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Abstract

Because of suitability for hot-dip zinc-coating, there is some concern about the use low
silicon (Si) content in normalized or normalizing rolling S355J2+N structural steel with
minimum specified yield strength of 355 MPa. However, decreasing Si content leads to
a decrease of solid solution hardening, whereas decrease in strength should be
compensated by alternative mechanism. One possible solution is the use of
microalloying with niobium (Nb). Based on available results obtained on own and
competitive material, we projected and produced S355J2+N hot-rolled coils (HRC). The
results show that the produced material fully satisfies the requirements of the EN
10025-2/2004 quality standard. Furthermore, strength values in normalized conditions
were lower than those in normalizing rolling condition.
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Introduction

Some of hot rolled steel grade are delivered in normalized or normalizing rolling
conditions. The ideal normalizing rolling process is characterized by full
recrystallization between hot rolling passes and a finishing temperature that is equal to
the austenitizing temperature originally used in the heat treating furnace.

The final aim was to obtain a ferrite-pearlite microstructure with fine and
homogeneous grain size.

According to EN 10025-2/2004 standard, normalizing rolling is a process in
which the final deformation is carried out in a certain temperature range leading to a
material condition equivalent to that obtained after normalizing, so that the specified
values of the mechanical properties are retained even after normalizing. The abbreviated
form of this delivery condition is +N [1].
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However, normalized rolled material must show limited alterations of its
mechanical properties after an additional normalizing heat treatment i.e. a maximum
loss of 50 to 60 MPa in yield strength [2].

A particular challenge is to guarantee the value of specified tensile properties of
high strength steels, such as S355J2+N grade.

In this sense, one possible solution is to apply microalloying with Nb [3, 4].
However, due to its effect on retardation of recrystallization, addition of Nb carries
certain risks, such as a decrease of material strength during normalizing treatment and
occurrence of partial recrystallization of austenite, which significantly affects
microstructural homogeneity, with a potential negative impact on the plate toughness.

The object of this paper is development of hot rolled coils of S355J2+N grade
with low Si content, taking into account the results obtained during production of
similar grade with higher Si content on produced in Zelezara Smederevo hot strip mill,
and those obtained on sample of competitive material produced at Tata Steel [jmuiden
Hot Strip Mill-Netherlands (HSM).

Materials and experimental procedure
During ordering material, customer Benteler specified hot-rolled coils of
S355J2+N grade according to EN 10025-2/2004 as shown in Table 1.

Table 1. Specified parameters

Parameter Value
Nom.Thickness [mm] 6.00
Nom.Width [mm] 2000
Content of Si [mas.%] Max.0.03
Quantity [t] 100

From material and process point of view, there are two important issues of
specified values:
a. Content of Si in steel, decreases potential for solid solution hardening,
consequently leading to the achievement of higher level of strength;
b. Finish rolling of S355J2+N grade steel strip in size of 6.00x2000 mm is critical
from the overloading point of view of the first finishing stands.

Results and discussion

Available results obtained during production of S355J2+N grade in Zelezara
Smederevo d.o.o HSM correspond to the material with Si=0.15-0.25%. Since the
specified materials should contain Si content below 0.03%, this lack of solid solution
strengthening due to Si, should be compensated by other alternative mechanism.

It is suggested that this mechanism should grain size refining and precipitation
strengthening, due to addition of Nb.

In order to select the appropriate steel composition and process parameters of hot
rolling, we carried out an analysis of the available results obtained on the internal NMO05
and NMO6 steel grade.

