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Heat Treatment Effect on Hydrogen Permeation and Trapping in the API SCT P110 Steel
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The effect of heat treatment on hydrogen diffusion and trapping on the API 5CT P110 steel was
investigated trough electrochemical permeation tests and microstructural analysis techniques. Samples
of as-received steel were tempered at different temperatures to obtain hydrogen permeation and trapping
parameters and to characterize microstructural modifications that may alter these parameters. After
permeation tests on each heat-treatment condition were verified changes on hydrogen kinetic parameters.
Microstructural analysis revelated changes in dislocations density and volumetric fraction of titanium
carbides, responsible to alterations in diffusivity, solubility and in hydrogen trapping characteristics.
As these carbides are considered irreversible hydrogen traps, are beneficial because they become the
steels less susceptible to hydrogen embrittlement. Therefore, the results suggest that there is an optimal
tempering temperature which can make the API 5CT P110 steel more resistant against hydrogen
embrittlement, since promote the formation of a higher number of irreversible hydrogen traps.
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1. Introduction

The offshore oil industry is challenging. During operations,
the structures used are susceptible to environmental factors
such as the high corrosion potential caused by chlorides in
seawater, microbial activities due to the characteristics of
the fluids conducted, which sometimes contain H,S etc.
These factors can, jointly or individually, lead to failures.
Corrosion processes are highly harmful to steel structures,
but they can be avoided by using cathodic protection
systems, widely used in offshore oil industry. When cathodic
protection is used, the structures are cathodically polarized,
reactions involving oxygen reduction, Equation 1, and water
dissociation, Equation 2, occurs on the auxiliary electrode
and the protected part respectively.

0, +2H,0+4¢” — 40H™ (1

2H,0+2¢~ —H, +20H™ ()

However, when the electric current density produced by
these systems is too high, the so-called cathodic overprotection
occurs, and substantial amounts of hydrogen atoms are
produced at the coating defects. The hydrogen generated by
the cathodic protection accumulates on the surface of the
steel, later diffuses in the form of atomic hydrogen into the
lattice and is trapped in microstructural heterogeneities, called
hydrogen traps, thus giving rise to so-called hydrogen trapping'.
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When a load is applied, the hydrogen trapped on trapping
sites moves to the highly stressed sites where it can generate
degradation processes, as hydrogen embrittlement®?.
This degradation process can affect the mechanical properties
of steels, with effects such as reduced strength, reduced
ductility, and the occurrence of brittle fracture.

Hydrogen traps are classified as reversible and irreversible,
according to their binding energy and hydrogen-holding
capacity. Traps are considered reversible when their binding
energy is less than 60 kJ/mol, such as grain boundaries
and dislocations; as the hydrogen atoms retained in these
traps can easily abandon them, can also be considered
as a mobile or diffusible hydrogen. Traps are considered
irreversible when their binding energy is greater than
or equal to 60kJ/mol, like inclusions and precipitates**.
The quantity and type of traps in material depends on
its specific microstructure; in steels, there are usually
diverse types of traps that can interact simultaneously
with the hydrogen atoms. The main effect of traps is to
reduce the hydrogen transport rate through the material®,
and existing research has established that trapping is an
important part of hydrogen embrittlement” and that hydrogen
susceptibility of steels is closely correlated with trapping®.
Studies on diverse types of steels qualify mobile hydrogen
as the most dangerous because it is more easily able to
diffuse to crack initiation sites”!°. Therefore, the amount
of hydrogen trapped on reversible traps has an important
effect on the degradation of mechanical properties of steels'!.
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On the other hand, irreversible trapping is considered
“beneficial” because hydrogen trapped in these sites do not
participate in the embrittlement process®®!2. Currently, it is
widely accepted that microstructures with a higher number of
irreversible traps are less susceptible to hydrogen effect and
that the microstructural manipulation is an effective method
to make steels more resistant to hydrogen embrittlement!*'%.
As the susceptibility to hydrogen embrittlement is strongly
affected by the material’s microstructure, although environmental
factors are also very important®, understanding microstructural
factors is essential to define metallurgical processes that reduce
the susceptibility of steels against hydrogen embrittlement
and other-hydrogen degradation processes.

