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Abstract 

CSP plants process Nb-microalloyed steels into prime-quality hot' strip with great reliability. 
Microalloying provides the prerequisites for a precise setting of the demanded microstructure 
through thermomechanical rolling. This in turn leads to very favorable material properties. 
High-strength Nb-microalloyed CSP hot strip is suited for a large variety of applications in 
mechanical, plant and apparatus engineering as well as in the automotive industry. 
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Introduction 

Over the past 10 years, the CSP technology has undergone a remarkable development: the 
materials that are being included into the CSP production program are increasingly ambitious. 
Today, the CSP product range comprises virtually all material groups that are also processed in 
integrated steel plants [ 1 1. 

One example is the production of high-strength CSP hot strip by means of thermomechanical 
rolling, also making use of the microalloying technology, in which connection the element 
niobium is of particular significance. 

Chemical Composition of the Materials Investigated 

The chemical composition of the CSP hot strip as investigated meets the demands defined by 
the relevant European and US standards for hot strip with high yield strength for cold forming, 
i.e. DIN EN 10149 and ASTM A715-92. The chemical compositions listed in Table I were 
determined on the basis of these standards, with two aspects particularly taken into account: 

Firstly, chemical compositions suitable for setting optimal material properties through 
thermomechanical processing had to be fixed. 

Secondly, optimal conditions for a high CSP process reliability as well as a uniform and 
reproducible CSP hot strip quality had to be ensured through process-specific narrowing of the 
tolerances. The scatter bands stated for the different grades can be safely mastered under 
metallurgical aspects. 

Table I shows that for high-strength CSP hot strip of S3 15MC to S600MC, preference is given 
to low carbon contents of less than 0.065 YO. It is known that the toughness improves and 
particularly the transition temperature reduces if the carbon content goes down [ 2 3. At the 
same time, the surface quality and the welding behavior are positively influenced. 

The DIN EN 10 149 standard requires these steels to be ,,suitable for welding to customary 
processes”. The carbon equivalent CE (IIW) [ 3 3 determined on the basis of the equation as 
proposed by the International Institute of Welding shows that all relevant prerequisites have 
indeed been established. For reliable welding without preheating, a CE of less than 0.38 is 
usually recommended [ 4 1. 

For the hot strip grades according to Table I, the growing strength requirements are taken into 
account by solid-solution hardening primarily through an increasing content of manganese. 
Moreover there has to be considered that manganese has an austenite-stabilizing effect. 
Consequently, it reduces the transformation temperature ( A r3 ) of the austenite, thereby 
increasing the ferrite nucleation rate and at the same time reducing the crystal growth rate [ 2 ] 
- in other words: it has a grain-refining effect. 
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Table I Chemical composition of high-strength CSP @5M5 
DEMAG hot strip with improved formability 

Q 200 40 

:; 0.30 

.' in the present case < 0.005 % I 
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The resultant improvement in strength and toughness can be utilized up to approx. 1.6 % Mn. 

With silicon, the strengthening coefficient in the ferrite in case of solid-solution hardening is 
more than twice as high as in case of manganese [ 2 1. Therefore, the addition of silicon 
contributes very effectively to a higher yield strength, with the transition temperature, however, 
being increased thereby, which in turn narrows the margin for alloying with silicon. 

, 

Microalloying is playing an important role in the production of high-strength hot strip. It 
creates, in terms of chemical composition, the prerequisite for thermomechanical processing 
and pursues 2 goals under the aspect of microstructural formation: 

1. Retarding and/or preventing the recrystallization of the hot-worked austenite especially 
in the late stands of the CSP rolling mill with the aim of setting a substantially fme- 
grained transformation microstructure 

2. Precipitation hardening. 

Niobium serves both purposes. It retards quite considerably the recrystallization of the hot- 
worked austenite already before its precipitation [ 5 ] .  The hot-work hardening of the austenite 
thereby attained has a positive impact on the texture and, as a result of subsequent polymorphic 
transformation, moreover produces a pronounced grain-refining effect [6].  In addition and 
similar to manganese, niobium dissolved in the solid solution austenite reduces the 
transformation temperature [7] - which intensifies the grain refinement even fbrther. Therefore, 
the microalloying technology frequently reacts to growing strength demands by increasing the 
niobium content [ 81. 

