefore, the following section gives an overview and
analysis of the methods that have been developed to
determine the IHTC between the die/punch and blank.

2.3.1.2 Inverse heat conduction analysis

One of the methods that have been utilized involves using
inverse heat conduction analysis to obtain heat flux between
blank and die and using it to calculate the IHTC
[17,19,31,32]. The method is based on equation 24 [31].

Q

7 = Rrorm(To ey = Tacey) (22)

The temperature values T,y and Ty and the heat flux

(%) are pre-determined to obtain the IHTC. The heat flux is

obtained by using Fourier’s law of conduction as shown in
equation 25 [17].

dT
Q k bd

$ = kL2 (23)

The limitation of the method is that it is a challenge to
measure the temperature of the blank and die during the
forming and quenching operation. Bai et al. [31] developed a
numerical procedure for determining temperature at specific
locations on a work piece and die in a turbine blade forging
process. Physical measurements were also done with
thermocouples at the specified locations. The heat flux was
then computed to obtain the IHTC (3.5 kW/m?K). To validate
the developed procedure, the calculated IHTC was used in a
Finite Element model with conditions similar to the
experiment. The results showed that the temperature values
obtained from the FE simulation were very close to the
numerical procedure. Kim et al. [18] used the inverse heat
analysis technique to develop a model for the IHTC as a
power function of contact pressure, which was evaluated
using Finite Element analysis. The model was tested for
predicting the phase transformation of a blank in hot
stamping. According to the results, a martensitic phase ratio
of 87 % was obtained from the experiments and 84 % was
obtained from the Finite Element Analysis. Li et al. [19]
developed software for calculating the IHTC between a hot
stamping die and blank using the inverse heat conduction

analysis. The software was used to determine the effect of die
surface temperature and contact pressure on the IHTC.
According to the results, the IHTC (W/m?K) for different
pressure values of 1, 10, 20 and 40 MPa led to the derivation
of a linear function. The surface temperature of the blank was
found not to have a significant effect on the IHTC [19].

2.3.1.3 Newton'’s law of cooling

Newton’s law of cooling can be used to determine the IHTC

[16,22,33,34,35]. This method is based on equation 26.

_RformAbt
pVcep

Tpty = (Tpo — Taide + Ty (24)

Making Rg,-m the subject of the equation results in
equation 27 [34].
—pPVcp Tp)—Tai
Reorm = Apt ln[Tb(o)—Tdi]
Other parameters in the equation can then be identified
and used for the calculation of the IHTC. The temperature
values can be measured through the use of integrated
thermocouples in the blank and die [36]. Merklein et al. [33]
studied the thermal behaviour of tailored blanks by analysing
the effect of a constant IHTC on different tool temperature
(between 20 and 300 K), pressure and gap between blank and
die. In the study, Newton’s law of cooling was used in
calculating the IHTC and heated cartridges were used to
control the die temperature. However, the challenge of
assuming constant surrounding temperature was a limitation
on the model since the heat transferred by the blank to the
tool results in a change of tool temperature. Hung et al. [36]
used Newton’s law of cooling to investigate the effect of the
contact pressure on the IHTC during hot stamping. A Finite
Element analysis model was also developed using ABAQUS
[16] to evaluate the results. According to the results, IHTC
increased from 1764 to 3782 W/m?K with an increase in
pressure from 0 to 30 MPa. However, comparing the two
models, the FE model gave more accurate results and it
proved that the IHTC changed with time unlike Newton’s law
of cooling, which gave one constant value. Bosetti et al. [34]
also carried out a similar study to investigate the effect of
contact pressure on the IHTC under conditions similar to
industry. Two approaches were used, namely Newton’s law
of cooling and the inverse heat conduction analysis. Both
approaches showed that the contact pressure directly affects
IHTC. However, the challenge with the study lies on the great
deviation between the values of IHTC, which were obtained
for the same pressure. For example, a contact pressure of
5 MPa resulted in an IHTC of 1000 W/m? K using the inverse
heat conduction analysis and 1231 W/m? K using Newton’s
law of cooling.

(25)

2.3.1.4 Heat balance method

Zhao et al. [17] modified the model for Newton’s law of
cooling to cater for the change in tool temperature and named
it the heat balance method. The heat balance method is based
on the assumption that all the heat that is lost by the blank is
absorbed by the die and punch (energy conservation law). In
developing the model, the authors considered the heat
transfer to the die only. Equation 28 below can be used to
mathematically describe the method [17].

