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ABSTRACT

To meet the growing demand for rapid, low-cost die
fabrication technology in the sheet metal forming industry,
easy-to-machine, polyurethane-based, composite board stock is
used widely as a rapid tooling material. In practice, it is
desirable to terminate die life by wear rather than by
catastrophic fatigue. However, the failure mechanisms of the
rapid prototyped tools are not clearly understood, thus making
the prediction of tool life difficult. This paper presents a
method to estimate the fatigue life of a sheet metal forming die
fabricated from ATH (aluminum trihydrate)-filled
polyurethane. A finite element model of 90° V-die bending
process was developed, and the effects of process parameters
on stress distribution in the punch and die were investigated
through simulation. Mechanical testing was performed to
characterize the fatigue properties of the tooling material. The
computer-simulated results were werified through experiments
using instrumented, laboratory-scal e punch and die sets.
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INTRODUCTION

Rapid prototype (RP) technology has been drawing
attention from the manufacturing industry for more than 10
years. Recent applications of RP technology include rapid
tooling (RT), which is the technology that adopts RP
techniques in die making. As today’s ever-competitive
business environment demands reductions in product
development time and cost, the need for faster turn-around
times and more efficient means of producing prototype and
short-run tooling hasincreased. Asaresult, RT technology has
made inroads into conventional die fabrication methods with
the aim of reducing the lead time and investment costs of
tooling development.

Despite the fact that sheet metal forming is a widely
practiced fabrication process in industry, its exposure to RP and
RT technologies have been rather limited. This is due to the

Jonathan S. Colton, Fellow ASME
Georgia Institute of Technology
School of Mechanical Engineering
Atlanta, Georgia 30332-0405 U.S.A.
+1-404-894-7407 (Phone)
+1-404-894-9342 (Fax)
jonathan.colton@me.gatech.edu

genera notion that sheet metal forming is suitable for mass
production and that it is classified as atwo-dimensional process
[1]. Because of the planar nature of the workpiece in its initial
state, it has been considered inappropriate for RP applications,
which often involve three-dimensional solid modeling and
implementation of subsequent CAD data. However, the
finished sheet metal products are usually three dimensional

after undergoing bending and stretching, which qualifies sheet
metal forming as a potential candidate for the application of RP
techniques. However, as Nakagawa [2] points out, the trend of
manufacturing technology is shifting toward small lot
production with tighter production schedule, which is triggering
the advance in RT technology.

One category of rapid tooling technology involves the
application of advanced polymers and composite materials to
fabricate sheet metal forming dies. One such materia is
aluminum trihydrate(ATH)-filled polyurethane, which offers
easy handling, fast lead times and low costs while maintaining
high-quality standards. Compared with conventional die
materials, polyurethane board stock alows high machining
rates, which bring about reductions in tooling time and overall
production costs[3].

Despite their advantages in terms of lead time and cost,
polymer composite dies for sheet metal forming application
have several drawbacks. Due to their lack of strength as
compared to conventional die materials, the use of polymer
composite dies often is limited to prototype or short-run
production. Also, because the failure mechanisms are not fully
understood, dies are still designed on the basis of the trial-and-
error and the experiences of skilled workers, often employing
the design rules established for metal dies. These factors often
lead to an inappropriate selection of geometry and dimensions,
which may result in the premature fatigue failure of the dies.

Unlike polymer composite dies, a number of studies have
been performed to analyze the fatigue failure of the die and to
achieve better tool design in the case of metal dies — both
computationally and experimentally [4-7]. Most of them
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involve computer-aided technigues with the common goal of
reducing development time and cost by replacing full-scale
process trials with simulations. Numerical simulation and
modeling of metal forming processes, based on the knowledge
of underlying process mechanics and validated by experimental
results, provide a powerful tool for optimizing process
parameters.

As for sheet metal forming, the formability and failure of
sheet metals have been of great interest. Yet, not much
attention has been paid to the failure and life prediction of the
dies. A study by Jensen et al. [8] obtained the distribution of
tool wear on the die profile in deep drawing. However, the
fatigue life of the die must be considered simultaneously, since
it isimportant to design the tool in such a way that the service
life of the tool ends by wear rather than by catastrophic fatigue
failure[5].

