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Abstract: Microalloyed steels have evolved in terms of their chemical composition, processing,
and metallurgical characteristics since the beginning of the 20th century in the function of
fabrication costs and mechanical properties required to obtain high-performance materials needed
to accommodate for the growing demands of gas and hydrocarbons transport. As a result of this,
microalloyed steels present a good combination of high strength and ductility obtained through the
addition of microalloying elements, thermomechanical processing, and controlled cooling, processes
capable of producing complex microstructures that improve the mechanical properties of steels.
These controlled microstructures can be severely affected and result in catastrophic failures, due to
the atomic hydrogen diffusion that occurs during the corrosion process of pipeline steel. Recently,
a martensite–bainite microstructure with acicular ferrite has been chosen as a viable candidate to be
used in environments with the presence of hydrogen. The aim of this review is to summarize the
main changes of chemical composition, processing techniques, and the evolution of the mechanical
properties throughout recent history on the use of microalloying in high strength low alloy steels,
as well as the effects of hydrogen in newly created pipelines, examining the causes behind the
mechanisms of hydrogen embrittlement in these steels.
Keywords: microalloyed steels; mechanical properties; processing; microstructural and chemical
composition; hydrogen embrittlement

1. Introduction
Steel has represented a great advance in the history of the humanity, due to its multiple uses and
excellent properties. Throughout history, great discoveries have been made through the knowledge of
the phenomena that dominate the behavior of alloys, such as chemical composition, microstructure
and thermomechanical processes. Many researchers have contributed to this knowledge and laid the
foundations responsible for the continuous developments in the field of metallurgy.
In the last 50 years, the strength of steels has increased progressively thanks to advances
in metallurgy and manufacturing techniques in response to the market demand for lighter and
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stronger steels. The need to achieve these characteristics of higher strength and weldability with
sufficient toughness and ductility has led to the development of high strength low alloy (HSLA) steels.
HSLA steels typically contain very low carbon content and small amounts of alloying elements [1],
and these are classified by the American Petroleum Institute (API) in order of its strength (X-42, X-46,
X-52, X-56, X-60, X-65, X-70, X-80, X-100 and X-120). These properties are achieved by a careful selection
of microalloy composition and optimization of thermomechanical processing (TMP) and accelerated
cooling conditions subsequent to the TMP.
HSLA steels have been developed to obtain improved mechanical properties compared to normal
carbon steels, as well as superior corrosion resistance properties. Alloying elements include 0.05–0.25%
carbon, manganese content up to 2%, and small amounts of chromium, nickel, molybdenum, copper,
nitrogen, vanadium, niobium, titanium and zirconium that can be used in different proportions [2].
There are many types of HSLA steels, such as weathering steels, microalloyed ferrite-pearlite
steels, as-rolled pearlitic steels, acicular ferrite steels, dual phase steels, and inclusion shape-controlled
steels. Commonly weathering steels have compositions that include small quantities of alloying
elements to improve corrosion resistance; additions of copper are often used in atmospheres where the
levels of phosphorus and sulfur are low in the air. In general, microalloyed ferrite-pearlite steels present
compositions with small percentages of carbide formers like vanadium and titanium, which strengthen
the steel via precipitation hardening and grain refinement. As-rolled pearlitic steels typically only
contain carbon and manganese but can have additions of other elements to increase their strength.
Dual phase steels use microalloying to create a ferrite matrix with dispersed martensite [2].
The importance of these steels lies in their use in a wide variety of commercial and industrial
applications; as a result of this, they have served as crucial materials to achieve great advances in
many fields, such as: construction, heavy duty vehicles, storage tanks, railroad cars, oil rigs, pipes for
hydrocarbon transport and many more.
2. Chemical Composition of Microalloyed Steels
High Strength Low Alloy (HSLA) steels were introduced at the beginning of the 20th century
and the main elements used in a low wt % combination are Nb, V, and Ti. The microalloyed steels
(as later were named) use a small amount of microalloying elements ranging from 0.10 up to 0.15 wt %,
for single and multi-elements [3], and are either Nb, V or Ti alloyed [4].
The use of microalloyed elements was first reported in the literature around the years 1938–1939,
with the use of Nb as a strengthener of hot rolled C-Mn steels [5]. Subsequently, in the year 1945,
the V effects were used to increase the strength of normalized steels, but these new microalloyed steels
had low impact toughness and ductility [6,7]. It was well known the advantage of grain refining effects
due to precipitation of microalloyed elements in the presence of N and C, promoting the precipitation
of carbides, nitrides and carbonitrides (Nb, V) (C, N), but the strengthening mechanism was not clear.
The increase of Mn content has been correlated to a reduction of the harmful effect on toughness
caused by the precipitation of V and Nb carbonitrides [8], and it was later discovered that Nb
could retard the austenite recrystallization [9], which was the introduction of controlled rolling
and thermomechanical controlled processing [10]. Mo and Al were used to retard the austenite
recrystallization, but it was determined that Nb was the most effective [11]. Later, the use of other
elements Zr, B and rare earth metals were used for the control of inclusions, and the controlled
additions of S were added to improve the machinability [12]. The effect of microalloying content (wt %)
on austenite recrystallization is shown in Figure 1.
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The early work on Nb microalloyed steels was concentrated in the USA and UK; in the year 1958,
The early work on Nb microalloyed steels was concentrated in the USA and UK; in the year 1958,
the American company National Steel Corporation developed an Nb-treated steel with relatively low
the American company National Steel Corporation developed an Nb-treated steel with relatively low
cost with the addition of 0.005–0.03% of Nb content, obtaining a combined effect on strengthening
cost with the addition of 0.005–0.03% of Nb content, obtaining a combined effect on strengthening and
and good toughness [13], this semikilled C-Mn steel is able achieve a yield strength in a range of 300
good toughness [13], this semikilled C-Mn steel is able achieve a yield strength in a range of 300 up to
up to 415 MPa. Furthermore, V was used in combination of Cr-Mo to improve the creep resistance at
415 MPa. Furthermore, V was used in combination of Cr-Mo to improve the creep resistance at high
high temperatures, which was attributed to their high temperature stability [14], with a maximum
temperatures, which was attributed to their high temperature stability [14], with a maximum working
working temperature of 400 °C.
temperature of 400 ◦ C.
In the 1970s, the strengthening mechanism was developed by the optimization of chemical
In the 1970s, the strengthening mechanism was developed by the optimization of chemical
composition and processing. The principal mechanisms that even modern high strength steels still use
composition and processing. The principal mechanisms that even modern high strength steels still use
are grain size refinement, solid solution by Mn, Mo, Si, Cu, Ni, Cr addition, precipitation hardening due
are grain size refinement, solid solution by Mn, Mo, Si, Cu, Ni, Cr addition, precipitation hardening due
to the formation of Nb, V, Ti carbonitrides, increased dislocation density and fine grain microstructure
to the formation of Nb, V, Ti carbonitrides, increased dislocation density and fine grain microstructure
generated by a thermomechanical controlled processing and controlled cooling that enhance the
generated by a thermomechanical controlled processing and controlled cooling that enhance the
mechanical properties [15–17], and decreases the transformation temperature. In accordance with
mechanical properties [15–17], and decreases the transformation temperature. In accordance with
Vervynct et al. [18], the solid solution strengthening is directly related to the microalloyed content, while
Vervynct et al. [18], the solid solution strengthening is directly related to the microalloyed content,
grain size refinement and precipitation hardening is a function of the interaction between microalloying
while grain size refinement and precipitation hardening is a function of the interaction between
elements and strain percent during thermomechanical controlled processes (TMCPs).
microalloying elements and strain percent during thermomechanical controlled processes (TMCPs).
The C content used in HSLA steels before 1980 was 0.07–0.12%; meanwhile, up to 2% of Mn
content was commonly employed together with different additions and combinations of V, Nb and
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The C content used in HSLA steels before 1980 was 0.07–0.12%; meanwhile, up to 2% of Mn
content was commonly employed together with different additions and combinations of V, Nb and Ti
(max. 0.1%) [19]. Reducing the C content could improve the weldability maintaining strength, and it
was equal to mild steels, but the principal problem of reducing the C content was that ductility and
toughness were not as good as quenched and tempered steels [19].
Controlling the critical temperatures of austenite, microalloying elements can be adjusted to
achieve the final mechanical properties required for some applications. These critical temperatures are:
the grain coarsening temperature during reheating, recrystallization temperature during hot rolling
and transformation temperature during cooling [20,21]. The principal effects of microalloying elements
are summarized in Table 1.
Table 1. Principal effect of microalloyed elements [18].
Element

wt %

Effect

C

<0.25

Mn

0.5–2.0

Retards the austenite decomposition during accelerated cooling
Decreases ductile to brittle transitions temperature
Strong sulfide former

Si

0.1–0.5

Deoxidizer in molten steel
Solid solution strengthener

Al

<0.02

Nb

0.02–0.06

Ti

0–0.06

Austenite grain control by titanium nitrides
Strong ferrite strengthener

V

0–0.10

Strong ferrite strengthener by vanadium carbonitrides

Zr

0.002–0.05

N

<0.012

Mo

0–0.3

Promotes bainite formations
Ferrite strengthener

Ni

0–0.5

Increase fracture toughness

Cu

0–0.55

Improves corrosion resistance
Ferrite strengthener

Cr

0–1.25

In the presence of copper, increase atmospheric corrosion resistance

B

0.0005

Promotes bainite formation

Strengthener

Deoxidizer
Limits grain growths as aluminum nitride
Very strong ferrite strengthener as niobium carbides/nitrides
Delays austenite-ferrite transformation

Austenite grain size control
Strong sulfide former
Strong former of nitrides and carbonitrides with microalloyed elements

The evolution of the chemical composition of microalloyed steels from 1959 to the present is
shown in Table 2. Microalloyed steels present a large variety of complex combinations in their chemical
composition (Nb-V, Nb-Mo, Nb-Cr) depending on the mechanical properties required.
The precipitation of carbides and nitrides occurs in three distinct stages during the microalloyed
steels processing as is described in Table 3 [22,23]. These precipitates could be homogeneous, coherent,
semi-coherent or incoherent with the crystalline lattice of steel. They can even precipitate in grain
boundaries and dislocations, where they can later promote strain induced precipitation.
Modern studies have primarily focused on nanoprecipitates since they make a significant
contribution to the yield strength [24]. The presence of precipitates (Ti, V, Nb) (C, N) inhibits the
movement of the austenitic grain boundary and retards the grain growth at high temperatures [25];
this process impedes the movement of the dislocations and causes an increase in strength of the
steel [26]. Other studies have determined that precipitates of TiN and Nb (C, N) have been effective
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in inhibiting the growth of austenitic grain [11]. The austenite grain inhibition effect depends on the
forming temperature of carbonitrides during the processing of steels.
The principal effects associated with the formation of Nb, V and Ti carbonitrides are listed in
Table 4 and Figure 2 shows the solubility temperature of the most common precipitates in microalloyed
steels. These effects depend strongly on the stability and solubility as a function of temperature
processing. According to this figure, the VN, NbCN and TiC particles are stable at the typical
normalizing temperature, around 900 ◦ C, which induces a sufficient volume fraction of fine particles
for grain growth controlling [27,28].
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Table 2. Evolution of chemical compositions as a function of the API steel grade [21].
C

