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Abstract

The influence of pre-strain on the tensile and fatigue properties of a dual phase
DP600 steel was studied. The material was pre-strained by uni-axial tension in
rolling and transverse direction. Thereafter, specimens were cut from the
deformed plates in parallel or orthogonal to pre-strain direction. It was found
that pre-strain increases yield and tensile strength. Results suggested that
strain path change primarily affects the elastic-plastic transition during early
stage of reloading. Pre-strained specimens showed an increase in high cycle
regimes as a consequence of yield strength increment, irrespective of imposed
pre-straining direction. A modified stress life equation that accounts for pre-
strain was proposed and showed good agreement with experimental data. Bake
hardening enhanced both tensile and high cycle fatigue resistance. Walker
equation was successfully fitted to account for tensile mean stress. In low cycle
fatigue, negligible influence of pre-strain was observed due to cyclic softening
and residual stress relaxation.
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Highlights

« A DP600 steel sheet is characterized under different pre-strain conditions
and after baking.

« Experiments indicate that pre-strain and bake hardening are beneficial in
HCF.

« Modified Basquin equations to account for the effect of pre-strain and bake
hardening are proposed.

« Walker mean stress correction shows good agreement with experimental
data.
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1 | INTRODUCTION

Fatigue is one of the most critical aspects to be consid-
ered when designing new components, but it is often very
difficult to predict the life expectancy of structures
subjected to cyclic loads. Among the other fundamental
variables influencing the strength of the material, the
manufacturing processes can play a significant role.

Sheet metal forming is a commonly used manufactur-
ing method in the automotive industry. This process
involves high deformation of the steel sheets. Moreover,
components may undergo baking after painting, which
further alters the mechanical properties. Therefore,
fatigue assessment of components may be even more
challenging after these procedures.

During the cold forming process, the material is
pressed in stamps to obtain the desired shape. This opera-
tion results in three main effects on the material: strain-
ing, thinning, and rising of residual stresses. Thinning is
easily obtained through finite elements analysis or direct
measurements on the wheel, and it is only a geometrical
aspect, because it does not involve material properties.
Residual stresses at the end of the forming process can
also be evaluated using finite elements analysis, and they
are treated as mean stresses for fatigue assessment.’
Consequently, a precise mean stress model is needed to
assess fatigue strength in the presence of residual stresses.
Additionally, straining directly influences material prop-
erties due to hardening and reduced ductility. Thus,
fatigue assessment considering the effect of prior defor-
mation is more accurate.*>

2 | OVERVIEW OF RECENT
DEVELOPMENTS

2.1 | Dual phase steels—properties and
microstructure

Automotive is the major field of application of dual phase
steels, where, thanks to their high strength and formabil-
ity, they contribute to limiting the mass of the vehicles in
order to reduce fuel consumption and emissions. Because
of their application, the assessment of their fatigue
resistance is of paramount importance. Furthermore, the
effects of the manufacturing processes on the properties
of DP steels are a hot topic in the scientific literature.

DP steels are produced by intercritical annealing of
low carbon, low alloy steels.* The controlled cooling from
the austenite + ferrite temperature range results in the
transformation of austenite in martensite. Continuous
yielding and low yield to tensile strength ratio are a con-
sequence of the high density of mobile dislocations in

ferrite created during austenite-martensite transforma-
tion.>® The behavior of DP steels is strongly related with
their composite microstructure, consisting in hard mar-
tensite particles dispersed in a soft ferrite matrix, because
of the heterogeneous strain distribution in the two
phases.””” In general, tensile strength is improved with
increasing martensite content, while its dispersion deter-
mines ductility.®'°"* For the same volume fraction of
martensite, a finely dispersed microstructure shows the
best combination of strength and ductility.'*'°

The fatigue properties depend on the combination of
both strength and ductility. HCF is mostly affected by the
former, while the latter is more influential for LCF
regimes. Thus, higher martensite contents result in
enhanced long fatigue lives,">'>™'” whereas at shorter
lives, the interaction between the phases becomes more
important. In particular, for low martensite content, only
ferrite deforms and cyclic hardening is observed, and for
higher percentage of hard phase, the material exhibits
cyclic softening due to internal stress relief.'>'®'® At the
same time, martensite particles hinder crack propagation,
so a uniform distribution is preferred for fatigue
resistance.'®*

2.2 | Influence of pre-strain
Over the last decades, various researchers studied the
effect of prior deformation on the mechanical properties
of dual phase steels. Pre-strain is known to increase yield
and tensile strength due to work hardening and reduce
ductility.*'~*° Different straining paths, however, result
in distinct material response.”**® In particular, while a
sharp yield point is expected, tensile tests in a direction
different to that of pre-strain result in lower elastic limit
increment and rounding of the flow curve.”®**>° Further-
more, changes in elastic modulus after pre-strain have
been reported in literature.?**"3>

