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Abstract 

In this work, the correlation between different microstructural components 

and hydrogen trapping with high density in tempered niobium carbide 

(NbC)-precipitated martensitic steel was quantitatively investigated using a 

combination of electrochemical hydrogen permeation experiments and 

thermal desorption spectroscopy. The martensite lath and a high density of 

dislocations, which constitute the reversible hydrogen trapping sites, with a 

density of 2.24 × 10
20

cm
−3

in 

Fe-0.05C-1.10Mn-4.50Ni-0.50Cr-0.50Mo-0.05Nb wt.% martensitic steel. 

The dislocation with high density could disperse the hydrogen distribution. 

Furthermore, the uniformly distributed NbC nanoprecipitates, the 

high-angle grain boundaries, and the grain-boundary precipitates were 

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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found to act as irreversible hydrogen traps, with a density of 1.00 × 10
20

cm
−3

. These deep hydrogen trapping sites could not only trap hydrogen

irreversibly, but also can inhibit the accumulation of hydrogen. The 

interpretation of hydrogen trapping is significant to enhance the hydrogen 

embrittlement resistance of high-strength martensitic steels. 

Keywords: Hydrogen embrittlement; Martensitic steels; Hydrogen traps; 

Precipitation; Transmission electron microscopy. 

1. Introduction

High-strength tempered martensitic steels exhibit excellent mechanical 

properties because of their high strength and ductility, which enables them to meet 

modern industrial requirements such as those encountered in oil and gas exploitation 

and marine engineering [1-3]. However, the hydrogen embrittlement (HE) sensitivity 

of these steels increases dramatically with increasing mechanical strength [4, 5]. The 

hydrogen-enhanced decohesion (HEDE) mechanism [6] results in a reduction in the 

cohesive bond energy among atoms in the presence of hydrogen. The high-strength 

steels generally display brittle fracture mode, such as intergranular failure, with the 

accumulation of hydrogen, especially fractured in the elastic range [7-9]. Thus, the 

design of hydrogen trapping sites in the interior of the grains, instead of distributing 

along grain boundaries, are urgently needed to suppress catastrophic intergranular 

failure. 

Hydrogen traps have the potential to provide HE resistance, and quantifying the 

hydrogen concentration and trapping sites in steels is critical [10, 11]. Hydrogen traps 

can be divided into reversible and irreversible hydrogen traps according to the 

hydrogen binding energy. Reversible traps (e.g., lath boundaries [12] and dislocations 

[13]) are characterized by a low binding energy with hydrogen (15 ≤ Eb ≤ 35 kJ/mol). 

Hydrogen trapped by the reversible traps can escape from the trapping sites at room 

temperature, and hydrogen accumulates in local regions because of high stress or 

strain, thus inducing fracture [14]. Irreversible traps (e.g., precipitates [15, 16] and 
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high-angle grain boundaries [17]), where the Eb is high (40 ≤ Eb ≤ 100 kJ/mol), are 

considered to impede the movement of hydrogen and improve the HE resistance [10, 

18]. However, the accumulation of hydrogen at grain boundaries in martensitic steels 

could induce the intergranular failure in the stress-strain behavior, resulting in 

premature fracture [9]. It's vital for improving the HE resistance that the deep 

hydrogen trapping sites with high density inside the grain are designed to disperse the 

hydrogen distribution [8]. In the case of martensitic steels, the density of hydrogen 

trapping sites is typically 10
17

-10
20

 cm
−3

 [19-21]. Indeed, the complex microstructures

of martensitic steels make characterization of the different hydrogen trapping abilities 

difficult; consequently, the interactions between hydrogen and various microstructures 

have not yet been fully elucidated [19]. 

Several analytical techniques, such as electrochemical hydrogen permeation or 

thermal desorption spectroscopy (TDS), can be used to characterize hydrogen traps [2, 

10, 19, 22-25]. Furthermore, the hydrogen permeability and hydrogen trapping 

abilities were widely performed to determine HE in martensitic high-strength steels 

[26-28]. However, a synergistic evaluation of the correlation between different 

microstructural components and hydrogen trapping is still lacked to be investigated 

quantitatively until now. In combination with the characteristics of various 

microstructures with specific binding energies, the hydrogen concentration and the 

density of hydrogen traps can provide valuable information for understanding the 

hydrogen trapping phenomenon [29, 30]. Therefore, an appropriate design that 

increases the density of hydrogen trapping sites offers much more potential for 

controlling the distribution of hydrogen and guiding the further optimization of HE 

resistance. 

In the present work, the density of hydrogen trapping sites and hydrogen 

trapping capacity of different microstructures in tempered martensitic steel were 

investigated by using a combination of electrochemical hydrogen permeation, TDS, 

and various microstructure observations. The results provide systematic experimental 

evidence revealing the correlation between different microstructural components and 

deep hydrogen trapping with high density in tempered martensitic steel with niobium 
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carbide (NbC) precipitates. 

