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The present work was aimed at studying the effect of a “Slab/Sheet” thickness ratio (SSTR) on the
microstructure and mechanical properties of API 5L X70 steel sheets intended for heavy-wall oil/gas
pipelines. The 25 mm-thick and 40 mm-thick steel sheets were rolled from the cast slabs of different
thicknesses (250 mm and 300 mm) and their mechanical properties were compared. The sheets were
subjected to thermo-mechanical controlled processing followed by accelerating cooling, resulting in the
structure of quasi-polygonal/acicular ferrite with minor amounts of granular pearlite and martensite-
austenite constituents. Increasing the cast slab thickness significantly improved the ductility and low-
temperature impact toughness of steel sheets regardless of their thickness. Specifically, a total elongation
increased by 3-6 points (up to 26-28 %); an absorbed impact energy (tested at =20 °C) — in 1.5-1.8 times
(up to 300-370 J); the DWTT shear area (at —20 °C) — in 1.6-2.1 times (up to 81-91.7 %). The properties
advancement under SSTR increase was associated with an additional refinement of ferrite grains and
better homogenization of cast structure under deeper hot deformation.
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1 Introduction the steel addressing the requirements of higher API 5L,

grade (X70, X80) [14-16]. It is important that

High-strength rolled steel is one of the most TMCP/AC is a cost-saving processing that does not

important structural materials used in different
engineering applications, including oil/gas production
and transportation [1-3]. The pipelines are produced
of steel sheets manufactured according to the API 5L
X60-X80 grades specifications [4, 5]. The
optimization of its production route and further
improvement of mechanical properties ate the priority
tasks of the metallurgical industry. Steel sheets of the
above grades should perform an improved
combination of strength, ductility, and impact
toughness as well as they should be easily welded in
field conditions (the deterioration of their mechanical
properties in the heat-affected zone is also a matter of
concern [0, 7]). Thereby, X60-X80 grades pipeline
steel is subjected to thermo-mechanical controlled
processing (TMCP) where the finish rolling
temperature (FRT) and the reduction ratio (thickness
decrease) in the last rolling passes are strictly
monitored [8-10]. TMCP is often followed by
accelerating cooling (AC) (using the water flows) in a
special unit settled just after the rolling mill [11-13].
The TMCP/AC technology considerably enhances
the strength and low-temperature impact toughness of

include the additional furnace heating for heat
treatment (in contrast to the operations of
normalization or quenching/tempeting which can
also be applied under the production of the high-
strength structural steels [17,18]).

It is well-known that the mechanical properties of
rolled steel are crucially affected by the “Slab/Sheet”
thickness ratio (SSTR) which shows the maximum
reduction ratio under deformation. Thus, SSTR
predetermines how the cast dendritic structure and
segregation zones will be eliminated in the cast billet
during its hot rolling [19]. With the reduction ratio
increase, the steel sheets become more uniform in
chemical composition and structure, especially in an
axial zone, leading to higher ductility and impact
toughness [20, 21]. To control the latter, Charpy V-
notch test (CVNT) and the drop weight tear test
(DWTT) at subzero temperature (—20 °C and lower)
are applied [22, 23]. The slabs of 200-270 mm
thickness are widely used to produce X70 grade steel
[24]. With an increase in the sheet’s thickness, the
deformation in the axial zone becomes morte
constrained, which promotes brittle fracture
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propagation [25]. For this reason (constrained
deformation), ensuring the required DWTT results (at
least 85% of a shear area [25]) in the thick sheets is a
challenging task [26]. Therefore, for the heavy-wall
(220 mm thick) pipelines, an increase in the structure
homogeneity and a decrease in cross-sectional
segregation are vital for the mechanical properties,
especially for the low-temperature steel toughness.

In a view of above, the cast slabs of at least 300
mm in thickness are applied for the manufacturing of
the heavy-wall sheets [27] providing a deeper working
out of metal due to higher SSTR |28, 29]. However,
using the thick slabs implies correcting the rolling
process parameters (on both the rough and finish
stages) since it may affect the structure formation
processes (phase transformation, the recrystallization
kinetics, carbide precipitation. etc.) thus deteriorating
the resultant structure and mechanical properties.
Accordingly, the regimes of accelerated cooling
should be adjusted also to provide the required
structure distribution in a sheet’s cross-section [30,
31]. The effect of manufacturing parameters on the
properties of API 5L X70 pipeline steel is repeatedly
studied in many works [32-34]. However, there are still
a limited number of studies dedicated to the structure
and mechanical performance of the thick steel sheets
of an X70 grade depending on a “Slab/Sheets”
thickness ratio. The object of the present work was to
evaluate the feasibility of using the 300 mm thick steel
slabs to produce the heavy-wall (25-40 mm) sheets
meeting the requirements of X70 grade and paying

special attention to the low-temperature behaviour
under the impact loading,.