Thermal and mechanical processes can modify the
microstructure and change the mechanical properties of
steels, affecting their susceptibility to hydrogen embrittlement
due to the formation of new irreversible trapping sites'.
Microstructure modification of steels used in oil pipelines
is a technique used extensively to increase their resistance
to hydrogen embrittlement'®!. This is done by controlling
parameters involved in thermomechanical processes, such
as cooling rate, rolling and heating temperatures. Tempering
is a heat treatment used to stress relieving developed in
quenching processes and also to increase the mechanical
strength or the toughness of the treated material. It can run
over a wide range of temperatures, depending on the changing
of the property targeted by the treatment®*2!.

Although many studies have been performed on the
development of steels resistant to hydrogen embrittlement,
results show that more work still needs to be done, such as
verify the effect of heat treatment parameters on microstructure
optimization and the mechanical properties of materials.
The API 5CT P110 steel is a high strength and low alloy
(HSLA) steel used in the manufacturing of casing pipes
and couplings for oil wells, which started to be used to
manufacture tubing and casing for risers in view of their
excellent combination of good fracture toughness and high
mechanical strength®. This steel follows the API 5CT standard
classification”, which does not specify the composition of
carbon and alloy elements for grade P110; only the S and
P contents are specified, which depend on the process used
in the manufacture of the tube. The main requirement of the
standard is that the tubes manufactured with this steel be heat
treated by a quenching and tempering process. In this way,
during the factory production stage the tubes manufactured
with this steel according to the API 5CT standard receive a
first heat treatment in the industrial plant.

Despite the application of this steel in riser tubes carry
new challenges associated with the need for cathodic
protection and the nature of the transported fluids, because
hydrogen damage processes can be generated, there is little
information on the scientific literature about studies related
to the changes on hydrogen diffusivity and trapping due to
heat treatments®2*.
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The electrochemical permeation test, based on the
technique developed by Devanathan and Stachursky?® it
is widely used to study hydrogen diffusion and hydrogen
trapping in different materials'®*. This technique was used
here to investigate the effect of tempering heat treatment on
hydrogen diffusion and hydrogen trapping in API 5CT P110
steel, as well as their correlation with the microstructural
changes that can modify their hydrogen embrittlement
susceptibility.

2. Materials and Methods

This study was performed using the API SCT P110 steel,
supplied in the form of seamless pipe gutter, with 330mm outer
diameter and 14mm wall thickness, provided by the CENPES/
PETROBRAS. The chemical composition determined by
optical emission spectrometer analysis is displayed in Table 1.

In order to determine the hydrogen kinetic parameters
and hydrogen trapping characteristics of the studied steel,
potentiodynamic polarization and permeation tests were
performed, first on samples of as-received steel and after on
samples of steel tempered at three different temperatures.
The microstructure resulting from the heat treatments was
characterized, as well as the resulting precipitates.

The metallic membranes for the electrochemical tests
were extracted by wire erosion from a pipe wall on rolling
direction with 40mm diameter and 1.0mm thickness, according
to ASTM G148-97%". All samples were first sanded with
waterproof SiC papers, grade 120, 320, 600, 1000 and 1200,
to remove surface irregularities and oxides, and then polished
with alumina in suspension, with granulometry of 0.05 um,
0.3 pm and 1 pm. The area exposed to the electrolyte was
3.14mm?’. A schematic of samples is show in Figure 1.

Before starting electrochemical tests, one part of the
metallic membranes of as-received steel was quenched
to 870°C and cooled in water, at a cooling rate of 50°C/s.
Then, the quenched steel samples were shared into three
groups and the samples of each group were tempered,
in a simple tempered process, to same temperature.

1 mm

-l

40 mm
|
|

Figure 1. Schematic of samples used in electrochemical tests?’.

Table 1. Chemical composition (% weight) of API 5CT P110 steel.

C Si Mn P S Ni Cr Cu Mo Al \ Ti Fe
0.284 0.242 1.085 0.010 0.006 0.019 0.294 0.002 0.136 0.044 0.006 0.030

Balance
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The samples of Ist. group were tempered to 350°C, the
samples of 2nd. group to 440°C and the samples of 3rd.
group to 525°C. In all cases, the heat time was 30 min. The
codes T350, T440 and T525 were assigned to the three
conditions, respectively. The heat treatments were carried
out in an EDG oven, FCVE-II, under an Argon controlled
atmosphere using a flow rate of 5/min and a heating rate
of 20°C/min.