For fatigue strength, literature is more controversial.
In general, an improvement in HCF resistance is expected
after pre-strain as a consequence of higher yield strength,
while a detrimental effect of prior deformation may be
observed for LCF as some capacity of the material to plas-
tically deform is lost. However, other researchers observed
a beneficial effect of pre-strain even for LCF regimes.>* >
Friedriksson et al*"** performed strain controlled fatigue
tests on DP400 and DP600 sheets with different treat-
ments before testing, such as uni-axial, equi-biaxial, or
plane strain deformation and aging. Monotonic properties
improved compared to the as-received condition, but
fatigue life was not very sensitive to pre-straining.
Gustavsson et al>***° tested the effect of prestrain on the
fatigue properties of DP440 and DP400 steels and found a
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weak positive influence on LCF. Le et al***” tested fatigue
performance of a DP600 sheet steel after uni-axial and
plane strain pre-strain. While uniaxially pre-strained
specimens exhibited higher fatigue strength compared to
as-received condition in the long life domain and lower
fatigue strength for life less than 10® cycles, plane strain
pre-strain did improve fatigue strength throughout its
lifetime. Based upon these results, the same authors®® also
proposed a modified strain-life equation to consider the
effect of different pre-strain paths. Das et al**™** studied
the effect of pre-strain on the tensile, HCF, LCF, and
notch fatigue performance of a DP600 steel sheet. Testing
was performed in both parallel and orthogonal direction
to pre-strain. An increase in long lives was observed, test-
ing orthogonal to pre-strain resulted in better improve-
ment. Short lives decreased after strain path change,
while no significant difference in LCF was observed after
pre-strain in the same direction to testing. Minor positive
effect on notch fatigue was explained due to higher stress
concentration caused by increased yield strength, which
nullified the beneficial effect of pre-strain on HCF. The
same research group also studied the influence of uni-
axial and bi-axial pre-strain on a DP590 steel.** * Bi-axial
pre-strain was found to increase strength and reduce duc-
tility more than uni-axial pre-strain for equivalent plastic
strain. This resulted in significant improvement of long
life and reduction of short lives.

Louge et al*>*’ proposed a new method to assess the
effect of load history on the HCF by means of self-heating
measurements under cyclic loading. This approach
showed good agreement with experimental results on a
high strength low alloy steel sheet.

Paul*® recently published a comprehensive literature
review on the impact of forming strain on dual phase
steels. Nevertheless, despite strong efforts to understand
the influence of pre-strain on fatigue strength of dual
phase steels, literature still lacks a comprehensive study
that takes into account various levels of deformation for
different straining paths.

2.3 | Bake hardening

Although DP steels do not undergo aging at room temper-
ature, after the paint baking process, an increase in yield
strength is noticed.* This bake hardening (BH) effect can
be explained by three different mechanisms: diffusion of

TABLE 1 Chemical composition of the DP600 steel (wt%).

C Si Mn P S N Al
0.06 0.11 1.23 0.035 0.001 0.005 0.03
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interstitial atoms toward mobile dislocation (Cottrell
atmospheres), formation of precipitates and carbides in
ferrite, and tempering of martensite.**~>* Bake hardening,
however, has a limited effect on ultimate strength and
ductility,?® so no differences in LCF regimes are observed
after this treatment,*"*>>* while an improvement in HCF
lives is expected,” as a consequence of higher yield
strength. Work and bake hardening interaction have been
studied, and a decreasing effect of BH with pre-strain was
observed.*>*>7

2.4 | Mean stress correction
Various models are proposed in the literature to account
for mean stresses. Among the most common mean
stress correction approaches are from Gerber, Goodman,
Soderberg, Morrow, Smith-Watson-Topper (SWT), and
Walker.”® The Walker model, a modification of the SWT
model, thanks to his adjustable parameter, is more versa-
tile.”® Despite the relevance of mean stress in dual phase
steels applications, little research is found in literature
about this topic. Giri and Bhattacharjee® documented
that Gerber formula is well suited to estimate the endur-
ance limit of a DP590 sheet steel at different stress ratios
for smooth specimen, while Goodman equation is more
appropriate in the presence of stress concentration. Onn
et al®' studied the effect of the mean stress on the HCF of
a DP600 steel sheet. Walker's mean stress correction
showed the best agreement with experimental data, while
SWT, Goodman, and Morrow models needed an expo-
nential calibration factor to obtain comparable results.
More recently, Walker model has been shown to well
describe the mean stress effect of a stainless steel sheet,
while other conventional equations were unreliable.®?
Kujawski® proposed a modified SWT model to extend its
accuracy to load ratios R = oyin/0max < — 1, for which it
has been shown to be non-conservative.

