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Abstract

The aim of this paper was to evaluate the deperdeh@recipitation on casting rate in the
surface zone of a TiNb microalloyed steel slab, ttndompare the results with those in a TiNb
IF steel slab. In the microalloyed steel TEM reeedine and larger globular particles and larger
angular particles of TiN and TiC. For higher cagtrates TEM revealed more fine particles of
similar shape, but NbC was combined with TiN an@.TRrecipitates in the slab surface zone of
the TiNb IF steel were both globular and oval. Theyre based on Al and Ti in combination
with MnS and stick shape particles based on Al. Ganson of precipitates in the surface zone
of slabs cast at the same pulling rate 0.8m/mirbfith TiNb micro-alloyed steel and TiNb IF
steel grades, showed fewer particles in the IH.stdgs is assumed to be due to the very low
carbon content in the IF steel compared to theaualtwyed one.
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1 Introduction

Different types of precipitates can be formed hystallization during continuous casting. There
are large differences in the way they influencedhbality of continuous casting products. The
production of precipitates during continuous cagtis influenced strongly by the cooling and
solidification in the crystallizer, and also by eadary cooling and cooling after the exit from
the casting machine [1]. In addition to this, theegipitation type, whether based on
microalloying elements or impurities, its extentpaunt and distribution in continuously-cast
semis, depends on the steel grade, i.e. the cherocaposition and type of microalloying
elements and impurities and their segregation R&views [3, 4] have shown that transverse
cracking formation is influenced by the size anstritiution of the microalloy precipitates, and
also by precipitated aluminium nitride (AIN) at theain boundaries. As reported by Ludlow [1],
the morphology of the produced precipitates canis@antly influence the surface cracking of
the casting. Even small volumes of cuboid or rodped precipitates can evoke the formation
of surface cracking. Globular precipitates canuiefice surface cracking only in cases when they
are very large in size, and at high volumes indtel. Precipitates arranged in strings on the
original grain boundaries (i.e. those within theafigrain matrix), regardless of their shape, can
cause surface cracking in probably the same wagresipitates arranged on the final grain
boundaries. The effect of elliptic precipitateslistinctly worse, even when significantly smaller
in size and amount, than the effect of globularetypAs already noted, the cooling in the



Acta Metallurgica Slovaca, Vol. 17, 2011, No. 31j7-185 178

crystallizer and all the subsequent cooling hastrang influence on the morphology of
precipitated particles.

Niobium, titanium and additional microalloying elents in steels are known to influence the
recrystallization [2, 5-10], phase transformatidi][ grain size [9,12] and welding of high-
quality steels [13, 14], such as high-strength &lloy steels (HSLA) or interstitial-free (IF)
steels. Depending on the temperature, these elernantcreate a whole range of compounds in
microalloyed steels, such as TiN, TiC, Ti(CN), N&HN or Nb(CN). In addition to the above
particles IF steels can also contain TiS,Ck8, MnS and AIN, but also precipitates with
phosphorus, such as,®S,P, FeTiP [15]. The VNbTi steel exhibited signifitgngreater
precipitation of carbonitrides such as triplex algblex types based on Ti, Nb and V compared
with the V steel, where V(CN) were found [16]. Thegre characterized in this study by cuboid
(45-70 nm), sphericall/irregular (20-45 nm) and fieedlelike (10-20 nm) morphologies. Apart
from large cuboidal TiN precipitates in the Nb\&Eeel, another study [17] also confirmed type
| dendritic precipitates (up to fn), or type Il dendritic precipitates. Large culaligrecipitates
(>0.5um) formed in the liquid have no grain size refinieffect either during reheating before
controlled rolling or in HAZ, and these remove titam and niobium from austenite, thus
reducing furher precipitation. Similarly the typeléndritic precipitates are stable at least up to
1150C and have no grain size refining effect. Typeddipitates form in the interdendritic
liquid and these are TiN-rich (TiNb)(CN) in NbVTte®l and NbC-rich (TiNb(CN) in NbTi
steel. Type Il precipitates nucleate on (TiNb)Nthé final stage of solidification of the
interdendritic liquid, or od—phase boundaries and grow in the solid. The pestare TiN-rich
(TiINb)(CN) in NbVTi steel and NbC-rich (TiNb(CN) itNbTi steel. Only type Il dendritic
precipitates are unstable at 186qfor NbV steel) or 110 (for NbVTi steel). The precipitates
in the case of NbVTI steel are broken into manyalsmieces at 110C and in the HAZ
simulation condition and thus they may be usefujjiain size refinement [17]. Jun et al. [18]
also observed three types, i.e. dendritic, semddén and rod-like Nb-rich
(NbTi)(CN)complex carbonitrides in continuously-tasNbTi-bearing steel. Complex
carbonitrides precipitated in the base metal arat-affected zone (HAZ) in NbTi hot-rolled
microalloyed steel plates have also been identdigdeing Ti-rich (NbTi)(CN) [19]. They had
cuboidal shape, and their average particle sizbarbase metal upon decrease of the reheating
temperature from 1200 to 11%Ddecreased from 40 to 20nm. The morphology ofarthides

