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ABSTRACT

Cold extrusion is a process commonly used to manufacture drive train components in the automotive
industry. Large plastic strains can be applied during this operation (up to 1.5) and greatly changes the
mechanical properties of the resulting material. This study focuses on the impact of cold extrusion pro-
cess parameters on the multiaxial fatigue behaviour of steel components. A specific set of forward rod
extrusion tools was developed to get original fatigue specimen able to characterise the effect of the man-
ufacturing process on the fatigue behaviour. The specimens were extruded from two different initial
diameters, giving two different reductions in cross-section of 18% and 75% respectively.

To understand the influence of cold extrusion, the following analyses have been undertaken for each
condition and on the initial material: monotonic tensile properties, microstructure, EBSD, residual stres-
ses and hardness. Simulation of the forming process and microstructural observations show that the plas-
tic strain is homogeneous in the specimen section. For both reduction factors, the forming process has a
positive effect on the components properties: induced residual stresses in compression and improved
hardness and roughness (Ra decreasing). Tension, plane bending and torsion fatigue tests show that
the fatigue strength is about 30% higher for the batch with 75% reduced cross-section. All investigations
show that strain hardening is the principal material parameter responsible for the increase in fatigue
strength. A multiaxial fatigue criterion taking into account the effects of the forward rod extrusion pro-
cess was also developed.

1. Introduction

Cold exftrusion is a very common process for manufacturing
automobile parts through plastic strain. This process requires very
expensive dies, and is thus mainly used for mass production, most
notably for drive train components. The steering rack pivot shown
in Fig. 1 is an example of the type of component manufactured
with this process. Areas with different strain levels can be seen
along the component.

This process has many advantages, achieving high production
speeds (from 10 to over 100 parts per minute), tight tolerances
(a few hundredths of millimetres) and high quality surface states
(Rq values as low as 0.5 um), as shown by Pale et al. [22].

* Corresponding author at: LAMPA, Arts et Métiers ParisTech Angers, 2 Bd du
Ronceray, 49035 Angers Cedex 01, France.
E-mail address: benjamin.gerin@ensam.eu (B. Gerin).

From a material science perspective, the principal effects of the
plastic strain is the hardening of the material, the introduction of
residual stresses and in some cases damaging the material.

Many articles in the literature study the effect of a prestrain
generated by service loading on the low cycle fatigue behaviour
Feltner and Laird [6], Kunz et al. [13], Wang et al. [35], Marnier
et al. [15]. However, few studies focus on the high cycle fatigue.
The goal of these studies is often to estimate the fatigue strength
of the component, following a voluntary or accidental plastic strain
(proof load). In these studies, the prestrain direction and the load-
ing direction during the fatigue tests are always the same. The
effect of the prestrain on fatigue strength depends on the intensity
of the applied prestrain and on the type of material being tested.
For example, Froustey and Lataillade |7] studied two aluminium
alloys, showing that an aluminium-copper alloy is highly sensitive
to prestraining, while an aluminium-magnesium is insensitive to
it. They also showed that changing the strain rate of the prestrain
had no influence. Zimmermann et al. [36] studied a nickel-based
alloy and a martensite-forming austenitic steel. They found that
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Fig. 1. Example of 2 forged component: 3 steening rack pivot, showing multiple reductions of the coss-ssction. Photo credit: Cevelot Company.

prestr@in impmoved the fatigue strength for the steel, but not for
the nickel-hased alloy. Magase and Suzuki [21] show that on a
lowr carbon steel, a small 0003 plastic strain tends to lower the fati-
gue limit, whereas a higher (U056 strmin improves it Kanget al [12]
have also observed that a prestrain canbe beneficial in fatigue for a
lowr carbon steel, but negative for a quenched C50 steel.

Conceming the impact of the prestrain generated during the
forming process on the fatigue behaviour, the few articles in the lit-
erature focus on cold-rolling of sheets and plates [29), or on cold
drawing of wires |34 ). Cold dawing of wires is the process closest
to cold extrusion because the strain applied in the two processes
are similar, with high axisymmetric stmin Most studies on cold
drawing, such as Beretta and Boniardi |1]. analyse the effects of
the process on the microstructure and on the fatigue strength of
the material, specifically the crack propagation threshold The
wires commonly have a very high yield stress after drawing {over
1500 MPal and often the crack initiation is located on surface
defects. To predict the fatigue strength, these author= suggest an
approach based on the Linear Facture Mechanics, where the defect
iz considered as a pre-existing crack, as seen in Murakami |20

A major study of the influence of prestrain on fatigue behaviour
iz the work done by Munier [18], Munier et al. [19] Using self-
heating tests to estimate the fatigue strength at 10° cycles, Munier
studied the influence of various amounts of prestrain ( from 0.01 to
0307 on the fatizue behaviour of multiple grades of steel. The
study also compares the effect of different prestrain loading such
as uniaxial tension, plane stress tension and shearing; the influ-
ence of the direction of the prestraincompared to the fatigue load-
ing iz also discussed Munier's results show that for all grades of
steel and all prestrain conditions, the fatigue behaviour is pega-
tively affected for small values of prestrain, reaching a minimum
before increasing and eventually exceeding the basze fatigue
strength for higher amounts of prest@in The minimum amount
of prestrain reguired to exceed the base fatizue strength varies
depending on the material and the prestrain conditions, ranging
from less than Q0% to over 0.25. The minimum fatigue strength
also varies, butis lowest for the cases where a large amount of pre-
strain is reguired to exceed the base fatigue strength In these
cases, the minimum fatigue strength is as low as B0 of the base
strength. However, the mnge of prestrain values investigated is
much smaller than what is typical in cold-forging

