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Abstract

The effects of thermo-mechanical controlled processing (TMCP) and accelerated cooling
(AC) on the structure and mechanical properties of 40 mm thick sheets of X70 steel made
of heavy slabs (300 mm thick) are studied in this work. A TMCP with a rolling finish in a
two-phase temperature interval followed by AC to 480–530◦C was found optimal, ensuring full
compliance with the API X70 grade in tensile and Charpy tests, while the result of a drop
weight tear test (DWTT) at –20◦C was close to the standard level. This was due to the forma-
tion of fine-grained quasi-polygonal/acicular ferrite strengthened by the martensite/austenite
islands and nanosized (Nb,V)C precipitates. The advanced combination of mechanical proper-
ties in 40 mm thick sheets refers to using slabs of increased thickness, allowing sufficient rolling
reduction to refine a cast structure of the billet effectively. The DWTT fractures concerning
steel microstructure are discussed.

K e y w o r d s: pil/gas pipe, X70 steel grade, thermo-mechanical controlled processing
(TMCP), accelerated cooling, microstructure, mechanical properties

1. Introduction

The current development of the oil/gas industry
requires constructing new pipelines of increased pres-
sure and throughput to improve transportation effi-
ciency [1–3]. Using up-to-date high-strength pipeline
steel with advanced mechanical properties is feasible
to meet this challenge. 97 % of oil and natural gas
transportation pipelines are produced from hot-rolled
steel coils [4]. The principal international standard
regulating steel pipe quality is an American Petroleum
Institute Specification 5L (API 5L) [4, 5]. This stan-
dard proposes several steel grades from X42 to X120,
where the numbers indicate the strength measured
in pounds per square inch. Using high-strength steel
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allows for cutting the prices of pipeline construction
due to reduced logistic costs and decreased pipe wall
thickness [5]. However, steel of X100 and X120 grades
remain to be of future applications; at present, X70
and X80 grades are the most reputable and most of-
ten used by pipeline operators due to their excellent
combination of strength, sub-zero impact toughness,
H2S-corrosion resistance, and weldability [13]. The
technology of X70 steel sheets production has been op-
timized and improved, making this material success-
fully used for several decades in constructing offshore
infrastructure and pipelines, including for an arctic
environment [4, 6, 7]. According to API 5L (PSL2),
the yield tensile strength (YTS) and ultimate tensile
strength (UTS) of grade X70 should be within 485–
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Ta b l e 1. Chemical composition (wt.%) of the steels studied

Steel C Mn Si Nb V Cr Ni Cu Ti Mo Al S

A 0.06 1.59 0.25 0.058 0.022 0.16 0.29 0.23 0.012 0.07 0.02 0.002
B 0.07 1.60 0.25 0.048 0.048 0.11 0.27 0.16 0.014 0.07 0.02 0.002

635MPa and 570–760MPa, respectively. The ductility
of X70 steel is controlled by the values of total elonga-
tion (TEL, ≥ 22%) and absorbed impact energy (E)
under the Charpy V-notch test (CVNT, ≥ 54 J). Also,
the drop weight tear test (DWTT) is applied to eval-
uate the fracture propagation in specimens with an
actual pipeline wall thickness. The indicative DWTT
criterion is ≥ 85% of a ductile fracture (shear area
– SA) (known as the “Battelle 85 % SA criterion” [8,
9]). Though CVNT and DWTT are conducted at zero
centigrade (API 5L), the testing temperature may be
subzero per the customer’s request.
Currently, two main processing routes have been

used to achieve the X70 grade level, namely the heat
treatment (HT) (including conventional quenching
and tempering [10–12]) and the thermo-mechanical
controlled process (TMCP) [13–16]. The TMCP is
widely used since it allows for acquiring targeted me-
chanical properties without HT, thus cutting techno-
logical costs [17–19]. During TMCP, two main pa-
rameters are controlled: (a) the temperature ranges of
rough and finishing rolling and (b) the corresponding
reduction ratio [20, 21]. The TMCP is often followed
by accelerated cooling (AC) at special cooling equip-
ment [22–24] to additionally improve the strength and
reduce the structural banding [3, 25, 26]. The effect
of TMCP/AC parameters on the mechanical prop-
erties of a pipeline of the X70/X80 grades is exten-
sively studied in [12–16, 18, 22, 27, 28], aiming at
providing the required properties through the phase-
structural state regulation. The welding of X70/X80
steel under pipe production may deteriorate its prop-
erties; therefore, the study of the heat-affected zone
and post-welding heat treatment are also interesting
to researchers [29–32].
It is worth noting that the published works are

