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A B S T R A C T   

This study investigated the influence of austenite misorientation (θγ) on hydrogen-induced intergranular 
cracking along the prior austenite grain boundary (PAGB) in a medium C tempered martensitic steel. Utilizing 
EBSD analysis and prior austenite orientation reconstruction, distributions of martensite misorientation (θα′) and 
prior austenite misorientation (θγ) across PAGBs were compared in both fractured and total PAGBs. The com
parison suggests that presence of low misorientation martensite segments (θα′ < 10◦) at PAGB was beneficial to 
suppress PAGB cracking in accordance with the previous study. This low misorientation martensite segments are 
more likely to be achieved when θγ is either less than 10◦ (L-PAGB), or over 45◦ (H-PAGB) with a specific 
condition. The requirements for H-PAGB to achieve low misorientation martensite segment were investigated by 
applying interrupt quenching treatment, which can capture the initial nucleation of martensite. The result 
suggests that the nucleated martensite should hold near Kurdjumov-Sachs orientation relationship (KS OR) not 
only with austenite into which it grows, but also with opposite austenite sharing the grain boundary (double KS 
OR) to achieve low misorientation martensite segments. The double KS OR is satisfied in most of martensite 
nucleated in the early stage, indicating the importance of the variant selection to achieve low misorientation 
martensite segments at PAGB.   

1. Introduction 

Hydrogen enters and rapidly diffuses in steel during processing and 
application, resulting in a substantial loss of ductility. This phenomenon 
is known as hydrogen embrittlement (HE). As the strength of metallic 
materials increases, the impact of HE becomes more pronounced [1], 
making it particularly noteworthy amid the rising demand for 
high-strength steel. Among the various high strength steels, martensitic 
steel, known for its exceptional strength over 1 GPa, stands out as the 
most susceptible to HE. 

In general, martensitic steel exhibits two distinctive hydrogen- 
induced fracture modes: quasi-cleavage (QC) fracture [2-6] and inter
granular (IG) fracture [5,7-12]. QC fracture is the term used to describe 
the fractures that occur on near cleavage plane ((110) or (100)) but 
leaving different characteristic fracture surface such as tear ridges and 

serrated marking. On the other hand, IG fracture typically occurs in prior 
austenite grain boundary (PAGB) and is characterized by a flat fracture 
surface. Notably, the transition from QC fracture to IG fracture is asso
ciated with a decrease in fracture stress, signifying the greater severity of 
IG fracture [4,5,13]. In that sense, suppressing PAGB cracking would be 
the priority to improve the reliability of martensitic steel. 

The hydrogen-related IG fracture has been discussed in terms of 
hydrogen-enhanced decohesion [14-17], hydrogen-enhanced localized 
plasticity [14,15,17,18], hydrogen-enhanced strain-induced vacancy 
[19,20], etc. In the context of decohesion, there are two primary 
methods to prevent IG fracture along conventional grain boundaries (not 
PAGB) in polycrystalline metallic materials. One approach is controlling 
grain boundary segregation. Previous studies have shown that the 
addition of grain boundary strengthening elements (C, B, and Mo) or the 
reduction of grain boundary weakening elements (P, Sn, Mn, and Sb) can 
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effectively suppress both general [21-27] and hydrogen-assisted [28-30] 
grain boundary cracking in steel. It has been reported that the extent of 
boundary segregation is influenced by alloy interactions [31,32] and 
grain boundary misorientation [33-35]. The other approach involves 
enhancing intrinsic coherency at the grain boundary by introducing 
coherent boundaries such as low index 

∑
boundaries or low misorien

tation grain boundaries. This approach could also improve general [36, 
37], liquid metal assisted [38], and hydrogen-assisted [39] grain 
boundary cracking in steel. The former method has been employed to 
mitigate PAGB cracking in martensitic steel. Alloy elements that segre
gate to austenite grain boundaries during austenitization remain after 
the martensitic transformation, affecting PAGB cohesion. For instance, 
Yoo et al. reported improved HE resistance in 32MnB5 hot-stamping 
steel with the addition of Mo [40]. Mo segregated to PAGB enhanced 
PAGB cohesion, suppressing PAGB cracking. Okada et al. controlled C 
segregation at PAGB by varying austenitization temperature in 
0.2C-3.0Mn martensitic steel and demonstrated that increasing C 
segregation at PAGB suppressed the hydrogen-induced PAGB cracking 
[9]. However, the latter method (increasing population of coherent 
boundary) can hardly be employed since the PAGB is not a conventional 
homogeneous grain boundary but consists of several martensite 
boundary segments with various misorientations of martensite (θα′) 
(supplementary material, Fig. S1). Lath martensite, typically formed in 
low-alloyed steel, exhibits a Kurdjumov-Sachs orientation relationship 
(KS OR), specifically, (111)γ // (011)α′, [− 101]γ // [− 1–11]α′. A single 
austenite grain can transform into crystallographically equivalent 24 KS 
martensite variants (Table 1). This theoretically yields 576 (24 × 24) 
types of martensite segments with different misorientation character
istic at PAGB. 

Regarding effects of crystallography on intergranular crack propa
gation, Shibata et al. observed hydrogen-induced PAGB crack propa
gation path in martensitic steel using 3D-X-ray microscopy. They 
revealed that the crack is reluctant to propagate along the PAGB con
taining low misorientation martensite segments, even when the applied 
stress was higher than other PAGBs without low misorientation 
martensite segments [7,8]. Chen et al. analyzed the grain orientation 
spread (GOS) values along the hydrogen-induced PAGB crack path and 
reported that the low misorientation martensite segments can suppress 
the crack propagation by accommodating more plastic strain [41]. 
Archie et al. conducted a micro-cantilever bending test at PAGBs with 
and without low misorientation martensite segments. They revealed that 
the PAGB with low misorientation martensite segments exhibits greater 
resistance to crack nucleation [37]. Although those previous studies 
emphasized the importance of low misorientation martensite segments 
for preventing PAGB cracking, conditions necessary for a PAGB to 
exhibit low misorientation martensite segments have not been clarified. 