There are few studies where the effects of high prestmin are
analysed One such study was performed by Libertiny et al [14]
on a mild steel and a high-strength low-alloy steel. Two types of
prestr@in were studied: tension prestrain, and reducing the speci-
men thickness through cold-rolling. The tension prestrain applied
was 0% or 95% of the fracture strin in tension. The mlling was
used to reduce the specimen thickness to 62% of the initial area.
Fatigue tests in tension were performed to determine the fatigue
strength at 10° cycles. For the mild steel, the 90% prestmin
improves the fatigue strength by 50% and the rolling by 100%.
For the high-strength steel, the prestrain equal to 90 of the frac-
ture strain yields a 40% improvement. However, for both materials
the prestrain equal to 95% of the fracture strain did not improve
the fatigue strength.

These articles Munier [18], Munier et al. [19], Libertiny et al.
|14, Froustey and Lataillade | 7). Zimmermann et al. | 35] show that
alarge number of parameters associated with prestrain can affect
the fatigue behaviour:

» The type the prestrain loading (uniaxial tension. plane strain
tension, shearing, etc )

= The intensity of the prestrain

» A heat-treatment applied after the prestrain.

In addition, the observed fatigue behaviour also depends on the
testing conditions, with the results depending on:

» The direction of the fatigue loading compared to that of the pre-
strain loading.

» The type of fatigue test being performed (contmolled stress or
strain, loading mode, load ratio, etc.)

=« The fatigue regime being investigated (low or high cycle
fatiguel

The study presented in this article is part of the French national
research project DEASURF, with industrial partners mnging from
the steel producer to the car manufacturer. The study was per-
formed on specimens that are representative of industrial compo-
nents obtained by cold extrusion. The plastic strain applied during
the forward md extrusion process comes from a reduction of the
cross-section  of the component, and iz therefore mainly
COMMpressive.

Firstly, Finite Element simulations of the extrusion were per-
formed to estimate the heterogeneity of the plastic strain in the
specimens. Secondly, an in-depth analysis of the effects of the cold
extrusion process on microstructure, mechanical characteristics
and fatigue strength was conducted. The fatigue tests will be per-
formed in three loading conditions: tension, bending and torsion.
The goal of these fatigue tests was threefold. First, the results were
used to quantify the influence of prestrain on fatigue behaviour.
Second, both the core material (tension tests) and the forged sur-
face (bending ) were tested and compared. The applied loading dur-
ing these fatigue tests was uniaxial and in the longitudinal
direction (extrusion direction) of the specimens. Third, tension
and bending tests combined with the torsion tests were used to
identify a multiaxial fatigue criterion.

The specimens were designed in collaboration with, and mamu-
factured by, the Gévelot company. The geometry was based on
cold-forged industrial components (Fig. 1L The specimens are
extruded from a round bar of 27MnCrs steel, leading to a reduction
of the cross-section after extrusion. To imeestigate the impact of
this reduction, two different cross-section reductions were chosen,
representing the twoextremes in foreard rod extrusion as applied
in the Gevelot Company: the smallest reduction alvays applied.
and the largest reduction possible without risking damaging the
component. These are respectively 18% and 75 reduction of the
cross-section (abowe T5E, classical ductile steels wsed in cold-
forging can show damage such as tearing during forming). The cor-
responding minirmum true strain values, given by Inf A/ Asail are



respectively 020 and 1.40. To obtain the same final specimen
diameter of 13.55 mm, the ZFMCrS steel bars were machined to
two different initial diameters (15 and 27.4mml An image of
the initial billets and the forged specimens is given in Fig. 2 The
specimen head is left unforged. and is machined after extrusion
in order for all specimen to have the same geometry. The specimen
geometry is given in Fig 3. Because all of the fatigue specimens
wiere machined out of the forged specimens. it was not possible
to use standard dimensions for the fatigue specimens.

The fatigue specimens were polished to a mirror finish after
machining, except in the case of the bending specimens, where
the surface was left as-forged. The two hatches will be referred
to as 18% reduced cross-section and 75% meduced cross-section
The initial material will be referred to as before extrusion

n”\

Fig. 2. Photograph showing the billet and the forged spsamen, for both batches.
Left: 755 reduced cross-sedion. Right: 1845 reduced oroms-seciion. The spedmen
heads are not yet machmed Photo credit: Cevelot Compay.

It should be noted that, according to the industral process, the
material has been annealed prior to forging to increaseits ductility.
Fig 4 showss the various steps for the forging and the preparation of
the specimens, from hot-rolling of the initial bar to fatigue testing.

2 Simulation of the forward rod extrusion process

Simulation of the forward rod extrusion was performed with
the finite element simulation software Forge2011®. The first goal
af this numerical study is to predict the hetemogeneity of the plastic
strain introduced during extrusion using the results of the simula-
tions. The second goal is to showcase the possibility of predicting
certain material properties after extrusion, such as hardness. T hese
predictions could then be used in the design phasze of components
to predict fatigue strength, for example.