primarily focused on the pipe sheets of lower thick-
ness (up to 25–30mm) produced from slabs of a stan-
dard thickness (220–270mm) [33–35]. However, steel
sheets of increased thickness (35–40mm) for thick-wall
pipelines of underwater or high-pressure applications
[37, 41] are also in demand. As the sheet thickness
increases, it becomes more difficult to meet the X70
requirements. When the thick sheets are produced
from the standard slab, deformation does not suffi-
ciently “elaborate” the axial zone. Accordingly, the
thru-thickness chemical and structural inhomogene-
ity in the sheet cannot be improved enough, which
is detrimental to ductility and subzero fracture prop-
agation [36, 37]. This is especially relevant for DWTT,
in which the size factor is crucial [8, 38–40]: the thicker

the plate, the lower the DWTT results. Therefore, the
thick slabs are needed to get the appropriate rolling
reduction when producing the thick sheets. The liter-
ature contains limited works dedicated to the TMCP
regimes intended to produce 35–40mm thick steel
sheets rolled from heavy thick slabs. This work aimed
to study the effect of the TMCP/AC parameters on
the mechanical properties of the 40 mm-thick steel
of X70 API 5L (PSL2) manufactured from slabs of
increased thickness (300mm). With that, additional
attention was paid to the sub-zero fracture behavior
of the steel, which is important for its further appli-
cations.

2. Materials and methods

The research material was the 40mm-thick sheets
of X70 grade steel. The sheets were hot-rolled from
the 300-thickmm slabs. The steels containing 0.06–
0.07 wt.% C, of two different alloying combinations
were used (Table 1). Steel A had a higher amount
of the elements (Cr, Ni, Cu, Mo) which retard the
pearlite transformation [15, 26, 42] (total amount of
these elements were 0.75 wt.% (steel A) and 0.61 wt.%
(steel B)). In turn, steel B possessed an increased
amount of strong carbide-forming elements (Nb, V,
Ti) (with a total amount of 0.092 wt.% (steel A) and
0.110 wt.% (steel B)). Steel was smelted in the oxy-
gen steel-making converter and poured into the slabs
using a continuous casting machine.
Before rolling, the 300mm-thick slabs were soaked

at 1180–1200◦C for 5 hours. Rough rolling was car-
ried out according to a two-stage scheme (Fig. 1). The
first (preliminary) stage of rough rolling was stopped
at 1040–1060◦C when the slab was reduced to 135–
140mm. Then, it was cooled in the air to 910–930◦C
and rolled to a thickness of 10–112mm (the 2nd stage
of rough rolling). Under the finishing stage, the steel
was eventually rolled by several passes to 40 mm. The
finish rolling was conducted by two schedules: (a) start
at 880–900◦C and finish at 820–840◦C (Fig. 1a), (b)
start at 820–840◦C and finish at 760–770◦C (Fig. 1b).
Critical temperature Ar3 was found by Choquet’s
equation [43] (Eq. (1)) as follows:

Ar3(◦C) = 902− 527 · C− 62 ·Mn + 60 · Si, (1)

where C, Mn, and Si are the contents of chemical ele-
ments (wt.%).
The Ar3 temperatures for steel A and B were calcu-
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Ta b l e 2. The regimes and parameters of a TMCP/AC process. TRF is the temperature of the rolling finish. For TACF
and CR, the target and experimental (in parentheses) values are given

Regime number TRF (◦C) TACS (◦C) TACF (◦C) CR (◦C s−1)

