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For a given sheet metal forming process, an accurate determination of the contact pressure distribution is
an essential step towards the estimation of tool life. This investigation utilizes finite element (FE) analysis
to model and explain the evolution and distribution of contact pressure over the die radius, through-
out the duration of a channel forming process. It was found that a typical two-peak steady-state contact
pressure response exists for the majority of the process. However, this was preceded by an initial tran-
sient response, characterized by extremely large and localized contact pressures, which were more than
double the magnitude of the steady-state peak pressure. The validity of the predicted contact pressure
behavior was assessed via detailed numerical analysis and by examining the wear response of an experi-
mental stamping operation. The experimental results revealed that the high contact pressure zones of the
transient response corresponded to a severe galling wear mechanism. Therefore, the transient response
may be of primary significance to the tool wear response; thus questioning the applicability of traditional
bending-under-tension wear tests for sheet metal stamping processes. Finally, a parametric study was con-
ducted, examining the influence of the major process parameters on the steady-state and peak transient
contact pressures, using the developed FE model. It was found that the bend ratio and the blank material
ultimate tensile strength had the most influence on the peak contact pressures. The main process-related
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parameters, friction coefficient and blank holder force, were found to have only a minor influence.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the automotive sheet metal forming industry
has seen the implementation of higher strength steels to meet
crash requirements, the reduced use of lubricants owing to envi-
ronmental concerns, and the need for increased tool life due to the
development of common vehicle platforms. Consequently, form-
ing tools are now required to withstand higher forming forces for
longer periods of time; leading to unacceptable levels of wear and
galling. Wear problems can be costly due to the need for expensive
wear resistant materials and coatings, increased stoppages and tool
maintenance, and poor part quality in terms of surface finish and
geometric accuracy. Hence, an accurate prediction of tool life has
become an ever increasing requirement.

Unfortunately, wear is a complex systems response, and not
simply an individual material property or unique physical mecha-
nism [1]. As such, there are hundreds of equations in the literature
to describe many types of wear [2]. Some of the empirical-based
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relationships in the literature, which describe both abrasive and
adhesive surface wear in sliding contact, include those presented
by Rhee [3], Bayer [4] and Archard [5]. In this type of equation, wear
rate W is commonly expressed as a function of normal load L, slid-
ing distance S (or sliding velocity and time), and wear coefficient K,
in the following form:

W = KL"S", (1)

where m and n are empirical constants, fitted using data from
simulative laboratory testing [6]. In general, it has been observed
that m > 1 (with typical values in the range of 2-3) and n<1 [1].
The power relationship between wear and normal load, where the
exponent is greater than unity, suggests that the peak loads can
have a significant influence on the wear response. This is in agree-
ment with recent results presented by Yan et al.; where it was
determined that the wear rate is very sensitive to the maximum
contact pressure [7,8].

Therefore, a vital step towards the application of a suitable wear
model is the accurate determination of the contact pressure, and
the peak contact pressures in particular, at the sliding interface.
For drawing-type processes, the die radius region of the tool is
subjected to the most severe tribological stresses, as indicated by
high wear levels typically seen in this vicinity. Hence, this paper
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investigates the magnitude and distribution of contact pressure
over the die radius for a particular stamping process.

The novel contribution of this paper is to utilize FE analysis to
examine the contact pressure evolution over the die radius for a
typical channel forming process. In particular, a transient contact
pressure response was identified, which has not been observed
in previous studies of contact pressure/wear in sheet metal form-
ing [9-13]. The identified transient conditions are speculated to
be of primary significance to the wear response, due to large and
localized contact pressures that are found to occur. This finding
potentially questions the applicability of traditional wear tests for
sheet metal stamping processes.

2. Experimental and numerical setup

The channel forming process shown in Fig. 1 was used to repli-
cate the wear conditions experienced by a typical sheet metal
stamping die in the automotive industry [14,15]. The stated refer-
ences contain a detailed description of the semi-industrial wear test
setup, procedure and results. The key variables are summarized in
Table 1. The blank material used for this investigation is an uncoated
2.0mm thick Dual Phase 600 grade steel (DP600). These process
conditions (geometry, forming mode, blank material and thickness)
were chosen as they are representative of typical auto-body struc-
tural components, such as rails, cross-members and pillars [14,16].
Such conditions are found to be prone to wear and galling [14].

The experimental process was replicated in the numerical sim-
ulation, using a non-linear implicit FE code (ABAQUS/Standard
Version 6.5-1) [17]. The analysis was simplified to a one-half sym-
metric, two-dimensional plane-strain problem. In order to analyze
the contact between the blank and die radius in detail, the die
mesh and blank mesh were significantly refined in the region of
the respective interfaces (Fig. 1c¢). Due to the simulation of contact
and the significant bending experienced by the blank, four-node,
bilinear, plane strain, quadrilateral elements with reduced integra-
tion point and enhanced hourglass control (CPE4R) were used to
mesh all parts. A small number of three-node, linear, plane strain,
triangular elements (CPE3) were used to allow the transition from
a fine mesh in the region of the die radius, to a course mesh over the
rest of the die. Tie constraints were used to merge together dissim-
ilar regions of coarse and fine meshes, allowing faster transitions in
mesh density near the interacting surfaces of interest (Fig. 1c). The
use of tie constraints significantly reduced the number of elements
required, resulting in a 75% reduction in computational time, with
negligible affect on the predicted stresses, strains, forces and con-
tact pressures throughout the model. Details of the FE mesh used
are shownin Table 2. The side length of the elements at the interface
between the blank and the die radius are also listed for reference.

