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Summary

In the introduction, it is stated that most complex shape dies for net shape cold forging fail due to
low- cycle fatigue and that the crack initiation and crack- merging phases mainly determine the life of
the dies.

Advanced materid testing methods show that the crack initiation in high-hardness tool meterids
is mainly controlled by the cydlic plagtic strain range and by the level of compressive mean drain. A
multi-parameter advanced eadtic-plagtic materia model for gpplication in FEM programmes is ce-
veloped for andysing and optimising of cold-forging dies where cydic micro pladticity is a very criti-
cd and determining factor for the die life.

A 3D finite-dement andysis of a bevel-gear die insert incorporaing an dadtic-plastic materid
model demondrates how high- stiffness stripwound containers can reduce the critical cyclic stresses
and gtrains. Comparison of the caculated stress-strain cycles with data from low-cycle fatigue tests
indicates that life until local crack initiation can be increased from approx. 400 to more than 70,000
cycles.

Keywords; cold forging, stripwound containers, low-cydle faigue, die life, materid modd, finite
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Introduction

During the cold-forging production, the forging dies are loaded cyclicaly with high, dternating sur-
face pressures. The leve and didribution of the aternating surface pressures are determined by fac-
tors such as the geometry of the product before and after deformation, grade of workpiece materid,
workpiece temperature, lubrication, etc.

In the optimisation of the performance and life of the cold-forging dies, these dternating pres-
sures can be seen as predetermined boundary conditions that are fixed for al variants of die designs.
However, the dternating pressure distribution can be optimised by modification of the geometry of
the forging process, the lubrication, the workpiece materid, etc.

Modern process smulation by FEM can lead to considerable improvements of the pressure
digtribution profile, and in modern development of forging parts, it is dmost a requirement to optimise
the process and the consequent process loads before optimising the die performance [1]. Evenwith
dies optimised by norma FEM simulation methods, cracks are awell-known phenomenon especidly
in die inserts for parts with complex geometry and sharp comers such as dies for tranamisson gear
wheds, planetary gear whedls, bevel gears, front whedl drives, etc.
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In the case of complex high-precision dies for net shape parts, studies of failed dies dearly
show that the dies mainly fail due to micro cracks in sharp corners caused by low-cydefatigue [2].
These micro cracks are seldom causing a significant and critical reduction of the strength of the dies,
but the micro cracks cause burrs and tool marks on the surface of the cold-forged partswhich is un-
acceptablein theindustria production of net or near net shape parts.

In the high-volume production of net shape parts, the presence and size of burrs and tool marks
a critica quality issues of the parts are monitored so that production can continue until the burrs have
reached a criticd Sze [3]. As to net shgpe cold forging of bevel gears, for instance, initid micro
cracks and very small burrs can be detected after approx. 1000 parts, but production can continue
until 10-15,000 parts where the micro cracks and burrs reach an unacceptable sze. Without micro-
scope or magnification aids, the die may ill look totaly perfect.

Wear is very seldom seen as a falure reason in the group of complex dies [3]. In the cases
where wear phenomena are observed at lower die lives, microscopic and metalographica examina-
tion will often reved that the wear phenomena are initidised and related to low-cycle fatigue mecha-
nisms, for instance microscopic particles, which are torn out from the base materid due to low-cyde
fatigue mechanisms, acting as seeds for abrasve wear. Therefore, a systemeticaly structured m
provement of the life of complex cold-forging dies must be based on studies and uderstanding about
low- cycle fatigue phenomena and mechanisms.

Low-cycle fatigue can be divided into four phases:

- cyclic loading of undamaged Structure

- initiation of micro cracks, a<0.1 mm

- merging of micro cracks to surface defects and larger cracks, 0.1£a£0.5 mm

- gable crack growth phase & 0.5 mm

Most complex cold-forging dies will be taken out of service and registered as falled during the
third phase where micro cracks merge to larger surface defects of the die, and burrs become visible,
but where the crack growth rate il is extremely low.

