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ABSTRACT

Dual-Phase (DP) steels are composed of martensite islépkrsied in a ductile ferrite matrix, which provides
a good balance between strength and ductility. Currentgsing conditions (continuous casting followed by
hot and cold rolling) generate ‘banded structuiies; irregular, parallel and alternating bands of ferrite and
martensite, which are detrimental to mechanical propediel especially for in-use properties. We present an
original and simple method to quantify the intensity and @ewmgth of these bands. This method, based on
the analysis of covariance function of binary images, idljitested on model images. It is compared with
ASTM E-1268 standard and appears to be more robust. Theagpiged on real DP steel microstructures and
proves to be sufficiently sensitive to discriminate sampéssilting from different thermo-mechanical routes.
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INTRODUCTION calculated to characterize microstructural bandig:
the anisotropy index defined as the ratio between the
One of the major criteria in the developmentnumber of interceptions perpendicular and parallel
of advanced materials to meet the latest automotivto the deformation directionSB the mean center-to-
fuel efficiency standards are mechanical propertiesenter spacing of the bands as the test line length
improvements associated with high level ofdivided by the number of interceptions perpendicular
formability. Dual-Phase (DP) steels composed ofo the deformation direction. Since it is based
martensite islandsaf phase in dark in Fig. 1) on interception measurements, this method is very
dispersed in a ductile ferrite matrix (phase in white sensitive to sample preparation, especially on the
in Fig. 1) were developed to provide a good balanc@resence of more or less boundaries between grains of
between strength and ductility. In order to reach thishe same phase (Hetzner, 1996; Krebal., 2010).
goal, it is of prime necessity to control their final
microstructure, in particular phase volume fraction,

carbon composition and banded structure. NP —— N T (SN L T
i T R S S ol

‘Banded structure’ or ‘microstructural banding’ Jnaﬁ“?i@ - ""Q AESTTES
are the terms used to qualify a mICI’OStrUCtUTEa‘w:m“&W;!4;A' <3 *".T,:W‘ Ly
consisting of parallel and alternating bands of ferrite, #4-3 . / g ol ~~ m~~~4 4
and martensite (Fig. 1). A lot of publications (Bastlen,?%"*m T g ‘55'@ ——

1957; Grossterlinderet al., 1992; Thompson and -.g,, ﬁ -aﬁa ?‘”““”'g’ ey o vl
Howell, 1992) have been dedicated to the mechanis :%KS L2 WZ Py o N e Mﬁ.@
of its formation. Only a few works have been publishec; BT, o N T P
on quantitative characterization of mlcrostructuralu&o-w-" #A_,f:: P

banding through image analysis, although a lot o’.,ff;.%s.w\
companies probably developed their own spemfu;_ @va_
methods. ASTM E-1268 standard (ASTM, 1988) ~~
was fixed to quantify microstructures presentlng'
either banded structures or elongated second phase
components. This method is based on counting the
number of particle interceptions (or intersections) pefFig. 1. Micrography of a banded structure of Dual-
unit length of straight lines parallel and perpendiculaiPhase steel; ferrite (a) appears in white, martensite
to the elongation direction. Two parameters are usuallga’) in dark.
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This paper present a novel and simple-to-of the intersection of these two imagéd$x) N IT".
implement method based on the automated analysis Gbviously, the area fraction measurement has to be
the covariance function of binary images. This methodestricted to the effective surface of the overlap. The
is firstly validated on model images representativecovariogram ofX set is obtained through successive
of banded microstructures, in order to evaluate itsranslations with increasinidp| modulus.
sensitivity and robustness. Then, the method is adapted

and applied to discriminate banded DP microstructures The p_arameters L_Jsed to quanﬂfy the t_)and
resulting from three different heat treatment routes. structures in the following are schematically defined
on Fig. 2 with the covariogram realized on a model

microstructure. The mean distance between bands is
estimated by the modulus of the first maximum of

