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Abstract: This study focuses on advancing the production of predominantly bainitic heavy plates to
meet the API 5L X80 standard. The investigation involves a thorough evaluation of the influence of
rolling parameters and austenite conditioning on both microstructural characteristics and mechanical
properties. Accurate specifications for chemical composition, processing temperatures, and mean de-
formations were established using mathematical models and bibliographical references. Four rolling
conditions were performed in a reversible single-stand mill, allowing for comprehensive comparison
and critical analysis. Microstructural and mechanical characterizations were performed utilizing sev-
eral techniques, including optical microscopy (OM), scanning electron microscopy (SEM), tensile tests,
Charpy impact tests, and hardness tests to ensure adherence to API 5L standards. Additionally, the
SEM-EBSD (electron backscattered diffraction) technique was employed for a complementary analy-
sis. The EBSD analysis included crystallographic misorientation maps, mean kernel misorientation
parameters (ϑ), low- and high-angle grains boundaries, mean equivalent diameter, and evaluation
of the contribution of different strengthening mechanisms to yield strength. Results underscored
the significant influence of austenite conditioning on both microstructure and mechanical properties.
Considering the specificities of a reversible single-stand mill, it was concluded that, unlike the classic
approach for ferritic or ferritic–pearlitic HSLA (high-strength low-alloy steel), when a product with
a predominantly bainitic microstructure is required, the accumulated deformation in the austenite
during the finishing rolling stage, as well as its temperature, must be meticulously controlled. It
was shown that the greater the deformation and the lower the temperature, the more favorable the
scenario for the undesired polygonal ferrite formation, which will deteriorate the material’s perfor-
mance. Furthermore, an optimized production route was identified and adapted to the specificities of
the employed rolling mill. The presented data have great importance for researchers, manufacturers,
and users of API 5L X80 heavy plates.

Keywords: API 5L X80 steel; thermomechanical processing; austenite conditioning; bainitic structure;
heavy plate; SEM-EBSD technique

1. Introduction

The Brazilian demand in the oil and gas sector has witnessed a remarkable growth of
approximately 53% in daily oil barrel production over the last decade, especially driven
by the pre-salt area [1,2]. Additionally, promising prospects in the natural gas and green
hydrogen transportation market, aligned with the European Union’s long-term plans
for energy transition and climate change mitigation, reinforce the ongoing need for the
development of tubes and materials to meet this increasing demand [3–7].
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However, the increasingly challenging conditions in the extraction and transportation
of hydrocarbons, particularly in adverse environments, with the necessity of transporting
larger volumes over extended distances, require tubes with higher mechanical strength
and simultaneously elevated toughness. Projects involving larger diameters and increased
wall thickness are trends in the pipeline sector [8–11]. Higher wall thickness imposes
challenges to meet the demands of tube manufacturers, intensifying the need for significant
advancements in material development that comply with stringent standards [8–11].

The continuous research endeavor for steels with high mechanical strength, elevated
toughness, and decreasing levels of carbon equivalent has prompted the development of the
controlled rolling followed by the accelerated cooling strategy, or TMCP (thermomechanical
controlled process). While this approach refines the grain size after controlled rolling,
compensating for the alteration in chemical composition, its high implementation cost has
limited widespread adoption [12–16]. In Brazil, API 5L X80 steel pipes produced through
the TMCP production route exhibit an acicular microstructure predominantly composed of
bainite, associated with low carbon content, and microalloying with niobium, vanadium,
and titanium [15,17].

The development of X80 (and superior grades) pipeline steels with wall thickness
greater than 16 mm is recent [8,15,18,19]. As pointed out by Zhang et al. [8], the increase
in thickness of the plate greatly increases the difficulty of controlling the rolling process
and the accelerated cooling after rolling. Ensuring the microstructural homogeneity along
the heavy wall plates of API pipeline steels is also an engineering challenge for steel
manufacturers [15,20,21].

The design of an alloy seeking the manufacturing of API 5L grade X80 heavy plates
must meet certain requirements to ensure good weldability and mechanical performance
after controlled thermomechanical processing. In this context, many researchers agree that
bainitic microstructures obtained from a steel chemical composition that meets ≤0.07%C,
≤1.85%Mn, ≤0.085%Nb, <0.025%Ti, ≤0.35%Mo, and ≤0.6%Cr (with the possibility of
small additions of Ni and V) represent a significant opportunity to achieve the desired
product [15,22,23]. According to these authors [15,22,23], for the attainment of X80 grade in
low-carbon steels microalloyed with Nb and Ti, as well as containing additions of Mo and Cr,
it is crucial to optimize the controlled rolling process: (i) the reheating temperature must be
precisely calculated to maximize the effects of Nb and Ti in austenite solid solution during
the roughing stages; (ii) the starting and ending temperature of the finishing rolling must
be well defined to promote adequate austenite “pancaking”, and finally, (iii) the accelerated
cooling (cooling rate and final cooling temperature) should be designed to optimize the
hardening mechanisms through phase transformation (dislocation and interface density)
grain refinement and precipitation.

The proper planning of controlled thermomechanical rolling for the development of
API 5L X80 heavy plates becomes even more challenging when a reversible single-stand
mill is used. Due to the reversible nature of the equipment, the time between deformation
passes is longer than in a multiple-stand sequential system [13,15,24]. This, combined
with the application of successive deformations in different directions, alters the kinetics
of austenite recrystallization during the roughing stage, as well as modifies the disloca-
tion distribution in austenite after finishing rolling compared to a multi-stand mill. As a
result, during accelerated cooling, the kinetics of austenite decomposition will also be af-
fected [13,15,24]. Due to these characteristics, significant process adjustments are necessary,
particularly concerning the roughing and finishing pass temperatures, as well as the levels
of deformation applied in these stages. For this type of mill, the literature is still very sparse
in describing the relationships between process variables, microstructure, and mechanical
properties of API 5L X80 heavy plates. The limited available literature, along with industrial
reports, indicates the recurrent occurrence of issues related to microstructural heterogeneity
in this type of product when manufactured in a mill with reversible characteristics. A major
problem is the formation of a significant fraction of polygonal ferrite in a microstructure
that should be predominantly bainitic [15].
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To better understand this relationship between process variables, microstructure and
mechanical properties in thermomechanical controlled processing, in-depth microstructural
characterization of rolled products has become essential to accurately describe microstruc-
tural features at the phase and constituent classification level, as well as to understand
better the contributions of various hardening mechanisms in the material [25–28]. The
electron backscattered diffraction (EBSD) technique has consolidated itself as an important
tool for characterizing thermomechanically processed products, enabling the quantifica-
tion of the mean size of crystallographic units, nature of grain boundaries, and low- and
high-angle grain boundary discontinuities. This allows the assessment of different hard-
ening mechanisms, such as microstructural refinement, solid solution, precipitation, and
increased density of dislocations, to estimate the tensile yield strength, a critical parameter
according to API standards [25–28].