The present study adopted this method for minimum yield strengths up to 500 MPa and 
niobium contents up to 0.06 %, with the recrystallization-stop temperature (Tm) reaching a level 
enabling sufficient hot-work hardening of the austenite prior to its polymorphic transformation. 
CSP-Nb-M~eroalloyed-el 
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The niobium content was not increased further because an excessive increase of the 
recrystallization-stop temperature would be detrimental to the required recrystallization of the 
as-cast microstructure in the forward section of the CSP rolling mill. 

To attain minimum yield strengths above 500 MPa, microalloying was made with niobium and 
vanadium. Other than niobium, vanadium does not significantly influence the recrystallization 
of austenite, but contributes especially to precipitation hardening during and after the y + a - 
transformation. 

Maximum-strength steels were specifically nitrided. Nitrogen dissolved in the solid solution has 
an austenite-stabilizing effect and, in low-carbon steel, promotes the formation of a bainitic 
microstructure [9]. The increase of the nitrogen fiaction in the carbon nitrides of the 
microalloying elements assists the setting of very fine and uniformly distributed precipitations 
which raise the strength very effectively [lo]. 

@5M5 
Fig. 1 Schematic representation of a CSP plant DEMAG 
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Processing of Nb-microalloyed steels in CSP-plants 

Fig. 1 reflects the CSP plant layout and provides itlformation on essential process parameters 
for the production of microalloyed, high-strength CSP hot strip; plant details can, for instance, 
be gathered from [ll]. The liquid steel is fed via ladle and tundish into the he l - shaped  CSP 
mold. Leaving the mold, the thin slab runs through to the secondary cooling zone, is cut to 
length by a pendulum shear and then enters the soaking knace.  After descaling, the slab is 
rolled in the CSP-HSM; the produced hot strip runs through the laminar cooling system and is 
figally coiled. 

Liquid-steel conditioning and thin-slab casting. All steels investigated here can be furnished via 
both the converter and the electric arc furnace. In the present case, converter steel was used. An 
important preparatory step for successfbl thin-slab casting is a carefbl secondary-metallurgical 
CSP-Nb-Micmalloyed-el 
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liquid-steel conditioning in the ladle furnace to trim the heat’s chemical composition and 
ensure the demanded chemical and physical homogeneity of the melt. 

The content of A1 was set to values between 0.020 and 0.035 YO (Table I) which harmonizes 
well with recommendations made in the pertaining literature for preparing melts for thin-slab 
casting [12]. Higher Al contents are not necessary under deoxidation aspects [13] and, even in 
conventional continuous casting, lead to a stronger reoxidation tendency and to clogup of the 
outlets - which are wider there - with aluminates; moreover they have a negative impact on the 
surface quality. 

Setting of the melt’s temperature and chemical composition completed, the calcium treatment 
takes place which pursues two goals: 

Under process-technological aspects, it optimizes the castability of the melt thanks to the 
formation of easy-melting calcium aluminates, and prevents clogging of the submerged entry 
nozzle (SEN) (see [13, 141). 

The Ca treatment is favorable also fiom a materials engineering point of view. Instead of MnS 
which extend in the course of subsequent processing and adversely affect the toughness, oxide 
sulphides and/or (Ca,Mn)S solid solutions form whose hardness increases so markedly 
responsive to a growing Ca content that they maintain their quasi-globular shape during the 
subsequent forming process [13, 141. This inclusion modification has positive impact on the 
cold formability, contributes to a higher toughness especially in transverse direction and 
promotes this way the setting of isotropic material properties. 

Following the addition of calcium, soft bubbling was finally effected for approx. 10 min. and 
with closed slag layer, to enable a substantial precipitation of the inclusions. 

With an A1 content equal to or below 0.035 %, a sulphur content equal to or below 0.005 % and 
a calcium level between 20 and 40 ppm as well as with all other casting-technological 
prerequisites fulfilled, casting in the absence of any troubles was ensured. 

An important factor for reliable operation of a thin-slab caster as well as achievement of an 
unobjectionable surface quality is the selection of an appropriate casting powder. In practice, 
this selection is often made on the basis of empirical findings. The experience [I 51 gained in the 
thin-slab casting of microalloyed steels was summarized in Table 11. 

