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Abstract

The present work studies the microalloying effeditahium on the distribution and features of

martensite of a dual-phase steel after a thermo@ichl processing, and an intercritical heat

treatment. The steel composition is 0.05C-1.2Mi$B0B2Cr and titanium contents up to 0.06%.
The steel was made in a laboratory and cast intollsimgots, then heat treated at 1200°C to

dissolve any carbides formed during solidificatiéter solubilisation, the steel was cooled down
to 1050°C and hot rolled in a multi-pass reversityigl to get a reduction of 80%. Just at the end
of hot rolling, the measured temperature was ab&0@ for all the steel plates. Intercritical heat

treatments were undertaken at 710, 715 y 720°C fomB0and then water quenched. A grain

refinement was observed due to the effect of titlarduring the thermomechancial processing;
grain size went from 25 microns for the steel withtganium to 12 microns for the 0.06%Ti steel.

In addition, a diminution in the pearlite fractidnom 0.12 to 0.06 was observed when titanium
content increased. On the other hand, after theraritical heat treatment the martensite fraction

decreases as titanium increases for a constanteeatyre. By correlating the microstructure and

the mechanical properties, it is assumed that titan reduces the grain size during the

thermomechanical processing, but also reduces t#wemsite fraction for a constant temperature

during the intercritical heat treatment. The graiefinement and the presence of martensite
contribute to a good combination of strength andtdity in this kind of steels, 680 MPa and 35%.

Keywords:titanium, dual-phase steel, intercritical heat theeent.

1. Introduction

Automotive companies are manufacturing cars, bygisighter materials such as aluminium,
magnesium, polymers, etc., in order to reduce teight car body and, consequently, to save fuel
consumption. Nevertheless, the main material 1s$déld- for this purpose is the steel. Due to their
tailored properties by thermomechanical processih@l-phase steels are required for making
several parts of the car structure. That is theaedor fabricating different grades that provide
high stretch flange ability and improve bendabilitgommonly, low and intermediate tensile
strength steels (590 to 980 MPa TS) are frequeaptplied in body structure that requires high
energy absorption (i.e. the crumple zones — frad eear longitudinal rails and supporting
structure). On the other hand, the intermediatigest strength grades are typically used in
pieces that need extremely high yield strength aaehuate formability, such as passenger safety
cage components limited by axial buckling or trarse bending. These components (rockers,
pillars, pillar reinforcements, roof rails, and ssanembers) relay on high yield strength to prevent
intrusion into the passenger compartment duringllssion. Dual-phase steels, allow car designers
to apply high yield strength steels for safety cageponents that are too complex to build by
using the higher strength martensite steels [1]tf@ncontext, ommercial dual-phase steels have
a volume fraction of martensite ranging from 1@B@%, its mechanical properties depend on the
ferrite-martensite microstructure, martensite faceind distribution, carbon content, and alloying
elements [2].Additional strengthening could be obtained by aorement ofthe martensite
volume fraction; however, this is done at the eseeaf ductility and elongation. Therefora)
optional way to improve the strength of dual-phase steelbyi adding microalloying elements
such as titanium, which would form small precigtatand hinder dislocation movement in the
ferrite phase to provide higher yield strength amehce, higher yield-to-tensile- strength ratios
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[1,3]. Furthermore, grain refinement of ferrite guces a positive effect on strength and ductility,
the smallest grain size obtained by conventioraintfomechanical processing is™& microns.
Nowadays, new rolling processing routes have beepgsed to produce ultra-fine ferrite grain
size of 1 micron, these processing routes congistvo steps: (1) a deformation treatment to
produce ultrafine grain ferrite and finely dispersedhentite or pearlite and (2) a short intercritica
annealing in the ferrite/austenite two-phase fieltbived by quenching to transform all austenite
to martensite. The grain refinement in step (1xmplished by equal channel angular pressing
process, cold rollingand cold swaging [4]. In this work, a thermomechahprocessing and an
intercritical heat treatment were applied.

2. Experimental Procedures

A base composition and two titanium (0.03 and O.péféated Dual Phase (DP) steels were
fabricated in an open induction furnace. Alloy eéemts were directly added to the melt and poured
into metallic moulds. The cast ingots (7.5cm x m5c7.5cm) were solubilised at 12@for one
hour and air cooled to eliminate carbides formedndusolidification. The solubilised ingots were
re-heated at 108@Q, hold for two hours and thermomechanically proedss a 50 Tons reversible
rolling mill. The finish temperature of the platess 950C with a percent reduction of 80% and
then air cooled to room temperature. Steels pltatd2 cm x 20 cm with a thickness of 2 + 0.2 cm.
were obtained. In order to obtain the dual phaserasiructure, which consists of ferrite +
martensite, the specimens were intercritically hesdted on the ferrite + austenite region for 30
min at 710, 715 and 72@€ and quenched on water to room temperature toftnemghe formed
austenite into martensite. Tensile specimens wittage length of 25.4 mm were machined in
accordance to the ASTM A370 standard from all the &ieels. The hardness values were
measured in the Vickers scale. In order to follole tmicrostructural evolution, both
thermomechanically and intercritically condition§ the specimens were analyzed by optical
(Leinz) and SEM (Jeol JSM 6400) microscopy. Sonie fibils were prepared for TEM analysis in
Philips Tecnai.