The isotropic material properties of the blank and tools (die,
punch, blank holder) are summarized in Table 3. Elasticity was
included in the definition of the tool material to ensure that accu-

Table 1

Summary of process variables for channel forming wear test

Press rate 55 min~!
Punch width a 30 mm
Draw depth d 50 mm
Final flange length f 11 mm
Die-to-punch gap g 2.1 mm
Blank length I 150 mm
Initial blank holder pressure Py ~8 MPa
Die radius Rq 5mm
Punch radius Rp 5mm
Blank thickness t 2mm
Blank width w 25mm
Tool-to-sheet clearance (=t —g) c 0.1 mm
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Fig. 1. Schematic of the channel forming wear test, (a) prior to the forming stroke
and (b) at the end of the forming stroke. (c) FE model geometry, showing local mesh
refinement near the blank-die radius interface.

Table 2

Details of the FE mesh

No. of blank elements 8400

No. of die elements 3097

Total no. of CPE3 elements 20

Total no. of elements 12463

Min. blank element length @ interface 0.0625 mm
Min. die element length @ interface 0.0327 mm
Die-to-blank element length ratio @ interface Approx 1:2
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Table 3
Material properties of blank and tools

Blank Tools
Material definition Elastic-plastic Elastic
Elastic modulus (GPa) 205 205
Yield strength (MPa) 400 -
Tensile strength (MPa) 660 -
Strength coefficient, K 1016 -
Strain hardening index, n 0.15 -

rate contact pressures were predicted — as opposed to the rigid
simplification commonly found in sheet metal forming FE analyses.
For the DP600 blank material, it was found that the plastic behav-
ior, measured during tensile tests, could be approximated well by
a standard power law model (see Eq. (3) and Table 3 for the power
law model and fitted parameters).

The interactions between the blank and tool surfaces were
defined using the default ‘master-slave’ algorithm in ABAQUS, with
a ‘hard contact’ pressure over-closure relationship [17]. Since the
tools are significantly stiffer than the blank, the tool surfaces were
set as the master surfaces in each of the contact interactions.
Friction was modeled using an isotropic penalty friction formu-
lation. The coefficient of friction was varied in order to correlate
the experimentally measured flange length f and punch force with
those predicted by the numerical simulation. Good correlation was
achieved with a friction coefficient of 0.15. A constant blank holder
force of 450N was applied (equating to the 8 MPa initial contact
pressure in the experimental setup).

3. Contact pressure prediction

Section 1 highlighted the significance of the contact pressure to
the wear response. This section will examine the contact pressure
behavior over the die radius, in terms of the overall distribution,
the magnitude and location of peak stresses, and the evolution of
these throughout the process.

3.1. Contact pressure distribution and evolution

Fig. 2 shows the predicted contact pressure distribution over the
die radius at several instances during the simulation results history.
For reference, the inset in each graph shows a three-dimensional
representation of the deformed blank at the particular instant dur-
ing the simulation. It is evident that the contact pressure response
is complex, varying significantly over the die radius and throughout
the forming process, and therefore cannot be completely captured
in the five graphs presented in Fig. 2. To obtain a better understand-
ing of the clearly time-dependent evolution of contact pressure it is
necessary to plot the distributions at many more instances through-
out the simulation results history. Such results were presented in
earlier work by the authors via a three-dimensional surface plot, for
a similar model/process setup [18], but this did not completely and
plainly show the contact pressure response. To avoid the complex-
ity of this three-dimensional graph, a contour plot of the contact
pressure over the die radius vs. the punch stroke was created (Fig. 3).
This type of graph permitted the illustration of the contact pressure
distribution at many more instances in the results history (approx-
imately 140 instances in this case), allowing a detailed and concise
representation of the entire contact pressure response.

Due to the use of the strict master-slave contact formulation to
model the die-blank interaction, the contact pressure results could
only be reported at the blank (slave) surface, which was continu-
ally moving throughout the simulation. For this reason, the contact
pressure data on the blank surface at each solution increment was
translated and standardized to achieve a consistent location for the
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Fig. 2. Predicted contact pressure distribution over the die radius at five different
instances during the simulation (insets show 3D representation of the deformed
blank).
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Fig. 3. Evolution of contact pressure over the die radius as the punch travels
upwards.

angle on the die radius (at intervals of approximately 0.5° on the
die radius). This procedure produced an array of contact pressure
data at each interval of angle on radius vs. punch stroke.

The contact pressure distribution over the die radius at any
instant during the simulation can be determined by examining
Fig. 3. For example, to determine the contact pressure distribu-
tion when the punch has traveled 9 mm; the reader must follow
a horizontal line, from left to right, at the 9 mm location along the
vertical axis. Examining the regions where the line intersects the
colored contours allows the pressure distribution along the radius
to be determined. It is evident that there is a peak of approxi-
mately 500 MPa near 0° on the die radius, and another peak of
approximately 1200 MPa close to 60°; resulting in the two-peak
distribution shown in Fig. 2c.

Examination of Fig. 3 reveals that the contact pressure response
can be divided into two distinct phases. Approximately two-thirds
of the process, between 17 and 50 mm of punch travel, exhibits an
almost constant contact pressure response - this will be referred
to as the steady-state region. It is worth emphasizing that despite
the relatively constant contact pressure distribution in this region,
the blank still experiences significant deformation as it is contin-
ually drawn over the die radius, as illustrated by the deformation
of the blank shown in Fig. 2. During the initial part of the process,
between 0 and 17 mm of punch travel, the magnitude, location and
distribution of contact pressure on the die radius varies consider-
ably - this will consequently be referred to as the transient region. In
order to understand and rationalize the predicted contact pressure
response, the steady-state and transient contact pressure responses
will be examined in further detail in the proceeding sub-sections.