PV —= = —RpormAp(Tp — Ta) (26)
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Regarding equation 28, the left side represents the change
in internal energy of the blank and the right side shows the
heat transfer from the blank to the die at the interface. Since
the temperature of the tool changes during the forming and
guenching processes, equation 28 can be integrated to yield
equation 29 below.
fritdr, = == [T, — T,)de

UnI|ke Newton’s law of cooling, the tool temperature T,
changes with time. The equation can be solved using the
trapezoidal rule as shown in figure 6 since both the punch and
die temperature vary linearly with time. When the area under
the graph is determined using the trapezoid rule, the equation
becomes

Tbi - Tbi = —Tg)]

(ti—t,) (28)
The difference in the time from ¢t, to t; becomes the
cooling time (t) of the blank.

(27)

_ RformAb
cppV

1
*2 [(Tho — Tao) + (T

RformAb
Toi =Tho = == o0 [(Tho — Tao) + (T =TIt (29)
Temperature time graph
Tbo — Td_o
Tbl - Tdi
Temperature (K)
to ty

Time (s)
Figure 6 Area under temperature time graph [17]

Rearranging the equation and making Ry, the subject
will result in equation 32. Here, the volume V and the area A
are divided to give the characteristic thickness, y, of the
blank.

2¢ppY (T, —Th;)
l(Tb ~Ta)+(Thy~ Tdo)Jf

Again, it is assumed that half of the heat lost by the blank
is transferred to the punch and the other half is transferred to
the die. Thus, half the thickness of the blank y is considered
as the characteristic thickness. According to Zhao et al. [17],
experimental analysis shows that equation 29 gives a good
prediction of IHTC at the start and end of the quenching
process. However, it did not yield an accurate IHTC during
the phase transformation. In the study, Zhao et al. [17]
compared the accuracy of the inverse heat conduction
analysis, heat balance and optimization method.
Experimental devices were used to collect data on the surface
and inside temperature of the blank and die. The accuracy of
the methods was evaluated based on a Finite Element
simulation of the experiment. According to the results, the
inverse heat conduction analysis had an error of 3.7 %, the

Rform (30)

heat balance method gave an error of 7.5 % and the
optimization method had an error of 10.3 %.Ying et al. [37]
compared the accuracy of the inverse heat conduction
analysis and heat balance method during hot forming of a
7075-T6 Aluminium alloy. Average error rates of 3.08 and
4.4 % were obtained using the inverse heat conduction
analysis whilst the heat balance method resulted in 14.79 and
4.48 %. Hence, the inverse heat conduction analysis was
found to be more accurate when compared to the heat balance
method.

2.3.1.5 Optimization method

Another method involves the use of an optimization
procedure and treating the IHTC as a design variable as
illustrated by Hu et al. [38] and Zhang et al. [21]. The main
objective of the method is to find the optimum IHTC that will
result in simulated temperature values, which are almost
similar to measured values recorded using thermocouples at
the respective locations on the die. The method involves
estimating the IHTC and using it to simulate temperature
values at various locations of the tool and blank. The
temperatures are also measured at the respective locations
using thermocouples. The IHTC will then be readjusted and
iterations will be done until there is minimum difference
between the measured and simulated temperature recordings.
The procedure can be summarized using figure 7.

/ "/ /L

‘ Setting of number of initial situation

lnput recorded
blank temperature

Input recorded die
surface temperature

7

Initial guess the IHTCs of different average temperatures
[
v
‘ Calculate heat transfer problem |
|
¥ ¥
Error function Error function
£l APy 2 Adjust
0 = S —mtyr || da = B - TE | e
[ ]
Yes
Qutput IHTCs

Figure 7 Flow chart for the FEM optimization procedure [38]

Regarding figure 7, the quantities 7. and
T/, M represent the temperature values of the blank recorded
by thermocouples and those calculated by the FEM model.
The tool temperature readings from the thermocouples and
model are represented by the symbols T and T/;". The
quantity & represents the error function which must be
minimized for the optimum IHTC [2]. The challenge with
using the method is that it results in an average constant IHTC
as revealed by Wendelstorf et al. [39] and Zhao et al. [17].

R & D Journal of the South African Institution of Mechanical Engineering 2017, 33, 75-84
http://www.saimeche.org.za (open access) © SAIMechE All rights reserved.