QUANTITATIVE ANALYSIS oscillations, notedHM hereafter. Their intensity is
METHOD quantified by the difference betwe@{(X,h) values

measured at the first maximurtCivax) and first
PRINCIPLE minimum(Cywin) of the covariogram. In the following,

this difference (Cimax — Cimin) is noted Bl (for
The covariance function has been introduced in thgand Index). For randomly distributed grains of the
60's by G. Matheron as a simple but effective tool tognalyzed phase, Bl becomes very small but not
describe the morphology of compact sets. More detailgyll. In that case, HM is representative to the mean
on this function and on its applications can be found ijistance between grains. The slope at the origin of
references (Matheron, 1967; 1975; Serra, 1982; Stoyafie covariogram, noted’(X,0), or C'0, will also
etal.,, 1987; Coster and Chermant, 1989; Jeulin, 1997)e ysed as an additional parameter sensitive to the

For the present purpose, the covariance can b&ain size and the complexity of the microstructure.
introduced in a simple wayX being a given compact !ts signification will be discussed in more details
set (phase) arkla vector (moduluth| and directior3) bellow. In the present work_, this slope was gstlmated
the covarianceC(X,F]) is the probability that both using a linear least square interpolation applied on the

" > five first points of the covariogram as proposed by
extremities of vectorh belong to X, whatever the  cgter and Chermant (1989). These three parameters

position ofhin the set. Ifih|=0 this probability is equal 5re determined automatically during the covariogram
to the volume fraction ok, i.e., C(X,0) =W (X). If  acquisition. Unlike the ASTM method which measures
Ih| is very large, the probabilities for both extremitiesindividual intercepts, this approach is based on global
to belong toX are independent and equal ¥ (X),  surface measurements which prevents border effects.
leading toC(X,®) = WZ(X). Therefore, in the lack of

any periodicity, the evolution o(X,h) as a function

of |h| (hereafter denoted as ‘covariogram’) shows ¢ = **N g ST E
continuous asymptotic decrease frofn(X) to 7 (X). 2 g det RS
The range of the covariogram — defined as the critice ’f‘f::jf?‘""
modulus|h| over whichC(X, h) is ‘sufficiently’ close 0,2 "%;‘fg
to the asymptote (using a given criterion) — is the @W‘i‘&

distance over which two points in the microstructure
can be considered as independent (non-correlatec
Obviously, in the case of anisotropic microstructures
the shape of the covariogram will also depend3omn
addition, any periodicity in the compact set will result
in oscillations of the covariogram before reaching the 0.0
asymptote. The distance between oscillations and tt
magnitude of maxima are related to the wavelength, to

the variability and to the intensity of the periodicity. Fig. 2 |[justration of the parameters measured with
The present work takes advantage of this particularityggyariogram method on a model microstructure.

When dealing with binary digitized imageﬁ
is restricted to discrete vectors a@fX,h) can be VALIDATION
estimated through a very simple procedure: the initial  \s3jiqation of the method is described in more

image ofX set,I(X), is translated by, giving @ new  details elsewhere (Krebgt al., 2010). Only its
imagel ™ ; C(X,h) is measured as the area fractionprinciple and main conclusions are given here. Model

0,1 -
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images of banded microstructures have been created APPLICATION TO DUAL-PHASE

with Voronoi tesselations, in order to test the efficiency STEELS

of the analysis procedures without interfering with the

problems of experimental part. The image analysis MATERIALS

software APHELION (copyright ADCIS S.A. and

A.A. Imaging) was used for this purpose, as well as for ~ The microstructures tested were extracted from a
the development of the different algorithms describedvider set of experiments focusing on the mechanisms
hereafter. Each microstructure was generated witAf Solid phase transformation during continuous
2000 nuclei in 1000« 1000 pix? image. P(y;) the cooling of DP steels. The chemical composition of

probability to get martensite or ferrite, was defined adn® F&é-C-Mn alloy used is reported in Table 1. Small
following: samples were extracted from 1.2 mm thick sheets

issued from a complex route involving continuous
AV o casting followed by hot and cold rolling. For one

P(yi) =W + ——sin i —¥r), (1) of these sheets, an additional homogenization heat

2 At treatment was performed to smooth the segregation of

, i _ the Mn element.
where W is the mean martensite volume fraction,

AV is the banding magnitude andl is the band .
wavelengthy; is a random number ranging between'aPle 1.DP steel composition.

