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a b s t r a c t 

The present study investigated the local arrestability of intergranular crack in high-strength martensitic 

steel through multi-scale three-dimensional (3D) analysis using X-ray computed tomography and focused 

ion beam machining (FIB)-scanning electron microscopy (SEM) serial sectioning combined with electron 

backscattering diffraction (3D EBSD). Macroscopic analysis using X-ray computed tomography demon- 

strated discontinuous propagation of the intergranular cracks, indicating local arrest of the crack propaga- 

tion. An analysis of the opening displacement of each crack component revealed that the resolved normal 

stress was not the only factor determining the intergranular crack propagation path. The relationship be- 

tween the microstructure and local crack-arrestability was microscopically analyzed using FIB-SEM serial 

sectioning. The 3D EBSD analysis clearly suggested that the crack propagations were arrested at the low- 

angle grain boundary plane segments and at the grain boundary triple junctions surrounded by relatively 

large martensite variants. Moreover, the larger martensite variants around grain boundaries contributed 

to the plastic accommodation of stress concentration and promoted crack-tip blunting. We propose that 

increasing the fraction of low-angle grain boundary plane segments as well as that of large martensite 

variants existing around grain boundaries can enhance local crack-arrestability and retard intergranular 

fracture of high-strength martensitic steels. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

To establish secure and robust infrastructure in various indus- 

rial and social environments, it is necessary to develop novel 

aterials with enhanced strength and reliability. Although high 

trength is relatively easy to achieve, brittle premature fracture 

inders the wide application of high-strength materials (e.x., steels 

ith a tensile strength of 1.5 GPa class). The most widely used ap- 

roach for designing materials with reasonable toughness entails 

acrificing strength to a certain extent. The key to prevent brittle 

racture and improve the toughness of metallic materials is to un- 

erstand the relationship between the fracture behavior and mi- 

rostructure. 

The typical brittle fracture modes in metals and alloys are clas- 

ified into transgranular and intergranular fractures [1] . Intergranu- 
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ar fractures are often linked with significantly more severe brittle 

ehaviors. “Grain boundary engineering” has been developed as a 

ethodology to improve the bulk properties and performances of 

aterials based on the known properties of grain boundaries and 

nterfaces [2] . One of the main aims of grain boundary engineering 

s to retard intergranular fractures through microstructure control. 

atanabe and Tsurekawa [3] demonstrated the importance of in- 

roducing low- � coincidence boundaries and/or reducing random 

oundaries for controlling the intergranular fractures in intrinsi- 

ally brittle materials, such as refractory metal molybdenum and 

ntermetallic Ni 3 Al. Bechtle et al. [4] successfully improved the sus- 

eptibility of nickel alloys to hydrogen embrittlement by increas- 

ng the fraction of low-energy grain boundaries, such as annealing 

win boundaries. Bachurin [5] studied the intergranular fracture of 

anocrystalline palladium by atomistic simulations and proposed 

hat low-angle grain boundaries of both general and special char- 

cter could act as obstacles to intergranular fracture. In addition 

o these works, several studies have reported that controlling the 
nc. This is an open access article under the CC BY license 
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rain boundary character can retard intergranular fracture [6–9] . 

owever, to date, both the atomistic simulations and the experi- 

ental approaches described above have been limited to materials 

ith relatively simple microstructures. 