80


http://www.saimeche.org.za/

Heat Transfer in a Hot Stamping Process: A Review

This might not give an accurate picture of the process since
the IHTC is subject to change during the forming and
guenching process. Another challenge with the method is that
there is a need for separate software to perform the
optimization procedure. It is also a tiresome and extensive
exercise to perform the iterations in order to obtain the
optimum value. Hu et al. [38] used the method to determine
the effect of IHTC on the oxide thickness (9 to 15 um) and
contact pressure (8 to 42 MPa). The IHTC decreased with an
increase in oxide layer thickness. The average IHTC also
increased from 2502 W/m?2K to 5122 W/m?K as the pressure
increased from 8 to 42 MPa. The limitation of the study is
that challenges were faced in obtaining accurate readings at
high temperatures due to the instability of the mechanical
system in the experiments. Similar work was done by Zhang
et al. [21] to determine the effect of IHTC on the contact
pressure. The results did not show a linear relationship
between the IHTC and the contact pressure as mentioned by
other authors in literature [19,33,34,38]. This could have
been caused by the measurement errors in the experiments.

2.3.1.6  Experimental methods

Research efforts have also been done to develop equipment
for measuring the IHTC. For example, Ji et al. [16] developed
equipment for testing the IHTC in the hot stamping of an
aluminium alloy (AA5754) according to equation 24. The
equipment was integrated with a thermo-mechanical
simulator and a control system for temperature and pressure.
The effect of pressure on the IHTC was studied and a Finite
Element model developed using ABAQUS [16] was
implemented to simulate the experiment. Both the model and
tests gave the similar values of IHTC. According to the
results, the IHTC increased with an increase in pressure until
a maximum value was reached which could not increase for
pressure above 100 MPa. On the other hand, it should be
noted that typical industrial hot stamping processes normally
use pressure below 50 MPa.

Studies have shown that the surface roughness and
presence of an oxide layer affect the IHTC [20,38,40]. Caron
et al. [26] developed a model to relate surface roughness and
IHTC according to equation 33.

Reorm = @5 + @ (31)
The quantities &, and @, represent the solid conductance

and air gap conductance and can be defined by equation 34
and 35 respectively [26].

B tan(s)| /P 0-985

;= 145k, oA (;) (32)
— kair

B, = fr (33)

The model was used to calculate the IHTC in hot
stamping and experiments were conducted based on the
inverse conduction analysis to validate the model. According
to the results, the IHTC range obtained using a pressure of
3.2MPa at the die and blank interface was 10.8 to
19.4 kwW/m?K and the range at the punch and blank interface
was 8.8 to 16.8 kW/m? K. This is far from the value
(6.94 kKW/m?K) which was obtained using the model in
equation 33. Results obtained by other authors are also in
contrast with the IHTC value obtained from the model at the
same contact pressure [33,34]. Thus there is need for more

studies in establishing an accurate co-relation between
pressure and IHTC.

2.3.2 Heat transfer from the die surface to the cooling
channel wall
The heat transferred from the die surface to the cooling

channel walls can be illustrated using figure 8.

Blank
'//?

Die surface

Cooling channel wall

Figure 8 Heat transfer from die surface

To determine the amount of heat transferred, the conduction
shape factor analysis can be used [28]. This is shown in
equation 36.

Qs =kafs(Ta — Tew) (34)
Assuming that the die is flat, the shape factor f; can be
defined by equation 37 [28].

2ml
P i) )
Substitution equation 37 into equation 36 will give
S 27l _
Q3 - kd ln[(i—z)sinhw(m;—n)] (Td Tcw) (36)

For a given number of cooling channels n, the total heat
transferred from the die surface to the cooling channels
becomes
Q3 = le

2ml

znzb)] (Td - Tcw) (37)

d ln[(i—‘;/)sinhw(T
To increase the heat transfer between the die surface and
the cooling channel wall, the number of cooling channels can
be increased. Another way is to improve the design of cooling
channels so as to increase the value of f;. On the other hand,
using tool materials with improved thermal conductivity also

helps to increase heat transfer [3].

2.3.3 Heat transfer from the cooling channel walls to
the coolant
Equation 40 can be used to determine the heat lost from the

cooling channel wall to the coolant.

Q4- = hyAew(Tew — Ty) (38)
The surface area of the channels A, can be defined by

equation 41.

A, = mdl (39)
The convection heat transfer coefficient can be obtained

using Nusselt number as shown in equation 42.

hy, = T2 (40)
If equation 41 and 42 are substituted into equation 40, the

total heat transfer from cooling channel walls to the coolant

for a given number of cooling channels n becomes

0, = nNuk,,nl(T,, —T,,) (41)
To improve the heat transfer between the cooling channel

walls and the coolant, the diameter of the cooling channels
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and coolant velocity can be increased to rise the value for Nu.
However, the effect of the yield stress of the material must be
taken into consideration to prevent tool deformation.

2.3.4 Heat carried by the coolant in the channels
The heat removal rate by the water in the cooling channels is
defined by equation 44 [41].