3.2. Steady-state contact pressure distribution

The single contact pressure distribution obtained at the end of
the simulation (i.e. Fig. 2e), will be chosen as representative of the
steady-state response due to the approximately constant nature of
this phase. In this graph, the contact pressure over the die radius
shows two distributed peaks. The first peak occurs as the blank
begins contact with the die radius, and the second (smaller) peak
occurs where the blank leaves the die radius. The blank remains in
contact with the die between these two peaks, with a pressure min-
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Fig. 4. (a) Experimentally measured pressure distribution over the radius of a
bending-under-tension test for 0.8 mm thick mild steel strip drawn over a 20 mm
radius at various back tensions (adapted from [12]). (b) Optical microscope images at
two locations on die radius surface (after 140 parts were formed), from laboratory-
based channel forming wear test.

imum at approximately the midpoint. It is also evident that contact
between the blank and die (i.e. non-zero contact pressures) occurs
over only approximately half of the radius during this steady-state
stage of the process. Therefore, although the geometric angle of
wrap of the blank is close to 90°, the actual angle of contact on the
die radius is much less.

The characteristic two-peak contact pressure distribution
described above qualitatively compares well with measured and
predicted contact pressure distributions over the radii for other
draw die forming processes presented in the literature [9-13].
For example, Fig. 4a shows results presented by Hanaki and Kato
[12], which are contact pressure forces recorded from experimen-
tal bending-under-tension tests using mild steel at two prescribed
values of back tension. Despite the different process under con-
sideration, the contact pressure distributions in Fig. 4a exhibit
qualitatively similar peaks at the beginning and end of contact
and the pressure minima near the midpoint of the contact zone, as
observed in Fig. 2e. The relative location of the contact pressure dis-
tribution for the bending-under-tension test differs to the channel
forming process due to the differing geometry of the testing setup.

Hanaki and Kato [ 12] attribute the initial and secondary pressure
peaks to the bending and unbending, respectively, that occurs as the
sheetis continually drawn over the radius. Examination of the blank
deformation during the channel forming simulation reveals that a
similar drawing-type process occurs. For the most part, the initially
straight blank is bent over the die radius to form a curvature. The
blank is then drawn over this curvature, remaining largely in con-
tact with the die radius, until it is straightened as it exits the radius.
However, since the bending-under-tension test is a continuous-
type process, it can be logically assumed that the transient response
of the channel forming process will not be captured.
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The qualitative agreement in results observed between the
numerical and experimental results highlights that the bending-
under-tension test provides similar contact conditions to the
steady-state portion of the channel forming process. This agree-
ment in results between the FE analysis and experiment methods,
combined with the correlation between the recorded punch force
and flange lengths described in Section 2, provides a reasonable
level of confidence in the accuracy of the FE model.

3.3. Transient contact pressure response

The transient portion of the contact pressure evolution, denoted
by the region between 0 mm and approximately 17 mm of punch
travel, is dominated by highly localized contact conditions. These
result in contact pressures exceeding 1000 MPa - i.e. more than
double the steady-state peak pressures. The contact pressure con-
tour (Fig. 3) shows that a local pressure maximum occurs at a region
close to 0° on the radius for almost the entire process. However,
during the transient stage this local maximum is, for the most part,
exceeded by a second pressure peak further along the radius. The
second peak is more localized, with an approximate area of contact
between the blank and die of less than 10° (less than 0.9 mm arc
length), in general. Furthermore, this pressure peak does not remain
at the same location on the die radius, but instead moves along the
radius at an almost constant rate with respect to the punch travel.
Therefore, although the transient peak contact pressure is highly
localized at any given instant during the simulation, these severe
pressures are experienced over a large portion of the die radius
during the process.

The varying contact pressure response during the transient
region occurs as a result of the changing geometric, loading and
contact conditions as the straight blank is initially wrapped/formed
over the die radius by the action of the punch. Although the lit-
erature contains several investigations which have examined the
contact pressure distributions over radii for drawing-type metal
forming processes, using experimental and FE methods [9-13], this
transient effect is not observed. The reason is that each of these
investigations examined the drawing of sheet metal over a radius
using various types of the bending-under-tension test, which is
essentially a continuous/steady process.

In order to assess the validity of the transient contact pressure
results, and the significance of the results with regard to the wear
response, laboratory-based channel forming wear tests have been
conducted. The geometry and blank material for this test are the
same as those described in Section 2. The die material is an AISI D2
grade tool steel, hardened to 60 HRC. Optical microscope images at
two locations on the die radius surface are shown in Fig. 4b, after 140
parts were formed. It is evident that an abrasive wear mechanism
occurs at the location of 0° on the die radius, whilst a more severe
galling mechanism is observed at the 70° location.

The results presented in Fig. 4b correlate well with the contact
pressure results predicted over the die radius (Fig. 3). According to
Fig. 3, the location of 0° on the die radius corresponds to moderate
contact pressures (~500 MPa), which result in the abrasive wear
mechanismin observed in Fig. 4b. The region of 70° on the die radius
corresponds to higher contact pressures (>1000 MPa), resulting in
the transition to the more severe galling mechanism. The results
from the experimental analysis show similar correlation between
the contact pressure and the type/severity of the wear mechanism
at all other locations on the die radius examined.

Importantly, Fig. 3 shows that contact between the blank and
die radius in the 70° region only occurs during the transient stage.
Therefore, any experimental surface degradation observed in this
region can only be attributed to the transient contact pressure
response (and cannot be associated with the steady-state phase).
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Fig. 5. Magnitude and location of instantaneous maximum contact pressure evolu-
tion on the die radius at each increment in the simulation. Peak and final contact
pressure values highlighted.

These results indicate that the large pressures associated with the
transient response seen in this study may be of primary significance
to the wear response. Therefore the contact pressure response, and
the subsequent wear response, of a typical channel forming process
may not be accurately represented using a bending-under-tension
test. Consequently, traditional wear tests and testing methods used
for the application to sheet metal stamping dies may need to be
re-evaluated.

