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Abstract

Dual phase steels, a composite made of ferrite ixnaimd hard martensite
inclusions, are currently introduced as automostrectural parts owing to their
excellent strength/ductility compromise while inwiolg only small amounts of
alloying elements. Nevertheless, these alloysesusbmetimes from limited
damage and fracture resistance, for instance ddanging operations, due to
early void nucleation leading to small or moderftecture strains depending
mostly on the characteristics of the martensitespha Several DP steels,
presenting various amounts of martensite and C eoontwith or without
additional tempering, are investigated by perfognimechanical tests under
different loading conditions, in-situ micromechaalitests, nanoindentation, and
in depth damage mechanism characterization. A mmeohanical model
combining an advanced Gurson model and homogeaoiiztieory is validated by
comparison to the experimental results and usedetform a comprehensive
parameter study with the objective of guiding matraocture optimization.

1. Introduction

One of the major engineering challenges in todaisomotive industry is to

significantly decrease the weight of the structw@iponents while keeping the
same level of reliability. An efficient way of a@wing this goal is to use Dual
Phase steels, which exhibit an excellent combinatb strength and ductility

owing to their in-situ composite microstructuremature of finely grained soft

ferrite matrix and hard martensite reinforcemerjt [lowever, in the literature

there is limited information on the fracture medsars of DP steels, which is
crucial for the optimization of the microstructutewards better mechanical
properties. Here, some preliminary results obtaioedwo DP steels containing
different amounts of martensite are presented. firfa# aim of this study is to

relate the fracture behavior of DP steels to thewrhof martensite and carbon
content. Two tempering treatments are carriedtowctivate the diffusion, and
thus to reduce the supersaturation of carbon. Thehanical properties of as-
guenched and tempered specimens are characteyzpdriorming tensile tests
(stress-strain evolution, fracture strain) and mahentation measurements
(hardness value). The experimental results for filaeture strain are also
compared with the predictions obtained with a ne&lwaaced micromechanics-
based fracture model.



The processing and testing methods are describsdciiion 2. The experimental
results are presented in section 3, and discussedsection 4. The

micromechanics-based fracture model is brieflyodticed and the predictions of
the model are compared with the experimental resuit terms of the fracture
strain in section 5.

2. Experimental procedure

The composition of the investigated DP steel i®giin Table 1.

C Mn Si P S Cr Ni Cu Nb Al N
0.17 1.5 0.4| 0.013 0.012 0.019 0.027 0.019 0,01703 (0.0.006
Table 1: Chemical composition (in wt. %) of theestigated steel

In the following, DP steels are referred to by eléint names based on their
martensite content and tempering treatments, angiv Table 2. Two different
heat treatments were carried out to generate DRlsstevith distinct
microstructures: specimens were hold for 5 minithiee 725°C or 750°C before
water quenching, leading to DP steels with 20% (M20 30% (M30) of
martensite, with an estimated C content of 0.85 at¥ 0.56 wt%, respectively.
Both as-quenched specimens (AQ, see Table 2), padinsens tempered by
holding them either for 30 min at 200°C or 300 naih 300°C (T1 and T2,
respectively, in Table 2) were tested. Figure shtihe microstructure of a M20-
AQ DP steel.
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Figure 1: Microstructure of DP steel with 20% ofrteasite

Samples observed by SEM were first polished wit@ Baper followed by 6um

and 1 pm diamond suspensions. The microstructuteeoamples was revealed
by etching with 2% Nital. The nanoindentation saenpteparation followed the

same procedure as the SEM sample preparation,irbshdd by an additional

OPS polishing. Indentation tests were performedisigig a Berkovitch tip, after

calibration of the nanoindentation machine on quadtandard dog-bone
specimens (with a calibrated length of 100 mm amnddth of 1mm) were used

for the tensile tests.



M20 | Material 1 : Dual Phase steel with 20% of martensit
M30 | Material 2 : Dual Phase steel with 30% of martensit
AQ | As Quenched

T1 | Tempering 1 : 30min at 200°C

T2 | Tempering 2 : 300min at 300°C
Table 2: denomination of the different steels ia plaper

3. Experimental results

The true stress-true strain curves shown in Figearly point out the dependence
of the mechanical properties of DP steels on thetansite content and on
tempering. The yield strength of the samples wi08& of martensite (M30) is
larger than the yield strength of samples with 2@martensite (M20). Uniform
strain, on the other hand, shows an opposite teydamd slightly decreases with
increasing martensite volume fraction. After tenmgr Liders plateau appears
on the stress-strain curves and the plateau qi\ainis larger for T2 conditions,
which is the tempering with high temperature antjlome (see Table 2).
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Figure 2: True stress-true strain curves of théP6sizels