For alloying reasons, two different casting powders were used. The ferromanganese adopted led 
to a carbon charge into the melt not to be neglected. As a result, the recommended carbon 
content equal to or below 0.065 (YO was not always met. Due to the fact that, responsive to a 
growing carbon content, the susceptibility of the strand shell to damage increases, basic casting 
powder was used instead of acidic powder for steels S550MC and S600MC for preventive 
reasons. 

In the solidified part of the slag film, this measure promotes the formation of crystalline phases 
which in connection with the pores present there ensure a milder heat removal [16]. This way, a 
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high process reliability could be ensured in all cases, and surface defects be dependably 
avoided. 

S355MC 

S420MC 

S5OOMC 

A 

Table II. Thin slab casting of HSLA grades 

0.9 1540 -1560 

Casting powder Temperature of heat 
Steel grade 

in tundish,'C 

I I I S315MC I 

S55oMC 
1535 - 1555 I SGOOMC 1 1 I 

Powder consumption: 
Elekomagneb'c brake: aktivierf 
Castingspeed: 4 - 5 mlmin: 
Temperature on slab 
surface ahead of shear 
Slab width: 
Slab thickness: 5omm 

0.08 - 0.10 k g / d  

2 lo00 'C 
900 - 1600 nun 
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The level and width of the temperature window in the melt to be met are in a close correlation 
with the thermophysical properties of the casting powder used. Uniform melting of the powder 
and reliable drawing-in of the formed slag film into the casting gap between strand shell and 
mold in particular must be ensured [ 171. 

For the data according to Table 11, operation with electromagnetic brake (EMBr) was 
presupposed. With the EMBr deactivated, the flux pattern of the melt inside the mold changes 
and so does the temperature in the meniscus area. In that case, the recommended temperature 
window has to be corrected upwardly by approx. 5 'C. 

Owing to the favorable impact on the homogeneity of the slab, the plant was run with soft 
reduction in the area of the solidification point. The casting speed ranged between 4 and 5 
ndmin. 

For the behavior of Nb-microalloyed thin slabs, it is of utmost importance that an adequately 
high strand temperature be met in the area of the secondary cooling line. 

The microalloying elements are able to fulfil their process-technological goals in the rolling 
mill and the laminar-flow cooling line only when they are kept in the state of solid solution in 
the area of the caster. 

Premature precipitation of Nb(C,N) in the area of the secondary cooling line reduces the 
content of the microalloying element in the solid solution that is available for the intended 
setting of the microstructure in the rolling mill and the laminar cooling line. Moreover, the risk 
of hot embrittlement and formation of transversal cracks in the strand grows [ 181. 
CSP-Nb-MicroaJloyeded_el 
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In the present case it was therefore ensured by way of controlled width-dependent cooling- 
water dosing as well as air-mist cooling that the temperature of the slab - before running into 
the soaking furnace - did not drop below 1000 - 1050 OC even in the area of the edges (slab 
center: 1080 OC). 

Temperature equalization in the roller-hearth k a c e  and thermomechanical rolling with direct 
charging. Having left the caster, the slab runs through a roller-hearth furnace for temperature 
equalization over its thickness, width and length. For the materials described here, the finmace 
was set to 1 100 to 1 150 OC, which relatively high equalization temperature ensures that niobium 
remains completely dissolved in the solid solution also in the area of the soaking hnace. 

The central concern of thermomechanical processing (TMP) is the specific utilization of plastic 
deformation beyond the forming work as such to control solid-state reactions and to set defined 
microstructures with specified physical material properties [ 191. The work-hardening and 
softening processes taking place in the rolling mill are markedly modified through 
microalloying with niobium (Fig. 2). Plain unalloyed steels, owing to the fact that they hlly 
recrystallize between the passes, feature a low flow stress during hot forming. 