3 | METHODS

3.1 | Material

A commercial grade DP600 steel produced by Salzgitter
AG (Salzgitter, DE) was studied. The chemical composi-
tion is given in Table 1. The steel was supplied in a

Cu Cr Ni Mo Nb Ti A%
0.02 0.62 0.03 0.01 0.003 0.001 0.003
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4.5 mm thick, 500 mm wide hot rolled sheet. The mate-
rial was sampled from a unique coil.

3.2 | Experimental setup

Both static and fatigue (HCF and LCF) properties of
the material were evaluated. Rolling direction was con-
sidered in the analysis; therefore, four combinations of

testing and pre-straining were studied, as shown in
Figure 1A. First, uniform elongation values of the as-
received condition of DP600 were obtained with tensile
tests, in order to determine pre-strain levels (three uni-
formly spaced values up to necking of the material).
The material was then cut into rectangular 130 x 500
mm sheets that were subjected to uni-axial pre-strain,
and then specimens were obtained from the deformed
plates.

PRE-STRAIN

260
500

PRE-STRAIN

(A) Pre-strain direction

(130)
(38,2) 35
2
PRa16 ; ; ; Sﬁ’/:
2 S —__STATIC
‘ Lg = 26 ‘
55 (4,5)
(130)
(46,3) g
PRa16 ] x .
| | HCF
40 I
(4,5)
(130)
(38,8) 35
o
Pratso ; : ; T“o’;
g | icF
Lg = 15

(B) Specimens geometry, dimensions in mm

FIGURE 1 Experimental plan. [Colour
figure can be viewed at wileyonlinelibrary.
com]
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Pre-strain of the rectangular specimen was applied
using a Walter + Bai LFM 600 kN universal testing
machine using custom made vices, strain control was
performed using the built-in contact extensometer con-
sidering an initial gauge length of 100 mm and strain rate
£=0.002s"". Pre-strain levels were checked using marks
on the plates, and strain distribution was controlled using
strain gauges on some of the samples. After pre-straining,
specimens were cut from the deformed sheet via wire
electrical discharge machining (WEDM), the final shape
(Figure 1B) was then obtained by milling. The specimens
geometries, for both static and fatigue tests, were slightly
modified from the relevant ISO and ASTM standards®*®°
for practical reasons (i.e., constrained maximum length
of the specimen). Specimen surface was left unaltered
from the original coil. Some specimens were then baked
at 190° C for 35 min to reproduce the paint baking
process.

Three levels of pre-strain were analyzed for static
strength, three for HCF and two for LCF. All tests were
conducted at room temperature of 23 £2° C.

Quasi-static tensile tests were performed using a Zwick
Roell Z050 50 kN universal testing machine with a 50 kN
load cell and contact extensometer. Fatigue strength
characterization was carried out with a MTS Landmark
100 kN servo-hydraulic universal testing device.

Fully reversed (R=e¢min/emax=—1) low cycle
fatigue tests were conducted under strain control with

FIGURE 2 Setup for LCF tests.
[Colour figure can be viewed at
wileyonlinelibrary.com]
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triangular waveform using a clip-on extensometer, first
load reversal being in tension. Frequencies were adapted
to strain amplitude to maintain a constant strain rate
£=0.012s"". To prevent buckling, a special device simi-
lar to that proposed by Xie et al’® was applied to the spec-
imens. This device is composed of two H-form steel
brackets, which were fixed with screws on both sides of
the specimen, as shown in Figure 2. A thin layer of PTFE
was placed between the specimen and the steel brackets
to reduce friction. Furthermore, small patches of epoxy
resin were applied where the extensometer knife would
contact the specimen to prevent slippage and surface
damage.

Specimens were tested at three distinct levels of strain
amplitude of A¢/2=0.5%, 0.75%, and 1%. At least two
specimens were tested for each strain amplitude and pre-
strain condition. Total strain amplitude was considered
for the fatigue model, as elastic deformation is assumed
to be equal for the three levels:

A
S =N (1)

High cycle fatigue tests were performed by stress con-
trolled tests with R=oin/0mex=—1 and R=0.05 at
20 Hz frequency and sine waveform. At least two speci-
mens were tested for each stress amplitude to generate
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S-N curves. Run-out threshold was set to 2-10% cycles.
HCF experimental data were fitted by least square to the
Basquin model with Ny as dependent variable:

A
76 = o}N? (2)

For both HCF and LCF, failure was defined as com-
plete separation of the specimen in two parts.

