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Local plastic strain evolution in a high strength

dual phase steel

H. Ghadbeidl, C, Pinnd S. Celott8 andJ. R. Yate$
& The University of Sheffield, Department of Mechanical Engineering,
Mappin Street, Sheffield, S1 3JD, UK
®Corus RD&T, 1Jmuiden, The Netherlands

Abstract

The evolution ofdcal plastiadeformation in a dugbthase (DP) steel has been
studied using Digital Image Correlation (DIC) anesitu tensile testing inside a scanning
electron microscope.Testswere performedising specially designed samptesstudy the
initiation and evolutiorof damage ilDP1000 steeby measuring the straimsthe scale of
the microstructureMicrographs have been analysed ugn@ at different stages
throughout a tesile testto measurdocal strain distributions within the ferritmartensite
microstructure.The esults show progressive localisation of deformation into bands
orientated at 45with respect to the loading direction. Strain magnitudes are higher in the
ferrite phase with local values reaching up to 128&veraimechanismafor damage
initiation are identified and related to the local strains in this skeelprocedure used and
the results obtained in this work may help the development of models airpetlicting
the properties of new generation automotive steels.

Keywords. Steel Failure, Micromechanics, Mechanical characterization, Electron
microscopy, Strain measurement

1 Introduction

Advanced high strength steels (AHSS) deliver greduetility and formability for
equivalent strength levels compared to conventicadlonsteels and high-strengfibw
alloy (HSLA) gradesThe combination of higher strengihdbetterformability provides
greater energy absorpticapabilitythat improveshe crashworthiness structures made
from thesesteels.

The most common type of AHSBe theduatphasgDP) steelshatare widely used
in theautomotive industry [1]DP steelsconsistof hard martensite islands embedded in
relatively soft ferrite matrixDamage initiation and development in such phase
material is not well understood and this is a limitiagtorin the development and
application of future generation automotive steels.

There have been several attempts to investigate the local deformation aregtits eff
on damage oDP and other advanced high strength steels. Osagtka\j2] have used in-
situ tensile tests tmeasurdocal strain partitioning i@ DP600 steel before the onset of
neckingusing bothDigital ImageCorrelation DIC) anda microgridtechnique. They
interrupted the test reqrly in a Scanning Electron Microscope (SEké)take imageand
analysed a relatively small area of the microstrudagatedaway from the region of the
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neck.Following asmall number of discrete points located eithahaferrite orin the
martensiterich regions, theylsoestimated the evolution of local deformatiwithin each
regionat different locationalongthe gauge lengthirhey found thathe deformation
within the martensiteich regiors reached a maximustrainvalueof 30% whilestrain
values in thderrite phase increadecontinuouslyto over 70% close to the fracture surface.
Gerbasest al [3] investigatedthe mechanical behaviour of sevedd steels with different
chemical compositianto studythe mechanismesf damage initiation anfinal failurein
thesematerials Large plastic stragup to 506 werefound in themartensitgohasebefore
final fractureby measuring the change of average dimensions of several martensite islands.
They reported that damage initiation ingBBP steels doesot simply occur through void
nucleation butalso bydecohesiorat the interfacéetweerthe two phaseshe latter
mechanisnplaying an important role ithe final fractureof the specimensanget al [4]
used DIC taneasurestrain partitioning in DP600 steel with different tempering
conditions. They producestrain map for the deformedicrostructurealthoughthe
observectovered area was relatively smadimpared tahe scée of themicrostructure and
some correlation problems occur&@strainsabove 24%. They studiecuwhage initiation
in the twephase microstructures relation to the average local plastic straatue
measured using DIGHowever the area for strain measurements was not large enough to
include any damage nucleation sites and therefore local strain values could nateoke rel
to thedamage initiation sites directly.

The majomproblem withthe microgrid methoddespite its accuragis its limitation
in terms of mininum grid size as it is experimentally challengiiogoroduce microgrids
with asub-micronpitch. Imagecorrelation techiques haveéhereforebeenpreferredb, 6]
when plastic strainaremeasured over small gauge lerggth

In this work in-situ micro-tensile tests have beeonductedn aSEM chamber to
investigate damage evolutioma DP100Gsteelin relation to local strain distributions
measured using DIC

2 Experiments

A commercial DP1000 steel grade with 50% ferrite and 50% martensite has been
used in this study. The chemical composition of the material is given in Table 1.