In this context, by utilizing an industrial facility and various characterization tech-
niques, including EBSD, this article evaluates and describes the effects of different controlled
rolling parameters on the microstructure and mechanical properties of an API 5L grade
X80 steel manufactured in a reversible single-stand plate mill. The focus of this study was
to evaluate the effect of several austenite conditionings, primarily by altering the finishing
rolling conditions, on the steel’s microstructure homogeneity. Considering the specificity of
the investigated reversible mill, the occurrence of undesired polygonal ferrite in this steel
class was first explained as a function of the processing parameters.

2. Materials and Methods
2.1. Materials

For this study, four steel plates were produced from three batches that met the
chemical composition ranges presented in Table 1. In addition, the equivalent carbon
(EC) values—IIW and Pcm—were also calculated and pointed, according to Equations (1)
and (2) [29].

ECI IW = %C +
%Mn

6
+

%Cu + %Ni
15

+
%Cr + %Mo + %V

5
(1)

ECPcm = %C +
%Si
30

+
%Mn + %Cu + %Cr

20
+

%Ni
60

+
%Mo

15
+

%V
10

+ 5%B (2)

Table 1. Chemical composition of the plates produced from the three steel batches (wt.%).

Batches C Mn Si Cr + Mo + Ni Nb + Ti Others ECIIW ECPcm

1 0.06 1.81 0.33 0.51 0.049 0.0595 0.46 0.19

2 0.06 1.84 0.25 0.53 0.050 0.0564 0.47 0.19

3 0.05 1.83 0.24 0.60 0.045 0.0632 0.47 0.18

The dimensional target for the manufactured heavy plate was 20.6 mm of final thick-
ness and 1776 mm of final width, starting from a slab 250 mm thick and 1585 mm wide.

2.2. Rolling Parameters and Conditions

Once the chemical composition was defined, the first step considered in planning
the controlled rolling process was the determination of plate reheating temperature. This
determination was carried out using the decision algorithm proposed by Gorni [30] to
choose the most suitable solubilization model based on the approaches established by
Irvine et al. [31], Nordberg and Arronson [32], and Hudd et al. [33].

The rolling parameters and conditions (Table 2) were established based on a litera-
ture review [8,34] and simulations using the MicroSim-SM® software, as described by
Uranga et al. [35]; this software models the microstructural evolution of austenite during
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the rolling process. These analyses were crucial for optimizing rolling strategies, aiming for
greater refinement and microstructural homogeneity.

Table 2. Target rolling conditions for the manufacture of 20.66 mm heavy plates that comply with
API 5L X80 requirements.

Reheating Temperature (◦C) >1100

Sketch Thickness (mm) 70–90

Temperature of the First Finishing Pass (◦C) 930–870

Temperature of the Last Finishing Pass (◦C) 850–790

Accelerated Cooling Rate (◦C/s) 10–20

As illustrated in Figure 1, two distinct rolling strategies, denominated A and B, were
implemented using four plates (two for each strategy). Rolling Strategy A involved seven
roughing passes and six finishing passes applied to plates 1 and 2, while Strategy B
entailed seven roughing passes and eight finishing passes for plates 3 and 4. To achieve
approximately equal total deformations of approximately 62% in the roughing stage and
74% in the finishing stage for both strategies, it was necessary to increase the deformation
per finishing pass in Strategy A compared to Strategy B. This variation in the rolling scheme
constituted a pivotal factor. The target was to maintain a waiting rough thickness (between
roughing and finishing) of 80 mm for all four rolling experiments. Depending on the
final product thickness, it is customary to apply between 40% and 75% deformation in the
roughing and finishing stages, respectively. This approach aims at developing steels with
high mechanical strength for applications in the oil and gas industry. Consequently, the
total strain values for both stages were defined within the specified range [36].
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Figure 1. Schematic figure illustrating the two defined rolling strategies.

2.3. Microstructural Characterization—OM and SEM

Two techniques were employed for the microstructural characterization of the man-
ufactured plates: optical microscopy (OM) and scanning electron microscopy (SEM). Mi-
crostructural assessments were performed (i) at the center and (ii) at ¼ of the thickness.

Optical microscopy (OM) was employed as a preliminary analysis technique to comple-
ment the qualitative characterization of Mn microsegregation, revealing bands of positive
segregation of this element. Teepol etchant was utilized, comprising 5 g of picric acid,
0.4 mL of HCl, 30 drops of neutral detergent, and 240 mL of water, with an average etching
time of 11 min. Following this, samples underwent a brief etching with Nital 2% to enhance
microsegregation contrast and reveal the overall microstructure.

OM was further employed for the characterization of M-A islands (martensite-retained
austenite constituent), confirming their existence and evaluating their fraction and mean
size. Metallographic sample preparation followed ASTM E3 standard recommenda-



Metals 2024, 14, 746 5 of 28

tions [37], and Klemm etchant was used for etching. This etchant’s stock solution consisted
of 30 g of saturated sodium thiosulfate diluted in 60 mL of water. This dilution was per-
formed hot, between 30 ◦C and 40 ◦C, and then the solution was stored at room temperature
for 3 h.

A working solution, comprising 2 g of potassium metabisulfite in 40 mL of water,
was mixed with the stock solution. The samples were then etched by immersion for
2 min. Subsequently, an optical microscope (LEICA DM2700M, Leica Microsystems GmbH,
Wetzlar, Germany) was utilized for imaging at 500× and 1000× magnifications. ImageJ
software–version 1.53–was applied for image processing, and the volumetric fraction of
M-A islands was measured.

SEM was employed on plates 4 and 1 from the same batch and rolling conditions to
verify constituents and characterize M-A islands at 5000× magnification, using a TESCAN
VEGA 3 SEM (TESCAN, Brno, Czech Republic). Nital 2% etchant was applied to reveal
constituents and assess M-A islands.

Three scenarios were considered for measuring M-A island fractions and average
size: (a) quantification using OM at 500× magnification (Klemm etchant); (b) OM with
1000× (Klemm etchant); (c) SEM with 5000× (Nital 2% etchant). Image processing in
ImageJ and quantitative metallography procedures recommended by ASTM E112 [38],
ASTM E1245 [39], and ASTM E562 [40] standards were applied in all scenarios, to ensure
the representativeness of the obtained data; the numbers of sampled fields must ensure a
relative precision of less than 10%, as per Equation (3), and the 95% confidence interval
(95% CI), given by Equation (4).

%RA =
95%·CI

x
· 100 (3)

95%·CI =
t·s√

n
(4)

In these equations, n represents the number of evaluated fields; t is the t-Student statis-
tical parameter obtained from the tables of ASTM E112 [38], ASTM E1245 [39], and ASTM
E562 [40] standards as a function of the number of fields n. Finally, s is the standard devia-
tion related to the measured values, and x is the average fraction of the M-A constituent.