'F 700 T T T T T T T
= 600
2 500 \
Q
+5 400
g’ 300
o)
Q 2000 Rolling direction
g—, 100 [ — Transverse direction
w0 ——

0 5 10 15 20 25 30 35 40

Engineering strain [%]
(A) Engineering stress-strain curves

2
— R=-1
S 1.5¢)
S
2 17
S
= 0.75
©
c 05
®© -6~ Rolling direction
7] —&- Transverse direction

0.25 '
10° 104
Cycles to failure [-]
(B) &-N diagram

— 340 T T
S R=-1
= 320¢
3 i
S 300
S i
£ 280
©
# 260 —© Rolling direction
2 —=- Transverse direction
D 240 B :

104 108
Cycles to failure [-]
(C) S-N diagram

FIGURE 3 Properties of the as-received DP600 steel sheet.
[Colour figure can be viewed at wileyonlinelibrary.com]

4 | RESULTS AND DISCUSSION

4.1 | As-received properties

41.1 | Tensile properties

As shown in Figure 3A, the material shows negligible
anisotropy, with slightly higher strength and reduced
ductility for transverse direction. The curves present con-
tinuous yielding without noticeable yield point and a

1300 : : : : -
§ — Ael2=0.5%
S 1100 — Ae2=0.75%
= — Ae2=1%
>
g 900
o 700
%)
500 * : * * *

0 0.2 0.4 0.6 0.8 1
Fraction of fatigue life, N/N; [-]

(A) Cyclic stress response

500

250 1

-250 1

-500 |

Engineering stress [MPa]
o

-1 -0.5 0 0.5 1
Engineering strain [%]
(B) Stabilized hysteresis loop

Mean stress [MPa]

0 0.2 0.4 0.6 0.8 1
Fraction of fatigue life, N/Nf [-]

(C) Mean stress response

FIGURE 4 Cyclic response of the as-received DP600 steel
sheet. [Colour figure can be viewed at wileyonlinelibrary.com]
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prolonged plateau. Specimens revealed a typical ductile
cup and cone fracture. Similar results are found in the
literature for DP steels.”**?°

4.1.2 | Low-cycle fatigue

LCF experimental data, depicted in Figure 3B, has low
scatter and exhibits insignificant anisotropy. A linear
relationship between cycles to failure and strain ampli-
tude seems to be adequate in the log-log plot. Model
parameters are collected in Table Al.

Figure 4A shows the cyclic stress response of
the DP600 sheet in its as-received condition. Softening
is observed for the first couple of hundreds of cycles,
and the response is fairly stable thereafter, with
weak hardening. Increasing stress ranges in the last
cycles before failure denote that the fractures occurred
outside extensometer measurement span, which were
mostly observed at the end of the parallel section
of the specimen. These results were not excluded
because values were in good agreement. Furthermore,
since the majority of specimen failed near the fillet
at the end of the parallel section, where a stress con-
centration is expected, data are supposed to be
conservative.

Half-life stabilized hysteresis loops are shown in
Figure 4B and indicate a very good repeatability of the
LCF tests and confirm the isotropy observed in terms of
short lives.

Figure 4C shows the mean stress of the hysteresis
loop (computed as the difference between maximum and
minimum value) for each cycle, which indicates the
state of residual stresses in fully reversed strain tests.
Compressive mean stress is observed for all strain ampli-
tudes. This might be due to slightly higher friction with

i 7 7
(79 T s e —WILE Y-

the anti-buckling device during compression compared
to tension® as a consequence of specimen expansion,
which also explains why the measured mean stress tends
to increase with strain amplitude. In fact, internal stres-
ses can be reasonably considered negligible in as-received
condition.

4.1.3 | High-cycle fatigue

Figure 3C shows HCF experimental data, which presents
low scatter. Basquin equation fits the data well with the
parameters collected in Table Al. In transverse direction,
specimen exhibits superior fatigue resistance, probably
due to the slightly higher strength observed in tensile
tests,*® but similar slope. Anyway, the material can rea-
sonably be considered isotropic for practical purposes,
with characterization in rolling direction representing a
more conservative approach.

4.2 | Pre-strain

Following Figure 3A, three levels of pre-strain (i.e., 5%,
10%, and 15%) were chosen to characterize deformation
up to necking.