Table 1. Chemical composition of the DP1000 steel studied.
wt% C | wt% Mn | wt% Si | wt% Cr | wt%V | wt% Ni | wt% Nb

0.152 |1.53 0.474 0.028 |0.011 0.033 0.014

The specimen geometry shown in Fig.1la has been used to obtain the required strain
levels given the capacity of the-situ SEM load frame. Observation of damage initiation
is made easier by the small gauge length of the specimerathht viewed at relaely



high magnification of about 50%All the specimens were manufactured from a 1.5 mm

thick sheet with the loading direction parallel to the rolling direction. The sampies we
mechanically polished and etched first for 5 seconds in a 2% Nital solution and then for 15
seconds in a 10% aqueous solution of sodium imetdfite (SMB). The revealed
microstructure shows a dark ferrite phase with embedded white martstasitisi(Fig.

1b).
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Fig. 1. (a) Micro-tensile test sample and (b) microstructure of DP1000 steel

A Deben MICROTEST tensile stage with a capacity of 5 kN waed to carry out
tensile tests. The test machine is loaded in a CAMSCAN SEM. The test was tetrrup
regularlyduringloading to take images of a pselected area of the microstructure. This
area was located as close as possible to the centre of the gauge length where ascking w
likely to take place. The tensile tegascarried out at a very low strain rate (£ = 0.001s™)
to give sufficient time to capture the deformation of the microstructure andatieré
micro-mechanisms taking place during plastic deformation. Load and displacentieat of
machine cross head wearcorded to producestressstrain curve

DIC wasusedto analyse the local plastic deformation atrtfierostructure length
scale using micrographs taken during the test.riiceographavereanalysed usinthe
commerciaimage analysis software, B 7.0, by LAVision [7]to determine the in
planedisplacement fieldrom whichplastic strairvalues werealculated In the current
study,the microstructural features of the materialdeerdirectly usedasthe pattern
from which tocorrelate the images between two succedsading steps. Micrographs
coveringan areaf 57 um by45um were used for the DIC analgsA multi-pass
algorithm [7] leading to a 2.2 um by 2.2 um final interrogation window with 75% overlap
between windows has been used to make the correlation Avdikplacement accuracy of
0.01 pixels was obtained with a strain resolution of about (71%

This configuration for the DIC analysis ensures that correlation is found throughout
of the selected area.

Correlation results are affected by variations in contrast and brightnesd as by
large shape changes of the microstructural features between two successive Anages.
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optimal displacement interval of aboup® measured with the LVDT of the tens#iage
was finally selected between two loading steps in order to obtain successits.rThe
test was stopped prior to the final fracture of the specimen as a resulteaised surface

roughness due iahomogenous out of plane deformation of theiteeand martensite
regions leading to a loss of correlation.

3 Results

Fig. 2 shows thengineering stresstrain curveobtained from the tesAverage
engineering strain values within the gauge section were determined usingplheatnent
measured using a LVDT and the initial gauge length. Point A corresponds to the onset of
softening andPoint B corresponds to tiast micrograph taken before fracture of the
specimen thatiook place at a strain value $2%. The small stress variations along this

curve correspond to the interruption of the test needed to tak@dchegraphs for DIC
analysis.
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Fig. 2. Engineering stress-strain curve of material tested in-situ. Note that the large amount of post-
uniform elongation is due to the tensile geometry

31 Damage evolution

The recorded micrographs have been used to study the development of localised
deformation as well adamage initiation and propagation. An example of this is shown in
Fig. 3 by comparing the micrographs taken before and after deformatiofirsthe
appearance of non-uniform deformation was clearly observed on these micr@ijtaphs
an applied strain value of 22% with the formatioooflised deformation bands detected

within large ferrite grains (Figdd), as opposed to the smaller ferrite regions trapped
between martensiislands.
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Fig. 3. Area analysed with DIC. (a) deformed microstructure after an applied strain of 18%, (b) close-up
view of the area within rectanglein (a), (c) deformed microstructure after an applied strain of 22% and (d)
formation of deformation bands in the same rectangular area (the tensile direction is vertical on these
pictures)

Localisation of plastic deformation at the fernt@rtensite interface was noticed at
larger applied strain values. Fig. 4a and 4b show such localisation leading to pregress
damage formation (within the triangle) for an applied strain of 29% and 42p€atively.
These areas are enlarged in Fig. 4c and 4d show more clearly the propagatioagaef dam
through both the ferrite and martensite phases. Localised deformation banddasge
ferrite phases (areas in rectangle shown in Fig. 4) were alsamtemse as the applied
strain increased. Separation of two martensite islands was also observe@giahe r
within the circle in Fig. 4b as a result of localised deformation in the f@h#se.



