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Abstract: This study investigates the role of coalesced bainite in enhancing the hydrogen embrittlement 

resistance of tempered martensitic steels. By analyzing the microstructural characteristics and mechanical 

properties under varying cooling rates, it was found that the presence of coalesced bainite significantly impedes 

hydrogen accumulation at prior austenite grain boundaries. This leads to a transition in the fracture mode from 

intergranular to transgranular, thereby improving the overall resistance to hydrogen embrittlement in steels. 

Slow strain-rate tensile tests (SSRT) on both smooth and notched specimens further confirmed that steels cooled 

at lower rates, which form a higher fraction of coalesced bainite, exhibit superior hydrogen embrittlement 

resistance. These findings suggest that optimizing the cooling process to promote coalesced bainite formation 

could be a valuable strategy for enhancing the performance of tempered martensitic steels in hydrogen-rich 

environments. 
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1. Introduction 

Hydrogen is well-known for its detrimental effect on the mechanical properties of high-strength 

steels [1,2]. This phenomenon, known as hydrogen embrittlement, has been extensively studied over 

the past decades by numerous researchers [3–11]. The most common hydrogen embrittlement 

mechanisms are hydrogen-enhanced decohesion (HEDE) and hydrogen-enhanced localized 

plasticity (HELP) [12–15]. The HEDE mechanism demonstrates that hydrogen reduces the bonding 

strength between metal atoms, thereby promoting interface decohesion [16–18]. Local decohesion 

initiates cracks, mostly at the high-angle grain boundaries, which are already weakened by the 

presence of highly concentrated hydrogen. By contrast, the HELP mechanism focuses dislocation 

motion caused by hydrogen atoms near the crack tip [19–22]. The presence of hydrogen facilitates 

dislocation motion, thereby enhancing plastic deformation in the metal lattice. 

Dislocations are critical microstructural factors that play a key role in hydrogen embrittlement. 

For example, Depover et al. investigated the detrimental effect of hydrogen at dislocations in Fe-C-X 

alloys, suggesting that mobile hydrogen trapped at dislocations significantly affects hydrogen 

embrittlement [21]. Momotani et al. found that a higher initial dislocation density facilitates hydrogen 

accumulation around the prior austenite grain boundary during the early stage of deformation in a 

lath martensite structure because numerous mobile dislocations can transport hydrogen [23]. In 

addition, hydrogen transport theory associated with dislocations has been proposed [24–29]. 

Hydrogen transport aided by dislocation motion accelerates hydrogen accumulation in stressed 

environments. Dadfarnia et al. suggested that lattice diffusion alone delivers a hydrogen 

concentration ahead of a crack tip that is approximately three times greater than the nominal 

concentration. By contrast, dislocation helps transport approximately nine times the nominal 

concentration for at bcc system [29]. As previously discussed, a major issue emerging from hydrogen 

embrittlement is the dislocation densities of microstructures. The present study aims to investigate 

how coalesced bainite formed during the cooling process affects the hydrogen embrittlement 

resistance of tempered martensitic steels. 
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2. Experimental Procedure 

This study utilized steel with a chemical composition of Fe-0.44C-0.22Si-1.02Mn-1.15Cr-0.34Ni-

0.20Mo (wt.%). The steel was austenitized at 830 ℃ for 90 min, followed by cooling at the different 

rates of 3.5 ℃/s, 5.3 ℃/s, and 7.5 ℃/s and then tempering at 550 ℃ for 120 min. The cooling rates were 

selected based on previous studies showing the phase fraction of the investigated steels in 

conjunction with computational thermodynamic calculation by using JMatPro® with the Fe database. 