Schedule 1

1-1 600 (600–620) 15 (12.9–14.8)
1-2 820–840 790–810 550 (545–556) 15 (15.9–16.3)
1-3 500 (496) 15 (17.4)

Schedule 2

2-1 550 (560–585) 20 (17.0)
2-2

760–770 735–755
500 (475–535) 20 (20.6–22.2)

2-3 450 (450–460) 20 (22.0–23.0)
2-4 < 450 20 (21.8–23.0)

Fig. 1. Schematic diagram of TMCP process: (a) schedule 1
(regimes (1-1)–(1-3)) and (b) schedule 2 (regimes (2–1)–

(2–4)).

lated as 787 and 781◦C, respectively. Accordingly, the
finish rolling was stopped in a single-phase (austen-
ite) interval (Fig. 1a) or the upper part of a two-phase
(austenite + ferrite) interval (Fig. 1b).

After the rolling completion, the rolled sheets
were cooled by water jets in the accelerated cooling
unit. The parameters of AC regimes are depicted in
Table 2. The latter include temperature of cooling
start (TACS), temperature of accelerated cooling fin-
ish (TACF), and cooling rate (CR). One sheet 6000mm
long and 2000mm wide was used for processing by
each TMCP/AC regime presented in Table 2. The
cooling rate was estimated automatically based on the
pyrometric measurements of the sheet surface along its
centreline [44]. After the AC finished, the sheets were
collected in a stack, where they slowly cooled in the
air to 100◦C for 40 hours.
Tensile tests were conducted at room tempera-

ture according to ISO 6892-1:2019, using cylindri-
cal specimens with a 10mm-diameter gauge under a
0.1 mm s−1 strain. The absorbed impact energy was
measured at –20◦C using the Charpy method us-
ing a pendulum tester and V-notched specimens of
10 × 10 × 55 (mm3) size. According to APL regula-
tions, the specimens were extracted by cutting from
the plate in a longitudinal direction at a depth of Ľ of
thickness. To get the average value, three tensile and
three V-notched specimens were used for each exper-
imental regime. Drop weight tear test (one specimen
for each regime) was carried out on the press-notched
transverse-longitudinal specimens of 76 × 305 × b
(mm3) in size. The specimens of a full sheet thick-
ness (b = 40mm) were tested at –20◦C; the speci-
mens machined (milled) from both sides to a thick-
ness of b = 19mm were tested at a lower tempera-
ture (–37◦C). The optical microscope “Axiovert 40
MAT” (Carl Zeiss) and scanning electron microscope
(SEM) “Ultra-55” (Carl Zeiss) were utilized for the
microstructure characterization of the mirror-polished
specimens after etching by the 4 vol.% Nital reagent.
Also, the mentioned SEM was used to observe the frac-
ture surface. The ferrite grain size and the degree of
structural banding were measured under ASTM E112-
13 and ASTM E1268-19, respectively. The fine struc-
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Fig. 2. The effect of the TACF under accelerated cooling from the single-phase region (schedule 1) on the mechanical
properties of 40 mm-thick sheets (the dotted line indicates the requirements of APL X70 grade).

ture of the steel was studied employing the transmis-
sion electron microscopy (TEM) “JEM-100-C-XII”
(JEOL) at 100 kV acceleration voltage. For TEM in-
vestigation, thin foils were mechanically polished to
about 0.1 mm thickness, followed by electro-polishing
in 6-vol.% HClO4 solution using a fluid-jet polishing
installation.

3. Results and discussion

3.1. TMCP/AC with a rolling finish in
a single-phase temperature interval

Figure 2 presents the mechanical properties of
40 mm-thick steel sheets after TMCP/AC according
to the regimes (1–1)–(1–3) (schedule 1). Under these
regimes, the water cooling was started when steel
was in a single-phase (austenitic) structural state.
The obtained values of YTS and UTS varied in the
range of 491–564MPa and 570–640MPa, correspond-
ingly ensuring full compliance with X70 grade require-
ments for the steel strength (Fig. 2a). Moreover, the
YTS/UTS ratio varied in the range of 0.81–0.88 also

meeting the standard requirements (≤ 0.90). As seen
in Fig. 2a, there is a low-angle slope tendency of in-
creasing YTS and UTS with a decrease in TACF. The
experimental data for both steels fit well into the gen-
eral dependencies described by the following equa-
tions:

YTS (MPa) = −0.32TACF + 693.48, (2)

UTS (MPa) = −0.26TACF + 760.21. (3)

The opposite tendency was revealed for total elon-
gation, the values of which (27–31%) significantly ex-
ceeded the X70 level (Fig. 2b):

TEL (%) = 0.020TACF + 18.06. (4)

An even greater excess over the specified stan-
dard level was recorded for absorbed impact energy,
which varied in the range of 330–60 J (Fig. 2c). It is
noteworthy that this advanced impact behavior was
demonstrated under sub-zero testing (–20◦C), i.e., at
more severe conditions than the standard require-
ments (0◦C). Unlike YTS, UTS, and TEL, the ab-
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Fig. 3. Fracture surface of DWTT specimens after a
TMCP/AC treatment (schedule 1) with a TACF of (a)
623◦C (steel A), (b) 598◦C (steel A), (c) 545◦C (steel A),
and (d) 600◦C (steel B). All the specimens are of 19 mm
thickness, tested at –37◦C. (1 – a notch, 2 – a “cleavage
area”, 3 – an “inverse fracture area”, 4 – a separation (de-
lamination), 5 – a hammer impact area, 6 – a “shear lip”).

sorbed impact energy was not dependent on the TACF.
The DWTT results are presented in Fig. 2d as an

SA fraction measured on the fractured surface of the
specimen. The areas of a brittle fracture comprised the
“cleavage area” (initiated by the notch) and the “in-
verse fracture area” caused by the strain hardening
under the hummer impact [38, 45]. As follows from
Fig. 2d, the DWTT behavior met the standard re-
quirements (SA ≥ 85%) only in steel A and after ac-
celerated cooling to TACF of 600–620◦C. In this case,
the specimen’s fractured surface exhibited ductile rup-
ture (SA of 95 %) with a minor fraction of the cleav-
age zone (depicted by the dotted line) and numer-
ous separations (Figs. 3a,b). The shear area was char-
acterized by the ductile relief consisting of multiple
dimples (Fig. 4a). The separations were the delami-
nation areas associated with the crystallographic tex-
tures <110>{001} and <100>{001} caused by the
TMCP process [46]. The DWTT separations are con-
sidered [47] an important indicator showing that the
crack deflected during its propagation, thus hindering
the brittle fracture manifestation (as seen in Fig. 3c,
the separations were associated specifically with the
ductile area). With a TACF decrease, the SA of steel
A dropped to ≤ 50% for both “full-thickness” and the
“19mm-thick” specimens, indicating the negligible ef-
fect of a size factor [46]. In these cases, the DWTT
specimens performed mostly brittle cleavage fracture
with the flat facets of a “river” [48] pattern (Fig. 4b).
Steel B manifested even more brittle DWTT behavior,
showing SA of 20–55% at TACF = 600–630◦C, despite
of reduced samples thickness (Fig. 3d).
The images of the corresponding microstructure of

Fig. 4. The pattern of a fractured surface of DWTT spec-
imens made of (a) a shear area (steel A, TACF of 598◦C)
and (b) a cleavage area (steel B, TACF of 600◦C).