A different approach is necessary to predict the fatigue life
of the polymer composite tool and to optimize tool geometry to
enhance tool life. The stress state in the dies must be
determined accurately, and the fatigue mechanisms in brittle
polymers must be incorporated in the fatigue life prediction
method. Ratner and Potapova ] showed that the maximum
principal stresses are the criterion for brittle failure in
multicycle fatigue.  Suresh [10] documented that cyclic
deformation and the subcritical advance of fatigue fracture in
many polymers are dictated by the nucleation, growth, and
breakdown of crazes, and that the criterion for the nucleation of
a craze involves maximum and minimum principal stresses.
Ritchie et al. [11] reported that the mechanisms of fatigue
damage in brittle materials are inherently different from those
in metals, and that much future effort must be devoted to the
topic.

This paper proposes a general scheme for die life
prediction that can be useful to practicing engineers in die-
making industry. In particular, a method to estimate the fatigue
life of a sheet metal forming die fabricated from ATH-filled
polyurethane is presented. First, to establish a fundamental
understanding of the nature of the material, engineering data
were obtained by characterizing the material in various
perspectives. Then, alocal stress-based fatigue approach was
proposed as the die life estimation method, where the stress
levels at critical regions in the die served as the indices for
determining the cycles to fatigue failure. Next, on the basis of
material data, a finite element method was employed to
simulate 90° V-die bending and to obtain the stress
distributions in the die. The simulation results were validated
through experiments using instrumented, laboratory-scale
punch and die sets.

A finite element method also was used to investigate the
effects of process parameters on the fatigue life of thedie. The
dominant process parameters determined from the parameter
study can be used in the design stage to effectively control the
stresslevel in the die, and thus the resistance to crack initiation.

MATERIAL CHARACTERIZATION

Composition

This paper deals with a polymer composite tooling material
specially developed for metal forming applications known as
Ren Shape 5166 by Vantico Inc. The materiad has a
thermosetting polyurethane base, filled with auminum

trihydrate (ATH). The spherical ATH is randomly dispersed in
the matrix to impart material isotropy and adhesion. More
importantly, the ATH particles serve to increase the overall
compressive  strength and to improve tribological
characteristics.  Pyrolysis (according to ASTM D 2584)
revealed that the content of ATH is68.7% by weight.

Mechanical Properties and Fracture Behavior

Mechanical tests were performed to identify the tensile and
flexural properties of the material according to ASTM D 638
and ASTM D 790, respectively. The results are summarized in
Table 1. The linearity of the stress-strain response indicates
that the material is brittle and that little plastic deformation
takes place before failure. One key characteristic of Ren Shape
5166 is that its compressive strength 86 MPa; manufacturer’s
data) is significantly higher than its tensile strength (33 MPa;
measured data). This qualifies Ren Shape 5166 as an effective
tooling material since the dies tend to be subjected to high
compressive loadsin metal forming.

Table 1 Mechanical properties of Ren Shape 5166

Property Tested M anufactur er

Elastic modulus 7.2 GPa 7.2 GPa
Yield strength (0.2% offset) 32 MPa 32 MPa
Ultimate tensile strength 33 MPa 34 MPa
3-point 6.8 GPa 6.7 GPa

Flexural modulus - e 6.2 GPa N/A
3-point 62 MPa 55 MPa

Flexural strength - — ot 54 MPa N/A
Compressive modulus N/A 5.8 GPa
Compressive strength (0.2% offset) N/A 86 MPa

The brittle nature of Ren Shape 5166 is further supported
by its fracture toughness. Plane strain fracture toughness tests
were performed in accordance with ASTM D 5045, and the
single-edge-notch bending (SENB) method was employed.
The linearity of the load-displacement curves validates the
assumption of linear elastic behavior of the cracked specimens.
Three replicate tests yielded the critical stress intensity factor

Kyc of 2.20 MPa/m .