The most commercially used structural metallic materials are 

ron and steel. Martensitic phase transformation, which is diffu- 

ionless and displacive in nature, has always been a key factor 

or controlling the microstructure of high-strength steels. Inter- 

ranular fractures, particularly hydrogen embrittlement [ 10 , 11 ] or 

egregation-induced embrittlement [ 12 , 13 ], often occur in high- 

trength martensitic steels. Therefore, improving the resistance of 

artensitic structures to intergranular fracture is an urgent is- 

ue for realizing advanced high-strength steels. The martensite in 

ow- and medium-carbon steels, namely, lath martensite, exhibits a 

omplicated microstructure and comprises several structural units 

ith different size scales: lath, block, packet, and prior austenite 

rain [14–17] . A lath is a unit corresponding to a single marten- 

ite crystal with a thickness of approximately 0.2 μm and contains 

 high density of dislocations ( ∼ 10 15 m 

−2 [18] ). The boundaries 

etween laths are low-angle boundaries, whose misorientation an- 

le is usually less than 3 ° [17] . A block corresponds to a single

rystallographic martensite variant, which is composed of an ag- 

regation of laths with nearly the same crystallographic orienta- 

ion. A packet consists of laths with nearly the same habit plane 

rientation or parallel plane relationship with respect to the par- 

nt austenite phase. A prior austenite grain corresponds to a single 

rain in the parent austenite state before the transformation. The 

artensite structure contains several types of high-angle bound- 

ries, namely, block boundaries and packet boundaries, in addition 

o prior austenite grain boundaries. Intergranular fractures mainly 

ccur along the prior austenite grain boundaries [19] , though sev- 

ral papers reported the intergranular cracking on lath bound- 

ries or block boundaries [20–23] . Several martensite variants nu- 

leate at the original austenite grain boundary by transformation 

24–26] , and the growth of martensite variants occasionally stops 

t the austenite grain boundaries. Accordingly, a given austenite 

rain boundary is divided into several segments sharing the same 

patial boundary plane, which exhibit different crystallographic 

eatures (for example, misorientation angle). In other words, the 

rior austenite grain boundary is different from a conventional uni- 

orm grain boundary in polycrystalline materials, but exhibits an 

nhomogeneous structure from a crystallographic point of view. For 

onventional polycrystalline materials, the grain boundary charac- 

er changes when the crack reaches a grain boundary triple junc- 

ion, while the character changes during crack propagation along a 

rior austenite grain boundary plane in the lath martensite struc- 

ure. However, to best of our knowledge, there have been no re- 

orts concerning the effect of the complicated structure of the 

rior austenite grain boundary on the intergranular fracture behav- 

or. On this basis, the intergranular fracture behavior of martensitic 

teels remains an extremely complicated subject and elucidating 

he underlying mechanism is an important scientific and engineer- 

ng challenge. 

Crack morphology is an important characteristic of intergranu- 

ar fractures; the crack surface area, crack discontinuity, and crack 

rrestability are closely related to the macroscopic mechanical 

roperties. Although conventional two-dimensional (2D) surface 

bservation is appropriate for statistical analysis, it has some in- 

vitable limitations for analyzing the intergranular crack propaga- 

ion behavior. For example, quantitative analysis of the crack mor- 

hology is impossible. Moreover, boundary orientation is difficult 

o identify, although it is closely related to the resolved stress state 

nd the resulting driving force for crack propagation. Several stud- 

es have demonstrated that non-destructive X-ray computed to- 

ography using transmitted images is a useful method for analyz- 

ng the macroscopic three-dimensional (3D) crack morphology and 
2 
istribution of defects (scale: μm 

3 –mm 

3 ) [27–31] . The combination 

f serial sectioning and electron backscattering diffraction (EBSD) 

nalysis allows for 3D microstructural/crystallographic characteri- 

ation on a microscopic scale (scale: nm 

3 –μm 

3 ) [32–35] . In partic- 

lar, the 3D EBSD technique can analyze the relationship between 

he local crack-arrestability and microstructure in detail. There- 

ore, 3D observation with different scales is a promising method 

or deeply understanding the fundamental aspects of intergranular 

rack propagation. In this regard, a multi-scale 3D analysis on the 

ocal arrestability behavior of intergranular crack propagation in a 

igh-strength as-quenched martensitic steel was conducted in this 

tudy and an appropriate martensite microstructure for retarding 

ntergranular fracture was proposed. 

. Experimental procedure 

The material used in the present study was an Fe-8Ni-0.1C al- 

oy with a high nickel content to obtain high hardenability. The 

hemical composition of the material (in mass%) is C: 0.116, Si: 

.005, Mn: 0.01, P: 0.001, S:0.0015, Al: 0.033, Ni: 7.94, and Fe: 

alance. The as-received steel plates were austenitized at 10 0 0 °C 

or 30 min, followed by ice-brine quenching and sub-zero cooling 

n liquid nitrogen. The 0.2% proof strength and tensile strength of 

he heat-treated specimen evaluated by the tensile tests were 920 

nd 1191 MPa, respectively [36] . Compact tension specimens with 

 thickness of 12.5 mm ( B ) and a width of 25 mm ( W ) were cut

rom the heat-treated steel plates via spark wire cutting. After in- 

roducing fatigue pre-cracks with lengths ranging from 0.45 to 0.55 

 , side grooves were machined to the pre-cracked specimens (the 

hickness at the root of the side grooves ( B N ) was 10 mm). Un-

oading compliance tests were performed to obtain the J – �a re- 

istance curves. J is the J-integral value obtained from J = J el + J pl ;

 el was computed using linear elastic fracture mechanics, and J pl 

as incrementally computed using the plastic area under the load 

displacement curve. �a is the crack extension length evaluated 

n accordance with the single-specimen test method of the ASTM 

1820-17 standard [37] . Unload/reload sequences were performed 

or a displacement interval of 0.025 mm. The rate of load-line dis- 

lacement for the test was set at 2.5 × 10 −5 mm s −1 , and the cor-

esponding initial rate of the stress intensity factor was 8.5 × 10 −3 

Pa m 

1/2 s −1 (for a 0 / W = 0.5), indicating that the test was quasi-

tatic. The details of the specimen fabrication and mechanical test- 

ng are described in [36] . 