The computation is performed using a 2D axisymmetrical con-
fizumtion. A 3D representation of the cold extrusion process in
presented in Fig. 5a. The element size is about U5 mm in the core
and (.25 mm at the surface (Fiz. 5h).

A Hansel & Spittel elasto-visco-thermo-plastic law is used for
the specimen, in the plastic domain the stress is expressed as:

= AT e ()

where the m; pammeter controls the influence of the temperature,
me is the strmin-hardening coefficient, my is the influence of the
strain-rate and my controls the shape of the strain-hardening. The
my and my parameters were set to the classical values used for
steels, and the A, mz and my parameters were determined experi-
mentally using compression tests on the material. Table 1 lists the
values for all parameters. The tools are considered perfectly rigid
and hawe the exact same dimensions as the tools designed by the
Gevelot Company for this study. The punch speed is 20mms=".
The friction at each interface is modelled using a Coulomb law lim-
ited by a Tresca threshold, with parameters p= 0.03 and m = 0.07.
These are classical values for the zinc phosphate coating and soap-
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Fig. 3. Ceomeiries of the speamens. All umits are i mm {a) As-forged specimen, the head of the speamen remains unforged. All other specimens are machmed ot of this
geometry. (b ) Monotonic tensile fest specimen. o) Tension {atigue specimen. (d) Bending fat gue speamen. ) Torsion Gtigue specimen.
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ing process used in the cold-forging of steel | ). The solution algo-
rithm is explicit, with complex elements based on C3D4 elements;
however, the element and algorithm formulations are not the focus
of this study. As such. a detailed explanation conceming the simu-
lation. mini-element formulation, the contact and resolution algo-
rithms and the remesher can be found in a paper by Bouchard
et al. |2].

Th-le Eesu Itz of the FE simulations are given in Fig. & The geom-
etry of the specimen is correctly predicted, in particular the conwvex
tip of the 75% reduced cross-section specimen is clearly visible in
the simulation. The Yon Mises eguivalent plastic strain is quite
homo geneous for both conditions, ranging from 0.2 to 0.4 for the
18% reduced cross-section specimens, and from 1.4 to 1.7 for the
75% specimens. For both specimens, the plastic strain is lowest at
the centre of the specimen. and highest just below the surface.
The principal plastic strain tensor in the centre of the specimen is:

0204 li] 0
18% reduced cross-section : &f = [i] —0.100 [i]
i li] —0.104
140 0 i}
75% reduced cross-section: &f = | 0 —069 0
i 0 071

The first principal plastic strain has the same orentation as the
specimen axis (long direction L

To predict the final hardness of the specimens, the Forge2011®
software uses an emnpirical law linking the Vickers hardness to the
equivalent Von Mises stress: Hy =% This law i based on the
work done by Tabor [31], showing a link between yield stress
and hardness, used in many other articles like Tekkaya and Lange
|32 | During the simulation, plastic strmin leads to handening which
changes the yield stress. As an approximation of the yield stress,
the software uses the maximum Von Mises stress. At each time
step, the software uses the maximum Von Mises stress for each
element to evaluate the local hardness, and updates the value if
it iz higher than the hardness at the previous time step. The initial
hardness iz set at 164 Hy and was measured experimentally.

Zome authors suggest another method, which was not used in
this study. using strain-hardening reference curves in the



simulation to obtain 2 more accurate hardness prediction. These
curves are ohtained by analysing a compression test on a cylinder.
In the case of cold-forged components, 2 number of authors, such
as Sonmez and Demir [30], show that it is now possible to accu-
rately predict the component’s hardness after extrusion with this
method

Resultz show that the hamdness for the 18% reduced cmss-
section specimen follows the same general gradient as the plastic
strain, ranging form 250 to 275 Hy. For the 75% reduced cmoss-
section specimen, the handness is very homogeneous, at 300 Hy
The hardness is more homogeneous than the plastic stmin because
it iz calculated using the equivalent stress and not the strain. The
shape of the Hansel & Spittel law means that an increase in strain
will only lead to a relatively small increase in stress.

3. Mechanical properties and miaostructural characteristics
under the different extrusion conditions

The specimens are made from cold-working round bars of
2TMnCrS ferrite-peadite steel (see Table 2 for chemical composi-
tionl The bars are machined to the correct dimensions before
extrusion To guantify the effects of the process, tensile tests were
performed on the heat-treated material before and after extrision

The specimen geometry for the monotonic tensile tests is
shown in Fig. 3. The tensile test specimens do not have standard
dimensions because they were machined out of the extruded spec-
imens. Furthermore, few tensile tests were performed so as to keep
as many specimens as possible for the fatigue tests. The tests were
straincontrolled with strain rate of (LO01 57°. The stress-stm@in
curves are given in Fig. 7, and the mechanical characteristics are
given in Table 3. Combined with hard ness tests (Fiz. &), these show
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Table 2
hemical composition of the 2 7Mn (S smel in weight peroentage
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Fig. 7. Smess-sirain curves of the matenial before and after extrusion

howe the hardening intmduced during cold-working has changed
the material properties. The more the material has been deformed,
the more the hardness increases, as well as the yield stress and
ultimate stress.