QS = mcw(Tout - Tin)

2.3.,5 Heat balance between tool surface and coolant
Equation 45 has been proposed for the energy balance during
the forming and quenching stage. Equation 45 is obtained by
substituting equation 39, 43 and 44 into equation 22. This is
based on the assumptions made in equation 22.

led m (Td - TCW) = nNukWnl(TC -

Tw) = QS = mcw(Tout - Tin)

2.3.6

(42)

(43)

Rate of work done due to friction and plastic

deformation

The rate of work done due to friction depends on the normal

contact force (F7) and the sliding speed (vi) as shown in

equation 46 [42].

Wy = nFv, (44)
Equation 47 describes the rate of work done during plastic

deformation [43,44].

W, = AV fosr de (45)

Regarding equation 47, the Taylor Quinny- coefficient A
is the fraction of plastic work which is converted into heat
[45]. The heat generated due to plastic work acts to thermally
soften the material.

2.3.7 Heat released due to
transformations

The martensitic transformation of the blank results in release

of latent heat which can be expressed using equation 48

below [35,44].

Q¢ = mEU/t (46)
The fraction for martensitic transformation U is given by

the Koistinen-Marbuger law as shown in equation 49,

where « represents the stress dependent transformation
constant and Ty, is the martensitic start temperature [35].

metallurgical

U=1-—e *Tms—Tp) (47)
Substituting equation 49 into 48 results in
Qs = mE(1 — e~ Tms=T)) /¢ (50)

For a typical 22MnBS5 steel, the values of E (latent heat),
a and T,,,; are 85 kJ/kg, 3.02577 K and 411.3 K respectively
[35].

2.3.8 Equation for heat transfer during forming

The equation for the forming stage can be obtained by
substituting equations 36, 46, 47 and 50 into 22 as shown in
equation 51. The heat transfer in equation 23 is doubled to
include the heat transferred to the punch. This is based on the
above assumption that the punch and die absorb heat in equal
shares during the forming and quenching phases (Q; = Q,).

Qform = 2Rfor‘mAb(Tb - Td) - [ﬁFlvl + mE(l -

e~ Tms=To)) /¢t + AV foe d €] (48)

3 Discussion

During the transfer stage, the heat loss of the blank is mainly
dependent on the surface area of the blank and the method in
which it is transferred from the furnace to the forming tool.
Depending on the process set up, it may be necessary to
consider forced convection. Regarding the placement stage,
the tool geometry and press speed are of great importance.
For the forming stage, the surface area, roughness, material
properties and temperature of the contacting surfaces have a
great influence on heat transfer.

Some of the models for determining IHTC use direct
temperature measurements. The challenge with such a
practice is that it is difficult to obtain accurate readings from
the thermocouples since the temperatures change rapidly and
the response time of the thermocouples needs to be
considered. The thermocouples are also exposed to high
pressure conditions and this can also have a negative effect
on the resultant readings. On the other hand, use of FEM
requires the input of several process parameters and there are
also a lot of iterations involved. Literature analysis has
revealed that the inverse heat conduction analysis is the most
accurate method and the FEM based method is the least
accurate method for calculating IHTC. Based on the analysis
made, equation 52 is proposed for the overall heat transfer. It
is obtained by substituting equation 13, 20 and 51 into
equation 2.

Orotal = — [kL—bAb[O.27(GrPr)°'33 + 0.14(GrPr)°25|(T, —
Tair) + 2024y (T = Tioe)| = [(Aheop (Ty = Tair) +
U&‘lbpfl(Tz;t - T;)) + RpiacApa, (Tr — Tg) +

hpotyAdan, (Tp — Tair) + 0€Apq, f2 Ty — T;)] -
[2Rs0rmAp(Ty — Ty) — (NFyvy + mE(1 — e~ Tms=T0))/
t+AV [, tde)| (49)

The proposed equation is useful in identifying the critical
parameters, which can be utilized for effective thermal
management of the hot stamping process. Effective thermal
management in hot stamping is necessary for reducing the
cooling time of the blank, which results in a reduction in cycle
time thus ultimately leading to productivity improvement and
production cost reduction.

4 Conclusion

The aim of the paper was to present a basis for the heat
transfer model during the hot stamping process. A
comprehensive model governing heat transfer during the hot
stamping process was proposed. This is based on the equation
developed for the separate process stages. A review on the
models for determining IHTC was presented. The next phase
of the research involves validation of the proposed model.
This can be achieved by conducting experiments and
simulation of the hot stamping process. To gain more
understanding on the heat transfer during the quenching
stage, there is need for further study on the cooling system
design. It is necessary to examine the effect of the cooling
system parameters on the heat transfer.
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