2. Material and methods

2.1 Materials and heat treatment 

The test material in this study was NbC-precipitation-strengthened martensitic 

steel. The chemical composition of the investigated steel was based on the HSLA-100 

steel with Fe-0.05C-1.10Mn-4.50Ni-0.50Cr-0.50Mo-0.05Nb wt.%. The as-received 

rolled plates were 10 mm in thickness and were subsequently cut into blocks with 50 

mm long (rolling direction), 30 mm wide, and 10 mm thick by electro discharge 

machining (EDM). The quenching and tempering heat treatment was then performed 

to obtain the investigated tempered martensitic steel. The as-rolled samples were 

solution treated at 1200 ˚C for 10 min, followed by water quenching. The quenched 

steels were subsequently tempered at 500 ˚C for 1 h and then air cooled to room 

temperature. 

2.2 X-ray diffraction (XRD) analysis 

Quantitative XRD analysis was performed on a TTR Ⅲ X-ray diffractometer at 

room temperature. Before X-ray analysis, the specimens were electrochemically 

polished in the solution of 5 vol% perchloric acid and 95 vol% ethanol with a voltage 

of 30 V for 15 seconds to relieve deformed zones on the surfaces. The XRD analysis 

was performed with Cu Kα radiation (wavelength, λ = 0.1542 nm), with normal focus 

tubes (40 kV, 30 mA). The diffraction patterns were recorded from 2θ = 40 to 120° 

with a step of 0.01° and 15 s/step to cover the diffractions of (110), (200), (211), (220) 

and (310) lattice planes. 

2.3 Microstructure characterization 

Specimens were mechanically polished and then etched with 4% nital solution 

for microstructural examination using a Zeiss Supra55 scanning electron microscope. 
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Furthermore, the microstructure and distribution of NbC nanoprecipitates and the 

atomic arrangement of the interfaces between the nanoparticles and the matrix were 

characterized in detail by high-resolution transmission electron microscopy (HRTEM) 

using an instrument (JEOL JEM-2100) operated at an accelerating voltage of 200 kV. 

The foil samples for TEM observation were prepared by twin-jet electropolishing in 

an electrolyte composed of 10 vol.% HClO4 in methanol electrolyte at a low 

temperature (−30 ˚C) and with a direct current (DC) potential of 30 V. 

2.4 Electrochemical hydrogen permeation tests 

Electrochemical hydrogen permeation tests were conducted in a modified 

Devanathan-Stachurski cell with anodic and cathodic compartments [31]. To 

eliminate the influence of surface adsorption, the specimen thickness was 1.2 mm [32] 

and the area of the tested region in contact with the solution was 0.785 cm
2
 (with a 

diameter of 10 mm). Prior to electrochemical permeation tests, specimens with 

dimensions of 20 mm × 20 mm × 1.3 mm cut through EDM were polished using SiC 

papers to 5000 grit progressively and then were polished with 40 nm silicon dioxide 

suspension to avoid surface residual strain; the final thickness of the specimen was 1.2 

mm. To protect the specimens against anodic dissolution, the ~100 nm nickel film was

sputtered with Magnetron Sputtering Film Deposition System (LAB 18) on the exit 

side of all of the specimens. The electrolyte of the charging cell composed of 0.2 mol/

L sodium hydroxide (NaOH) with 0.22 g/L thiourea, and that of the detection cell was 

0.2 mol/L NaOH. The anodic compartment was controlled by an electrochemical 

workstation (Ivium-n-Stat), which provided a potential of 280 mV; the cathodic 

compartment was controlled by a DC source (ITECH 6133B) with a current density 

of 2 mA/cm
2
. A saturated calomel electrode was used as a reference electrode in the 

anodic compartment, and platinum wire was used as counter electrodes in both 

compartments. A two-step polarization procedure was applied to determine the 

density of the reversible and irreversible hydrogen traps in the specimens. After the 

first polarization reached a steady state, the cathodic hydrogen charging was stopped. 
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The second permeation transient was then started after the current in the first 

polarization discharge reached the background current. The first and second 

permeation transients were based on the same hydrogen charging condition to 

eliminate the effects of the formed oxide [33]. 

2.5 Thermal desorption spectroscopy (TDS) analysis 

TDS analysis was conducted to identify the capacity of hydrogen trapping sites 

[34]. Specimens for TDS analysis with dimensions of 30 mm (rolling direction) × 10 

mm × 1.6 mm cut through EDM were polished using SiC papers to 5000 grit 

progressively and then cleaned ultrasonically in acetone. To determine the hydrogen 

content, specimens with final dimensions of 30 mm × 10 mm × 1.5 mm were 

electrochemically charged in 0.2 mol/L NaOH at a current density of 2 mA/cm
2
. The

applied TDS apparatus is the commercial HTDS-002 supplied by R-DEC Co., Ltd; 

the measurement accuracy was estimated for ±0.01 ppm. The hydrogen pre-charged 

specimens were immediately immersed into liquid nitrogen before analysis by TDS. 