Conventional 2D observations on the fracture surface and crack 

ropagation were performed using scanning electron microscopy 

SEM, ZEISS: Sigma and JEOL: JSM-7800F). The macroscopic 3D 

rack propagation morphologies were analyzed by computed to- 

ography using X-ray microscopy (ZEISS: Xradia 620 Versa). A 

pecimen with the dimensions of ∼ 2 mm ( W ) × 16 mm ( L ) × 1

m ( T ) was cut from the mid-thickness region of the tested com- 

act tension specimen by spark wire cutting. Absorption contrast 

mages were acquired around a 360 ° rotation of the specimen in 

teps of 0.1 ° using a flat panel extension sensor and optical mag- 

ification lenses ( × 4 and × 20) with a tube voltage of 80 and 100 

V. The images were processed using the ORS Dragonfly Pro soft- 

are. For microscopic analysis, a pillar with the dimensions of ∼
5 μm × 25 μm × 25 μm containing cracks was fabricated from 

he tested compact tension specimen using a focused ion beam 

FIB, ThermoFisher Scientific: Scios2) with an acceleration voltage 

f 30 kV. The 3D crack propagation behavior was analyzed by serial 

ectioning using an orthogonal FIB-SEM system (Hitachi High-Tech: 

MF-10 0 0) [38] , which realizes so-called “static set-up [33] ” for 3D 

BSD. The specimen was milled with an interval of 100 nm using 

 Ga + beam with an accelerating voltage of 30 kV and a beam cur- 

ent of 13 nA. Microstructural observation and crystallographic ori- 

ntation mapping on every milled surface were conducted using an 
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Fig. 1. (a) Optical microscopy image of the as-quenched martensite and (b) EBSD orientation map of the same area as (a), where the positions of the block boundaries, packet 

boundaries, and prior austenite grain boundaries are indicated by the black, yellow, and white broken lines, respectively. (c) Misorientation profile of the prior austenite grain 

boundaries. The data was obtained from eight different prior austenite grain boundaries (segment number: 486 and total length: 743.4 μm). The superimposed Mackenzie 

plot [ 40 ] represents the theoretical misorientation distribution of a polycrystal with random orientation. (d) Schematic of a prior austenite grain boundary. 
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n-lens secondary electron detector and an EBSD system, respec- 

ively. The EBSD measurements were performed using high speed 

ikari camera with a step size of 100 nm at an acceleration voltage 

f 20 kV (TSL: OIM Data Collection program). The specimen was 

ilted 70 ° with respect to the incident electron beam direction to 

btain the EBSD Kikuchi diffraction patterns. The SEM images were 

aken under the same geometry so that the images were modi- 

ed considering a tilting angle of 70 °. The open-source software 

REAM.3D [39] was used to reconstruct the 3D EBSD orientation 

aps. Voxels with a low image quality ( < 120) or confidence index 

 < 0.1) were not considered. Centroid- and misorientation-based al- 

orithms were used to correct the sub-pixel misalignment between 

he 2D sections. The individual grains were defined by voxels with 

 misorientation of < 5 ° with respect to their six face-sharing 

eighbors. The reconstructed 3D EBSD orientation maps were an- 

lyzed using the open-source software ParaView. In the following 

ections, the specimen coordinate system is set as: X is the macro- 

copic tensile axis, - Y is the macroscopic crack propagation direc- 

ion, and Z is the depth direction across the observed section in 

IB-SEM serial sectioning ( Z = 0 means the first section). 

. Results 

.1. Mechanical properties and 2D analysis of crack propagation 

Fig. 1 shows (a) an optical microscopy image and (b) an EBSD 

rientation map of the heat-treated specimen, where the posi- 

ions of the block boundaries, packet boundaries, and prior austen- 

te grain boundaries are indicated by the black, yellow, and white 

roken lines, respectively. The boundary positions were deter- 
3 
ined by crystallographic variant analysis using EBSD orientation 

ata [ 16 , 17 ]. Each block and packet boundaries correspond to the 

oundaries between specific martensite variants, whereas the prior 

ustenite grain boundaries are different from inter-variant bound- 

ries. Therefore, we can correctly distinguish these boundaries. The 

icrostructure was identified as a typical lath martensite struc- 

ure as several blocks and packets can be observed inside the prior 

ustenite grains. We chose eight different prior austenite grain 

oundaries (total boundary length: 743.4 μm) in the low magni- 

cation EBSD orientation map (image is not shown) and exam- 

ned the misorientation of each boundary segment. The misorien- 

ation profile of the prior austenite grain boundaries is presented 

n Fig. 1 (c) . We can find that the eight grain boundaries in the

arent austenite state were divided into 486 segments (i.e., aver- 

ge segment length: 1.53 μm), which exhibited different crystallo- 

raphic features, due to martensitic transformation. This indicates 

he inhomogeneity of the prior austenite grain boundaries, where 

ach segment divided by the intersections between the different 

artensite variants possessed different crystallographic features 

 Fig. 1 (d) ). The fraction corresponding to the low-angle boundary 

egments of the prior austenite grain boundaries (misorientation 

 θ ) ≤ 15 °) was slightly higher compared with that in the Macken- 

ie plot, which represents the theoretical misorientation distribu- 

ion of a polycrystal with random orientation [40] . This could be 

ttributed to the variant selection at the austenite grain bound- 

ries during the nucleation stage of the martensitic transformation. 

ecause prior austenite grain boundaries play the most important 

ole for intergranular fracture in martensitic steels [19] , hereafter 

he term “grain boundary” denotes prior austenite grain boundary, 

nless otherwise specified. In our previous study we confirmed 
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Fig. 2. (a) Load – load-line displacement curves of the unloading compliance tests, (b) J – �a resistance curves computed from (a), (c) SEM image showing the fracture 

surface after the unloading compliance test, (d, e) low magnification SEM images showing the crack propagation behavior (the observed area of (e) is indicated in (d)), and 

(f, g) high magnification SEM images corresponding to the areas indicated in (e). In (a, b), a part of the data from our previous paper [36] was reused with permission from 

Elsevier. 
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hat the intergranular fracture in the present martensitic steel oc- 

urred on the prior austenite grain boundaries [36] . 