The impact of the hardening is most noticeable on the
microstructure of the specimens (Fg 91 All show alternating
bands of ferrite and pearlite, generated during the hot-rolling of
the initial bar. These bands explain the wariations in hardness
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Table 3
Mechanical characeristios of the 27 MnlrS steal, before and after swoinoson.

Characienisic T T A Hardness Simaulated
iMP2)  (MPa) (%) Hy 03 kg hardness Hy
average - st dew.

Before extrusion 389 L | 164 =10 -

151 reduced 614 7 ] 3 +13 H/O-ETS
o Es-section

THEL reduced =11 Wrs 19 RE =15 o]
oo ss-sscton

ohserved in Fig. 5. For the 18% reduced cross-section specimen, the
microstructure is visually similar to that of the material prior to
extrusion. The bands hawe an average width of amund 20 pm.
However for the 75% reduced cmoss-section specimen, the
microstructure has been completely altered The grains have been
stretched in the extrusion direction, and the ferrite and pearlite
bands are much thinner and shorter, with an average width of
around 10 pm (Fig. 91

Electron back-scattering (EBSD) maps were acquired on the
cmss-section of the specimens. EBSD gives a visual representation
of the ferrite grin orentations, showing the impact of the extru-
sion on the grains. Chamcterization was performed on a Zeiss
Supra VP55 SEM with a feld-emission gun, operated at 15kV
and equipped with an Oxford-Instruments EBSD camemr. A step
size of 0.5 pm was wused for the before extrusion and 18% reduced
cmss-section specimens, while 03 pm was used for the 75% spec-
imen. Fig. 10 shows the Imeerse Pole Figure (1PFimaps for the three
batches. It should be noted that the cementite is not visible in the
maps, meaning that only the ferrite grains in the ferrite and perlite

bands are mapped. The 18% reduced cross-section microstructure
is visually indistinguishable from the non-worked microstructure,
with equiaxed grains. On the other hand, the 75% reduced cross-
section microstructure is very anisotmopic, with heavily deformed
gr@ins stretched in the extrusion direction. Measuring the grain
sizes in the EBSD images confirms that the before extrusion and
18% reduced cmoss-section microstructures are very similar, and
that the gmins have changed shape in the 75% reduced cross-
section specimens. Mean grain size was calculated assuming a
minimum misorientation between two grains of 137, Tahle 4 gives
the mean grain are, the standand error of the mean grin area and
the mean grmin aspect ratio. The standand error is calculated by
dividing the standard deviation by the sguare mot of the number
of s=amples. The effect of the extrusion process on the grins can
alzo be seen in the pole figures (Fig. 11). These show that the
microstructure is isotropic before extrusion, whereas this is no
longer the case for the extruded specimens, notably for the 75%
meduced cross-section specimen which has a heavily anisotropic
microstructure.

Comparing the average hamdness to the simulated hardness
shows that the values are very close ( Table 3). The hardness profile
for the 75% reduced cross-section specimen also shows a small
hardness gradient, with the hardness at the surface being 30 Hy
higher than in the core (Fig. 81 A similar gradient can be seen on
the plastic strain results of the FE simulations (Fig. 6. with higher
values near the surface The gadient is not present on the simu-
lated hardness gradient and this shows that a complex hardness
maadel is required to predict more accurately local hardness.

The forward rod extrusion process also introduces residual
stresses in the specimens. The residual stresses were analysed
using ¥-ray diffraction. A PROTO iXRED machine was used,
equipped with a Cr anode vacuum tube and two PSD detectors.
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Fig. 9. $EM images taken i the lang direction, on the alge of spsamens {a) before extrusion, (B} 125 reduced cross-section and {c) 755 reduoed cross-section. All show
altermating hands of ferrie (gray) and pearlite (white]} generated during prior hot-rolling. The hot-rolling direction and the extrusion dinection ane the same.



Extrusion direction Zp (Specimen axis): 4——»

Before extrusion

75%reducedeross-section

Fig. 10. ERSD IPF maps of the microstructure of the three bakches Z is the extrusion direction

Tablk 4

Mean area, standard error of the mean area and mean aspect @tio of the grains for he Airee stams Szes meaasumd from EXSD images, with grans smaller than S um ignored

Before extusion 182 7%

Long direction Mean area (um?) 85 £ 55

Std error of the mean area 11 27 19

Mean aspect ratio 193 198 634

Tramsverse direction Mean area (um®) a3 7% 3

Std error of the mean area 14 20 as

Mean aspect ratio 193 192 226

The Ka radiation of the Crtarget has a wavelength of 2 = 0.22909
nm. The diffracting planes are the {211} planes of the BCC struc-
ture of the ferrite, with a Bragg angle of 26 = 156 4. The crystallo-
graphic elastic constants used were: §; = —1.28 x 10°® MPa™* and
£5) = 5.92 x 107" MPa™". The first measure in on the surface, with
deeper measurements obtained by locally removing thin surface

layers through electropolishing. For the cold-formed specimens,
the measurements were made in the middle of the extrudate on
the specimens. The residual stresses profiles are shown in Fig. 12
Before extrusion, the machining process has introduced residual
stresses near the surface of the specimens, which become close
to zero at a depth of around 500 pm. For both extruded batches,



the residual stresses are always compressive at the surface, in both
the extrusion direction and the transverse direction. However, in
the 18% reduced cross-section specimens, the residual stresses
become tensile at the depth of 50 pm. For the 75% reduced cross-
section specimens, the residual stresses in the extrusion direction
stay compressive even at a depth of 1 mm; whereas in the trans-
verse direction, the residual stresses are close to zero after 100 pm.