The equipment has been vacuumized before the test. The specimens were also cleaned 

with ethanol and air-dried before TDS analysis (within 5 min). Hydrogen 

determination by TDS was carried out via quadrupole mass spectrometry with the 

heating rate of 100 ˚C/h, immediately after the vacuum level was sufficiently low 

(~10
−11

 Pa).

3. Results

3.1 Microstructure characterization 

The XRD pattern of the investigated quenched and tempered steel shown in Fig. 

1(a) indicates that there is single body centered cubic (bcc) crystal structure, without 

any retained austenite. Fig. 1(b, c) shows the microstructure of quenched and 

tempered steel specimens, as observed by scanning electron microscopy (SEM). The 

red and yellow dashed lines indicate the grain boundaries and lath boundaries, 
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respectively. A high density of typical tempered lath martensite is observed to be 

distributed homogeneously. The orientation of the lath martensite varies substantially 

in different prior austenite grains, as indicated in the corresponding enlarged view in 

the inset of Fig. 1(c). 

3.2 Evaluation of hydrogen permeation and density of hydrogen trapping sites 

The hydrogen diffusion and permeation behavior in the investigated steel was 

characterized on the basis of the hydrogen permeation curve, which is presented in 

Fig. 2(a). To determine both the reversible and irreversible hydrogen traps, a 

secondary permeation cycle was conducted; the results are presented in Fig. 2(b). The 

hydrogen permeation curves indicate an initial increase in the current density, 

followed by a steady state. The density of total hydrogen trapping sites, including all 

reversible and irreversible hydrogen traps, was obtained from the first permeation test. 

The density of reversible trapping sites was then obtained from the second permeation 

test because the irreversible traps were filled in the first permeation test, and none of 

them participated in the second permeation [24]. 

The electrochemical hydrogen permeation parameters, including the saturated 

current density (I∞/A), the time lag for 0.63 saturation (t0.63), hydrogen permeability (J

∞L), effective hydrogen diffusion coefficient (Deff), apparent hydrogen solubility (Cap), 

and the density of hydrogen trapping sites (Nt) were obtained from permeation curves 

and the following equations [22, 23, 31]: 

J L I L FA  (1) 

2

eff 0.636D L t (2) 

ap effC J L D (3) 

 ap l eff 1 3tN C D D  (4) 

1 2ir t tN N N  (5) 

where I∞(μA), L (cm), F (C/mol), and A (cm
2
) are the saturated current, thickness of

the specimen, Faraday constant (96,500 C/mol), and test area exposed in the charging 
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and detection cells, respectively. D1 is the value of the lattice diffusion coefficient in 

pure trap-free bcc iron ( 1 = 1.2    10
4
 cm2s 1) [22]. Nir, Nt1, and Nt2 are the density

of irreversible hydrogen traps and the densities of hydrogen traps in the first and 

second permeation, respectively. In addition, the density of hydrogen traps in the 

second permeation was equivalent to the density of reversible hydrogen traps (Nr = 

Nt2). 

The results of the hydrogen permeation parameters and the density of hydrogen 

trapping sites are listed in Table 1. To verify the accuracy of the proposed hydrogen 

diffusion coefficient, the hydrogen permeation transient (rise transient) can be fitted in 

the following equation [33]: 

 
2 2

0

00 effeff

2 12
exp

4

t

n

n Li i L

i i D tD t





 
  

   
 (6) 

where it, i0, i∞ are the permeation current density at time t, the initial steady 

permeation current density at t=0, and the steady permeation current density at t→∞, 

respectively. As shown in Fig. 2, the experimental results were well fitted by the 

theoretical curves (dotted curves), which were determined by the Deff in Table 1. 

The hydrogen permeation results provide important information about the 

hydrogen diffusion and trapping behaviors. The effective hydrogen diffusion 

coefficient increases and the apparent hydrogen solubility decreases in the second 

permeation curve because deep hydrogen traps are fully filled during the first 

hydrogen permeation. Meanwhile, the density of reversible hydrogen trapping sites 

(Nr = Nt2) is 2.24 × 10
20 cm

−3
, and the density of irreversible hydrogen trapping sites

(Nir = Nt1 – Nt2) is 1.00 × 10
20 cm

−3
. Notably, the Nr is approximately twice as large as

the Nir. Dislocations, lath boundaries, grain boundaries, and precipitates strongly 

influence the permeability and solubility of hydrogen [35], which will be discussed in 

the following section. 

3.3 TDS results and estimation of the hydrogen trapping capacity 

The hydrogen concentration distribution could be almost homogeneous assuming 
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that the concentration of hydrogen at the surface is a constant and homogenization can 

be achieved when the center of the sample reaches the saturation state before TDS. 