The microstructures were observed using field-emission scanning electron microscopy (FE-SEM, 

Hitachi SU8010, Japan). Electron backscatter diffraction (EBSD, TSL Hikari XP, USA) was performed 

using a SEM equipped with a TSL system with a Hikari camera at an accelerating voltage of 20 kV, a 

beam current of 12 nA, a scan step size of 70 nm, a specimen tilt angle of 70°, and a working distance 

of 15 mm. The orientation imaging software was provided by TSL (TexSEM Laboratories, Inc. Draper, 

USA) and used to analyze the EBSD data. Electron channeling contrast imaging (ECCI) was 

performed using an FE-SEM equipped with a backscattered electron (BSE) detector at an accelerating 

voltage of 20 kV, a beam current of 20 μA, and a working distance of 8.6 mm. X-ray diffraction (XRD, 

Bruker DE/D8 Advance, Bruker, Germany) was performed using a Cu Kα target (λ = 1.5405 Å). The 

scanning rate and range of XRD analysis were 2°/min and 40° ~ 100°, respectively. XRD peak 

broadening was also evaluated to investigate the dislocation density of each steel through the 

following Willamson-Hall equation [30]: 

𝛽𝑐𝑜𝑠𝜃

λ
=

0.9

𝐷
+ 2𝜀

𝑠𝑖𝑛𝜃

λ
 (1) 

where β, θ, λ, ε, and D are the full width at half maximum calculated in different peaks, diffraction 

angle, X-ray wavelength, strain, and crystallite size, respectively. Based on the strain and crystallite 

size from the Willamson-Hall plot, the dislocation density ρ can be derived as follows: 

𝜌 = 14.4
𝜀2

𝑏2
 (2) 

where b is the magnitude of the Burgers vector.The effects of hydrogen on the tensile properties were 

evaluated by a slow strain-rate test (SSRT) using a universal testing machine (UT-100E, MTDI, Korea) 

with a capacity of 10 t. Two types of tensile specimens were machined in transverse orientation; plate 

type smooth (ASTM E8 1/2 sub-size, gauge length: 25.0 mm, width: 6.3 mm, thickness: 2.0 mm) [31] 

and round type notch (ASTM G142 standard, grip diameter: 12.7 mm, notch angle: 60°, notch radius: 

0.083 mm) [32]. For the smooth tensile specimen, the strain rate was set at 5.0 × 10-5 s-1, while the 

crosshead speed for the notch tensile specimen was 0.015 mm/min. Hydrogen was electrochemically 

pre-charged into the tensile specimens in a 1 M NaOH + 3 g/L NH4SCN solution at a current density 

of 25 A/m2 for 24 h. Fractographic observations of the fracture surfaces of the tensile specimens were 

performed using SEM. Relative reduction in area (RRA) and relative notch tensile strength (RNTS) 

were used to estimate the hydrogen embrittlement resistance of smooth and notch tensile specimens, 

respectively. These hydrogen embrittlement indices were determined using the following equation:  

Relative reduction of area (RRA) = 
Reduction of area H-charged

 Reduction of area Non-charged
  (3) 

Relative notch tensile strength (RNTS) = 
Notch tensile strength H-charged

Notch tensile strength Non-charged
  (4) 

3. Results and Discussion 

Figure 1a presents the continuous cooling transformation (CCT) diagram. Bainite forms with 

cooling rates lower than 1 ℃/s, and the untransformed austenite decomposes into martensite. The 

phase fraction of bainite increases with decreasing cooling rates (Figure 1b). SEM images of the 

investigated steels, as shown in Figure 2a–c, reveal a tempered martensitic microstructure with dark 

regions. The dark regions merged into larger areas in the steels with a cooling rate of 3.5 ℃/s, whereas 

the regions became smaller with an increasing cooling rate. The ECCI techniques were introduced to 
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characterize microstructural defects by channeling contrast between the grains of the steels with a 

cooling rate of 3.5 ℃/s [33–38]. The dark regions likely represent tempered bainite, given their lower 

dislocation density compared to tempered martensite (Figure 2e). The dark larger grains were 

coalesced bainite formed by the coalescence of adjacent small platelets during the cooling process 

from austenite to bainite (Figure 2f) [39–44]. Bhadeshia et al. reported that coalesced bainite tends to 

form at low transformation temperatures and can be found at slower cooling rates [39]. 