The data obtained for NMO05 and NMO6 hot rolled coils are shown in Tables 2
and 3, respectively.
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Table 2. Data of NMO05 hot rolled coils (HRC)

NMO5 | Hg C Mn Si Nb
min 5,50 0,145 0,750 0,155 | 0,016
avg 6,96 | 0,160 | 0,870 0,195 | 0,019
max 10,00 | 0,175 | 0,950 0245 | 0,020
NMO5 I:2e+N Re+NR A Re NR-N Rm+N Rm-*—NR ARm NR-N
min 300 370 70 440 500 60
avg 370 447 77 473 542 68
max 440 510 70 510 580 70
Table 3. Data of NM06 hot rolled coils (HRC)
NMO06 | Hi. C Mn Si Nb
min 12,50 0,142 | 1,342 0,160 | 0,037
avg 14,04 | 0,155 | 1,417 0,187 ] 0,041
max 15,00 | 0,191 1,495 0,212 | 0,047
NMO06 Re+N R5+NR ARe NR-N Rm+N RerNR ARm NR-N
min 390 460 70 500 560 60
avg 415 502 87 526 597 72
max 440 550 110 550 630 80

The mechanical properties shall comply with the values given in Table 4.

Table 4. Tensile properties and impact strength for S355J2+N grade, accrording to EN

10025-2/2004

Parameter Min Max
R.:n [MPa] 355
R, [MPa] 470 630
A [%] 20
KVZaverage [J] 27
KVaindividuat [J] 19
T [°C] -20
Delivery condition +N
Where:
Hir : Nominal thickness of hot rolled coils;
Reinr : Yield strength in normalizing rolling condition (+NR);
Re+n : Yield strength in normalized condition (+N);
Rm+nR : Tensile strength in normalizing rolling condition (+NR);
Rm+n : Tensile strength in normalized condition (+N);
ARciNrN : Difference between yield strength in normalizing rolling and
normalized condition;
ARmNRN : Difference between tensile strength in normalizing rolling and

normalized condition.
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The chemical composition and mechanical properties measured in the laboratory
of Zelezara Smederevo d.o.0, on a sample of hot-rolled strip of S355J2+N grade,
produced at Tata Steel [jmuiden HSM, are shown in Tables 5 and 6, respectively.

Table 5. Chemical composition of the sample hot-rolled coil produced at Tata Steel

Ijmuiden HSM
miLL | He o Beoo g P S
[mm] [mm]
8,00 2000 0,15 1,52 0,021 0,0170 0,0045
TATA .
STEEL Al Nb Ti A% N CIIW
0,03 0,017 0,003 0,006 0,0058 0,42

Table 6. Mechanical properties of the sample hot-rolled coil produced at Tata Steel

Ijmuiden HSM
MILL TATA STEEL
Heat N4507 N4507
N°Product 5354030 5354030
H,, [mm] 8,00 8,00
R. 439 413
R, 523 543
A 29,6 23,3
R./ Ry, 0,84 0,76
KV 226 123
KVomy 221 127
KV, 226 117
KV, 3 231 124
t°C -20 -20
Condition N NR
Grain Size 10 9,5

Figure 1 Shows optical micrographs of tested sample of Tata Steel Ijmuiden
HRC.

The microstructure of Fig. 1 is essentially ferrite-pearlite, uniformly distributed
across the thickness and with some pearlit banding. Ferrite grain size, determined by
method EN ISO 643 2014 is about N* 10.

Based on the available results shown in Tables 2 and 3, experience in the
production of microalloyed steel [5], as well as results obtained on competitive Tata
Steel I[jmuiden material (Tables 5 and 6), we projected the product and process design
of S355J2+N hot-rolled coils with 6.00mm nominal thickness .
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Fig.1. Optical micrograph of sample S355J2+N grade, produced at Tata Steel [jmuiden
HSM with 8.00mm thickness.

The chemical composition and hot rolling process parameters of designed steel
are shown in Tables 7 and 8, respectively.