4.3 | Effect of pre-strain

43.1 | Tensile properties

As expected, pre-strain increases strength and reduces
ductility, as depicted in Figure 5. Higher levels of pre-
strain lead to higher increment in strength and reduction
of ductility. The increase in yield strength is due to higher

800 T T T 800 T T T
Testing parallel to pre-strain Testing orthogonal to pre-strain
700 700 r =
& &
600 = 600 ff 7=
=3 =3 1/
® 500 ® 500
o o
g 400 As-received, testing in RD g 400 § As-received, testing in RD
£ — — As-received, testing in TD £ — — As-received, testing in TD
& 300 5% pre-strain, testingin RD | § 300 5% pre-strain, testing in RD
g) — — 5% pre-strain, testing in TD £ — — 5% pre-strain, testing in TD
& 200 —— 10% pre-strain, testing in RD | g’ 200 —— 10% pre-strain, testing in RD
p ; 9 p , 9
: : w — — 10% pre-strain, testing in TD t — — 10% pre-strain, testing in TD
FIGURE 5 Engineering stress- 100 °p , g | 100 °p ; 9 |
. . — 15% pre-strain, testing in RD — 15% pre-strain, testing in RD
strain curves of the as received ) e ) e
. — — 15% pre-strain, testing in TD — — 15% pre-strain, testing in TD
DP600 and after pre-strain. [Colour 0 - - - 0 - - -
figure can be viewed at 0 10 30 40 0 10 20 30 40

wileyonlinelibrary.com]
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dislocation density of the microstructure in pre-strained
condition, which requires higher stress to be activated or
reactivated during reloading.”! After pre-strain, anisot-
ropy due to rolling direction tends to diminish, which is
in contrast to what Das et al. observed for the same
experiment set up on a DP600 steel.*’

Figure 6 plots strength and elongation against pre-
strain level for both pre-strain conditions. Increase of
ultimate tensile strength (UTS) and reduction in elonga-
tion follow a linear relationship and are little affected by

With 6,(0) = 359 MPa, X =122 MPa, Y =0.383 in the
same direction as pre-strain and 6,(0) =359 MPa, X =
38.3 MPa, Y=0.610 for orthogonal to pre-strain
direction.

Furthermore, it was observed that change in strain
path results in lower yield strength enhancement.

Figure 7 shows the true stress-strain curves of the as-
received and pre-strained specimens. True stress and true
strain are computed (up to UTS) as

pre-strain direction. Yield strength (0.2% offset) incre- g=In(1+¢) (4)
ment is well described with a power law:
or=0(l1+¢) (5)
6, =0,(0) + Xgll)/ (3) Wwhere ¢ and o refer to the engineering values. In
Figure 7, the flow curves are shifted on the strain axis to
900 ‘ : 850 ‘ ‘
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S 230
10} o
£ © 25| Q
) I S FIGURE 6 Evolution of some
= 5 O O 20+
5 = tensile properties after pre-strain
0 : : 15 — : : : (engineering values) [Colour figure
0 S 10 15 0 5 10 15 can be viewed at wileyonlinelibrary.
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the nominal pre-strain level. After pre-strain and subse-
quent testing in the same direction, the behavior of the
material follows that of the as received condition, with

0.75

Strain amplitude [-]
©
(6]

FIGURE 8
as-received DP600 steel and after

e-N diagram of the
0.25

pre-strain. [Colour figure can be
viewed at wileyonlinelibrary.com]
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increased and sharp yield point at stress values of the
base curve for the same level of plastic strain. If the pre-
strain is orthogonal to testing direction, yield strength
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FIGURE 9
the as-received and pre-strained

DP600 steel. [Colour figure can be
viewed at wileyonlinelibrary.com]
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increases moderately and the flow curve exhibits continu-
ous yielding. After a few percent plastic strain, however,
the curves converge to the as-received condition.

These results confirm that strain path changes
primarily affect elastic-plastic transition during early
stages of reloading and strain path anisotropy is negli-
gible at high level of reloading strain, as reported in
previous studies.”®’? Similar behavior was observed in
other studies.”***2%*! Different transient flow is attrib-
uted to residual stresses relaxation®® while asymptotic
response at high strains is caused by the progressive
disruption or rearrangement of dislocation structures
formed during latter deformation.”? Furthermore, other
authors pointed out that a strain path change leads to
different deformation zones (90° rotation) around hard
martensite particles, which substantially modifies yield-
ing behavior.*

While small differences in tensile properties of the
undeformed material due to rolling seem to be retained
for specimens subjected to parallel pre-strain, this does
not appear to be the case for orthogonal pre-strained
specimens, where the anisotropy disappears. For this rea-
son, rolling and transverse directions are not considered
further to assess fatigue strength of the DP600 steel. In
fact, the directions are often lost during industrial multi-
step forming processes.