steels are illustrated in Fig. 5. Under accelerated cool-
ing from austenite region to TACF of 600–630◦C with
a lower cooling rate (12.9–14.8◦C s−1) (regime 1–1), a
ferrite-pearlite banded structure was formed in steel A
featuring a ferrite grain of 9–8 numbers and a band-
ing of 1–3 degrees. In this structure, the ferrite was
present in both polygonal and quasi-polygonal forms,
while pearlite emerged both as individual colonies and
discontinuous stripes (Fig. 5a). Such structure ensured
high DWTT performance (SA of 95 %), excellent ab-
sorbed energy, and good TEL; however, it provided a
YTS at minimally acceptable for X70 grade level only.
Decreasing TACF to 550◦C (regime 1-2) allowed to sig-
nificantly reduce the pearlite volume fraction which
remained as small isolated areas; also, the polygonal
ferrite was replaced with finer (10–11 numbers) quasi-
polygonal/acicular ferrite (Fig. 5b). Within the ferrite
grains the occasional fine carbide precipitates (of 34–
50 nm in diameter) were revealed (shown by the ar-
rows in Fig. 5c). Further decrease in TCF to 500◦C
(with CR of 17.4◦C s−1) mostly inhibited pearlite for-
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Fig. 5. Microstructure specimens of steel A ((a), (b), (c), and (e)) and steel B (d) after a TMCP/AC treatment (schedule
1) with a TACF of (a) 630◦C, (b, e) 550◦C, (c) 500◦C, (d) 600◦C ((a), (b),(d), and (e) – OM images; (c) – TEM image).

mation and resulted in quasi-polygonal/acicular fer-
rite with a dispersed martensite-austenite “islands”
(Fig. 5c). Regimes (1–2) and (1–3) ensured the struc-
ture without structural banding thus promoting a
moderate increase in strength and advanced absorbed
energy (up to 500 J). With that, the shear area at
DWTT was dramatically reduced to 20–45%. The
treatment of steel B with a TACF of 630◦C (regime

1–1) resulted in a ferrite-pearlite structure (similar
to steel A), though with coarser ferrite grains (of 8-9
numbers, ASTM E112-13). The coarse grains affected
DWTT, which decreased to an unsatisfactory level
(SA of 55%). At TACF of 600◦C, in contrast to steel
A, a bainitic (acicular ferrite) structure was formed in
steel B (Fig. 5d), which caused the sharp increase in
brittle fracture in the DWTT specimen (SA of 20%).
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Fig. 6. The effect of the TACF under accelerated cooling from the two-phase region on the mechanical properties of
40 mm-thick sheets (the dotted line indicates the requirements of APL X70 grade).

3.2. TMCP/AC with a rolling finish
in a two-phase temperature interval

Figure 6 depicts the mechanical properties of steel
B after the accelerated cooling by the regimes (2–1)–
(2–4). These regimes refer to cooling from an “austen-
ite + ferrite” temperature domain while the cool-
ing rate was higher as compared with the regimes
(1–1)–(1–3). The results showed that for all regimes,
the results of tensile and impact tests fully complied
with the standard requirements. With that, under the
regime (2-1), when cooling finishes in the region of
pearlite transformation (600–630◦C), the strength in-
dicators (YTS, UTS) were at the minimal standard
level. Under cooling from the two-phase region, the
dependencies of YTS and UTS on the temperature of
the cooling finish have a steeper slope (Fig. 6a), i.e.,
higher strength values were achieved as compared with
the regimes (1–1)–(1–3). For TEL, the same depen-
dence was observed as for regimes (1–1)–(1–3) being
directly proportional to TACF (Fig. 6b). The variations
of YTS, UTS, and TEL depending on TACF (◦C) are
described as follows:

YTS (MPa) = −0.41TACF + 762.76, (5)

UTS (MPa) = −0.29TACF + 801.90, (6)

TEL (%) = 0.023TACF + 14.58. (7)

In contrast to accelerated cooling from the austeni-
tic region, the sub-zero absorbed energy performed
negligible scatter: most values were within the range
of 350–400 J, exceeding the standard requirements by
about 7 times (Fig. 6c). No dependence of absorbed
energy on TACF was observed. As shown in Fig. 6d,
the DWTT exhibited a significantly different profile
as to cooling from a “single-phase” temperature do-
main: the SA values varied non-monotonically, with
a maximum corresponding to TACF of 475–530◦C. In
this case, the SA values reached 80%, slightly inferior
to the APL X70 requirements. No substantial differ-
ences were noticed in the DWTT results concerning
such testing features as specimen thickness and tem-
perature.
The microstructures of the specimens cooled from