Mn

S

Si

Cu

Mo

Nb

V

Ti

Al

Cr

Ni

B

Grade

0.041–0.17
0.037–0.125
0.028–0.142
0.025–0.1
0.027–0.05

0.30–1.68
1.44–1.76
1.52–1.90
1.56–2.0
0.54–2.14

0.0002–0.03
0.001–0.015
0.001–0.009
0.001–0.0024
0.001–0.004

0.02–1.39
0.14–0.44
0.17–0.31
0.1–0.25
0.08–0.31

0.02–0.31
0.006–0.27
0.015–0.20
0.25–0.46
0.010–0.015

0.005–0.14
0.01–0.3
0.05–0.3
0.19–0.43
0.001–0.40

0.018–0.06
0.051–0.092
0.038–0.090
0.043–0.089
0.048–0.1

0.042–0.21
0.001–0.095
0.002–0.1
0.003–0.07
<0.025

0.002–0.01
0.009–0.03
0.007–0.024
0.011–0.02
<0.015

0.006–0.030
0.045–0.04

0.02–0.157
0.007–0.266
0.015–0.12
0.016–0.42
0.22–0.42

0.005–0.8
0.02–0.23
0.02–0.75
0.13–0.54
0.017–1.35

0.0013–0.0017

X-65
X-70
X-80
X-100
X-120

Table 3. Stages of carbides and nitrides precipitation during microalloyed steels processing [22,23].
Stage

Description

1

Formed during the liquid phase or after solidification process.
Very stable precipitates, generally too coarse to influence on austenite recrystallization. Smallest can retard austenite coarsening during reheating.

2

Precipitation induced by strain during controlled rolling, retarding the austenite recrystallization and causing grain refinement.

3

Formed during or after austenite-ferrite transformation, nucleation in austenite-ferrite interfase or ferrite. Fine precipitation is observed.

Metals 2018, 8, 351
Metals 2018, 8, x FOR PEER REVIEW

7 of 49
6 of 48

Carbonitrides solubility
solubility as
as aa function
function of temperature, (a) vanadium nitride, (b) niobium
Figure 2. Carbonitrides
carbide, (c) niobium nitride and (d) titanium carbide [27,28].
Table 4.
4. The
The effect
effect of
of carbides,
carbides, nitrides
nitrides and
Table
and carbonitrides
carbonitrides on
on steels
steels processing
processing [27,28].
[27,28].

Precipitate
Type
Precipitate
Type
Nb Nb
TINTIN
VN, NbCN, TiC
VN, NbCN, TiC
Nb, NbCN
Nb, NbCN
VC
VC TiC
VN, VC, NbCN,
VN, VC, NbCN, TiC

Effect
Effect
Control
austenite
transformation
duringhot
hotrolling
rolling
processing
Control austenite transformation during
processing
PinPin
andand
refine
the
grain
size
during
high
temperature
austenitizing
refine the grain size during high temperature austenitizing
Refines steels microstructure and grain size
Refines steels microstructure and grain size
Increase recrystallization temperature during hot rolling
Increase recrystallization temperature during hot rolling
Induces precipitation strengthening after normalizing
Induces
precipitation
strengthening after
after normalizing
Induce
precipitation
strengthening
hot rolling
Induce precipitation strengthening after hot rolling

Nb addition is used for grain refinement and precipitation strengthening, but this strengthening
effectNb
is reduced
N) precipitates
during
hot deformation.
These precipitates
retard the
addition when
is usedNb
for(C,
grain
refinement and
precipitation
strengthening,
but this strengthening
recovery
and recrystallization
ofprecipitates
deformed during
austenite
increase the
non-recrystallization
effect is reduced
when Nb (C, N)
hotand
deformation.
These
precipitates retard
temperature
[29].
The
principal
role
for
Nb
additions
are:
NbC
and
Nb
(C,
N)
precipitation at
the recovery and recrystallization of deformed austenite and increase the non-recrystallization
austenite-ferrite
transformation
during
cooling
or cooling treatment
strengthening
[30];
temperature [29].
The principal
role for
Nb additions
are: NbC that
andincreases
Nb (C, N)
precipitation
at
Nb
solid solution
and its carbonitrides
precipitates
retardtreatment
the austenite
grain growth
and suppress
austenite-ferrite
transformation
during cooling
or cooling
that increases
strengthening
[30];
austenite-ferrite
transformation
that cause
a grain refinement.
Nb solid solution
and its carbonitrides
precipitates
retard the austenite grain growth and suppress
On the othertransformation
hand, small additions
of Ti
causerefinement.
a finely dispersed nanoscale nitrides precipitation
austenite-ferrite
that cause
a grain
that On
restricts
austenite
temperatures
(1200 nanoscale
°C) [31]. Ti
segregates
during
the other
hand, grain
small growth
additionsatofhigher
Ti cause
a finely dispersed
nitrides
precipitation
◦
solidification
of
the
steel
and
causes
a
local
concentration
inducing
a
precipitation
of
large
TiN
that restricts austenite grain growth at higher temperatures (1200 C) [31]. Ti segregates during
particles
thatofcause
a pinning
effect
and concentration
the formationinducing
of acicular
ferrite producing
a good
heat
solidification
the steel
and causes
a local
a precipitation
of large TiN
particles
affected
zone
(HAZ)
toughness
[32].
TiC
precipitation
can
also
cause
strengthening;
however,
V is
that cause a pinning effect and the formation of acicular ferrite producing a good heat affected zone
the
most
versatile[32].
precipitation
strengthening
and is effective
in different
compositions
of
(HAZ)
toughness
TiC precipitation
can alsoelement,
cause strengthening;
however,
V is the
most versatile
microalloyed
steels as well element,
as in those
with
higher Cincontent.
precipitation strengthening
and
is effective
different compositions of microalloyed steels as
addition
has a high
influence on the transformation temperature of HSLA steels under
well The
as inNb
those
with higher
C content.
normal processing conditions [21,33]. Nb in solid solution in austenite reduces the Ar1 and Ar3
transformation temperatures of C-Mn steel. This process causes a large austenite grain size that
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The Nb addition has a high influence on the transformation temperature of HSLA steels under
normal processing conditions [21,33]. Nb in solid solution in austenite reduces the Ar1 and Ar3
transformation temperatures of C-Mn steel. This process causes a large austenite grain size that
transforms in ferrite or bainite Widmanstädter. The presence of this microstructure conveys a lower
fracture toughness than has been observed in Nb-treated steels finish rolled at temperatures around
1000 ◦ C [34]. However, low temperature finish rolled steels containing a fine austenite grain size are
able to use the Nb transformation effect in combination with that of bainite-forming elements such
as Mo or B to form stronger and tougher steels. The use of controlled cooling reduces the amount of
alloying elements required and the steels can reach strengths around 600 MPa [35].
In 2018, microalloyed steels with vanadium were studied, in which an increase in resistance up
to 120 MPa was obtained. It was determined that the vanadium atoms in solution delay the bainite
reaction at lower transformation temperatures (by 30–40 ◦ C) within cooling rates of 1–50 ◦ C/s [36].
3. Processing of Microalloyed Steels
One of the most efficient and commonly employed methods to improve and control the mechanical
properties of steels is the TMCP. This technology has been developed and applied to the industry in
a fast manner. A high production volume of steels has been manufactured through this process due to
its excellent results. The main principles behind this process are the ability to refine the austenite grain
size, increase the defect density, accelerate the precipitation of micro-alloying elements, and control the
type of obtained phases [37]. This process has been used more and more, replacing the heat treatment
techniques of normalizing, quenching and tempering the heat process. The TMCP helps to make
cheaper and simpler the production process of low-carbon bainitic steels, in addition to providing
high strength, high tenacity, and good weldability. One of the options to achieve these properties is to
increase the microalloying contents, such as Nb, Ti or V; besides affecting austenite microstructural
evolution, it contributes greatly to increasing precipitation hardening and dislocation density. One of
the problems with high strength low alloy (HSLA) steels is the complex interaction between their
hardening mechanisms, making it difficult to optimize parameters for their manufacture.
In order to maintain good control of the TMCP, a good understanding of the two processes
involved is required; the complex interaction between strain precipitation of niobium carbonitride
in austenite and static recovery [38–41] (Figure 3). The effect of initial austenite grain size and
rolling temperature on the critical strain for recrystallization was studied by Tanaka et al. [42] and
Kozasu et al. [43], and they reported excellent results in the year 1975, Figures 4 and 5.
Most microalloyed steels are manufactured by controlled rolling and accelerated cooling (TMCP).
Severe low temperature rolling is often applied, which may negatively affect fracture toughness
(ductile crack arrestability) and resistance to sour environments [44]. Consequently, other technologies
have emerged such as the High Temperature Processed Steels [45].
Research by Kozasu et al. [43] showed that equivalent low temperature fracture toughness can be
achieved at 1000 ◦ C finishing temperature when 0.10 percent niobium is used compared with 800 ◦ C
finish rolling temperature (Figure 6).
In a TMCP, the mechanical properties are greatly affected by different parameters, such as rolling
ratio, rolling temperature, cooling pattern, cooling rate and the coiling temperature. Among these
factors, one of the most significant is the cooling temperature [46,47]. On the other hand,
the temperature of the TMCP contributes to the precipitation of the microalloying elements [48–52].
In the year 2016, Misra and Jansto [53] reported a high strength low alloy (HSLA) steel. At a TMCP
temperature of 579 ◦ C, the reported yield strength (YS) was in the range of 701–728 MPa, tensile strength
was 996–997 MPa, and elongation was 21–23% (Table 1) [54]. When the TMCP temperature was 621 ◦ C,
yield strength, tensile strength, and elongation were in the range of 749–821 MPa, 821–876 MPa,
and 19–25%, respectively (Table 5) [54].
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Elongation
Elongation

579
579°C
°C
701–728
701–728MPa
MPa
996–997
996–997MPa
MPa
21–23%
21–23%

621
621°C
°C
749–821
749–821MPa
MPa
821–876
821–876MPa
MPa
19–25%
19–25%
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Table 5. Average yield strength, tensile strength, and elongation [54].
Temperature
Yield strength
Tensile strength
Elongation
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Figure 7. Schematic diagram of grain size refinement in steels.
Figure 7. Schematic diagram of grain size refinement in steels.