4.3.2 | Low-cycle fatigue

In Figure 8, for each pre-strain and strain amplitude
level, a specimen for every combination illustrated by
Figure 1 has been tested and grouped in two categories:
testing parallel or orthogonal to pre-strain direction.
Parameters for the Coffin-Manson model are collected in
Table Al. No influence of prior deformation was found
in LCF compared to HCF regimes. Results suggest that
the effect on LCF is not proportional to pre-strain levels,
as lives after 15% pre-strain fall between as-received and
5% pre-strain for both parallel and orthogonal testing for
the strain amplitude analyzed. This could be due to the
adversarial effect of increase in strength and decrease of
ductility. A lower level of pre-strain might be favorable
because it produces the best trade-off between the two
phenomena.

Negligible effect of pre-strain on LCF has been exten-
sively reported in literature,”** but some authors
observed a detrimental influence.’”

The cyclic response of DP600 after pre-strain is
depicted in Figure 9A. For the sake of clarity, only one
specimen is shown for each pre-strain condition and
strain amplitude, as the behavior was practically identical
in each setup. Furthermore, the behavior did not change

substantially after pre-strain, with softening occurring
during the first hundreds of cycles.

Both cyclic hardening’® and softening®”*"*> have
been reported in literature for similar strength DP steels.
Cycling softening is attributed to rearrangement of
dislocation into low energy configurations, while cyclic
hardening is caused by the increase of dislocation
density.'®'%7?

At stabilized hysteresis loop (i.e., half number of cycles
to failure), the material exhibited a close to unique flow
curve after loading parallel to pre-strain direction, whereas
small increases in flow stress were observed subsequently
strain path change, especially for 15% pre-strain
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© 400 | —6— 5% pre-strain —&— 15% pre-strain ]
o — — Pre-strain model
=,
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o
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250 1 1
Pre-strain and testing in rolling direction
10* 10°
Cycles to failure [-]
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= 500 ¢ —&- 15% pre-strain, testing in RD
% 450 F -v- 15% pre-strain, testing in TD ]
[0)) L ]
3 400
=
© 350 | 1
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© O>
? 300 | 1
o
o R=-1
250 | Pre-strain in rolling direction
10* 10°
Cycles to failure [-]
(B) Effect of pre-strain direction
FIGURE 10 S-N diagrams of the as received and pre-strained

DP600 steel sheet. [Colour figure can be viewed at
wileyonlinelibrary.com]
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(Figure 9B), which is contrary to monotonic results. The
difference in stress amplitude is significantly smaller for
the cyclic stress amplitude at stabilized loop than in mono-
tonic testing. The effect of pre-strain is therefore largely
lost due to softening in the first hundreds of cycles.

While the as-received material exhibits negligible
mean stress throughout short life when subjected to fully
reversed plastic deformation, after pre-strain mean stress
is observed (Figure 9C). The residual stress is of tensile
nature for parallel pre-strained specimens and compres-
sive after orthogonal pre-strain and relaxes in the first
hundreds of cycles. Magnitude of the mean stress
increases with strain amplitude and pre-strain. Moreover,
relaxation is faster at high strain amplitudes. At half-life,
the residual stress is practically fully relaxed. These
results find confirmation in previous studies.*****!

400 T
*Pre-strain and testing in rolling direction
350 | - 1
& 300 | 1
2
v
©
g 250 t ]
a
% As-received, R=-1
5 200 | % 15% pre-strain, R=-1* i
=] As-received, R=0.05
Q —=&— 15% pre-strain, R=0.05 *
As-received, R=0.05, Walker
=% - 159 pre-strain, R=0.05, Walker *
150 =+ ;
10* 10°
Cycles to failure [-]
FIGURE 11 Comparison between S-N diagrams of the DP600

steel at different load ratios. [Colour figure can be viewed at
wileyonlinelibrary.com]
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From an empirical point of view, the mean stress
response after pre-strain might be explained by the mixed
kinematic and isotropic work hardening of DP steels
observed in previous studies.>>’* Co-axial pre-strain and
subsequent reloading are therefore characterized by
Bauschinger effect (reduced yield strength in compres-
sion). The residual stress is therefore tensile in nature.
Pre-strain causes compressive deformation in the direc-
tion perpendicular to tensile axis. Thereafter, due to
Bauschinger effect, yield strength may be lower in ten-
sion, which explains why a compressive residual stress is
observed after strain path change.