3.4. Maximum contact pressure evolution

Due to the significance of the peak contact pressures to the
tool wear performance and longevity, the evolution of the max-
imum contact pressure throughout the process was examined in
more detail. The magnitude and location on the die radius of the
maximum contact pressure was obtained at every increment in
the simulation (Fig. 5). In this graph, the existence of the distinct
transient and steady-state regions of the process is evident. During
the entire steady-state phase, the instantaneous maximum contact
pressure is approximately constant in magnitude and location. In
order to determine a single value for the steady-state peak contact
pressure (Pgeaqy), an average value of the instantaneous maximum
contact pressure in the region of 80-90% of the punch stroke was
determined (i.e. between 40 and 45 mm of punch travel). This
region was chosen as it provided a region of steady contact pressure,
which could be used consistently for all the FE models examined in
the parametric study (see Section 5). Using this method, Psieaqy Was
determined to be 499 MPa, occurring at 5.5° along the die radius.

The maximum contact pressure during the transient stage is
consistently larger than, and up to 2.5 times that of the steady-
state peak pressure. As indicated, the overall maximum pressure on
the die radius (Pmax) is 1247 MPa, occurring at an angle of 58.5° on
the die radius, at the instant when the punch has traveled 9.0 mm.
Hence, the overall maximum pressure is approximately three times
the yield strength and almost twice the tensile strength of the blank
material. A typical material utilized for the die radius inserts in the
experimental setup was an AlSI D2 grade cold work tool steel, with
the trade name of Sverker 21, manufactured by Uddeholm Tool-
ing [14,15]. This material was hardened to 60 HRC, resulting in a
compressive yield strength of 2150 MPa [19], which is well above
the maximum contact pressure predicted in the FE model; hence
justifying the use of an elastic material model for the tools.

4. FE model considerations

Much care was taken in the construction and development of
the FE model in order to obtain the final solution. The model devel-
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opment process included a systematic examination of numerous
modeling inputs such as tool material model, tool mesh, relative
mesh sizes at the interfaces, contact interaction definitions, etc. Due
to the originality and likely significance of the results presented,
this section will highlight some of the key modeling features exam-
ined, to ensure that a strong level of confidence in the predicted FE
results could be obtained.

4.1. Influence of tool material elasticity

The tools are typically simplified as rigid bodies in the modeling
of sheet metal forming in the literature [17,20-23]. To investigate
the importance of including the tool material elasticity on the
contact pressure distribution, another FE model was constructed;
where the tool bodies were simplified as analytical rigid sur-
faces, instead of discrete elastic bodies. This allowed the additional
complexity of the tool material model and the influence of the
associated mesh to be ignored.

The effect of the density of the blank mesh was examined in the
rigid tool model by decreasing the blank element size until a suit-
ably converged solution was achieved, in terms of stresses, strains,
contact pressure, etc. The resulting blank mesh was finely dis-
cretized, with an element side length at the surface of 0.0625 mm.
Therefore, when increasing the complexity to include tool material
elasticity, the baseline analytical rigid tool simulation and blank
mesh was available for comparison. In order to assess the validity
of the final elastic tool model and the simplified rigid tool model,
another model was examined; where the modulus of elasticity of
the tools was increased by an order of magnitude so that direct
comparison with the rigid tool solution could be made.

Fig. 6 shows the contact pressure results obtained for the elas-
tic, analytical rigid and artificially stiffened elastic tool models. It is
evident that there is good correlation between the contact pressure
response of the analytical rigid and stiffened elastic models, there-
fore providing a degree of confidence in the results. Furthermore,
the significant effect of the tool material elasticity on the contact
pressure is evident — the analytical rigid tool solution over-predicts
the maximum contact pressure by 30.0%, compared to the elastic
solution. Therefore it can be concluded that the elasticity of the die
should be considered in the modeling process, in order to obtain an
accurate contact pressure response.

4.2. Relative mesh density at die-to—blank interface

Preliminary analysis of the elastic tool solution indicated that
the predicted contact pressure distribution over the die radius was
sensitive to the level of mesh refinement at the interface between
the blank and die radius. In particular, the ratio of the die element
side length to the blank element side length at the interacting sur-
faces had a significant effect on the contact pressure results. It was
found that if the ratio of the die-to-blank element side length at
the interface was greater than or equal to one, the contact pres-
sure response was erratic. Despite numerous mesh refinements at
the interface (increasing the number of elements by up to 1600%),
whilst keeping this ratio constant, the predicted contact pressure
distribution over the die radius did not begin to converge to a single
solution.

However, when the stated element side length ratio was reduced
to less than one (i.e. the die radius element side length was shorter
than the element side length at the top surface of the blank) the
contact pressure results were found to be less erratic. This behav-
ior is in disagreement with recommended conventions; where the
master surface, in general, should be defined as the surface with
the coarser mesh in order to avoid penetration into the slave surface
[17].Based on numerous simulations, the mesh shown in Fig. 1c was
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developed; ensuring that the final simulation produced a suitably
converged contact pressure distribution, without using excessively
large computational resources. For this mesh, the ratio of the die
element side length to the blank element side length at the die
radius interface was 1:2 (see Table 2).

Fig. 7 shows the steady-state contact pressure distributions
of three simulations with different die-to-blank element length
ratios. In each of these simulations, the blank mesh and all other
parameters were kept constant, and only the die mesh was varied
in order to achieve the prescribed element length ratios. The highly
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Fig. 7. Effect of relative mesh density at the die-to-blank interface on the steady-
state contact pressure distribution on the die radius.