in the HAZ is transformed from cuboidal to rectanghape with length of over 500 nm.

Since the influence of casting rate on precipitaiiothe slab surface zone has not been studied
thoroughly, the aim of this contribution was to lgma this influence in TiNb microalloyed steel
and compare the results of precipitation with thosgiNb IF steel.

2 Experimental material and methods

Two steel grades were used for the study and casguaof precipitation: TiNb microalloyed
steel and TiNb IF steel. Both were microalloyedhwiii and Nb and their chemical compositions
are shown imables 1 and2.

Tablel Chemical composition of the microalloyed steel Hest %)

C Mn S P S Al Mo Ti Vv Nb
0.076 0.468 0.013 0.01 0.0061] 0.024 0.002 0.01Y 010.0 | 0.018
B Ca Cu Ni As Sn Sh Cr Zn N
0.0002 0.0002 0.021 0.012 0.005 0.002 0.002 0.01p2 .0010 0.0042




Acta Metallurgica Slovaca, Vol. 17, 2011, No. 31j7-185 179

Table2 Chemical composition of IF steel [wt. %]
C Mn S P S Al Ti \ Nb Cu B N
0.005 0.275 0.009| 0.008 0.01p 0.0b 0.0p1 0.001 80.p40.032 | 0.0002 0,0089

For the TiNb microalloyed steel, samples were pecedufrom slab surface cut outs, from the
small radius “r" side of the slab. In the secondeogling zone the cooling rate of the slab was
controlled by the program for microalloyed steeldr casting rates were tested, specifically
accomplished by two pulling rates. The cut outsenabelled in the following way:

» Cut out K-1 (side cut out) and L-2 (central cut)opulling rate 0.5m/min.

e Cut out M-3 (side cut out) and N-4 (central): pujjirate 0.8m/min.
In this study central samples were used from L@ d#, as shown ifrig.1. The continuously-
cast slab specifications were as follows:

+ Slab dimensions 7360 x 1540 x 220 mm

e Liquidus temperature 1527°C

» Cooling rate control curve for microalloyed stg@lpducing a moderate cooling rate in

the secondary cooling zone

IF steel samples produced from 3 cut-outs acrassltb width were used. The pulling rate was
0.8m/min. Steel produced in an oxygen-blowing coterevas used. The chemical composition
was designed for subsequent vacuum treatment, oechbiith inert argon blowing. The steel
prepared this way was then continuously cast inuvetl-type casting machine. The steel
samples produced from 3 cut-outs across the sldthwiere cut from the small radius “r” side
as shown irFig. 2. The slab specifications were as follows:

» Slab dimensions: 220 x 1195 mm

e Liquidus temperature 1532 °C

» Casting temperature 1561°C

» Cooling rate control in the secondary cooling zengderate

L EE SR

Fig.1 Cut outs from TiNb microalloyed steel slab Fig.2 Cut-out from IF steel slab

Transmission electron microscopy (TEM) with a JE@EM 2000 FX microscope was used to
study the precipitates, applying the carbon repilieghod. The particles were identified by EDX
analysis using a LINK 860 analyzer, by electrorrddtion in the extracted replicas and EELS
method.