Subsequent fractographic analysis was performed on the
fracture surfaces of the SENB specimens to identify the mode
of failure. On a macroscopic level, precise matches of the
fracture surfaces indicated the absence of significant plastic
deformation.  The fractographs taken using an optical
stereomicroscope (Fig. 1) revealed some key features of the
fracture surfaces. The fracture mechanism is dominated by
debonding between the ATH particles and the polyurethane
matrix. A vast distribution of voids, as well as the sites of
debonding over the surfaces, shows that the crack initiated at
the razor notch of the SENB specimen and propagated through
voids and along filler-matrix interfaces.

Tribological Properties

Lubrication and friction conditions in sheet metal forming
are important in lowering forces, increasing drawability, and
reducing tool wear. In conventional deep drawing, lubrication
is minimized since the friction between the punch and the blank
tends to improve drawability. However, the type and the
amount of lubrication applied require experience and reference
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Fig. 1 Fractographs of fracture surface
(Ad-Pd sputter coated)

to engineering data, since excessive friction may result in
eventual necking and tearing of the sheet metal.

The polymer composite rapid tooling materia is
advantageous because it eliminates the need for lubrication. As
the material undergoes machining, the polyurethane matrix
encapsulates the ATH filler particles. The heat generated
during machining creates polyurethane coating over the
machined surface and reduces friction. As reported by Tadmor
and Gogos [12], in polymer-metal dry friction, both adhesion
and ploughing contribute to friction, adhesion usually being the
dominant factor. The soft nature of polymers as compared with
metals makes the former susceptible to being ploughed.
Tadmor and Gogos found that if the adhesive force between the
metal and the polymer is greater than the cohesive polymer
force, sliding occurs at a plane within the polymer, resulting in
the kinematic friction coefficient of greater than 0.2. On the
other hand, if the adhesive forces are weaker than the cohesive,
dliding occurs at the interface, and the kinematic friction
coefficient is less than 0.1. Most polymers fal in the former
category. The sliding speed has only moderate effect on the
coefficient of friction. An increase in speed tends to increase
the friction coefficient. A typical polymer has a kinematic
friction coefficient of approximately 0.3 when the speed
reaches 10 cm/s.

An experimental setup was designed to measure static
friction coefficient between the surfaces of metal sheet and Ren
Shape 5166 at room temperature. The coefficients were
measured at seven different normal loads, and five replications
were made for each load. The polymer sliding blocks were
polished to the degree equivalent to an actual die surface, and
they were allowed to slide on a 3003-H14 aluminum sheet
surface. All contact surfaces were treated with isopropyl
alcohol prior to each test to remove contamination and
impurities. As the plot in Fig. 2 suggests, static friction
coefficient decreases with increasing normal load and becomes
constant at high normal loads, with a value of gproximately
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Fig. 2 Friction coefficient versus normal load

0.25. If the adhesive forces at the polymer-metal interface are
considered dominant, as is the case with most polymers, the
kinematic friction coefficient is typically greater than 0.2 [12].
Since the kinematic friction coefficient can never be greater
than the static friction coefficient, the kinematic friction
coefficient between Ren Shape 5166 and metal was determined
to be 0.2. This value was used in subsequent finite element
analyses.

TOOL LIFE PREDICTION METHOD

In metal forming, wear and mechanical fatigue are the
competing mechanisms for tool failure. Wear occurs in a
gradual, progressive manner and determines the service life of
thetool. Therefore, it is critical to design the tool in such away
that tool life is terminated by wear rather than by catastrophic
fatigue failure. Accordingly, it becomes an important issue to
predict the failure mode and the life of the die. They can
provide crucial information and guidelines on die fabrication
and part production scheduling, which ultimately influences the
overall production time and cost.

During a sheet metal forming process, the deformation of
the die takes place mainly in the elastic regime. Therefore, the
fatigue mode of the die can be described as high cycle fatigue
since the stress amplitude is typically below the yield stress of
the material. Moreover, if it is assumed that no cracks pre-
exigt, the fatigue life is controlled by the number of cycles to
crack initiation, and the contribution of crack propagation can
be neglected.

In this study, the stress-life (S-N) approach isinvestigated,
which istypically used in high cycle fatigue involving constant
amplitude loading and negligible plastic strains [13]. One such
approach is the local stress-based fatigue approach, based on
the assumption that a crack develops at a point that experiences
the greatest tensile cyclic loading. One example of such points
occurs at the bend region of the die. At the bend region, the
stress increases sharply to its maximum value as the punch is
bottomed and drops to zero as the punch is retracted. This
suggests that the die is subjected to zero-to-tension cyclic
loading with the conditionslisted in Eq. (1).