M.P. Pereira et al. /| Wear 265 (2008) 1687-1699 1693

irregular contact pressure distribution predicted using an element
length ratio greater than unity is apparent in Fig. 7. Conversely, it
was found that the contact pressure distribution achieves a con-
verged result for the smaller die-to-blank element ratio of 1:2.
Ratios smaller than 1:2 were attempted, however these resulted
in no further convergence of the contact pressure distribution, but
significantly increased the computational time due to the increase
in number of finite elements.

4.3. Quasi-static vs. dynamic solution

The use of the implicit FE solver ensured that a quasi-static
assumption was adopted. It is well known that for analysis pur-
poses, many sheet metal forming processes can be assumed to be
quasi-static [17,20,21]. However this assumption was possibly inac-
curate for this problem due to the primary interest in the initial
transient stage of the forming process. In a real stamping process,
the punch impacts the blank at a considerable speed. Therefore,
it was speculated that the transient region may have required a
dynamic simulation approach to correctly model the behavior. Con-
sequently, an explicit model was developed in ABAQUS, based on
the implicit analytic rigid tool model, in order to assess the valid-
ity of the quasi-static assumption. The rigid tool model was chosen
due to its computational efficiency.

On the basis of the experimental setup, where an industrial
mechanical press was used [14,15], the speed of the punch at the
point where it impacts the blank was estimated. At simulated
speeds of approximately 10 times the real speed, the simulation
results still show good correlation with the quasi-static simulation
results for the transient and steady-state regions (Fig. 8). Further-
more, the ratio of kinetic to internal energy was less than 0.5%
for almost the entire simulation, thus confirming the quasi-static
nature of the problem. The high level of correlation achieved for
the transient contact pressure response between the two differ-
ent finite element solutions, evident in Fig. 8, further validates the
simulation results presented.

5. Parametric study

Considering the wear performance of the die during this forming
process, it is perceivable that the peak contact pressures over the
die radius are of particular importance. Therefore, determination of
which parameters in the process have the most influence on these
peak contact pressures will aid in understanding the wear response
of a given tooling system. Furthermore, this will facilitate a possible
reduction in tool wear, via a reduction in peak contact pressures
through the optimization of the parameter values.

5.1. Parametric study description

For the FE simulation of the channel forming process, it was
identified that the maximum contact pressure over the entire pro-
cess (Pmax) and the steady-state peak contact pressure (Pgieady) are
dependant on 14 parameters in the model (Eq. (2)).

Pmax, Pseady = f(a, ¢, I, Rq, Rp, t, Ep, Eq, Up, vg, 1, Y, F, 1) (2)

The parameters defining the geometry of the interacting tool sur-
faces (blank length [, blank thickness t, die radius Ry, punch width
a, punch radius Rp, tool-to-sheet clearance c) were all expected to
have an effect on the contact pressure. However, the effect of the
overall size of the tooling (i.e. height and width) was assumed to
have a negligible effect and was ignored for this analysis.

The blank material was assumed to be an isotropic
elastic-plastic material in which the linear-elastic response
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Fig. 8. Comparison between quasi-static and dynamic FE simulation results for (a)
maximum contact pressure evolution during transient region of process, and (b)
steady-state contact pressure distribution on die radius.

was defined using an elastic modulus Ey, and Poisson’s ratio vy,. The
equivalent plastic stress—strain response of the blank material was
defined using a power law equation, according to:

g, n

o=Y (l + —) (3)
€o

where o is the effective stress, ¢ is the effective plastic strain, ¢ is

the initial yield strain, n is the work hardening exponent, and Y is

the initial yield strength.

The die material was modeled using an isotropic elastic defi-
nition and thus was characterized by Poisson’s ratio v4, and elastic
modulus Eq4. Considering that the contact pressure on the die radius
was being analyzed, the influence of the material properties of the
punch and blank holder were ignored.

The blank holder pressure was applied in the FE model using
a constant force F and the friction between the tools and the
blank controlled by the coefficient of friction ©. The draw depth
d was not varied, as the effect of decreasing or increasing the draw
depth would simply produce a smaller or larger steady-state region,
respectively.

Utilizing the parameters identified in Eq. (2), a partial derivative
type parametric study was undertaken. The response of the over-
all maximum and steady-state peak contact pressures (Pmax and
Psteady) Were examined as each parameter was varied individually
in the FE simulation, whilst all other parameters were kept constant
at the original (nominal) value. The domain for each of the param-
eters was chosen based on the maximum and minimum values to
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Table 4

Nominal, minimum and maximum values for parameters in parametric study

Parameter Unit Nominal Min Max

Punch width a mm 30 10 50
Tool-to-sheet clearance c mm 0.1 0.1 5
Blank length 1 mm 150 130 190
Die radius Rq mm 5 3 10
Punch radius Rp mm 5 3 14
Blank thickness t mm 2 0.5 3
Blank elastic modulus Ey MPa 205,000 170,000 240,000
Die elastic modulus Eq MPa 205,000 170,000 240,000
Blank Poisson’s ratio Vb - 0.3 0.25 0.35
Die Poisson’s ratio Vq - 0.3 0.25 0.35
Blank hardening exponent n - 0.15 0.1 0.2
Blank yield strength Y MPa 400 300 700
Blank holder force [F N 450 112.5 900
Initial average holder pressure Py, MPa 8.5 2.1 17.0
Friction coefficient " - 0.15 0.05 0.3

be reasonably expected in the real forming process of steel sheet. In
some cases, the allowable domain was constrained by the physical
geometry of the original process setup. For example, the maximum
value of the die radius was limited by the final part flange length;
the maximum value of the punch radius was limited by the punch
width; etc. For each parameter, 5 or 6 values were chosen within
the defined domains, to allow the first order effect on the maxi-
mum and steady-state peak contact pressures to be determined in
detail throughout the domain. Therefore, a total of 64 FE models
were constructed and analyzed, in order to conduct the parametric
study on the 14 parameters identified. Table 4 details the nominal
values and domains used for each of the parameters.