Fig. 2 Material response on microstructure changes @5M5 
in CSP - HSM (Scheme) DEMAG 

T,K f- T, 
I 

Solid-solution hardening increases the flow stress. In addition, niobium leads to a higher 
recrystallization stop temperature T,. When the rolling temperature drops below this value, the 
result is an accumulation of strain and an increase of the flow stress due to the incomplete 
recrystallization between successive passes [20]. This may finally trigger dynamic and 
metadynamic recrystallization, with a reduction of the flow stress for consequence. 
Deformation-induced precipitations may occur as well. All of these processes of microstructural 
formation can be implemented for Nb-microalloyed steels in the CSP rolling mill. By using the 
available high-performance process control, the microstructure of the hot-formed austenite is 
precisely set this way. 

.. . 
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among the temperature ranges of complete and incomplete recrystallization. The information 
and data in Table I11 may serve as a guideline. 

TFI : 

low OC 

1080 OC 

llO0OC 

A=. b 
Femandezet al 

- - 

To ensure complete static recrystallization between the first passes, the material is entered into 
the CSP rolling mill at high temperatures (1060 - 1080 OC) and, other than in conventional 
roughing mills, is rolled with a high reduction equal to or above 50 % already in the first stand. 
Moreover, softening can be accelerated by initiating dynamic recrystallization. Fig. 3 shows 
that referred to an initial grain size of 1000 pm, the critical strain for dynamic recrystallization 
at 1080 OC is approx. 55%. 

Metadynamic recrystallization which takes place right after dynamic recrystallization without 
any incubation period is a very quick process and completed before the end of the inter-pass 
time. 

Fig. 3 Effect of temperature and grain size 
on the critical reduction for DRX DEMAG 
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This means that the material is completely softened, homogeneous and recrystallized before 
entering the next stand. 

In the rear part of the rolling mill it is typical of Nb-microalloyed hot strip that the temperature 
drops below the recrystallization stop temperature (Tnr), which means that the static 
recrystallization between the stands remains incomplete so that more and more strain 
accumulates fiom one pass to the next (also see Fig. 2). 

These findings correspond with texture measurements. Following hot rolling and 
transformation in the bainitic microstructure, the texture was measured on the residual austenite 
(for details of method see [22]). 

CSP-Nb-Micrualloyded_el .. . 
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Although the full EULER-space that applies to rolled austenite covers the range 0 < <PI < 7d2, 0 
< @ < n/2, 0 < 9 2  < 7d2, nearly all orientations that are of interest to steel processing can be 
found along the so-called a- and P-fibers - Fig. 4 [23]. The a-fiber runs fiom the GOSS to the 
brass orientation, i.e. fiom (01 1}<100> ... (01 1}<211>. The P-fiber ranges fiom the copper via 
the S to the brass orientation, i.e. fiom (21 l }< l l l>  ... (123}<634> ... (01 1}<211>. 

Fig. 4 Main texture components 
in flat rolled fcc metals (Austenite) 

@5M5 
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The developed intensities of these principal components depend on the strain that can be 
accumulated without recrystallization as well as on the stacking fault energy. 

Fig. 5 reflects the intensities along the a- and P-fibers for the hot-worked (residual) austenite of 
S550MC [22]: 

The a-fiber consists of (01 l}<uvw> orientations where the (01 1 } planes lie in the rolling 
plane and are therefore perpendicular to the normal direction ND. The highest intensity is found 
near the brass orientation (01 1 )<211> (approx. 17 times higher than in case of random 
orientation); the GOSS orientation (01 1 )<loo> features a 9-times greater intensity than in case 
of random orientation. 

Again recognizable in the P-fiber is the very pronounced brass orientation (also see Fig. 4) and 
next to it the copper orientation ( 112}<111> with an 8-times greater intensity than in case of 
random orientation. 

CSP-Nb-Mcroalloy ed-el .. . 
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Fig. 5 a- and p-fibers in S550MC DEMAG 
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When, for comparison, defining a fiber for which RD // <110> applies (so-called RD fiber), 
then one finds that besides the mentioned as-rolled orientations a cube orientation (9-times 
more intensive than in case of random orientation) also occurs. 

The formation of cube orientation is connected with the recrystallization of the austenite in the 
early part of the CSP rolling mill. The formation of as-rolled orientations is due to the effect of 
the microalloying element niobium which enables great strain to accumulate in the rear part of 
the mill: own model calculations which corresponded well with model tests [24] showed 
accumulated strains of approx. 1.2 (approx. 70 'YO) after finish rolling. This explains that in the 
present case typical as-rolled orientations with great intensity dominate the texture of the hot- 
worked (residual) austenite. The setting of these preferred orientations in the austenite has a 
favorable impact on the material properties after polymorphic transformation (see later in this 
paper). 