A further fivefold reduction in grain size to about 1 µm is expected to increase the yield strength
A further fivefold reduction in grain size to about 1 µm is expected to increase the yield strength
by another 260 MPa. Another fivefold decrease in grain size to submicron ranges would raise the
by another 260 MPa. Another fivefold decrease in grain size to submicron ranges would raise the
strength by a further 586 MPa to levels >1000 MPa.
strength by a further 586 MPa to levels >1000 MPa.
In view of the enormous advantages that are to be gained by the refinement of the grain size for
simple steel compositions, researchers are active all over the world trying to produce ultrafine-grain
ferritic steels. In Figure 8, a thermomechanical process is depicted with different strain levels and
different cooling rates. It shows that deformation in the biphasic zone and air cooling produces a
higher grain size in comparison with that the process with deformation above the Ar3 transformation
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Presented below is a brief review of the current status of knowledge of this research field and
Presented below is a brief review of the current status of knowledge of this research field and the
the developments that have taken place in recent years regarding attempts to produce ultrafine
developments that have taken place in recent years regarding attempts to produce ultrafine grained
grained ferritic steel. The following mechanisms have been proposed for obtaining ferrite grains as
ferritic steel. The following mechanisms have been proposed for obtaining ferrite grains as fine as
fine as 1–2 µm. These mechanisms are intended to operate during the thermomechanical processing
1–2 µm. These mechanisms are intended to operate during the thermomechanical processing of plain
of plain carbon steels and low carbon microalloyed steels.
carbon steels and low carbon microalloyed steels.
Austenite is dynamically recrystallized, and the majority of deformation is obtained just above
Austenite is dynamically recrystallized, and the majority of deformation is obtained just above
the austenite to ferrite transformation (Ar3) temperature. This leads to the formation of ferrite grains
the austenite to ferrite transformation (Ar3 ) temperature. This leads to the formation of ferrite grains
that are 1–2 µm in size.
that are
1–2 µm in size.deformation is carried out just below the γ → α transformation temperature.
High-strain-rate
High-strain-rate
deformation
is carried
just below the
γ → α transformation
temperature.
Due to the heat generated
as a result
of the out
high-strain-rate
deformation,
the ferrite transforms
to
Due
to
the
heat
generated
as
a
result
of
the
high-strain-rate
deformation,
the
ferrite
transforms
to
austenite for a while before transforming back to ferrite. This process, when carried out in a cyclic
manner, leads to the formation of very fine ferrite grains.
The severe straining of ferrite is used to initiate dynamic recovery. However, this approach
cannot lead to ultrafine grain sizes, but ferrite grain sizes of ~3 µm can be achieved. This occurs
because further grain refinement in ferrite is very difficult due to the low strain-hardening exponent
and the higher stacking fault energy of ferrite.

Metals 2018, 8, 351

13 of 49

austenite for a while before transforming back to ferrite. This process, when carried out in a cyclic
manner, leads to the formation of very fine ferrite grains.
The severe straining of ferrite is used to initiate dynamic recovery. However, this approach cannot
lead to ultrafine grain sizes, but ferrite grain sizes of ~3 µm can be achieved. This occurs because
further grain refinement in ferrite is very difficult due to the low strain-hardening exponent and the
higher stacking fault energy of ferrite.
The deformation of coarse-grained austenite beyond a critical strain leads to the intragranular
nucleation of ferrite inside the austenite grains, leading to considerable refinement of the ferrite grains.
This mechanism is believed to operate while producing a layer of ultrafine ferrite at the surface of
a thin strip. This refinement procedure requires austenitization at high temperatures to produce coarse
austenite grains. The strip is then cooled to very near the Ar3 temperature of the steel and is rolled
at that temperature. An extremely high nucleation density of ferrite on the dislocation substructure
within the coarse austenite grains is obtained due to the intense localization of shear strain in the
layers close to the surface. This processing sequence results in a layer of ferrite approximately 1 µm in
diameter close to the surface, while the core of the strip transforms to a more normal microstructure of
coarser ferrite or bainite, depending on the cooling rate and composition of the steel.
The unique features of this method of production of ultrafine-grained steel is that it employs
characteristics that are not generally considered to be desirable in the conventional controlled rolling
of steel, namely, a large austenite grain size, supercooling of the austenite, and high friction at the
work-piece/roll interface.
Water quenching of the surface layer of the steel before the penultimate hot-rolling pass is another
way to transform the surface layer of a strip into very fine ferrite grains. Heat from the core of the plate
raises the surface temperature, so that the ferrite recrystallizes during the final pass, leading to a grain
size of about 2 µm. This mechanism of refining the grain size at the surface is used when producing
HiArrest plates (Nippon Steel, Kawasaki, Japan), which possess superior crack-arresting properties.
An altogether different route of obtaining ultrafine grains is the cold rolling and warm annealing
of a martensitic structure. However, the limitation of this processing route is the achievement of the
martensitic structure in plain C-Mn steel, which limits the thickness of the sheet.
In recent studies, a 0.013% Nb, C-Mn steel was thermomechanically processed in an attempt to
obtain very fine grains of ferrite. The resulting microstructure was characterized.
The effect of Nb content on the austenite microstructural evolution during hot deformation has
been studied in the past [62], having two different percentages of Nb (0.04 and 0.11%); it is observed
that this difference does not affect the grain size; however, their mechanical properties are greatly
affected. A difference in the cooling temperature leads to a large difference in the obtained mechanical
strength. They observed that, for the alloy with low Nb content at 700 ◦ C, the lowest strength values
were obtained, while at a temperature of 600 ◦ C they observed an increase of 90 MPa in the YS and
finally for a temperature of 500 ◦ C the YS decreased 20 MPa. For the alloy with high Nb content,
the tendency was similar, although the increase in strength was greater, raising 140 MPa as the
temperature descended from 700 to 600 ◦ C. This corroborates the great impact that the microalloying
elements provide for improving the strength of HSLA steels.
Due to the needs of the industry to manufacture stronger and thinner steels, a new technology
called ultra-fast cooling (UFC) has been developed in the last few years to obtain steels with better
mechanical properties. In 2004, CRM Group implemented a UFC technology to improve control and
efficiency in the manufacturing of high strength steels [63]. By increasing the cooling rate, they were
able to produce cheaper high strength steels (up to 850 MPa); this was done with cooling rates of around
300 ◦ C/s. Likewise, Mohapatra et al. [64], applied UFC technology to a hot stationary AISI-304 steel
plat by using air atomized spray at different air and water flow rates. They observed that the water flow
rate or spray impingement density are found to be an important parameter during high temperature
air atomized spray cooling. Other authors [65] have focused their research to find an analytical method,
in function of the droplet diameter from a fundamental heat transfer perspective based on the premise
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that a spray can be considered as a multi-droplet array of liquid at low spray flux density, for a spray
evaporative cooling as an alternative to conventional laminar jet impingement cooling.
Techniques such as physical simulation have been broadly employed to optimize parameters such
as casting, reheating, rolling, and accelerated cooling conditions. Physical simulation has proven to be
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Table 6. Relevant topics reported in literature from the 1940s to the present [1–167].
Decade

Relevant Topics

1940s

Patent No. 2,264,355, “Steel” by F.M. Becket and F. Russell.

1950s

Deformation and ageing of mild steel.
Cleavage strength.
Metallurgy of Microalloyed steel.
Columbium(Nb)-treated steels.
Effect of small Nb additions to steels.

1960s

Small Nb addition to C-Mg steels.
Dislocations and plastic flow.
Effects of controlled rolling.
Strong Tough Structural Steel.

1970s

Theory of hydrogen embrittlement.
New model for hydrogen embrittlement.
Assessment of precipitation kinetics.
Stages of the controlled-rolling.
Control of inclusions.
Controlling inclusions by injecting Ca.
Materials for hydrogen pipelines.
Analysis of hydrogen trapping.

1980s

Recrystallization of austenite during hot deformation.
Hydrogen degradation.
Effect of accelerated cooling.
Niobium carbonitride precipitation.
Environmentally assisted cracking.

1990s

Specifications requirements for modern linepipe.
Strain induced precipitation of Nb in austenite.
Hydrogen interactions with defect.
Nitrogen in steels.
TiN-MnS Addition for Improvement toughness.
Sulfide Stress Cracking.
Softening and flow stress behavior.
Influence of titanium and carbon contents.
Titanium technology.

2000s

Effects of coiling temperature on microstructure.
Effects of sulfide-forming elements.
Effect of chromium on the microstructure.
Hydrogen induced blister cracking.
Effects of thermo-mechanical control process.
Influence of Ti on the hot ductility.
Trap-governed hydrogen diffusivity.
Comparison of acicular ferrite and ultrafine ferrite.
Influence of Mo content.
Ultra-Fast Cooling.
Role of Nb, B and Mo hardenability.
Ductile crack propagation in pipes.
Effect of bainite/martensite mixed microstructure.
Effect of tempering and carbide free bainite.
Microstructural evolution.
Influence of Mn content.
Steels processed through CSP thin-slab technology.
Effect of Mo on continuous cooling bainite transformation.
Correlation of microstructure and Charpy impact properties.
Dual phase versus TRIP strip steels.
The effect of niobium in Castrip® steel.
Spray evaporative cooling.
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Some researchers have continued to investigate the effects of sulfur content on microalloyed
steels. Tsunekage and Tsubakino [77] reported nine ferrite-pearlitic microalloyed steels, in which the
sulfur contents were varied from 0.001 to 0.176 mass %, compensating for the increase in the
formation of MnS inclusions with manganese in the amount equivalent to atomic % of S content. They
determined that the Charpy impact values in the longitudinal direction of the studied steel increased
with the addition of sulfur between 0.05–0.1 mass %; however, in the transverse direction, the Charpy
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the constant
requirements of high mechanical properties demanded a higher strength microstructure such as nonpolygonal ferrite, acicular ferrite, bainites and martensites achieved by higher hardenability and high
cooling rates, using water cooling as principal media. The common processes for improving
mechanical properties were interrupted accelerated cooling and interrupted direct quenching,
controlling the cooling rate independently of microstructural control and composition. With the
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Mn levels [17]. The principal applications were for pipeline and automotive components, but the
constant requirements of high mechanical properties demanded a higher strength microstructure such
as non-polygonal ferrite, acicular ferrite, bainites and martensites achieved by higher hardenability
and high cooling rates, using water cooling as principal media. The common processes for improving
mechanical properties were interrupted accelerated cooling and interrupted direct quenching,
controlling the cooling rate independently of microstructural control and composition. With the
evolution of controlled rolling and high cooling rate, a low C steel containing 2 wt % of Mn could
reach 690 MPa without heat treatments [81].
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due to the formation of nitrides in higher N content [84]. The evolution of common microstructures
used for pipeline steels and its processing is shown in Figure 15 as a function of API grade steels.
Controlled rolling processes have been developed and used in the manufacture of microalloyed
steels, with the basic objective of refining and/or deforming the austenite grains during rolling to
obtain fine grains of ferrite during cooling.
The mechanical properties, as well as the fine-grained microstructure, can be modified by the
strict control of TMCP (heating temperatures, percentage of reduction, time between rolling passes,
start and end of rolling) and accelerated cooling (cooling start temperature, cooling rate, final cooling
temperature) [85,86]. Depending on these conditions, different microstructural combinations can be
obtained [50,87].
In order to optimize the control of TMCP, a clear understanding of the behavior of austenite
recrystallization, precipitation kinetics of microalloying elements and the effect of cooling rate on the
final microstructure of these steels is necessary [88]. Some studies have reported that deformation
in the non-recrystallization region may increase the number of dislocations and induce precipitation
during the rolling process [89–91]; this also increases the fraction of acicular ferrite volume after cooling.
Figure 15. API grade steel evolution as a function of microstructure and thermomechanical processing.
Figure 16 shows a processing comparison of steels obtained via conventional rolling, controlled rolling
and controlled rolling-accelerated controlled cooling (CR-ACC). The main benefits of the CR-ACC
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In order to achieve higher mechanical properties, the transformation temperatures should be
lowered by addition of microalloying elements as well as fast cooling quenching to promote the
process come from the band deformation that occurs in the austenite deformed grain thats act as
formation of martensite–bainite. The addition of V had a small effect on transformations temperature
a nucleus
for ferrite grains during accelerated cooling and consequently facilitates the formation of
due to the formation of nitrides in higher N content [84]. The evolution of common microstructures
finer ferrite
used forgrains.
pipeline steels and its processing is shown in Figure 15 as a function of API grade steels.
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In the same way, the total degree of deformation has a great influence on the strength and
toughness, Manuel Gomez et al. [92] studied the effect of hardening of the austenite in an API 5L-X80
microalloyed steel, during and at the end of the thermomechanical processing, as well as in the final
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Figure 17. ① Schematic of steel processing, ② heat billing and air cooling, ③ thermomechanical
Figure 17. 1 Schematic of steel processing, 2 heat billing and air cooling, 3 thermomechanical
processing and quenching processes.
processing and quenching processes.