2 Materials and Methods

The experimental material was rolled steel sheets
of API 5L X70 grade of the following chemical
composition (in wt.%): 0.08 C, 1.60 Mn, 0.26 Si, 0.10
Cr, 0.06 Mo, 0.28 Ni, 0.045 Nb, 0.045 V, 0.14 Cu, 0.02
Cr, 0.002 S, 0.010 P and Fe — balance. Steel was
produced by the oxygen converter process and
continuously cast into the slabs of conventional
thickness (250 mm, denoted as slab A) and of
increased thickness (300 mm, slab B). The slabs were
used to produce the sheets 6000 mm long and 2000
mm wide with different thicknesses of 25 mm and 40
mm, applying the TMCP/AC technology. The values
of a “Slab/Sheet” thickness ratio were as follows: (a)
10.0 (slab A) and 12.0 (slab B) — for 25-mm thick
sheet; (b) 6.3 (slab A) and 7.5 (slab B) — for 40 mm-
thick sheet.

After heating to 1180-1200 °C (with a soaking for
5.5 hours) slabs were rolled according to the following
procedure: (a) the rough rolling (reduction of the slabs
to 135-140 mm at 1040-1060 °C), (b) intermediate
rolling (reduction to 100-112 mm at 910-930 °C), (c)
finish rolling with starting in a YFe interval below the
non-recrystallization temperature (Ty.); the last passes
were performed close to Ars temperature pursuing the
grain refinement and inheriting higher dislocation
density. The above finish rolling parameters were
selected based on the T. and Ars temperatures
calculation as follows [35]:

To= 887+464C+(6445Nb — 6444/Nb)+(732V — 230V )+ 890Ti + 363A1 —357Si [°C], 1)
Ar3=910 — 310C — 80Mn — 20Cu — 55Ni — 15Cr — 80Mo + 35Si [o(C], 2
Where: diameter, with a strain rate of 0.1 mmld-'. The V-

C, Nb, V, Ti, Al, Mn, Cu, Ni, Cr, Mo, Si..The
contents of chemical elements [wt.%].

The Ty and Ars values were calculated as 968.9 °C
and 758.2 °C, respectively. Accordingly, the finish
rolling started at [B40 °C and finished at [1760 °C.
Afterward, the sheets were subjected to accelerating
cooling by water starting from [745 °C: the 25 mm-
thick sheets were cooled to 550-570 °C, and the 40-
mm thick sheets — to 470-500 °C (in both cases the
cooling rate was [20 °C/s). After the AC finished, the
sheets were collected in a stack, where they slowly
cooled in the air to 100 °C for 40 hours. A schematic
sketch of TMCP/AC processing and its parameters
are depicted in Fig.1.

The tensile/impact specimens were cut in a
longitudinal direction at a depth of %4 of thickness in
accordance with APL 5L regulations. Tensile tests
were performed in compliance with ISO 6892-1:2019,
on cylindrical specimens with a gauge of 10 mm

notched specimens of 10X10X55 (mm) in size were
used to measure absorbed impact energy under
CVNT at—20 °C. DWTT was carried out at —20 °C on
the  full-thickness  press-notched longitudinal-
transversal specimens of 76X305Xb (mm) in size (b
stands for the sheet thickness). The results of DWTT
were assessed by the fraction of shear (ductile) area
(SA) on the rupture surface. The microstructure of the
specimens was studied after polishing and etching by
a 4 vol.% nital solution using the optical microscope
(OM) “Axiovert 40 MAT” (Catl Zeiss). The scanning
electron microscope (SEM) “JSM-7000F” (JEOL)
was also employed to observe the microstructure and
ruptured surface. The ferrite grain size and the
structural banding degree were defined according to
ASTM E112-19 and ASTM E1268-19 accordingly [36,
37]. The fine structure of the steel was investigated
using the transmission electron microscopy (TEM)
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Fig. 1Schematic diagram of TMCP/ A

3 Results and Discussion

Figure 2 presents the comparison of the
mechanical properties of 25 mm-thick sheets
produced from slabs of different thicknesses. After
TMCP/AC, sheets made of slabs A and B showed
almost the same average values of yield tensile
strength (YTS) and ultimate tensile strength (UTS)
(Fig. 2a), i.e., the increase in an SSTR did not affect
the steel’s strength. With that, the sheets made of slab
B performed 1.5 times lower scatter of the
experimental YTS and UTS values (shown by the
dashed line) revealing more stable mechanical
properties within the batch of sheets. As follows from
Figs. 2b and 2c¢, with increasing slab thickness, the