The present authors believe that misorientation of austenite (θγ), a 
basic yet highly influential crystallographic factor, may play a crucial 
role in preventing PAGB cracking in terms of both grain boundary 
segregation and coherency based on the two primary reasons. Regarding 
the correlation between segregation and θγ, it has been reported that the 
amount of segregation increases with increasing θγ [33,34]. For the 
relationship between coherency and θγ, the clear orientation relation
ship (KS OR) between austenite and martensite results in martensite 
misorientation being dependent on θγ. Furthermore, specific misorien
tation of martensite segments are preferentially formed due to variant 
selection in nucleation at austenite grain boundary. It has been reported 
that certain martensite/bainite variant is preferentially selected when it 
is nucleated at austenite grain boundary [42-44]. Furuhara et al. [42]. 
proposed variant selection rules, which is governed by near KS OR be
tween bainite/martensite and the adjacent austenite where bainite/
martensite does not grow (also referred as double KS OR), relation 
between GB plane and growth direction, habit plane and shape strain 
direction. Among them, double KS OR is the most relevant to the for
mation of low misorientation martensite segment. Therefore, this study 
aims to investigate the influence of θγ on hydrogen-induced PAGB 

cracking in a medium C tempered martensitic steel. 

2. Experimental procedure 

2.1. Materials and heat treatment 

A commercialized medium C steel (SCM435) was used in this study. 
The detailed chemical composition was shown in Table 2. The specimen 
was austenitized at 1173 K for 15 min in a vacuum furnace, followed by 
water quenching to achieve fully martensitic microstructure. Subse
quently, the as quenched specimen was tempered at 673 K for 30 min in 
a salt bath and water quenched to room temperature. The final micro
structure exhibited a tempered lath martensite with carbide precipita
tion (supplementary material, Fig. S2). The average PAGS was 
approximately 15 μm. The specimen exhibited a yield strength of 1416 
MPa, a tensile strength of 1549 MPa, and a total elongation of 7%, as 
reported elsewhere by the co-authors [45]. 

Table 1 
24 KS OR martensite variants and their inter-variant relationship.  

Variant 
Number 

Parallel 
Plane 

Parallel Direction Rotation from Variant 1 

V1 

(111)γ// 
(011)α′ 

[− 1 0 1]γ// 
[− 1 –11]α′ 

– 

V2 [− 1 0 1]γ// 
[− 1 1 –1]α′ 

[0.58 − 0.58 0.58]/60.0 
deg 

V3 [01 –1]γ// 
[− 1 –1 1]α′ 

[0.00 − 0.71 − 0.71]/60.0 
deg 

V4 [0 1 –1]γ// 
[− 1 1 –1]α′ 

[0.00 0.71 0.71]/10.5 
deg 

V5 [1 –10]γ// 
[− 1 –1 1]α′ 

[0.58 0.71 0.71]/60.0 
deg 

V6 [1 –1 0]γ// 
[− 1 1 –1]α′ 

[0.00 − 0.71 − 0.71]/49.5 
deg 

V7 

(1–11)γ// 
(011)α′ 

[1 0 –1]γ// 
[− 1 –1 1]α′ 

[− 0.58 − 0.58 0.58]/49.5 
deg 

V8 [1 0 –1]γ// 
[− 1 1 –1]α′ 

[0.58 − 0.58 0.58]/10.5 
deg 

V9 [− 1 –1 0]γ// 
[− 1 –1 1]α′ 

[− 0.19 0.77 0.61]/50.5 
deg 

V10 [− 1 –1 0]γ// 
[− 1 1 –1]α′ 

[− 0.49 − 0.46 0.74]/50.5 
deg 

V11 [0 1 1]γ// 
[− 1 –1 1]α′ 

[0.35 − 0.93 − 0.07]/14.9 
deg 

V12 [0 1 1]γ// 
[− 1 1 –1]α′ 

[0.36 − 0.71 0.60]/57.2 
deg 

V13 

(− 111)γ// 
(011)α′ 

[0 – 11]γ// 
[− 1 –1 1]α′ 

[0.93 0.35 0.07]/14.9 
deg 

V14 [0 –1 1]γ// 
[− 1 1 –1]α′ 

[0.74 0.46 − 0.49]/50.5 
deg 

V15 [− 1 0 –1]γ// 
[− 1 –1 1]α′ 

[− 0.25 − 0.63 − 0.74]/ 
57.2 deg 

V16 [− 1 0 –1]γ// 
[− 1 1 –1]α′ 

[0.66 0.66 0.36]/20.6 
deg 

V17 [1 1 0]γ// 
[− 1 –1 1]α′ 

[− 0.66 0.36 − 0.66]/51.7 
deg 

V18 [1 1 0]γ// 
[− 1 1 –1]α′ 

[− 0.30 − 0.63 − 0.72]/ 
47.1 deg 

V19 

(11–1)γ// 
(011)α′ 

[− 1 1 0]γ// 
[− 1 –1 1]α′ 

[− 0.61 0.19 − 0.77]/50.5 
deg 

V20 [− 1 1 0]γ// 
[− 1 1 –1]α′ 

[− 0.36 − 0.60 − 0.71]/ 
57.2 deg 

V21 [0 –1 –1]γ// 
[− 1 –1 1]α′ 

[0.96 0.00 − 0.30]/20.6 
deg 

V22 [0 –1 –1]γ// 
[− 1 1 –1]α′ 

[− 0.72 0.30 − 0.63]/47.1 
deg 

V23 [1 0 1]γ// 
[− 1 –1 1]α′ 

[− 0.74 − 0.25 0.63]/57.2 
deg 

V24 [1 0 1]γ// 
[− 1 1 –1]α′ 

[0.91 − 0.41 0.00]/21.1 
deg  
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2.2. Hydrogen-induced crack preparation 

The specimen was plastically deformed through U-bending with 
bending radius of 10 mm before hydrogen charging to induce residual 
stress inside the specimen. Then, hydrogen was introduced by means of 
cathode changing, using a 3 wt.% NaCl + 3 g/L NH4SCN solution with a 
current density of 10 A/m2 at 298 K for 24 h. The procedure was 
schematically illustrated in previous report [45]. The hydrogen con
centration was estimated to be 1.8 mass ppm measured by thermal 
desorption spectrometry (TDS). As a result, multiple hydrogen-induced 
cracks mainly propagated along the PAGB could be obtained. Fig. 1a and 
b show an example microstructure of a crack propagated along the 
PAGB. 