Additionally, the forward rod extrusion process improves the
surface roughness. 3D surface scans of the specimens were made
using a Bruker ContourGT-KO-X profilbmeter. R, roughness values
were calculated from 2D profiles extracted from the scans in the
longitudinal direction, using a cut-off distance of 800 pm. Before
extrusion, R, value is 2.5 um and after extrusion, the R, is 1 ym
for the 18% reduced cross-section specimen and 03 um for the
75% reduced cross-section specimen.

4. Fatigue behaviour

In order to investigate the effects on fatigue behaviour of the
different process parameters, such as surface roughness and pre-
strain, fatigue tests were conducted, in tension, bending and tor-

{100} {no}
Before
extrusion
210}
18%
{110
5%

sion. The specimens were machined out of the forged specimens
manufactured by the Gévelot Company. the geometries are given
in Ag. 3.

Tension fatigue tests with a load ratio of R = —1 on all three
batches served to quantify the impact of the prestrain on the fati-
gue behaviour. The specimens were mirror polished after machin-
ing. to remowe the milled surface roughness.

To investigate the influence of the forged surface, tension or
rotating bending tests were not possible, as that would require
machining the specimens in a way that removed the forged sur-
face. Instead, plane bending fatigue tests on both extruded batches
were performed. The specimens were machined with a notch in
order to have the crack initiate in the middle of the specimen
and not in the clamps of the fatigue machine. To avoid crack initi-
ation in the notch, a load ratio of R = 0.1 was used.

Finally, R = —1 torsion fatigue tests were used to analyse the
fatigue damage mechanisms under a different bading mode and
to identify a Dang Van [ 4] multiaxial fatigue criterion. The torsion
tests were also performed because drivetrain components are fre-
quently loaded in torsion. The specimens were polished after
machining as well.

1y

Fig. 11. Pale figures taken i the Tansverse direction. Scale is pomt density Gotor.
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Fig 12 Resdual swesses measured by Xoray dffracson on the as-forged specimens in the extrusion direction (long) and the transverse direction (Trans).



A staircaze method at 2.10° cycles on 10 specimens in tension
15in bending and 9in torsion was performed foreach loading con-
dition (the detailed staircases are given in Table 5} The Divon and
Mood |5 ] staircase method determines the fatigue limit using mul-
tiple specimens. The first specimen is cycled with a load close to
the expected fatigue limit. If a specimen survives the 2.10° cycles,
the lading value is increased for the next specimen. If a specimen
fails, loading iz decreased for the next specimen Loading is
increased or decreased by a fined value chosen =0 as to be small
enough to accurately reflect the fatigue dispersion without leading
toton many load levels (generally 10-25 MPa) After all specimens
havebeen oycled. a statistical analysis determines the fatigue limit

The tests were run on two resonant fatigue testing machines, at
a frequency of 85 Hz in tension, 80 Hz in bending and 88 Hz intor-
sion. Specimen failure was determined by the presence of a crack,
indicated by a decrease of the resonant frequency. The tests were
stopped when the frequency dropped by (U5 Hz To ohserve the
crack fracture surface, the specimens were then manually broken
after being submerzed in liquid nitrogen.

Only 3 specimens were available forthe torsion tests on the 18%
reduced cross-section specimens. Therefore, instead of a stairase

for this batch, tests were performed using the “step” technigue
detailed by Maxwell and Micholas [16) Each specimen was loaded
with a series of constant stress amplitude loading steps. The initial
stress amplitude was chosen to be slightly less than the expected
fatigue strength at 2+ 10° oycles. Ifthe specimen did not fail in less
than 2. 10° cycles, the stress amplitude was increased for the fol-
lowring step. This was repeated until the specimen failed in less
than 2 - 10° cycles. The fatigue strength was then assumed to be
the applied stress amplitude of the final step. The owerall fatigue
strength for the batch was assumed to be the average of the three
alues.

To maonitor the evolution of the residual stressesin the bending
specimens, measurements on the surface wemre also made after
machining and after cycling (on surviving specimens), given in
Table & The detail of every residual stress measurement on surviv-
ing bending specimens is given in Table 7. These show that the sur-
face residual stresses change very little for the 75% reduced cross-
section specimens. However the surface residual stresses in the
18% reduced cross-section double after machining. This is likely
due to the relaxation of the tensile residual stresses during the
machining of the notch

