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ABSTRACT

A 42CrMo4 steel quenched and tempered at different temperatures was tested via a combination of
electrochemical hydrogen transient build-up permeation tests and thermal desorption analysis (TDA). The
evolution of the apparent diffusion coefficient, Dayp, Versus the applied cathodic current density as
microstructural hydrogen traps are progressively filled, was obtained until reaching the value of the lattice
diffusion coefficient, D, (hydrogen diffusion in the steel when all its traps are filled). TDA analyses were
additionally performed to determine the binding energies related to the different microstructural traps
present in the microstructures of these steel grades.

Hydrogen binding energies of 11.8, 17 and 27.4 kJ/mol were determined, these values being found not to
depend on the tempering temperature. It was also demonstrated that the most energetic peak was associated
with dislocations. Furthermore, both hydrogen diffusivities, Day, and D, decrease while hydrogen
solubility, Coapp, (Subsurface hydrogen concentration at the entry side when all traps are filled), and the
density of hydrogen traps, Ny, increase with the hardness of the steel (hardness varies linearly with the
tempering temperature in this 42CrMo4 quenched and tempered steel).
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1. INTRODUCTION

Hydrogen atoms can enter into steel components during pickling, electric discharge machining, electrolytic
coating from aqueous media and cathodic protection, due to corrosion phenomena in different
environments, and in components submitted to contact with hydrogen-containing gases at high pressure [1-
4]. Under these circumstances, hydrogen atoms can be absorbed by the steel surface and interact with the
steel microstructure to produce embrittlement phenomena, characterized by a drastic reduction in the steel’s
most important mechanical properties (tensile strength, elongation, fracture toughness and fatigue crack
propagation rate) [5-8]. Hydrogen embrittlement takes place when the hydrogen concentration located in
certain details of the steel microstructure exceeds the threshold hydrogen concentration under the applied
external loads. The controlling factors of hydrogen embrittlement are stress (external and residual), the
diffusible hydrogen content, the microstructure of the steel and its strength level. Therefore, the
characterization of hydrogen behaviour in steels is very important in understanding, predicting, and
preventing hydrogen embrittlement [9,10].

Hydrogen absorption, diffusion and segregation processes have been widely investigated to elucidate the
underlying mechanisms of hydrogen embrittlement. Reliable information on hydrogen ingress from the
surrounding environment into the steel, hydrogen transport inside the steel and hydrogen trapping in
characteristic structural defects can be obtained using electrochemical permeation techniques, considered
to be the most widespread, appropriate method for measuring hydrogen diffusivity [11-13]. Trapping site
characteristics can also be determined by examining the effective diffusivity of hydrogen in the course of
build-up and decay transients in hydrogen permeation experiments, but are more usually investigated using
thermal desorption analysis (TDA), which monitors the rate at which hydrogen is released from a pre-
charged sample submitted to continuous heating [14-18]. Strong or deep traps release their hydrogen at a
higher temperature, allowing the binding energy of microstructural traps to be determined in these tests.
Hydrogen traps reduce hydrogen diffusivity and increase hydrogen solubility within the steel
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microstructure, consequently affecting the risk of hydrogen embrittlement and hence premature failure. In
this context, hydrogen atoms are known to be retained in quenched and tempered steels (tempered
martensite microstructures) in microstructural traps, such as prior austenite grain boundaries, martensitic
lath and packet interfaces, dislocations, interfaces between the matrix and precipitated carbides and in
interfaces between the matrix and inclusions [19-21]. These lattice imperfections explain that the hydrogen
diffusion coefficient is around two orders of magnitude lower in quenched low temperature tempered steels
than in pure iron [22-27].

The effect of steel hardness (or yield strength) and microstructure on hydrogen transport and trapping have
been studied by many researchers. Parvathavarthini et al. [24] compared the hydrogen permeation behavior
of water-quenched, air-cooled and furnace-cooled 2.25Cr1Mo steel and also investigated the effect of
tempering the as-quenched structure. They found that hydrogen diffusion coefficients and solubilities are
respectively inversely and directly correlated with the Vickers macrohardness of the steel. Similar results
were obtained by Moli-Sanchez et al. [25] using a quenched 34CrMo4 steel tempered at different
temperatures (between 200 and 680°C). Comparable effects of hydrogen were yet obtained by Garet et al.
[29] when comparing ferritic-pearlitic and bainitic CrMo steels. The same effects of tempering were also
reported by Depover et al. [30] using W alloyed quenched steels, which they associated with the reduction
in dislocation density produced during tempering. These authors additionally demonstrated that large
carbides precipitated in the course of this treatment were not able to trap hydrogen but rather, that small
carbides (with sizes below 20 nm) can act as high energy hydrogen traps. Galindo-Nava et al. [31] also
demonstrated that dislocations are the main factor in controlling the mobility of hydrogen in quenched and
tempered martensitic steels.

The principal aim of the present study is to contribute to a better understanding of the diffusion and trapping
of hydrogen in tempered martensitic steels. A 42CrMo4 steel quenched and tempered at different
temperatures (between 500°C to 700°C) was tested via a combination of electrochemical hydrogen transient
build-up permeation tests and thermal desorption analysis (TDA). The evolution of the apparent diffusion
coefficient, Dapp, Versus the applied cathodic current density was obtained until reaching the value of the
lattice diffusion coefficient, D.. The density of trapping sites, N, was also estimated using two different
approaches. TDA analyses were additionally performed to determine the binding energies related to the
different microstructural traps present in the microstructures of these steel grades.