2.3. Microstructure characterization 

The microstructure was mainly investigated by electron backscatter 
diffraction (EBSD) technique equipped with scanning electron micro
scope (SEM; JSM-7001F, JEOL). The accelerating voltage was set at 15 
kV with a working distance of 15 mm. The specimen was mainly pre
pared by mechanical polishing to 0.06 μm colloidal silica to prevent 
blunting of crack propagation path caused by electrochemical polishing. 
In addition, electrochemical polishing was also employed when a com
parison of EBSD and SEM micrographs was needed. Fig. 1c to e display 
the example of EBSD analysis to measure the θα′ and θγ. The major crack 

propagation path was PAGB, confirmed by reconstructing the orienta
tion map of prior austenite grain (Fig. 1c2, d2 and e2) from orientation 
data of martensite measured by EBSD (Fig. 1c1, d1 and e1). The crack 
propagation path (black line in Fig. 1 c1) was arbitrarily drawn over the 
orientation map of reconstructed austenite based on martensite orien
tation map. The orientations of prior austenite were reconstructed using 
software developed by co-authors [46,47]. It has been reported that the 
precisely measured orientation relationship between lath martensite 
and austenite is slightly deviates from the exact KS OR (1.6◦ and 2.8◦

from the close packed plane and direction, respectively) [46]. Therefore, 
to achieve better reconstruction quality, a more precisely determined 
orientation relationship was used for the reconstruction (120.1◦, 8.8◦, 
195.6◦ in Euler angle). Subsequently, θα′ and θγ were measured across 
PAGBs from both non-fractured PAGBs (Fig. 1d) and fractured PAGBs 

Table 2 
Chemical composition of SCM435 in mass%.  

SCM435 C Cr Mn Mo Si Ni B P S Fe 

Mass.% 0.35 0.97 0.68 0.18 0.28 0.01 1.3ppm 68 ppm 40 ppm Bal.  

Fig. 1. Observation of a hydrogen-induced crack. (a) Low magnification SEM micrograph, (b) High magnification SEM micrograph, (c1) Martensite orientation map, 
(c2) Reconstructed austenite orientation map, (d1) Martensite orientation map of non-fractured PAGB, (d2) Reconstructed austenite orientation map of non-fractured 
PAGB, (e1) Martensite orientation map of fractured PAGB, (e2) Reconstructed austenite orientation map of fractured PAGB. 

Fig. 2. Schematic illustration of low misorientation martensite segment frac
tion (LMSF). 
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(Fig. 1e). The total number of PAGBs (non-fractured + fractured) was 
286, with total length of 2.3 mm. It should be noted that Σ3 boundary 
was not included in the statistics. 

Three-dimensional atom probe tomography (3D-APT: LEAP- 
4000HR, CAMECA) was conducted to investigate the element segrega
tion at PAGBs depending on θγ. Several needle shaped tips for 3D-APT 
analysis were fabricated by focused ion beam (FIB) method after con
firming PAGB using EBSD analysis. The analysis conditions for 3D-APT 
are as follows; pulse fraction: 0.2, pulse rate: 200,000 Hz, specimen 
temperature: 90 K. 

2.4. Evaluation of PAGB coherency 

It has been reported that low misorientation martensite segments can 
accommodate crack tip stress through plastic deformation and suppress 
the crack propagation [41]. The effectiveness of suppressing crack 
propagation is not determined solely by the presence of low misorien
tation martensite segments, but more specifically by the fraction of 
PAGB length occupied by these segments. Therefore, a new parameter 
called "Low Misorientation martensite Segment Fraction (LMSF)" is 
proposed here (Fig. 2). The LMSF is defined as the fraction occupied by 
the low misorientation martensite segments whose θα′ is less than 10◦

and is estimated by the following equation. 

(LMSF) =
∑n

k=1Lk
αʹ
(
θk

αʹ < 10∘
)

∑n
k=1Lk

αʹ
(1) 

Here, Lk
αʹ represents the length of kth martensite segment in a given 

PAGB, and Lk
αʹ
(
θk

αʹ < 10∘
)

represents the length of kth martensite seg
ments whose θα′ is less than 10◦. 

3. Results 

3.1. Comparison of θα′ and θγ distributions between total PAGBs and 
fractured PAGBs 

Fig. 3a shows length fraction of θα′ in total PAGBs and fractured 
PAGBs. It demonstrates that the LMSF of fractured PAGB is lower than 
that of total PAGBs. This result provides statistical support for the pre
vious studies indicating that low misorientation martensite segments 
prevent PAGB cracking [8,41,48]. 

Fig. 3b indicates length fraction of θγ in total PAGBs and fractured 

PAGBs. PAGBs were categorized into L-PAGB (θγ < 10◦), M-PAGB (10◦ <

θγ < 45◦), and H-PAGB (θγ > 45◦). A distinctive observation is that the 
length fraction of L-PAGB in fractured PAGBs is lower than that in total 
PAGBs, suggesting that cracks could hardly propagate along the L-PAGB. 
The length fraction of M-PAGB, especially for θγ ranging from 20◦ to 45◦, 
is higher in fractured PAGBs than in total PAGBs, indicating that M- 
PAGB is vulnerable to hydrogen-induced cracking. For H-PAGB, there is 
no significant difference in length fraction between total PAGBs and 
fractured PAGBs. 