The aforementioned results indicate that the effect of
pre-strain is lost under LCF life due to cyclic softening

500 — ;
«._ Pre-strain in rolling direction
450 1
'«
o
=, 400 | |
0}
©
2
'S 350 | 1
S
®©
0
a2 300 [—®— 15% pre-strain, testing in RD ]
) —0O— 15% pre-strain + baking, testing in RD
—=&— 15% pre-strain, testing in TD
—a— 15% pre-strain + baking, testing in TD
------ Bake hardening model
250 L g
10* 10°
Cycles to failure [-]
FIGURE 13 Comparison between S-N curves for the DP600

steel before and after baking at 190° C for 35 min. [Colour figure
can be viewed at wileyonlinelibrary.com]
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and residual stress relaxation, which explain the rela-
tively small difference between the various conditions.

4.3.3 | High-cycle fatigue

A beneficial effect of pre-strain on HCF resistance was
observed, as illustrated by Figure 10, with parameters for
the stress life collected in Table Al.

The slope of the curve seems to be unaffected by pre-
strain, while the fatigue strength increase is non propor-
tional to pre-strain but tends to diminish with plastic
deformation. Thus, a power law is used to describe the
experimental data:

Ao
— =@ +BeS)N? (6)

=
<
o
}—
@
i
o
o

Fitting was performed in this case by means of mean
square considering stress amplitude as the dependent
variable. The proposed model is reasonably accurate with
the parameters collected in Table Al, as depicted in
Figure 10A with dashed curves.

At equivalent level of pre-strain, orthogonal reloading
results in better fatigue strength (Figure 10B), which is in
contrast with the lower increase in yield strength com-
pared to orthogonal pre-strain. These results are however
consistent to those of Das et al., who noticed a larger
extension in HCF lives subsequently strain path change.
This was attributed to the formation of compressive resid-
ual stresses around martensite particles in the direction
perpendicular to tensile axis of pre-strain.*’ The same
outcome was observed for biaxial pre-strain.** Therefore,
only considering uniaxial pre-strain in the same direction
as testing is a conservative approach for fatigue life
assessment.

500 um

PRE-STRAIN

FIGURE 14 Optical microscopy of the DP600 before etching in both as received and pre-strained conditions. [Colour figure can be

viewed at wileyonlinelibrary.com]
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4.3.4 | Mean stress effect

There is a strong detrimental effect of a positive mean
stress compared to fully reversed loading, as shown in
Figure 11. Stress amplitude values of tests performed at
R=0.05 have been transformed to equivalent levels at
R=—1 using Walker equation:

o =a<ﬁ> v (7)

with y =0.85. Walker mean stress correction shows good
agreement with experimental data in both as received
and pre-strained conditions.

4.4 | Effect of bake hardening

44.1 | Tensile properties

Bake hardening further increases the strength as shown
in Figure 12. For the as-received condition, the difference

m ? 13
I ‘ ‘ E?\'gllg:eeefi‘nl:gm;\f\';reerigfs & Structures _Wl L E Y

only affects the first stage of the deformation and the flow
curves converge thereafter. Furthermore, it is observed
that bake hardening slightly reduces ductility, especially
after pre-strain.

4.4.2 | High-cycle fatigue

The effect of bake hardening on HCF is depicted in
Figure 13, with parameters of the curves in Table Al.
The slope of the curve is not much affected after the
baking process, but the fatigue resistance is highly
increased. In consideration of these results, a multiplier
for the fatigue strength coefficient is proposed as a correc-
tion factor to take into account the bake hardening effect
in HCF:

A
S = amo}(2N)’ (8)

with apy=1.065 fitting both curves well (R*>=0.85
and R?*=0.99 for rolling and transverse direction,
respectively).

FIGURE 15 Optical microscopy of the as-received material.
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4.5 | Microstructure analysis
As-received and 15% pre-strained in rolling and transverse
direction specimens were cut along the three principal
planes, mirror polished and etched using a 2% nital solution.
Uniformly distributed spherical voids were observed
in both as-received and pre-strained material (Figure 14).
Average porosity of 0.1% was evaluated on 10 samples
using Image] software. Pre-strain did not change notice-
ably voids shape or distribution. Similar remarks were not
found in literature. Nevertheless, fatigue cracks nucleate
from the surface of the specimens, which indicates that
porosity does not influence early stages of fatigue.

PRE-STRAIN,

PRE-STRAIN
Rl T

jiiie
N

(B) Pre-strain in transverse direction

The microstructure of the as-received DP600 steel is
composed of ferrite and martensite, as shown in
Figure 15. There is not a noticeable difference between
rolling and transverse direction, but grains are flattened
in thickness direction (N) as a consequence of the roll-
ing process. The negligible microstructure anisotropy
of the as-received material is reflected in tensile
properties.