Fig. 4. Deformed microstructure (a) after 29% and (b) 42% applied strain with (c) and (d) showing a
close-up view of the area within the triangle shown in (a) and (b) respectively

3.2 Strain Measurement

Distribution ofthe microscalstraincomponentyy, in the loading direction, is
shown inFig. 5 for increasingapplied strain values. The maps on this figure are
superimposed onto the SEM micrographghefdeformed microstructurkeocalisation of
deformationin the microstructure starts be clearlyobserved for an applied strain o22
with the formatiorof deformation bandwithin the rectanig shown inFig.5a(light blue
regions). The bandasitiate inside theferrite, but then cross martensite islands as they
develop. Strain magnitude within the bands as well as the band deosgses athe
applied strain increases (Figb-d. The highest strain intensiti@gthin these bands are
shown in the highlighted area$Fig. 5d with values up to 130% locally for an ajepli
strain of 42%.These valueare located in the ferrite phadmitvery close to the interface
with themartensiteA detailed analysis was then carried out to quantify strain distribution
within each phase in the selected area for DIC analysis. A plot of the disinilofitstrain
values is shown for each phase in Fig. 6a.
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Fig. 5. Plastic strain evolution within the microstructure of DP1000 during the tensile test

The frequency of strain values normalised by the total number of data points in each
phase shows leell-shaped distribution with mean values of 35% in the ferrite phase and
25% in the martensite phask thesegraphsthe pixels located along the phase
boundaries have been removed from the analysis to minimise errors. Thesestesult
that the martensite phase experiences large plastic deformation duringstleetést with
local strain values up to 110% for an applied strain of 42%. The evolutgiraof
partitioning within the two phases during the test has also been quantified sResult
shown in Fig. 6b where the strain values measured from the overall deformation of the
selected area for DIC analysis has been considered as the local avaragdRetsults
show that even though the ferrite phase deforms slightly more than the mapbasde
strain partitioning is very similar between the two phases throughout the test.
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Fig. 6. (a) Distribution of plastic strain in each phase before final fracture and (b) evolution of strain
partitioning during the test

The large plastic deformation of martensite has been vehbfiebtimating the
overallshape changef two martensite islandshown in the highlighted squares of Fig. 3
and Fig. 4Fig. 7a and7b show the highlighted boundaries of these martensite islands in
the undeformed and deformed configurations respectively. The boundahesieformed
and undeformedhartensite islandévi1 and M2) are superimposed in Fig. 7c in order to
estimate the overall elongatiaieasurement results show that the istahl and M2
elongate byp1% and30%respectively which is in agreement with the large strain values
measured with DIC.
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Fig. 7. Highlighted martensite islands in the (a) undeformed and (b) deformed microstructures and (c)
superimposition of the boundaries for quantification of the phase elongation

4 Discussion

Resuls from the micretensile test carried out on DP1000 have shown the evolution
of local deformation taking place at the scale of the microstructure up todh&dicture
of the specimen. Local strain heterogeneity starts to be clearly visibteDinafier 22%
applied strain and becomes more pronounced up until the end of tffédes]. Fig. 5a
shows that localised bands of deformation start forming with the highest stias va
located eithemside large ferrite islands @ery close tothe interfze between ferrite and
martensitdor small ferrite islands trapped between several islands of martehbise
bands orientated at about’4&ith respect to the loading direction follow a path lying
mostly within ferrite aregdut also crossing martetesislands As the applied strain
increases the localisation of deformation within these bands becomes more intens
reaching values up to 130% (Fig. 5d). The orientation of these bands corresponds to the
orientation of slip bands clearly observed in teife phase ifrig. 3d andFig. 4b, which
seems to indicatehat the initialphase of the formation of these bands is related to the
plastic deformation mechanisms that operateiwithe ferrite grains.