The reason why hydrogen-induced cracks typically initiate at PAGBs 
is presumably related to the high hydrogen concentration. Many pre
vious studies qualitatively demonstrated that hydrogen atoms are pref
erentially localized at PAGBs by hydrogen microprint technique [4]. As 
explained, PAGB is not a homogenous grain boundary but consists of 
several martensite boundary segments with high misorientation. In 
general, the amount of impurity segregation increases with increasing 
misorientation angle [33-35]. Although we cannot directly evaluate 
hydrogen concentration at the boundary, it can be speculated that more 
hydrogen atoms are segregated in high angle grain boundaries 
compared to low angle grain boundaries, leading to boundary decohe
sion (HEDE mechanism). However, the reason why PAGB is particularly 
more vulnerable to hydrogen-induced cracking than other high angle 
grain boundaries of martensitic microstructure (packet, block bound
aries) is still controversial. This is presumably related to the segregation 
of impurities such as P, S, and Sn occurs during austenitizing [26]. Their 
influence on hydrogen-induced cracking will be addressed in another 
paper. 

3.2. Relation between θα′ and θγ 

Fig. 4a shows the relation between θα′ and θγ in total PAGBs and the 
corresponding heat map. Two distinctive features were observed: (1) L- 
PAGB can hardly achieve martensite segments with a range of θα′ 
approximately between 20◦ to 40◦, and (2) M-PAGB, particularly θγ 
between 20◦ to 45◦, can hardly achieve low misorientation martensite 
segments (θα′ < 10◦). The first feature (1) can be explained by examining 
the inter-variant misorientation distribution of the 24 KS variants 
(Table 1). The inter-variant misorientations were plotted with filled 
circles at θγ of 0◦. Misorientation ranging from 22◦ to 47◦ cannot be 
achieved in the KS OR inter-variant misorientation. Therefore, when θγ 
is low enough to be regarded as almost a single grain, it shows a similar 
trend to the inter-variant misorientation distribution, and the impact 

Fig. 3. (a) Comparison length fraction against θα′ between fractured PAGB and total PAGB (b) Comparison of length fraction against θγ between fractured PAGB and 
total PAGB. 
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becomes blurred with increasing θγ. The second feature (2) can be also 
explained by considering inter-variant misorientation. Since the inter- 
variant misorientation cannot exhibit a range from 22◦ to 47◦, it is 
difficult to obtain low misorientation martensite segments if the θγ is 
between 22◦ to 47◦ due to symmetric feature of KS OR between FCC and 
BCC. This is the reason why the length fraction of M-PAGB (especially 
for 20◦ < θγ < 45◦) was higher in fractured PAGBs than in total PAGBs. 

To analyze the effects of variant selection on the relation between θα′ 

and θγ, calculation was conducted based on an equal formation of all the 
possible 24 KS variants from reconstructed austenite orientation data as 
shown in Fig. 4b. Although the distribution shape and distinctive fea
tures ((1) and (2)) found in the measurement were quite well reproduced 
by the calculation, the heat maps show slight differences between them 
(Fig. 4a2 and b2). The most notable difference is that the fraction of low 
misorientation martensite segment (θα′ < 10◦), crucial for suppressing 
PAGB cracking, is more preferentially formed in the measurement than 

Fig. 4. Scatter diagrams and heat maps showing relation between θα′ and θγ in total PAGB (a) Measurement, (b) Calculation based on γ orientation assuming no 
variant selection. 

Fig. 5. Microstructure adjacent to PAGB with various θγ. Martensite orientation map adjacent to l-PAGB (a1), M-PAGB (b1 and c1), and L-PAGB (d1 and e1). 
Reconstructed austenite orientation map adjacent to l-PAGB (a2), M-PAGB (b2 and c2), and L-PAGB (d2 and e2). 

J.H. Kim et al.                                                                                                                                                                                                                                   



Acta Materialia 274 (2024) 120036

6

in the calculation as highlighted in yellow dotted rectangle. This sug
gests that specific martensite variants are preferentially formed at PAGB. 

3.3. Microstructure adjacent to PAGB and low misorientation martensite 
segment fraction (LMSF) 

Fig. 5 shows representative EBSD orientation maps of martensite and 
reconstructed austenite adjacent to PAGB depending on the θγ. Fig. 5a, 
Fig. 5b and c, Fig. 5d and e correspond to L-PAGB (θγ < 10◦), M-PAGB 
(10◦ < θγ < 45◦), and H-PAGB (θγ > 45◦), respectively. The martensite 
boundary misorientation was highlighted by black (> 10◦) or white (<
10◦) lines depending on the misorientation angle. PAGB was confirmed 
by the reconstructed austenite orientation map and indicated by black 
arrows (Figs. 5a2 to e2). Two cases of variant features were observed; 
Case1: multiple fine variants dominant on both side of PAGB (Figs. 5a1, 
b1, and d1) and Case2: a coarse variant dominant at least one side of 
PAGB (Figs g. 5c1 and e1). The former case (Case1) is the commonly 
observed feature for most of PAGBs, but the latter case (Case2) is seldom 
and observed only in M-PAGB and H-PAGB. The LMSF was found to be 
highly influenced by θγ and variant features. L-PAGB exhibits relatively 
high LMSF, although formation of multiple fine variants (Case1) is one 
of the factors deteriorating LMSF (Fig. 5a). As explained earlier, M-PAGB 
generally exhibits low LMSF due to intrinsic inter-variant misorientation 
of KS OR independent of variant feature. However, the variant feature 
becomes crucially related to LMSF in H-PAGB. H-PAGB exhibits rela
tively low LMSF when variant feature is Case1 (Fig. 5d), while relatively 
high LMSF when variant feature is Case2 (Fig. 5e) unlike L-PAGB where 
high LMSF is related to Case1 (Fig. 5a). 