The load – load-line displacement curves of the unloading com- 

liance test and the J – �a resistance curves are presented in 

ig. 2 (a, b) (a part of the data from our previous paper [36] was

eused). We found that crack growth proceeded with finite and 

ositive dJ / d �a values (here, dJ / d �a represents crack-growth re-

istance), which indicated a stable crack propagation, because the 

dditional strain energy supplied by the external load was neces- 

ary for further crack extension [41] . Therefore, the J – �a resis- 

ance curves ( Fig. 2 (b) ) revealed that the crack propagated in a sta-

le manner, despite the brittle intergranular mode ( Fig. 2 (c) ). The 

acroscopic crack propagation at the mid-thickness section was 

bserved by SEM ( Fig. 2 (d-g) ), where the crack propagation direc- 

ion was from left to right. The existence of numerous un-cracked 

igaments (un-cracked grain boundary length) implied that the 

rack propagation was discontinuous, at least in the observed sec- 

ion. Moreover, the crack tips were blunted, as shown in Fig. 2 (e- 

) . It should be noted that the blunting behavior of the crack tip 

n Fig. 2 (e-g) differed from that of the conventional one. In general, 

hen blunting occurs, the opening displacement at the crack tip is 

maller than that in the crack-wake region. However, the blunted 

rack tips shown in Fig. 2 (f, g) exhibited a much larger opening 

isplacement compared with the crack-wake region. This could be 

ttributed to crack closure after unloading. The average opening 

isplacement of the blunted crack-tip was 566 nm [42] . Generally, 

lunting is associated with the plastic accommodation at the crack 

ip. The notably large blunting in the present specimen indicates 

hat the degree of plastic accommodation depended on the loca- 

ion along the grain boundary. 
4

.2. Macroscopic 3D analysis of crack propagation 

The macroscopic 3D crack propagation morphologies recon- 

tructed by X-ray computed tomography are presented in Fig. 3 (a- 

) ; (a) the entire length of the intergranular crack (including the 

atigue pre-crack region) and (b, c) around the crack tip. The de- 

ailed morphology can be confirmed in supplementary material 

f this paper (Movie 1). The white arrows in each figure indi- 

ate the specimen coordinate system and the length corresponds 

o the denoted value (for example, the length of each arrow in 

ig. 3 (a) is 500 μm). The macroscopic directions of the crack prop- 

gation and the tensile axis were - Y direction and ± X direc- 

ion, respectively. As shown in Fig. 3 (a) , the portion of the fa- 

igue pre-crack (left of the figure) was smooth and uniform, while 

he 3D morphology of the intergranular crack was notably irreg- 

lar; branching and discontinuous morphology. The existence of 

n-cracked ligaments (yellow arrows) can be clearly confirmed in 

he higher magnification image ( Fig. 3 (b) ). This indicates that there 

ere grain boundary plane segments that arrested crack propa- 

ation locally, resulting in a discontinuous crack morphology. The 

olor in Fig. 3 (c) expresses the thickness value (i.e., opening dis- 

lacement) of the crack component according to the color bar pre- 

ented below. The crack thickness basically decreased as approach- 

ng the crack tip. A certain crack-opening displacement suggests 

hat the main fracture is mode I type. In general, normal stress 

esolved on the grain boundary plane significantly contributes to 

ode I fracture, i.e., higher resolved normal stress facilitates in- 

ergranular fracture. We chose four adjacent grain boundary cracks 

ndicated in Fig. 3 (c) (G.B.1, G.B.2, G.B.3, and G.B.4) to study the re- 

ationship between the resolved normal stress based on the remote 
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Fig. 3. 3D crack propagation morphology reconstructed by X-ray computed tomography; (a) the entire length of the crack, (b, c) the components around the macroscopic 

crack tip, and (d) stereographic projection showing the normal directions of the grain boundary cracks (G.B.) 1 ∼ 4 in (c). The macroscopic directions of crack propagation 

and tensile axis were - Y direction and ± X direction, respectively. The positions of the un-cracked ligaments are indicated by yellow arrows in (b). The color in (c) indicates 

the thickness of the crack component. Value of cos φ ( φ is the angle between the macroscopic tensile axis and normal direction of the grain boundary crack) and thicknesses 

of the four studied grain boundary cracks G.B.1 ∼ 4 are listed in (d). 
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oad and crack thickness (crack-opening displacement). The normal 

irections of the crack planes, that is, the grain boundary planes, 

re shown in the stereographic projection in Fig. 3 (d) . The angle 

etween the macroscopic tensile axis ( ± X direction) and grain 

oundary plane is defined as φ. The values of cos φ and crack thick- 

ess ( t ) for each grain boundary crack plane are listed in Fig. 3 (d) :