0 andA, which allows to vary the vertical position of Element C Mn Si P S Fe
rich and poor bands from one image to another andWtpct 0.15 1.48 0.013 0.01 27ppm 98.34
¢ follows a Gaussian distribution of average 0 and
standard deviatioAA and varies the interspacing from
one band to the next.

Then, the samples were given specific heat
treatments schematized in Fig. 4, in order to obtain

ifferent types of DP structures. For the present study,

The covariogram method was compared to thfw'/ .
automated version of ASTM E-1268 presented in 199 0 cooling ra.tesec, from §7G C down _to 650 C
were selected: a ‘standard’ (slow) cooling rate (SC)

(Hetzner, 1996). The method based on the covarian d a rapid one (RC). Then, several holding times at

function appears much more robust with regard to th%50> C, t, were applied to initiate various amounts of
sample preparation (Kreles al., 2010). Fig. 3 reports  farite pefore quenching.

the evolution ofBI andHM parameters, as a function
of the microstructure parameters. It can be seerBhat

evolves linearly withAVZ, whatever the value of,.  § 1:22 o
HM values are close to the real band wavelength whilc §
these parameters measured with the ASTM methoda § .
. . Q Q.
unrealistic (Krebt al., 2010). Eoo0{ s
500
400 Quench
250 = 300
& m Bl Vv=0,2 +BI Vv=0,3 o Bl Vv=0,5 ‘ X
OHMVv=0,2 ©OHMVv=0,3 OHMVv=0,5 = 200
0201 SB O © @) G200 3 100
0
0,15 - 8 ° | 450 Time
Fig. 4. Temperature cycle used to obtain a DP
0,105; - 100 microstructure.
®
0,05 - L4 L 50 .
v Table 2 summarizes the heat-treatment parameters
— ..’ 5 of all the samples analyzed in the present work,
" 00 0.2 04 06 08 10 together with their corresponding denominations.
AVV2 Heat-treated samples were cut perpendicular to the

sheet plane and parallel to the rolling direction,
Fig. 3. Evolution of Bl and HM as a function of then polished by conventional mechanical grinding.
banding magnitude, AW, for different mean martensite  DP microstructures were revealed by Vilella etching
volume fractions (A =200 pix.). (4 g picric acid, 1 ml HCI, 100 ml ethanol) at
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room temperature during 4 seconds. Images were RESULTS AND DISCUSSION

acquired with an optical microscope, Olympus BX61,

equipped with a high resolution digital camera (2680 Some values ofBl, measured for different
1544 pix?). Phase amounts were automaticallymicrostructures (modeled or measured) presenting
measured over at least 20 images per sample usi@gmost the same martensite volume fraction (about
the conventional methodi.e, ‘manual’ grey-level 30%), are reported in Fig. 5. For the same
thresholding of martensite phase then pixel countinghicrostructure parameters\W(=0.3; AW,=0.6) Bl

Last column of Table 2 also reports the measurets divided by more than two between a regular

volume fraction of martensite for every heat-treatednicrostructure (BVSIN) and a microstructure with
sample. wavelength variatiomA (BV_SIN AA=100pix.). On

real microstructures, the band index is higher in
Covariograms of the martensite phase wergnhe case of standard cooling (D) than for the
measured perpendicular to the rolling directio®,  rapid one (RC60). As expected! is very small for
perpendicular to the bands, with| increasing step by homogeneous microstructures_(Hand HV), which
step (step size ranging from 1 to 4 pixels, dependingonfirm that they present no banding.
on the image size and precision required). At least

ten images per — model or real — microstructure were } _—
analyzed to obtain an averaged curve. ReTparep :5“ :““’:};:;ﬁ; “”L_z»fs*; .