In the following pictures, micrographs obtained by different API grade steel with different
processing and cooling rates [96] of unpublished work are compared. Figure 18a shows an API X60
grade steel with a UTS around 425 MPa and a ferrite-pearlite microstructure; this steel was hot rolled
and cooled in air. The use of thermomechanical processing allowed for achieving higher API grade
steels; as it is shown in Figure 18b,c, those steels were thermomechanically controlled processed and
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In the following pictures, micrographs obtained by different API grade steel with different
processing and cooling rates [96] of unpublished work are compared. Figure 18a shows an API X60
grade steel with a UTS around 425 MPa and a ferrite-pearlite microstructure; this steel was hot rolled
and cooled in air. The use of thermomechanical processing allowed for achieving higher API grade
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processing. (a) ferrite-perlite, (b) ferrite-bainite, (c) acicular ferrite-martensite, (d) acicular ferriteprocessing. (a) ferrite-perlite, (b) ferrite-bainite, (c) acicular ferrite-martensite, (d) acicular ferritebainite-martensite.
bainite-martensite.
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which are thermally more stable compared to other types of carbonitrides, because they are more
homogeneous and thinner. However, increasing Ti, Mo and C content conveys a decrease of impact
toughness properties due to the improvement in strength of the steel.
It has been observed that the C content decreases toughness due to the high-volume fraction of
martensitic-austenitic microconstituents [98,99]. In order to compensate the decrease in toughness, it
is necessary to increase Ni and Cr content. Previous studies have shown that Cr promotes a higher
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which are thermally more stable compared to other types of carbonitrides, because they are more
homogeneous and thinner. However, increasing Ti, Mo and C content conveys a decrease of impact
toughness properties due to the improvement in strength of the steel.
It has been observed that the C content decreases toughness due to the high-volume fraction of
martensitic-austenitic microconstituents [98,99]. In order to compensate the decrease in toughness, it
is necessary to increase Ni and Cr content. Previous studies have shown that Cr promotes a higher
toughness and could increase the amount of acicular ferrite. On the other hand, the addition of Mn
and Ni can reduce the transition temperatures, therefore obtaining good toughness values at low
temperatures [100]. According to other studies [101,102], the energy absorbed in the impact tests is also
affected by the type, volume fraction, size and morphology of the individual phases that composed
the material. Kang et al. [103] observed that materials with finer ferrite grain sizes provide greater
absorbed impact energy.
The addition of Nb and Mo is used to achieve a favorable combination of strength and
toughness. It is well known that Nb in microalloyed steels improves microstructure and precipitation
hardening as well as grain refinement. Chen et al. [33] studied the effect of Nb on the formation of
ferrite-bainite in a low-C HSLA steel and concluded that Nb (C, N) precipitates retard the formation of
ferrite-bainite during accelerated cooling processes. Wang et al. [104] studied the influence of Nb on the
microstructure and mechanical properties of low-C steels with bainitic and air-cooled microstructure
and concluded that the amount of bainite is increased by the addition of Nb, and the agglomeration of
precipitates of Nb are finer in this type of steel.
On the other hand, the addition of Mo reduces the initial temperature of bainitic
transformation [105]. The addition of Mo in steels can separate the bainitic transformation lines
and bainitic microstructures can be obtained over a wide range of cooling rates, and in combination
with Nb improve their hardenability [106,107].
Ti is an effective and economical microalloying element, due to the fact that it has a great influence
on the microstructural evolution during the manufacturing processes that change the final mechanical
properties [103]. Ti as well as B is deliberately added to improve the hot ductility of microalloyed steels
and Nb usually is added to prevent cracking on the surface during continuous casting. It also usually
induces precipitation at high temperatures in austenite phase [108]. Along with the addition of Nb and
Mo, microalloyed steels could reach yield strengths above 700 MPa due to the coprecipitation of TiC.
The accelerated cooling modifies the transformation microstructure [109,110], obtaining
microstructures of acicular ferrite and dual phase, with martensitic–bainitic microconstituents
dispersed in a polygonal ferrite matrix. Li [111] has studied the impact of TMCP on microalloyed steels,
and, with the addition of Nb and Ti, they obtained a wide range of mechanical properties through
microstructural changes, depending on the cooling rate. Compared to continuous cooling, interrupted
cooling was the most suitable for the generation of dual microstructures (polygonal ferrite-martensite)
because they are more susceptible to deformation hardening. The ferrite matrix contributes to good
ductility, while the second phase (bainite, martensite and retained austenite) provides the high strength
and high strain rate [111]. Other studies have focused on hardening mechanisms in Ti and low
C microalloyed steels, using a combination of TMCP and ultra-fast cooling (UFC, 65 ◦ C/s) [112].
This process improves the precipitation of carbides, nitrides with an average size smaller than 35 nm,
and promotes the formation of martensite–austenite morphologies with 400 nm thickness, with yield
strengths up to 650 MPa, and impact toughness of 93 J at −20 ◦ C.
7. Microalloyed Steels Welding
Throughout history, multiple techniques for joining metals have been developed, all of them with
different characteristics, advantages and defects. Among the most used today by the industrial sector
are oxy-acetylene welding, electric arc welding, TIG (Tungsten Inert Gas) welding, MIG (Metal Inert
Gas) welding, spot welding and the novel friction stir welding process (Figure 19), most of them used
in different types of welding, such as circumferential welding joint (Figure 20).
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[116].
They
incorporated
a
formula
for
obtaining
susceptibility in terms of units of crack susceptibility (UCS), in function of the composition ofcrack
the
susceptibility in terms of units of crack susceptibility (UCS), in function of the composition of the
susceptibility
welded metal:in terms of units of crack susceptibility (UCS), in function of the composition of the
welded metal:
welded metal:
UCS = 230 C + 190 S + 75 P + 45 Nb − 12.3 Si − 5.4 Mn − 1
UCS
= 230
190S S++7575PP++45
45Nb
Nb−− 12.3 Si −−5.4
UCS
= 230
CC
+ +190
5.4Mn
Mn−−1 1
This formula is valid in the following composition ranges:
This formula
formula is
is valid
valid in
in the
the following
following composition
composition ranges:
ranges:
This
0.08–0.23% C 0.010–0.050% S 0.010–0.045% P 0.15–0.65% Si 0.45–1.6 Mn
0–0.07% Nb
0.08–0.23% C 0.010–0.050% S 0.010–0.045% P 0.15–0.65% Si 0.45–1.6 Mn
0–0.07% Nb
They concluded that there is no risk of cracking in compositions above the following
They concluded that there is no risk of cracking in compositions above the following
compositions:
compositions:
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0.07% V