The hydrogen concentration at the mid-plane of the plate is given by the following 

equation [36]: 

 
2 2

eff c

/2 0 2
0

2 14 1
1 exp

2 1
L

n

D n t
C C

n L









   
    

    
  (7) 

where CL/2, C0, tc, and L are the hydrogen concentration at the mid-plane of the plate, 

the constant concentration of hydrogen at the surface of the sample, the hydrogen 

charging duration, and the thickness of the sample, respectively. In the present work, 

L = 1.5 mm, Deff = 1.63×10
-6

 cm
2
/s. The relationship between hydrogen charging time

and the hydrogen concentration at the mid-plane of the plate is shown in Fig. 3(a). 

The time required for 1.5 mm-thick TDS specimens to be filled with hydrogen to 

saturation is calculated to be 3 h (10800 s). Given the complexity of the 

microstructure, the specimens were charged for 10 h to ensure hydrogen saturation 

[13]. 

The TDS results for the investigated steel are shown in Fig. 3(b); three peaks are 

observed in the hydrogen desorption rate curve. The first peak (145 ˚C corresponds to 

the reversible traps, which other authors have attributed to martensitic lath boundaries, 

grain boundaries, and high-density dislocations with activation energies of 15 to 35 

kJ/mol [37, 38]. Also, the second (290 ˚C) and third (350 ˚C) peak are generated by 

desorption of hydrogen from irreversible traps with an activation energy greater than 

40 kJ/mol [39]. The hydrogen concentration trapped by different microstructures, CH, 

can be derived with the equation [40] 

 
m

H b
0

d
t

C Q p p t RT  (8) 

where Q, R, T, t, tm, p, and pb are the effective pumping speed, which was notionally 

constant, the gas constant, the absolute temperature, the pumping time, the time of 

measurement, the measured hydrogen pressure, and the background pressure, 

respectively. The value of the integral was obtained from the area under the curve of 
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the hydrogen desorption rate versus time. With respect to the determination of the 

hydrogen trapping capacity, the reversible (15 ≤ Eb ≤ 35 kJ/mol) hydrogen content 

was 0.82 ± 0.03 ppm (by weight), whereas the irreversible (40 ≤ Eb ≤ 100 kJ/mol) 

hydrogen content was 0.38 ± 0.02 ppm (by weight).  The reversible hydrogen 

content was approximately twice the irreversible hydrogen content at the specific 

hydrogen charging condition in the present study, consistent with the hydrogen trap 

ratio calculated on the basis of the hydrogen permeation results. It should be pointed 

out that the trapped hydrogen content is a variable value with different hydrogen 

charging conditions, and the ration of hydrogen distributed to the irreversible 

hydrogen trapping sites would be increased when decreasing the hydrogen charging 

current density [41-43]. 

4. Discussion

4.1 Reversible hydrogen trapping of martensitic lath boundary and dislocations 

Hydrogen permeation and trapping capacity should be discussed separately for 

different hierarchies of microstructures [16, 44] (i.e., high-angle grain boundaries, lath 

boundaries, dislocations, and precipitates) because of the complexity of the 

martensitic structure. 

The lath boundary is a low-angle grain boundary composed of edge and screw 

dislocations, with a hydrogen binding energy of 15-35 kJ/mol [12, 45, 46]. TEM 

images showing the microstructure of the martensite lath distribution are presented in 

Fig. 4(a)-(b). A high density of martensite lath is observed (see Fig. 1 for details of the 

SEM micrograph), with a mean lath width of a few hundred nanometers, as marked 

by the yellow dashed lines. Dislocations play a critical role in hydrogen permeation 

and trapping in steels [13, 47]. Fig. 4(c) and (d) shows TEM images indicating the 

distribution of dislocations and the interaction between dislocations and 

nanoprecipitates (dislocations and nanoprecipitates are indicated by arrows and 

arrowheads, respectively). Uniformly distributed dislocation lines are also observed, 
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along with a high density of dislocation pile-ups. 

The average dislocation density, ρ, can be measured by XRD of the investigated 

steel. The XRD patterns of the investigated steels in Fig. 1(a) indicate that they are 

composed entirely of tempered martensite. The full-width at half-maximum was 

analyzed among five XRD peaks, (110), (200), (211), (220), and (310) planes, which 

are shown in Fig. 5(a)-(e). The XRD peak width is related to the strain through the 

Williamson-Hall (WH) equation [48]: 

hkl hkl hklcos 1 4 sinD e      (9) 

where θhkl, λ, e, and D are the diffraction angle at the selected peak position, X-ray 

wavelength, effective mean microstrain, and the mean size of the coherently 

diffracting domains, respectively. In addition, δhkl is measured on a scale of 2θhkl. The 

dislocation density, ρ, is then calculated by the following equation [49]: 

2 214.4e b  (10) 

where b is the Burger’s vector (b = 0.25 nm). The variation of the diffraction peaks 

corresponding to the (110), (200), (211), (220), and (310) planes is shown in Fig. 5 (a), 

(b), (c), (d), and (e), respectively. Plotting δhklcosθhkl/λ vs. 4sinθhkl/λ should generate a 

straight line with a slope providing a value for e. The WH plots for the tempered 

specimen are shown in Fig. 5(f). The dislocation density was calculated to be (3.4 ± 

0.3) ×10
10

 cm
−2

.