Figures 3a and b (3c and d) show the hardness énsite (ferrite) measured by
nanoindentation with three different applied loadlee hardness of martensite,
which decreases with increasing load due to the sifects and, probably,
“substrate” effects, is high for the as-quenchednmas and significantly
decreases with tempering (see Figs. 3a and b).effeet of tempering on the
hardness of martensite depends on the C contentddbrease in hardness after
treatment T1 is smaller for steel M30 than it is &eel M20, in which the
martensite C content is larger. Condition T2, oa tither hand, considerably
reduces the hardness of steel M30, while keepieghtrdness of steel M20



unaffected, compared to the hardness values obtdydreatment T1 (see Figs.
3a, b). Figures 3c and d show that the evolutiorthef hardness of ferrite is
different from martensite, with a constant levetleapendent of the tempering
conditions. Figure 4 shows the effect of tempeonnghe fracture straig, which

is estimated using

& =In {%J (2)

f

with Ag and A¢ being the initial and final cross-sectional anesspectively. It is
worth noting thatA; is measured on SEM micrographs. Figure 4 shows tha
tempering increases the fracture strain of DP stéleé improvement being larger
for the condition T2.
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Figure 3: Nanoindentation hardness of martensitefamite in steel M20, (a) and (c),
respectively, and in steel M30, (b) and (d), resipely, plotted versus applied load, for as-
quenched (AQ) and tempered (T1 and T2) conditions .
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Figure 4: Comparison of the experimental and ptedifracture strains for different conditions
and volume fractions of martensite.

4. Discussion of the experimental results

During tempering of DP steels, carbon diffuses frempersaturated martensite
particles and forms carbides between martensitelleeeThis decrease of the
martensite C content brings about a decrease ofatdness and affects the
mechanical properties. The tensile strength is fdaretempered steel than for as-
guenched steel because the martensite strengtleadesr with C content.
Furthermore, yield strength behavior changes dtier temperature tempering
due to a change in the mobile dislocation density i@sidual stress as explained
by Speich and Miller [2]. Carbide formation induaGesolume contraction which
decreases the residual stress and increases ttestyength as observed in Fig. 2.
The continuous yielding of as-quenched DP steelalge related to the high
mobile dislocations density and the high residus¢ss level [1]. Tempering
brings about a decrease of these two parametersaand consequence a
reappearance of a discontinuous yielding (LUderstepl)). The decrease of
martensite C content during the tempering alsa@rftes the evolution of the true
fracture strain. The difference of properties beméhe two phases is smaller and
the strain difference is better accommodated. Erdrtess variation with the load
is due to size effects. Delincé and al. [3] exmdinthat the hardness first
decreases with load due to geometrical strain gragilasticity effects. At larger
load, the plastic zone interacts with grain bouredaand the hardness increases.

5. Comparison of experimentswith a micromechanics-based model

The model to address the ductile fracture of DRIstentegrates a dilatational
damage based model with a homogenization schengeddimage model is based
on Gologanu-Leblond-Devaux constitutive law [4, &fich incorporates void
shape effects into the well-known Gurson model gorous ductile metals. It
allows a micromechanical description for the thceasecutive and interrelated



stages of the ductile fracture, i.e. void nucleatigrowth and coalescence, in
elasto-plastic materials [6]. The homogenization tbé sound material is
performed by an incremental formulation of a MoarBka scheme for elasto-
plastic composites [7], and accounts for the loadsfer between the two phases,
ferrite and martensite. For the details of the omeechanical model, the reader is
referred to [8].

The homogenization scheme treats the DP steelaréisl@ (martensite)-matrix
(ferrite) composites. The martensite particles assumed to have a spherical
shape. Both phases, ferrite and martensite, areelesbdas 3 elasto-plastic
materials, with power-law strain hardening given as

i:{1+£ gpj , (2)

Oy Oy

whereE is the Young's modulusg is the initial yield strength iy is the strain
hardening exponent, and® is the accumulated plastic strain. The Young's
modulus and the Poisson ratio are taken to beahe dor both phaseg=200
GPa andv=0.3, respectively. Plastic properties are obtaimgditting the stress-
strain curves (see Fig. 2) with the Mori-Tanakaessl. As the hardness of ferrite
is almost the same for each DP steel (see Figan@dl), its initial yield strength
is also expected to be approximately the samelffexamaterials,gpr=300 MPa.
Figs. 3a and c, however, show that the hardnessadiensite is highly sensitive
to tempering; hence, its initial yield strengthy, was finely tuned for each case
separately (see Table 3). It is worth noting tf@at,each case, the relative initial
yield stress of martensite with respect to ferrégy/ o, is tuned in a way that it
compares well to the value of the relative hardridssartensite with respect to
ferrite, Hu/Hg, within the limits of the experimental scattern#ly, the strain
hardening exponents that give the best fits forsthess-strain curves irrespective
of heat treatments are found tome=0.2 andny =0.3, for ferrite and martensite,
respectively. Further studies will be devoted topiave the modeling and
identification of the work hardening response affephase (e.g. [9]).