It is worth noting that two different methodologies for quantifying phase fractions
through image analysis were employed. One involves estimating the volumetric fraction
(%) of the M-A constituent using the area method. In this method, for each of the evaluated
images (for the three scenarios (a), (b), and (c)), the area of the micrograph correspond-
ing to the M-A islands was determined, and its fraction (%) relative to the total area of
the micrograph (parameter AA) was calculated. According to ASTM E112 [38], ASTM
E1245 [39], and ASTM E562 [40], if the AA parameter (Equation (5)) is determined such
that %RA < 10% (relative accuracy), it is a good indicator of the volumetric fraction (%) of
the M-A constituent.

AA =
Areas o f the M − A islands

Total Area o f the Micrograph
(5)

For the same images used in the calculation of parameter AA, parameter PA (Equation (6))
was also calculated. This parameter calculates the density of M-A islands per unit area,
i.e., for each of the micrographs that were analyzed, it counts how many M-A islands
are present and divides the number of islands by the total area of the micrograph. When
considering two or more magnifications such that the resolution power of the technique
used allows M-A islands with the same size range to be observed and counted, this method,
considering random and nonrepetitive sampling, should be less sensitive, or even not
significantly affected by the magnification used.

PA =
Number o f M − A Islands

Total Area o f the Micrograph
(6)
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Seeking to better characterize the M-A constituent islands present in the samples,
the same images used in the volumetric fraction and island density quantification step
were used to determine the size distribution of the islands, as well as to determine the
average size. For this purpose, the method of the equivalent diameter standardized by
ASTM E112 [38] and ASTM E1382 [41] standards was used. This method was applied
automatically with the aid of the ImageJ software. It involved measuring the area of
each M-A island identified per field. Then, for each of them, it was determined what the
circumference with diameter d would be, which would have an area equivalent to the
analyzed island. The diameter d of this circumference is then called the average equivalent
diameter of the island. This method was applied to each of the identified islands in all
fields analyzed from different regions of the samples.

2.4. Microstructural Characterization—SEM-EBSD

Analysis and characterization using the scanning electron microscopy–electron
backscatter diffraction (SEM-EBSD) technique was performed on plate 2 (Strategy A)
and plate 4 (Strategy B), at ¼ of the thickness. The tests were carried out using a e Philips
XL 30CP SEM with a W-filament, using TSL (TexSEM Laboratories, Salt Lake City, UT, USA)
equipped with an EBSD module and a PEGASUS 4000 system (TSLEDAX, Warrendale,
PA, USA).

Several imaging techniques were employed, including the inverse pole figure, crystal-
lographic misorientation maps, and kernel average misorientation (KAM) maps (ϑ < 2◦),
alongside their respective mean kernel misorientation parameters (ϑ). Grain boundary
maps were generated to highlight the fractions and sizes of grains with low-angle bound-
aries (4◦ < ϑ < 15◦) and high-angle boundaries (ϑ > 15◦), aimed at assessing the contributions
of various strengthening mechanisms to yield strength. Additionally, mean grain sizes
were estimated using 4◦ and 15◦ angles as threshold criteria.

Based on the information obtained from the EBSD characterization, contributions from
different strengthening mechanisms were estimated for the yield strength of both plates,
following Equation (7).

σy = f
(
σss, σgs, σρ, σppt

)
(7)

Thus, according to Isasti et al. [25], the yield strength (σy) of low-carbon microalloyed
steels can be expressed as a combination of different strengthening mechanisms, such
as solid solution strengthening (σss), grain size strengthening (σgs), dislocation density
strengthening (σρ), and fine precipitation strengthening (σppt).

Pickering and Gladman [42] proposed Equation (8) to assess the contribution of
solid solution strengthening; the commonly adopted value for σo is 53.9 MPa, and the
concentrations of the elements should be entered as weight percentages.

σss = σo + 32.3Mn + 83.2Si + 11Mo + 354(N f ree)
0.5 (8)

Several equations have been proposed to calculate the contribution related to grain size.
The most suitable one for bainitic products microalloyed with Nb and Mo addition, such as
the alloy in this article, would be Equation (9) proposed by Iza Mendia and Guitiérrez [43].
This equation is considered more appropriate because it considers that the contribution of
each grain boundary, or sub-boundary, depends on its crystallographic misorientation angle.

σgs = 1.05αMµ
√

b
[
∑ 2◦≤θi≤15◦

(
fi
√

θi

)
+

√
π

10 ∑ θi≥15◦( fi)

]
. d−0.5

2◦ (9)

The first term of Equation (7) corresponds to the contribution of low-angle boundaries,
and the second term corresponds to the contribution of high-angle boundaries. The pa-
rameters θi and ƒi represent the mean misorientation angle, in radians, in the “i” interval,
and the relative frequency, respectively. The parameter d2◦ is the mean equivalent diameter
(MED) considering the threshold angle criterion of 2◦. For Equations (9) and (10), α is a
constant (0.3), M is the mean Taylor factor (3), µ is the shear modulus (8 × 104 MPa), and b
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is the magnitude of the Burgers vector (b = 2.5 × 10−7 mm). The contribution related to the
dislocation density strengthening can be expressed through Equation (10).

σρ = αMµb
√

ρ (10)

Finally, ρ is the dislocation density, and according to Kubin and Mortensen [44], they
proposed a model to calculate the dislocation density (ρ) from KAM maps data obtained by
EBSD (Equation (11)), where µ is the length unit (1.86 times the step size used in the EBSD
analysis), and b is the Burgers vector. The parameter ϑ is the mean kernel misorientation
value. For the determination of ϑ and, consequently, the contribution relative to the
dislocation density, as mentioned, values of ϑ < 2◦ should be considered.

ρ =
2ϑ

ub
(11)

Considering the actual yield strength (σy) can be readily measured through tensile
testing, some authors, such as Zurutuza et al. [45], use Equation (7) to determine the
contributions of each strengthening mechanism to the yield strength. However, they did
not calculate the precipitation contribution due to challenges in quantifying the fraction
and size of precipitates. In this context, they introduced a parameter, σus (unaccounted
strength), representing the difference between the experimentally measured yield strength
and the contributions from dislocation density, grain size, and solid solution. According
to the authors, this difference (σus) would be associated with (1) a specific effect of carbon
in solid solution in only quenched samples and (2) the strengthening effect of carbide
precipitation of Nb and Mo in quenched and tempered samples.

Therefore, in this study, owing to the complexity of quantifying the volume fraction of
precipitates, the precipitation contribution was estimated by calculating the difference between
the experimental yield strength and the remaining contributions: solid solution (Equation (8)),
grain refinement (Equation (9)), and dislocation density (Equations (10) and (11)), as carried
out by Zurutuza et al. [45], respectively, for plates 2 and 3. It is noteworthy that the effect
of the M-A constituent fraction, expected to be negligible and similar in both plates, was
disregarded in the contribution calculation [25–28].