the “austenite + ferrite” temperature interval are pre-
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sented in Fig. 7. When accelerated cooling stopped at
a relatively high temperature (≥ 550◦C), the trans-
formation proceeded by the pearlite mechanism with
the formation of a ferrite-pearlite structure consist-
ing of quasi-polygonal/polygonal ferrite (grain of 9–8
numbers) and pearlite bands (with banding of 1–2 de-
grees) (Fig. 7a). At lower TACF (475–535◦C), the dif-

fusion (pearlitic) transformation was significantly in-
hibited being replaced by shear-based transformation.
Accordingly, pearlite mostly vanished in the struc-
ture (just occasional grainy pearlite colonies retained)
while polygonal ferrite was substituted by fine-grained
(grain number of 10) quasi-polygonal or acicular fer-
rite (Fig. 7b). Also, the islands of martensite/austenite

Fig. 7a–f. Microstructure of steel B, after accelerated cooling from the two-phase region (schedule 2) to TACF of: (a)
560–585◦C; (b), (c) 475–535◦C; (d) 450–460◦C; (e), (f) ≤ 450◦C ((a), (b),(d), and (e) – OM images; (c) – SEM image; (f)

– TEM image).
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Fig. 7g,h. Microstructure of steel B, after accelerated cooling from the two-phase region (schedule 2) to TACF of: (g) and
(h) 450–460◦C, TEM images).

conglomerates appeared in the structure (Fig. 7c).
Such structure corresponded to the maximum DWTT
results (Fig. 6d). Under cooling to ≤ 450◦C, the steel
acquired the quasi-polygonal ferrite/bainite structure
(Figs. 7d,e), which increased strength (YTS, UTS)
but negatively affected TEL and DWTT. Bainite was
characterized by an increased density of dislocations
(Fig. 7f). In the steel treated by the regimes of sched-
ule 2, the nanosized carbide precipitates (shown by
the arrows in Fig. 7g) were revealed within the ferrite
grains (laths). The precipitates interacted with the
sliding dislocation by the Orowan mechanism, form-
ing a “dislocation forest” (Fig. 7h), effectively block-
ing the slip systems, thus increasing strength.
The studies have shown that in rolled steel sheets

of a higher thickness (40 mm), it is possible to meet
the requirements of X70 grade in mechanical prop-
erties (except DWTT tested at –20◦C). That was
due to the increased thickness of the slab (300mm),
which ensured a deeper deformation-based refinement
of the cast structure. When producing 40mm thick
sheets from the slabs of a conventional thickness (220–
270mm), the reduction ratio is 5.5–6.7. Using thicker
slabs (300 mm) ensured an increased ion ratio to 7.5,
i.e., by 12–36%, leading to more deep deformation
and eliminating dendritic structure and segregations
in the axis zones. The thru-thickness refinement and
chemical homogenization were beneficial for ductility,
especially for absorbing impact energy that performed
at an extraordinary level under subzero (–20◦C) test-
ing. The advanced combination of strength, ductility,
and impact toughness was ensured by consecutive us-
age of TMCP and accelerated water cooling, which al-
lowed the synergy of the strain accumulation with the
pearlite-free structure (acicular ferrite) of increased
strength. The strain-induced work hardening depends
on the recrystallization behavior (also referred to as
“softening mechanisms” [49]), which is determined by
the non-recrystallization temperature (Tnr): at the

temperatures below Tnr, the recrystallization and re-
covery are fully inhibited leading to “pancaking” (flat-
tening) of the austenite grains [18]. Tnr can be found
by Boratto’s equation [50]:

Tnr(◦C) = 887 + 464C+ (6445Nb− 644(Nb)−0.5) +
(732V− 230(V)−0.5) + 890Ti + 363Al− 357Si, (8)

where C, Nb, V, Ti, Al, and Si are the element contents
(wt.%).
The Tnr was calculated as 1044.2 and 1002.9◦C