2.1. Electrochemical tests

The potentiodynamic polarization and hydrogen permeation
tests were performed at room temperature (£25°C) in an
electrochemical double-cell with a configuration developed
by Devanathan and Stachurski® described in Figure 2, which
consists of two electrochemical cells (charge and detection
cells, or input and output cells, respectively) separated by
a metallic membrane, according to recommendations of
ASTM G148-97 Standard?”’.

The potentiodynamic polarization tests were performed
using a BioLogic potentiostat model VMP3 with the left
cell of electrochemical double-cell filled with a 24g/1 NaCl
solution, by applying a linear ramp of measured potential
against the saturated calomel reference electrode (SCE) at
a sweep rate of 0.8 mV/s. A platinum electrode with area
of 1 cm? was used as counter electrode. The pH of NaCl
solution was adjusted to 8.22 with a 0.IN NaOH solution
before starting the tests.

The permeation tests were performed using the two cells
of electrochemical double-cell. Hydrogen was produced
on the charge cell using the galvanostatic method, and the

Potentiostat PAR VM P3
[ N | qﬁ. [ N ]

hydrogen diffused through the sample was oxidized in the
detection cell at a potential of +300mV .. The two-cells
were connected to a BioLogic multichannel potentiostat
model VMP3, controlled by the Ec-Lab r 11.43 software.
The output cell was filled with 0.1M NaOH solution®” and
the input cell with 0.42M of a NaCl solution at pH 8.22
(corrected with NaOH). The hydrogen generation current
density used in each test was obtained from the potentiodynamic
polarization curves.

The permeation tests were performed to obtain a double
transient for each sample. In the first transient, the reversible
and irreversible hydrogen traps were filled. Upon reaching the
steady-state flow, the hydrogen production was interrupted,
and the hydrogen atoms captured in reversible traps were
released. After a period of relaxation, the same current
intensity was applied, the oxidation current measured and
the second transient was obtained.

The apparent diffusion coefficient (Dapp) to the samples
of as-received steel and in the T350, T440 and T525
conditions was calculated by the time-lag (t,) method through
the Equation 3%% using the first transients. The effective
diffusivity (D) was obtained using the second permeation
transients, trough the same equation.

12

Dapp (OI‘ Deff) = (3)

6tlag

where L is the sample thickness (cm), ti4g (s) is the time
required to reach the value of J(t)/J. J,, is the atomic
hydrogen permeation flux at steady-state?”*'.

NI : Nitrogen Input

CE : Counter Electrode

MNO: Nitrogen Qutput

RE : Reference Electrode
{saturated calomel)

WE: Working Electrode

Figure 2. Schematic of double-cell used in electrochemical tests.
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The hydrogen solubility on the sample at steady state
(apparent solubility), S, is given by the Equation 4! and the
hydrogen subsurface concentration on the sample (solubility),
C,, was obtained using the Equation 5%

JoL
sapp == (4)
Dapp
JoL
Co=—— )
Defr

The total density of hydrogen trapping sites (N.), when
D >>D, (D, =7.2:10°cm?s is the hydrogen diffusivity in
Fe-a)* can be determined by the equation proposed by
McNabb & Foster*, Equation 6, using data of first permeation
transient. The density of reversible trapping sites (N ) was
calculated from the second permeation transient, taking into
account the effective diffusivity (D). Finally, the density
of irreversible sites (N,) was obtained by difference among
the total density of trapping sites (N,) and the density of
reversible trapping sites (N )**?.
Np=—sbN, ©)

Dapp

where N4 corresponds to Avogadro’s constant.

2.2. Microstructural analysis

Microstructural characterization was performed on
samples of as-received steel and of steel at each heat treatment
condition. The samples were embedded in bakelite, sanded
with waterproof SiC papers, grade 120, 320, 600, 1000 and
1200, and then polished with alumina in suspension, with a
granulometry of 0.05 pm, 0.3 pm and 1 pm. After polishing,
the samples were cleaned with ethyl alcohol and etched with
2% nitric acid solution (2% Nital). First, a microstructure
analysis was performed using a Shimadzu SSX-500 scanning
electron microscope. Later, an analysis by energy dispersive
spectroscopy to characterize the precipitates existing in the
samples was performed.