: - Koo Wz - v et e
In the microstructures showed in Fig. 1, the band: -‘!-SMJ W&W prnE

of martensite are globally horizontal, but they slightly :&ﬁm’v” gmm;;;ﬂr&;
wave along the width of the pictures. These horizonta 1.:.&-.-@\...:.;.\..,.:-.,\‘3‘.‘:&-‘3. mu}@: 35
fluctuations tend to smooth the covariograms if applie(z e s ’ 4
on a too large region. Thus, in the case of real DF o] [ | ; ) ¥ IR
microstructures, we chose to perform the covariograr o004 TH 7 ”\;ﬂi]-ﬁf'\" ;
algorithm on pictures narrower than the mean periot ., | A
of the horizontal waves. This period was estimated &
about 90um by measuring the range of covariograms ) , ek
inthe horizontal direction. Therefore, the pictures from oot ; ' ).-’:;e;g‘&_;_’“ g
the light microscope (144 106 ym? in size) were | | | o w"f Al
systematically divided into eight sub-picturese( BLEN EUBN WEE FEer BY B
36x 53um?) before processing. Consequently, at least '

160 sub-pictures were analyzed for each sample; theig. 5. Values of Bl for (from left to right) a banded
Bl, HM andC'0 results reported hereafter are mearMoronoi microstructure (W, = 0.3, AW = 0.6);
values calculated over the whole sampling. the same microstructure with AA = 100 pix;
S 30 microstructure; RC_60  microstructure;
H_O0 microstructure and a homogeneous \oronoi
microstructure (M, = 0.3).

0,02

Table 2. Heat treatments applied in the present
work, corresponding samples names and measured

martensite volume fractions A, (a’).
Fig. 6 shows the average values Rif, HM and

Material Pc  ta  Sample (a’) (%) C'0plotted as functions of martensite volume fraction,
(°C/s) (s) name for the slow (SC) and rapid cooled (RC) banded
0 SCO  4LK12  mjcrostructures, as well as for the homogeneous (H)
S5 SC5 38109 microstructures. The 95% confidence interval was
-10 10 SC10 35406 computed asii‘l, with o the standard deviation

28 28;2:,8 ggigé calculated onn sub-p!ctu'res_. BI appears as a
60  SC60 28.&0. 4 relevan_t parametgr to d|_scr|m|nate_ microstructures as
5 RCS 39'&0'7 a function of 'ghglr banding intensity. The values of
10 RQiO 3&0'7 Bl are very dIStI.nC'[ f(om one structure to anothgr,
15 RC15 35 th 5 while being relatlvely mdepeno!ent on the martensite
60 RG60 31'%0'5 V(_Jlume_fractlon. SC and RC microstructures are well

i discriminated as the values & for SC are almost
0 H.0 30.3:1.4 twice those for RC, except for the value measured
Homogeneous  -10 5 H.5 26.8:1.3 for 41.1% of martensite. The decreaseBifat high

10 H.10 25.6£1.6 volume fractions of martensite result from the fact that

Banded

-100
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martensite grains connect from one band to the nexvariations for the type of microstructures tested.
leading to a less pronounced banded structure. Moreover,C'0 variation between SC and RC samples

The wavelength of the bands is well estimated b)?OUId be Fhe trace O.f a differencg .W —a
HM. Eor the banded RC and SC materials — whiciransformation mechanisms. Indeed, it is suspected

have been submitted to a similar thermo-mechanica@t increasing the cooling rate would result in
route except the last transformation cooling st a transition from a mechanism involving isotropic

is relatively constant within the range450.2 ym. 9rowth of compact ferrite grains to a mechanism

For the homogeneous material — which was submittegharacterized by the development of long acicutar
to a long homogenising heat treatment resulting irfgrains.

a coarser microstructure HM is found slightly
higher, around %+ 0.25 um. AlthoughHM values of
homogeneous samples are associated with a very low
banding index, they are rather reproducible and giv
an estimation of the mean (isotropic) distance betwee @
two grains of martensite.