Niobium can be present in dissolved form in the solid solution austenite or precipitated as 
carbon nitride. When dissolved in the solid solution, niobium retards the recrystallization of the 
hot-worked austenite, while niobium in the form of precipitations stops the recrystallization. 
For rolling heavy plates it is considered typical that Nb-precipitations form, thereby leading to 
the so-called pancaking of the austenite grains. When rolling hot strip, niobium typically is left 
in the solid solution. While in the first case the longer retention time of the material in the 
rolling mill favors precipitations, that time is, as a rule, not long enough in continuous hot strip 
mills to allow precipitations to form. There are, however, exceptions from this rule [25]. As the 
precipitation of niobium fiom the solid solution drastically changes the behavior of the material, 
this situation was investigated also for a CSP rolling mill. 

.. . 
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Fig. 6 Comparison between precipitation start curve and @5MS 
CSP-HSM cooling curve DEMAG 
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The methods employed are based on studies by Dutta and Sellars [26] as well as Jonas [27], 
also using Scheil's additivity rule [28]. The results of the calculations can be seen fiom Fig. 6. 

The continuous cooling curve of the material in the finishing mill was discretized. Calculated 
then was the incubation time for the precipitation of Nb(CN) for the individual temperature 
levels under the impact of the accumulated strain existing there. The criterion for the 
deformation-induced precipitation is the contact of both curves. One can see that, under given 
conditions, there are no Nb(CN) precipitations in the CSP rolling mill - the incubation time 
considerably exceeds the time the strip is in the CSP rolling mill. 

Laminar cooling and coiling;. Polymorphic transformation of the austenite that was previously 
hot-worked in the CSP rolling mill takes place in the laminar cooling line; it is here and on the 
coiler that the final microstructure is set. 

There is a close correlation between the ferrite grain size that forms, the strain accumulated in 
the rolling mill, the austenite grain size and the cooling rate on the roller table (see equation in 
Fig. 7) which can be used for microstructural modeling. For example: with a residual 
deformation of 0.8, an austenite grain size of 20 pm and an average cooling rate of 25 OC/s, a 
ferrite grain size of approx. 5 pm is calculated. This corresponds well with the results obtained 
fiom experiments (see Fig. 9). 

An as early and as intensive as possible cooling fiom finish-rolling to coiling temperature 
allows the lattice defects produced as a result of hot deformation to be utilized most completely 
for impacting the polymorphic transformation - such a cooling strategy intensifies the 
attainable grain refining effect [3 01. 

.. . 
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@5M5 
Fig. 7 Grain refinement due to polymorphic transformation DEMAG 
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Fig. 8 shows cooling curves implemented for 6-mm-thick CSP hot strip of SSSOCM (strip 
middle and center). One recognizes that the coiling temperature is reached very quickly (early 
quick mode), whereby the fiaction of almost isothermally transformed austenite increases 
which in turn promotes the homogenization of the transformation microstructure. The average 
cooling rate fiom finish-rolling to coiling temperature ranges between 25 - 40 OC / s. 

Fig. 8 Cooling curves for the middle of @5M5 
CSP hot strip (gage 6 mm, grade S550MC) DEMAG 
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The TTT (E) diagrams available in the literature indicate that, under these conditions, a ferritic- 
pearlitic microstructure forms between 500 and 600 OC and a bainitic microstructure at 
temperatures below 500 OC [30]. A lower coiling temperature moreover contributes to a refining 
of the precipitations that form. 

CSP-Nb-MicmaJloyec-el 
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of this technology can be utilized for microalloyed, high-strength CSP hot strip for 
improving the material refinement andor for reducing the production cost. A higher level of 
material refinement can be achieved through more intensive grain refining, greater precipitation 
hardening and the controlled setting of non-equilibrium microstructures, while the cost can be 
cut by saving alloying elements. 