2.3. X-ray diffraction analysis

In order to identify the present phases on as-received steel
and at each heat treatment condition, as well as to determine
the density of dislocations, x-ray diffraction measurements
were performed with 20 ranging from 40° to 140° with CuK |
radiation. This analysis was performed in an X BRUKER,
D2 PHASER diffractometer, operating with a Cu target tube
at 30.0 kV and 10.0 mA, with a 55D160 detector.

To calculate the dislocation density on as-received steel
and on the steel in the three heat treatment conditions, the
method proposed by Wllliamson-Hall was used, Equation 7%’
cos® 0,9

sample > = 5 +2 56)1\19 7
where FWHM corresponds to half the maximum width, in
radians, calculated at different peaks corresponding to the
diffraction planes of the ferrite, D is the average grain size
and & the x-ray wavelength (0.15406 nm). FWHM was obtained
from diffracted peaks in the (110) (200) (211) planes, which
showed a significant change between the diffraction spectra.
Equation 8 was used to determine the dislocation density**.

FWHM,
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p= 144(%}2 ®)

where b represents the burgers vector (b = 0.248 nm)

and ¢ is the slope of the FWHMgyp|e curve on &;eVsﬂ

coordinate system!%#!, &

3. Results and Discussion

3.1. Potentiodynamic polarization

The potentiodynamic polarization curves of steels in
the as-received, T350, T440 and T525 conditions are shown
in Figure 3. In the four curves two inflection points can be
observed: The point A, at approximately -950mV . and the
point B, at approximately -1100mV..

During the test, the main reduction reaction occurs
around the point A, since from this point the increasing
production of hydrogen occur according to the reaction
represented in Equation 2. At point B, hydrogen production
is relatively high, which characterizes a cathodic overprotection
condition.

3.2. Hydrogen permeation

The permeation curves were constructed for samples
of as-received steel and the steel in T350, T440 and T525
conditions. The current density used in the permeation tests
was -3.0mA/cm?, that correspond to -1100mV,_ according
to the potentiodinamyc polarization curves. This potential
was chosen because characterizes a cathodic overprotection
condition and the high hydrogen production facilitates the
evaluation of the response of material to its effects. In order
to facilitate the obtention of the trapping parameters, the
permeation curves were plotted in terms of the normalized
flux J/J and dimensionless time t (r:i;), according

to the procedure proposed by Pressouyre and Bernstein®.
These curves are shown in Figures 4a, 4b, 4c and 4d.

Values for apparent and effective diffusivities, solubility,
subsurface concentration and trap density are shown in
Table 2.

Potential (Vgce)

——T350°C
—— Ta40°C
-3 —T525°C
——— As received

0 1 2 3 4 5 6
Log J (uA/cm?)

Figure 3. Potentiodynamic polarization curves in NaCl (0.42M),
T=25°C.
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In Table 2 can be observed that there was an important
increase in the hydrogen subsurface concentration after the
first heat treatment (T350 condition), followed by a reduction
as the temperature used in the heat treatment was increased
(T440 and T525 conditions). The behavior of the effective
diffusivity was inverse: there was an important decrease
on hydrogen diffusion rate trough lattice after the first heat
treatment (T350 condition), followed by an increase when the
temperature used was 440°C (T440 condition); the increase
became expressive at temperature of 525°C (T525 condition).
The responsible for alterations on hydrogen transport rate
through the material is the hydrogen trapping, since the
residence time in traps is greater than the residence time
in interstitial lattice sites’. Low diffusivity values indicate
resistance to hydrogen diffusion through the network®.
The apparent diffusivity shows the same behavior, but it
is lower than the effective diffusivity because the former
is obtained when the material is free of hydrogen; in turn,
the effective diffusivity is obtained when the irreversible

As received
——1nd transient
——2nd transient

a)

0.8 4

0.6+

s

0.4+

024
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T T
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traps are fully filled. The difference between apparent and
effective diffusivity can be attributed to the difference in
density of hydrogen traps, such as the volumetric fraction
of grain boundaries, dislocations density and precipitates.
Increases in grain boundaries, which act as hydrogen
trapping sites, tend to reduce hydrogen diffusion***;
the increase on dislocations density also decreases the
hydrogen diffusivity*. This means that the dislocations are
hydrogen traps rather than diffusion paths. The hydrogen
solubility is also related to the reversible and irreversible
trapping: traps can hold up to 97% of the total hydrogen
concentration, which makes them controllers of hydrogen
solubility and of the amounts of hydrogen atoms that can
be available to diffuse toward to sites where degradation
occurs*’*, The number of atoms that can be trapped on traps
depends on trap characteristics: irreversible traps can have
high or limited specific solubility (unsaturable or saturable
traps, respectively)®, reversible traps can be hold very low
concentrations of hydrogen atoms, as the case of dislocations™.