0.3% Cu

0.02% Ti

0.03% Al

0.002% B

In
submerged arc
arc with
with 0.16%
0.16% CC
In another
another study,
study, itit is
is indicated
indicated that
that adding V in pipes welded by submerged
and
1.4%
Mn
reduces
the
risk
of
solidification
cracking
[117].
and 1.4% Mn reduces the risk of solidification cracking
The
developedduring
duringthe
thesolidification
solidification
welding
pool
highly
relates
to
The microstructure developed
of of
thethe
welding
pool
highly
relates
to the
the
obtained
mechanical
properties
of metals
the metals
the welding
technique.
obtained
mechanical
properties
of the
that that
havehave
beenbeen
fusedfused
usingusing
the welding
technique.
The
The
union
of HSLA
steels
tends
to occur
due
to fracture
toughness
defects
associated
the HAZ,
union
of HSLA
steels
tends
to occur
due to
fracture
toughness
defects
associated
with with
the HAZ,
and
and
some
of the
problems
in the
HAZ
have
been
reported,
suchasasgrain
graingrowth,
growth,formation
formationof
offragile
fragile
some
of the
problems
in the
HAZ
have
been
reported,
such
phases
thethe
melting
line,line,
non-metallic
inclusions
and excessive
softening
[118,119].
Many studies
phasesclose
closetoto
melting
non-metallic
inclusions
and excessive
softening
[118,119].
Many
have
been
carried
out
in
order
to
minimize
these
defects.
One
of
the
techniques
that
has
been
studied
studies have been carried out in order to minimize these defects. One of the techniques that has been
is
the application
of an electromagnetic
field (electromagnetic
stirring), which
prevents
deflection
studied
is the application
of an electromagnetic
field (electromagnetic
stirring),
which the
prevents
the
of
the electrode
and electrode
the electricand
arc during
the welding
process.the
By means
of electromagnetic
agitation,
deflection
of the
the electric
arc during
welding
process. By means
of
the
formation ofagitation,
acicular ferrite
during of
solidification
is propitiated,
which reduces
epitaxial
and
electromagnetic
the formation
acicular ferrite
during solidification
is propitiated,
which
columnar
growth and
[120].
reduces epitaxial
columnar growth [120].
The
stability of
of the
the nitrides
nitrides during
during the
the
The grain
grain growth
growth in
in the
the HAZ
HAZ is highly dependent on the stability
thermal cycles
cycles of
of the
the weld.
weld. Loberg et al. have
thermal
have found
found that
that only
only TiN
TiN remains
remains stable
stable during
during the
the high
high
temperatures present
present in
in the
the welding
welding process. The best characteristics of
temperatures
of fracture
fracture toughness
toughness and
andgrain
grain
growth were
were obtained
obtained for
for optimal
optimal ratios
ratios of
of Ti/V/N
Ti/V/N with
growth
withlow
lowAl
Allevels
levels[121].
[121].
For the
the determination
determination of the kinetic parameters in the welding
For
welding area, techniques
techniques such
such as
as
synchrotron-based spatially
spatially resolved X-ray diffraction (SRXRD) can be used.
used. Zhang,
synchrotron-based
Zhang, Elmer
Elmer and
and
DebRoy studied
studied the welding of AISI 1005 steel during
DebRoy
during gas
gas tungsten
tungsten arc
arc (GTA)
(GTA) welding
welding using
using the
the
SRXRD technique
technique and
and found that over time there was a decrease in nucleation
SRXRD
nucleation rate
rate of
of austenite
austenitefrom
from
ferrite matrix
matrix [122].
[122].
aa ferrite
Many
studies
have
and
formation
conditions
of
Many
have been
beencarried
carriedout
outtotodetermine
determinethe
thecharacteristics
characteristics
and
formation
conditions
acicular
ferrite
in welded
steel,
andand
some
of the
used have
computer-aided
threeof
acicular
ferrite
in welded
steel,
some
oftechniques
the techniques
used been
havethe
been
the computer-aided
dimensional reconstruction
technique
and electron
backscattered
diffraction
analysis.
It has Itbeen
three-dimensional
reconstruction
technique
and electron
backscattered
diffraction
analysis.
has
observed
that
the
acicular
ferrite
laths
are
formed
by
multiple
nucleations
in
inclusions
mainly
been observed that the acicular ferrite laths are formed by multiple nucleations in inclusions mainly
formedby
by Ti,
Ti, Al,
Al, Si,
Si, Mn
Mn and O and
formed
and by
by sympathetic
sympathetic nucleation.
nucleation. The
The elongation
elongation of
of acicular
acicularferrite
ferritetakes
takes
place
mainly
in
the
early
stages
of
grain
formation,
while
the
extensive
hard
impingement
and
place mainly in the early stages of grain formation, while the extensive hard impingement and mutual
mutual
intersection
are
presented
in
the
last
stages
of
formation
[123].
intersection are presented in the last stages of formation [123].
Recently, the
the techniques
techniques to
to improve
improve fracture
fracture toughness
Recently,
toughness in
in the
the HAZ
HAZ have
have been
been studied
studied
extensively.
The
proposed
methods
usually
focus
on
reducing
the
C
content
to
avoid
the
formation
extensively. The proposed methods usually focus on reducing the C content to avoid the formation of
of martensite–austenite
in HAZ
the HAZ
to elements
add elements
and
Ca alloy,
to thein
alloy,
martensite–austenite
in the
and and
to add
such such
as Ti, as
ZrTi,
andZrCa
to the
orderintoorder
form
to
form
fine
oxide
inclusions
with
high
melting
points
that
inhibit
the
thickening
of
austenitic
grain
fine oxide inclusions with high melting points that inhibit the thickening of austenitic grain [124–128].
[124–128].
change
in the microstructure
in the
HAZ due
to thermal
cyclesthe
derived
from
the
The
changeThe
in the
microstructure
in the HAZ due
to thermal
cycles
derived from
welding
process
welding
process
are
the
cause
of
a
decrease
in
fracture
toughness
in
localized
areas,
known
as
local
are the cause of a decrease in fracture toughness in localized areas, known as local brittle zones,
brittle grained
zones, heat
coarse
grained
heat
affected
zone
(CGHAZ)reheated
and intercritically
reheated [129,130].
CGHAZ
coarse
affected
zone
(CGHAZ)
and
intercritically
CGHAZ (ICCGHAZ)
(ICCGHAZ)
[129,130].
Lan
et
al.
investigated
the
relationship
between
the
fracture
toughness
and the
Lan et al. investigated the relationship between the fracture toughness and the microstructure
of
microstructure
of
CGHAZ
in
low
carbon
bainitic
steel.
They
reported
a
change
from
lath
martensite
CGHAZ in low carbon bainitic steel. They reported a change from lath martensite to coarse bainite
to coarse
bainite in
with
the increase
welding
cooling
time, decrease
in fracture
toughness
in cooling
with
the increase
welding
coolingintime,
decrease
in fracture
toughness
in cooling
ranges between
10
ranges
between
10
and
50
s
and
an
even
a
greater
decrease
when
cooling
times
of
90
s
or
greater
and 50 s and an even a greater decrease when cooling times of 90 s or greater were used [131]. were
usedAnother
[131]. way of controlling the microstructure in the HAZ is through the selection of welding
Another
way
controlling
microstructure
inchanging
the HAZthe
is through
the selection
of welding
parameters such
as of
current.
It has the
been
shown that, by
current intensity
during
welding,
parameters
such
as
current.
It
has
been
shown
that,
by
changing
the
current
intensity
during
welding,
the hardness and tensile strength are changed [132]. The increase in current intensity causes
an
the
hardness
and
tensile
strength
are
changed
[132].
The
increase
in
current
intensity
causes
an
increase in the welding temperature, which increases the area of the HAZ, in addition to a change
increase
in the weldingIntemperature,
increases
theincreasing
area of thethe
HAZ,
in addition
to aan
change
in
in
the microstructure.
general, it iswhich
possible
that, by
current
intensity,
increase
the
microstructure.
In
general,
it
is
possible
that,
by
increasing
the
current
intensity,
an
increase
of
of widmanstatten ferrite or martensite structures take place in the center of the weld due to higher
widmanstatten
ferrite or martensite structures take place in the center of the weld due to higher
cooling
rates [133].
cooling rates [133].
One of the methods that has been studied for the determination of the rate of transformation of
One of the methods that has been studied for the determination of the rate of transformation of
phases on microalloyed steels has been the quantitative determination of the kinetics of the phase
phases on microalloyed steels has been the quantitative determination of the kinetics of the phase
transformation during welding by combination of mapping using X-ray diffraction and numerical
modeling of the transport phenomenon [134].
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modeling of the transport phenomenon [134].
In addition
addition to
to the
the control
control of
of the
the microstructure
microstructure through
through the
the selection
selection of
of welding
welding parameters,
parameters,
In
mechanical
properties
can
also
be
controlled
by
another
important
parameter,
such
as
protective
mechanical properties can also be controlled by another important parameter, such as protective
gas.
gas.
The
variation
of
the
protective
gas
composition
can
improve
or
decrease
the
final
mechanical
The variation of the protective gas composition can improve or decrease the final mechanical
properties of
Ekici et
et al.
al. studied
studied the
the mechanical
mechanical properties
properties in
in the
the welding
welding of
of microalloyed
microalloyed
properties
of the
the weld.
weld. Ekici
steel,
where
they
modify
the
composition
of
the
protective
gas.
They
used
three
compositions:
100%
steel, where they modify the composition of the protective gas. They used three compositions: 100%
argon, a
a mixture
and 85%
85% argon,
argon, and
and 75%
75% argon.
argon. The
The welding
welding
argon,
mixture of
of 15%
15% CO
CO22 and
and aa mixture
mixture of
of 25%
25% CO
CO22 and
was
carried
out
using
two
techniques:
gas
metal
arc
welding
(GMAW)
and
electric
arc
welding.
was carried out using two techniques: gas metal arc welding (GMAW) and electric arc welding. They
They two
usedtypes
two types
ofcables:
filler cables:
and(G4Si1).
SG3 (G4Si1).
They concluded
their
used
of filler
codedcoded
as ER as
100ER
SG100
andSG
SG3
They concluded
in theirinarticle
article
the highest
of strength,
hardness
and ductility
obtained
combination
that
thethat
highest
valuesvalues
of strength,
hardness
and ductility
werewere
obtained
withwith
the the
combination
of
of
15%
of
CO
and
85%
of
argon
using
the
filling
cable
ER
100
SG
by
means
of
the
GMAW
welding
2
15% of CO2 and
85% of argon using the filling cable ER 100 SG by means of the GMAW welding
technique. They
They determined
determinedthat
that electric
electric arc
arc welding
welding can
can cause
cause faults
faults such
such as
as gas
gas hole
hole and
and slag
slag
technique.
formation. In
In addition,
addition, the
the mechanical
mechanical properties
properties obtained
obtained by
by this
this welding
welding technique
technique are
are lower
lower[135].
[135].
formation.
By
controlling
the
cooling
time,
the
mechanical
properties
can
be
controlled.
Dunder
et
al.
determined
By controlling the cooling time, the mechanical properties can be controlled. Dunder et al. determined
◦ C for 8–10 s in a microalloyed steel with increased resistance
that, for
for weld
weld cooling
cooling times
times of
of 800–500
800–500 °C
that,
for 8–10 s in a microalloyed steel with increased resistance
TStE
420,
a
decrease
in
the
hardness
of
the
In addition,
addition, the
the reduction
reduction of
of the
the risk
risk of
of
TStE 420, a decrease in the hardness of the HAZ
HAZ is
is observed.
observed. In
cold
cracks
and
the
values
of
impact
toughness
are
increased
[136].
cold cracks and the values of impact toughness are increased [136].
The selection
selection of
of the
the filling
filling material
material also
also plays
plays aa very
very important
important role,
role, since
since different
different compositions
compositions
The
will
generate
different
properties.
Sharma
and
Shahi
conducted
a
study
on
quenched
and
tempered
low
will generate different properties. Sharma and Shahi conducted a study on quenched and tempered
alloyalloy
abrasion
resistant
steels,
which
were were
welded
usingusing
two types
of austenitic
stainless
steel fillers.
low
abrasion
resistant
steels,
which
welded
two types
of austenitic
stainless
steel
They found
by using
fillers
containing
Cr and MoCrwith
Al, V,
CuTi,
and
N V,
as microalloying
fillers.
Theythat
found
that by
using
fillers containing
andNb,
MoTi,with
Nb,
Al,
Cu and N as
additions, it resulted
in martensitic
in the
weld metal,
which
a microhardness
microalloying
additions,
it resulted refinement
in martensitic
refinement
in the
weldshowed
metal, which
showed a
of more than 400
asthan
well400
as the
of elongation
reduced and
UTS increased
microhardness
of HV
more
HVpercentage
as well as the
percentagebeing
of elongation
beingitsreduced
and its
displaying
the
highest
joint
efficiency
[137].
UTS increased displaying the highest joint efficiency [137].
One of
of the
the most
of welding
is friction
(FSW), which
which has
has great
great
One
most recent
recent techniques
techniques of
welding is
friction stir
stir welding
welding (FSW),
relevance in
the industry
industry because
because it
it has
has the
the potential
potential ability
ability to
to join
join dissimilar
dissimilar materials.
materials. Recent
Recent studies
studies
relevance
in the
have
focused
on
improving
the
properties
of
this
technique,
seeking
a
better
appearance
and
defect-free
have focused on improving the properties of this technique, seeking a better appearance and defectjoints
[138].
The The
appearance
of the
and and
the reduction
of the
can be
by the
free
joints
[138].
appearance
ofweld
the weld
the reduction
ofdefects
the defects
cancontrolled
be controlled
bytool
the
rotation
rate. rate.
Liu et
al.etstudied
the parameters
involved
to improve
the welding
of aluminum
alloy
tool
rotation
Liu
al. studied
the parameters
involved
to improve
the welding
of aluminum
with copper
and determined
that thethat
bestthe
appearance
was obtained
under the
condition
of tool rotation
alloy
with copper
and determined
best appearance
was obtained
under
the condition
of tool
−
1
−
1
−1, welding
−1, tool
rate of 600
rev1000
minrev, min
welding
speedspeed
of 100ofmm
, tool
offset
of zero
andand
Cu Cu
sheet
on
rotation
rateorof1000
600 or
100min
mm min
offset
of zero
sheet
the
AS
[138].
In
Figure
23,
an
example
of
a
weld
with
defects
and
poor
appearance
(Figure
23a)
and
on the AS [138]. In Figure 23, an example of a weld with defects and poor appearance (Figure 23a)
a defectless
weldweld
withwith
goodgood
appearance
can be
(Figure
23b).23b).
and
a defectless
appearance
canseen
be seen
(Figure
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Figure 23. Comparison between a weld with defects (a) and one without defects (b).
Figure 23. Comparison between a weld with defects (a) and one without defects (b).