Microstructure and Properties of High-Strength CSP Hot Strip 

Characterization of microstructure and submicrostructure. Fig. 9 reflects selected micrographs 
of CSP hot strip here investigated (gage: 8 mm). Grades S315CM and S420CM were finish- 
rolled at 900 OC and coiled at 580 and/or 570 OC. For setting a greater strength, steel grade 
S550CM was finish-rolled at a lower temperature of 850 OC and coiled at an approx. 80 - 100 
OC lower temperature. 

Fig. 9 Microstructure of high-strength microalloyed @ 5M5 
CSP hot strip DEMAG 

I S315MC s42oMc S550MC 

With increasing strength class, a growing grain refinement is noticed: the average ferrite grain 
size in CSP hot strip of S3 15CM is approx. 6 pm (grain-size number 12 - 1 l), that of S550CM 
approx. 4 - 5 pm (grain-size number 13). 

As far as S3 15MC and S420MC are concerned, we have a ferritic-pearlitic microstructure. The 
dark-etched pearlite is located at the ferrite grain boundaries. Owing to the higher manganese 
content, it is finer for S420MC than for S315MC. In CSP hot strip of S550MC, the selected 
chemical composition and the markedly lower coiling temperature lead to the formation of a 
bainit ic micro structure. 

CSP-Nb-Miuoalloyed-el 
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As regards bainitic microstructures, one expects lath- or plate-shaped ferrite crystals, the so- 
called acicular ferrite [32]. There has to be considered, however, that the bainitic microstructure 

Fig. 10 Grain-size distribution and properties @5M5 
of CSP hot strip: S550MC DEMAG 
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of low-carbon microalloyed steels reacts to the thermomechanical history. An increasing hot- 
work hardening of the austenite causes the morphology of bainite to change fiom acicular to 
quasi-globular [30, 351. The ferrite grains observed are just slightly stretched in rolling 
direction (Fig. 9 - S55OMC). 

Fig. 11 TEM Characterization of substructure @5MS 
in CSP hot stilp (grade S55OMC) DEMAG 

TEM analysis: C. Esling et al.. LETAM, Universite de Meiz, France 
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Fig. 10 reflects the grain-size distribution curves for different locations in CSP hot strip of 
S550MC, i.e. at the edge and in the middle of the strip, on the strip surface and in strip center 
(core). All grain-size distribution curves are nearly identical, evidencing the great homogeneity 
of the transformation microstructure in the hot strip. 

CSf -Nb-Mimalloyed-el .. . 
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Transmission-electron-microscopic investigations revealed different ferrite fiactions in the 
transformation microstructure of CSP hot strip of S55OCM (Fig. 11): 

Fraction I consists of nearly globular ferrite grains, approx. 2-4 pm in size, featuring a low 
dislocation density (Part Figure a). 

Typical of fraction I1 are smaller ferrite crystals (approx. 0.5 pm) with a higher dislocation 
density. The dislocations tend to form cells (Part Figure b). 

In fraction 111, lath-shaped ferrite crystals with a high dislocation density are arranged in(to) 
packs which consist of up to 5 laths and are slightly stretched in the direction of the lath-shaped 
ferrite crystals. The individual laths are 1 - 4 pm long and 0.1 - 0.5 pm wide. Within one pack, 
the ferrite crystals exhibit almost the same crystallographic orientation - the boundaries 
between them are subboundaries. By contrast, different packs feature different crystallographic 
orientations; the pack boundaries are large-angle grain boundaries. 

The coexisistence of different microstructural fiactions is the result of transformation during 
continuous cooling [32]. Cementite or pearlite were discovered neither transcrystalline nor 
intercrystalline. Coarse carbides were not found either. The precipitations were very small (a 
few nm). They were finely dispersed in the ferritic matrix and were identified as Nb(CN). 
Owing to the insufficient size, the dfiaction pattern appeared very diffuse; therefore, it was not 
possible to precisely determine the lattice parameters. 

Fig. 12 RD- and TD-fibers in SSSOMC 
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The microstructure was further characterized by way of X-ray texture investigations. Similar to 
the austenite texture, the ferrite texture, too, can be described by means of main texture fibers. 
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The so-called RD-fiber consists of crystallographic orientations which are characterized by 
the fact that their <110> directions run parallel to the RD, i.e. it consists of {hkl}<llO> 
orientations. 

The TD-fiber features orientations whose <1 10> directions run parallel to the TD. 