This finding is supported by the statistical data as shown in Fig. 6. 
Fig. 6a shows the relation between LMSF and θγ in total PAGBs. The 
empty and filled circles indicate variant feature Case1 and Case2, 
respectively. Most of L-PAGBs show high LMSF (> 0.3), and the variant 
feature was Case1. Most of M-PAGBs show low LMSF (< 0.3) indepen
dent of variant feature. H-PAGBs could exhibit a wide range of LMSF 
from 0 to 1.0. It is clear that H-PAGBs whose variant feature is Case2 
tend to have a higher LMSF. Fig. 6b shows the statistical data for frac
tured PAGBs. Compared with total PAGBs (Fig. 6a), it was found that a 
crack can hardly propagate PAGB whose LMSF is over 0.3, which sug
gests that LMSF is an appropriate parameter determining cracking 
resistance of PAGB. Then, LMSF of 0.3 could be regarded as a safety 
criterion determining cracking resistance of PAGB. Fig. 6c shows that 
the calculated LMSF with reconstructed austenite orientation data by 
assuming all the 24 KS variants were equally formed. The overall LMSF 
is much smaller in the calculation than in the measurement, implying 
that martensite segment at actual PAGB tends to be low misorientation 
due to variant selection in nucleation at PAGB. 

4. Discussion 

In the result section, it has been demonstrated that L-PAGB (θγ < 10◦) 
exhibits greater resistance to hydrogen-induced PAGB cracking 
compared to M-PAGB (10◦ < θγ < 45◦) and L-PAGB (45◦ < θγ). One 
contributing factor is that L-PAGB always exhibits a high LMSF (Fig. 6a). 
Another potential factor influencing crack propagation resistance is 
PAGB segregation. It has been reported that the amount of segregation is 
influenced by boundary misorientation [34]. This implies that the 
observed resistance of L-PAGB to cracking might be attributed to a lower 
amount of segregation of grain boundary weakening elements. There
fore, a quantitative analysis of the PAGB segregation depending on θγ 
was performed. 

4.1. Influence of θγ on PAGB segregation and cohesion 

4.1.1. PAGB segregation analyzed by 3D-APT 
The amount of PAGB segregation was quantitatively analyzed with 

3D-APT analysis at PAGB whose θγ were 7◦, 15◦, and 43◦. Multiple 3D- 
APT tips were fabricated in the same PAGB after confirming its θγ 
(Fig. 7a). The number of successfully analyzed tips was 2, 1, and 4 for 
PAGBs with θγ of 7◦, 15◦, and 43◦, respectively. Fig. 7b shows an 
example of the 3D-APT results from a PAGB with θγ of 15◦ (other results 
are available in the supplementary material, Fig. S3). The segregation of 
C, B, P, and Mo was characterized at the PAGB (Fig. 7b1). Fig. 7b2 shows 
representative examples of composition profiles across PAGB. Segrega
tion of C was the most remarkable because the nominal composition of C 
is much higher than other elements. The amount of element segregation 
at PAGB was evaluated based on an interfacial excess [49], and the 
average values were estimated. Using the average interfacial excesses, 
the atomic percentage (at.%) of the segregation was estimated by 
assuming the site density per unit area of grain boundary, which was 48 
sites/nm2 [33,50]. Fig. 8 displays the result of the average segregation 
amount at PAGB depending on θγ. The amount of segregation is higher in 
M-PAGB than that in L-PAGB for most of the elements, which implies 
that θγ plays a dominant role in PAGB segregation. This is reasonable 
because all the elements can be segregated to austenite grain boundary 
during austenitizing, influenced by θγ, while only limited elements with 
high diffusivity, such as C, can be segregated during tempering, influ
enced by θα′. To confirm it, diffusion distance was estimated during 
austenitizing and tempering by the following equation. The diffusivity 
data were referred from [51,52] (C), [53,54] (B), and [55] (P and Mo) 

Diffusion distance =
̅̅̅̅̅̅̅̅
2Dt

√
(2)  

D = D0exp
(

−
Q
RT

)

(3) 

Here, D is diffusivity, D0 is a pre-exponential coefficient, Q is acti
vation energy, R is a gas constant, and T is temperature in Kelvin. 

Fig. 6. Relation between LMSF and θγ (a) Measurement in total PAGB, (b) Measurement in fractured PAGB, and (c) Calculation based on random formation of 24 KS 
martensite variant from orientation data of austenite in total PAGB. 
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Fig. 7. Representative result of 3D-APT analysis (a1) Orientation map of martensite and (a2) reconstructed austenite where 3D-APT tips were fabricated (b1) Three- 
dimensional atom maps of C, B, P, and Mo (b2) Line profile across PAGB indicated by the region of interest (ROI, 30 × 30 × 60 nm3) in (b1). 

Fig. 8. Average atomic fraction in PAGB depending on θγ. (a) C, (b) B, (c) P, and (d) Mo.  
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The diffusion distances of C, B, P, and Mo were approximately to be 
1.2 × 104 μm, 1.6 × 102 μm, 1.0 μm, and 3.7 × 10− 1 μm, respectively 
during austenitizing (1173 K for 15 min), and 4.6 × 101 μm, 3.8 × 10− 3 

μm, 1.2 × 10− 3 μm, and 1.0 × 10− 3 μm, respectively during tempering 
(673 K for 30 min). Considering the grain boundary thickness 
(approximately 6 × 10− 4 μm [50]), all the elements can be segregated 
during austenitizing, while only C can be practically segregated during 
tempering, which is why the result shows high θγ dependency. 

Since the amount of segregation was mainly determined during 
austenitizing, it is reasonable to compare the result with the equilibrium 
segregation at 1173 K. Horizontal dotted lines in Fig. 8 indicate the 
equilibrium amount of segregation at 1173 K calculated by the following 
McLean’s equation. 

XGB

1 − XGB
=

XB

1 − XB
exp

(
− ΔG
RT

)

(4) 

Here, XGB is an atomic fraction of the segregant at grain boundary, XB 
is a bulk composition, -ΔG is a segregation energy, R is a gas constant, 
and T is a temperature in Kelvin. 

The utilized segregation energies of the C, B, P, and Mo were − 30 kJ/ 
mol [56], − 63 kJ/mol [57], − 47 kJ/mol [56], and − 27 kJ/mol [50], 
respectively. The amount of C segregation was less than the equilibrium 
value because C will be consumed by cementite precipitation during 
tempering. 