2. EXPERIMENTAL PROCEDURE
2.1 Materials and heat treatments

A commercial 42CrMo4 steel was used in the present study. Its chemical composition is shown in Table 1.

Steel C Cr Mo Mn Si P S
42CrMo4 0.42 0.98 0.22 0.62 0.18 0.008 0.002
Table 1. Chemical composition in weight% of the 42CrMo4 steel (weight %)

Hot rolled plates (250x250x12 mm?®) of 42CrMo4 were submitted to different heat-treatment sequences
obtaining 5 steel grades, as specified in Table 2. In order to study the influence of the tempering temperature
(i.e. the hardness level) on hydrogen diffusion and trapping, the steel was austenitized at 845°C for 40 min,
guenched in water and tempered at 700, 650, 600, 550 and 500°C for 2 h, respectively.



Steel grade Sequence of heat treatments
42CrMo4-700 845°C/40min + water quenching + 700°C/2h tempering
42CrMo4-650 845°C/40min + water quenching + 650°C/2h tempering
42CrMo4-600 845°C/40min + water quenching + 600°C/2h tempering
42CrMo4-550 845°C/40min + water quenching + 550°C/2h tempering
42CrMo4-500 845°C/40min + water quenching + 500°C/2h tempering

Table 2. Heat treatments applied to the 42CrMo4 steel

2.2 Microstructure characterization

The microstructures obtained after the application of the different heat treatments were examined under a
scanning electron microscope (SEM JEOL-JSM5600) applying an acceleration voltage of 20 kV. The
samples were previously ground with SiC paper until 1200 grit, polished with 6 and 1 um diamond paste
and etched with Nital-2%.

Brinell hardness measurements were performed on each sample, applying a load of 187.5 kg for 15 s using
a 2.5 mm diameter spherical indenter. At least five measurements were made in all cases, subsequently
calculating the average hardness value. For further information on the mechanical properties of these
42CrMo4 steel grades, the reader is referred to [32,33].

Additionally, the full width at half maximum (FWHM)) parameter was measured by means of X-ray
diffraction in all the samples as an indirect estimation of the dislocation density [34,35], which is a key
microstructural parameter related to hydrogen diffusion and trapping. In fact, the FWHM parameter
measured on the diffraction peak is often used to assess material hardening during heat treatments [36,37].
Its value was experimentally determined using an X STRESSTECH 3000-G3R diffractometer equipped
with a Cr-tube (with a wavelength, A = 0.229 nm) on the crystallographic (211) plane of ferrite/martensite,
which corresponds to a diffraction angle, 26, of 156.4°. The FWHM parameter is dependent not only on the
dislocation density, but is also influenced by structural distortion, thus constituting suitable parameter
indirectly related to hydrogen diffusion and trapping.

2.3 Determination of trap binding energies

Thermal desorption analysis (TDA) was used to describe the traps present in these steel grades. Hydrogen
pre-charged samples were heated under a defined temperature profile, so the stored hydrogen atoms effuse
differently depending on the kind of trapping site and its associated activation energy. The trap activation
energy, Ea, was thus determined by detecting the released hydrogen as a function of the heating rate [38,39].
The trap biding energy, Ep, was then calculated, assuming E.=E,+E. (EL being the activation energy of
hydrogen diffusion in an iron lattice, which has a value of 8 kJ/mol [40]).

Assuming that the egress of hydrogen from a trap site is a thermally activated process, the hydrogen
evolution rate from trapping sites can be written according to the following expression (Equation 6).

dXH _ _ . _Ea/RT
S = 41 = X)) (6)

where Xy is the fraction of hydrogen evolved from a trapping site characterized by an activation energy E,,
and A is a constant.

Hence, when a hydrogen-charged specimen is heated at a uniform rate, ¢(dT/dt), a hydrogen peak related
to the trap activation energy is detected at a certain temperature, T,. Using the model developed by Lee and
Lee [41], derived from Fick’s second law, the trap activation energy, E,, can be calculated from the slope
of the linear regression obtained when plotting In(¢/T,2) versus 1/Tp, according to Equation 7. This equation
is valid for low trap occupancy in the case of low lattice hydrogen contents [16,38].
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These tests were performed on a LECO DH603 hydrogen analyzer, using the following heating rates: 4800,
3600, 2400, 1800, 1200, 800 and 400°C/h.

To evaluate the activation trap energies of each steel grade, small cylindrical samples with a diameter of 10
mm and a length of 30 mm (=20g weight) were thermally pre-charged with gaseous hydrogen in a high-
pressure reactor at 19.5 MPa and 450°C for 21 h. Operating in this way, all the 42CrMo4 samples were
saturated with hydrogen by the end of the charging phase. However, during the required cooling phase to
be able to safely remove the specimens from the reactor, significant hydrogen losses took place despite
maintaining the hydrogen pressure. All the charged specimens were subsequently removed from the reactor
and rapidly immersed in liquid nitrogen (-196°C), where they were kept until the moment of testing, once
again in order to limit hydrogen losses. Before each measurement, the pin was cleaned with acetone and
carefully dried using cold air. Hydrogen contents between 1.2 and 1.9 ppm were finally measured in the
different samples in a LECO DH603 analyzer.