Among the problems associated with welding is HAZ hydrogen cracking, which is highly
Among the problems associated with welding is HAZ hydrogen cracking, which is highly relevant
relevant in oil-gas pipelines failures. One of the factors that has been found to have some adverse
in oil-gas pipelines failures. One of the factors that has been found to have some adverse influence on
influence on the HAZ hydrogen cracking is the presence of V in the alloy, although, on the other
hand, a more recent study in steel with 0.18% V showed that it is not necessary to include this element
in the alloy [139].
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the HAZ hydrogen cracking is the presence of V in the alloy, although, on the other hand, a more27recent
of 48
study in steel with 0.18% V showed that it is not necessary to include this element in the alloy [139].
Possible trapping
are shown
The coexistence
coexistence of
of the
the retained
retained
Possible
trapping sites
sites in
in the
the weld
weld metal
metal are
shown in
in Figure
Figure 24.
24. The
martensite
and
the
carbides
causes
sites
of
hydrogen
entrapment
in
the
spaces
between
the
martensite and the carbides causes sites of hydrogen entrapment in the spaces between the acicular
acicular
ferrites, since
since they
they have
ferrites,
have retained
retained austenite
austenite and
and many
many interfaces
interfaces causing
causing the
the phenomenon
phenomenon of
of HAZ
HAZ
hydrogen cracking
hydrogen
cracking [140].
[140].
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Figure 24. Schematic diagram of the hydrogen trapping sites in the weld metal [140].
Figure 24. Schematic diagram of the hydrogen trapping sites in the weld metal [140].

In a study carried out by Hart and Harrison to determine the critical cooling times to avoid HAZ
In a study
out bythat
Hartthese
and Harrison
to to
determine
the critical
times
to avoid
HAZ
cracking,
it wascarried
determined
are related
the composition
ofcooling
the steel
by the
expression
cracking,
it
was
determined
that
these
are
related
to
the
composition
of
the
steel
by
the
expression
[139]:
[139]:


Mn V Ni NiMo Mo
◦500 °C (crit) = 3.7 C +Mn + V
log∆t
800
−
+
+
−
0.31
log ∆t 800 − 500 C (crit) = 3.7 C + 13 +6 +
+
− 0.31
13
6 40 40 10 10
Mechanical properties obtained in different welding zones are a function of microstructure. One
Mechanical properties obtained in different welding zones are a function of microstructure.
of the most used techniques to know the mechanical properties in the welding zone is the
One of the most used techniques to know the mechanical properties in the welding zone is the
determination of the microhardness by microindentation, which is under the “Standard Test Method
determination of the microhardness by microindentation, which is under the “Standard Test Method
for Microindentation Hardness of Materials” ASTM E384. Figure 25a shows the micrograph of a
for Microindentation Hardness of Materials” ASTM E384. Figure 25a shows the micrograph of
welded sample in which the microindentation was made. In Figure 25b the weld pool area is seen, in
a welded sample in which the microindentation was made. In Figure 25b the weld pool area is
Figure 25c,d, the transition zones 1 and 2 are appreciated, and Figure 25e shows the heat affected
seen, in Figure 25c,d, the transition zones 1 and 2 are appreciated, and Figure 25e shows the heat
zone.
affected zone.
Figure 26 shows the microhardness distribution as a function of distance from the welding center
Figure 26 shows the microhardness distribution as a function of distance from the welding center
line. The tests were carried out at 2 mm distance from the top surface of the weld joints. The average
line. The tests were carried out at 2 mm distance from the top surface of the weld joints. The average
microhardness of FZ (fusion zone), HAZ and BM was 356 HV, 325 HV and 298 HV, respectively
microhardness of FZ (fusion zone), HAZ and BM was 356 HV, 325 HV and 298 HV, respectively
(Table 7). These values correspond to the microhardness obtained in bainite and acicular ferrite
(Table 7). These values correspond to the microhardness obtained in bainite and acicular ferrite
morphology. FZ presented a higher microhardness due to its microstructure that consists of lath
morphology. FZ presented a higher microhardness due to its microstructure that consists of lath
martensite. Wang et al [141] concluded that microalloying elements such as Cu, Ni and Cr could be
martensite. Wang et al [141] concluded that microalloying elements such as Cu, Ni and Cr could be
dissolved in martensite causing an increment in microhardness [142]. The microstructure in HAZ
dissolved in martensite causing an increment in microhardness [142]. The microstructure in HAZ zone
zone consists of ferrite and martensitic microconstituents, and the content of lath martensite was
consists of ferrite and martensitic microconstituents, and the content of lath martensite was decreased
decreased but granular bainite increased gradually causing a reduction in microhardness. The
microstructure and grain size are the most significant parameters that affect microhardness.
Generally, the microhardness follows the relationship: martensite > bainite > perlite > ferrite [143].
The microhardness of the lath martensite and granular bainite was more than that of the ferrite, which
resulted in a higher microhardness value in HAZ than in the BM.
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but granular bainite increased gradually causing a reduction in microhardness. The microstructure and
grain size are the most significant parameters that affect microhardness. Generally, the microhardness
follows the relationship: martensite > bainite > perlite > ferrite [143]. The microhardness of the
lath martensite and granular bainite was more than that of the ferrite, which resulted in a higher
microhardness
value
HAZ than in the BM.
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Figure 25. (a) Micrograph of a welded zone, (b) weld pool area, (c) and (d) transition zones 1 and 2,
Figure 25. (a) Micrograph of a welded zone, (b) weld pool area, (c) and (d) transition zones 1 and 2,
and (e) heat affected zone.
and (e) heat affected zone.

YS and UTS tend to decrease across the weld metal to the base metal, due to the variation in
YS and
UTSoftend
to decrease
the weldand
metal
tosize.
the base
metal, due to
the variation
in
volume
fraction
different
ferriticacross
morphologies
grain
The temperature
increment
during
volume
fraction
of
different
ferritic
morphologies
and
grain
size.
The
temperature
increment
during
welding, increases the diffusion rate causing that ferrite nucleates at austenite grain boundaries. As
welding,
increasesdecreases
the diffusion
rate
causing
ferritetransformation
nucleates at austenite
grainthe
boundaries.
As the
the temperature
in the
weld
pool,that
a ferrite
occurs and
grain boundary
temperature
decreases
in
the
weld
pool,
a
ferrite
transformation
occurs
and
the
grain
boundary
ferrite growth is suppressed; meanwhile, the acicular ferrite is produced in the austenite-acicular
ferrite
suppressed;
meanwhile,
the acicular
ferrite
produced
in the austenite-acicular
ferrite growth
interfaceis[144];
this causes
acicular ferrite
fine grains
thatisreduce
the strength
and increase the
ferrite
interface
[144];
this
causes
acicular
ferrite
fine
grains
that
reduce
the
strength
and increase the
toughness by inhibiting the interlocking mechanisms.
toughness
by
inhibiting
the
interlocking
mechanisms.
Bainite microstructure presents higher strength and lower ductility due to the high-density
Bainite
presentscooling
higher rate
strength
and metals
lower ductility
to the
high-density
dislocations microstructure
formed by accelerated
in weld
that can due
produce
acicular
ferrite
dislocations
formed
by
accelerated
cooling
rate
in
weld
metals
that
can
produce
acicular
microphases [145]. The fine austenite grain size in HAZ contributes to the nucleation of bainite ferrite
in the
microphases
[145].
fine
austenite
grain
size
in HAZ contributes
the nucleation
of bainite
in
form of sheaves
of The
small
platelets
[146].
The
transformation
of HAZtodepends
principally
on two
the
form
of
sheaves
of
small
platelets
[146].
The
transformation
of
HAZ
depends
principally
on
two
factors: a low transformation austenite-ferrite temperature during reheating that causes a complete
factors:
a low
transformation
austenite-ferrite
temperature
during
causes a complete
austenite
transformation,
and
high hardenability
that allows
a reheating
complete that
transformation
into a
austenite
transformation,
hardenability
allows
a complete
transformation
into a mixture
mixture of
acicular ferriteand
andhigh
bainite
that have athat
good
combination
of mechanical
properties
[146].
of acicular ferrite and bainite that have a good combination of mechanical properties [146].
Table 7. Average microhardness for different welding zones.

Welding Zone
Fusion zone
Heat affected zone
Base metal

Microhardness (HV)
356
325
298
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Table 7. Average microhardness for different welding zones.
Welding Zone

Microhardness (HV)

Fusion zone
Heat affected zone
Base metal

356
325
298
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Figure 26. Microhardness profile as a function of distance from welding center line.

Figure 26. Microhardness profile as a function of distance from welding center line.