R=2mn - (1a)
Smax
S
sm:sa:—r;ax (1b)

where s, is the mean stress and s, is the stress amplitude.
Once the stress amplitude is known, the constraint given by Eq.
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Fig. 3 S-N curve from zero-to-tension fatigue tests

(1b) reduces the number of SN curves that are necessary to
determinefatigue life to one.

Figure 3 shows the SN data obtained from zero-to-tension
fatigue tests for Ren Shape 5166. The tests were performed in
four-point flexural test mode with the specimens prepared
according to ASTM D 790. The test specimens measured 127
mm by 12.7 mm with a thickness of 3.2 mm. The cyclic loading
was strain-controlled, and the loading frequency of 1 Hz was
used, which was low enough to minimize hysteretic heating.
Three specimens were tested at the maximum tensile stresses of
50, 40, and 35 MPa each. The specimens tested below 35 MPa
lasted more than 10° cycles, which can be “loosely” interpreted
as the endurance limit from the prototytpe and short-run
production viewpoints. The tests were performed up to 10°
cycles because typically an endurance limit is clearly defined
only for plain-carbon or low-alloy steels. In addition, the tests
were not limited to shorter numbers of cycles to failure, e.g.
100 or 1000 cycles, because there is no reason to limit the
application of the tooling material to low volume production if
it is capable of producing more parts.

The SN datain Fig. 3 indicate a linear relation between the
maximum stress and the life, and it can be expressed as Eq. (2).

S e =- 4.32l0gN; +5250[MPd] @

Equation (2) yields tool life estimation when the critical point
in the die undergoes a zero-to-tension cyclic loading. However,
it should be noted that the data (Fig. 3) become scattered as the
maximum stresslevel decreases.

When fatigue test specimens are subjected to bending
instead of axial loading, the specimen size effect must be taken
into account. The size effect is related to a stress gradient
existing in the specimen, which in turn controls the volurmre of
material subjected to the highest levels of stress [14]. For
bending, the smaller the size (namely, the cross section) of the
specimen, the higher the stress gradient and the smaller the
volume of materia under maximum stress. Kuguel [15] related
the effect of size on fatigue behavior to the volume of the thin
layer of surface material subjected to high stresses using Eq. (3)

-0.034
S 0
€ :?L: (3)
So &Vog

where Sy is the endurance limit for a specimen of volume Vy,
and S is the endurance limit at some other volume V. The
volumes are the portions of the material subjected to at least
95% of the maximum stress.

In V-die bending, the die is subjected to bending around
the bend region since the bending force is continuously exerted
at two symmetrical points along the V' surface. This makes
the SN data obtained from bending more appropriate than
those from axial testing. Since dies comre in various sizes and
shapes, the size effect must be considered. If the ratio VIV, is
closeto unity, Eq. (2) isapplicable for tool life prediction.

PROCESS SIMULATION

Finite Element Model

A 90° V-die bending process was simulated using the finite
eement method. A two-dimensional geometric model was
constructed using the commercial package ABAQUS/CAE as
shown in Fig. 4. Due to symmetry, only half of the model was
taken into account. The model consisted of three parts: punch,
die, and sheet metal. The punch and the die were modeled as
isotropic, elastically deformable bodies with small elastic
strains (typically less than 5%) and the mechanical properties of
Ren Shape 5166. Elastic modulus E of 7.2 GPa (from tensile
tests) and Poisson’s ratio n of Q34 (typical for a thermoset)
were used. The sheet metal was modeled as elastic and linearly
strain-hardening to realistically account for plastic deformation.
Plane stress condition (.e.,, small thickness) was assumed in
order to alow the comparison with experimental results using
strain gages, as will be discussed in the following section.
Geometric parameters were selected based on the guidelines
provided by the die design handbook [16], if applicable. Punch
travel distance was determined so that the punch would bottom
exactly. Process conditions are summarized in column A of
Table 2.