In many cases, the parametric study involved modification of the
geometry and consequently the mesh of the tools or blank. In each
of these cases, care was taken to ensure that the element lengths
at the interacting surfaces were kept approximately constant, due
to the previously determined sensitivity of the contact pressure to
the mesh.

5.2. Parametric study results

The individual effect of each of the parameters on the maximum
and steady-state peak contact pressures are presented in the 14
graphs of Fig. 9. The abscissa in each graph denotes the value of the
parameter being varied and, as such, each point represents a differ-
ent FE model. The ordinate indicates the percentage change in Ppyax
and Pg;eaqy from the respective nominal values, allowing direct com-
parison between the behavior of the maximum contact pressure
and the steady-state peak contact pressure. Therefore, the point at
which each of the curves intersects the x-axis represents the nom-
inal value of contact pressure, as determined from the nominal FE
simulation described in Sections 3 and 4.

As stated earlier, Peaqy Was calculated by taking an average of
the values of instantaneous maximum contact pressure between 40
and 45 mm of punch travel, during the simulation results history.
Therefore the standard deviation associated with Pge,qy Was calcu-
lated for each of the 64 simulations, and was found to be typically
between 2 and 4%. Due to this relatively small standard deviation,
error bars could not be clearly indicated on the graphs of Fig. 9, and
were therefore excluded. Error bars are not required for Pp,ax, due
to its singular nature.

The individual responses of Pmax and Pseaqy to each of the
parameters investigated (Fig. 9) can be used to provide an insight
into which factors in the real forming process are likely to affect
tool wear. Therefore, a discussion of each of the responses which
display a significant influence on the peak contact pressures

will be provided. However, a detailed explanation describing the
reason for the responses is beyond the scope of this investiga-
tion.

5.3. Effect of die radius, Ry

The die radius parameter has a strong inverse effect on both
Pmax and Pgeaqy- At the lower values of die radius in particular, the
response is highly non-linear; with both Pmax and Psteaqy Showing
a rapid increase as the die radius is decreased from the nominal
value. However, the effect of the die radius is more pronounced for
Pmax- In all cases, the percentage change in Pnax from the nominal is
more than twice that for Pgge,qy. These results indicate that the peak
contact pressure (and by association, tool wear), can be reduced by
choosing the largest feasible die radius.

5.4. Effect of blank thickness, t

Pmax and Psieaqy exhibit a large and approximately linear
response to changing blank thickness, with the percentage change
from the nominal values very similar in both cases. The behavior of
the peak contact pressure variables, with respect to blank thickness
and die radius, provide an insight into a traditional rule-of-thumb
often adopted in the sheet metal forming industry, where the sever-
ity of a drawing or bending operation is assessed by the bend ratio
p/t. This is the ratio of the radius of curvature formed by the mid-
plane of the blank p to the thickness of the blank t. Utilizing the
results of the simulations which varied die radius and blank thick-
ness, it is possible to plot the effect of the bend ratio (Fig. 10). It is
evident from Fig. 10 that decreasing the bend ratio has a significant
effect on the severity of the maximum tribological stresses expe-
rienced over the die radius. Furthermore, there are two instances
where two separate simulations have the same value of bend ratio
(p[/t=2.5 and p[t=5.5), but with differing values of die radius and
blank thickness. In each case, the values of Pmax and Pgeeaqy Were
approximately the same for the equivalent bend ratios. Therefore,
it can be concluded that the bend ratio is a useful index to judge
the severity, in relative terms, of the sheet metal forming operation
on the die tooling.

5.5. Effect of blank material yield strength, Y

The peak contact pressure variables display an approximately
linear response to the blank material yield strength parameter,
with the percentage change from the nominal values for both Pp,x
and Pggeaqy being very similar. Comparison between the response
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Fig. 9. Results of the parametric study showing the percentage change in maximum and steady-state peak contact pressures for each of the parameters examined.

to the blank thickness and blank yield strength parameters in Fig. 9
reveals that the behavior of Pmax and Pste,qy are quite similar in both
cases. This fact is logical; as it can be expected that increasing the
resistance to deformation (i.e. stiffness) of the blank, through the

increase of either thickness or yield strength, will resultin increased
contact pressures over the die radius. This result has direct impli-
cations on the tool wear associated with introducing high strength
steels to stamping.
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5.6. Effect of punch radius, R

Changing the punch radius produces distinctly different
responses between Pmax and Pseeady. The behavior of Pgeady iS
approximately constant at all values of punch radius, with less than
a one percent change from the nominal value in all cases. Con-
sidering that the standard deviation associated with calculating
Psteady is between 2 and 4% in all cases, it can be concluded that
the punch radius has an insignificant effect on Pge,qy for the range
of values examined. Conversely, the punch radius has a significant
inverse effect on Ppax, for the larger radii in particular. For exam-
ple, at the maximum value of punch radius (14 mm), Pmax decreases
by 27.7% from the nominal value. Therefore, it is evident that the
punch radius has an influence on the transient contact pressure
response, but has little or no effect on the steady-state contact
pressure response.

5.7. Effect of friction coefficient, (v

The value of the friction coefficient also causes differing trends
between the responses of Pmax and Pseeady- Psteady €Xhibits a small
and approximately linear inverse effect; where the range, between
the maximum and minimum change from nominal, is 9.8%. This is
larger than two standard deviations, and therefore can be consid-
ered statistically significant, despite the effect being very small.

The effect of friction coefficient on Pmax is larger, but highly
non-linear and non-monotonic. Since the friction coefficient is the
first parameter to be discussed with a significant non-monotonic
response, a more detailed examination of the results will be pre-
sented to justify that such a response is not due to an unreliable
result. However, such an analysis for all the other parameters is
beyond the scope and objectives of this investigation, and therefore
will be not be included.