The behavior of the material cannot be explained in
terms of microstructure texture evolution as no signifi-
cant difference is observed after pre-stralin,26 as shown in
Figure 16. However, appreciable changes in microstruc-
ture have also been reported in literature.*””>

FIGURE 16 Optical microscopy of
the material subjected to 15% pre-strain.
[Colour figure can be viewed at
wileyonlinelibrary.com]
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5 | CONCLUSION

The present work consists of static and fatigue properties
assessments of a DP600 steel sheet in as-received and
uni-axial tensile pre-strained conditions. The material
was subjected to different strain paths, namely, testing
was performed in the same direction or 90° to pre-strain.
Tensile, stress controlled, and fully reversed strain con-
trolled tests were performed for each strain path combi-
nation. Furthermore, the effect of the paint baking
process on the static and high cycle fatigue strength of
the DP600 sheet was studied. The following conclusion
were drawn from the experimental results:

» The material, in both as-received and pre-strained con-
dition, exhibited negligible anisotropy from the rolling
process.

« Pre-strain increased yield and tensile strength and
reduced ductility regardless of pre-straining method
due to work hardening. Flow curves manifested sharp
yielding during reloading in the same direction as pre-
strain, whereas lower and continuous yield was
observed after orthogonal pre-strain, but the behavior
converges after few percent subsequent plastic defor-
mation. The material substantially follows as-received
behavior in term of true stress-strain, considering
strain accumulation. A power-law increase of yield
strength was observed after pre-strain, while ultimate
tensile strength increases linearly.

« High increase in high cycle fatigue resistance was
observed after pre-strain, and this improvement was
attributed primarily due to yield strength enhance-
ment. Testing along the tensile axis of previous
deformation results however in slightly worse fatigue
resistance compared to the orthogonal direction.

« A model with a pre-strain dependent fatigue strength
coefficient was proposed for HCF assessment and was
in good agreement with the experimental data.

« Stress controlled tests with load ratio R = 0.05 revealed
that tensile mean stress is highly detrimental for
fatigue. Experimental data correlates well with Walker
mean stress correction model.

+ Bake hardening was observed to influence the behavior
of the tensile properties only near yield for the as received
condition, while the strength is enhanced throughout the
flow curve for pre-strained material. This results in
improved fatigue strength, which can be assessed adding
a constant to the fatigue strength coefficient.

« Material exhibited negligible mean stress in as-received
condition during fully reversed strain tests. Orthogonal
pre-strain introduced a compressive residual stress, as
opposed to the tensile value when testing parallel to
the pre-strain direction. The development of the

. . 15
FEEMS P vy 1 VR

residual stress was qualitatively explained by the
Bauschinger effect. However, the effect of pre-strain is
gradually lost during LCF life due to cyclic softening
and residual stress relaxation, which results in weak
influence of prior deformation in low cycle fatigue,
regardless of strain path.

« The monotonic and cyclic quasi-isotropic properties of
the DP600 can be attributed to the uniform microstruc-
ture of the steel in rolling and transverse direction, as
revealed by the optical microscopy, but the effect of
pre-straining cannot be explained by texture evolution.
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APPENDIX A: PARAMETERS ESTIMATES

TABLE A1 Parameters for fatigue models.
As-received
LCF HCF
Testing & c R? Testing of b R?
RD 12.36 —0.386 0.98 RD 438 —0.0387 0.97
TD 17.75 —0.434 0.94 TD 466 —0.0410 0.91
RD + TD 14.68 —0.409 0.96 RD + TD 492 —0.0468 0.82
Pre-strained
LCF HCF
Pre-strain Testing & c R? Pre-strain Testing o} b R?
5% RD 4+ TD RD +TD 26.32 —0.469 0.93 5% RD RD 545 —0.0481 0.77
5% RD + TD TD + RD 9.23 —0.338 0.90 10% RD RD 527 —0.0388 0.99
15% RD + TD RD +TD 17.27 —0.420 0.95 15% RD RD 510 —0.0348 0.97
15% RD + TD TD + RD 11.51 —0.373 0.95 15% RD TD 831 —0.0656 0.87
Pre-strained and baked
HCF
Pre-strain Testing o b R?
15% RD RD 658 —0.0506 0.90
15% RD TD 831 —0.0656 0.99
Mean stress
HCF
Load ratio Pre-strain Testing o b R?
0.05 As-received RD+TD 508 —0.0613 0.86
0.05 15% RD RD 512 —0.0424 0.85
Modified Basquin equation
A B c b R’
431 299 0.582 —0.0373 0.97
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