T350 b)
|—— 1st_transient
—— 2nd transient
1.0+
0w
u
=2
S 054
0.0 T T T T
0.1 1 10 100 1000
T
T525
—— st transient @
—— 2nd transient
1.0
w
@
2
=
0.5
0.0 T T T

T
0.1 1 10 100

Figure 4. Normalized permeation curves (a) as-received; (b) T350; (c)T440; (d)T525.

Table 2. Kinetic hydrogen parameters obtained in electrochemical permeation tests.

Condition  Dypp (cm?/s) Degr (cm?/s) Sapp (mol/em?)  Cy (mol/em?) N (sites/ecm®)  Nj (sites/em’) N (sites/cm?)
As-received 1.32-10° 1.65-10° 6.51-107 2.95-107 3.92-10"7 2.14-10"7 1.78-10"
T350 1.58:107 2.83-107 1.05-10° 3.62:10°¢ 6.32:10"% 4.14-10" 2.18:10"
T440 3.00-107 4.07-107 1.02-10° 1.64-10° 6.15-10' 5.16:10'% 9.90-10"7
T525 6,12-107 1.67-10° 7.98-107 7.29-10°¢ 4.80-10"7 4,37-10"7 4.39-10"
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Therefore, the differences in the diffusivity and concentration
values observed on four conditions (as-received, T350, T440
and T525) are attributed to the formation of new hydrogen
trapping sites, reversible and/or irreversible, related to the
changes on microstructural characteristics in each condition.
The change in tempering temperature leads to modifications in
microstructure of material, as changes in grain size, formation
of dislocations and precipitates, which, in turn, cause changes
in the hydrogen kinetics in the material. For example, the
hydrogen solubility is enhanced in smaller grains and the
hydrogen transport is difficulted, since trapping by grain
boundaries is increased with the decrease in grain size''.
The result of hydrogen trapping quantification shown
in Table 2 indicates that, from the as-received condition,
there was an increase on total trapping sites density after the
first heat treatment at 350°C (T350 condition), followed to
a decrease on total trapping sites density as the temperature
on heat treatment was increased (T440 and T525 conditions).
This decrease was more expressive in the T525 condition.
The reversible and irreversible traps distribution in the total
trap density in the three conditions (T350, T440 and T525),

SEM HV: 20.0 kV wo:ss2mm | VEGAS TESCAN|
View fleld: 104 pm Det: SE 20 pm

SEM MAG: 2.00 kx  Date(mvdly): 08/1522 LAMMEA -UFCG

SEM HV: 20.0 kV Wo:s44mm | VEGA) TESCAN
View fleld: 104 pm Det: SE 20 pm

SEM MAG: 2.00 kx  Date(midly): 06/17/22 LAMMEA-UFCG
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show that the irreversible trapping is more important
in T350 and T440 when trapping is associated with the
number of atoms trapped in the irreversible traps, that can
be obtained calculating the difference between apparent
solubility and the subsurface concentration. The results
show on Table 2 indicate that the steel on T440 condition
presents a microstructure with high solubility, related to
its high trapping capacity, and that quantity of hydrogen
atoms trapped in the irreversible traps is greater than the
as-received, T350 and T525 conditions. These results
suggest that the formation of irreversible traps associated
with the greater number of hydrogen atoms trapped when
the tempering temperature is 440°C, the heat treatment may
make the API SCT P110 steel less susceptible to hydrogen
embrittlement'>!.

3.3. Microstructure

The microstructural characterization indicated the presence
of tempered martensite in all microstructures, Figure 5.
This microstructure is composed of laths (blocks), plates
and previous austenitic grain boundaries™.