2.4 Hydrogen permeation experiments

The hydrogen transport and trapping behaviour of 42CrMo4 steel quenched and tempered at different
temperatures (700, 650, 600, 550 and 500°C for 2 h) was characterized by means of electrochemical
permeation tests. Flat specimens measuring 20x20 mm, with a thickness of between 0.7 and 1 mm
depending on the steel grade, were used in this study (with a circular exposed area of 1.25 cm?). As the
surface condition of the specimen is very important to obtain reliable results in these tests [42—44], both
sides were ground with SiC paper until 1200 grit, then polished with 6 um diamond paste and cleaned with
acetone prior to testing.

The permeation tests were performed in a double electrolytic cell based on the one developed by
Devanathan and Stachurski [45], as is shown schematically in Figure 1(a). With an approximate volume of
300 ml, both cells satisfy the ASTM G148 [46] recommendation of a solution volume-to-surface area ratio
greater than 20 ml/cm?.
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Figure 1 (a) Scheme of the modified D-S double-cell employed in the hydrogen permeation experiments; (b)
hydrogen reduction and oxidation reactions.

Both cells are separated by the steel specimen, which represents the working electrode (WE) in each cell.
The cathodic cell, where hydrogen generation takes places (applying a cathodic current, hydrogen is
cathodically generated and hydrogen atoms are adsorbed on the surface of the metal), was filled with an
acid solution (pH~=1) composed of 1M H,SO4 and 0.25 g/l As;O3 to mitigate hydrogen recombination
reactions [28,47-49]. The anodic cell, on the other side of the specimen and where hydrogen oxidation
occurs, was filled with a basic solution (pH~12.5) of 0.1M NaOH. The hydrogen reduction and oxidation
reactions that take place in each cell are shown in Figure 1(b). Thin platinum plates with a total surface area
of 1 cm? (similar to the specimen’s permeated area) were used as counter electrodes (CE). A reference
silver/silver chloride electrode (Ag/AgCl, RE) with a Luggin capillary was employed in the anodic cell and
the equipment used for data acquisition was a pocketSTAT lvium potentiostat with a current operation
range of £10 mA. All tests were performed at room temperature.

Before commencing the tests, the background current density in the anodic cell must be reduced to a steady-
state value below 0.1 pA/cm? and was subtracted from the measured oxidation current prior to data analysis.
Hydrogen oxidation was enhanced in the anodic cell, ensuring a virtually zero hydrogen concentration on
the exit side of the specimen (Figure 1(b)) via the application of a palladium coating. This coating, with a
thickness of around 1-2 pum, measured under the SEM, was electrodeposited on the anodic side of the
sample from a bath of commercial palladium containing 2 g/l of Pd, applying a current density of 3 mA/cm?
for 5 min. In fact, there is general consensus as to the importance of using palladium coatings on the
detection side of ferrous samples so that the permeation results may be reliably exploited in order to ensure
the oxidation of hydrogen atoms on palladium-coated surfaces under most charging conditions [50].
Moreover, the possibility of having introduced hydrogen in the sample during the process of Pd
electrodeposition was discarded, as different hydrogen measurements were performed on the Pd-coated
samples obtaining values below 0.1 ppm in all cases.

Consequently, the permeation method employed in this study, shown in Figure 2, consisted in recording
several partial build-up permeation transients by sequentially increasing the cathodic current density until
reaching a steady-state value of the hydrogen diffusion coefficient. Operating in this way, saturation of all
the microstructural traps is ensured in the last transients, thus allowing the true value of the lattice hydrogen
diffusion coefficient of the steel, D, (hydrogen diffusion barely affected by the presence of microstructural
traps), to be obtained [15,51-53].



Depending on the hydrogen trapping capacity of each steel grade, different stepped permeation tests were
performed, usually increasing the cathodic current in 0.5 or 1 mA/cm? steps until reaching saturation, i.e. a
constant value of the diffusion coefficient. Nonetheless, the first permeation transient for all the steel grades
was always obtained under a cathodic current of 0.5 mA/cm? in order to evaluate the diffusivity of each
steel grade under the condition of low hydrogen trap occupancy. Table 3 shows all the stepped build-up
permeation tests performed on the different steel grades.
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Figure 2. Hydrogen stepped build-up permeation transients applied in this study

Steel Grade J. [mA/cm?]
0.25+0.25+0.5+1

0.5+0.5
0.5+0.5+0.5+0.5+0.5+0.5+0.5+0.5
0.5+0.5+1

42CrMo4-700 | 0.5+0.5+1+1+1

0.25 (2 tests)

0.5 (2 tests)

0.75

0.8
0.5+0.5+0.5+0.5+0.5+0.5+0.5+0.5
42CrMo4-650 | 0.5+0.5+1

0.5+0.5+1+1+1
0.5+0.5+0.5+0.5+0.5
0.5+0.5+0.5+0.5

0.5+0.5+1

42CrMo4-600 | 0.5+0.5+1+1+1+1
0.5+0.5+1+1+1+1+1

0.5

0.8

0.5+0.5+0.5+0.5+0.5
0.5+0.5+1
0.5+0.5+1+1+1+1+1
0.5+0.5+1+1+1+1+1+1 (2 tests)

42CrMo4-550




0.5+0.5

0.5+0.5+1

42CrMo4-500 | 0.5+0.5+1+1+1+1 (2 tests)
0.5+0.5+1+1+1+1+1+1+1 (2 tests)
0.8

Table 3. Stepped build-up permeation transients performed on each steel grade

As for data analysis, the apparent hydrogen diffusion coefficient, Dapp, Was calculated in each permeation
transient according to the “time lag (tiag)” method, using Equation (1), derived from Fick’s solutions under
the appropriate boundary conditions [46].