2.5. Mechanical Tests

To determine the yield strength (YS), tensile strength (TS), total elongation, impact
toughness, and material hardness values, we carried out tensile tests, Charpy impact tests,
and hardness tests following the ASTM A370 [46] and ASTM E92 [47] standards (Figure 2).
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Tensile tests were performed at room temperature using an MTS model machine with
2000 kN capacity. Charpy impact tests were carried out on a ZwickRoell PSW 750 machine
(ZwickRoell GmbH & Co., Ulm, Germany) at −20 ◦C to quantify toughness at temperatures
below those defined by the API 5L standard [48]. Finally, hardness tests were conducted
at three positions along the thickness (1.5 mm from face A, center, and 1.5 mm from face
B) using a Vickers hardness tester with a 1 kgf load. The hardness measurements were
performed with a Wilson–Wolpert Durometer, model S8–300, with a maximum capacity
of 50 kgf. All tests were carried out at the Gerdau Ouro Branco Test Center, serving as a
reference for the API 5L X80 standard, with a focus on PSL 2 specification pipes [48]. All
mechanical tests were performed in triplicates.

3. Results and Discussion
3.1. Rolling Results

The results indicated in Table 3 reveal that all four rolling strategies met the solubiliza-
tion temperature requirement for Nb, around 1150 ◦C. For this steel chemical composition,
this temperature is in accordance with the literature [15,22,23,30,31]. Cumulative deforma-
tion in the roughing and finishing stages was approximately 62% and 74%, respectively,
for plates 1 and 2 (Strategy A) and 4 (Strategy B). However, a deviation occurred in plate 3
(Strategy B), in which less deformation in the roughing stage resulted in increased cumula-
tive deformation in the finishing stage to achieve the final thickness of 20.66 mm.

Table 3. Comparison of the main rolling parameters applied to the four 20.66 mm thick heavy plates
to comply with API 5L X80 requirements.

Parameters
Strategy A Strategy B

Plate 1 Plate 2 Plate 3 Plate 4

Reheating Temperature (◦C) Ts + 43 Ts + 40 Ts + 47 Ts + 46

Roughing Passes 7 7 7 7

Finishing Passes 6 6 8 8

Accumulated Deformation in Roughing (%) 62.2 62.1 57.6 62.2

Accumulated Deformation in Finishing (%) 74.2 74.2 77 74.2

Temperature of the First Finishing Pass (◦C) Tnr − 80 Tnr − 80 Tnr − 78 Tnr − 81

Temperature of the Last Finishing Pass (◦C) Ar3 + 99 Ar3 + 96 Ar3 + 68 Ar3 + 65

Accelerated Cooling Rate (◦C/s) 13 13 15 13

In terms of the temperatures for each stage of the process, it can be affirmed that
the target values, as per Table 2, were attained, except for the mean rate of accelerated
cooling. However, due to the eight finishing passes with less deformation applied per
pass in rolling Strategy B, there were smaller reductions in thickness per finishing pass.
Consequently, it was necessary to apply finishing passes at lower temperatures, close to
the lower limits allowed, toward the end of this stage. When comparing the final finishing
temperatures of the plates subjected to Strategy A with those of Strategy B, a difference
of approximately 15 ◦C is evident. This is particularly emphasized in plate 3, which
underwent the highest accumulated deformation in the austenite and obtained the lowest
temperature during the last finishing passes. Despite the limited amount of industrial
processing data available in the literature, comparing these parameters with the literature, it
is possible to observe that considering the classical use of multiple-stand sequential mills for
API 5L X80 manufacturing, the accumulated deformation in roughing and finishing stages
are, in general, lower than those herein employed, mainly in finishing rolling [15,23,34].
The reversible mill, based on Microsim software simulations [35], employed 7 roughing
passes and 6–8 finishing passes. Studies on a sequential rolling system indicate the use of
4 to 5 passes each for roughing and finishing, resulting in a smaller total thickness reduction
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relative to the initial slab dimensions [18]. In this context, it is possible to affirm that there is
significant process difference between reversible single-stand and multi-stand mills aiming
to manufacture X80 heavy plates.

Concerning the cooling rate, despite the target value being 16 ◦C/s, it is observed that
the rate achieved in Strategy A was 13 ◦C/s. In Strategy B, where finishing passes were
applied at lower temperatures, the achieved rates were 15 ◦C/s and 13 ◦C/s for plates
3 and 4, respectively, given that the results correspond to experiments conducted on an
industrial scale, the deviation in the cooling rate values for the experiment falls within the
process variation range.

With cooling rates between 13 ◦C/s and 15 ◦C/s, significant granular bainite formation
may occur under all conditions [8,15,18]. However, considering the effect of accumulated
strain in austenite and dislocation density on austenite decomposition kinetics, the for-
mation of polygonal and quasi-polygonal ferrite becomes possible [15,49]. Additionally,
there is a tendency for a greater fraction of M-A islands to occur in the plates of Strategy B,
especially in plate 3 [34].

3.2. Microstructural Characterization Results—OM and SEM

Figures 3 and 4 depict the microstructure evaluation results obtained through optical
microscopy (OM) at the ¼ thickness and central thickness positions. The images are
presented at original magnifications of 500× and 1000×, illustrating the microstructural
characteristics of the four rolled plates.

Observing the micrographs presented in Figures 3 and 4, it was possible to discern
some relevant aspects. Plates 1 and 2 (Strategy A) predominantly exhibited bainitic mi-
crostructures with a granular appearance. Regarding the central position of plates 3 and
4 (Strategy B), as depicted in Figure 4, it was observed that in plate 3, the microstructure
predominantly transformed into bainite, with no observable polygonal ferrite through
optical microscopy. As for plate 4, bands consisting of polygonal ferrite were still evident,
although in a smaller fraction compared to that observed at ¼ of the thickness. The central
region of rolled plates with relatively high manganese content typically exhibits a broader
zone of positive manganese segregation. Consequently, the retarding effect of manganese
on austenite decomposition would make the formation of polygonal ferrite difficult in these
regions [15,18,50].

Figure 5 shows the SEM micrographs of plates 4 and 1 at the central and ¼ thickness
positions, respectively. The microstructures observed in both plates, consistent with OM
characterization, are predominantly bainitic. Notably, in both cases, the microstructures
exhibit a slightly finer refinement at the ¼ thickness position compared to the central region.
This phenomenon is attributed to the central region of rolled plates having a temperature
above the nonrecrystallization temperature (Tnr) in contrast to the surface-proximate region,
indicating a static recrystallization regime [24].