3. Results and discussions

The chemical composition of the DP steels is pregseion Table 1. No significant chemical
variations were observed, which allowed evaluathmgy Dual Phase steels behaviour in terms of
the titanium content. The chemical compositiorsiin good agreement with the ranges reported
by Speich [5], who suggest a carbon content of thas 0.1%, in order to be spot welded.
Manganese amounts of 1 to 1.5% to ensure suffitiardenability so that martensite is formed
upon rapid cooling. The chromium amounts are uguailder 0.6%. Silicon is added to provide
solid solution hardening. Small amounts of micr@ghg additions £0.1%); such as vanadium,
niobium, and titanium will provide precipitationrd@ning and/or grain size control.

Table 1 Chemical Composition of the Dual Phase steels

% Mn %S
DP1 0.052 1.267 0.010 0.015 0.471 0.214 0.00
DP2 0.051 1.280 0.010 0.016 0.452 0.216 0.03
DP3 0.051 1.269 0.011 0.016 0.513 0.197 0.06

3.1 Microstructural analysis

Since the same thermomechanical conditions werkedpi the DP steels, the microstructure can
be analysed before and after the intercritical he@atment. Figure 1, shows the obtained
microstructure of the DP steels after the thermdraeical treatment. As expected, the structure
consists of ferrite and pearlite. From these peguit can be observed that the ferrite grain was
refined as titanium increased. The base DP1 staglahferritic grain size of25 um, (Fig-
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1(A));the steel with 0.03%Ti DP2 had6 um (Fig-1(B) and the steel with 0.06%Ti DP3 has a
grain size of*12 um. The ferrite grain was mostly polygonal-sitabet some large and elongated
grains could also be observed. The titanium effiexg also notorious on the pearlite content. The
volume fraction of the pearlite decreased as ttamitim amount increased. Thus, the pearlite
content on the 0.06%Ti DP3 steel was of 6%, wiike gearlite amount of the titanium free DP1
steel was 12%. Something important to highlighthis presence of small pearlite islands formed
in the middle of the ferrite grains; see FiguresiBese pearlite islands were reduced in size as
titanium was added; the base DP1 steel shown s@aeitp islands of 6 um, and the 0.06%Ti
DP3 steel shown islands of 1-3 pum.

Fig. 1 Optical microscopy of the DP steels after therttenechanical treatment: (a) base DP1
steel, (b) 0.03%Ti DP2 steel, and (c) 0.05% Ti BRzI.

Fig. 2 Pearlite islands formed in the center of the fergrains, a) base DP1 steel, b) 0.03%Ti DP2
steel, and c) 0,05%Ti DP3 steel.

During the intercritical heat treatment, austefdenation occurs in two steps according to Cota
et. al [6]. The first step is the pearlite dissolution followdy the ferrite to austenite
transformation. Both transformations take place bgleation and growth. In the current work,
two important factors to be taken into account dwrihe intercritical heat treatment are the
titanium amountand the temperature treatmenkigure 3 shows the effect of these variables on
the current DP steels. It is clearly observed fitbese micrographs that as the titanium amount
increases the martensite volume fraction decredsgdres 3(a) and (b) show the mictrostructure
for the DP1 and DP3 steels respectively after amitgzally treated at 710°C; the martensite
volume fraction was of 0.28 for the DP1 (titaniured) steel and 0.07 for the DP3 (0.06%Ti) steel.
Figures 3(c) and (d) show the same effect at@2the martensite volume fraction was decreased
from 0.33 to 0.24 for the DP1 and DP3 steels rdspdyg. These results are in agreement with
those ofCharai el. at [7], who found that for dual phaselstath 0.079%C and titanium amounts
from 0.00% to 0.072% thpercentage of martensite was reduced as the Turinweas increased.
This effect could be explained by a less amountarbon in solid solution upon martensitic
transformation for the titanium microalloyed steé@h the other hand, as the temperature treatment
increases the martensite fraction also increadas.i3 because more austenite is formed at higher
temperatures, but also the solute partitioningurices the austenite formatiddhaturvedi and
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Jena [7] havéiighlightec that theannealing of steebetweenits critical temperatureAe; and Ag
results on the formon of ferrite and austenjtand that te solutes presents in the s will tend
to parttion between these pha. Then, theamount of the austenite in tsteelwill be determined
by the extension of partitionii which is influenced by the intercritical temper&, the higher the
temperaturghe larger the austenite fract. The redistribution of substitutional alloying edents
is much slower than the erstitial carbon sincthe diffusivity of carbon isearly 1€ - 1¢° times
larger thanthat for the substitutional elemer At low intercritical temperature, the steel may
approach to gartial equilibrium where the substitutio alloying elements remain unchanc
while carborreache its equilibrium concentratiotin this case, the amount of the austenite at
intercritical annealing temperatures would be eqoiaalues corisponding to partial equilibriun
on the other handat higherintercritical annealingtemperatures (77CQ) the amount of the
austenitevould depart from these valusincethe partitioning of the substitutional solutes wb
tend to be great¢ On these basiCota et. al [€ explain that he growth rate of austenite
believed to be controlled eithby diffusion of carbon or by boundary diffusion of stibutional
alloying elements. If the growth rate of austemsteontrolled by the bulk diffusion of atoms
austenite ahead of the irface, the diffusion of carbon may play a more ingat role than the
of the substitutional alloying elements. Diffusyiof the substitutional alloying elements
austenite is slow, as mentioned abovéhan that of carbon, and the substitutionaoying
elements may not diffusfor long distanceduring the reactio