L2

Dy, = ——
app = - tiag (1)

L being the specimen thickness; tig, the time needed to reach 63% of the steady-state permeation current,
Jss; and M, a constant with a value equal to 6 (for J=63%Jss).

The apparent sub-surface hydrogen concentration on the charging side of the sample, Coapp, Can be
determined according to Equation (2):

Jss - L
Coapp = D F 2)

app

where Jss is the steady-state permeation current density and F, the Faraday constant (96485 C/mol). Coapp
can be converted from mol/cm3 to ppm wt. by multiplying by Mu/pee, My being the molar mass of hydrogen
(1 g/mol) and pe. the density of iron (7.87 g/cm?®). It is worth to mention here that the hydrogen subsurface
concentration, Coap, depends on the sample thickness when permeation tests are done using thin
membranes, being on the contrary independent on thickness in the case of thick membranes [54,55].

Stepped build-up hydrogen permeation transients were also used to evaluate the density of hydrogen traps,
N:. The mathematical formulation that allows the calculation of N; is based on the formalisms developed
by McNabb-Foster [56] and Oriani [22], subsequently improved by Kumnick and Johnson [57,58], who
proposed two different approaches for determining the value of N; depending on the degree of trap
occupancy.

When trap occupancy is low, i.e the first permeation transient, the density of trapping sites, N;, can be
determined according to Equation (3),

D, Ep
Nt = NL D -1 exp (—ﬁ) (3)
app

where Dy is the value of the lattice hydrogen diffusion coefficient of the studied steel (obtained in the last
transient, when all traps are filled); Dapp, the apparent hydrogen diffusion coefficient calculated in the first
permeation transient to guarantee low trap occupancy; Ey, the trap binding energy, estimated from TDA
measurements in this study; R, the gas constant; and T, the absolute temperature (298 K). N is the density
of the interstitial sites in the steel, which can be calculated as proposed by Krom and Bakker [59] by means
of Equation (4).

=NA'ﬁ'PFe

N
b MFe

(4)



Na being the Avogadro constant (6.022 102 at/mol); =6, the number of tetrahedral interstitial sites per
atom in the Fe BCC crystal lattice; Mg, the molar mass of iron (55.8 g/mol); and pre, the density of iron
(7.87 g/cm®). The value of N obtained using Equation (6) is 5.1(110%° sites/m?3.

For high trap occupancy (trap saturation), the trapping site density, Ny, is calculated by means of Equation

(5):

_COapp DLFe )
N, =22 (DL 1) N, ©)

where Coapp iS the apparent hydrogen sub-surface concentration on the charging side of the sample,
calculated from Equation (2) in the last build-up transient; D is the lattice hydrogen diffusion coefficient
estimated in this last build-up transient, where traps are fully filled; Dr. is the value of the lattice hydrogen
diffusion coefficient in pure iron (a value of 7.3010°° m?/s, as reported by Kiuchi et al. [23], was considered
in this paper); and Na is the Avogadro constant. The same approach was used by Yen and Huang [60],
Dong et al. [61] and Izadi et al. [62], among others.

3. RESULTS
3.1 Microstructure characterization

The SEM microstructures of the 5 grades of 42CrMo steel are shown in Figure 3 under a magnification of
10000x. The results of Brinell hardness, HB, and the FWHM parameter measured on each grade are given
in Table 4 and plotted in Figure 4 versus the tempering temperature.
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Figure 3. SEM microstructures of 42CrMo4 steel quenched and tempered (2h) at (a) 700°C, (b) 650C, (c) 600°C
(d) 550°C, and (e) 500°C (10.000x)

The microstructure of all these 42CrMo4 steel grades was tempered martensite. It is observed that as the
tempering temperature increases, the acicularity of the microstructure decreases, as does the distortion of
the crystalline structure. Carbide precipitation also increases with tempering temperature. Elongated
carbides precipitated along grain and martensitic lath/packet/block boundaries at low tempering
temperatures (500 and 550°C), then break up, globulize, and finally grow to yield a more uniform
distribution as the tempering temperature increases. This carbide growth is very clearly seen when
comparing microstructures of the steel tempered at 600, 650 and 700°C.

Furthermore, it is well known that, as the tempering temperature increases, more internal residual stresses
are released, the dislocation density is reduced and thus hardness and the diffraction peak width (FWHM)
likewise decrease [36,63-65]. This fact is reflected in Figure 4, which shows the excellent linear correlation
between the tempering temperature with the Brinell HB hardness (R?=0.98), and the FWHM parameter
(R?=0.97). As previously stated, the latter is a parameter frequently used as an indicator of the
microstructural hardening that alloys submitted to surface treatments undergo and can thus be used as an
indirect measure of the dislocation density and the corresponding internal stresses [36,37,63—65]. It may be
here recalled that in quenched and tempered steel microstructures, dislocations re-arranged in cells and
these cell interfaces also correspond to lath, packet and block martensite interfaces, where most of carbides



also precipitate, being very difficult to separate the contribution as hydrogen traps of all these different
microstructural features.