8. Hydrogen Embrittlement
8. Hydrogen Embrittlement
Microalloy steels have been widely used in the hydrocarbon delivery industry, through the use of
long-distance
pipelines
their widely
implementation
in hydrocarbon
1959 [147], due
to theirindustry,
chemicalthrough
composition
Microalloy
steels since
have been
used in the
delivery
the use
and
microstructures
generated
their processing.
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The hydrogen embrittlement effects are characterized by a slight descent in the ductility up to a
brittle fracture with a relatively low applied stress, (<σy) [150]. Even a few ppm of hydrogen dissolved
in the steel can bring about cracking and loss of ductility, particularly in high strength steels. Few
studies of the combined effects of microalloyed steels thermomechanically processed and hydrogen
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The hydrogen embrittlement effects are characterized by a slight descent in the ductility up
to a brittle fracture with a relatively low applied stress, (<σy ) [150]. Even a few ppm of hydrogen
dissolved in the steel can bring about cracking and loss of ductility, particularly in high strength
steels. Few studies of the combined effects of microalloyed steels thermomechanically processed
and hydrogen embrittlement susceptibility modify the mechanical properties—accomplished due
to the hydrogen rate diffusion, trap site density and the exposed stress level in the presence of
hydrogen, giving rise to local concentration of segregated hydrogen in tri-axial strain fields or on
strain-induced defects.
Problems related to the formation of hydrogen-induced blisters tend to be more of a problem in
low-strength steels used for pipelines intended for the transport of crude oil.
It is now established that high strength steels are susceptible to embrittlement by hydrogen
dissolution and mainly to failure by SCC cracking attributed to hydrogen embrittlement [151].
There are two main classes of hydrogen effects:

•
•

Quasi-brittle fracture in high strength materials that can occur with relatively low concentrations
of hydrogen.
Internal cracking and surface blistering in low strength materials (mainly C steels) due to very high
internal hydrogen fugacity, allowing hydrogen pressure induced cracking, commonly referred to
as HIC.

X80 pipeline steel, as high strength pipeline steel, is becoming one of the most widely applied
pipe materials because of its high strength and toughness, which not only saves lots of steel, but also
has a better performance [92]. However, hydrogen induced cracking (HIC) has been acknowledged
as one of the predominant failures in pipeline steel in humid environments with H2 S and other sour
materials, which causes the heavy leakage of oil as well as serious economic losses and casualties [152].
Up to now, a lot of work has been done to investigate the properties of X80 pipeline steel.
Hardie et al. [153] compared the susceptibility to hydrogen embrittlement of three kinds of API
pipeline steels (X-60, X-80, and X-100 grades), showing that the increase of strength level tends
to decrease the resistance of steels to HIC. Shin et al. [154] studied the relationship between the
microstructure and Charpy impact properties of X-70 and X-80 pipeline steels. Shterenlikht et al. [155]
reported the capacity of the anti-ductile crack growth of X-80 pipeline steels. Kong et al. [105] reported
the effect of Mo on the microstructure and mechanical properties of X-80 pipeline steel. However,
the specifics for HIC of X-80 pipeline steel, and additionally the impact of inclusions on HIC and
the mechanical properties of the steel are still unknown. In view of this, it is extremely necessary to
work out the details of hydrogen-induced damage and how these failures deteriorate the properties
of X-80 pipeline. Hydrogen induced cracking in X-80 pipeline steel under various electrochemical
hydrogen-charging conditions as well as the influence of inclusions and microstructure on the origin
of HIC were investigated in this work.
Reversible hydrogen embrittlement can occur after small concentrations have been absorbed from
the environment. However, local concentrations of hydrogen may be larger than the average values
because the absorbed hydrogen diffuses between the grains or preferably at the grain boundaries.
The hydrogen embrittlement is affected by the rate of deformation, which suggests that diffusion
is time dependent as a control factor. On the other hand, embrittlement is more severe at room
temperature during sustained stress or in tests conducted at slow deformation rates. Another factor
such as elevated temperatures can cause hydrogen to diffuse in areas of concentration. The effect of
hydrogen is also strongly influenced by other variables, such as (Figure 27):

•
•
•
•
•

The level of stress (or hardness) of the alloy;
The microstructure;
The amount of stress applied;
The presence of localized tri-axial stress;
The previous amount of cold work;
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The degree of stress segregation of low melting point elements such as: P, S, N, Ti or Sb at the
grain boundaries.
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The hydrogen absorbed in the steel can exist in different forms, mainly monoatomic:
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Interstitial hydrogen, dissolved in solid solution in the steel matrix.
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kJ/mol), concluding that the activation energy in this type of precipitate is smaller and therefore
behaves as reversible traps. Escobar et al. [167] observed a similar behavior, and the activation energy
of semiconducting TiC precipitates is lower than the incoherent particles. On the other hand, Wallaert
et al. [168] has reported that (Nb) (C, N) tend to form irreversible traps. However, Takahashi et al.
[169] reported that fine coherent TiC particles smaller than 10 nm were the most effective sites for
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(95 kJ/mol), concluding that the activation energy in this type of precipitate is smaller and therefore
behaves as reversible traps. Escobar et al. [167] observed a similar behavior, and the activation
energy of semiconducting TiC precipitates is lower than the incoherent particles. On the other
hand, Wallaert et al. [168] has reported that (Nb) (C, N) tend to form irreversible traps. However,
Takahashi et al. [169] reported that fine coherent TiC particles smaller than 10 nm were the most
effective sites for entrapment and Valentini et al. [170] observed that Ti (C, N) precipitates less than
35 nm were the strongest irreversible traps in microalloyed steels.
This susceptibility to hydrogen embrittlement will depend on the entrapment and release kinetics
of hydrogen in the crystalline defects, directly influencing the rate of diffusion and the concentration of
hydrogen in the steel. McNabb–Foster models [171] have been developed to determine this behavior.
8.2. Hydrogen Embrittlement Mechanisms
Hydrogen embrittlement is a complex phenomenon manifested in various forms. This is caused by
the presence of small amounts of hydrogen, triggering catastrophic failure due to residual stresses or by
applying relatively small loads, causing degradation in ductility or toughness [172]. Many mechanisms
have been proposed; however, the following are considered the most common [165,173]:
(1)

(2)

(3)

Hydrogen enhanced decohesion (HEDE). This mechanism proposes that hydrogen causes
a reduction in the bond strength of metallic atoms, allowing weakness under tensile loads,
in addition to promoting a propagation of fragile cracks [174].
Hydrogen enhanced local plasticity (HELP). This mechanism proposes that the presence
of hydrogen increases the mobility of dislocations, causing a highly localized plastic
deformation [175]. Because this deformation is concentrated in a small volume, the macroscopic
ductility is low.
Absorption induced dislocation emission (AIDE). This mechanism is very similar to the HELP
mechanism because it also involves localized plasticity. However, the main difference is that the
AIDE mechanism proposes that localized plasticity occurs close to the surface in regions of stress
concentration, such as cracks [176]. The hydrogen causes the movement of dislocations towards
the crack tips, causing the growth of the same, as well as an intense deformation in the vicinity of
the crack.

Depending on the interaction of the hydrogen with the dislocations (during the deformation
processes), the movement of dislocations can be promoted, inducing a localized plasticity. In addition,
the dislocations are accumulated in microcracks, causing their subsequent propagation [177]. On the
other hand, during the plastic deformation processes, the movement of dislocations can cause trapped
hydrogen to diffuse to zones of higher stress intensity crack points, causing their recombination in
molecular hydrogen, causing blistering and increasing their local concentration [153]. This significantly
affects the performance of the steels under mechanical load and the type of fracture prevalent
during failure.
8.3. Hydrogen Entry
Hydrogen can enter the metals in gaseous form or by an electrochemical reduction of the
hydrogen-containing species of aqueous phases. This process depends on many parameters and
is the first step for the development of hydrogen embrittlement. For the first case, these factors are
mainly environmental, such as applied pressure, gas purity and temperature; meanwhile, for the
second case, the predominant factors are the potential of the electrolyte-metal interface, the applied
current density, the electrolyte composition and the pH of the solution [178].
8.4. Hydrogen Gaseous Entry
Many models have been proposed for the hydrogen gaseous entry, and the details of this process
are still uncertain. In general terms, however, the reactions involved are adsorption of molecular
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hydrogen, dissociation of the hydrogen molecule and thus hydrogen atoms are adsorbed on the
surface, and the subsequent diffusion of atoms adsorbed on the surface within the crystal lattice of the
metal [179]:
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The hydrogen embrittlement effect is strongly affected by environmental factors such as
The hydrogen embrittlement effect is strongly affected by environmental factors such as hydrogen
hydrogen gas pressure, hydrogen purity and temperature. The HE susceptibility at high pressure (70
gas pressure, hydrogen purity and temperature. The HE susceptibility at high pressure (70 MPa) is
MPa) is influenced by hydrogen solubility (S) and diffusivity (D). The S are a function of hydrogen
influenced by hydrogen solubility (S) and diffusivity (D). The S are a function of hydrogen surface
surface concentration (C0) and hydrogen pressure (P) according to the Sievert’s law [182]:
concentration (C0 ) and hydrogen pressure (P) according to the Sievert’s law [182]:
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high hydrogen embrittlement susceptibility [183]. That is, ductility tends to reduce proportionally to
the square root of hydrogen pressure [184].
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8.5. Entry of Hydrogen into Aqueous Phase
The mechanism of electrochemical production of hydrogen in steels in aqueous solution has
received much attention. It is accepted that the reaction occurs in several stages. The first of these is an
initial charge transfer that produces adsorption of the atomic hydrogen. In acid solutions, this involves
the reduction of a hydrogen ion:
H3 O+ + e− → Hads + H2 O
In neutral and alkaline solutions, where the hydrogen concentration is very low, the reaction
changes for the reduction of the water molecules:
H2 O + e− → Hads + OH−
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the presence of the hydrogen atoms distorts the crystal structure of the metal surface [185].
In Figure 29, it is shown a hydrogen charging cell using 0.5 M H2 SO4 + 0.2 gr of As2 O3 .
In Figure 29, it is shown a hydrogen charging cell using 0.5 M H2SO4 + 0.2 gr of As2O3.

Figure 29. Hydrogen charging in a 0.5 M H2SO4 + 0.2 gr As2O3.