Resuls from Fig.4 and5 show the large deformation experienced by the
microstructure at the surface of the specimen with relatively few damageisiltés by
the end of the test. As clearly shown in [8] the volume fraction of voids is much higher at
mid-thickness of the specimen due to higher stress triaxiality at that lacBhisnexplains
why the fracture of the specimen is suddenly observed due to the emergencgef a lar
crack which initiated below the surface. Tlesults therefore show that thearface
between ferrite and martensite is very strgmgbably due to its cohesive natase
reported in [9ffor DP steelsThe high strain valuesieasured in areas close to the interface
between the two phas@sig. 5d) arein line with values of 100%measured &he interface
of thetwo phase [4].

Several mechanisms have been observed for the early stages of damage appearance
in the analysed microstructuieig. 8a shows a closap view of the square area in Fig. 4b
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with damage taking place in the ferrite phase after large plastic deformatian and
corresponding local strain value of 120%. This particular void growth mechanismdas als
been reported in [4] for DP600. A detailed observation of the microstructure and its
evolution during the test reveals that a more frequent damage mechanisiporalses

crack initiation at the interface between ferrite and marte(fSige8b) due to the
incompatibility of plastic deformation locally between the two phaBes.crack, then,
propagates nearly perpendicular to the interface through the martensitehamafetiows

at or near the narrowest part of a martensite ligamentg€jgPropagation may then

extend into the neighbouring ferrite phase as shown in Fig. 4d.

(a) (b) (€)

Fig. 8.(a) Enlarged micrograph of the square area of Fig. 4 showing damage nucleation in the ferrite
phase, (b) damage initiation at the ferrite-martensite interface and (c) crack propagation into the martensite
island

Fracture of the martensite phase has also been reported in other studiesterl®
[10, 11,12] However the mechanism of fracture by decohesion at the interface between
ferrite and marteri® reported irf3,4, 12] has not been observed in this wéik.4b also
shows the sepation of two initially connected martensite islands in the highlighted
circular area, which is a mechanism reportefdjrand[12]. This mechanisnmight be due
to either the failuref a prior austeite grain boundary or thigacture of martensite islands
following the mechanism previously mentioned.

The graphs shown in Fig. 6 quantify the distributions of strain vahths the two
phasesneasured with DIC during the test. Both phases show similar strain distributions
(Fig. 6a) with a slightly higher mean valder the ferrite phasandlocal strain magnitudes
up to 1106 after removing the pixels located along the interfaces to minimiaeserhe
martensite islands in DP1000 can therefore accommodate very large defornittan w
failure with a mean value which is comparable to the value of 30% repofdan
DP600. However local strain values as high as 110% have not been reported elsewhere.
The strain distributions between ferrite and martensite remain stimtarghout the test
with a slightly higher average strain valudgheferrite (Fig 6b).Given the errors
introduced in the calculation of average strain vapegphasédy removing the pixels
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located alonghe phase boundaries in the strain analysesresults showlmostone to
one correspondence with the local average strain up until the end of the test.

Our finding differfrom the resultgeported by Ososkoat al [2] for DP600 withthe
martensiterich regionssaturatingat a strain value of 30% while the ferrite phase reached
strain values of 80%t the end of the tesfhisis likely to be due to the different
microstructuregnd carbon contents of the phases for these twst&dPs The dfferences
may also be influenced by the methods used in characterising strain partitimueghe
average strain values shown in Fig. 6b are statistically more meaningfuhthaingle
point measurements reported in [2] at various locations aétengauge length

The combination of DIC results obtained over a relatively large area of the
microstructure combined with the observatiomdamagelevelopment othe same area
therefore provides new insight into the effect of the heterogeneity of deforntedicakes
place at the scale of the microstructure on the formation of damage for DP Steais.
analysis results for this representative area of the microstructuresoamealised to
develop and validate physicalbased scalransition models of these twahase materials
with the aim of predicting the properties of new generation automotive steulshieo
local behaviour.

5 Conclusion

An in-situ micro tensile test Bdeen carried ouin a DP1000gradesteelin order to
measure the local plastic strain distributions in the ferrite and martensitss @raktheir
evolution for a better understanding of damage nuclediigital Image Correlatiomas
been used to quantify the local strain valusisig a sequence of successive images
recordedduring the testResultshave showra very heterogeneossrain distribution
within the microstructure with a localisation of deformation into bands orientated at 45
with respect to the loading direction and maximum strain values 108 for an applied
strain of 42%. Several damage mechanisms have been observed depending on the local
configuration of the microstructure: damage in the ferrite by void nucleation anthgrow
for strain values of about 120%, fracture and separation aénsate islands and
decohesiomt the interface between ferrite amdrtensiteafter strain values as high as
130%.
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