It should be noted that not only θγ and but also θα′ influence on C 
segregation. Although θα′ was not measured at the APT tips, we already 
know that about half of the L-PAGB (θγ: 7◦) is low θα′ segments while M- 
PAGB (θγ: 43◦) mostly consists of high θα′ segments (Fig. 6). Therefore, 
high fraction of low θα′ segment results in lower average C segregation 
amount in L-PAGB than that in other PAGBs. For B segregation, the 
measurements are above the equilibrium value, which can be explained 
by non-equilibrium segregation mechanism. In the non-equilibrium 
segregation mechanism, a vacancy and B complex, formed due to 
attractive interaction, results in additional segregation of B during 
cooling [33]. The amount of P segregation is much lower than the 
equilibrium value, mainly due to repulsive interactions with C and B 
during austenization [21,31,58]. Mo does not show the clear de
pendency on θγ, but the measurements corresponded well to the equi
librium value. 

4.1.2. Influence of PAGB segregation on PAGB cohesion 
The 3D-APT results demonstrated that the amount of segregation 

increases with increasing θγ. This implies that the finding of this study, 
where L-PAGB is more resistant to cracking than M-PAGB and H-PAGB, 
might be due to the less segregation of harmful elements such as P. To 
confirm it, the influence of these elements on grain boundary cohesion 
was evaluated. Among the segregated alloy elements in this study, P is 
known to be grain boundary weakening elements, while C, B, and Mo 
are known to be grain boundary strengthening elements [21,59-61]. 
Since it is challenging to directly measure grain boundary cohesion, 
qualitative comparison was made by comparing their influences on 
ductile to brittle transition temperature (DBTT) using reported empirical 
relations by assuming the effects are similar regardless of misorienta
tion. The change in DBTT (ΔDBTT) of ferritic steel with the boundary 
segregations of C, B and P were reported to be − 10 K/at.%, − 20 K /at.% 
and 7 K /at.%, respectively [21]. The effect of Mo could not be 
considered due to a lack of data. Using these empirical relations, ΔDBTT 
was evaluated depending on θγ and summarized in Table 3. The ΔDBTT 
is more remarkable in M-PAGBs than in L-PAGB and most of contribu
tion is originated from C segregation. This implies that increasing θγ is 
beneficial to crack resistance in terms of PAGB segregation, which 
contradicts the finding that L-PAGB is more resistant to cracking. Not 
considering the effect of Mo does not influence the conclusion because 
the amount of Mo, grain boundary strengthening element, is more 
segregated in M-PAGB (θγ: 43◦) than L-PAGB. Those results suggest that 

PAGB segregation is not the major factor determining the crack resis
tance of PAGB in this study. 

4.2. Influence of θγ on low misorientation martensite segment fraction 
(LMSF) and requirements for high LMSF 

The above analyses implies that what plays a crucial role in pre
venting PAGB cracking is not grain boundary segregation, but the 
intrinsic coherency, which is represented as LMSF in this study. There
fore, it is important to investigate the requirements for the PAGB to 
exhibit high LMSF. For PAGB to exhibit a high LMSF, it is required to be 
either L-PAGB (θγ < 10◦) or H-PAGB (θγ > 45◦) as shown in Fig.6. Unlike 
L-PAGBs, which generally exhibit a high LMSF independent of variant 
features, H-PAGB exhibits high LMSF only when the variant feature is 
Case2 (few coarse variants). Thus, it is necessary to investigate the 
condition where the coarse variant can be formed at H-PAGB. 

The variant formation of martensite/bainite is highly influenced by 
the accommodation of transformation strain [62,63]. The strain can be 
accommodated either by plastic deformation of adjacent untransformed 
austenite or formation of another martensite variant. The former occurs 
when the austenite is soft enough to be plastically deformed, which is 
the case with low C concentration or a high transformation temperature. 
On the other hand, the latter occurs in the opposite situation (high C and 
low transformation temperature). The latter case leads to refinement of 
martensite/bainite variant and is the main mechanism for microstruc
ture change of martensite/bainite depending on C concentration and 
transformation temperature [62,64]. Therefore, it is expected that the 
coarse martensite variant is likely to be nucleated in the initial stage of 
the martensitic transformation when the transformation temperature is 
relatively high, and influence of another variant is negligible. In 
connection to this, Morsdorf et al. also insisted that the coarse 
martensite variant is nucleated from the PAGB in the early stage of the 
transformation based on the comprehensive investigation on C segre
gation and nano-hardness depending on size of the martensite variant 
[65]. To confirm that the coarse variant predominantly formed in the 
initial stage of transformation, an interrupted quenching treatment was 
employed [66]. An interrupt quenching treatment allows initially 
nucleated martensite to be tempered during the interrupt holding, 
which makes it possible to differentiate between initially nucleated 
martensite (tempered martensite) from other martensite (fresh 
martensite). The detail explanation of the interrupted quenching treat
ment is explained in supplementary materials (Figs. S4 and S5). Fig. 9 
shows microstructure and LMSF in the interrupted quenched specimen. 
A similar trend to Fig. 6a was observed: L-PAGB exhibits a high LMSF, 
M-PAGB hardly exhibits a high LMSF, and H-PAGB exhibits a wide range 
of LMSF. The initially nucleated PAGBs are indicated by filled symbols 
and the number of initially nucleated PAGB analyzed (filled symbols) 
was 18. It should be noted that the Σ3 boundary was not included in the 
statistics, despite being a strong nucleation site for martensite [44]. It 
was observed that the initially nucleated PAGBs were mainly M-PAGB 
and H-PAGB, implying high nucleation potency presumably due to their 
high grain boundary energies. On the other hand, tempered martensite 
was hardly observed on L-PAGB, suggesting low nucleation potency. The 
size of initially nucleated martensite variant (5.8 ± 1.8 μm) was much 
larger than average martensite variant size (3.2 ± 1.9 μm), which is 

Table 3 
Contribution of PAGB segregation to ΔDBTT depending on θγ.  