C processing in “Time-Temperature” coordinates

average total elongation (TEL) increased by 6 points
(from 22 % to 28 % accounting for almost a one-third
increase), while the average value of a low-temperature
absorbed impact energy was almost doubled (from
205 J to 370 J). Moreover, in the latter case, the scatter
of the experimental results decreased by 2.5 times.
Regarding the DWTT, the sheets rolled from slab A
exhibited a fairly large scatter of SA values (37-87%)
with a mean value of 53% i.e., most of the sheets failed
the API requirement on a low-temperature DWTT
(SA = 85%). On the contrary, the sheets produced of
thicker slabs completely met with an X70 grade
performing an average SA of 91.7% and a narrow
scatter of the values (85-95 %).
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Fig. 2 The mechanical properties of 25 mm-thick sheets produced from slabs of different thicknesses: (a) yield tensile strength and
ultimate tensile strength, (b) total elongation, (c) absorbed impact energy (=20 °C), (d) the shear area (DWTT at —20 *C); The
dashed black lines indicate the mininum thresholds of the properties according to APl 51 X70 grade; The dashed red lines show the
maximum scatter of the experimental results within the batch of sheets

The mechanical properties of 40 mm-thick steel
sheets are presented in Fig. 3. As seen in Fig. 3a, sheets
made of slab B were somewhat inferior in terms of
yield strength and tensile strength (on average by 9
MPa and 34 MPa, respectively), though they fully met
the requirements of the X70 grade. In contrast, sheets
of slab B exhibited higher (on average by 3 points)
total elongation and 1.5 times higher absorbed impact
energy. Noteworthy, the strength and ductility of the
40 mm-thick sheet were close to those of thinner (25
mm) sheets; this was obtained due to AC with a lower
finish cooling temperature. In the context of absorbed
energy, it can be concluded that the 40 mm-thick

sheets were somewhat inferior to the 25 mm sheets.
Morteover, in the case of a 40 mm-thick sheet, the
advantage of slab B over slab A in the absorbed energy
was lower than that of 25 mm thickness. This is
attributed to lower SSTR increase (from 6.3 to 7.5) in
the case of 40 mm-thick sheets, meaning less effective
breakage of a cast dendritic/segregation pattern as
compared to 25 mm-thick sheets. As follows from Fig,
3d, an increase in slab thickness positively affected
DWTT results: the shear area increased on average
from 37 % (sheets A) to 80% (sheets B) closely
approaching to API required level.
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Fig. 3 The mechanical properties of 40 mm-thick sheets produced from slabs of different thicknesses: a) yield tensile strength and
ultimate tensile strength, (b) total elongation, (¢) absorbed impact energy (=20 °C), (d) the shear area (DWTT at—20 *C); The
dashed black lines indicate the minimum thresholds of the properties according to API 51 X70 grade; The dashed red lines show the
maxipnm scatter of the experimental results within the batch of sheets

The microstructure of the 25 mm-thick sheet
rolled from slab B is shown in Fig. 4. When
characterizing the thick steel sheet (of several tens of
millimeters), it is important to evaluate the cross-
sectional microstructure gradient from the subsurface
layers to the axial zone (such gradient often appears
due to cross-sectional wvariation in a plastic
deformation degree under the hot rolling). According
to API X70, the specimens for the mechanical
properties testing should be cut from the layer at a V4
of thickness depth. Meanwhile, the DWTT and
exploitation behaviour of the sheet are dependent on
the structure of the inner layers as well. Therefore, in
this work, we studied the microstructure of the sheets

at two levels: at a V4 of thickness depth and in the axial
zone. The “main” structure (at “/4-depth) consisted of
a fine-grained quasi-polygonal and acicular ferrite (Fig.
4a). In this layer, the size of ferrite grains matched a
grain number 11 (according to ASTM E112-13)

meaning an average grain diameter of 7.9 Um. Also,
the dispersed granular pearlite colonies and the
martensite/austenite (M/A) islands were revealed in
minor amounts. The presence of M/A constituents
(shown by the arrows in Fig. 4b) is considered a
positive factor contributing to the mechanical
properties of steel [38, 39]. The appearance of M/A
constituents is explained by austenite enrichment
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with carbon under ‘austenite -  ferrite”