Fig. 12 depicts the RD- and the TD-fiber of the ferrite texture as well as the main orientations: 

The RD-fiber exhibits two maxima near the orientations {115}<110> ... {112}<110>; the 
intensity is 5- to 6-times greater than in case of random orientation. In addition, there is one 
maximum near the orientation {001}<1 lo>, the intensity being 3.5-times higher than in case of 
random orientation. 

In the TD-fiber, there is a distinct maximum near the orientation {332}<113>, the intensity 
being 6- to 7-times higher than in case of random orientation; additionally, one can again see 
the orientation { 00 1 } < 1 1 O>. 

Further to these measurements, the ferrite texture was also calculated on the basis of the 
austenite texture using the orientation relationships according to Nishiyama-Wassermann and 
Krudjumov-Sachs (without variant selection). This calculation produced the following results: 

The main components of the RD-fiber are connected with the Cu-orientation and the main 
orientation of the TD-fiber with the brass orientation of the austenite. The weaker orientation 
{001}<110> is the result oftransformation of the cube orientation. 

Microalloying with niobium leads during thermomechanical rolling to a severe hot-work 
hardening of the austenite as well as to an adequately intensive transformation texture in the 
ferrite. The orientations resulting fiom the as-rolled orientations of the austenite dominate the 
ferrite texture. 

Niobium suppresses the recrystallization of the austenite and the involved formation of the cube 
orientation. The {001}<110> resulting fiom the cube orientation of the austenite is therefore 
relatively weak, which contributes to an increase in toughness. If this orientation is more 
pronounced, then this is assumed to be in connection with a probable delamination in case of 
impact stress [34]. 

The results of the investigations into the microstructure show that during TMP all mechanisms 
available for increasing the strength are utilized. Solid solution hardening and grain refinement, 
precipitation hardening, and the increase of the dislocation density as a result of the bainitic 
transformation altogether contribute to the manufacture of high-strength CSP hot strip. 

Material properties. Figures 13 to 15 illustrate the impact that important CSP process 
parameters have on the attainable mechanical properties with reference to steel grade S550MC. 

CSP-Nb-Miuoalloyed-el 
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Fig. 13 Influence of rolling temperature in the first stand @5M5 
DEMAG on the yield strength (grade SSSOMC) 
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Fig. 13 shows that the yield strength attainable for CSP hot strip of S550MC rises when the 
entry temperature goes up. An increase of the entry temperature fiom approx. 1050 to 1100 OC 
allows to raise the yield strength by approx. 50 MPa. This temperature increase ensures that the 
available niobium is present in the solid solution when the thin slab runs into the rolling mill. 
With decreasing slab temperature, the precipitation tendency of Nb(CN) intensifies prior to 

Fig. 14 Influence of the finishing temperature @5M5 
on the yield strength (grade SSSOWC) DEMAG 
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rolling, this having a negative impact on the final properties. It is obvious that the dependence 
of the attainable yield strength on the entry temperature does not depend on the finished-strip 
thickness; in other words: the material should be entered at as high a temperature as possible 
irrespective of the demanded strip thickness. It is, however, also apparent that a high starting 
temperature alone is no guarantee for achieving the demanded minimum yield strength. The 
results presented in the following provide closer details in this regard. 

. .  
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The influence of the finish-rolling temperature on the achievable yield strength is illustrated in 
Fig. 14. The yield strength goes up when the finish-rolling temperature goes down, reason 
being that a higher finish-rolling temperature leads to increased hot-work hardening of the 
austenite along with a greater refinement of the microstructure after polymorphic 
transformation [6]. 

To achieve the same yield strengths, a thicker finished strip must be finish-rolled at lower 
temperatures, because the strain available for conditioning the austenite prior to its 
transformation reduces when the strip thickness goes up. This effect is compensated by 
reducing the finish-rolling temperature. 

In the present case, a 6 - 8-mm-thick strip of S550CM must definitely be finish-rolled at 
temperatures equal to or below 850 OC to achieve the demanded yield strength of 550 MPa. 
Thinner strips attain this value even at finish-rolling temperatures of 885 OC. 