for steel A and B, respectively. The high position
of Tnr in steels A and B is due to strain-induced
NbC precipitation, which proceeds under rolling at
temperatures ≤ 1050◦C [51], in both sheets of steel
sheets stage of rough rolling and finishing rolling pro-
ceeded via Type II No-recrystallization [49], leading
to strain accumulation in austenite. The latter trans-
formed into fine-grained ferrite with an increased dis-
location density, promoting a strength increase [20,
22, 25]. However, the distinction in the temperature
regime of finish rolling caused differences in the prop-
erties level after accelerated cooling (Fig. 8). Sched-
ule 2 provided the higher strength relative to schedule
1, as illustrated in Fig. 8a by comparison of average
linear dependencies of YTS and UTS on TACF tem-
perature. As TACF decreased, the advantage of sched-
ule 2 in the yield strength increased from 11MPa at
650◦C to 29MPa at 450◦C. The difference in UTS
values depends to a lesser extent on TACF, amount-
ing to 22MPa at 650◦C and 29MPa at 450 ◦C. The
increase in strength was a trade-off by a slight deteri-
oration in plasticity after schedule 2, as average TEL
decreased by 1.5 points at 650◦C and 2.1 points at
450◦C (Fig. 8b). As for CVNT, schedule 2 provided
a slightly lower (by 30.7 J) mean value of absorbed
energy while the maximum scatter of the values de-
creased 2.2 times compared to schedule 1 (Figs. 2c and
6c).
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Fig. 8. “Mechanical property – TACF” correlations for dif-
ferent TMCP/AC schedules: (a) YTS and UTS, and (b)

total elongation.

The described change in properties occurred since,
in the case of schedule 2, the temperature of the rolling
finish was shifted to the two-phase (γ+α) region. The
presumptive reasons for the strength increase are as
follows: (i) under the finishing rolling, an “austenite
ferrite” transformation proceeded; hence, ferrite was
also strained and dislocation-hardened [52], and (ii)
the strain-induced carbide (Nb,V)C precipitation from
ferrite took place [25]. As reported by Klinkenberg et
al. [51], the reason (ii) was enabled by retaining part
of niobium in the solution after NbC precipitation in
the austenite temperature domain. The equilibrium
solubility of niobium in ferrite is inversely proportional
to temperature (Eq. (1)) that causes the precipitation
of (Nb,V)C from ferrite under the plate cooling [51]:

logKα−Fe
NbC =

11030
T
+ 4.90, (9)

K is the equilibrium constant, and T is the tempera-
ture (in Kelvin).
The precipitation hardening can be evaluated us-

ing the Ashby-Orowan equation [53]:

ΔσDP =
6.66
L
ln

D

4.96× 10−4 , (10)

where D is the mean planar intercept diameter of a
precipitate and L is the surface-to-surface precipitate
spacing, which is found as [54]:

L = D

[(
π

4f

)0.5
− 1

]
, (11)

where f is the volume fraction of the precipitates.
Parameters D and f were derived from the TEM

images (Fig. 7g) to be 12.5 ± 0.25 nm and 0.45 vol.%,
respectively. The strengthening of precipitation was
calculated as 24.1MPa. This value is compatible with
the difference in YTS between schedules 1 and 2
(Fig. 8a), proving the above assumption about the
reason for an advantage of schedule 2 in strength.
When deformation finishes at relatively high tempe-
ratures (schedule 1), coarse inclusions of carbide NbC
are formed (Fig. 5c), which does not contribute to the
strength of the steel [55].
The completion of accelerated cooling at ∼ 480–

530◦C is considered the optimal regime since it pro-
vides a promising combination of mechanical proper-
ties (YTS of 540–580MPa, UTS of 630–660MPa, TEL
of 24–27%, E−20◦C of 350–400 J), while DWWT at –
20◦C (SA of 80%) was close to that of the target level
(85 %). Remarkably, all the properties were achieved
by the steel sheets, which increased to 40mm thick-
ness.
As follows from Fig. 2, DWTT−20◦C reached the