SEM HV: 200 kV WD: 6.24 mm
View fleld: 69.2 ym Det: SE
SEM MAG: 3.00 kx  Date(midly): 09/06/21

L VEGA3 TESCAN
20 pm
LAMMEA-UFCG

SEM HV: 20.0 kV
View fleld: 104 pm

WO: 15.03 mm
Det: 58 20 pm
SEM MAG: 2.00 kx  Date{midly): 06/17722

Figure 5. Material microstructure. (a) As-received; (b) T525; (¢c)T440; (d)T350.
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A high dislocation density in martensite is observed
on T350, T440 and T525 conditions. Dislocations can be
considered as more dangerous trapping sites due to their
lower activation energy among other trapping sites®>. The
high dislocation density in martensite hinders the hydrogen
transport and reduce the hydrogen diffusivity, therefore, the
diffusion coefficient decreases with increasing of dislocation

SEMHV:200kV | WD: 1497 mm
View field: 104 ym Det: SE
SEM MAG: 2.00 kx _ Date(m/dly): 06/17122

VEGA3 TESCAN|

LAMMEA-UFCO

density and the diffusible hydrogen concentration is
increased. Despite the effect of dislocations on hydrogen
diffusivity, they are not solely responsible for alterations in
hydrogen transport rate, which occur due to combined effect
of reversible and irreversible trapping.

In order to characterize the hydrogen traps, EDS analysis
was performed, Figure 6.
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Figure 6. Characterization of precipitates by energy dispersive spectroscopy. (a) As-received; (b) T350; (c) T440; (d) T525.
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The different tempering temperatures, induce the
precipitation and dissolution of a considerable amount of
microalloyed carbonitrides elements. In samples of T350, T440
and T525 conditions, particles containing high levels of Ti,
Mn, and Cr were found, which characterize MC, M,C,M.C,,
and M_.C, carbides. These carbides are thermodynamically

stable iil tile temperature range between 550°C and 715°C.
Ti and Mo are the M constituents of MC-type carbides, while
Fe, Cr, Mo, and Mn are the constituents of M,C, M.C,, and
M,,C, carbides.

Was observed that the volumetric fraction of M, C, phase
gradually decreases until around 600°C, when dissolves
completely, while the volumetric fraction of M,C increases
with rising temperature until reaching 730°C, at which point it
completely dissolves. The volumetric fraction of MC carbide
gradually decreases with the increase of temperature until
460°C, and stars to increase again, reaching a peak between
650°C and 750°C. After this temperature, the fraction starts
to decrease. A small fraction of MC precipitate remains until
1200°C. The opposite occurs with M, .C, carbides, which
gradually decreases with increasing temperature until it
dissolves completely at around 650°C. Yang> studied the
API 5CT P110 steel under different heat treatments and
found similar results. The average particle sizes under the
four conditions are presented in Table 3.

The reduction in particle size was significant at 440°C.
The reduction from 3.47 pm in T350 to 1.07 um in T440
condition was due to the decrease in the volumetric fraction
of M.C, and M,,C, carbides. Analysis of Figure 5 showed
a high content of Cr in the sample tempered at 350°C, but
this element was not found in the samples tempered at
440°C and 525°C. Additionally, there was an increase in the
average particle size between 440°C and 525°C (1.07 +0.22
and 1.11 + 0.14, respectively). However, a more in-depth
analysis, considering the standard deviations, revealed that
there is no statistically significant difference in the average
particle size within the margin of error between the two
temperatures. Interestingly, the samples treated at 440°C
consistently exhibited a larger average particle size, falling
within the measurement error range when compared to the
particles treated at 525°C

With the increase in tempering temperature, there is
a dissolution of M,C, and M,C, precipitates in the steel,
resulting in a significant reduction in the number of reversible
trapping sites, which is evidenced by the reduction in the
density of reversible hydrogen trapping sites with increasing
of tempering temperature. As the M7C3 (Cr) carbides have a
low activation energy to release hydrogen, and are considered
reversible traps®®*’, the continuous increase in apparent
diffusivity is also related to this reduction.

Table 3. Average size of particles.

Materials Research

Particle refinement was possible to observe on sample
of T440 condition. The effect of-observed refinement on
the apparent diffusivity was most evident in the T525
condition, where the irreversible trapping sites density
was higher than the reversible trapping sites, when
compared to the T440 condition. It is believed that this
can be explained by the secondary precipitation of Ti-rich
MC-type carbides. The apparent diffusivity was higher
on T440 and T525 conditions due to the smaller size of
the carbide.