FWHM [°]

2.0

1.0

Steel grade Heat treatment HB FWHM [°]
42CrMo4-700 845°C/40min + WQ + 700°C/2h 201 1.79
42CrMo4-650 845°C/40min + WQ + 650°C/2h 246 1.93
42CrMo4-600 845°C/40min + WQ + 600°C/2h 281 2.00
42CrMo4-550 845°C/40min + WQ + 550°C/2h 307 2.23
42CrMo4-500 845°C/40min + WQ + 500°C/2h 335 2.41

Table 4. Heat treatments, hardness and FWHM of the different 42CrMo4 steel grades
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Figure 4. Evolution of FWHM and HB in terms of the applied tempering temperature

3.2 Determination of trap binding energies
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Figure 5 shows an example of hydrogen evolution during the thermal desorption analysis (TDA) performed
on the 42CrMo4 steel tempered at 700°C under three different heating rates: 1800, 1200 and 800°C/h. Three
desorption peaks, associated with three different hydrogen traps, are clearly detected in all cases, shifting
to higher temperatures as the heating rate increases. It is worth noting that the second and third peaks were
much more intense than the first one, meaning that a greater volume of hydrogen is trapped in their
corresponding traps.

10



Hydrogen intensity

——42C1Mo4-700_1800°C/h
-------- 42CrMo4-700_1200°C/h
1 A mmm—- 42CrMo4-700_800°C/h

‘‘‘‘‘
S temea

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100
Temperature [*C]

Figure 5. Thermal desorption analysis of the 42CrMo4-700 grade under three different heating rates

Considering now all the applied heating rates, Figure 6 shows the linear regression obtained between
In(¢p/Tp2) and (1/Tp), for the same steel tempered at 700°C. Excellent regressions (R? above 0.95) were
obtained for the three peaks, corresponding respectively to activation energies, E,, of 21, 25 and 35 kJ/mol.
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Figure 6. Linear regressions for the determination of trap activation energies, 42CrMo4-700.

Thermal desorption analysis was also applied to the other 42CrMo4 steel grades. In fact, Figure 7 compares
the desorption profiles of the 42CrMo4 steel grades tempered at 700, 650, 600, 500 and 500°C, under the
same heating rate of 2400°C/h.
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under a heating rate of 2400°C/h
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Three peaks were also identified in all these grades. Note that the intensities of the first and second peaks
were quite similar for the five tempering temperatures, while the intensity of the third peak increases

considerably when the tempering temperature decreases.

Table 5 shows the slope, m, of the In(¢p/T,?) versus (1/Tp) plots, the R? determination coefficient and the
activation energy, E,, calculated from the TDA analysis performed on all the 42CrMo4 steel grades. The
excellent regressions obtained in all these analyses are also worth noting, with determination coefficients,
R?, above 0.9 in all cases.

1st Peak 2nd Peak 3rd Peak
Steel Grade E, E. E.

mmo]| ™ | R lpomon| ™ | R | pumon| ™ | K
42CrMoa700 | 214 | -2572 | 0.97 | 248 | -2977 | 096 | 352 | -4238 | 0.98
42CrMo4-650 | 109 | -2391 | 0.90 | 260 | -3125 | 098 | 351 | -4222 | 1.00
42CrMo4-600 | 17.7 | -2133 | 0.97 | 240 | -2886 | 098 | 355 | -4265 | 0.99
42CrMoa-550 | 193 | -2324 | 0.93 | 252 | -3033 | 097 | 356 | -4286 | 0.98
42CrMo4-500 | 201 | -2413 | 0.94 | 251 | -3016 | 098 | 357 | -4288 | 0.97

Table 5. Trap activation energies,

determined in all the 42CrMo4 steel grades

Ea, and determination coefficient, R?, associated with the three desorption peaks

However, the trap binding energy, Ep, (instead of E,) is the trapping parameter usually reported in literature
(it is also the parameter used in Equation (4)). Therefore, Table 6 shows the trap binding energies, Ep,
determined for each steel grade.

Table 6.

15tPeak 2" Peak 3" Peak
Steel E E E
Grade [kJ/mol] kimol] | [ky/mol]
42CrMoA-700 | 134 16.8 272
42CrMo4-650 | 11.9 18.0 271
42CrMo4-600 | 10.2 16.0 275
42CrMo4-550 | 113 17.2 276
42CrMo4-500 | 121 17.1 277
Average 118+12 | 17.0607 | 27.4%02

Trap binding energies, Eb, determined in 42CrMo4 steel grades (Ev=Ea-EL)
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According to the results shown in Table 6, the binding energy associated with each desorption peak is
practically the same in all the steel grades, regardless of the tempering temperature, a finding in line with
the results reported by Wei and Tsuzaki [66]. Consequently, three different hydrogen traps with average
binding energies of 11.8, 17.0 and 27.4 kJ/mol were identified in the 42CrMo4 steel quenched and tempered
at 500-700°C.

Assuming that most vacancies are removed in the course of tempering [67], the first peak, with a binding
energy of 11.8 kJ/mol, may be associated with interfaces between the alloyed carbides (Fe, Cr, M0)sC and
the ferritic matrix [68,69], and the second peak, with a binding energy of 17.0 kJ/mol, to hydrogen trapped
in lath, block and packet martensite interphases [20,70,71]. The third peak, with a binding energy of 27.4
kJ/mol is identified with dislocations [20,41,70]. A significant, continuous increase in the intensity of this
peak with decreasing tempering temperature can be observed in Figure 7, reflecting the well-known fact
that dislocation density strongly increases with decreasing tempering temperature. In fact, many authors
[66,72] have considered that dislocations are the governing trap site responsible for hydrogen trapping in
quenched and tempered Cr-Mo steels, and trapping energies in the range of 26-30 kJ/mol are usually
assumed for dislocations in steels [15,40,41,61,73-80]. The E;, value of 27 kd/mol calculated in this study
is in line with all these previous studies.