Dislocations are considered to be reversible traps because of their low binding 

energy (20 ≤ Eb ≤ 35 kJ/mol) [17, 50-52]. The dislocation density is generally 

10
9
-10

10
 cm

−2
 in in ferritic or martensitic steel [13, 17] so that the dislocation with high

density (3.4 × 10
10

 cm
−2

) in this study could trap plenty of hydrogen. According to the

HELP mechanism [53], hydrogen leads to localized plastic deformation due to 

dislocation shielding. Moreover, according to the adsorption-induced dislocation 

emission mechanism [54], hydrogen enhances dislocations nucleation, leading to 

premature fracture. Furthermore, the hydrogen concentration in the susceptible region 

can be enriched by mobile dislocations. Thus, the cohesive bond energy among the 

atoms can be reduced in the presence of hydrogen (i.e., HEDE [6]). Therefore, 
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altering the dislocation configurations and density could represent a reasonable 

approach to optimizing HE in steels. 

4.2 Irreversible hydrogen trapping of NbC nanoprecipitates and high-angle grain 

boundaries 

Numerous investigations designed to reveal the location of the hydrogen trapping 

sites in various carbides have been reported. For NaCl-type alloy carbides, various 

calculations (with various assumptions) and experiments related to the hydrogen 

trapping sites in carbide nanoprecipitates at room temperature have been conducted, 

including calculations and experiments related to the core of misfit dislocations on a 

semi-coherent interface [18, 55-58], carbon vacancies on a (001) coherent interface of 

carbide precipitates [59], carbon vacancies within the core of carbides [60, 61], and 

incoherent interfaces [8]. 

In the present study, Fig. 6(a) presents the TEM image of the microstructure and 

distribution of the precipitates in the in the investigated tempered martensitic steel, 

where Fig. 6(b) indicates the corresponding enlarged view of the dotted box. In 

addition, Fig. 6(c) and (d) shows a bright-field TEM image, where the inset is the 

corresponding selected-area diffraction pattern (SADP), and a dark-field TEM image 

of the nanoprecipitates, respectively. Numerous precipitates with a mean size of 9 nm 

are uniformly dispersed in the Fe matrix. The carbide size distribution is shown in Fig. 

6(e), and the average diameter of NbC nanoprecipitates is 9.3 ± 2.2 nm by 

calculating more than 200 nanoprecipitates. However, according to the previous 

literature, the NbC just grows to within 5 nm in diameter during tempering in a 

similar Nb-bearing tempered martensitic steel [62, 63], which is much smaller than 

that in this work; this will be explained in the following. With the uniformly dispersed 

NbC precipitates in this study, a great amount of hydrogen can be trapped irreversibly, 

which is important to designing embrittlement-resistant steels [8]. 

The HRTEM observation of one NbC with the dimeter of approximately 12 nm 

along  11 0  bC //  001 α- e
 direction is shown in Fig. 7. Fig. 7(a) shows the HRTEM
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image of the NbC with the surrounding martensite matrix. Fig. 7(b1-b2) are 

respectively fast Fourier transformation (FFT) and inversed FFT (IFFT) taken from 

the selected yellow box in (a), showing the fcc NbC along  11 0  zone axis. The 

atomic spacing of 2.60 Å indicates the (111 )
 bC

planar spacing. Fig. 7(b3-b4) are

respectively FFT and IFFT taken from the selected red box in (a), showing the bcc 

α-Fe matrix along  001  zone axis. The atomic spacing of 2.03 Å indicates the 

(110)
α- e

 crystallographic planar spacing. Fig. 7(c) presents the corresponding FFT

patterns of the NbC with the surrounding matrix. Besides, the IFFT image of the NbC 

and the surrounding matrix is shown in Fig. 7(d); Fig. 7(e) presents the enlarged 

image in dashed rectangle in (d) showing the interfacial structures for the  bC/-Fe 

interface. The diffraction spots are schematically summarized in Fig. 7(f), showing no 

obvious orientation relationship (OR) observed; this is neither the traditional 

Baker-Nutting (B-N) OR [64], with (001)Carbide // (010)α-Fe and  11 0 
Carbide 

//  001 
α- e

,

nor the Nishiyama-Wassermann (N-W) OR [65], with (111)       Carbide // (110)  α-Fe and 

 11 0 
Carbide 

//  001 
α- e

. Moreover, the OR between NbC precipitate and martensite

matrix might be the incoherent OR, which can trap hydrogen stably. This result is 

consistent with a previously reported direct observation that hydrogen atoms locate at 

the interfaces between NbC precipitates and the matrix [8]. Therefore, the nanoscale 

NbC precipitates, which act as the irreversible hydrogen trapping sites, exhibit a 

high-temperature peak in TDS, with a high binding energy (40 ≤ Eb ≤ 100 kJ/mol) [39, 

45, 66-70]. 