TiC-type precipitates introduced by tempering are,
therefore, beneficial because of their potential as hydrogen
capture sites. These traps are characterized as irreversible
traps**%%. Wei and Tsuzaki studied the effect of TiC on a
0.05C-0.22Ti-2.0Ni steel, obtaining the energy for hydrogen
desorption from this precipitate around 85.7 kJ/mol, which
characterizes a strong irreversible trapping site. Furthermore,
Pressouyre and Bernstei*? and Lee and Lee* reported that the
activation energy increased with the size of the precipitate.
According to the D, values, this value increases as the
second phase (TiC) particle size decreases. Precipitated
particles of (Nb,Ti)C present a greater capacity to capture
hydrogen than (Cr,Mo)xCy precipitates due to their greater
affinity by hydrogen®*!,

3.4. XRD analysis

The profiles of the x-ray diffraction lines are shown in
Figure 7. The observed peaks in each phase have the same
reflection in the range of 40-140° for the planes (1 1 0)
200)(211)(220)(310)(222), which correspond to
the o’ ferrite phase. The absence of austenite peaks in the
diffraction spectra indicates a structure quasi 100% BCC-o’-Fe
without significant content of retained austenite®. Peaks
(110) (200) (211) of martensite shifted to the right, while
peaks (220) (310) (222) remained practically unchanged®.
The shift to the right of the first three peaks may be due
to carbon diffusion during the tempering process. The
dislocation density as a function of tempering temperature
is shown in Figure 8.

The density of dislocations in the as-received, T350,
T440 and T525 conditions was 1.13-10"? cm2, 1.68-10" cm™?,
1.67-10"2 cm™ and 1.40-10'2 cm™, respectively. As observed,
the tempering reduced the dislocations density. The minimum
value for dislocation density was obtained for the material in
the as-received condition. This steel, during manufacturing
stages, underwent heat treatment involving quenching and
tempering with different conditions than those studied in
this work, such as the furnace holding time and tempering
temperature, which are fundamental parameters influencing
dislocation density®.

Condition Average size of particles (um)
As-received 1.90 +0.32
T350 3.47+1.29
T440 1.07 +£0.22
T525 1.11+0.14
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Figure 8. Density of dislocations as a function of tempering temperature.

4. Conclusions

In this work the diffusivity and hydrogen trapping in
API 5CT P110 steel tempered at different temperatures
were characterized experimentally by the electrochemical
permeation technique®, as well as was established the effect
of heat treatments in microstructural changes responsible for
alterations on kinetic hydrogen parameters on the studied
steel. The following findings can be drawn from permeation
experimental results and from microstructural characterization:

a) The heat treatments caused significant changes in the
hydrogen diffusion and hydrogen solubility. There was an
increase in the hydrogen transport rate with the increase
in tempering temperature, in the following order: T350 <
T440 <T525. The behavior of the hydrogen concentration
was inverse, there was a decrease in solubility with
increasing in the heat treatment temperature.

b) These differences in the diffusivity and solubility
values are attributed to the formation of new hydrogen
trapping sites, reversible and/or irreversible, related to
the changes on microstructural characteristics in the
different tempering temperatures.

c¢) There was a reduction in the dislocation density
between 350°C and 525°C and a significant reduction
in the average particle size until 440°C followed to
an increase until 525°C. The reduction in the average
particle size was attributed to the decrease in the
volumetric fraction of M7C3 and M23C6 carbides.
The increase was attributed to the increase in the
volumetric fraction of MC-type carbides.

d) The MC-type carbides, rich in Ti, are irreversible hydrogen
traps because can trap large amounts of hydrogen atoms
with high trapping energy. As larger their size, more
hydrogen atoms can trap. Therefore, are considered
beneficial taps.

The results indicate that the presence of stable carbides and
the controlled particle size distribution in the microstructure
of API 5CT P110 steel, obtained through optimized heat
treatments, can improve their hydrogen retention capacity,
and can make it less susceptible to hydrogen embrittlement,
reducing, therefore, the risk of catastrophic failures.
The results suggest that the optimal tempering temperature
is 440°C, according to the conditions outlined for the studied
problem. These conclusions have important implications,
especially in critical applications in the oil and gas industry,
where cathodic protection systems are used.
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