Production may continue into the stable crack- growth phase, but a crack growth to find frac-
ture is undesirable as fracture fragments may cause very cosily sequential damages on stbsequent
dies. Therefore, studies of low-cycle fatigue phenomena in relation to cold -forging dies shal mainly
focus on the crack initiation and merging phases rather than on the crack-growth phase, and conse-
quently, a condderable part of a strategy for improvement of the life of complex and high-pressure
loaded cold-forging dies must focus on various aspects and activities that can extend the crack initia-
tion and crack- merging phases of the low- cycle fatigue fallure mode.

During the 1990s, STRECON® Technology of Danfoss A/S has initiated and completed a se-
ries of projects [4-11] in collaboration with indtitutions such as the Technica University of Denmark
and Risoe Nationd Laboratories with the purpose of optimising the life and defornetion conditions
of cold-forging dies congsting of high-quality de inserts of tool sted or @mented carbide and
STRECON® prestressed containers through combination of

- advanced materid testing methods

- complex materid modds

- advanced FEM andysis



The 6th ICTP International Conference on Technology and Plasticity, Nuremberg, 19-24 September 1999

Advanced material testing methods

The testing of low-cycle fatigue properties of ductile low-hardness steels has a long tradition [12]
whereas the amount of tests of high-hardness materias such as tool materids has been very limited
due to the lack of testing equipment with hightspeed, high-accuracy strain control systems and to
unsatisfactory performance of the experimenta set-up and procedures.

In a number of Danish projects [4-7], the necessary experimental procedures have been devel-
oped so that test samples of high-hardnesstool steels and brittle cemented carbides can be tested in
an dmost sandardised way. Thus, resulting data such as static stress-drain curves, cyclic strain ver-
sus fatigue life curves, crack-growth rate and fracture-mechanical data can be established.

In this context, the cyclic com+
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plastic strain ranges such as De,,<0.01% are found to lead to fatigue lives above 107,

It can be concluded that the crack initiation in tool materids s strongly related to the amount of
cydlicaly plagtic deformation and that even cydlic pladtification on a micro-scde leve will leed to
crack initiation and fracture at a low number of cycles.

Another important finding of the performed tests is an unexpectedly strong dependency of the
level of compressive mean strain on the number of cyclesto falure.

For the hight speed stedd M2, for ingtance, with a strain range of De=2x0.75% equa to atota
gtress range of approx. Ds=3000 N/mm?, the number of cycles to failure will be N»200 at amean
drain of e, =-0.3%. A shift in mean drain to e, =-0.5% and e, =-0.7% results in an increase in the
number of cyclesto falure of N»>2000 and 20,000 cycles, respectively.

These reaults that are typicd for most of the tested tool materias show that a 0.2% shift in
mean grain results in a change of the number of cyclesto falure by an order of magnitude. It can be
concluded that a shift in the compressive mean strain will lead to dramatic changes in cydlic life and
that a numericaly higher compressive mean drain is very beneficid for postponing the crack initia-
tion.
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Complex material models

The results of the experimenta low-cyde fatigue tests show tha crack initiation and fatigue life is
srongly related to the dadtic- plastic materia behaviour close to theyield point.

For analysing and optimising structures such as cold forging dies where stresses and strains are
cycding with pegk values exactly in these critical areas, a new materid mode capable of describing
the dadtic- plastic behaviour under cydlic loading has been developed [8-11,13]

The modd is capable of describing phenomena as cyclic hardening and softening, mean stress
relaxation, ratchetting and damage development and combines non-linear isotropic and kinematic
hardening with continuum damage mechanics. In the full verson of the modd, twenty-two parame-
ters are used to describe the various phenomena, but a reduced number can, for instance, be used in
cases where only one load cycle is andysed. The parameters for a specific materia with a given
hardness have to be determined in uni-axiad datic, incrementa and cydlic fatigue tests. Due to the
number of parameters, it isavery comprehensive work to obtain a satisfactory materia database for
the large number of materias used in cold-forging tools.