Tahle 5
Begults of the vanious staircase tests 07 Means surviving speomen, “X” means fadure,
Tenmion & — -1 . EE ] Lpecimen number
1 z 3 L] L] L] T E-] a 10
Before extrusion 250 X X X X
50 a a a X L]
220 (1]
152 N5 X X X
ElLl] X 1] 1] X
£BS a
TEE Lk x x
5 X a o X
L] a x a
3% a
Bending & - 01 e (MPa) Lpecimen mumber
1 z 3 a2 L] L] T ] k] 10 11 12 13 12 1%
153 322 X
Xia X X X X X
el 1] 1] 1] X (0] X 1]
et a a
e ahE X X
250 X a X a X
32 X 1] 1] 0] X
4 X a
E-L 1]
Torsion &= -1 e (MPa) Specimen mumber
1 F4 L] k] L] T £
Before extrusion 195 X X
185 L] a X o
175 a
TEE 20
Era] X X
a0 a X X X
=5 1] (0]
Tablke &
Surface residual stresses measured by Xeray difraction in the vanous states of the bending Qtigue spramens, in the sxtrasion dimction. The afeer opoling wvalue i the awrageof
alll surviving Staircase specimens
Asforged {MPa) MSachined (MPa) Adter cyching {MPa)
152 reducsd coss-sscton L] —-20 —-193
755 reducsd coss-ssction -3 -0 ]




Table 7

Surface remcual stresses measured by Xsay diffraction i all the sunviving bending staircase spacimens The longtudinal direction (Jong. ) &5 the extrusion direction and the

transverse direction (wrans ) s fie parpandicular,

Bendmg 184 reduced cross-section 75% reduced cross-section
N® LA O (MP2) N ae Oam (MPa)
Long. Trans long. Trans.
3 305 -127 —-135 3 395 -238 -zm
5 206 -1%0 —165 4 414 -3 =215
7 305 -197 -217 5 a2 -310 -220
10 288 -6 -0 7 432 -294 -172
n 205 -249 150 E] 450 =247 -224
14 288 -191 -145 1 432 302 -131
15 206 -212 159 12 450 -320 -19
Average ~193 -170 258 -2zm
Range 85 82 52

During fatigue testing the macroscopic bending loading leads to
plastic strain on the surface and the introduction of residual stres-
ses. The local surface stress loading is therefore different from the
applied R = 0.1 loading. The plastic strain was verified using strain
gauges: the maximum plastic strain is 0.6% for the 75% reduced
cross-section specimens and 04% for the 18% reduced cross-
section specimens. The stabilised loading cycles is reached very
quickly, in less than 5. 10" cycles. The surface plastic strain is
much smaller than the strain applied during extrusion, and the
change in the surface material is thus assumed to be negligible.

Conceming the fracture surface obsenations, fatigue crack ini-
tiation was always located on the surface of the specimen. Bending
and tension specimens had the same type of fracture surfaces and
in the majority of cases, the crack did not initiate on a surface
defect or inclusion.

The crack profiles for each batch and loading condition are
given in Fig 13.Classically, the crack initiation in steel polycrystals

&
B
2
=

/]
&

Before extrusion

%

75%

Specaxis 4P

Bending R = 0.1

happens in the plane of maximum shear stress, which is angled at
45" from the bading direction, as observed by Morel and Huyen
[17L The crack then propagates perpendicular to the loading
direction.

In our case, in tension, for all batches, the crack length instage |
(shear mode) of crack initiation and propagation is very small. The
cracks propagate in the plane perpendicular to the loading direc-
tion and are perfectly linear before expanding in more jagged pat-
tems due to the microstructure (Fig. 14) For the before extrusion
batch, the crack stays mostly perpendicular to the loading direc-
tion, however for the extruded batches, the crack angles out after
about 1 mm. The angle depends on the hardening, and reaches
45° for the 75% reduced cross-section batch. This is clearly visible
on the fracture surfaces (Fig. 15), where the central part of the
crack stays flat, and curves on the outer edges. For the 75% reduced
cross-section specimens, the flat area is circular and easily
distinguishable.

TorsionR = -1

Fig. 13 Crack profiles for all hatches The bending and sorsion profiles are SEM mmages.



Fig. 14 2EM mmage of the cack profie of 3 152 reduced cross-section Gtigue
specmen m tension. The bading direction i vertical

In bending, the crack stays straight due to the specimen geom-
etry and the machining marks from the milling prior to extnsion

For the torsion tests, usually, the crack initiation and the persis-
tent slip bands (PSB) are along both maximum stress planes,
angled F and 90 [17] In our case, both the PSE and the stage |
crack are always parallel to the specimen axis. This is likely due
to the ferrite and pedite bands present in the microstructure,
which have the zame orientation. The crack then follows the clas-
sical mechanism: the crack propagates several hundred micronsin
the makimurm shear plane, before forking at a 45 angle (Fig. 131
Far the extruded batches, the maxirmum shear plane has the zame
orientation as the microstructure and in the 75% reduced cross-
section case, the microstructure keeps the crack at an 0° angle,
even when reaching the specimen heads.