Fig.15 Influence of coiling temperature @5MS 
on the yield strength (grade S55OMC) DEMAG 
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As can be seen fiom Fig. 15, the attainable yield strength goes up as the coiling temperature 
decreases. A reduced coiling temperature shifts the transformation of the hot-worked austenite 
towards lower temperatures. The bainitic microstructure which forms is finer, its dislocation 
density is higher and smaller precipitations form, with a greater strength for consequence. 

Heavier-gage hot strip cools more slowly. Consequently, when the hot-strip thickness reduces, 
transformation starts at a higher temperature, which - under otherwise identical conditions - 
leads to strength losses. This effect can be counteracted by reducing the coiling temperature. In 
the case under investigation one can see that for 3 - 4-m-thick hot strip of S55OMC yield 
strengths over 550 MPa are set at coiling temperatures equal to or below 550 OC. To attain the 
same result for a 6 - 8-mm-thick product, a coiling temperature between 450 and 480 OC must 
be adhered to. 
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The results presented demonstrate that an adequately wide technological window is available 
for reliably setting the demanded minimum yield strength. The available process-technological 
scope enables efficient process control and ensures great process reliability. 

I SGOOMC 1 

......... S420MC . .  . _  
........................................................... ' S355M 
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Fig. 16 Mechanical properties of microalloyed @5M5 
CSP hot strip DEMAG 
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Further to the demanded yield strength, the hot-strip grades investigated allow defined 
minimum elongations to fracture to be attained, these ranging between 24 YO for S3 15MC and 
13 % for S600MC (nominal thickness 2 3 mm). Fig. 16 illustrates in summarized form for all 
grades examined here t h t  the demanded elongations to fracture were not only reliably 
achieved, but even markedly exceeded. 

Bending tests carried out in addition to the tensile test produced altogether positive results; no 
failure occurred. 

Fig. 17 depicts the temperature dependence of the notch impact energy for CSP hot strip of 
S550CM. Tested were 5*10 mm2 longitudinal and transversal samples in Charpy arrangement. 
The toughness values ascertained reliably meet the requirements acc. to the DIN EN 10 149 
standard. The transition temperature fiom ductile fiacture to brittle fiacture is -50 OC: CSP hot 
strip features an excellent combination of strength and toughness. 

It was thus evidenced that adopting thermomechanical processing in the production of CSP hot 
strip allows to attain high strength along with excellent plasticity and toughness. Ensuring an 
exacting combination of strength and toughness is the prerequisite for successful application of 
these high-strength microalloyed strips in multifarious fields. 

Amlications: the very good material properties evidenced by means of mechanical test methods 
were hlly confirmed by the favorable processing and service behavior of the CSP hot strips. 
The users of high-strength hot strip come fi-om different industrial branches, for instance 
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Fig. 17 Effect of test temperature on the impact energy 
of CSP hot strip S550MC 
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machine, apparatus and plaEt buiiding as well as the automotive industry: A wide spectrum of . 

products was manufactured (Table IV) all of which have proved successful in and suitable for a 
great variety of applications. 

Table IV. Examples of applicatlon for high-strength @5M5 
CSP hot strip DEMAG 

cultural pickers, strapping material 

Construction of apparatus and appliances: 
pressure tanks 

I Car construction: door intemals, skid rails, 
spring housings, wheel rims, wheel guides I SBOOMC I 
Plant construction: conveyors, cranes, 
scaffolders, warehousing and shelf elements 

I 

13689E49 

With its processing and service behavior proved to be equal, CSP hot strip represents an 
attractive alternative to conventionally produced high-strength hot strip, not least thanks to the 
considerable cost benefits it offers. 
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Conclusions 

The controlled adoption of metallurgical action principles along with the consideration of 
specific aspects of the CSP process enable Nb-microalloyed hot strip to be produced on CSP 
plants with great process reliability. The products meet the European and US standards for 
high-strength hot strip intended for cold forming. 

Thermomechanical processing allows to set a very high ductility in addition to high strength 
even at low temperatures. The correlations established for thermomechanical rolling in CSP 
plants between process-technological parameters and the microstructure and material properties 
correspond well with results obtained in conventional rolling mills. 

In terms of quality, CSP hot strip is equivalent to hot strip produced the conventional way. It is 
used for a large variety of applications in machine, plant and apparatus building as well as in 
the automotive industry. 
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