The materid modd was origindly incorporated in a separate FEM programme and has later
been implemented in the general purpose programmes ANSY S and MARC as user-programmable
subroutines to analyse red production gpplications such as cold-forging dies. Figs. 2 and 3 show an
andysis of the cyclic stresses and strains in the trangition radius of a forward-extruson die during the
first 50 load cycles. The circumferentid stress shows a very limited cydlic plagticity wheress the
dress pardld to the surface denoted the tangentia stressin the figure is strongly deformed plagticaly
during the firgt load cycle and dso has a high cyclic plagticity during every subsequent load cycle.
This explains the wel-known phenomenon of a very low number of cyclesto crack initiation for dies
with small trangtion radii. An increase of the corner radius will decrease the cyclic plagticity and in-
crea=e life to crack initiation.
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Advanced FEM analysis of cold-forging dies

In the introduction, it was Sated that by optimisation of the life of complex cold-forging dies amain
focus must be put on the crack-initiation phase asit determines the main part of the dielife.

Furthermore, it has been concluded that the number of cycles to crack initiation and fractureis
mainly determined by the amount of cyclic plagtic strain and dso by the compressive mean strain and
that the amount of cyclic plagtic Srainisavery critica determining factor for die life even if the plagtic
grains only are on the micro scale.

The determination of critica parameters as cyclic plagticity on a micro-scae level, mean strain
level and gtress and strain level ranges requires FEM programmes with advanced dadic- plastic ma-
terid models like the earlier described mode or advanced use of the built-in modds in commercid
programmes.

By andysis and optimisation of cold-forging dies usng FEM programmes with advanced fea-
tures, the influence of the applied prestressing, the giffness of the prestressing system, and the die
geometry on resulting parameters as stresses, dtrains, micro pladticity, and deformation in critica re-
gions of the dies can be andysed.

Asillustrated in severd publications [7-8, 13-16], the gpplication of stripwound containers can
reduce the large deformations and critical stresses in the critica small-corner radii of complex cold-
forging dies.

Analysis of cold-forging tool for manufacture of bevel gear

This illudrative example taken from advanced net-shape cold forging of bevel gearsis used to dem-
ongrate the combined gpplication of stripwound containers and the previoudy described methods
for the optimisation of complex dies. The example deds with a 3D andyss of a cold-forging die
ingert for industrial mass production of bevel-gears used for differentialsin austomobiles. Three differ-
ent tools are andysed. In the firgt analyss, the die insert is mounted in a conventiona double stress
ring. The second and third analyses are both made with die inserts mounted in strip-wound contain-
ers. In the second andlyss, the container has a winding-core of hardened tool stedl, whereas in the
third andyds, a winding-core of tung-
den cabide is used. The tungsten Bevel

carbide has a Young's modulus of <" T

500 to 580 GPa, and thus the total coled N\ \f b A
giiffness of the container is increased Stgsreof - f .
and is higher than 400 GPa. The high tungsten -

diffness of the cortainer reduces the e

srains and stresses in the die insert Die

insert

during the cold- forging process. Thus,
cold-forged parts with complex -
onetries and sharp corners, such as
beve gears, can be produced in high

and profitable volumes, Another advan-  Fi9- 4 Bevel gear and section of STRECON®E" prestressed
container with die insert for production of bevel gears
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tage of the high diffness drip-wound container are the reduced deflections in the die insert during the
cold-forging process. This leads to an improved accuracy of the cold-forged part which is very im-
portant as bevel gears are often produced as net shape parts, i.e. parts where the surfaces are not
machined after the cold-forging. In the following, the analysed tools will be denoted conventiond,
STRECON® and STRECON® E* toals.

The geometry of the bevel gear and a section of the STRECON® E' toal is shown in Fig. 4.
As illugrated, cracks are initiated due to fatigue in the corners of the die insart leading to unwanted
burrs on the cold -forged beve gears, and findly, to rgection of the die inserts when the burrs be-
cometoo large, or to atotd failure of the die insert. In order to increase the life of the die insert, it is
essentid to reduce or even diminate tensle sress concentrations in the critical corners of the die in-
sert. Furthermore, is it important to reduce the amount of plagic work per load cycle. As shown
previoudy, the plastic work is depended on the stress and strain range, i.e. the difference between
the loaded and prestressed conditions. Thus, a reduction of both the tensile stresses and the stress
range will lead to an improved dielife.