Table 7. Chemical composition of projected steel, designated for S355J2+N grade with

6.00 mm thickness
Grade C Mn Si P S Al N B
0.146 1.295 0.000 0.025
0.174 1.505 0.030 0.0150 0.0080 0.050 0.0084 0.0005
NMI2® Nb Ti \Y Cu Ni Cr Mo Cuw
0.020 0.010
0.030 0.015 0.005 0.050 0.050 0.050 0.020 045

* ZELEZARA SMEDEREVO d.o.o. steel mark

CE, ., =C+

@+(Cr+Mo+v)+(Ni+cu)

Hw 6

5

15

Table 8. Projected parameters of hot rolling process

el sz, il gz Npass pre. Teopre.
1230 210 7 28
1250 30
Hst-prg- Bst-prg- TFR-prg- TC-prg-
5.81 2000 890 580
6.31 2025 910 630
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Where the abbreviation “prg” means programmed value for the following
paremeters:

Toirehpre: Slab reheating temperature in [°CJ, tyrenpre: reheating time in [min], N°
passpre.. UMber of roughing passes, Ty, pre: transfer bar temperature in [°C], Hgpre: final
thickness of HRC in [mm], By : final width of HRC in [mm],

Trrpremin: finish rolling temperature in [°cy, Tcprgmin: coiling temperature in
°cl.

In order to meet the specified requirements given in Table 1, five slabs from heat
number 348846 were cast. Actual (measured) chemical composition of the cast slabs are
shown in Table 9.

Table 9. Chemical composition of cast slabs, designated for
S355J2+N grade with 6.00 mm thickness
HEAT NUMBER: 348846

C Mn Si P S Al N B
0,162 1,379 0,025 0,0140 0,0050 0,050 0,0054 0,0001
Nb Ti Vv Cu Ni Cr Mo Cuw

0,029 0,013 0,005 0,020 0,020 0,020 0,001 0,400

Comparing results shown in Table 9 with projected ones in Table 7, it may be
seen that the actual chemical composition of the heat 348846 fully satisfies the
projected values. The cast slabs from a heat 348846, was rolled at HSM according to the
rolling schedule SC53, which was the same as for a hot-rolled coils numbered from 38
to 42, in size of 6.00 x 2000 mm. As for example, the Table 10 shows actual values of
parameters of heating, roughing, finishing and coiling processes.

Table 10. Actual parameters of hot rolling process

T, s, it Npass pre. Tz
1250 215 7 29.4
1260 224 30.5

Hsipre. B Ter pre. Vg
6.08 2007 901 610
6.15 2017 903 649

Taking into account the above presented results, as well as impact coefficients of
important parameters [5,6], Table 11 shows the expected values of tensile properties in
the normalized condition. Table 12 shows the measured values of mechanical properties
and ferrite grain size, together with specified values (shaded).

Table 11. Predicted values of tensile properties
Srength R R

min. 434 525
max. 501 585

e+N
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Table 12. Measured and specified values of mechanical properties

Parameter Unit Value

Heat [-] 348846

Slab [-] 10 20 30 40 50
Schedule [-] 5D53

Coil number [-] 38 39 40 41 42
Ret prg min. N [MPa] 355 355 355 355 355
Re act. v [MPa] 464 453 436 471 439
Re act. R [MPa] 487 476 485 487 481
ARy [MPa] 23 23 49 16 42
Run prg min. +N [MPa] 470 470 470 470 470
Rin prg.max. +N [MPa] 630 630 630 630 630
R act. +N [MPa] 539 542 541 574 551
R act. +NR [MPa] 609 599 608 605 604
AR, [MPa] 70 57 67 31 53
A prg min. +N [%] 20 20 20 20 20
A st N [%] 31 29 30 26 27
A st aNR [%0] 23 24 26 24 24
KV prg ave min. [J] 27 27 27 27 27
KV2 act. [J] 219 209 214 225 212
KV prg ind min. [J] 19 19 19 19 19
KV, ayn [J] 219 200 217 221 220
KV, )N [N 226 217 214 231 220
KV, Gyin [N 213 210 211 224 197
Cprg. [°C] -20 -20 -20 -20 -20
tact. [°C] -20 -20 -20 -20 -20
Tensile test [-] 90 90 90 90 90
fl;il:trpy V-notch ] 0 0 0 0 0
Grain size +N [°] 10 10 9,5 9 9

Grain size +NR [°] 10 9,5 9 9 9
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Where the abbreviations “act” means actual (measured) value, +N is the value in
normalized condition, whereas +NR is value in normalizing rolling, for the following
parameters:

Rey : yield strength in [MPa], Ry, : tensile strength in [MPa]; A: elongation on

5'65@ gauge length in [%]; KV,: The average value of the three test results of
absorbed energy; KV, (), KV, ) and KV, : individual absorbed energy.