Furthermore, in order to confirm that the aforementioned third peak corresponds to hydrogen trapped in
dislocations, two additional TDA analyses were performed:

e  First, several 42CrMo4-500 hydrogen pre-charged samples were exposed to air at room temperature
(RT) for 400 h (17 days) in order to release the reversible trapped hydrogen. TDA analysis at 1200°C/h
of these samples, shown in Figure 8, revealed that the first and second desorption peaks virtually
disappeared (weakly trapped hydrogen). Moreover, the activation energy associated with the third peak
increased to 39.8 kJ/mol (Ex=31.8 kJ/mol). This slight increase in binding energy may be due to the
RT release of hydrogen trapped in the weakest locations within dislocations [20].

1600 1 ——42CrMo4-500_1200°C/h

M00¢ LN 42CrMo4-500 (400h) 1200°C/h

1200 A
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1000 A
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200 -

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100
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Figure 8. Thermal desorption analysis of 42CrMo4-500 and 42CrMo4-500 after 400h of air exposure under a
heating rate of 1200°C/h

e Asimilar TDA analysis was subsequently performed on samples of the 42CrMo4-700 steel which had
been previously submitted to a small tensile plastic deformation of 0.5%. The results are shown in
Figure 9, which compares the TDAs of the un-deformed and the plastically strained samples under the
same heating rate, 1200°C/h. In both cases, a small first peak and two successive larger peaks were
detected, the third peak being more intense for the strained sample, where a binding energy value of
29.8 kJ/mol was calculated, slightly higher than that of the undeformed sample (27.4 kJ/mol). It is well
known that the main effect induced by plastic deformation is dislocation multiplication (increase in
dislocation density) [57,70,81,82]; hence the third peak may undoubtedly be related to dislocations.
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Figure 9. Thermal desorption analysis of undeformed and 0.5% strained samples of 42CrMo4 steel quenched and
tempered at 700°C under a heating rate of 1200°C/h

3.3 Stepped build-up permeation tests

Figure 10 shows the results of some of the stepped build-up permeation tests performed on the studied steel
grades. The evolution of the permeation current, J, in the successive permeation build-up transients obtained
when the cathodic current density, Jc, was incrementally increased can be observed in this figure. Tests with
different cathodic current density increases are plotted in Figure 10 according to the steel grade: for the
softer grades, tempered at 700°C and 650°C, the tests consisted of 0.5 mA/cm? increases until reaching a
final cathodic current density of 4 mA/cm?; while for the medium-to-high hardness steel grades, tempered
at 600, 550 and 500°C, the current increases were 0.5+0.5+1+...+1 mA/cm?, until reaching 6, 7 and 8
mA/cm?, respectively.

Note that it is difficult to compare the permeation behaviour between steel grades from the curves shown
in Figure 10, mainly due to the effect of the sample thickness (different sample thicknesses were tested,
between 0.7 and 1 mm) and the influence of the charging cathodic current density.
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Figure 10. Permeation current density measured on the hydrogen stepped build-up transients performed on the
42CrMo4 steel grades.

In order to compare the permeation behaviour of all the studied steel grades, the normalized permeation
transients corresponding to an initial cathodic current density of 0.5 mA/cm? (empty traps) and to the final
applied cathodic current density when most hydrogen traps were fully filled are shown in Figures 11(a) and
(b) respectively. In order to remove the dependence of the experimental data on the applied cathodic current
density and sample thickness, test results were represented using J/Jss vs. t/L? coordinates. Thus, the
permeation current density was divided by the steady-state permeation current density reached at the end
of the respective permeation transient (dimensionless parameter) and time was divided by the square of the
sample thickness.
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Figure 11. Normalized permeation curves of (a) the first (0.5 mA/cm?, empty traps) and (b) the last (traps fully filled)
permeation transients in all the 42CrMo4 steel grades.

Regarding Figure 11(a), it can be clearly observed that hydrogen permeation flux (hydrogen transport) is
progressively delayed as the tempering temperature of the steel decreases (increase in dislocation density,
hydrogen traps and hardness). As regards the situation when most hydrogen traps are filled, however, the
permeation curves shown in Figure 11(b) reveal that the dependence of the hydrogen permeation flux on
the tempering temperature is now weaker. When most hydrogen traps are filled, the effect of hydrogen traps
on hydrogen transport is minimized.