ΔDBTT, L-PAGB 
(θγ: 7◦) 

M-PAGB1 
(θγ: 15◦) 

M-PAGB2 
(θγ: 43◦) 

C (¡10 K/at.%) − 97 − 158 − 132 
B (¡20 K/at.%) − 15 − 22 − 26 
P (þ7 K/at.%) +2 +4 +3 
Mo (no data) – – – 

Total − 110 − 176 − 155  
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consistent with a previous study proposing that coarse martensite vari
ants are formed at the initial stage of the transformation [65]. An 
interesting finding was that most of H-PAGBs exhibiting high LMSF 
belong to initially nucleated PAGBs. Fig. 9b shows the microstructure 
adjacent to initially nucleated H-PAGB, exhibiting high LMSF. A coarse 
martensite variant, characterized by the presence of carbide, was 
nucleated at H-PAGB. The variant feature of the initially nucleated 
H-PAGB is Case2 (few coarse variants). On the other hand, 
non-nucleated H-PAGB (non-tempered martensite) generally shows 
Case1 variant feature while exhibiting extremely low LMSF (Fig. 9c). 
This finding indicates that the nucleation event is favorable to exhibit 
high LMSF in H-PAGB. 

When it comes to grain boundary nucleation of bainite/martensite, 
double KS OR should be investigated since it is a necessary condition to 
exhibit high LMSF. To determine whether the nucleated martensite 
satisfies the double KS OR or not, the deviation angle of KS OR from the 
opposite grain sharing the boundary (θKS) was evaluated, and the 
threshold θKS of double KS OR was determined to be below 10◦ (θKS <

10◦). Fig. 10 shows the result of measured θKS of the 18 PAGBs where 
martensite is initially nucleated. PAGB numbers were labeled in order of 
increasing θγ. Open circles indicate all the possible 48 θKS (24 from each 
austenite grain) and filled circles indicate the θKS of martensite nucle
ated. About 72 % of the initially nucleated PAGBs satisfied double KS 
OR. The value is much greater than the probability that an arbitrary 
grain satisfies the double KS OR (about 11%), which implies that 
interfacial energy minimization induced by coherent interface of grains 
with KS OR is one of the key mechanisms for variant selection in grain 
boundary nucleation of medium C martensite. The probability that an 
arbitrary grain satisfies the double KS OR depending on threshold angle 
(10◦ in this study) is also available in supplementary materials (Fig. S6). 
This observation aligns with previous studies on variant selection of 
bainite whose C and transformation temperature are similar [43]. 

The result in Fig. 9a clearly shows that PAGB tends to exhibit LMSF 
higher than 0.3 (safety criterion) when the initially nucleated martensite 
variant satisfies the double KS OR. After the martensite nucleation at the 
grain boundary, what determines the θα′ is orientation of subsequent 

martensite variant across the austenite grain boundary. The formation of 
subsequent martensite is stimulated by the initially nucleated martensite 
and certain variant will be preferentially selected. In this case also, 
interfacial energy minimization could play a role, favoring the forma
tion of a martensite variant whose orientation is almost identical to the 
initially nucleated martensite variant. This explains why nucleated 
PAGBs satisfying the double KS OR exhibit high LMSF. It should be also 
noted that other mechanisms, such as grain boundary elimination and 
strain accommodation, may also play a role. These mechanisms are 
presumed to be effective for PAGBs that cannot satisfy the double KS OR, 
such as PAGB3, PAGB4, and PAGB5 in Fig. 10. A more in-depth analysis 
of variant selection for subsequent martensite, stimulated by initially 
nucleated martensite, is beyond the scope of this study and will be 
addressed in a separate paper. 

Fig. 9. (a) Relation between LMFS and θγ in interrupted quenching treated specimen. Initially nucleated and non-nucleated PAGBs are denoted by filled symbols 
(circle for non-KS and star for double KS) and open symbols, respectively. (b) Microstructure adjacent to initially nucleated H-PAGB, exhibiting high LMSF. (c) 
Microstructure adjacent to non-nucleated H-PAGB, exhibiting low LMSF. (d) Microstructure adjacent to non-nucleated L-PAGB, exhibiting high LMSF. 

Fig. 10. Comparison between measured θKS (filled symbols) and possible 48 
θKS (open symbols) of initially nucleated 18 PAGBs. 
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The formation of a martensite variant that satisfies double KS OR is a 
crucial requirement for exhibiting high LMSF. This is generally achieved 
by the grain boundary nucleation at an initial stage of martensitic 
transformation. When an H-PAGB serves as a stopping site rather than a 
nucleation site, where the growth of a martensite variant nucleated 
elsewhere is halted, achieving the double KS OR becomes difficult since 
it is just a random selection of the variant at the stopping H-PAGB. 
Fig. 9c shows microstructure of H-PAGB without tempered martensite 
after interrupted quenching treatment, meaning non-nucleated PAGB. 
Since the H-PAGB was not the initially nucleated PAGB, fine multiple 
variants holding non-KS OR (θKS > 10◦) were formed. Thereby, non- 
nucleated PAGB usually shows lower LMSF, making it vulnerable to 
hydrogen-induced cracking. In contrast, L-PAGB generally exhibits high 
LMSF, despite not being preferential nucleation site as shown in Fig. 9d. 
This is because all the variants adjacent L-PAGB always satisfy double KS 
OR owing to low θγ. Any martensite variants nucleated from elsewhere 
and stops at L-PAGB always satisfy double KS OR. This leads to the 
formation of similar orientation martensite across the L-PAGB to mini
mize interfacial energy, resulting in high LMSF. Additional character
istics of martensite microstructure at L-PAGB is the clear continuity of 
martensite variant pairs across the L-PAGB as shown in Figs. 5a and 9d. 
Growth of martensite could be hindered at L-PAGB with misorientations 
of several degrees. This inhibition leads to the nucleation of new 
martensite variants at the boundary due to shape deformation. To 
elucidate the effect of shape deformation, the direction of trans
formation strain and habit plane of these martensite variants were 
investigated. Fig. 11 shows the microstructure adjacent to L-PAGB 
(Fig. 5a magnified), where four pairs of variants across the L-PAGB with 
nearly the identical orientation were identified. The directions of 
transformation shape strain and habit plane of these variants were 
determined by phenomenological theory (PTMC) based on double lat
tice invariant shear deformation (LID) model. The details of the calcu
lation are present in the Appendix. The directions of transformation 
strain and habit plane of all variant pairs across the L-PAGB were almost 
identical. These results support the hypothesis that autocatalytic 
nucleation of the martensite due to shape deformation could explain the 
formation of those martensite variant pairs at the L-PAGB, contributing 
to the high LMSF. 

