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As advanced high strength steels (AHSS) find more use in automotive industry
to meet crashworthiness and light weighting targets, concurrently. AHSS
typically have higher strength, but lower formability; often limiting a part’s
dimensions and geometric complexity. Several studies have clearly shown that,
in sheet metal forming, significant portion of the work done to overcome friction
and to plastically deform a sheet is converted into heat. In this study, a
thermomechanical finite element model has been developed to calculate the
temperature rise in forming DP800 (AHSS). The model was validated with
experiments from literature. A multi-cycle model is developed to find out
possible problems due to tool heating. The process and material are selected to
speed up the heating. Under different realistic press conditions, failures are
observed after 20 to 80 hits.
© 2021 MIM Research Group. All rights reserved.

1. Introduction
Automotive industry is pressured to reduce the emissions, while improving the
crashworthiness. To achieve both targets automakers are forced to use either low density
materials (such as aluminum alloys) or downgauging (reducing the thickness of the sheet)
by using higher strength steels [1].
Conventional high strength steels (HSS) have been used in the automotive industry since
late 1970’s. In HSS, microstructure was ferritic and strengthening mechanisms were: (1)
alloying with interstitials or (2) solid solution, (3) bake hardening effect (only valid for
bake hardening steels in HSS), (4) carbide-forming and (5) grain refinement [2].
Conventionally, as the strength of the steel was increased, its formability would suffer. This
is very well shown in the famous “banana-curve”, in Figure 1.
In 1990’s, automotive industry started using the multi-phase, so-called “advanced high
strength steels” (AHSS). One of the first automotive applications was with the dual-phase
(DP) steels (see the black dashed line in Figure 1). These steels consist of a soft ferrite
matrix for formability and numerous martensitic islands for strength [3]. At similar yield
strength levels, DP steels have higher elongation, compared to HSS, as seen in Figure 2.
DP steels are typically named after their tensile strength levels. For example, DP800 means
a dual phase steel with approximately 800 MPa tensile strength. A recent study by Ford of
Europe showed that replacing mild steel with DP800 could save 35% weight in crash
components, as shown in Fig. 1. DP800 could be used both in axial crush regions (such as
front or rear rails) and 3-point bending regions (such as rocker reinforcement and B-pillar)
[4]. Since 2000’s, the increase of DP steel usage in several Ford models is shown in Fig. 2.
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Fig. 1 Banana curve showing several automotive grades (3rd generation AHSS is
omitted for better visibility)

Fig. 2 Comparison of engineering stress-strain curves of DP800 with an HSS and mild
steel.

DP800
(AHSS)

DP600
(AHSS)

HC340LA
(HSS)

DP1000
(AHSS)

3-Point Bend

Gen3-1180
(3rd G. AHSS)

PHS1500
(AHSS)

Axial Crush * & B-Pillar

m = 110 kg, v = 6 m/s

m = 350 kg,
v = 14 m/s
m = 180 kg, v = 3 m/s

Mild Steel

* PHS1500 is not valid for axial crush.

Fig. 1 Lightweight potential of several steel grades, compared to mild steel (re-created
after [4])
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Mass percentage of DP steels in BIW (excluding doors) [%]
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Fig. 2 Dual phase steel usage in several European and North American Ford Models
Although AHSS have higher formability (could be measured by total elongation, FLC 0, nvalue at various intervals) compared to conventional HSS, as the strength level is
increased, several forming challenges are still faced. These are [5]:
•
•
•
•