In Figure 5, a comparison reveals that the granular bainite blocks in plate 1 are slightly
smaller than those observed in plate 4. This difference can be attributed to both the
deformation accumulated at low temperatures in plate 4 and the smaller austenitic grain
size in plate 1, leading to an increased number of sites available for bainite nucleation. With
a higher nucleation rate and lower transformation temperature, the bainite microstructure
tends to be more refined. However, plate 4 exhibits a significantly higher fraction of
polygonal ferrite than plate 1. This suggests a leftward shift in the continuous cooling
transformation (CCT) diagrams for plate 4 compared to those of plate 1 [49]. Considering
that plate 4 was cooled at a mean rate of 13 ◦C/s, favorable thermodynamic and kinetic
conditions were present for the formation of polygonal ferrite, which experiences the
lowest cooling rate [8,15]. Additionally, this outcome may imply that the deformation
accumulated at low temperatures in plate 4 contributed to the bainite transformation
occurring at higher temperatures. Despite the availability of nucleation sites, this led to a
structure with granular bainite blocks slightly coarser than those observed in plate 1 [51].
Figure 6 provides a detailed view of the microconstituents identified in plates 4 and 1.
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Comparing the micrographs depicted in Figure 6, it is evident that the granular bainite
blocks are slightly smaller in plate 1. Furthermore, it was observed that there was no
formation of degenerate pearlite or superior bainite, which is highly advantageous in terms
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of toughness [8]. However, the presence of polygonal ferrite was confirmed, and it is more
predominant in plate 4.
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Despite the differences between the process studied here and those described in the
literature for multi-stand mills, the microstructures obtained are very similar to those
reported by various authors who produced API 5L X80 steel through thermomechanical
processing [8,15,18,23,25,34]. Predominantly bainitic microstructures with the occurrence
of M-A constituents in blocky or film morphology are described by several authors as
satisfactory for this type of product [8,15,18,23,25,34]. However, they highlight that the
presence of a significant fraction of polygonal ferrite can act as an undesirable microstruc-
tural heterogeneity.
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Figure 6. Micrographs obtained by SEM-SE that illustrate details of the microconstituents in plates
(i) 4 and (ii) 1 (a) in the center; (b) in the ¼ thickness position (8000×)—(polygonal ferrite (PF),
granular bainite (GB), M-A islands (M-A). Nital 2% etchant.

3.3. Mn Segregation Results

The micrographs in Figure 7 show the qualitative Mn segregation results obtained for
plate 4: (i) at the central region and (ii) at the ¼ of the thickness. There is Mn microsegrega-
tion in both the central region and at ¼ of the thickness, but with different characteristics.
In the central region, wider bands are observed, but more spaced from each other. At ¼ of
the thickness, thinner bands are observed, but closer to each other. Figure 8 presents the
results obtained for plate 1: (i) at the central region and (ii) at the ¼ of the thickness.
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Figure 7. Micrographs indicating Mn microsegregation (i) in the central region and (ii) at the
¼ thickness position of plate 4: (a) OM—100×; (b) OM—500×; (c) OM—1000×. Teepol and Nital 2%.

Similarly to plate 4, Mn microsegregation is also present in both the central region
and at ¼ of the thickness in plate 1. This is expected since the two plates come from the
same batch and casting conditions. In both plates, wider and more widely spaced bands
are observed in the central region, while at ¼ of the thickness, thinner bands closer to
each other are observed. As anticipated, polygonal ferrite grains are found in regions of
negative segregation, with a seemingly smaller grain size in plate 4. It is worth noting that
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in Figures 7(ii-b) and 8(ii-b), when examining the microsegregation regions with greater
magnification, islands with very dark contrast aligned in the direction of rolling can be
observed. These regions are likely to be particularly enriched in manganese, making them
more prone to the formation of refined structures or M-A islands, considering the same
cooling rate [15,52].

Metals 2024, 14, x FOR PEER REVIEW 15 of 29 
 

 

 
(ii) 

Figure 7. Micrographs indicating Mn microsegregation (i) in the central region and (ii) at the ¼ 

thickness position of plate 4: (a) OM—100×; (b) OM—500×; (c) OM—1000×. Teepol and Nital 2%. 

 
(i) 

(a)

Polygonal
Ferrite

(c)

(b)

Metals 2024, 14, x FOR PEER REVIEW 16 of 29 
 

 

 
(ii) 

Figure 8. Micrographs indicating Mn microsegregation (i) in the central region and (ii) in the ¼ 

thickness position of plate 1: (a) OM—100×; (b) OM—200×; (c) OM—1000×. Teepol and Nital 2%. 

Similarly to plate 4, Mn microsegregation is also present in both the central region 

and at ¼ of the thickness in plate 1. This is expected since the two plates come from the 

same batch and casting conditions. In both plates, wider and more widely spaced bands 

are observed in the central region, while at ¼ of the thickness, thinner bands closer to each 

other are observed. As anticipated, polygonal ferrite grains are found in regions of nega-

tive segregation, with a seemingly smaller grain size in plate 4. It is worth noting that in 

Figures 7(ii-b) and 8(ii-b), when examining the microsegregation regions with greater 

magnification, islands with very dark contrast aligned in the direction of rolling can be 

observed. These regions are likely to be particularly enriched in manganese, making them 

more prone to the formation of refined structures or M-A islands, considering the same 

cooling rate [15,52]. 

In bainitic steels, if there is Mn segregation, the austenite–bainite transformation will 

occur at lower temperatures than those observed in regions depleted in the element. This 

could lead to a refinement of the bainitic microstructure in the manganese-enriched re-

gions. Additionally, there is the possibility of an increased occurrence of M-A islands in 

these regions [15,52]. 

3.4. M-A Island Characterization Results 

Figures 9 and 10 present optical micrographs, respectively, of the central regions and 

¼ of the thickness of plates 4 and 1, with magnifications of 500× and 1000×, subjected to 

Klemm etching. The M-A islands can be observed in the images with a magnification of 

500×; the observation of very small M-A islands is challenging. Only the coarser islands 

can be visualized in both regions, in both plates. 

Polygonal
Ferrite

(c)

(a) (b)

Figure 8. Micrographs indicating Mn microsegregation (i) in the central region and (ii) in the
¼ thickness position of plate 1: (a) OM—100×; (b) OM—200×; (c) OM—1000×. Teepol and Nital 2%.
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In bainitic steels, if there is Mn segregation, the austenite–bainite transformation will
occur at lower temperatures than those observed in regions depleted in the element. This
could lead to a refinement of the bainitic microstructure in the manganese-enriched regions.
Additionally, there is the possibility of an increased occurrence of M-A islands in these
regions [15,52].

3.4. M-A Island Characterization Results

Figures 9 and 10 present optical micrographs, respectively, of the central regions and
¼ of the thickness of plates 4 and 1, with magnifications of 500× and 1000×, subjected to
Klemm etching. The M-A islands can be observed in the images with a magnification of
500×; the observation of very small M-A islands is challenging. Only the coarser islands
can be visualized in both regions, in both plates.
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Figure 9. Micrographs obtained by optical microscopy (i) in the central region and (ii) in the
¼ thickness position of plate 4 illustrating the distribution of M-A islands with magnifications of
(a) 500× and (b) 1000×. Klemm etching.

The SEM characterization of M-A islands in plates 4 and 1 was performed at 5000×
magnification. Figure 11 presents examples from the central positions and at ¼ of the
thickness for plates 4 and 1, respectively.