Dueto the nonlinear nature of the process, instability in the
solution may result. An iterative method was used to determine
the optima mesh density. The mesh size was reduced until
solution convergence was reached, localized instability
(manifested by chatter in the stress values along the ‘' profile)
was eliminated, and further refinement no longer had any
significant effect on the stress field. The optimal mesh size
along the 'V’ surface, where the contact takes place, was

% Punch

Sheet

k:::::: \

: For Constrained
'_ﬁi"':_____- Case Only

Fig. 4 Finite element model of V-die bending
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determined to be 0.3 mm.

The process simulation consisted of two steps — moving
the punch down until it bottoms exactly and returning it to the
original position. Since the process involved large, localized
deformation and the time increment was kept small relative to
the total simulation time, it was treated as a nonlinear static
problem. ABAQU S/Standard was used as the solver.

Table 2 V-die bending process parameters

A B
Process Par ameter Preliminary Base FE Model
FE Mode for
for Validation Parameter Study
Bend radius R, 5mm 5mm
Die shoulder radius Rg 5mm 5mm
Die opening W 25mm 30 mm
Die width Wy 100 mm 100 mm

Die thickness D

; 8.5mm 1mm
(into the paper)
Sheet material 3003-H14 Al 1100-O Al
Sheet thickness T 0.8mm 1mm
Punch travel distanced, 9.5mm 12.5mm
Punch speed v, 120 mm/min 120 mm/min

Friction m=0.2 No friction

Miscellaneous Plane stress Plane strain

Model Validation

The simulation results were compared with experimental
results to validate the finite element model. Figure 5 illustrates
the laboratory-designed experimental setup for sheet metal
bending. An Instron Universal Testing System (Model 4466)
was used to aply the bending load, and Instron Series IX
Software was used for data acquisition. The die set was CNC-
machined from Ren Shape 5166. The same process conditions
as the preliminary finite element model (column A in Table 2)
were applied.

First, the smulated and experimental bending forces were
compared with the literature. The bending forces are plotted as
functions of bend angle in Fig. 6. The bending force is a
function of punch travel. It increases from zero to a maximum
and may decrease as the bend is completed. The force then
increases sharply as the punch bottoms.

Bending forces can be estimated by assuming that the
process is a case of simple beam bending. Then the maximum
bending force before bottoming can be expressed as Eq. (4)

[17]

Adapter Assembly

Fig. 5 V-die bending experimental setup

160 T T . i . .

1a0H T Experiment 1 (Fpax = 44.3 N)
] e Experiment 2 (F,ax =44.3N)
£.120f| - Experiment 3 (Fax = 45.9 N)
§ 100}| -——- Simulation (Fnax=42.8 N)
o
L sof
(o))
c
S 60f
g —_—
B AOf eI i

20F 7
£
0 L . . A ) .

0 10 20 30 40 50 60 70 80
Bend Angle [°]

Fig. 6 Comparison of bending forces

k (UTS)LT ?
W

where k is die opening factor (1.2 ~ 1.33), UTS is ultimate
tensile strength of sheet material, L islength of bend, T is sheet
thickness, and W is die opening.

Equation (4) yields the estimated maximum bending force
of 41.6 N when k = 1.2 is used. (k varies from 1.2 for W= 16T
to 1.33 for W = 81.) The simulation and experimenta values
show good agreement with the estimated value.

Next, a loca validation of the finite element analysis
results was performed. Three 45° rectangular stacked rosette
strain gages were bonded to the die surface at representative
points (Figs. 5and 7), and corresponding strains were measured
in the directions as indicated in Fig. 7. Two gages with 0.38
mm gage lengths measured the strains in the bend and die
shoulder regions, where strain gradients were large; one gage
with a 3.05 mm gage length measured the strains in the bulk
region of the die.

As in the finite element model, the punch was allowed to
travel until it bottomed exactly, resulting in the maximum
bending force of 300 N. The maximum force was appropriate
since the corresponding maximum strains were maintained
within the allowable range and the limit of the load cell was not
exceeded. The elastic strains in the selected directions at the
gage locations were collected at this instant and compared with
simulated values. In Table 3, the two sets of data show a good
agreement, indicating that the finite element model and analysis
yield accurate results. Since the gage locations encompass the
regions of both high and low strain gradients, the validity of the
finite element model can be extended to the entire model.