  

Figure 1. (a) Continuous cooling transformation (CCT) diagram of the investigated steels (M, 

martensite; B, bainite; A, austenite; F, ferrite; P, pearlite) and (b) the phase fraction plotted as a 

function of different cooling rates of 3.5 ℃/s, 5.3 ℃/s, and 7.5 ℃/s. Both phase diagrams were 

calculated by thermodynamic calculation software. 

 

Figure 2. SEM micrographs of the steels under different cooling rates of (a) 3.5 ℃/s, (b) 5.3 ℃/s, and 

(c) 7.5 ℃/s. (d) Magnified view showing coalesced bainite (CB) in the white dotted box for the (a) 

micrograph. (e) and (f) Electron channeling contrast imaging (ECCI) micrographs for the steels with 

a cooling rate of 3.5 ℃/s. TB refers to tempered bainite, and TM indicates tempered martensite. 

Figure 3a–d shows EBSD analytical results for the steel with a cooling rate of 3.5 ℃/s. Coalesced 

bainite appeared as coarse grains due to the coalescence of identically oriented fine bainite plates. In 

addition, coalesced bainite formed only if two adjacent platelets had identical crystallographic 

orientations and developed simultaneously [39,41]. This was more evident in the point-to-point 

misorientation and IQ value analyses, in which the line was tracked across the interface between the 

coalesced bainite and surrounding grains, as shown in Figure 3(e) and (f). The coalesced bainite had 
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higher IQ values than tempered martensite and exhibited low misorientation angles of less than 3°. 

Figure 4 shows XRD results for the steels under different cooling rates of 3.5 ℃/s, 5.3 ℃/s, and 7.5 

℃/s. In all samples, only the α-Fe phase was identified without detecting other phases. The 

dislocation density was 6.43 × 1014 /m-2, 6.66 × 1014 /m-2, and 2.12 × 1015 /m-2 for the steels under cooling 

rates of 3.5 ℃/s, 5.3 ℃/s, and 7.5 ℃/s, respectively. 

 

Figure 3. (a)–(c) Inverse pole figure (IPF) and (d) image quality (IQ) maps obtained from electron 

backscatter diffraction (EBSD) results for the steels with a cooling rate of 3.5 ℃/s. The (b) and (c) IPF 

maps magnified in the (a) IPF map (TM; tempered martensite, CB; coalesced bainite, TB; tempered 

bainite). The (e) and (f) misorientation and image quality (IQ) value distributions of coalesced bainite 

(CB) relative to surrounding microstructures, which are profiled along blue arrows in (b) and (c), 

respectively. 
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Figure 4. (a) X-ray diffraction (XRD) profile results and (b)–(d) Williamson-Hall plots for the steels 

under different cooling rates of 3.5 ℃/s, 5.3 ℃/s, and 7.5 ℃/s. 

Figure 5a shows the variations in tensile properties of the steels investigated in this study. Given 

that the quenched and tempered steels exhibited similar tempered martensitic microstructures, all 

specimens had similar tensile strengths. However, due to the presence of coalesced bainite, only the 

steel cooled at 3.5 ℃/s exhibited a slight 5% decrease in yield strength compared with those cooled at 

5.3 ℃/s and 7.5 ℃/s [43,44]. The RRA and RNTS results are plotted in Figure 5b. Both hydrogen 

embrittlement resistances increased with decreasing cooling rates. This occurred because a high 

fraction of tempered bainite and a new generation of coalesced bainite at low cooling rates improved 

the hydrogen embrittlement resistance by restricting hydrogen transport with the low dislocation 

density. 