The permeation parameters tag, Dapp, % Saturation (based on Dapp), and Coapp calculated on all these
transients are jointly presented in Table 7.
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Steel Grade Thickness, L Perme_ation Je Jss tiag Dapp Saturation | Coapp
[mm] transient | [mA/ecm?] | [uA/em?] | [s] [m?/s] [%0] [ppm]

1 05 50 555 | 2.701100 36

2 1.0 89 260 | 5.8(1100 77

3 15 111 | 220 | 6.8010% 91

4 2.0 127 | 200 | 75010 | 100 17

42CrMod-700 | 0.95 5 25 144 | 215 | 700100 | 93 21
6 3.0 165 | 210 | 7.20107 95 23

7 35 185 | 190 | 7.9010° | 105 23

8 4.0 202 | 200 | 75010 | 100 2.7

1 05 42 844 | 2.1010 37

2 1.0 75 542 | 32011070 58

3 15 100 | 448 | 3.90110™0 71

4 2.0 121 | 384 | 450107 82

42CrMo4-650 | 1.02 5 25 137 | 336 | 52010° | 94 36
6 3.0 152 | 316 | 550107 | 100 3.7

7 35 165 | 315 | 550100 | 100 4.0

8 4 178 | 336 | 5201107 94 46

1 05 33 | 1992 | 7.70100 17

2 1 63 | 1056 | 1.5010% 32

3 2 98 504 | 2.601100 57

42CrM0o4-600 0.96 4 3 121 | 408 | 3.801010 82
5 4 140 | 348 | 4.40107 97 4.0

6 5 158 | 360 | 4.3011010 93 47

7 6 169 | 336 | 460107 | 100 4.7

1 05 30 | 2955 | 46100 13

2 1 51 | 1102 | 110107 33

3 2 80 870 | 1.60110 46

4 3 100 | 638 | 2101107 62

42CrMo4-550 0.90 5 4 115 | 480 | 2.801100 83
6 5 125 | 398 | 340107 | 100 4.4

7 6 136 | 510 | 32010 | 100 5.1

8 7 148 | 405 | 330107 | 100 5.3

1 05 37 | 2430 | 34101 9

2 1 65 | 1155 | 7.110% 18

3 2 106 | 763 | 11011070 27

4 3 141 | 540 | 1501107 39

42CrMo4-500 0.70 5 4 173 | 480 | 170100 43
6 5 108 | 360 | 2.301107 58

7 6 220 | 225 | 360100 93 5.6

8 7 240 | 215 | 3.80100 98 538

9 8 255 | 210 | 3.9010° | 100 6.0

Table 7. Results obtained from the permeation curves shown in Figure 10 for the different 42CrMo4 grades

Moreover, the entire set of data corresponding to all the experimental build-up permeation tests carried out
under the different cathodic current density transients for all the 42CrMo4 steel grades (see Table 3) is
shown in Figure 12, where the evolution of the apparent hydrogen diffusion coefficient, Dapp, is represented
versus the applied cathodic current density, Je.
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Figure 12. Evolution of the apparent hydrogen diffusion coefficient, Dapp, with the applied cathodic current density,
Je, obtained in all the build-up permeation tests performed on the 42CrMo4 steel grade quenched and tempered at
(a) 700, (b) 650, (c) 600, (d) 550 and () 500°C

In agreement with the theoretical work developed by Raina et al. [83], which was also experimentally
demonstrated in a previous paper regarding the 42CrMo4 steel quenched and tempered at 700°C [53], three
different hydrogen diffusion regimes may be distinguished in all these transient permeation tests, depending

on trap occupancy:

M

At the beginning of the tests, the hydrogen traps are completely empty. Hence, in the first

build-up transient (always under a J. value of 0.5 mA/cm? in our experiments), the apparent
diffusion coefficient is the lowest, as the interaction of hydrogen atoms with microstructural

traps is maxima
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(m During the following build-up transients, hydrogen atoms progressively fill the
microstructural traps present in the steel microstructure. Trapping effects gradually decrease
and, hence, the value of Dap, increases continuously throughout this regime.

(nn Finally, the hydrogen diffusion coefficient becomes practically constant, regardless of the
applied cathodic current density, which means that the hydrogen traps have become saturated
and there are no more trapping effects, only lattice diffusion. Consequently, this value
corresponds to the so-called lattice hydrogen diffusion coefficient of the steel, D.

3.3.1. Trapping density

Table 8 presents the density of trapping sites, N, determined in all the studied steel grades considering low
trap occupancy, Equation (3), and high trap occupancy, Equation (5). Dislocations were assumed to be the
governing trapping sites in quenched and tempered martensitic steels (hydrogen traps with the highest
binding energy). Thus, a trap binding energy of E,=27 kJ/mol, determined in our TDA analysis (see Table
6), was applied to calculate N; by means of Equation (4). Table 8 also contains the average values
(considering all the tests performed for each steel grade) of the apparent sub-surface cathodic hydrogen
concentration, Coapp, Calculated when traps were saturated.

In line with the evolution of Coapp, a gradual increase in the density of trapping sites is observed when the
tempering temperature decreased from 700°C to 500°C. Moreover, the density of trapping sites obtained
using both equations were quite similar in all these steel grades. The last column in Table 8 shows the
average value obtained using the results calculated with both equations.

Low trap occupancy High trap occupancy | Trap density
Steel grade HB Equation (3) Equation (5), (average)
By N Coap N N [sites/m?]
[kd/mol] [sites/m®] [ppm] [sites/m?] '
42CrMo4-700 201 1.53010% 2.2 1.49010% | 1.51010%
42CrMo4-650 246 2.10010% 3.5 3.33010% | 2.72010%
42CrMo4-600 281 27 4.63010% 4.4 5.30010% | 4.97010%
42CrMo4-550 307 5.6810% 5.0 7.78010% | 6.73010%
42CrMo4-500 335 7.250010% 5.9 8.33010% | 7.79010%
Table 8. Apparent cathodic hydrogen concentration, Coapp, and density of trapping sites Nt calculated for all the steel
grades

4. DISCUSSION

Figure 13 represents the average values of Day, sShowed in Figure 12 on a plot of Dagp VS. Je. The apparent
diffusion coefficient increases with increasing applied cathodic current density and, at the same time, can
also be seen to increase for any current density when the steel is tempered at a higher temperature.