transformation [38] when the “austenite — peatlite”
mechanism was inhibited due to alloying by Cr, Ni,
Mo [40, 41] and accelerated cooling. The quasi-
polygonal ferrite grains were divided by the high-angle
boundaries (Fig. 4c) while they themselves had the
inner cellular sub-structure with low-angle boundaries
which acted as a barrier for the gliding dislocation [42]
(Fig. 4d). Within the grains, the nano-sized
precipitates of (Nb,V)C carbide were revealed
interacting with dislocations by the Orowan

mechanism (Fig. 4e) [43]. For comparison, Fig. 4f
presents the microstructure of the axial zone which
was consisted of quasi-polygonal fine-grained ferrite
and short bainitic bands (the latter were associated
with the segregation zones). Here, the ferrite grains
were by 1 number (ASTM E112-13 [36]) coarser as
compared with the layer at a “i-depth. Thus, the
differences in the structure across the 25 mm thick
sheet section were insignificant. The structural
banding (which could be evaluated according to
ASTM E1268-19 [37]) was hardly revealed in the 25
mm sheet neither at a Y/4-depth nor in an axial zone.

Fig. 4 The microstructure of a 25 mm-thick sheet produced from a 300 mm-thick slab: a) a total view (OM), b) M/ A

constituents (SEM), ¢) high-angle grain boundaries (TEM), d) a cellular sub-structure (TEM), ¢) the precipitate/ dislocation
interaction (I'EM), (f) at the axial zone of the sheet (OM); Images (a)-(e) refer to the depth of Va the sheet thickness
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Fig. 5 presents the microstructure of the 40 mm-
thick sheet produced from slab B. At a depth of Y4
thickness, the microstructure (Fig. 5a) consisted of
quasi-polygonal ferrite with a grain size corresponding
to a number of 9-10 (ASTM E112-13) which is 11.2-
15.9 um in diameter on average. In the axial zone
structure, consisted of a polygonal ferrite (with the
grain size of number 9, Figs. 5b) and peatlite (Fig. 5c).
D PSR AR : co

T =~ <. oo
RRA Yol 23 .

- 3 '\" YA % >
SR T R RS Sxn

s I ya s

In the sheet centre, ferritic grains had a more equiaxed
(ess eclongated) shape compared to the Vi-depth;
moreover, they did not acquire the pronounced
cellular (sub-grained) pattern because of lower
deformation in the axial zone (Fig. 5d). The structural
banding in the 40 mm-thick sheets was estimated as of

1-2 degree mostly due to the discontinuous pearlite
bands.

g e PLAN /.
7 | ] LS, Tl v %

% ’ | N A

Fig. 5 The microstructure of a 40 mm-thick sheet produced from a 300 mm-thick slab: (a) at a depth of Va the sheet thickness

(OM), (b) in the axial gone of the sheet (OM), ¢) cementite carbides in pearlite colony (I'EM), (d) ferrite grains in the axial gone of
the sheet (IEM); Images (c) and (¢) refer to the axial zone of the sheet

The comparison of sheets made of slabs A and B
shows a similar type of structure in both cases, while
the thicker slabs ensured finer (by one-grain number)
grain size. The grain refinement by using slab B is
explained by a higher amount of rolling passes due to
an increased slab thickness. Under each pass, austenite
was subjected to deformation followed by
recrystallization, which proceeded through the grain
nucleation mechanism [44]. It can be assumed that the
multiple nucleation might lead to gradual refinement
of the initial (before the pass) austenite grain since its
growth was inhibited given the continuous decrease in
a sheet temperature from one pass to another. More
uniform grain distribution over the sheet’s cross-
section is beneficial for pipeline applications where
fatigue may occur [45, 46]. Furthermore, the SSTR

increase means the greater thickness reduction, which
resulted in better deterioration of the cast dendritic
structure leading to higher = structure/chemical
homogeneity of steel. An increase in structural
homogeneity is evidenced by a sharp decrease in the
scatter of the results of mechanical properties testing,
indicating higher result stability. This is an important
aspect from the point of view of organizing product
testing. Increasing the stability of results and obtaining
the required properties during the first test allows to
avoid the retesting or even additional heat treatment,
which involves the extra costs of time and resources.
The results obtained show that increasing the slab
thickness from 250 mm to 300 mm is beneficial for
the mechanical performance of API X70 sheet steel
intended for heavy-wall pipelines. This assertion is
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confirmed by Fig. 6 depicting the enhancement of
ductile/impact properties under the increase of SSTR:
the total eclongation, absorbed impact energy, and
shear area (DWWT) were found to increase with an

400
(a) (b) e

300 293

200 194 ¥205

100 87

1

/ o
38

Absorbed energy (J), Shear area (%)