In addition, the prior austenite grain boundary is a kind of high-angle grain 

boundary, as indicated in Fig. 1(b, c), which can impede the dislocation movement, 

leading to the dislocation accumulation at grain boundaries. The high-angle grain 

boundary, with a binding energy of 40 ≤ Eb ≤ 60 kJ/mol [17, 71], can play a critical 

role in HE [72-75]. Besides, the interfaces between the grain-boundary precipitates 

and matrix are effective hydrogen trapping sites [76, 77]. The presence of grain 

boundaries and grain-boundary precipitates in the present study, along with the 
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diffraction spots and the corresponding EDS spectra, is shown in Fig. 8. Fig. 8(a, b) 

shows typical TEM bright-field micrographs of grain boundaries with grain-boundary 

precipitates. Fig. 8(c, d) and (e) show the SADP and the corresponding EDS spectra 

of the white dashed circle in (b), respectively. The corresponding diffraction spots of 

SADP in Fig. 8(c), as listed in Table 2, indicate three sets of spots. The atomic planar 

spacing and the inclined angles measured from SADP, which well fit the calculation 

results [78], indicate that there are two α-Fe grains and one NbC grain-boundary 

precipitate. The EDS results indicate that their compositions include Fe, C, Ni, and 

Nb, as shown in Fig. 8(e). These grain-boundary precipitates are confirmed as NbC 

precipitates through the combination of SADP and EDS analyses. These grain 

boundaries and grain-boundary precipitates could also be irreversible hydrogen 

trapping sites. 

To reveal the reason for generating incoherent NbC, which can be irreversible 

hydrogen trapping sites, in the tempered martensitic steels, further microstructural 

investigation on as-quenched specimen was also performed. There are many fine 

undissolved nanoparticles, which might have not been fully dissolved and retained 

after solution treatment [79], as indicated by the arrows in Fig. 9(a-b). This could be 

due to the short duration of the solution treatment (1200 ˚C for 10 min ) [80]. In 

addition, Fig. 9(c) presents the EDS spectra and the element contents shown by the 

red dashed circle in Fig. 9(b), indicating the large undissolved nanoparticle is NbC. 

Moreover, the OR between NbC precipitate (~12 nm) and martensite matrix might be 

the incoherent OR. Thus, these incoherent NbC observed in the tempered martensitic 

steels in this study may be inherited from the undissolved NbC precipitate that may be 

retained after solution treatment, which still needs further investigations in the future. 

In summary, the different hydrogen trapping capacity is manifested by the 

different microstructures in tempered martensitic steel. Fig. 10 shows a schematic of 

the hydrogen trapping of different microstructures in tempered martensitic steel. 

Three hydrogen trapping models are proposed in this study. In model (I), the 

martensite lath and dislocations with high density constitute the reversible hydrogen 

trapping sites with the density of 2.24 × 10
20 cm

−3
, which can trap 0.82 ppm (3.90 ×
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10
18

 atoms/cm
3
) hydrogen at the specific hydrogen charging condition in the present

study. In models (II) and (III), the uniformly distributed NbC precipitates, the 

high-angle grain boundaries, and the grain-boundary precipitates can act as 

irreversible hydrogen trapping sites, with a density of 1.00 × 10
20 cm

−3
, which can

trap 0.38 ppm (1.81 × 10
18

 atoms/cm
3
) hydrogen in this study. Compared with the

densities of various hydrogen trapping sites from hydrogen permeation tests, the 

amounts of trapped hydrogen obtained by TDS analysis are much lower. One possible 

reason for this difference is the assigned value of the lattice diffusion coefficient in 

trap-free bcc iron, Dl, because Nt is proportional to Dl according to Eq. (5). There are 

also many different Dl in the literature based on experimental results, such as 1.29 × 

10
–6

 cm
2
s
–1

 in 3.5NiCrMoV steel [81], 2.07 × 10
–6

 cm
2
s
–1

 in 980DP steel [21], and

7.20 × 10
–5

 cm
2
s
–1

 in X70 pipeline steel [82]. The density of hydrogen trapping sites

would be similar in magnitude with hydrogen concentration by using the 

aforementioned Dl. Thus, it is important to obtain the hydrogen lattice diffusivity with 

increasing hydrogen input fugacity [21, 81] in further investigation. However, in this 

study, the relative magnitude between reversible and irreversible hydrogen amounts in 