Additionally, in order to provide a quantitative visualization of the results, Table 9 presents the average
values of the apparent hydrogen diffusion coefficient, Dapp, determined using a very low cathodic current
density (0.5 mA/cm?), when most traps are empty, and that of the lattice hydrogen diffusion coefficient,
D\, once trap saturation is reached under a certain cathodic current density level. The J. values needed for
hydrogen saturation are also included in this table.
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Figure 13. Representation of Dapp vs. Jc for all the studied 42CrMo4 steel grades (average values taken from Figure
12)
FWHM Dapp DL Jc saturation
Steel Grade HB ] [m2/s] [m2/s] [mA/cm?]
42CrMo4-700 201 1.79 2.901010 7.6011010 2-3
42CrMo4-650 246 1.93 1.70107%° 5501010 3-35
42CrMo4-600 281 2.00 750101 4501070 4-5
42CrMo4-550 307 2.23 5.00101 3.5010%° 5.5-6
42CrMo4-500 335 241 4.4101 3.80110%0 6.5-7

Table 9. Average apparent (Dapp) and lattice (D) hydrogen diffusion coefficients and cathodic current density (Jc) for
saturation of each 42CrMo4 steel grade

It can be seen that both diffusion parameters, Dap, and Dy, decrease with decreasing tempering temperature.
In fact, the Dapp, and Dy values of the steel grade tempered at 700°C are respectively around 7 and 2 times
greater than those of the steel tempered at 500°C. Furthermore, the harder steel grades need a significantly
higher cathodic current density to reach saturation, i.e. more hydrogen may be generated on the cathodic
side of the specimen to fill all its microstructural traps.

Fig. 14 shows the relationship between the steel hardness, HB, the value of the apparent hydrogen diffusion
coefficient, Dapp, for low trap occupancy (first permeation transient using 0.5 mA/cm?, in which most traps
are empty), the lattice hydrogen diffusion coefficient, D, when the microstructural traps were saturated
with hydrogen (last permeation transient) and the value of the apparent sub-surface hydrogen concentration
on the charging side of the specimen, Coapp, When the specimen has reached saturation (J; saturation). Note
the excellent correlation between the aforementioned permeation properties and the hardness of the
different steel grades. Hydrogen diffusivity decreases and hydrogen solubility increases continuously with
steel hardness, which is in line with the results reported previously by other authors [20,72]. This behaviour
can be attributed to the higher density of lattice imperfections, mainly dislocations, associated with hardness
in quenched and tempered steels, which constitute the most significant structural parameter governing
hydrogen diffusion and trapping in these steels.
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Figure 14. Relationship between HB hardness, lattice and apparent hydrogen diffusion coefficients, DL and Dapp and

apparent sub-surface hydrogen concentration, Coapp, for all the 42CrMo4 steel grades

Finally, Figure 15 shows the relationship between the Brinell hardness, HB, and the density of hydrogen
trapping sites, N.. Both Equation (6), for high trap occupancy, and Equation (4), for low trap occupancy,
show that N; values increase with increasing hardness, following potential laws with excellent fittings (R?
determination coefficients of 0.98 and 0.95 were obtained respectively). The average trap density, N,
obtained using the results calculated by means of both equations shows an even better potential fitting
(R%=0.99).
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5. CONCLUSIONS

Hydrogen binding energies of 11.8, 17 and 27.4 kJ/mol were determined by applying thermal desorption
analysis to a quenched and tempered 42CrMo4 steel, these values were found not to depend on the
tempering temperature (between 500 and 700°C). It was demonstrated that the peak with the highest energy
(with a hydrogen binding energy of 27.4 kJ/mol) is associated with dislocations, the magnitude of this peak
being inversely proportional to the tempering temperature (given that the dislocation density decreases with
increasing tempering temperature).

Moreover, by means of stepped build-up permeation transients, three hydrogen diffusion regimes were
defined depending on trap occupancy. In the first transient, when the hydrogen traps are empty, the lowest
apparent diffusion coefficient, Dagp, is measured, as the interaction of hydrogen atoms with microstructural
traps is maximal (Regime 1). During the following build-up transients, hydrogen atoms progressively fill
the microstructural traps present in the steel microstructure and Dayp increases continuously (Regime I1),
until Dapy becomes practically constant, when all the hydrogen traps become saturated and this value is the
lattice hydrogen diffusion coefficient, D, (Regime I11).

Both hydrogen diffusivities, Dap and Dy, decrease and hydrogen solubility, Coapp, (Subsurface hydrogen
concentration at the entry side when all the traps are filled) and the density of hydrogen traps, N, increase
with steel hardness. Hardness varies linearly with the tempering temperature in this 42CrMo4 quenched
steel, as all these parameters are known to be highly dependent on the density of dislocations, which is in
turn known to constitute the most important hydrogen trapping sites present in the microstructure of
quenched and tempered alloyed steels. The Day, and Dy values of the steel grade tempered at 700°C are
respectively around 7 and 2 times greater than those of the steel tempered at 500°C. Furthermore, the harder
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steel grades need a significantly higher cathodic current density to reach trap saturation, i.e. more hydrogen
may be generated on the cathodic side of the specimen to fill all its microstructural traps.
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