Due to the complex geometry of the bevel gear, it is necessary to make a three-dimensond
andyss of the tool. The finite-element modd of the STRECON® E' todl is shown in Fig. 5. Asthe
bevel gear has teen teeth, due to symmetry, it is only necessary to andyse 1/20 of the tool. The
mode conssts of five regions with different materia properties.

As mentioned previoudy, an dadic-plastic materia behaviour is assumed in the anadlyses. As
the drip-wound container to a great extend behaves linear-dadticdly in these anadlyses, only the die
insart is consdered dadtic-plagtic. The three different designs are anadlysed in three load cases:

Load case 1 Prestressing of the die insart, i.e. assembled condition. The radia interference between
the die insart and the double stress ring used in the conventiond toal is the highest possible of 0.7%.
The radid interferences in the STRECON® and STRECON® E* tools are 1.0% and 0.7%, respec-
tively. However, the actua interference of the STRECON® E* tool is much higher due to the high
diffness of the container, so that the interference of 0.7% corresponds to an interference of more
than 1.0% for a conventiona double stress ring.

Load case 2 Prestressng + loading with internd proc-
ess load. The pressure distribution is according to the
invedtigation in [12].

Load case 3 Unloading, i.e. remova of interna process
load.

The tangentid prestress digributions in the die insert for
the three different designs are as follows: For the con
ventiondly assembled die insart, the maximum vaue
amounts to - 2000 MPa dong the critical edge. With the
die insert materia used, the degree of prestress is not
optima as the materia behaves dmodt linear-dadtic at

this vaue. In comparison, an opimum tangentid Fig.5 Finite element model of the STRECON® E
tool. Due to symmetry, it is only necessary
to analyse 1/20 of the model
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prestress distribution of -2800 MPa is obtained aong the critica edge by mounting the die insert in
the STRECON® and STRECON® E' containers. If nothing ese changes in the tools, a 800 MPa
higher value in prestressed condition will result in a Smilar reduction of the critica tensle stressesin
operationa condition.
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Fig. 6 Tangential operationa stressdistribution in dieinsert for (a) conventiona tool, (b) STRECON®tool and
(c) STRECON® E* tool

Fig. 6 illudrates the tangentia operationd stress distributions (load case 2) in the die inserts for each
of the three designs. The maximum tangentia tensile stress in the conventiond tool is 1500 MPa
which is a very criticd vaue near the tensile strength of the gpplied tool stedl. For the STRECON®
tool, the maximum tangential stress has been reduced to 680 MPa, and furthermore, the region sub-
jected to tensile stresses is significantly reduced. In the STRECON® E* tool, the region subjected to
tangentia tendle stresses has been completely removed as the maximum tangentia stress amounts to
0 MPa. The removal of the tensile stresses in the STRECON® E' toadl is mainly due to the high iff-
ness of the container which reduces the tangentia stress range. The tangentia stressrangeisidentica
for the conventiond and STRECON® tools, as both tools only consist of sted materids with max-
mum vaues amounting to 3500 MPa. This vaue is reduced by 20% to 2800 MPa for the STRE-
CONP E' todl, manly due to the increased stiffness of the container.

The tangentid stress-drain relaions dong the criticd edge in the first load cyde for dl three
desgns areillugrated in Fig. 7. The curves dearly illugtrate the fracture mechanica advantages of the
STRECON® tool and especidly of the STRECON® E* tool. These stress-strain curves were used
to predict the die life of the three andysed designs by means of cyclic fatigue tests. The test speci-
mens were loaded uni-axidly in cydlic strain control according to the hysteresis loopsin Fig. 7 until
fracture. For a detailed description of the test, please refer to [6].
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Fig.7 Stressstrain relation along the critical edgein (a) conventional tool, (b) STRECON® tool and (c) STRECON® E' tool