TDS is consistent with the amounts of hydrogen trapping sites in hydrogen 

permeation. Furthermore, from the microstructure perspective, the dislocation with 

high density (3.4 × 10
10

 cm
−2

) in this study could trap plenty of hydrogen as reversible

hydrogen trapping sites to disperse the hydrogen distribution, especially. On the other 

hand, the deep hydrogen trapping sites have great potential for improving the HE 

resistance by uniform distribution of hydrogen. They could not only trap hydrogen 

irreversibly, but also impede dislocation motion through dislocation-particle 

interaction during plastic deformation [83, 84], which can inhibit the accumulation of 

hydrogen. These complex microstructures are responsible for the deep hydrogen 

trapping of tempered martensitic steel. The quantitative evaluation of the correlation 

between different microstructural components and deep hydrogen trapping with high 

density in tempered martensitic steel is important for enhancing the HE resistance 

[85]. 
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5. Conclusions

The density of the hydrogen trapping sites and the hydrogen trapping capacity of 

different microstructures in tempered martensitic steel were investigated using a 

combination of electrochemical hydrogen permeation measurements, TDS, and SEM 

and TEM observations. 

(1) The martensite lath and dislocations with notably high density constitute the

reversible hydrogen trapping sites, with the density of 2.24 × 10
20 cm

−3
. The 

dislocation with high density (3.4 × 10
10

 cm
−2

) could trap plenty of hydrogen to 

disperse the hydrogen distribution, particularly. 

(2) The uniformly distributed NbC precipitates, the high-angle grain boundaries,

and the grain-boundary precipitates act as irreversible hydrogen trapping sites, with 

the density of 1.00 × 10
20 cm

−3
. These deep hydrogen trapping sites could not only trap

hydrogen irreversibly, but also impede dislocation motion during plastic deformation, 

which can inhibit the accumulation of hydrogen. 
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Table and Figure captions 

Table 1 Summary of the hydrogen permeation parameters and the densities of 

hydrogen trapping sites in first and second permeation transients. 

Table 2 Summary of SADP results for the grain-boundary carbide in Fig. 8 

Fig. 1. (a) X-ray diffraction pattern of the investigated quenched and tempered steel. 

(b) Representative SEM micrograph of the microstructure. The major phase in the

sample is bcc tempered martensite. (c) The morphology and distribution of tempered 

lath martensite and grain boundaries; the details are indicated in the enlarged inset. 

Fig. 2. Electrochemical hydrogen permeation curves for the (a) first and (b) second 

permeation in the investigated steel. 

Fig. 3. (a) The relationship between hydrogen charging time and the hydrogen 

concentration at the mid-plane of the plate. (b) Hydrogen desorption rate curve of the 

investigated steel. 

Fig. 4. (a) TEM bright-field image showing the microstructure of the martensite lath 

distribution; (b) corresponding dark-field image of (a). (c) TEM image showing 

dislocations with high density. (d) The interaction between nanoprecipitates and 

dislocations. 

Fig. 5. Measurement and analysis of the dislocation density for the investigated steel 

by XRD: (a), (b), (c), (d), and (e) are XRD peaks corresponding to the (110), (200), 

(211), (220), and (310) planes, respectively; (f) Williamson–Hall plots for the 

diffraction patterns of the investigated steel. 

Fig. 6. TEM micrographs showing the overall microstructure of NbC distribution. (a) 

TEM image showing the microstructure and distribution of the precipitates. (b) The 

corresponding enlarged view of the dotted box in (a). (c) bright-field micrograph and 

the corresponding selected-area diffraction pattern (SADP) in the inset, (d) the 

corresponding dark-field image. (e) The size distribution of the NbC nanoprecipitates. 

Fig. 7. HRTEM observation of one NbC with the dimeter of 12 nm. (a) HRTEM 

image of the NbC with the surrounding martensite matrix. (b1) FFT, (b2) IFFT of the 
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selected yellow box in (a) indicating the fcc NbC along  11 0   bC . (b3) FFT, (b4) IFFT 

of the selected red box in (a) indicating the bcc α-Fe matrix along  001 
α- e

. (c) The

corresponding FFT patterns of the NbC with the surrounding matrix. (d) The IFFT of 

the NbC and the surrounding matrix in white box of (a). (e) The enlarged image in 

dashed rectangle in (d) showing the interfacial structures for the  bC/α-Fe interface. 

(d) Schematic summarizing of the diffraction spots, showing no obvious OR.

Fig. 8. (a) TEM bright-field micrograph showing the presence of a grain boundary 

with grain-boundary precipitates. (b) Morphology of a typical grain-boundary carbide. 