Early fractures, especially due to local edge cracks
Hard to control spring back
Faster tool wear (shorter tool lives)
Requirement of larger press capacities (both in force and energy)
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Fig. 3 Thermal images of tensile specimens just before fracture [7]
During press forming, significant amount of force (in the order of several hundreds of tons)
is applied along the forming stroke (in the order of several hundreds of mm’s). As a rule of
thumb, 90% of the forming energy (integral of the force-stroke curve) is considered to be
converted into heat [6]. Fig. 3 shows thermal camera images, captured at 50 frames per
second. Two different materials were studied, a mild steel and an AHSS, DP1000. Two
findings from this study could be: higher local maximum temperatures can be observed (1)
when higher strength steels are deformed, and (2) when deformation is done faster. These
thermal images show heat generation due to plastic deformation only [7].
In press forming, there would be heat generation due to plastic deformation and also, due
to the friction between the blank and the tools. Local high temperatures would be observed
with: (a) deeper draws, (b) higher strength materials and (c) high press speeds [8, 9].
When the speed of forming is increased – i.e., higher stroked per minute (SPM’s), which are
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favored in mass production, due to increased production volume – there would be less time
for heat to dissipate and local temperatures may be even higher. Heat generation (or
increased die temperatures) may affect the robustness of mass production of stamped
components. A study at Volvo showed that in deep drawing of mild steels, even at 8 SPM,
tool temperatures may increase by 10°C, causing splits in the drawn panel. The problem
was initially solved by reducing the blankholder force after several strokes. Later, Volvo
switched to a lower-friction coating (from GI to Zinc-Magnesium) [10]. Another solution,
rather costly one, for high volume parts is to use an in-die cooling system, similar to hot
stamping dies. Fig. 4, shows BMW’s deep drawing tools for mild steels and AHSS. Cooling
system was only used in high-volume AHSS applications [9].
Deep drawing tool for
mild steel,

Deep drawing tool for
multi-phase AHSS

- Cast iron,
GGG70
- No cooling system

- Tool steel + hardening +
CVD coating
- Increased stiffness
- Cooling system (in highvolume applications)

(a)

(b)

Fig. 4 Deep drawing tool design at BMW: (a) for mild steels, (b) for multi-phase AHSS
(e.g., TRIP700) [9].
In this study, heat generation during deep drawing of DP800 is simulated, and the results
are compared with the experiments in the literature.
2. Material Model
DP800 (sometimes also called as DP780) is selected, as this grade can be used in most
applications in a car body (as shown in Fig. 1). There are several standards in Europe which
defines chemical and mechanical properties of DP800. Table 1 summarizes the mechanical
properties of DP800 equivalents in the European Norm EN 10338 [11], German
Association of the Automotive Industry’s VDA239-100 [12] and Ford’s internal standard
WSS-M1A368 [13]. It is important to note that these steels also have bake-hardening effect.
Table 1. DP800 material in different standards [11, 12, 13].
Standard
Naming – Primary
(Secondary)
Proof strength (Rp0.2) [MPa]

EN10338
HCT780X
(1.0943)
440-550

VDA239-100
CR440Y780T-DP
(-)
440-550

WSS-M1A368
CRDP800
(A14)
420-550

Tensile strength (Rm) [MPa]

≥780

780-900

780-900

Total elongation (A80) [%]

≥14

≥14

≥14

n4-6 [-]

-

≥0.15

≥0.15

n10-20/Ag [-]

≥0.11

≥0.11

≥0.11

BH2 [MPa]

≥30

≥30

≥30

To simulate a metal forming process, three key material data are required. These are:
1) Flow curve(s): true plastic strain-true stress curves for all conditions (i.e., if
needed, at various temperature levels and strain rates).
2) Yield locus is used to calculate stress and strain tensors in multi-axial stress
conditions.
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3) Failure criterion: typically forming limit curve (FLC) is used, it is also possible to
use thinning limit curve (TLC) or triaxial failure curve (TFC).
In this study, commercially available metal forming simulation software, AutoForm ® R8
with Thermo Plug-In was used for simulations. Material data was taken from AutoForm
material library using Tata Steel’s DP800 GI (Galvanized) Thermo model. There were 24
flow curves (4 temperature levels and a total of 6 strain rates), some of them are plotted in
Fig. 5 [14].

T = 20 C

T = 40 C

Strain Rate 100 s-1
Strain Rate 10 s-1
Strain Rate 0.1 s-1
Strain Rate 0.01 s-1

T = 60 C

T = 100 C

Fig. 5 Flow curves of all temperatures and some of the strain rates (re-created after
[14])
In this study, Vegter 2006 (also known as Corus-Vegter or Vegter-Full) yield locus is used.
To generate the yield locus, a total of 4 different experiments and 13 tests are required: (1)
uniaxial tensile tests in 3 directions, with r-value determination, (2) shear test in 3
directions, (3) plane-strain test in 3 directions and (4) a biaxial test (preferably hydraulic
bulge test) [15]. In this study, isotropic hardening is used [14].