The test specimen loaded according to the stress-strain condition in the conventiond tool showed a
congderable cyclic plagtic strain range De, » 0.15% and faled after 440 cycles It shal be men-
tioned that the stress-strain condition in the test specimen cannot be compared drectly with the
stress-strain condition in the die insart. Firdly, the stress condition in the test specimen is uni-axid
whereas the stress condition in e die insert is a complex tri-axid stress condition. Secondly, the
axia dressin the test specimen is agloba dress as the dress vaue is congtant over the entire cross
section whereas the Sressesin the die insert are local and a so affected by stressesin other directions
than the tangentid direction. The test specimen loaded according to the stress strain condition in the
STRECON® tool failed after 4700 cycles which is an improvement by a factor 10 compared with
the conventiona tool. The test pecimen loaded according to the stress-drain condition of the
STRECON® E' tool showed a strongly reduced cyclic platicity and had not failed after 70,000 cy-
cleswhere the test was stopped. Thisis an improvement in life of more than afactor 160 in compari-
son to the conventiond tool. The die lives found in the cyclic fatigue tests can probably not be trans-
ferred directly to real-life bevel-gear die insarts, but ill, the rative difference in the number of cy-
cesto failure fully judifies the advantage of usng STRECON® containers and especialy the STRE-
CON® E* containers for production of beve gears.

The results from the finite-dement andyses and die life predictions from the low-cycle fatigue
tests were presented to a customer producing net shape cold-forged bevel gearsin order to con
vince about the advantage of usng STRECON® prestressed containers. The three invedigated
bevel-gear designs were tested by the customer in mass production. In the conventiona die, micro
cracks occurred in the critical corners after only 500 to 1,000 parts. The burrs on the forged parts
originating from merged micro cracks led to a production stop after 3,500 to 10,000 parts with an
average of 7,000 parts. In the STRECON® assembled die, micro cracks were observed after
10,000 to 12,000 parts, but it was possible to produce parts with an acceptable burr Sze until atota
die life of 15,000 to 20,000 parts. The die life for the STRECON® E" assembled die was signifi-
cantly increased compared to the two other designs. Based on the results from the low-cydle fatigue
tests, this was aso expected. In this design, the micro cracks occurred in the critical corners after
74,000 to 77,000 produced parts, and an average die life of 80,000 parts was obtained. Addition-
dly, the variation in die life was reduced which meansthat it is easier to predict a production stop. In
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respect to part quality, the long life to initiation of micro cracks results in a high percentage of burr-
free components.

By a7 digit annud production vaue, the use of the STRECON® E* container has led to a significant
reduction of the tooling costs per part. For the conventional design, the tooling cost per part was
US$ 0.37 which was halved to US$ 0.15 by use of the STRECON® design. The cost was further
reduced to US$ 0.034 with the STRECON® E* design which is a saving of 90% compared with the
conventiond tool for bevel-gear production.

Conclusion

Investigations of faled industrid cold-forging dies show that complex high-precision dies for net-
shape cold forging fail due to low- cycle fatigue phenomenain the sharp corners.

The crack initiation and crack-merging phases of low-cyde fatigue mainly determine the life of
this group of dies. Wear is sddom a significant problem.

Advanced materialtesting methods developed for low-cyde faigue testing of hight hardness
tool materids show thet crack initiaion in tool materids is mainly controlled by the amount of cydlic
plagtic grain, even if thisis on amicro scae, and by the level of compressive mean srain.

A newly developed multi parameter advanced dastic-plagtic materid mode for gpplicationin
FEM programmes makes it possible to andyse and optimise complex cold-forging dies where micro
pladticity isavery critica and determining factor for the delife.

A 3D dadic-pladic finite-element andysis of bevel gear die inserts mounted in conventiona
stress rings as well as in two types of stripwound containers show that especialy the properties of
the high-diffness stripwound container can influerce the cyclic stress-drain Stuation in the critica
corners of the die so that the critical parameter of plastic strain range can be reduced by 75%.

Industria production tests of bevel-gear dies mounted in the three types of prestressing systems
demongrrate that the average life for the bevelgear die inserts can be increased from 7000 parts for
a conventional die to 17,500 parts for a die insert mounted in a norma stripwound container and
finally up to more than 75,000 parts for adie insert mounted in a high-stiffness stripwound container.

By the shift from conventiona prestressing systems to a hight stiffness stripwound container sys-
tem, the tooling cost per part is reduced by 90%.
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