(c) SADP of the area shown by the white dashed circle in (b). (d) Schematic of the

diffraction spots from (c). (e) The corresponding EDS spectra and the element 

contents shown by the white dashed circle in (b). 

Fig. 9. (a-b) TEM images in the as-quenched specimen in this work. (c) The 

corresponding EDS spectra and the element contents shown by the red dashed circle 

in (b). 

Fig. 10. Schematic of the hydrogen trapping of different microstructures in tempered 

martensitic steel. 
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Tables 

Table 1 Summary of the hydrogen permeation parameters and the densities of 

hydrogen trapping sites in first and second permeation transients. 

Permeation I∞/A, μA/cm² t
0.63

, s D
eff,

 10
−6

cm
2

/s C
ap

, 10
−5

mol/cm
3

N
t
, 10

20
 cm

−3

First (reversible 

and irreversible H) 27.5 1467 1.63 2.09 3.24 

Second 

(reversible H) 
27.2 1230 1.95 1.73 2.24 

Table 2 Summary of SADP results for the grain-boundary carbide in Fig. 8 

Matrix/ 

Precipitation 
α-Fe-bcc-1 Z = [011] α-Fe-bcc-2 Z = [111] NbC-fcc Z = [011] 

Spot 1 2 3 4 5 6 7 8 9 

Lattice plane (01 1) (2 1 1) (2 00) (101 ) (011 ) (1 10) (111 ) (200) (11 1)

Spacing (SADP), Å 2.033 1.176 1.441 2.039 2.030 2.040 2.607 2.346 2.660 

Spacing (Calc), Å 2.027 1.170 1.433 2.027 2.027 2.027 2.581 2.235 2.581 

Angle (SADP), deg. 54.9 35.4 59.9 60.3 54.2 55.4 

Angle (Calc), deg. 54.7 35.3 60.0 60.0 54.7 54.7 
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Figures 

Fig. 1. (a) X-ray diffraction pattern of the investigated quenched and tempered steel. 

(b) Representative SEM micrograph of the microstructure. The major phase in the

sample is bcc tempered martensite. (c) The morphology and distribution of tempered 

lath martensite and grain boundaries; the details are indicated in the enlarged inset. 
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Fig. 2. Electrochemical hydrogen permeation curves for the (a) first and (b) second 

permeation in the investigated steel. 
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Fig. 3. (a) The relationship between hydrogen charging time and the hydrogen 

concentration at the mid-plane of the plate. (b) Hydrogen desorption rate curve of the 

investigated steel. 

Fig. 4. (a) TEM bright-field image showing the microstructure of the martensite lath 

distribution; (b) corresponding dark-field image of (a). (c) TEM image showing 

dislocations with high density. (d) The interaction between nanoprecipitates and 

dislocations. 
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Fig. 5. Measurement and analysis of the dislocation density for the investigated steel 

by XRD: (a), (b), (c), (d), and (e) are XRD peaks corresponding to the (110), (200), 

(211), (220), and (310) planes, respectively; (f) Williamson–Hall plots for the 

diffraction patterns of the investigated steel. 
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Fig. 6. TEM micrographs showing the overall microstructure of NbC distribution. (a) 

TEM image showing the microstructure and distribution of the precipitates. (b) The 

corresponding enlarged view of the dotted box in (a). (c) bright-field micrograph and 

the corresponding selected-area diffraction pattern (SADP) in the inset, (d) the 

corresponding dark-field image. (e) The size distribution of the NbC nanoprecipitates. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

35 

Fig. 7. HRTEM observation of one NbC with the dimeter of 12 nm. (a) HRTEM 

image of the NbC with the surrounding martensite matrix. (b1) FFT, (b2) IFFT of the 

selected yellow box in (a) indicating the fcc NbC along  110   bC
. (b3) FFT, (b4) IFFT 

of the selected red box in (a) indicating the bcc α-Fe matrix along  001 
α- e

. (c) The

corresponding FFT patterns of the NbC with the surrounding matrix. (d) The IFFT of 

the NbC and the surrounding matrix in white box of (a). (e) The enlarged image in 

dashed rectangle in (d) showing the interfacial structures for the  bC/α-Fe interface. 

(d) Schematic summarizing of the diffraction spots, showing no obvious OR.
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Fig. 8. (a) TEM bright-field micrograph showing the presence of a grain boundary 

with grain-boundary precipitates. (b) Morphology of a typical grain-boundary carbide. 

(c) SADP of the area shown by the white dashed circle in (b). (d) Schematic of the

diffraction spots from (c). (e) The corresponding EDS spectra and the element 

contents shown by the white dashed circle in (b). 
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Fig. 9. (a-b) TEM images in the as-quenched specimen in this work. (c) The 

corresponding EDS spectra and the element contents shown by the red dashed circle 

in (b). 
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Fig. 10. Schematic of the hydrogen trapping of different microstructures in tempered 

martensitic steel. 