The influence of θγ on microstructure evolution at PAGB was sche
matically illustrated in Fig. 12. A dotted line indicates low angle grain 
boundary (θγ < 10◦), and solid lines indicate medium and high angle 
grain boundaries (θγ > 10◦). In the initial stage of martensitic trans
formation, martensite preferentially nucleates at medium and high 
angle austenite grain boundaries. The nucleated martensite can be 
categorized into double KS (θKS < 10◦) and non-KS (θKS > 10◦). The 

former case is more dominant, as it minimizes interfacial energy. In 
situations where double KS martensite is initially nucleated at the 
austenite grain boundary (α′1 and α′2), eventually, martensite with a 
similar orientation to initially nucleated martensite is more likely to be 
formed across the austenite grain boundary, resulting in high LMSF (low 
θα′). On the other hand, for the austenite grain boundary where non-KS 
martensite is formed (α′3), martensite with a similar orientation to the 
initially nucleated martensite cannot exist in the opposite austenite, 
resulting in a low LMSF (high θα′). This is why initial nucleation at PAGB, 
and double KS are crucial factors for achieving high LMSF. However, it is 
not necessary for L-PAGB to be the initial nucleation site to achieve high 
LMSF. All the martensite variants satisfy the double KS OR, allowing 
martensite to form with the nearly identical orientation through the L- 
PAGB. Therefore, high LMSF is always achieved in L-PAGB, independent 
of nucleation event. 

5. Summary 

We have investigated the hydrogen-induced crack propagation path 
in a medium C tempered martensitic steel, focusing on intergranular 
cracks along the PAGB. To analyze the misorientation characteristics of 
fractured PAGB, we examined θα′ (martensite misorientation) and θγ 
(austenite misorientation) across the fractured and total PAGBs using 
EBSD. The main findings of this study are as follows.  

1) Cracks can hardly propagated along the PAGB with low θα′, more 
specifically PAGB with low misorientation martensite (θα′ < 10◦) 
segment fraction (LMSF) is over 0.3.  

2) Comparison of θγ between fractured PAGBs and total PAGBs revealed 
that cracks can hardly propagated along the L-PAGBs (θγ < 10◦), 
while they preferentially propagated along M-PAGBs (10◦ < θγ <

45◦). PAGB segregation investigated by 3D-APT could not explain 
these results as C, a grain boundary strengthening element, is more 
segregated at M-PAGBs. This suggests that the intrinsic coherency of 
martensite (θα′), represented as LMSF here, is a more crucial factor 
suppressing PAGB cracking in this study.  

3) To achieve a high LMSF, PAGB should be either L-PAGB (θγ < 10◦) or 
H-PAGB (θγ > 45◦). M-PAGB (10◦ < θγ < 45◦) hardly exhibits high 
LMSF. This is because misorientations from 10◦ to 45◦ are mostly 
outside the inter-variant misorientation range of KS OR, making M- 
PAGB the most vulnerable to PAGB cracking. While the L-PAGB 
consistently exhibits high LMSF, H-PAGB requires a specific condi
tion to do so: it must serve as an initial nucleation site, and the 
nucleated martensite has to satisfy the double KS OR. 

Fig. 11. (a) Martensite orientation map adjacent to L-PAGB (Fig 7a magnified). (b) Transformation strain direction of each variant pairs across the L-PAGB. (c) Habit 
plane normal direction of each variant pairs across the L-PAGB. 
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Appendix A 

The shape deformation matrix F in PTMC based on LID model is given as: 

F = RBS2S1  

where R is rigid body rotation, B is Bain deformation, S2 is second lattice invariant shear, and S1 is first lattice invariant shear. The values 
for S2 and S1 are adopted from the Kelly’s study [67]. The input parameters and results are summarized in Table A1. The lattice parameter 
at 673 K (Ms temperature) was estimated based on reported thermal expansion coefficients and empirical relations between lattice 
parameter and alloy elements [68-71].  

Table A1 
Input parameters and result data of double shear based PTMC.   

Lattice parameter aγ = 3.631 
aα′ = 2.888 
cα′ = 2.932 

(continued on next page) 

Fig. 12. Schematically illustrated microstructure evolution during martensitic transformation depending on austenite misorientation angle.  
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Table A1 (continued )  

Lattice parameter aγ = 3.631 
aα′ = 2.888 
cα′ = 2.932 

Input 
Parameters 

S1 (101) [− 101]γ (= (112) [− 1–11]α′) 
S2 (100) [01–1]γ (= (110) [− 11–1]α′) 
Magnitude of S2 0.09122 
Bain deformation 

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

aαʹ
̅̅̅
2

√

aγ
0 0

0
aαʹ

̅̅̅
2

√

aγ
0

0 0
cαʹ

aγ

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

Result Shape strain of S1 0.262 
Habit plane [0.5179, 0.7120, 0.4741]γ 
Shape strain direction [− 0.2148, 0.7234, − 0.6562] γ 
Shape strain matrix (F) 

⎛

⎝
0.9743 − 0.0353 − 0.0235
0.0866 1.1190 0.0792
− 0.0785 − 0.1079 0.9281

⎞

⎠

Shape strain of F 0.231 
Orientation 
relationship 

(110)γ - (011)α′ 0.19◦ deviated 
[− 101]γ - [− 1–11]α′ 3◦ deviated  
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