To elucidate the effects of coalesced bainite on hydrogen embrittlement, SSRT was performed 

on both smooth and notched tensile specimens. The RNTS decreased only by 30.9% under cooling 

rates of 3.5 ℃/s to 7.5 ℃/s, whereas the RRA decreased by 79.7% in the same range. Figure 6a–d show 

the fracture surfaces of the H-charged specimens to determine the effects of the cooling rates and 

geometries of the tensile specimens on the fracture mode. The smooth tensile specimen with a cooling 

rate of 3.5 ℃/s exhibited a combination of quasi-cleavage and ductile fracture modes, whereas that 

with a cooling rate of 7.5 ℃/s showed an intergranular fracture mode where cracks were propagated 

along prior austenite grain boundaries. By contrast, the notch tensile specimens under cooling rates 

of 3.5 ℃/s and 7.5 ℃/s exhibited a combination of intergranular and quasi-cleavage fracture modes. 
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Figure 5. (a) Variations of tensile properties and (b) relative index of hydrogen embrittlement 

resistance measured from the slow strain-rate test (SSRT) results for the steels under different cooling 

rates of 3.5 ℃/s, 5.3 ℃/s, and 7.5 ℃/s. 

 

Figure 6. SEM fractographs of the H-charged tensile specimens of (a) and (b) smooth, and (c) and (d) 

notch for the steels under different cooling rates of (a) and (c) 3.5 ℃/s, and (b) and (d) 7.5 ℃/s. 

Figure 7 presents schematics showing the differences in hydrogen embrittlement behavior 

according to specimen geometry. For smooth specimens under tensile deformation, hydrogen atoms 

could migrate along dislocations and accumulate at prior austenite grain boundaries in the elastic 

region before yielding [23]. Hydrogen atoms accumulated at prior austenite grain boundaries can 

cause premature fracture through the HEDE mechanism, making the steel highly vulnerable to 

hydrogen embrittlement when dislocations are not sufficiently released. In smooth specimens with a 

high fraction of tempered martensite and high dislocation density, intergranular fractures became 

dominant, as shown in Figure 6b. However, hydrogen atoms became immobile in the coalesced 

bainite due to their large area and with relatively low dislocation density (Figure 2f), resulting in 

weak accumulation at prior austenite grain boundaries. This enables the smooth specimen with low 

cooling rates to become sufficiently elongated until it fractured in a transgranular mode consisting of 

dimples and quasi-cleavage, as shown in Figure 6a. Therefore, the RRA was greatly changed as the 
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cooling rate increased from 3.5 ℃/s to 5.3 ℃/s. Accordingly, we could conclude that the formation of 

coalesced bainite contributed to an increase in the hydrogen embrittlement resistance of tempered 

martensitic steels. Interestingly, the differences in the fracture modes resulting from the cooling rate 

disappeared for the notch specimens. When the notch introduced triaxial stress and generated highly 

local stressed regions, dislocation pile-ups at the notch accelerated crack initiation at a very early 

stage of deformation. Because the stress concentration at the notch was dominant from the initial 

deformation stage, a similar fracture morphology occurred even though the initial dislocation density 

changed the hydrogen embrittlement resistance of the tempered martensite. 

 

Figure 7. Schematic illustration explaining the fracture mechanism of the smooth and notch tensile 

specimens. 

4. Conclusions 

The introduction of coalesced bainite significantly enhanced the hydrogen embrittlement 

resistance of tempered martensitic steels. The formation of coalesced bainite with a low dislocation 

density impeded hydrogen transport and accumulation at prior austenite grain boundaries. 

Accordingly, SSRT results of the smooth tensile specimens indicated a shift from the intergranular to 

the ductile fracture mode. However, the effect of the cooling rate diminished in the notch tensile 

specimens due to the prevailing stress concentration at the notch. Overall, these findings suggest that 

exploring the role of coalesced bainite offers valuable insights for improving the performance of 

tempered martensitic steels in hydrogen-rich environments and thus warrants further investigation 

of microstructural alterations. 
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