Fig. 11 can be used to explain the occurrence of this non-
monotonic response. This graph shows the evolution of the
maximum contact pressure for three of the FE models with dif-
ferent friction coefficients specified (the minimum, nominal and
maximum values used in the parametric study). It is evident that
there are two significant peaks in the maximum contact pres-
sure evolution throughout the stroke for each of the models.
Thus, the behavior of these two peaks, which do not necessar-
ily show the same response in all cases, directly effects the value
of the overall peak contact pressure (Pmax) obtained. In this case,
the first peak increases with friction coefficient, whilst the sec-
ond peak decreases, causing the non-monotonic response in Ppax.
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Fig. 11. Maximum contact pressure evolution on the die radius during the transient
portion of the process for differing values of friction coefficient.

Most of the models examined in this parametric study exhibit this
two-peak maximum contact pressure evolution curve during the
transient stage of the process. Therefore, this type of opposing
behavior between the two peaks is often the reason behind any
non-monotonic response for Pmax.

Itis worth noting that although the friction coefficient has arela-
tively small effect on the maximum contact pressures, it is expected
that it will have a more significant effect on the tool wear due to the
additional shear forces which will occur at the interacting surfaces.

5.8. Effect of blank holder force, F

The blank holder force also causes a non-monotonic response
from Pmax. Despite the fluctuating behavior, the overall effect of
blank holder force on Py is relatively small. Interestingly, the min-
imum and maximum values of blank holder force correspond to the
minimum and maximum values for Ppax — representing —8.4 and
15.5% change from nominal, respectively. This aspect may indicate a
small positive response from Pnax to increasing blank holder force.

The effect of blank holder force on Pgee,qy is larger; however
there is a distinct two-stage response for the domain examined.
Beginning from the minimum value of blank holder force of 112.5N,
Psteady Shows a large increase as the blank holder force is increased.
However, beyond the nominal value of blank holder force of 450 N,
Pseady €xhibits an approximately constant response. Examination
of the deformed shape of the blank over the die radius during
the steady-state region, for the models with minimum and nom-
inal blank holder force, provides an explanation of the two-stage
response (Fig. 12). This shows that for the model with minimum
blank holder force, there is insufficient clamping force to keep the
blank holder closed, causing a gap to exist between the blank and
die at the beginning of the die radius. Consequently, the radius of
curvature of the blank is effectively increased, resulting in a reduc-
tion in Pgee,qy, as seen for models with larger die radii (Section 5.3).
This effect is not seen in the models with blank holder force equal to
or greater than the nominal value; where there is sufficient clamp-
ing force to ensure that the shape of the blank closely conforms to
the die radius (Fig. 12b). As such, the actual effect of blank holder
force on Pgeaqy is negligible, as the real process should provide
sufficient clamping to keep the blank holder closed.

5.9. Effect of tool-to-sheet clearance, ¢

In order to avoid the possibility of creating an ironing process,
the nominal tool clearance of 0.1 mm was defined as the minimum
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Fig. 12. Deformed plot of die radius region at full punch stroke for models with blank holder force of (a) 112.5N and (b) 450 N.

value. Increasing the tool clearance above the nominal value had
a negligible effect on Pgeaqy. Conversely, the value of tool-to-sheet
clearance has a small and non-monotonic influence on Ppax.

These results indicate that, in a similar trend to the effect of
punch radius, the tool-to-sheet clearance has a notable influence on
the transient contact pressure response, but has little or no effect
on the steady-state contact pressure response. It is evident that the
transient contact pressure response is affected by the way in which
the blank is forced to conform to the die radius as the punch moves
upwards and deforms the blank. Changing the punch radius and
tool-to-sheet clearance each have the effect of altering this tran-
sient ‘wrapping’ stage, thus influencing the transient response and
affecting Pmax. However, as the punch moves further upwards and
the process progresses into the steady-state portion, the angle of
wrap of the blank will be similar; where the side-wall of the formed
component will be almost vertical in all cases. Consequently, the
steady-state contact pressure responses and the associated values
of Pgteaqy Will be relatively unchanged.

5.10. Effect of blank material hardening exponent, n

The value of the blank material hardening exponent has a small
positive influence on both Pmax and Pgeaqy- However, in this case,
the percentage change from the nominal value of Pge,qy is larger
than that for Ppax.

Interestingly, the blank material hardening exponent has a
smaller influence on the peak contact pressures than the blank
material yield strength for the domains examined (Section 5.5).
In line with the conclusions drawn in Section 5.5 - where an
increase in the blank’s resistance to deformation results in an
increase in peak contact pressure - it was expected that the hard-
ening exponent would have a similarly significant affect on the
contact pressure. The smaller influence of hardening exponent can
be explained by examining the resulting blank material ultimate
tensile strength (UTS) in each case. Due to the material law used
(Eq. (3)) and the domains examined (Table 4), changing the yield
strength results in a range of UTS values from 494 to 1154 MPa.
However, changing the n-value corresponds to a smaller range of
UTS values, from 536 to 824 MPa. Therefore, it is likely that the blank
material UTS may provide a more useful relationship to the peak
contact pressures than either hardening exponent or yield strength.

Utilizing the results of the simulations which varied blank hard-
ening exponent and yield strength, it is possible to plot the effect
of the blank material UTS (Fig. 13). It is evident from Fig. 13 that
increasing the UTS has strong linear effect on both Pmax and Pgeady-

Due to the large amount of plastic deformation experienced by
the blank during the stamping process, this result further illus-
trates that an increase in the blank’s resistance to deformation will
cause an increase in the peak contact pressure experienced at the
die radius. Considering the significant strain-hardening behavior
of new generation high strength steels, this result demonstrates
the likely increase in tool wear associated with these new sheet
materials.