Figure 11 shows the M-A islands present in both plates, revealing a significant fraction
of M-A islands smaller than 0.6 µm, which was not observable with 500× magnification in
OM. Notably, the M-A islands tend to be situated predominantly at the boundaries of gran-
ular bainite blocks, exhibiting both blocky and elongated appearances in different regions.
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Figure 10. Micrographs obtained by optical microscopy (i) in the central region and (ii) in the
¼ thickness position of plate 1 illustrating the distribution of M-A islands with magnifications of
(a) 500× and (b) 1000×. Klemm etching.

Figure 12 provides a comparative analysis of the densities (PA) and volumetric
fractions (%) (AA) of M-A islands in the central regions and at ¼ of the thickness for
plates 4 and 1. Generally, the M-A island fractions in both plates across the investigated
regions are relatively low. SEM images show the largest fractions, reaching a maximum
volumetric fraction of around 2.6%. It is important to highlight that quantifications from op-
tical micrographs appear to underestimate both the volumetric fraction (%) and the density
(µm2) of M-A islands. Takekazu et al. [53] reported volumetric fractions of approximately
5% for M-A islands in heavy plates used for API 5L X80 pipe production. However, given
that M-A islands are characterized by regions of high hardness, they may contribute to
both ductile and brittle fracture mechanisms [15,23,53–55].

M-A islands function as significant stress concentrators, potentially aiding in crack
propagation through cleavage. There is substantial evidence indicating that this type of
crack tends to propagate preferentially along the M-A/matrix interface. In this context,
smaller M-A islands will exhibit fewer stress fields in their vicinity when the material is
subjected to mechanical stress, thereby reducing the likelihood of serving as preferred sites
for crack nucleation [54–56]. If these more refined M-A islands are not closely positioned
or aligned with each other in the previous austenitic grain boundaries, they can act as
beneficial elements by retarding crack propagation. This occurs by increasing tortuosity in
the propagation path. In a related study [55], the authors noted that massive M-A islands
delayed cleavage-induced crack propagation by creating barriers to growth or deviating
the crack from its original direction.
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Figure 11. SEM micrographs depicting the distribution of M-A islands at (a) the center of the thickness
and (b) ¼ of the thickness for plates (i) 4 and (ii) 1, captured at a magnification of 5000×. Nital
2% etchant.

Figure 13 presents a comparison between the average equivalent diameters of M-A
islands measured through the application of three evaluated methodologies. Both in the
center and at the ¼ thickness position, for the two plates evaluated, it is observed that the
OM technique overestimates the sizes of M-A islands, especially at a magnification of 500×,
making it unreliable for this type of assessment. When considering measurements made
using SEM, it is observed that, for plate 4, the average equivalent diameter at the central
and ¼ thickness positions is 0.35 µm and 0.36 µm, respectively. For plate 1, in the same
positions, they are identical and equal to 0.29 µm.



Metals 2024, 14, 746 19 of 28

Metals 2024, 14, x FOR PEER REVIEW 19 of 29 
 

 

 
(ii) 

Figure 11. SEM micrographs depicting the distribution of M-A islands at (a) the center of the thick-

ness and (b) ¼ of the thickness for plates (i) 4 and (ii) 1, captured at a magnification of 5000×. Nital 

2% etchant. 

Figure 11 shows the M-A islands present in both plates, revealing a significant frac-

tion of M-A islands smaller than 0.6 µm, which was not observable with 500× magnifica-

tion in OM. Notably, the M-A islands tend to be situated predominantly at the boundaries 

of granular bainite blocks, exhibiting both blocky and elongated appearances in different 

regions. 

Figure 12 provides a comparative analysis of the densities (PA) and volumetric frac-

tions (%) (AA) of M-A islands in the central regions and at ¼ of the thickness for plates 4 

and 1. Generally, the M-A island fractions in both plates across the investigated regions 

are relatively low. SEM images show the largest fractions, reaching a maximum volumet-

ric fraction of around 2.6%. It is important to highlight that quantifications from optical 

micrographs appear to underestimate both the volumetric fraction (%) and the density 

(µm2) of M-A islands. Takekazu et al. [53] reported volumetric fractions of approximately 

5% for M-A islands in heavy plates used for API 5L X80 pipe production. However, given 

that M-A islands are characterized by regions of high hardness, they may contribute to 

both ductile and brittle fracture mechanisms [15,23,53–55]. 

 
(a) (b)

Figure 12. Comparison between the fractions of M-A islands quantified in the central positions and at
¼ of the thickness of the 4 and 1 plates using OM with magnifications of 500× and 1000×, and using
SEM with magnification of 5000×: (a) density of islands (PA), (b) volume fraction of islands (%) (AA).

Metals 2024, 14, x FOR PEER REVIEW 21 of 29 
 

 

the refinement of M-A islands, as well as the greater occurrence of film morphology 

[15,57,58]. 

 

Figure 13. Comparison between the average sizes of M-A islands (average equivalent diameter) 

measured at the central and 1/4 thickness positions of plates 4 and 1 using optical micrographs at 

500× and 1000× magnifications, and through scanning electron microscopy at 5000× magnification. 

3.5. Microstructural Characterization Results—SEM-EBSD 

Figure 14 depicts maps of crystallographic disorientation for boundaries with disori-

entation angles less than 2° (kernel average misorientation—KAM maps) of plates 2 and 

3, along with their mean kernel disorientation parameters (𝜗). Despite the two plates being 

subjected to different rolling strategies, it is noteworthy that they exhibited identical av-

erage kernel disorientation values (𝜗 = 1.4°). 

 

Figure 13. Comparison between the average sizes of M-A islands (average equivalent diameter)
measured at the central and 1/4 thickness positions of plates 4 and 1 using optical micrographs at
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It was already noticeable in Figures 9 and 10 that the M-A islands, apparently, are more
refined in plate 1, both in the center and at the ¼ thickness position. It can be confirmed
that the fraction of M-A islands with an equivalent diameter of less than 0.3 µm is higher in
plate 1, resulting in a smaller average, as highlighted in Figure 13.

In this context, it is assumed that, by observing both the fraction and size distribution
data of M-A constituent islands, plates 4 and 1 have similar characteristics, both in the
central region and at the ¼ thickness position. Some important points are highlighted:
(i) the distribution of M-A islands is relatively homogeneous along the thickness for both
plates; (ii) the fractions of M-A constituent are relatively low and homogeneous along the
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thickness for both plates; (iii) the size distribution of M-A islands is relatively homogeneous
along the thickness of both plates, with the islands of plate 1 being slightly more refined
than those observed in plate 4; and (iv) apparently, the characterization of M-A constituent
performed at this stage of the present work points to the hypothesis that it is not plausible
that significant differences in mechanical behavior between plates 4 and 1, as shown later,
are justified by differences related to the fraction and size of M-A islands.