Toconclude, the micmstructure has beo independent effects: the
firstis that the altemating ferrite and perlite bands make the stage |
crack initation aheays at (F, and the second is that for the 75%
reduced cmss-section specimen, the highly anizsot opic micmstroc-
ture prevents the crack from forking. All these obzervations clearly
show that the micmstructure affects crack propagation

5. Analysis

The tension fatigue tests with a load matio R= —1 were per-
formed to imeestigate the influence of the prestrain on fatigue
behaviowr. The results of these tests show that hardening increases
fatigue strength (Table 8], and that the increase in fatigue strength
followes the same rate as the increase in ultimate strength. For all
three hatches, the ratio of the tension fatigue strength divided by
the ultimate stress is always close to (400 This means that if the
initial murs and fatigue strength are known, simply measurnng the

Tahl: 5
Fatigue and monotonic streng of the forged speomens. For bending, the walues are
e appbied loading.

a{MPa) Bedore axtrusion 185 ThL

s i e 1116

Temmon ag! F=r] it 51
Bending A s [i] 438
T im iy

Tors san :;' 188 s 305
;! oy Tatio LET L] 041

;) jo;! ratio s s 056

urz 5 enough to predict the fatigue strength for other hardening
levels. However this requires forging at least one specimen for
the purpose of perfforming a tensile test, which can be very costly
and time-consuming. Furthermaore, for components with complex
mometries and hardening gradients, the Fw value cannot be
easily measured

Asimpler method is to use the hardness value from FE simula-
tions to predict the fatigue strength. Anempircal law is sometimes
used for steels: ¢ = 1.5 = H,, detailed by Ganwood et al. [9] and
taken up by other authors, such as Chapetti | 3 This model is guite
accurate despite its simplicity, leading to a maximum error of 13%
in our case (Fig. 16a) Using this approach with the hardness values
from the previously discussed simulations leads to a prediction of
the fatigue strength with an ermor of about 24% for the 18% reduced
cross-section specimen (using the core hardness of 250 Hy) and an
error of 2% for the 75% reduced cross-section specimen. The advan-
tage of this method isthat it can then be used to predict the local
fatigue strength in a component with a hetermgeneous handness.

Some authors show that the Hall-Petch eguation (based on the
waork of Hall [11] and Petch [28], used by Thompson [33]) can be
used to link fatigue strength and grain size:

B
a =4 v (2

where A and B are constants and 4 is the grain size. A and B were
determined by fitting the experimental data points wusing the
method of least squares. The studied material exhibits a Hall-
Petch tendency, when the transverse gmin sizes are used
(Fiz. 16a). This model however requires at least two points (and
thus two fatigue tests) for the constants to be fitted.

Since sy and fatigue strength are proportional both of these
methods can also be used to predict the gus. Howewver, this type
of approach should not be used when the damage mechanism
changes with hardness, for example quenched steels, as shown
by Pang et al. [24 ) At low hardness, the crack initiation is mostly

(a)

b}

Fig. 15 Fracture surface in tension of: {a) 155 reduced cross-section specimen and {b) 752 reduced cross-section specimen. Crack mitiation &5 located at the top{arcle). The

crack from at the end of the fatigue test &5 shown i dotted lnes.
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with data from Munser [15].

in the microstructure, but at very high hardness, the crack initia-
tion tends to be located on inclusions.

When comparing the tension fatigue results with those of
Munier | 18], which are also in R = —1 tension, the fatigue results
seem to match the tendency exhibited by Munier's type “A” steel
which is a DP&00 series steel (Fig 171 However, it should be noted
that the prestrain applied by Munier was in tension and thus dif-
ferent than our multiaxial compressive prestrain.

In addition to tension fatigue tests, bending tests were also per-
formed to gquantify the influence of the forged surface. During the
fatigue tests, a small amount of plasticity affected the local residual
stresses. To work with the correct local stress values, the loading
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stress amplitude and the compressive residual stresses measured
on the surface after fatigue cycling (on surviving specimens) are
used The stress amplitude is not affected by the residual stresses,
thus the local stress amplitude is equal to the macroscopic (applied
lading) stress amplitude The local mean stress is the macmsoopic
mean stress with the (compressive) residual stresses added The
correct local fatigue strengths are given in Table &

These fatigue results can then be represented in a Haigh dia-
gram (Fig. 18] Gerber |10] curves were used to represent the three
batches. These curves are defined as:

O 42

e (1-(2))
wheme 7, is the loading stress amplitude, a3' is the fully reversed
stress amplitude and @, is the mean stress. The effect of the pre-
strain can be clearly seen in the increase in the size of the curves,
improving fatigue and tensile strength. The local { corrected) bend-
ing fatigue strengths are very close to the Gerber curves. This means
that the fatigue behaviour is similar on the forged surface (hending
tests) and at the core (tension tests) of the forged component. This
is in agreement with the simulations and the hardness tests as they
showr little to no gradient along the depth of the specimens. Addi-
tionally, this means that the surface state produced during extru-
sion does not negatively impact the fatigue behaviour.

The last type of fatigue test performed wemre torsion R = -1
tests (results in Table &) The torsion fatigue strength varies almost
limearly with the hardness (Fig. 16b), and also shows a direct link to
the grain size. The sheartension fatigue strength ratio is
Ta/Fa = (.75 before extrusion, which is a typical value for ductile
steels, as shown by Pessand et al [27]
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The Dang Van |4 ] criterion can be used to take into account the
different loading types. The advantage of thiz approach owver the
Haigh diagram is twofold: it defines a multiaxial fatigue criterion
and it enables the correction of residual stresses in all directions.
Indeed. on the forged surface, the residual stresses are not only
in the extrusion direction, but also in the transverse direction
(Table 7)1 Radial residual stresses are assumed egual to zero on
the surface

The Dang-Van criterion is written as follows:

rnth'[l!j + aau(t)] =8 )

where 1is the shear stress and oy is the hydrostatic stress, with a
and # material parmameters. In the case of proportional loadings, the
criterion can be simplified as:

Ta + & Ttz = 5

where 1, is the time-dependant shear stress amplitude on a critical
plane and 7 s 15 the maximum hydrostatic stress.In a T versus @y
diagram, the criterion defines a line of slope —a which represents
the matimum acceptable stress in fatigue (Fig. 191 If the loading
path goes above this line, crack initiation oocurs.