5.11. Effect of die material elastic modulus, E4

The die material elastic modulus does not have a significant
effect on the value of Pgeaqy. The change from the nominal value
Of Pgready is less than £2%. However, the die elastic modulus does
have a small positive effect on Ppax; where the range, between the
maximum and minimum change from nominal, is 10.1%. For the
domain examined, it is evident that the stiffness of the die material
had very little effect on the peak contact pressures examined. This
is primarily because the range examined is small, in an attempt
to be representative of the maximum domain for the modulus of
steel and iron only. However, it was observed earlier (Section 4.1)
that the effect of stiffness is more significant when the stiffness
is increased dramatically (i.e. changing from elastic to rigid), thus
justifying the approach to model the tools using an elastic material
model.
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Fig. 13. Effect of blank material ultimate tensile strength (UTS) on the maximum
and steady-state peak contact pressures (solid lines represent a linear curve fit).
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Fig. 14. Summary of the effect of each of the input parameters on the maximum
and steady-state peak contact pressures.

5.12. Other parameters

The other parameters examined as part of the parametric study
had little or no effect of Pmax and Pgeaqy- These parameters were
punch width, blank material Poisson’s ratio, blank length, blank
material elastic modulus, and die material Poisson’s ratio. The aver-
age magnitude of change from the nominal values of Ppax and
Psteady for the domain of each of these parameters is less than 2.5%.

5.13. Summary of parametric study

In order to clearly summarize which parameters in the study
had the most effect on the maximum and steady-state peak con-
tact pressures, the percentage total change in output for each
parameter was calculated (Fig. 14). This value represents the range
(i.e. maximum minus minimum) of Pmax values and Pgieaqy val-
ues achieved when varying each parameter within the specified
domain, expressed as a percentage of the respective nominal values.
The parameters in Fig. 14 are ordered in terms of the most influence
on Pmax. The influence of the low blank holder force values, where
the force was insufficient to keep the blank holder closed during the
steady state, was removed. Additionally, due to the identified rela-
tionships identified, the effects of die radius and sheet thickness are
expressed in the bend ratio parameter, and the effects of the blank
material hardening exponent and yield strength are summarized
with the UTS parameter.

Fig. 14 highlights the differing responses of Pmax and Pseady
to the input parameters. Nevertheless, the two most influential
parameters on Ppax (bend ratio and blank material UTS) also have
the most effect on Pgeaqy. It is evident that the strong influence on
the steady and transient contact pressure distributions arises from
the direct influence of each of these parameters on the amount of
bending, or the resistance to bending, of the blank over the radius.

[tis interesting to note that the main process parameters, friction
coefficient and blank holder force, have only a very small effect on
both Pmax and Pgeaqy- The fact that these process parameters have
only a small effect may initially seem counter intuitive, as both
these parameters influence the amount of tension that is developed
in the sheet. Therefore it would be expected that if the sheet tension
increases, the force on the die radius and thus the peak contact
pressures should increase proportionally. However, this is not the
case, and it appears that the peak contact pressures are influenced
to a greater extent by the degree of bending that occurs over the
die radius and the resistance to bending produced by the blank.

Other geometrical parameters (punch radius and tool-to-sheet
clearance) had notable effects on Pmax, but not on Pgeaqy- This result

highlights that these parameters influence the transient portion
of the process, through the modification of the geometric/loading
conditions that occur as the blank is initially formed over the
die radius, but have little influence on the steady-state response.
Therefore, if the maximum contact pressure P,z is of primary sig-
nificance to tool wear, such geometric parameters may possibly
be optimized to improve the wear response of a given stamping
process.

6. Summary

The evolution and distribution of contact pressure over the die
radius, throughout the duration of a channel forming process, was
determined using FE analysis. For the majority of the process, a
steady-state contact pressure distribution occurred over the die
radius. This distribution was characterized by a smooth two-peak
response; which qualitatively compared well with experimental
and numerical results presented in the literature for bending-
under-tension processes.

It was found that a transient response occurs during the initial
stages of the forming process, not previously seen in the literature.
This part of the process was characterized by highly localized and
severe contact conditions, resulting in contact pressures exceeding
double the steady-state peak pressure. Considering the mecha-
nisms of wear in sliding contact, these results suggest that the
transient response identified and described may be of primary sig-
nificance to the tool wear response for a channel forming process.
This result has been validated by laboratory-based channel form-
ing wear tests, which showed that the transient contact pressure
region corresponded to a severe galling wear mechanism. There-
fore, it was speculated that current bending-under-tension wear
test results may not be entirely applicable to the wear of stamping
dies.

Through additional numerical analysis, it was concluded that
the elasticity of the die should be considered in the modeling pro-
cess, in order to obtain an accurate contact pressure response. It
was also found that the dynamic effect for this problem can be
neglected; with the quasi-static model accurately simulating the
contact pressure response.

A parametric study was conducted to assess the influence of the
input parameters to the transient and steady-state peak contact
pressures. It was found that the major process parameters in the
sheet metal forming process, friction coefficient and blank holder
force, had only a minor influence. Conversely, the bend ratio and
the blank material ultimate tensile strength had the most influ-
ence on the transient and steady-state peak contact pressures. This
demonstrated that the bend ratio provided a useful index to judge
the severity of the forming operation. The result of the paramet-
ric study also highlighted that modification of the stiffness of the
blank (i.e. through yield strength, hardening exponent or thickness
changes), has a similarly strong influence on the contact pressure
experienced on the die radius. Therefore, the trend towards higher
strength steels in the automotive industry may need to be offset by
an increase in the die radius to ensure that tool life of draw dies can
be maintained.
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