Fig. 3 Micrographs of the DP steels intercritically trad at: 710°C - a) DP1(0.00%Ti), b) DP
(0.05%Ti) - and af720°C - c) DP1 (0.00%Ti) and d) DP3 (0.0%Ti).

Figure 4 shows TEM micrographs detailing the fefnitartensite interfase of the DP3 steel |
treated at 720°C. Note the higher density of daioos in the ferrite phase surrounding
martensite. These are assumed to form during thierite tcmartensite transformatic

3.2Mechanical propertie

Figure 5 showshe hardnesresults of the DP ste(; an increase in hardness can be observe
the temperature of intercritic treatment increases for any titanium content. Thgease ir
hardness is explained by the higher martensitaidraobserved as the temperature incre In
addition, the higher hardness values were obseorethe DP3 steel which contained the hir
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titanium amount (0.06%). This is due to the finegig size obtained after the thermomechanical
processing and the well distributed martensiteinbthafter the intercritical heat treatment.

Ferrite

Martensite i
Martensite

| 500nm 500nm
Fig. 4 TEM micrographs of the 720°C treated steel comagi®.06%Ti
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Fig. 5 Hardness (HV) results of the DP steels

Figures 6 shows the stress-strain curves for thperéxental steels at two intrecritical
temperatures, 710 and 720°C. As expected, tensigmgth increased as the titanium amount
increases, as a result of the grain refinementti®isteels heat treated at 710°C, tensile strength
increased from 495 to 610 MPa for the DP1 and DP&8lsrespectively; while for the steels heat
treated at 720°C, tensile strength increased frob t60690 MPa for the DP1 and DP3 steels
respectively. Again, this behavior is attributedth® grain refinement as the titanium amount
increases and to the higher amounts of martensiteeatemperature of the intercritical treatment
increased. On the other hand, strain was reducéteaganium increased and as the temperature
of the intercritical treatment increased. The it of strain with the increase in temperature is
due to the higher amount of brittle martensite, tha reduction of strain with the increase in
titanium is more complex. Calcanogtto et. al [8] daded that when the grain is refined, an
increase of both yield strength and tensile stteragid that the uniform elongation and total
elongation are hardly affected. In addition, thiéah strain hardening rate and the post-uniform
elongation increase as the grain size decreasey. &plain that the increase in the initial strain
hardening rate due to grain refinement -as in ti®3 @&nd 0.06% titanium steels (Fig-6)- is
attributed to an early dislocation interaction® tigh number of dislocation sources and the back
stresses exerted by martensite. On the other t#ailaly et. al [9] explain that the titanium
carbides produce a high density per unit volumeackvis in agreement with our results (see TEM
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micrographs ofig. 7), mostly present in ferrite grait and would act asbstacles to dislocatic
movemat, raisingthe yield strength, which is clearly observed oa titanium DP2 and DF
steels.Generally, these titaniuicarbides precipitated during the austenite to f& transformation
dueto carbon enrichment ate boundaryln addition to thisKadkhodapour et. a10] found that
increasing thevolume fraction of martensiteincrease the yield and ultimate strength of the
steelsThey explain thathe strains produced Ithe austenite tmartensitédransformatiorresult in
residual stresses in the surrounding fe. These internal stresses are assumed to facililaséiq
flow and, hence, reduce the elastic limit. Furtheendhe change involume induces plast
deformation of adjacent ferrite grains and, thore, creates a high density of unpini
dislocations in the vicinity of martens, thest dislocations are assumed to be (at least p:¢
mobile during the early stages of deformation aodtribute to work hardenil, this effect it is
more clearly obseed on the base DP1 sted@he heterogeneous distribution of dislocation
supposed to control continuous yielding in dualgghateels. It is assumed that the deforme
starts in ferrite areas with lowslocation densities and spreawith increasingplastic strain into
regions with higher dislocatir densities [9].
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Fig.7 TEM micrographs showing the difference in dislogatdensity for the DP1 steel (a) and
the DP3 steel (b).
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4. Conclusions

- After thermomechanical processing, titanium refittegl ferritic grain size and diminished the
pearlite fraction. The refinement is due to thenpig effect and the pearlite diminution is due
to carbon consumption for the TiC(N) formation dgrthe thermomechanical processing.

- After the intercritical heat treatment, the martenfaction decreased as the titanium amount
increased for a specific temperature, since Tislklile Acl temperature.

- The tensile strength was increased as the titameneased due to a grain refinement effect,
and ductility decreased due to the increase ifrfaion of martensite.
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