G.B.1: cos φ = 0.720, t = 4.14 ± 0.28 μm; G.B.2: cos φ = 0.478, 

 = 6.68 ± 0.87 μm; G.B.3: cos φ = 0.011, t = 7.34 ± 1.18 μm; G.B.4:

os φ = 0.450, t = 8.98 ± 2.19 μm). A larger cos φ value indicates 

arger resolved normal stress. The G.B.1 had the largest cos φ value 

0.720) and the smallest crack-opening displacement (4.14 ± 0.28 

m) among the four adjacent grain boundaries. The G.B.3 exhibited 

he second largest crack-opening displacement (7.34 ± 1.18 μm) in 

pite of its extremely small cos φ value (0.011), i.e., small resolved 

ormal stress. The results suggest that the crack-opening displace- 

ent was not simply related with the resolved normal stress. The 

nalysis described above was based on the simple assumption us- 

ng the remote load. The complicated stress filed and/or plastic ac- 

ommodation around the crack on a microscopic scale can have 

n influence on the crack-opening displacement. However, partic- 

larly, the microscopic stress field is difficult to evaluate experi- 

entally. In the future, we aim to elucidate the crack propagation 

ehavior by simulating microscopic stress filed and plastic accom- 

odation. 

.3. Microscopic 3D analysis of crack propagation 

By analyzing 13 crack tips on the 2D section by SEM and 

BSD, we found that the crack propagations were arrested at the 
5 
rain boundary triple junctions (i.e., grain boundary edges) or at 

he grain boundary planes. To understand the mechanism of lo- 

al crack-arrestability (i.e., arrestability of individual cacks) from a 

rystallographic and microstructural point of view, the microscopic 

D crack propagation behaviors were investigated via FIB-SEM se- 

ial sectioning. The characteristic results are shown in Figs. 4 , 5 , 

nd 6 where the crack propagation on the first observed sections 

 Z = 0 μm) was arrested at a portion of the grain boundary plane

ith crack-tip blunting (case 1, Fig. 4 (a) ), at the triple junction of 

he grain boundaries with crack-tip blunting (case 2, Fig. 5 (a) ), and 

t the triple junction of the grain boundaries without clear crack- 

ip blunting (case 3, Fig. 6 (a) ). The positions of the grain bound- 

ries ahead of the cracks determined by EBSD orientation analysis 

re indicated by the white broken lines (in the following images, 

he white broken lines indicate the positions of the grain bound- 

ries). 

The 3D morphology of the crack that was arrested at the grain 

oundary plane was reconstructed from the SEM images of each 

ection and is presented in Fig. 4 (b) . The color represents the thick- 

ess of the crack component. It was revealed that the blunting 

ehavior was not uniform even at an identical crack: the tip was 

lunted at the depth of Z = 0 ∼ - 3.8 μm (indicated by “blunting”), 

hereas the tip was rather sharp and not blunted at the depth 

f Z < - 3.9 μm (indicated by “no blunting”). A 3D EBSD orienta- 

ion map around the crack is shown in Fig. 4 (c) . It is clear that the

rack propagated in an intergranular manner on the grain bound- 

ry (prior austenite grain boundary). Fig. 4 (d – i) shows the anal- 

sis results of two other representative sections: (d, g) SEM im- 

ges, (e, h) 3D EBSD orientation maps, and (f, i) < 001 > pole fig-
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Fig. 4. Microscopic 3D crack propagation morphology reconstructed by FIB-SEM serial sectioning (case 1); (a) SEM image showing the first section ( Z = 0 μm), (b) 3D crack 

morphology (the color indicates the thickness of the crack component), (c) 3D EBSD orientation map of the entire analyzed volume, and (d – i) SEM images (d, g), 3D EBSD 

orientation maps (e, h), and < 001 > pole figures showing the orientation of the martensite variants (f, i) at the top section Z = - 2.5 μm (d – f) and - 4.5 μm (f – i). In (e, 

h), the martensite variants existing ahead of the crack and above the top section are superimposed. 
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res of the martensite variants existing around the crack tip. In the 