Nevertheless, the literature states that in steels with a chemical composition similar to
the one studied here, the fraction, size, and morphology of M-A islands can be strongly
affected by the cooling rate and the austenite decomposition temperature into bainite.
According to some authors, in general, lower cooling rates and higher final accelerated cool-
ing temperatures favor the formation of coarser islands (blocks), which are preferentially
formed at the boundaries of granular bainite units. This is a consequence of more favorable
conditions for carbon diffusion during the bainitic transformation, allowing the intersection
of relatively coarse regions highly enriched in carbon at the transformation front. These
regions are conducive to the occurrence of martensitic transformation to a small extent and
the consequent thermodynamic and mechanical stabilization of untransformed austenite,
thus giving rise to blocky M-A constituent islands. For higher cooling rates and lower
bainitic transformation temperatures, displacive mechanisms become more predominant
in the bainite growth. Therefore, carbon diffusion will be shorter in range, resulting in less
carbon enrichment between bainitic ferrite crystals. This scenario will favor the refinement
of M-A islands, as well as the greater occurrence of film morphology [15,57,58].

3.5. Microstructural Characterization Results—SEM-EBSD

Figure 14 depicts maps of crystallographic disorientation for boundaries with dis-
orientation angles less than 2◦ (kernel average misorientation—KAM maps) of plates 2
and 3, along with their mean kernel disorientation parameters (ϑ). Despite the two plates
being subjected to different rolling strategies, it is noteworthy that they exhibited identical
average kernel disorientation values (ϑ = 1.4◦).

Metals 2024, 14, x FOR PEER REVIEW 21 of 29 
 

 

the refinement of M-A islands, as well as the greater occurrence of film morphology 

[15,57,58]. 

 

Figure 13. Comparison between the average sizes of M-A islands (average equivalent diameter) 

measured at the central and 1/4 thickness positions of plates 4 and 1 using optical micrographs at 

500× and 1000× magnifications, and through scanning electron microscopy at 5000× magnification. 

3.5. Microstructural Characterization Results—SEM-EBSD 

Figure 14 depicts maps of crystallographic disorientation for boundaries with disori-

entation angles less than 2° (kernel average misorientation—KAM maps) of plates 2 and 

3, along with their mean kernel disorientation parameters (𝜗). Despite the two plates being 

subjected to different rolling strategies, it is noteworthy that they exhibited identical av-

erage kernel disorientation values (𝜗 = 1.4°). 

 

Figure 14. KAM maps—crystallographic disorientation maps considering ϑ < 2◦ for plates (a) 3 and
(b) 2.

Despite the mean kernel misorientation parameter being the same for both plates, it
is evident that the fraction of crystals with green coloring (0.5◦ < θ < 1◦) is significantly
larger in plate 3 than in plate 2. According to Isasti et al. [25], intervals of grain boundaries
with a crystallographic misorientation angle less than 2◦ (θ < 2◦) contribute to the work-
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hardening mechanism by dislocation density, meaning that a higher local misorientation
angle implies a higher dislocation density. In this context, Isasti et al. [25] suggest that a
significant portion of crystals with 0.5◦ < θ < 1◦ (green coloring) would be associated with
primary ferritic structures, especially coarser ones indicating the presence of polygonal
ferrite. Furthermore, in Figure 14a, it is observed that many crystals, possibly polygonal
ferrite, are side by side, aligned in the rolling direction.

Figure 15 presents the grain boundary maps (θ > 4◦) of plates 2 and 3. Low-angle
boundaries (4◦ < θ < 15◦) are highlighted in red. It is noticeable that in plate 2, the
density of low-angle boundaries is higher than in plate 3. Particularly noteworthy is the
presence of some relatively coarse regions, delimited by high-angle boundaries, with a
high density of low-angle boundaries within. According to Larzabal et al. [56], a higher
presence of low-angle boundaries strongly indicate a higher fraction of bainitic structures
and nonpolygonal constituents, especially bainitic ferrite bundles formed at relatively high
temperatures, nucleated from a few crystallographic variants.
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Figure 15. Grain boundary maps (θ > 4◦) of plates (a) 3 and (b) 2.

Table 4 and Figure 16 present the mean grain sizes of plates 2 and 3 considering
threshold angles of 4◦ and 15◦. For both criteria, it is evident that there is no significant
difference in the average grain sizes.

Table 4. Mean grain sizes for plates 2 and 3 subjected to preliminary rolling conditions.

Plates Average Size (µm)—4◦

Disorientation Criterion
Average Size (µm)—15◦

Disorientation Criterion

2 2.4 3.0
3 2.3 2.9

However, according to Cizek et al. [49], since plate 3 underwent a higher cumulative
deformation at lower temperatures, a smaller austenitic grain size is expected at the be-
ginning of accelerated cooling. This results in a higher density of preferred sites for the
nucleation of diffusional constituents, accelerating the kinetics of austenite decomposition
and raising the temperatures Ar3 and Ar1 for the same cooling rate. Generally, this acceler-
ation in the kinetics of austenite decomposition, due to the smaller austenitic grain size,
leads to a shift in the steel’s CCT diagram to the left, favoring the formation of polygonal
ferrite with very small grains in low carbon microalloyed steels.
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In this scenario, a delicate balance seems to have been achieved. While the higher
density of discontinuities may contribute to microstructural refinement by increasing the
density of nucleation sites, the driving force for the transformation is also higher. This
causes the austenite decomposition to start at higher temperatures, resulting in a larger
critical nucleation radius. This may allow the formation of polygonal ferrite with relatively
coarse grains compared to the average structure. Considering this subtle balance discussed,
it appears that even though plate 3 underwent finishing rolling at lower temperatures, it
did not effectively contribute to the microstructural refinement of the final product when
compared to plate 2.

Using the EBSD characterization data and yield strength (σy) data obtained from
tensile tests, the different contributions of hardening mechanisms were evaluated. The
yield strength of low-carbon and microalloyed steels can be mathematically expressed by a
function that considers various contributions, as shown by Equation (7).

Figure 17 presents the prediction of contributions from different hardening mecha-
nisms to the tensile yield strength of plates 2 and 3.

Considering the results presented in Figure 17, it is noticeable that, due to very
similar chemical compositions, as shown in Table 1, the contributions of solid solution
strengthening in plates 2 and 3, calculated by Equation (8), are similar, measuring 137 MPa
and 143 MPa, respectively.

Analyzing the results presented in Table 1 and Figure 15, one can understand that
the effect of microstructural refinement on the yield strength of plates 2 and 3 would be
similar. According to Equation (9), for plates 2 and 3, they would be 355 MPa and 363 MPa,
respectively. It can be observed from Figures 14 and 15 that the microstructure of plate 3
appears slightly more refined than plate 2; hence, it is confirmed that the contribution of this
microstructural refinement mechanism is subtly higher. According to Isasti et al. [25], the
grain size reduction (Hall–Petch) hardening mechanism was the most relevant in all cases
evaluated by them in Nb-Mo microalloyed steels, consistent with the results estimated in
this study.
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However, even though plate 3 underwent finishing rolling passes at lower temper-
atures, as indicated in Table 3, this did not effectively contribute to the microstructural
refinement of the final product when compared to plate 2. This result leads to an important
cautionary note: the application of finishing rolling passes at relatively low temperatures,
aiming to accumulate a higher density of structural discontinuities in the alloy for obtain-
ing more refined bainitic microstructures, was not effective. On the contrary, this strategy
enables the formation of a significant fraction of polygonal ferrite, mainly aligned in regions
of negative Mn segregation, which may represent points of heterogeneity in the material,
without a significant gain in the microstructural refinement hardening mechanism.