For TiNb microalloyed steel carbon replicas weralgsed extracted from samples L3 and L4,
which were selected from the central cut-out L-2taf slab. The pulling rate was 0.5m/min.
Sample N9 was analysed, also selected from theatemit-out N-4 of the slab pulled with
higher pulling rate 0.8m/min. The carbon replicasravproduced in surfaces cut in a direction
parallel to the surface and 2 to 2.5 mm deep uthgeslab surface.
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For IF steel carbon replicas were extracted fronB alut-outs. The samples about 3 mm deep
from the slab surface were dusted with carbon,rapticas were extracted.

3 Resultsand discussion

TiNb micro-alloyed steel

Carbon replica observation of samples L3 and L4dpced from the central cut-out L2 of the
slab pulled at the lower rate 0.5m/min revealedimalmer of smaller and larger globular particles
and large angular ones. More of the latter were seesample L4. The observed particles are
documented irFigs. 3 and4 for sample L3 and ifrigs. 5 and 6 for sample L4. The types of
particles with size ranges are listedTiab. 3. In sample L3 the sizes of fine globular particles
ranged from 3.8 to 11.5 nm, and the sizes of lagtgbular particles ranged from 15.4 to 76.9
nm. The 2 angular particles were 76.9 — 107.7 nisiza. EDX analysis of sample L3 showed
particles based on Ti and NBi.7). Diffraction plot analysis showed a TiN particf@lobular
and angular particles were observed in sample igs(B and 6). The sizes of fine globular and
oval particles ranged from 4.8 to 9.5 nm. The sizethe larger globular particles were from
12.5 to 18.7 nm and the angular particle size wa f14.3 to 75 nm. The number of angular
particles in sample L4 was considerably higher camap to L3. This gives evidence of
precipitation heterogeneity in the slab surfaceezahough these two samples were close to one
another. EDX analysis of the angular particle réaga composition based on S, Ti and Nb
(Fig.8). EDX analysis of one other particle frommgde L4 also confirmed Ti and Nb.
Diffraction plot results showed particles TiN aniCT

Table3 Precipitated particle size evaluation

Shot Number Sample Fine globular particles Larg:rt?(l:?g Sular Lal;%ertﬁ:r;gsu lar
[nm]
[nm] [nm]

839 L3 7.7 15.4-76.9 76.9 -107.7
837 L3 3.8-115 15.4 - 38.5
836 L4 12.5-18.7 37.5-75
832 L4 48-95 14.3-61.9
840 N9 9.5 14.3 — 28.6 47.6-71.4
841 N9 6.3-94 12.5-28.1

ol
4 89,600 5506 100ne (R é 3
Fig.3 Fine and large globular particles, sample L3, Fig.4 Globular particles, sample L3, Magnification
Magnification 50 000x 100 000x
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Fig.7 Smaller angular particle EDX analysis, sample L3

Fig.8 Angular particle EDX analysis, sample L4
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g.5 Mainly large globular and angled particles, Fig.6 Fine globular and

large angular particles,

sample L4, Magnif.85 000x
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Sample N9 was cut out from the slab cast at thednigasting rate, actually pulled at a rate of
0.8m/min. Carbon replicas extracted from sample@i@aled small globular and oval particles,
with sizes ranging from 6.3 to 9.5 nrRi@.9). Some solitary large particles were there too,
globular (12.5 — 28.6 nm) or angular (47.6 — 71 (Fig.10). The results of the EDX analysis
of the fine precipitated particles showed Ti and Rscording to the diffraction results, the
particles were TiC and NbC combined with TiN.