required level only after TMCP/AC treatment with
TAFC of 600–620◦C (SA of 95%), where a banded fer-
rite/pearlite structure was formed (this regime did not
fully meet the X70 strength requirements). That al-
lows the conclusion that the banded structure benefits
the DWTT behavior owing to the texture induced by
the TMCP process [45] and due to the band interface
acting as a “barrier” for crack propagation. Notably,
the separations (associated with a TMCP texture [44,
45]) were observed only on the ductile fracture sur-
face, indicating the advantage of a banded texturized
structure under the DWTT conditions. A gradual de-
crease in the TAFC resulted in a replacement of pearlite
with stronger acicular ferrite, leading to the banding
elimination and a drastic decrease in DWTT results
(under the rolling finish in a single-phase temperature
domain). When AC was conducted from the two-phase
temperature domain, the banding elimination at TACF
of ∼ 480–530◦C, in contrast, increased the DWTT re-
sults that can be attributed to the specific structure of
fine-grained quasi-polygonal/acicular ferrite strength-
ened by the M/A islands and the disperse carbide pre-
cipitates.
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The present studies show the feasibility of using
heavy slabs of increased thickness to produce steel
sheets intended for thick-wall oil-gas pipelines of the
X70 grade. The direction of further research is to opti-
mize the chemical composition of the steel to improve
the subzero behavior under the DWTT conditions.

4. Conclusions

This work investigated the microstructure and me-
chanical properties of 40mm thick sheets of low-
carbon (0.06–0.07wt.% C) (Cr, Ni, Mo, V, Nb)-micro-
alloyed steel, produced from heavy slab to comply with
the requirements of X70 (API 5L) grade. Based on the
obtained results, the major conclusions are drawn as
follows:
1. Applying a heavy slab of increased thickness

is found to be feasible to produce thick (≥30mm)
steel sheets intended for oil/gas pipelines. Using a
300mm thick slab allowed for an increase in rolling
reduction by 12–36% when producing 40mm thick
sheets, which enabled better deformation to eliminate
the cast structure in the axis zone of the billet. This
resulted in structure refining, which enhanced low-
temperature impact behaviors (Charpy V-notch test,
DWTT) of steel, ensuring compliance with an X70
(API 5L) grade.
2. The sheets were produced through the three-

stage thermo-mechanical controlled processing
(TMCP) with a rolling finish in a single-phase interval
(820–840◦C) or in a two-phase interval (760–780◦C)
followed by accelerated cooling (AC). For both TMCP
schedules, the decrease in temperature of AC finish
(TACF) from 630 to 450◦C led to a gradual increase
in strength indicators (YTS, UTS) and a decrease in
ductility (TEL). The low temperature (–20◦C) impact
behavior was not dependent on TACF presenting ex-
ceptional absorbed energy, which reached maximally
550 J.
3. The optimal combination of the mechani-

cal properties (YTS of 540–580MPa, UTS of 630–
660MPa, TEL of 24–27%, subzero absorbed energy
of 350–400 J, subzero DWWT (shear area) of 80%)
was attributed to the TMCP with rolling finish in
“austenite + ferrite” interval followed by acceler-
ated water cooling (20–23◦C s−1) to TACF of 480–
530◦C. These properties were ensured by forming
a microstructure consisting of a fine-grained quasi-
polygonal/acicular ferrite, the martensite/austenite
islands, and the nanosized carbide precipitates. The
earlier stop of water cooling (at 600–630◦C) resulted
in a banded “ferrite + pearlite” structure with lower
YTS, which barely met the requirements of X70 grade.
4. The highest DWTT level (SA of 95 %) re-

ferred to the “ferrite + pearlite” structure obtained by
TMCP with a rolling finish in a single-phase interval.

In the case of rolling finish in a two-phase interval, the
best DWTT results (SA of 80 %) were attributed to
the structure of quasi-polygonal/acicular ferrite. Bai-
nite formation under a later AC finish (at ≤ 450◦C)
resulted in a drastic decrease in DWTT behavior.
5. TMCP/AC processing with a rolling finish in a

two-phase interval had an advantage in YTS and UTS
at any TACF. This behavior is presumably attributed
to the nanosized (12.5 ± 0.25 nm) (Nb,V)C particles
precipitated during the “austenite → ferrite” trans-
formation. The dispersion hardening is evaluated as
24.1MPa, which is compatible with the difference in
strength between the two TMCP schedules.
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