)

Table 3 Comparison of strains

. . . Strain [microstrain]
L ocation Orientation Smulated Experimental
. (eo 354 395
Die bend e 576 955
22 25
Die shoulder (&as
(89 -40 -39
. (95 -42 -38
Die center
(8390 -71 -83
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Fig. 7 Strain gage locations and orientations

RESULTS

Parameter Study

To investigate the effect of each parameter on die life, the
‘base’ finite element model was constructed according to
column B of Table 2. Asin the previous case, the punch travel
distance was set so as to allow exact bottoming. However, a
plane strain condition was assumed since it represents a more
severe condition than plane stress condition.

First, the effect of die material on the stress field in the die
was studied. The punch was not considered since it is
subjected to lower stresses as compared to the die in \tdie
bending. Figure 8 compares the maximum principal stress
fields in Ren Shape 5166 and steel dies (E =200 GPa, n =0.3)
at the instant the punch bottoms on the die. In both cases, large
stress gradients are observed inthe * V'’ region, whereas stresses
are uniformly distributed in the bulk region. Also, deformation
remains el astic throughout the process. It should be noted from
the magnified views in the bend regions that the steel die
exhibits a greater degree of stress concentration due to its
higher stiffness. However, the polymer composite die is more
prone to crack initiation since its stress level is significantly
higher relative to its tensile strength. In other words, under the
same process conditions, the stress in the Ren Shape 5166 dieis
much closer to the tensile strength of the die material than in
the case of asteel die.

The effects of parameter variations were studied by
varying one parameter at a time in the base model. The
parameters under consideration include: (1) geometric
parameters, such as bend radius, die shoulder radius, die
opening, overal die size (die width), and sheet thickness, (2)
material parameters, such as sheet material and friction at
punch-sheet-die interfaces, and (3) process parameters, such as

(Smax =
4.31 MPa

(Sl)max =
9.22 MPa

punch travel distance and the boundary constraint on the die
imposed by the fixture (as illustrated in Fig. 4). The maximum
tensile principal stress (Si)mex iS Used as the output for
comparison.

Table 4 shows the sensitivity of the stress state to
parameter variations. In all cases, the maximum (S1)max OCCUr'S
in the bend area of the die, which tends to act as a stress
concentration site, at the bottoming phase.

Table 4 clearly shows that punch over-travel Dd,, (define by
the amount punch travels in addition to the distance for exact
bottoming) is the most dominant parameter governing the stress
state. Referring to the SN datain Fig. 3, in all cases except
when Ddj, is greater than 0.2 mm, the die will fail by wear.
When Ddp is 0.25, 0.3, 0.35 mm, Eq. (2) yields the estimated
fatigue lives of 7867, 367, 28 cycles, respectively.

Table 4 Effects of parameter variation

Parameter Value (S Dmex [M Pa]
3 8.77
Bend radius [mm] 3 ‘21;11
10 211
3 4,39
Die shoulder radius [mm] ? j%
10 4,15
20 3.89
Die opening [mm] 30 4.31
40 5.72
50 6.13
80 470
Die width [mm] 1%% j-g
110 4,19
0.6 2.95
Sheet thickness [mm] 1.0 4.31
14 6.82
0 431
0.1 3.42
Friction coefficient 0.2 341
0.3 3.68
0.4 4.46
125 (1100-0O Al) 431
Sheet strength 243.3 (Copper) 7.66
(Yieldstress + UTS) ' — e ene2 0 Al) 9.46
[MPa] 200 (70-30 Brass) 12.08
0.1 19.10
0.15 26.11
Punch over-travel [mm] 00'225 2223
0.3 41.42
0.35 46.26
Die constraint Unconstrained 431
Constrained 3.98

il

(a) Ren Shape 5166

(b) Die steel

In addition to punch over-travel, bend radius, sheet
thickness, and strength of sheet material, where the strength is
represented by the sum of the yield and ultimate tensile

Fig. 8 Maximum principal stress fields in the die strengths, have significant effects on §1)mac Sheet materia
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has a significant influence because even when the punch is
bottomed, the sheet, punch, and die surfaces are not in full
contact, the configuration depending on the sheet strength. Die
opening also has an effect to some degree, but it is not as
influential as other parameters. In addition, it can be noted that
the critical stress level can be reduced to a certain extent if the
outward expansion of the die is constrained — for example, by
using an insert-type die or by applying the fixture to the sides
of thedie.