Fig. 6 Yield locus of DP800, using Vegter 2006 yield criterion (re-created after [14,
16])
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Table 2. Parameters of Vegter yield locus at 20°C temperature and 0.01s-1 strain rate [14]
Angle to rolling direction

Parameter
Uniaxial Yield Strength (σun) [MPa]
Normalized σun [-]
r-values
Shear Strength (σsh) [MPa]
Normalized σsh [-]
Plane-strain Strength (σps) [MPa]
Normalized σps [MPa]
Plane-strain Minor Stress (σps2) [MPa]
Normalized (σps2) [MPa]

0°

45°

90°

484
1
0.750
279
0.577
536
1.107
247
0.511

482
0.996
0.850
276
0.570
541
1.117
250
0.516

490
1.013
0.875
276
0.570
552
1.140
238
0.492

Biaxial
487
1.007
0.857
-

Lastly for the Forming Limit Curve, Abspoel 2012 model is used – commonly referred to as
Tata Steel model. In this model, r-values and total elongation (A80) values for all 3
directions (0°, 45° and 90° to rolling direction) and thickness of the blank are required.
The output will be similar to Marciniak FLC (i.e., FLC0 coinciding with the y-axis) with only
4 data-points, as clearly indicated in Fig. 7 [17]. FLC is given for only 20°C. When the
thickness is different than that of the FLC, Keeler approximation is used to calculate the
new FLC.
In automotive industry, “failure criterion” is used when designing a die with simulation.
For a given element, assume the maximum minor-major strain distribution during forming
would be point A in Fig. 7. The failure criterion is the linear distance from origin to point A
divided to the linear distance to the FLC. In Fig. 7, point A’s failure criterion is
approximately 0.5. In theory if failure criterion is equal to or over 1.0, the part would split.
During die design process, failure criterion is typically kept around 0.7-0.8 to have a robust
production.

B

A
FLC0 = 0.152

Fig. 7 Forming Limit Curve of 1.6 mm thick DP800 [14].
3. Simulations
In this study, a new deep drawing tool for DP800 has been developed, considering the heat
generation effects. The thermomechanical finite element simulations were first validated
with experiments in the literature.
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3.1. Validation of Thermomechanical Model
To validate the predictions of the thermomechanical model, Pereira and Rolfe’s
experimental study [18] was replicated. The dimensions of the tools are given in Figure 10.
Pereire and Rolfe studied a number of different sheet steels, in this study only 2.0 mm
DP800 is replicated. Tools were considered to be uniformly 20°C before the forming
process. Tools were modeled with 3D heat conduction, and a 100 mm tool height was
added. Thus, the tools may heat up after stamping process. Simulation parameters are
summarized in Table 3. In these simulations, mechanical press is simulated with a motion
curve, developed by one of the co-authors.

Upper Die
Ejector Pin
Blank

Blankholder
Punch

Gas Spring

Fig. 10 Schematic view of the tools (re-created after [18])

Table 3. Simulation parameters
Friction coefficient [-]
Blankholder force [kN]
Draw depth [mm]
Mechanical press stroke length [mm]
Stroke rate [SPM]
Thermal properties
Initial Temperature [°C]
Heat Conductivity [W/m°K]
Volumetric Heat Capacity [mJ/mm3°K]

0.15
27.2
40
203.2
1
Tools

Sheet

20
22
3.588

20
52
3.564
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Experiment 1
Experiment 2
Experiment 3
This study FEA

Fig. 8 Punch force vs. press stroke, experiments from [18].

Experiment 1
Experiment 2
Experiment 3
This study FEA

Fig. 9 Temperature increase in the blank, experiments from [18].