D EBSD orientation maps ( Fig. 4 (e, h) ), the martensite variants 

xisting ahead of the crack and above the corresponding section 

re superimposed. The variant number indicates the prior austen- 

te grain where the variant existed (for example, V1 and V2 de- 

ote the variants that belong to the prior austenite grains of 1 

nd 2, respectively). At the section of Z = - 2.5 μm, the crack 

ip was blunted ( Fig. 4 (d) ) and the grain boundary plane segment

head of the crack tip had a considerably small misorientation an- 

le ( θ = 2.9 °) ( Fig. 4 (e, f) ). Moreover, two relatively large marten-

ite variants with small misorientation angle (V1a (light blue) and 

2a (blue)) can be observed. In contrast, the crack tip at the sec- 

ion of Z = - 4.5 μm was rather sharp ( Fig. 4 (g) ). Several small

artensite variants with large misorientation angles were present 

round the crack tip (V1a (light blue), V1b (yellow), V2a (blue), 

2b (orange), and V2c (light blue)) in Fig. 4 (h, i) ). For example,

he misorientation angle between V1b and V2c was 50.71 °. 
The crack shown in Fig. 5 (a) propagated along the grain bound- 

ry 1 (G.B.1) and was arrested at the triple junction among G.B.1, 

.B.2, and G.B.3 (close to the corner of G.B.1 ∼ G.B.4). The grain 

oundaries in Fig. 5 (b) were not flat and consisted of several seg- 

ents. The orientations of the grain boundary plane segments 

ith respect to the specimen coordinate are plotted on the stere- 

graphic projection shown in Fig. 5 (c) along with the values of 

os φ for each grain boundary plane segment. The cos φ values for 

he segments of G.B.1 on which the crack propagated were 0.494 
6 
G.B.1-1) and 0.355 (G.B.1-2), much smaller than those for the seg- 

ents of G.B.2-1 ( cos φ = 0.732), G.B.2-2 ( cos φ = 0.997), and G.B.3- 

 ( cos φ = 0.762). Although a large resolved normal stress was im- 

osed on G.B.2 and G.B.3, the crack propagation was arrested at 

he grain boundary triple junction and did not propagate on those 

rain boundaries. The reconstructed 3D crack morphology is pre- 

ented in Fig. 5 (d) , in which the color indicates crack thickness. As 

n the crack shown in Fig. 4 , the blunting behavior was not uni- 

orm: blunted at Z = 0 ∼ - 8.5 μm, and not blunted at Z < - 8.5

m. In the depth range of 0 to - 8.5 μm, relatively large martensite 

ariants were confirmed in the region ahead of the grain bound- 

ry triple junction. Fig. 5 (e, g) shows the representative cases and 

D EBSD orientation maps with top surfaces at Z = - 2.5 μm and 

 8.9 μm, respectively. At the Z = - 2.5 μm section ( Fig. 5 (e) ), a

elatively large martensite variant (V3a) can be observed around 

he grain boundary triple junction. In contrast, at the Z = - 8.9 μm 

ection ( Fig. 5 (g) ), several martensite variants (V3a, V3b, and V3c) 

an be observed around the grain boundary triple junction. These 

artensite variants had large misorientation with respect to one 

nother as shown in Fig. 5 (h) . 

Fig. 6 (a, b) shows the crack that propagated along G.B.1 and 

as arrested at the triple junction among the G.B.1, G.B.2, and 

.B.3. As shown in the stereographic projection in Fig. 6 (c) , the 

os φ value of G.B.2 was the largest (G.B.2-1: 0.580 and G.B.2-2: 

.685), while that of G.B.3 was almost zero (0.070). The fact that 

he crack did not propagate on G.B.3 is likely because of the small 
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Fig. 5. Microscopic 3D crack propagation morphology reconstructed by FIB-SEM serial sectioning (case 2); (a) SEM image showing the first section ( Z = 0 μm), (b) 3D EBSD 

orientation map of the entire analyzed volume, (c) stereographic projection showing the normal directions of the grain boundaries (G.B.) 1 ∼ 4 ( φ is the angle between 

the macroscopic tensile axis and normal direction of the G.B.), (d) 3D crack morphology (the color indicates the thickness of the crack component) and SEM images of the 

sections at Z = - 2.5 μm and - 8.9 μm, and (e – h) 3D EBSD orientation maps (e, g) and < 001 > pole figures showing the orientation of martensite variants (f, h) at the top 

section Z = - 2.5 μm (e, f) and - 8.9 μm (g, h). In (e, g), the martensite variants existing ahead of the crack and above the top section are superimposed. 
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esolved normal stress. However, the crack did not propagate on 

.B.2 even with its larger resolved normal stress compared to that 

n G.B.1. We confirmed that the tip of crack was sharp in the an-

lyzed volume ( Fig. 6 (d) ). Fig. 6 (e, g) indicates that G.B.2 mainly

orresponded to the boundary between the martensite variants of 

1 and V2a, the misorientation angle between which was small 

 θ = 10.90 °). Similar to the case shown in Fig. 4 , G.B.2 acted as

n obstacle to crack propagation due to the small misorientation. 

he relatively small martensite variant V2b existed around the 

rain boundary triple junction. Because the boundary between the 

artensite variants of V2a and V2b had a large misorientation an- 

le of 59.82 ° ( Fig. 6 (f) ), we infer that this high-angle boundary

indered the plastic accommodation of stress concentration and 

rack-tip blunting. 