; J Ml 2 1 st iem S :
Fig.9 Small globular or oval particles, sample N9, Fig.10Small globular and single angular particle,
Magnif.130 000x sample N9, Magnif.85 000x
TiNb IF stedl

Carbon replica observation of a sample producenh tiee left side cut-out 1 of the slab showed
globular and oval particles in a ferrite matriid.11). Their sizes ranged from 28 to 71nm. The
pulling rate of the slab was 0.8 m/min. The EDX lgsia results showed some complex
particles with Al and TiKig.12). In sample 3 from the central cut-out the sizehef particles
found ranged from 14 to 85.7 nRi¢.13). The EELS analysis indicated nitride particlesAbf
and Ti.Fig.14 is the documentation of stick-like particles foutheleper under the slab surface
(20 mm). They were Al based and their sizes raffiged 71 nm to 114 nm.
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Fig.11 TEM, globular particles, Fig.12 EDX spectrum
cuteut 1, Magnif.74 200 x
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Fig.13TEM, dispersed globular particles, Fig.14 Stick shape particles, cut-out 3, Magnif.75 700
cut-out 3,Magnif.78 600 x X

The obtained EDX spectrum confirmed in the sampbenfthe right side cut out 2, particles
based on Ti and Al. There was heterogeneity irsthe of the particles and in places there were
precipitates arranged in strings. There were vy particles ranging from 4.1 nm to 41.6 nm
in size, and larger particles from 57.1 to 100 nrBRDX analysis of the polished surface
confirmed very fine cementite particles as well] afso large complex TiCN particles up to 160
nm in size, sometimes in combination with MnS deeeler the slab surface.

Comparison of the precipitates in the tested st@tsved differences in the distribution and size
of particles. In micro-alloyed TiNb steel thereravdarge numbers of particles, but in the TiNb
IF steel the number of particles was smaller. Thég/ have contributed to the very low carbon
content in the IF steel compared to the micro-a&tbyThis remains to be proven, however,
requiring a large number of samples and statisticem.

4 Conclusion
The precipitation evaluation in the surface zonelabs made from TiNb micro-alloyed steel
produced at two different casting rates and froMbTiF steel led to the following conclusions:

1. Samples taken 2.5 mm deep in the TiNb micro-allosteg!| slab with low pulling rate
0.5m/min revealed fine globular particles up to51hm in size and larger globular
particles up to 76.9 nm, and also larger angulatighes up to 107.7 nm in the slab
surface zone. In one sample many larger angulaiclesr were found, more than in the
other sample. This was assumed to be the signtefdueneity of precipitation in the
slab surface zone. Electron diffraction of repliaasl EDX analysis confirmed particles
TiN and TiC. For steel cast at the high pullinger@t8m/min, the particles in the slab
surface zone were similar, but finer. Diffractionogved particles of NbC combined
with TiN, and TiC.

2. Transmission electron microscopy showed dispersaoutar and oval particles 3 mm
deep in the slab surface zone, in all 3 cut-outdarfeom TiNb IF steel cast with high
pulling rate 0.8m/min. Fine globular and oval paes from 28 to 85.7 nm in size were
evaluated in cut-out 1 and from 14 to 85.7 nm intia@ cut-out 3, and in the case of
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right side cut-out 2, very fine particles rangimgm 4.1 to 41.6 nm were found together
with larger particles from 57.1 to 100 nm. All dfese were identified as nitrides of Al
and Ti, or as complex particles based on Al andifijarge particles combined
sometimes with MnS. Deeper under the surface (20 stick-shape particles were also
seen in central side cut-out 3, and precipitatesnged in strings were found in right
side cut-out 2. In this side cut-out 2, cementietiples were primarily identified as
well. Electron microscopy of the precipitates shdvikat interstitially solved carbon
and nitrogen atoms are bonded to Ti in combinatigith Al. Unambiguous
confirmation of the bonds in all interstitials calfor further analyses, e.g. with
chemical phase analysis methods.

3. Comparison of precipitates in the surface zonelafsscast at the same pulling rate
0.8m/min for both TiNb micro-alloyed steel and TilNb steel grades, showed fewer
particles in the IF steel. This is assumed to ketduhe very low carbon content in the
IF steel compared to the microalloyed one. Howeteis calls for further TEM-
assisted particle evaluation with a larger statdty significant numbers of samples.
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