Size Effect

The size effect was considered to assess the extent of
under- or over-estimation of fatigue lives. The ‘base’ model
with Ddy = 0.35 mm was chosen. First, a finite element model
was created to simulate four-point bending identical to the
previous fatigue test mode. When the maximum stress reached
46.26 MPa, V, was approximated to be 70 mm>. Then, the \-
die bendi n% model was considered, where V was approximated
to be 6 mm®. From Eq. (3), Sd/Seo = 1.09, which implies that the
fatigue life might have been slightly under-estimated for this
case. In other words, the endurance limit of the dieis 9 percent
greater than that of the specimen, and the die should last longer
than the specimen when the two are subjected to the same
maximum stress.

Although the die has a larger volume than a fatigue test
specimen, the volume of the die experiencing the maximum
stress = 6 mm’) is significantly smaller than that of the
specimen (Vo = 70 mm°), since the bend radius in the die acts as
anotch. From a statistical viewpoint, the smaller the criticaly
stressed volume, the smaller the probability of finding a defect,
which would lead to more rapid failure.

Wear Considerations

Die wear was taken into account by performing V-bending
experiments until the die failed by fatigue and by examining the
die for any sign of wear. In order to accommodate the load
frame and load cell capacity, the conditions in column A of
Table 2 were used except for the following: W=30 mm, D =
10 mm, and T = 1 mm. Bend radii of 3 mm and 5 mm were
applied, and in each case, the punch travel distance was

1X 5 '\l""‘ b
[ e = = rr'll 'r‘.ll' rﬁ"ﬁ
(a) After 5000 stamping cycles (R, =5mm)

Site of Crack

Initiation

1X
—_—
(b) After 507 stamping cycles (R, =3 mm)

Fig. 9 Fatigue failure of V-bending dies

selected such that the maximum bending force was limited to 8
kN.

Figures 9(a) and 9(b) show the *V’ regions of the dies after
fatigue failure has been reached. The die with a 5 mm bend
radius lasted for 5000 cycles while that with a 3 mm bend
radius lasted for 507 cycles. This clearly shows that a sharper
bend radius causes the die to be subject to fast crack
propagation and stress concentration. A microscopic
examination of the die surfaces that contacted the sheet metal
revealed no sign of wear. High compressive strength and wear
resistance of Ren Shape 5166 drives the die to fail by fatiguein
V-bending. However, wear may become an issue if the normal
load and the relative sliding velocity between the die and the
sheet metal are high.

CONCLUSION

In this paper, a method was presented to estimate the
fatigue life of a sheet metal forming die fabricated from ATH-
filled polyurethane. First, engineering data were obtained by
characterizing the material in various perspectives -—
microstructure, mechanical  behavior, and tribological
properties. Then, on the basis of material data, a finite element
method was employed to obtain the stress distribution in the
die. In the proposed local stress-based fatigue approach, the
stress levels at critical regions serve as the indices for
determining the cycles to fatigue failure. Furthermore, the
finite element method was used to investigate the effects of
process parameters on the fatigue life of the die. The next step
of the research is to validate the die prediction method
experimentally.

The proposed method can be applied to a general polymer
composite tooling material for metal forming, where the
plasticity of the die is negligible. When a new tooling material
is introduced, the first step is to determine the failure mode of
the die, i.e. the dominance of plasticity. If plasticity is not
negligible, it is suggested that a strain-based fatigue approach
be used with von Mises stress as the criterion. Also, the
number of cycles expended in crack propagation as well as
initiation may have to be considered.

The proposed approach can be extended to other sheet
metal forming processes that involve more complex geometry
and mechanics, such as deep drawing. The presented parameter
study lays he groundwork for providing reliable tool life
prediction and design optimization guidelines for advanced
polymer tooling materialsin metal forming.
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