Experiment 1
Experiment 2
Experiment 3
This study FEA

Fig. 10 Temperature increase of the tools (measured below upper die surface).
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Pereira and Rolfe made all the experiments and measurements with five repetitions. In this
study, we digitized three of them to compare our simulation results. By this method, the
figures would be easier to read. The three data sets were selected as the highest values,
lowest values and the average. The first comparison was done in punch force vs. stroke. As
seen in Fig. 8, the curves were very close. The discrepancy at the bottom of the stroke may
be due to the gas springs’ compression. As the paper did not share the details of the gas
springs, but assumed an average force of 27.2 kN, the effect of compression had to be
neglected. The second comparison was done on the temperature of the blank. As seen Fig.
9, the peak temperature calculated in the simulation overestimated the experimental peak
temperature by only 0.15-1.84°C. On the other hand, tool temperatures are slightly
underestimated by 0.13-0.79°C. These can be explained by heat transfer coefficient
between the blank and the tool, constant friction coefficient, variation of material
properties between the material card and the experiments. Still, the results show the
thermomechanical model has good correlation with the experiments.
3.2. Developing the DP800 Draw Die Model
In this study, the effect of tool temperature on deep drawability of DP800 is studied. In
order to measure the effect of tool temperature, the cup draw test die set (i.e., only a draw
ring, not a full die cavity) defined by Ju et al. [19] was slightly modified. Ju et al. used a
punch with vertical wall. In most automotive applications, to facilitate drawing and
ejecting the part, the punch typically has a positive wall angle. Although it may vary from
part to part, a wall angle of 7° is quite common. The die set, shown in Figure 14, is designed
for parts up to 170 mm depth.
Lubrication (or in simulation terms, friction) affects the deep drawability. In most studies,
various oil or water-based lubricants are applied. In automotive industry, for
environmental concerns, “dry press shops” are favored. In a so-called “dry press shop”, the
blanks are formed with the mill oil with no additional lubricant [20]. Mill oil is the oil film
on the coil to avoid corrosion during shipping, typically between 1.0-2.0 g/m2.

124,92

R20

Draw Depth = 170

7°

Punch
(Stationary on bolster)

R16

Draw ring
(moving with slide)

Slide
motion

Blankholder

Bolster
Cushion pins
Blankholder force
through hydraulic
cushion

Fig. 14 Cup draw die set-up.
In this study, the simulations were run with only mill oil. The friction coefficient was not
selected as a constant value throughout the part, but instead TriboForm Plug-in was used.
1.0 g/m2 oil was selected and the Dual Phase GI friction model was imported from
TriboForm library.
In industrial production, a link motion press is used for deep drawing. The press has
frequency inverter speed control, adjustable from 8 to 22 strokes per minute (SPM). The
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real stroke-time curves of the deep draw press at Otosan are shown with red color in Fig.
11. To study the effect of press speed, a mechanical press without link motion, but the same
stroke length and SPM were also modeled. Black curves in Fig. 11 show this fictious
mechanical press stroke-time profiles.

Link Motion Press
Mechanical Press

22M

22L

(a)

on Press
al Press

22M

8M

22L

8L

(b)
Fig. 11 Press stroke-time curves for link-motion and mechanical press with 916 mm
stroke: (a) at maximum speed of the line (22 SPM) and (b) at minimum speed of the
line (8 SPM).
Between 4 different models, several differences would be simulated:
1) Due to decreased press speed, at 8 SPM, flow stress would be slightly lower, due
to lower strain rate;
2) Since TriboForm plug-in is used, as the velocity is decreased, friction coefficient
will increase;
3) As Thermo plug-in is used, there would be heat generation in the blank (due to
plastic deformation) and die-blank interface (due to friction). At high speeds,
there would be less time to dissipate the heat. Higher local temperatures may
occur, softening the steel; but increasing the friction.
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Due to all these interacting effects of press speed (SPM and type), it was found that if the
blankholder force would be kept constant between 4 different models, significant changes
in formability would occur. Thus, to have comparable results, blankholder force was
changed to keep the “failure criterion” (FC) as close as possible after the first hit. Table 4
shows the parameters and the FC values after first hit. Incoming blanks at each hit are
assumed to be 20°C. The tools were uniformly at 20°C before the first hit, but are allowed
to accumulate heat after each hit. Tools lose some of the heat to the environment through
convection.
Table 4. Simulation parameters and failure criteria after first hit.
Short name
8M
8L
22M
22L