. Discussion 

The SEM image of the mid-thickness section ( Fig. 2 (d) ) clearly 

uggests that the intergranular crack propagated in a discontinu- 

us manner. However, it is difficult to deny the possibility that this 

ehavior was limited only on the observed section. The results of 

he X-ray computed tomography ( Fig. 3 ) conclusively demonstrated 

hat the intergranular crack propagation was discontinuous, evi- 

enced by the existence of a certain area of un-cracked ligaments. 

espite the brittle intergranular fracture mode, the crack propaga- 
7 
ion was stable ( Fig. 2 (a, b) ), which could be attributed to its dis-

ontinuous crack propagation. The dimples existing between the 

ntergranular surface components ( Fig. 2 (c) ) would correspond to 

he fracture of the un-cracked ligaments during the final rupture 

rocess. Moreover, the geometrical analysis results ( Fig. 3 (c, d) ) in- 

icate that the crack-opening displacement was not only related 

o the resolved normal stress. Accordingly, we propose that the 

eometrical characteristics, that is, grain boundary plane orienta- 

ion with respect to remote load, is not the only factor determin- 

ng the intergranular crack propagation path. As shown in Fig. 1 , 

he prior austenite grain boundaries were inhomogeneous and con- 

isted of boundary segments with different crystallographic fea- 

ures (the average grain boundary segment length in the present 

artensite structure was 1.53 μm). The non-uniform segments in 

he grain boundaries of lath martensite could result in the discon- 

inuous crack propagations. 

As shown in Figs. 2 , 4 , and 5 , some of the crack tips were

lunted. According to Shih [43] , J and crack-tip opening displace- 

ent ( δt ) have the following relationship; 

t = d n × J/σY (1) 

here d n is a function strongly dependent on strain hardening co- 

fficient, ranging typically from 0.2 to 0.7 for plane strain condi- 

ion [43] , and σ Y is the average of 0.2% proof strength and ten- 

ile strength (1055 MPa in the present martensitic steel [36] ). The 
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Fig. 6. Microscopic 3D crack propagation morphology reconstructed by FIB-SEM serial sectioning (case 3); (a) SEM image showing the first section ( Z = 0 μm), (b) 3D EBSD 

orientation map of the entire analyzed volume, (c) stereographic projection showing the normal directions of the grain boundaries (G.B.) 1 ∼ 3 ( φ is the angle between the 

macroscopic tensile axis and normal direction of the grain boundary), (d) 3D crack morphology (the color indicates the thickness of the crack component) and SEM images 

of the sections at Z = - 6.0 μm and - 10.0 μm, (e – g) 3D EBSD orientation maps (e, g), and < 001 > pole figures showing the orientation of martensite variants (f) at the top 

section Z = - 6.0 μm (e) and - 10.0 μm (g). In (e, g), the martensite variants existing ahead of the crack and above the top section are superimposed. 
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acroscopic J for the observed crack tips would be close to the 

racture initiation toughness, J IC (25.14 kJ m 

−2 [36] ). The δt was 

stimated at 4.8 ∼ 16.7 μm from Eq. 1 , notably larger than the 

bserved value (566 nm [42] ). Typical fracture mechanics sup- 

oses that one main crack propagates continuously during fracture 

oughness test. However, the crack propagation behavior in the 

resent study was discontinuous. This estimation suggests that the 

iscontinuous crack propagation with un-cracked ligaments sig- 

ificantly affected the macroscopic mechanical properties, for ex- 

mple, toughening by crack bridging at the un-cracked ligament 

 44 , 45 ]. 

The FIB-SEM serial sectioning analysis results on three repre- 

entative microscopic crack propagation behaviors ( Figs. 4–6 ) re- 

ealed the following features: (i) there were several un-cracked 

rain boundary plane segments on which larger resolved normal 

tress was imposed than the cracked grain boundaries, (ii) crack 

ropagation was arrested at the low-angle grain boundary plane 

egments and/or the grain boundary triple junctions surrounded 

y relatively large martensite variants, and (iii) crack-tip blunt- 

ng was observed when larger martensite variants existed around 

he crack arrest sites. The microscopic analysis results also sug- 

ested that the resolved normal stress on the grain boundary was 

ot the main factor contributing to intergranular crack propaga- 

ion. We therefore deduced that atomistic decohesion at the low- 

ngle grain boundaries was difficult to trigger, causing the arrest of 
8 
he intergranular crack propagation, as confirmed in Figs. 4 (d–f) 