Regarding the dislocation density, as highlighted in Figure 14, since the average
kernel misorientation parameter is the same for both plates (ϑ = 1.4◦), by observing
Equations (10) and (11), it was expected that the contributions from this mechanism would
be identical for both plates (80 MPa).

Since the effect of the M-A constituent fraction was not considered, given its negligible
quantity, as presented earlier, the only remaining contribution to justify the yield strengths
of plates 2 and 3 was the precipitation hardening mechanism. In this context, this mecha-
nism is considered to have contributed 79 MPa in plate 3, while contributing only 6 MPa in
plate 2.

According to Edmonds [59], during finishing rolling, there may be the precipitation of
carbides with equivalent diameters between 100 nm and 10 nm. These relatively coarse
carbides would not have a significant effect on material hardening to justify an increase
of almost 80 MPa in plate 3. However, there may be precipitation of carbides with sizes
between 10 nm and 1 nm during the accelerated cooling stage, and these could indeed
justify this significant contribution to the yield strength of the studied steel. Additionally,
according to DeArdo [60,61], as the deformation applied to plate 3 occurred at lower
temperatures, it may affect the kinetics of the formation and distribution of fine precipitates
in the structure during accelerated cooling.

Another factor, according to Hu et al. [62] and Mohrbacher [63], in steels with chemical
compositions similar to those presented in Table 1 used in this study, depending on the
processing condition, intense formation of (Nb, Mo) (C, N) type precipitates may occur.
Moreover, molybdenum inhibits the coalescence of these carbides by segregating at the
matrix–carbide interface, favoring their refinement at the end of processing.
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3.6. Mechanical Properties Results

The mechanical properties resulting from the rolling strategies are presented in Table 5.

Table 5. Mechanical properties obtained from two distinct rolling strategies (averages).

Rolling Strategy Plate Charpy Impact
Energy (J)

YS—0.5%
(MPa) TS (MPa) Elongation (%) YS/TS Hardness (HV)

B
3 301 664 708 42 0.94 235

4 494 623 688 43 0.91 202

A
2 478 578 671 42 0.86 228

1 490 583 712 43 0.82 217

The two rolling strategies produced notably distinct mechanical properties, particu-
larly evident in the yield strength, where plate 3 exhibited the highest result. It is notewor-
thy that rolling Strategy B resulted in a remarkably high elastic ratio (YS/TS), exceeding
0.91, whereas the maximum allowed for the final product, according to the API 5L X80
standard, is 0.93. Consequently, for plate 3, the elastic ratio of the heavy plate product
already surpasses the maximum tolerance specified in the API 5L X80 standard [48].

Concerning the toughness outcomes of rolling Strategy B, plate 3 demonstrated the
least favorable performance in Charpy impact tests (at −20 ◦C). In this strategy, after finish-
ing rolling, an austenitic structure with a higher dislocation density is expected, especially
in plate 3. Coupled with relatively low cooling rates during the accelerated cooling step,
this could lead to microstructural heterogeneity due to the presence of polygonal ferrite.
Despite plate 4 exhibiting more apparent heterogeneity under light microscopy, its Charpy
impact results outperformed those observed in plate 3.

In a previous study [25], the mechanical properties of API 5L X80 pipes were evalu-
ated, and the authors concluded that these properties, especially tensile strength (TS) and
toughness, show a strong correlation with equivalent carbon content (EC). In this study,
plate 3 came from a batch with slightly higher ECPcm values than the batch that produced
plate 4.

Concerning rolling Strategy A, the values of yield strength (YS), tensile strength (TS),
and impact toughness were within the specified range [48]. Notably, plate 1 exhibited the
best balance between mechanical strength and impact toughness, along with the lowest
elastic ratio among the four rolled plates. Plate 2 showed a slightly coarser microstructure
than plate 1, which justifies the minor differences observed in mechanical properties under
tension and Charpy impact toughness between the two plates of rolling Strategy A.

The TS and elongation values obtained meet the specifications for heavy plates in-
tended for API 5L X80 pipes [48]. Remarkably, rolling Strategy A yielded the highest impact
toughness values at −20 ◦C, along with the highest elongation values across all plates.

Regarding hardness values presented in Table 3, unlike the YS results, there is no
discernible trend between the two rolling strategies. While the API 5L standard does not
specify hardness values for general-purpose PSL level 2, it does set a maximum hardness of
300 HV for grade X80 in offshore applications (Annex J in the Standard). Thus, considering
the values obtained in the four rolled plates, the hardness of the finished product would
remain within the limit, even for more stringent applications [48].

4. Conclusions

Both rolling strategies met all critical temperatures, rolling conditions, and acceler-
ated cooling requirements, except for the finishing rolling final temperature in one of the
strategies and the average rate of accelerated cooling in three out of the four plates.

Microstructural characterization by optical microscopy (OM) and scanning electron
microscopy (SEM) confirmed that the final steel microstructure adhered to the proposal,
predominantly consisting of granular bainite. The presence of Mn segregation bands in the
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central regions, where the presence of polygonal ferrite was confirmed, was also identified.
Additionally, the presence of M-A constituents was nearly insignificant.

Characterization by SEM-electron backscatter diffraction (EBSD) confirmed similar
values for both conditions. Thus, the difference found between the plates in terms of their
mechanical properties was associated with the precipitation hardening mechanism.

Mechanical testing results confirmed that all conditions met the requirements for
compliance with the API 5L grade X80 standard, considering the manufacturing of heavy
plates with a final thickness of 20.66 mm, especially for Strategy A. Furthermore, noteworthy
were the good results for elongation in the transverse direction to the rolling and the
absorbed energy results.

Finally, contrary to what is classically described for controlled-rolled low-alloy steels
manufactured by controlled rolling, Strategy B, which had an austenitic structure with a
higher density of sites for the nucleation of diffusional constituents, led to the formation of
a significant fraction of primary ferrite during the accelerated cooling stage. This was due
to deformation at lower finishing temperatures, especially in regions of the heavy plate
subjected to lower cooling rates and with negative manganese segregation.

Considering the obtained results, it is possible to affirm that the proposed Strategy
A parameters can be successfully used to manufacture API 5L X80 heavy plates in a
reversible single-stand mill. It is important to advertise that it is not recommended to
accumulate extremely high deformation in austenite during the finishing rolling (70% is
the highest suggested). The last finishing pass should not occur at a temperature lower
than Ar3 + 90 ◦C.
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