Press Speed
(SPM)
8
8
22
22

Press Type
Mech.
Link
Mech.
Link

Blankholder
Force (kN)
78
77
80
87

FC after first
hit
0.677
0.675
0.676
0.679

4. Results
In the automotive industry, process is designed such that the FC value is kept under 0.70.8 – depending on the part complexity. In this study, the FC values after the first hit were
kept very close to 0.7 intentionally. Then, more cycles are run until the FC value surpasses
1.0. In this case, the part is considered to have a split (failure). Figures 12 through 15
summarizes the change of FC values and tool temperature. Here, the local maximum
temperature on any tool surface (punch, die or blankholder) is shown.
Failure n=43
ΔTfracture = 6 C

Instability
n >36

Fig. 12 Condition 8M: failure at 43rd part with over 74°C maximum tool temperature
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Failure n=22

ΔTfracture = 15 C

Instability n >17

Fig. 13 Condition 8L: failure at 22nd part with over 70°C maximum tool temperature
Failure n=83

Instability n >49

Fig. 14 Condition 22M: failure at 83rd part with over 71°C maximum tool temperature.
Failure n=45

Instability
n >40

Fig. 15 Condition 22L: failure at 45th part with over 70°C maximum tool temperature.
In most stamping operations, the first hit has a much lower FC value, and it takes much
longer to have a failure due to heating (over 300-500 hits [10, 21]). In this particular
design, use of strong steel (DP800) with very deep draw (170 mm) may have accelerated
the failure due to tool temperature. This was intentionally done to: (1) reduce the
simulation time, and (2) keep the failure below 100 cycles, which was the limitation of the
software.
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In all conditions, a few hits before the failure, FC values are lowered. This is marked as
“instability”. This could be due to a glitch in the mathematical model and requires further
investigation.
Overall, once the tool temperatures surpass 70°C, failure is observed. According to
Waanders et al., friction coefficient may increase by 40% at temperatures over 60°C [21].
Contrary to expectations, link motion presses seemed to be disadvantageous in this study.
This can be explained by the increased friction coefficient due to reduced slide velocity and
reduced time to dissipate the heat energy in link motion presses. In reality, the lower shock
at force build-up improves the lubrication condition. Another problem was the idle times:
durations of final part (hot) and incoming blank (cold) sitting on the tools. Mathematical
model could be improved by measuring real idle times on a press line.
Figure 16 shows the local maximum temperature of the blanks after each hit – excluding
the fractured part. As expected, blank temperatures are higher at 22 SPM. At low SPM’s,
the blank drawn in a link motion press has lower temperature. Similar to FC-values, before
fracture, the maximum temperatures seem to reduce in the last few hits. It is very critical
to note that, the material card had flow curves only until 100°C (see Fig. 5). Over this
temperature, extrapolation was used.

8 SPM
22 SPM

Link Motion Press
Mechanical Press

22L

22M

8M

8L

Figure 16 Maximum blank temperature in all 4 conditions.
5. Conclusions and Future Work
A mathematical model for heat generation has been developed and validated with
experiments from literature. After the first hit, the temperature predictions were within
±2°C.
Once this model is validated, a multi-cycle model is generated. The die design and material
selection were done to speed up the heat generation, such that, after only 22 to 83 hits
failures were observed.
Several improvements could be done in the mathematical model, such as:
1) Temperature dependent FLC may be required to further improve FC-value
predictions,
2) Higher temperature flow curves could reduce the error due to extrapolation,
3) Correction of idle times on the tools may change the tool temperatures,
4) Friction model requires further investigation.
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After the proposed work done, it is possible to find the best possible process window to
improve productivity (higher SPM) and reduce costs (due to scrapping of failed parts). A
draw die with built-in cooling channels is planned for further experimental studies.
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