Figure 29. Hydrogen charging in a 0.5 M H2 SO4 + 0.2 gr As2 O3 .
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8.6. Hydrogen Embrittlement Effect over Mechanical Properties of Tempered Treated Microalloyed Steels
The HSLA steels are used for hydrogen storage and transportation, due to their high strength,
toughness and good weldability. Theses steels are subjected during its processing to thermomechanical
processing (TMCP), as well as heat treatment to adjust the final mechanical properties [186,187].
The TMCP is an important aspect in the production of API grade steels, parameters such as reheated
temperature, rolling temperature and cooling rates play a significant role in the obtainment of final
microstructure and mechanical properties [188]. The Nb addition as a microalloying element tends to
refine the austenite grain size [189], obtaining banded ferrite–perlite microstructures if fast cooling
after controlled rolling is not applied.
Zhou [190] studied the mechanical properties on microalloyed steels as a function of its obtained
microstructures through different thermo-mechanical processes that consisted of direct quenching
and a posterior tempering at 500 ◦ C for 1 h. They studied the mechanical properties of these steels
in relation to their microstructure, which was obtained by different thermo-mechanical processes
consisting of direct annealing and tempering at 500 ◦ C for 1 h after the process controlled rolling mill
(DQT); and direct annealing, annealing and subsequent quenching and tempering (RQT), obtaining
microstructures of deformed bands of retained austenite and martensite; in addition, by means of
a second thermo-mechanical treatment, a typical martensite microstructure is obtained in the form of
needles without deformed bands. When this microstructure is precipitated, the precipitated carbides
grow at the borders of the martensite needles; some of the precipitates have been identified as (Nb,
Ti) (C, N) by EDS (Energy Dispersive Spectrometry). These studies conclude that, as the tempering
temperature increases, the yield stress keeps fluctuating slightly near 1033 MPa, but the tensile stress
decreases drastically, as well as an increase in the percentage of elongation of the material. The impact
tests carried out indicate that higher tenacity values are achieved at tempering temperatures ranging
from 500 to 650 ◦ C in both types of microstructures [190].
Zhong Ping [191] evaluated the effect of heat treatment of tempering on the microstructure and
mechanical properties of an ultra-high strength steel with a final tensile stress of 2230 MPa that is
subjected to tempering thermal treatments during six hours in a temperature range of 100 ◦ C to 650 ◦ C.
The effect of secondary hardening on tempering heat treatments over a range of temperatures resulted
in a substantial change in mechanical properties particularly in impact toughness, fracture toughness,
as well as an increase in yield stress and tensile strength in ranges from 300 ◦ C to 480 ◦ C; on the
other hand, at 650 ◦ C, the strength decreased, as well as also exhibiting lower tenacity properties at
a range of 400–470 ◦ C; nonetheless, this increased considerably at 510 ◦ C. The optimum combination
between strength and toughness is achieved in a temperature range of 480–510 ◦ C. The results of the
studies by TEM indicate that, in the early stages of tempering, the precipitates could be in the form of
agglomerates; meanwhile, the increases of strength at 470 ◦ C may be the result of a microstructure
consisting of uniform dispersion, irregular shapes, coherent zones or carbides; however, at 510 ◦ C,
due to the loss of coherence in the precipitates, the strength decreased.
8.7. Hydrogen Embrittlement Effect over the Mechanical Properties
Microalloyed steels are intended to be used in the transportation of sour gas, since the extracted
gas contains dissolved hydrogen sulfide (H2 S), the corrosion process in the pipelines is aggravated.
Under these conditions, the cracking of these pipes is favored by the presence of atomic hydrogen
produced on the surface as a corrosion byproduct of the exposed steel [192].
Microalloyed steels may fail due to severe H2 S degradation, which is present in crude oil and
natural gas, so attention should be paid to the size, morphology and distribution of non-metallic
inclusions in microalloyed steels to avoid hydrogen induced cracking (HIC), as well as the type of
microstructure present in the steel and the strength level of the material.
The effect of material factors on the diffusivity of hydrogen depends on two main factors,
which are: the concentration of atomic hydrogen on the metal surface due to environmental factors such
as the pH of the solution and the partial pressure of hydrogen gas; the other factor is microstructural
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Plastic behavior. The effect of hydrogen on the plastic behavior of iron and steel is very
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Figure 30. Hydrogen embrittlement effect, (a) UTS and YS, (b) strain percent and (c) young modulus;
Figure 30. Hydrogen embrittlement effect, (a) UTS and YS, (b) strain percent and (c) young modulus;
as a function of charging time.
as a function of charging time.

In 2006, Hardie [153] carried out comparative studies on three different grade API steels of
different resistance levels from the point of view of susceptibility to hydrogen embrittlement. The
microstructure of these steels consists of bands of pearlite distributed in a ferrite phase in an
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In 2006, Hardie [153] carried out comparative studies on three different grade API steels
37 of 48
of different resistance levels from the point of view of susceptibility to hydrogen embrittlement.
The microstructure of these steels consists of bands of pearlite distributed in a ferrite phase in an
elongated structure in the longitudinal direction to the rolling. The average grain sizes are 8, 4 and 2
elongated structure in the longitudinal direction to the rolling. The average grain sizes are 8, 4 and 2 µm,
µm, with microhardness of 200, 224 and 252 HV (Vickers Hardness) respectively. Some of their results
with microhardness of 200, 224 and 252 HV (Vickers Hardness) respectively. Some of their results
show that there are different susceptibilities to the loss of ductility after a cathodic hydrogen charge
show that there are different susceptibilities to the loss of ductility after a cathodic hydrogen charge
and this susceptibility tends to increase with the resistance level of the steel when a current density
and this susceptibility
tends to increase with the resistance level of the steel when a current density of
2 is applied. Figure 31 shows the current density applied over area reduction in
of 0.44 mA/mm
2
0.44 mA/mm is applied. Figure 31 shows the current density applied over area reduction in different
different API grade steels. These presented a significant loss of ductility when subjected to cathodic
API grade steels. These presented a significant loss of ductility when subjected to cathodic cracking,
cracking, and the degree of embrittlement increased with the increase in current density, attributable
and the degree of embrittlement increased with the increase in current density, attributable to a higher
to a higher uptake of hydrogen during this process.
uptake of hydrogen during this process.
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and high values of Capp exhibit higher entrapment of hydrogen in the steel.
On the other hand, Liu et al. [195] evaluates the effect of microalloyed steel subjected to heat
treatments consisting of air cooling to obtain a microstructure of bainite–martensite, which shows a
superior combination of strength and toughness than when a martensitic microstructure is obtained
from a quench and then tempered at intermediate temperature. It is concluded that the susceptibility
to hydrogen embrittlement of steel with bainite–martensite microstructure decreased as the
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On the other hand, Liu et al. [195] evaluates the effect of microalloyed steel subjected to heat
treatments consisting of air cooling to obtain a microstructure of bainite–martensite, which shows
a superior combination of strength and toughness than when a martensitic microstructure is
obtained from a quench and then tempered at intermediate temperature. It is concluded that the
susceptibility to hydrogen embrittlement of steel with bainite–martensite microstructure decreased as
the tempering temperature increased from 280 ◦ C to 370 ◦ C. The results show that the susceptibility
to hydrogen embrittlement decreases as the tempering temperature increases, where, after 370 ◦ C,
the bainitic-martensitic microstructure is less susceptible to embrittlement. One reason is that area
reduction (%RA) has greater stability after tempering at this temperature; another reason is that the
internal stresses have been relieved.
Other studies indicate that the increase in the pre-charged time, the increase of the applied current
density or the decrease of pH in the test solution allows the increase in the content of hydrogen in an
API-X80 grade steel, and this promotes the reduction in the percentage of area reduction in stress tests
and consequently a higher index of embrittlement by hydrogen.
Dong [196] studied the relationship between the microstructure and the Charpy impact properties
in API grade X-70 and X-80 steels, using current densities of 20, 50 and 100 mA/cm2 and times
of 1, 3, 5 and 8 h exposure to an H2 SO4 medium, where the mechanical properties of these steels
are assessed by stress tests. It was found that there is a reduction in the strength of the material
as well as a considerable decrease in elongation and reduction of area after longer exposure times.
The fractographic study carried out showed a greater brittleness and cracking at the fracture surface
with a longer pre-loading time. The type of fracture present shows evidence of a type of brittle fracture
due to the presence of cleavage zones.
9. Future Trends
The growth of petroleum distribution systems has always been closely associated with the
development of microalloyed steel grades having high strength, toughness, and weldability. In many
ways, the research in microalloyed steel drew impetus from the huge demands of such steels from
the petroleum pipeline projects. The first specification for steel for pipelines introduced by the
American Petroleum Institute (API) in 1948 was X-42 with a yield strength of 42 ksi or 290 MPa.
The strength levels underwent large scale changes over the decades, and, at the present time, the X-80
is a commonplace alloy, while X-100 and X-120 are still in sight. High temperature processes (HTP)
are an important factor for consideration in pipelines development. The necessity of incorporating
facilities for producing high-strength pipeline steels in up-coming steel plants has been briefly dealt
with. With increasing strength levels in pipeline steels and higher operating pressures coming into
vogue, pipeline steels emerge as a subject of fresh research, innovation, and area of specialization [197].
Today, heavy plates for longitudinally welded pipes in the X-80 strength grade are produced by
Mannesmannroöhren Mülheim (MRM) with the same reliability as lower grades [198].
The manufacturing of products with excellent quality is the ultimate goal of technological
development. To achieve this goal, the properties of manufactured products must be predicted,
and both the chemistry and the production process must be carefully designed. Recent advances in
physical metallurgy, rolling technology and computer control have made great contributions to the
field of structure and property prediction and to the development of a control model that allows the
prediction of microstructural evolution and mechanical properties. It is expected that the maximum
benefits from manufacturing control will be obtained by using predictions derived from metallurgical
models [197].
Resource conservation, energy reduction, yield improvement, recycling and reduction in the
weight of parts are becoming increasingly important. In the future, microstructure control will therefore
be expected to assist in the development of new processing technologies that offer improvements
in the above areas. One example of this is the manufacture of parts with high strength and good
machinability. This kind of new technology will be applied to many microalloyed steels. It will prove
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necessary to develop a precise system for the simulation of microstructural evolution during forming
in order to optimize process design for these types of functional parts.
The Latin American steel industry continues its effort to modernize its facilities, including in the
complicated context of the global situation generated by China’s overcapacity and the government’s
subsidies to steel exports. A part of the modernization effort is reflected in the construction of new
plants, which meets different needs.
A good part of these plants has been installed in the center and north of Mexico, primarily
focusing on the strong development of the automotive industry, and its consequent exports to the
USA. Another important part of the new plants corresponds to the states of Pará, Maranhão and Ceará,
in the north and northeast of Brazil, where local governments have offered very favorable conditions
for investments.
Innovative technologies are being introduced: the first Jumbo Coking Reactor (JCR) plant in the
Americas; the world’s first Quantum electric furnace; the first continuous casting of Castrip straps
outside the USA and the first ecological pickling plant in Latin America (TYASA). One of the plants
uses pig iron produced from biomass (Aço Verde Brasil).
The routes implemented range from electric steel mills that use scrap to integrated mills based on
blast furnaces and oxygen mills, also including routes used only in Latin America, such as integrated
blast furnace mills and charcoal mills in addition to plants included that are dedicated exclusively to
cold rolling or hot dip galvanizing. One particular feature is the installation of flat-bed laminators
in a single box, for relatively small production compared to conventional laminators (Gerdau Ouro
Branco, AHMSA, TYASA) [199].
At the moment, analytical techniques have been used, such as:
High resolution synchrotron X-ray experiments that can be carried out to accurately measure the
NbC volume fraction and corresponding dissolved Nb in solution after reheating conditions, which is
otherwise difficult to measure by electron microscopy or conventional X-ray diffraction because of
very low volume fraction (about 0.0001–0.0002) of niobium carbide precipitates in the investigated
alloys [200].
Hot compression experiments with variable strain and strain rates can be carried out to develop
equations for recrystallization kinetics of deformed austenite in the investigated Nb-microalloyed rail
steels. In addition, the effect of plane–strain compression and other complex deformation schedules
on the recrystallization kinetics can be studied [201].
A more in-depth study of non-propagating secondary cracks in various pearlitic and bainitic
microstructures would provide valuable insight and complement existing results [202].
The effect of Nb-microalloying on other important rail properties like rolling contact fatigue
performance, weldability, hydrogen embrittlement, etc. needs to be investigated.
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