M20-AQ | M20-T1 | M20-T2 | M30-AQ| M30-T1| M30-T2
687 370 350 1100 650 400
Table 3a: Initial yield stress values for martemsgy (MPa), used in the Mori-Tanaka scheme.

Experimental studies in the literature show thatwbid nucleation in Dual Phase
materials occurs either via the fracture of thHestphase or via the decohesion of
the interface between the two phases ([10]). Here,assume that the particle
(martensite island) fracture and/or the (martergitate) interface decohesion
start when the maximum principal stress in a p@tic’max.prine reaches a critical
value, g, and that void nucleation takes place within ageanf critical stress
values,Agg, corresponding to a distribution of particles witfferent size and
interface strength. The void nucleation rate inrectional form is taken as



f‘nuc =9 (Up max-princ) a--p max-print
with (3)

p p 4 p 2
g (U max-princ) - al(a max-princ) +a 2(0 max-prin) +a 1’

whereg; are chosen to avoid discontinuities in the poyositolution (see also
[8]). The void nucleation parameterg £1820 MPa andAg.=800 MPa) are
identified by fitting the fracture straig for M20-AQ, and kept the same for the
other five cases. Besides, we also assume thatpaoticle fracture and interface
decohesion give birth to penny shaped voids withiratial aspect ratio of
Wp=0.01. The increase in porosity with void nucleatisf,, is related to the
particle volume fractio,, and aspect ratidy, via

_ DfW

nuc
WP

Af , 4)

and the equiaxed martensite particles are assumbxbe all their load carrying
capacity after void nucleation.

Another important issue is the evolution of thessrtriaxialityT during a tensile
test, which locally increases after the onset akimgy. The triaxiality evolution is
approximated by a linear function:

T =%+o.4(geq—gN), 5)

where &g is the equivalent strain arg is the strain value corresponding to the
onset of necking. The onset of coalescence, wiithkien to be the fracture strain
as well, is decided according to the Thomasonrarite(see e.g. [11]).

Figure 5a (5b) shows, as an example, the stremssturves given by the
micromechanical model for the martensite-ferritemposite and each phase
separately for steel M20-AQ (M30-AQ), together withe corresponding
experimental stress-strain curves for the four dasnpnalyzed (only up to the
onset of necking). There is a very good agreemetwden the experimental data
and the model for steel M20-AQ, whereas the agreeisesomewhat poorer for
steel M30-AQ, for which the strain hardening bebavs very difficult to capture
by the simple power-law given in Eq. 2. It can kersthat after the onset of void
nucleation, there is a competition between thengtreening due to strain
hardening and softening due to the decrease ifo#te carrying capacity of the
martensite particles.

Figure 4 shows the comparison between the expetahand predicted fracture
strains &. Although the model perfectly agrees with the expents for steels



M20, the discrepancy between the model and therempets for the strain
hardening behavior for steels M30 (see Fig. Sblasgnts itself in the predictions
for the fracture strain as well.
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Figure 5: Stress-strain curves given by the miciraaical model for the composite and each
phase separately for (a) steel M20-AQ and (b) d%&0-AQ, together with the corresponding
experimental stress-strain curves for the four damanalyzed.

6. Conclusion and Per spectives

All the experimental results present in this papere obtained on two steels with
different martensite carbon content. It can bereging to dissociate the effect of
the martensite fraction and the effect of the carbontent of this phase. This
parametric study could still improve the understagaf the fracture mechanism.
An enhanced understanding of martensite is needetietter represent the
mechanical comportment of this phase and conseguehtthe composite DP

steel.

The fracture model presented in section 5 prediasfracture strain accurately
for steels M20, whereas the predictions fall belkbvw experimentally obtained
values for steels M30, especially for the tempesathples (see Fig. 4). The
model incorporates a very simple power-law strardening for both ferrite and
martensite (see Eq. 2), which obviously is not @moto capture the complex
plastic behavior of these phases. To improve tkdiptive capacity of the model,
a natural extension is therefore to include morgspal, microstructure based,
strain hardening laws.
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