By comparing the actual values with the specified values in Table 12, it can be
seen that the produced materials met all required quality parameters of S355J2+N grade,
specified in EN 10025-2 / 2004 standard.

By comparing the measured values of strength (see Table 12) with the predicted
values in Table 11, it can be seen that there is a satisfactory agreement. It is very
interesting to note that the measured values of the strength in the normalized condition
are lower than those in the normalizing rolling condition, which is in accordance with
the published results [2-4].

As for example, Fig. 2 shows correlation between measured strength of samples
tested in normalized and normalizing rolling condition.

From results shown in Table 12 and Fig.2 it can be seen that a value of yield
point in normalized samples was for 16-49 MPa (average of 31 MPa) lower than the
values of yield point in a normalizing rolling condition. The results are in a rather good
agreement with already published results [2]. The results of tensile strength in
normalized condition were for 31-70 MPa (average of 56 MPa) lower than those in
normalizing rolling condition.

v Yield
+N Strength 20 S

— + Tensile
[MPa] P —

+NR Strength [MPa]

Fig. 2. Comparative correlation between strength in normalized and normalizing
rolling condition.
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Moreover, it is very interesting to compare typical yield and tensile strength
values obtained in Zelezara Smederevo d.o.o material with thickness of 6.00mm, with
the same results obtained on a sample of hot-rolled strip with S355J2+N grade,
produced at Tata Steel [jmuiden HSM with thickness of 8.00mmn (Table 13).

Table 13 Comparison between strength values of S355J2+N grade produced in
Zelezara Smederevo d.o.o and Tata Steel [jmuiden HSM

Zelezara Smederevo +N 6.00 453 549

Tata Steel +N 8.00 439 523

Bearing in mind that the increase in thickness of the strip of Imm causes the
lowering of yield and tensile strength for approximately 7 MPa and 4 MPa, respectively
[5], it may be concluded that there is good agreement.

In order to obtain, at least rough estimation, what might influence of the decline
of strength during normalization, microstructure of samples was examined before and
after normalization, according to EN ISO 643 2014 testing procedure.

The results in Table 12 demonstrate that the grain size remains practically
unchanged. Moreover, the values of observed grain size are in a quite good agreement
with those of a sample corresponding to hot-rolled strip quality S355J2+N produced in
Tata Steel [jmuiden HSM (see Table 6).

As for illustration, Figs 3 and 4 show the typical microstructure of materials
before and after normalization. The microstructure is ferrite-pearlite, uniform across the
thickness and with some pearlitic banding.

Fig. 3 Typical microstructure obtained on a sample of normalizing rolling material
produced at Zelezara Smederevo d.o.o HSM



192 Metall. Mater. Eng. Vol 21 (3) 2015 p. 183-193

The observed microstructure in Fig. 4 corresponds quite well to the
microstructure from a sample of hot-rolled strip quality S355J2+N, produced at Tata
Steel Ijmuiden HSM (see Fig. 1). It seems that the microstructure of a competitive
sample contain something more pearlitic banding, which may be explained by the
higher Mn content in the Tata Steel [jmuiden material.

Fig. 4 Typical microstructure obtained on a normalized sample of normalizing rolling
materia, produced at Zelezara Smederevo d.o.o HSM

Since the grain size after normalization remained virtually unchanged, one of the
possible reasons for this strength drop is growth of Nb carbonitride precipitation during
normalizing.

Conclusions

1. The produced hot-rolled coils in nominal thickness of 6.00mm, met the
specified requirements S355J2+N according to quality standard EN 10025-
2/2004.

2. The obtained values of strength and microstructural characteristics show quite
well agreement with those obtained on competitive material.

3. The obtained values of strength in the normalized condition are lower than
those in the normalizing rolling condition.
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