nd 6 (e–g). Once the crack propagation was arrested, the blunt- 

ng of the arrested crack tip occurred which was attributed to 

he accommodation of stress concentration by dislocation plastic- 

ty. Previous studies reported that the boundaries between marten- 

ite variants, specifically block boundaries and packet boundaries 

ith large misorientation angles, could become obstacles to plas- 

ic deformation [46–48] . Therefore, the existence of large marten- 

ite variants promoted plastic accommodation, resulting in crack- 

ip blunting ( Z = 0 ∼ - 3.8 μm in Fig. 4 and Z = 0 ∼ - 8.5 μm

n Fig. 5 ). In contrast, plastic accommodation and crack-tip blunt- 

ng were hindered by high-angle boundaries between martensite 

ariants ( Z < - 3.8 μm in Fig. 4 , Z < - 8.5 μm in Fig. 5 , and the en-

ire volume of Fig. 6 ). Based on the above results, we propose that 

he low-angle grain boundary plane segment can act as an obstacle 

o intergranular crack propagation. The larger martensite variants 

round the grain boundary can promote plastic accommodation of 

tress concentration at the arrested crack tip, resulting in crack-tip 

lunting. Namely, the formation of un-cracked ligaments (observed 

n Fig. 3 ) is attributed to the low-angle grain boundary plane seg- 

ents and the larger martensite variants existing around the grain 

oundary. The ductile fracture of the un-cracked ligaments con- 

ributes to the macroscopic resistance against crack propagation 

s reported previously [ 44 , 45 , 49-53 ]. The role of the misorienta-

ion angle of the grain boundary on intergranular crack propaga- 
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ion has been reported in both experimental and simulation works 

 3 , 5 , 54 ]. The present 3D analysis first confirmed this tendency in

he intergranular crack on prior austenite grain boundaries in lath 

artensite structure, which exhibit a complicated structure com- 

ared with normal grain boundaries. 

The findings described above are owing to the benefit of 3D 

nalysis and difficult to obtain by conventional 2D analysis. Even 

hen a crack arrest is confirmed on the observed section by 2D 

nalysis, there is a large possibility that the critical reason for the 

rack arrest exists somewhat faraway above or below the observed 

ection. For example, in the section of Z = - 4.5 μm shown in

ig. 4 (h) , the crack propagation was arrested at the boundary plane 

egment with a large misorientation (boundary between V1b and 

2c, θ = 50.71 °). However, the boundary plane segments with 

mall misorientation angle existing in the region above the section 

f Z = - 3.8 μm could be attributed to the arrest of crack propaga-

ion, as shown in Fig. 4 . Moreover, the characterization of the grain 

oundary plane orientation by 3D analysis leads to the important 

esult that the geometrical condition of the grain boundary, that 

s, resolved normal stress, is not the main controlling factor, but 

he microstructural features (particularly, misorientation angle and 

xistence of large martensite variants around prior austenite grain 

oundaries) are very important for intergranular crack propagation. 

The results presented in this paper shed light on the con- 

ept of microstructure design for the enhancement of local crack- 

rrestability in high-strength martensitic steels. The martensite 

icrostructure consisting of a large fraction of low-angle grain 

oundary plane segments as well as that of large martensite vari- 

nts existing around the grain boundary could lead to high resis- 

ance to intergranular fracture. Increasing low-angle grain bound- 

ry plane segments can increase the chance to arrest crack prop- 

gation, because decohesion at low-angle grain boundaries is dif- 

cult to trigger [5] . Moreover, existence of large martensite vari- 

nt can promote crack-tip blunting. Once the stress concentration 

round the crack tip is accommodated by dislocation plasticity, the 

esistance to further crack propagation increases and unstable pre- 

ature fracture can be prevented. Finally, we propose that control- 

ing the martensitic transformation, particularly variant selection 

t austenite grain boundaries in the nucleation stage, would be a 

ossible method to obtain the optimal microstructure for enhanc- 

ng local crack-arrestability and retarding intergranular fracture of 

igh strength martensitic steels. 

. Conclusions 

Through multi-scale 3D analysis utilizing X-ray computed to- 

ography and FIB-SEM serial sectioning combined with 3D EBSD, 

e studied the intergranular crack propagation behavior in a high- 

trength martensitic steel. The major findings are summarized as 

ollows: 

1. The non-uniform 3D morphology of the intergranular crack and 

the presence of a certain area of un-cracked ligaments indicates 

that the crack propagated in a discontinuous manner. Consid- 

ering the relationship between the geometrical characteristics 

and crack-opening displacement, we can conclude that the re- 

solved normal stress imposed on the grain boundary plane is 

not the only factor determining the intergranular crack propa- 

gation path. 

2. Through the microscopic 3D EBSD analysis of the three rep- 

resentative crack propagation behaviors, the following features 

were observed: (i) the resolved normal stress on the grain 

boundary is not the main factor controlling intergranular frac- 

ture, (ii) the low-angle grain boundary plane segment has a 

high local crack-arrestability and acts as an obstacle to crack 

propagation, and (iii) the existence of larger martensite vari- 
9 
ants enhances the plastic accommodation of stress concentra- 

tion, resulting in crack-tip blunting. 

3. Based on the obtained results, it can be considered that in- 

creasing the fraction of low-angle grain boundary plane seg- 

ments can effectively enhance crack propagation arrestability, 

and that the existence of large martensite variants promotes 

plastic accommodation and resultant blunting of the arrested 

crack-tip. Therefore, we propose that a large fraction of low- 

angle grain boundary plane segments, as well as that of large 

martensite variants surrounding the grain boundaries is an 

optimal martensite microstructure for enhancing local crack- 

arrestability and retarding intergranular crack propagation. 
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