0

A
B

6 85 T 75
«Slab/Sheet Thickness» ratio

10 105 11 115 12

SSTR increase. Under the testing at —20 °C, the
absorbed impact energy of 25 mm thick steel reached
300-370 J, which is 6-7 times to minimum level
required by API 5L (Figs. 6a).
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Fig. 6 The effect of a “Slab/ Sheet Thickness” ratio on mechanical properties of the X70 steel: (a) absorbed impact energy, shear
area (DWTT), (b) total elongation. The numbers on the plot are the mean values of the mechanical properties

SN SRR =
Fig. 7 The fracture surface of DWT'T specimens originating
Sfrom slab B: (a) 25 mm-thick sheet (OM), (b) 40 mm-thick

sheet (OM), (¢) a fractured relief at the shear area in a 40
mm-thick DWTT specimen (SEM)

The DWTT behaviour was also enhanced
significantly by an SSTR increase (Fig. 6b). Figs. 7a
and 7b illustrate the fractured DWTT specimens
originating from slab B which present the ductile
rupture for 25 mm and 40 mm sheets both. Notably,

the separation (delamination) scars (shown by the
arrows in Figs. 7a and 7b) are seen in both specimens,
indicating an appropriate (ductile) mechanism of
rupture [47-49]. According to Cho et al. [50], the
separation creates a local free surface, thus inducing
the formation of the elliptical shear lips that hinders
the propagation of the cleavage fracture from the
notch and provides the ductile fracture. The visual
rupture characterization was supported by the SEM
study of the shear area, which revealed multiple
dimples on the surface of a 40 mm-thick DWTT
specimen with no signs of cleavage pattern (Fig. 7c).
While noting the positive effect of increasing the slab
thickness on the steel’s resistance to brittle fracture, it
should be admitted that it does not affect the strength
of the steel, which is determined mainly by the
temperature-strain regimes of TMCP at the finish
rolling stage and the parameters of accelerated
cooling,

The present work has demonstrated the feasibility
of using cast slabs of increased thickness to produce
API 5L X70 grade steel sheets for heavy-wall
pipelines. This allows increasing a “slab/sheet
thickness” ratio, pursuing higher steel reduction for
better homogenizing steel and refinement of its
structure. As a result, the ductility and low-
temperature impact toughness of steel can be
significantly improved, which is important for safe
pipeline exploitation.

4 Conclusions

The steel sheets for the heavy-wall oil/gas
pipelines made of cast slabs of different thicknesses
(250 mm and 300 mm) were comparatively
investigated regarding microstructure and mechanical

indexced on bip:/ | www.webofscience.com and hitp:/ | www.scopus.com

850



November 2024, 10l. 24, No. 5

ISSN 1213-2489
e-ISSN 2787-9402

MANUFACTURING TECHNOLOGY

properties considering their compliance with an API
X70 grade. Using a thicker slab allows for an increase
in the “Slab/Sheet” thickness ratio (SSTR).
Accordingly, the effect of SSTR on the steel
mechanical behaviour was evaluated in the present
work. The main conclusions drawn are the following:

*  When producing the 25 mm-thick and 40
mm-thick sheets of an API X70 grade
subjected to the TMCP/AC treatment, an
increase in SSTR from 10 to 12.0 and from
6.3 to 7.5, respectively, significantly enhanced
the ductility and low-temperature impact
toughness of steel sheets of both thicknesses.
Specifically, the total elongation increased by
3-6 points (up to 26-28 %); absorbed impact
energy (at —20 °C) — in 1.5-1.8 times (up to
300-370 J), and the shear area (DWTT at —20
°C) —in 1.6-2.1 times (up to 81.0-91.7 %)).

* An advanced ductility of an API X70 steel
under the SSTR increase refers to an
additional refinement of ferrite grain and
formation of cellular sub-grained pattern
caused by higher slab reduction under hot
rolling. Deeper deformation of a slab’s cast
structure  resulted in  the  metal

homogenization in terms of stability of the

sheet mechanical properties (with several
times a decrease in the scatter of the
experimental results).

*  The strength indicators (YTS, UTS) were not
affected by the SSTR increase.

e In this research, it was confirmed that the
“Slab/Sheet” thickness ratio is one of the key
technological parameters that determine the
mechanical properties of thick steel sheets
and guarantee the reliable exploitation of
heavy-wall pipelines in oil/gas transportation.
Increasing SSTR to 7.5 and 12.0 due to the
increase in slab thickness to 300 mm ensured
compliance of the properties of 25 mm-thick
and 40 mm-thick steel sheets with the
requirements of API 5L, X70 grade, including
DWTT and subzero impact toughness, which

is beneficial for low-temperature applications.
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