The hydmstatic stress gy can be broken down into loading
amplitude, mean stress, and the residual stresses:

T = ThAngieake + T + Tifeiial (6}

It is therefore simple to take imto account the effects of residual
stresses on the fatigue behaviour. By taking into account the resid-
ual stresses, the local stress loading is calculated, as opposed to the
applied macmscopic loading The time-dependent local stress ten-
=ors for each loading condition are written as:

o, 00
Tension: [o(tl]=| O O 0 | sinfef) M
o 00
ay 00 Tmen O 0
Bending : [o(ti]=] 0 0O 0 f sinfet) + o 00
o 00 o 00
(B}
AT i 0 0
+ 0 Tames 0
1] o o
0o 1, 0
Torsion : Jo(tl]=| ta 0O 0 |sinfet) [

o 00

The resulting Dang-Van diagram is given in Fig. 20, where for the
zake of clarity. each loading path in the diagram is represented by
the single point in time where they are maost critical. The slopes
of the Dang-Van lines are very close for the before extrusion and
the 18% reduced cross-section batches (76 and 0.77 respectively).
The line for the 75% reduced cross-section specimens is slightly
lower, at 052 Fig. 21 plots the @ and # values over the hardness.
The # walue is the tomion fatigue strength, which increases
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Fig. 20. Dang Van diagram showing the results of the Gtigue tests.
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Table s

Comparison of the @ value of Se sudied material with those of other materials from the eraune,

Material State Hardness :;'_.lg-;' ®
EMnirs Hefore extrusion 162 Hy 02 0% a7G
TEE ZHEH 02 LT [
EAnBS Pexsard et al [27) Imitial stade 120 Hy 3 [T sy
Quenched S0H, 20 0&z 095
K18 Palin-luc and Lasserne (23] Annealed L e
PGS ®00-2 Palin-Luc and Lasserre 23] Cast from a9 1.0

proportionately with hardness. The « value represents the mate-
rial’s sensitivity to hydrostatic stress and vares with hardness.
Howrever, hardness is not the only parameter controlling the fatigue
behaviour, the microstructure also has an effect on crack initiation
and propagation. In owr case, the increase in hamdness and thus fati-
gue strength does not induce an increased fragility of the material
(ie an increased sensitivity to hydrostatic stress, represented by
higher « values). This is contrary to the classical tendency ohsered
in certain heat-treated materials by Palin-Luc and Lasseme [23)
Table 9 compares our @ and 17"/, values with those of heat-
treated steels from the literature. When the increase in hardness
comes from hardening, the higher hardness does nmot increase the
material’s sensitivity to hydrostatic stress. For the heat-treated
steels, the increased hamdness is detrimental and makes the mate-
rial more fragile (more sensitive to hydmstatic stress) 1t should
be noted howewver, that the hardness values are very different
between cold-forged and heat-treated, and that the increased fragi-
lity could be observed only for extreme hardness values.

All the results presented here confirm the observations found in
the literature and guantify the influence of prestrain on fatigue
hehaviour. The range of the prestrain values studied is quite large,
with a very high maximum value.

In addition to the fatigue tests detailed here and mainly focused
on the initiation phasze of the fatigue damage behaviour, another
study on the influence of prestrain on the crack propagation rate,
using synchmtron tomography., is in progress and will be detailed
in a companion paper.

6. Conclusion

In this study, fatigue tests and material characterization were
conducted on specimens with two different amounts of prestrmin
and on the initial material. The specimens were cold-forged with
a reduction of the cross section of 18X and 75%, leading to eguiva-
lent plastic strains of 03 and 1.5 respectively. The fatigue tests
wiere performed in tension bending and torsion. Using the results
of these tests, it was possible to take into account the maost impor-
tant process pammeters in cold-extrusion ( hardening and residual
stresses) which can affect the multiaxial fatigue behaviour. The
main conclusions of this study are:

» Hardening through extrusion increases the fatigue strength for
all tested loading conditions (tension. bending and torsion).

» Fatigue behaviour for the surface and the core material are the
same

» Fatigue strength can be linked to the handness value, and the
hardness can be reasonably predicted through FE simulations.

» The various fatigue tests taken together enable the use of a mul-
tiaxial fatigue criterion.

» The crack path is affected by the microstnicture, especially for
the batch with 75% reduced cross-section

» The hardening introduced by process does not render the mate-
rial more sensitive to hy drostatic stress.

Thiz work is part of a overall approach, the goal of which is to
improve the prediction of the fatigue strength through the dewvel-
opment of a complete numerical chain. This would allow the inte-
grtion of the results of the FE simulation of the process into the
fatigue design of components.

After having shown in previous studies that it is possible, and
waorthwhile, to take into account the fibering [25.25], the present
article focuses on the effect of prestmin on the fatigue behaviour
of forged components.
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