The larger size of martensite grains in the
homogeneous samples is confirmed by the highe
levels of C'0 values measured in comparison with
those of the banded ones (Fig. /0| is also found
to systematically increase with increasing martensit
volume fraction, whatever the type of microstructure.
The following relationship betweel@’0| and SB (the
mean center-to-center spacing of the bands calculate
using the ASTM method) can be easily showed (Krebs
2009):

/ ~ .

col~ g @
This relation shows thaBB depends also on the

volume fraction. The evaluation of the distance
between bands with the covariogram method appea
more physical and robust than its evaluation based ¢
ASTM method.In addition, the rate of this increase
appears to be higher for the rapidly-cooled samples ¢
compared to the slowly-cooled ones. This evolution is
more delicate to analyze. Inded@,0| is expected to

rise with increasing length of the interface perimetel
projected in the direction df (Serra, 1982; Coster and
Chermant, 1989). This means that it will increase it
the phase components are refined at constant shaj
but also if their shape becomes more corrugated ¢

C'0 (um')
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constant size. e i
In the case of DP steels, martensite phase
results from a complex transformation route including 017 £
size, shape and topology changes. phase is the oo 'I"i,:._r__\

trace of the high-temperature austenite phas®n-
transformed during th¢g — a transformation. Thus,
higher a’ amounts are associated with earlier stage
of transformation -i.e., coarser blocks of embedding
austenite with complex shapes — whereas lower
amounts corresponds to finer but more compact grains.

The global evolution observed folC'0 vs

-0,21 A

-0,23

-SC
ARC
mH

Fig. 6. Evolution of BI, HM and C'0 as functions

W (a’) suggests tha€'0 could be sensitive to the of martensite content for the three types of
shape/topology changes as well as to the mean sizaicrostructures.
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CONCLUSION Bastien PG (1957). The mechanism formation of banded
structures. J Iron Steel Inst 193:281-91.

We proposed a novel and simple-to-implement o ;
method to quantify the periodicity and intensity Coster M Chermant JL (1989). &uis d’analyse d’'images.
of banded structures in materials. This robust and Paris:Les Presses du CNRS.
sensitive method based on the automated analysis Gkossterlinden R, Kawalla R, Lotter U, Pircher H (1992).
the covariance function of binary images was tested Formation of pearlitic banded structures in ferritic-
either on model images or on real microstructures of pearlitic steels. Steel Res 63:331-1.

Dual-Phase (DP) steels. It is particularly efficient to _ .
. . . Hetzner DW (1996). Quantitative assessment of banding by
quantify banded structures with relatively low amount automatic image analysis. Microstruc Sci 24:211-25.

of segregated phase, as in the case of DP steels. In
the present work, the measured covariograms wergeulin D (1997). Advances in theory and applications of
reduced to only three parameters: the banding index random sets. Singapore: World Scientific.

Bl, the m_oc_iulu,s at f|r§t maximurd M and the slope Krebs B (2009). Ph.D. Thesis. Metz: UnivessitPaul-

at the originC’0. Bl is very sensitive to compare Verlaine

microstructures inherited from different procebtv '

gives a reliable and robust measure of interspacd§ebs B, Germain L, Hazotte A, GoanM (2010).
between bandsC'O depends in a complex way Banded structures in dual-phase steels — A novel
discussed in this paper on the fineness and morphology characterization method. Int J Mater Res, in press.

of the microstructure. This last one can be also helpfuatheron G (1967). Biments pour une &orie des milieux
to describe transformation mechanism. poreux. Paris: Masson.
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