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Martensite/Bainite Hierarchical Microstructures
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Abstract: Lath martensite/bainite are key microstructural features that enable the synergistic optimization of strength and
toughness in high-strength steels. Their complex hierarchical microstructures play a crucial role in tailoring the mechanical
performance. In recent years, the rapid development of three-dimensional (3D) characterization techniques has provided
unprecedented opportunities for an in-depth understanding of their internal structural evolution. This review first traces the
history of martensite/bainite research and highlights the importance of 3D characterization in revealing their crystallographic
orientation features and hierarchical microstructures. Systematically summarizes the principles of mainstream 3D
characterization techniques and compares their advantages and limitations in terms of spatial resolution, data acquisition
efficiency, and applicable length scales. Accordingly, this review focuses on four key aspects of three-dimensional
characterization of martensite/bainite laths: (1) the geometric morphology of hierarchical microstructures in three dimensions;
(2) the distribution characteristics of hierarchical microstructure boundary networks in three-dimensional space;(3) the
nucleation, growth, and impingement behavior of bainitic laths; (4) the influence of hierarchical martensitic structures on
fracture resistance. Finally, after discussing the current limitations and challenges, the review outlines promising future
research directions.
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Fig.1 Schematic illustration of the hierarchical microstructure of
martensite/bainite®
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Fig.2 Schematic for the vertical inter-slice spacing calculation: (a) before polishing; (b) after polishing!"®
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Fig.4 Schematic illustration of the experimental setup: (a) LabDCT; (b) s3DXRDP+*!
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Fig.5 3D reconstruction of packets and blocks in ultra-low carbon steel: (a) packets colored by CP group; (b) B1 block; (c) B2 block;
(d) B3 block. B1, B2, and B3 are composed of variant pairs V1 (red)-V4 (pink), V2 (sky blue)-V5 (blue), and V3 (green)-V6 (light
green), respectively™!
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Fig.6 3D reconstruction of fine packets and blocks in low-carbon steel: (a~c) fine packets colored according to CP groups, shown in
3D, top, and side views, respectively, where green, yellow, and red features represent CP2, CP3, and CP4; (d, e) blocks, where dark
gray features represent primary blocks and light gray features represent secondary blocks?
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1 PAG CP .CP blocks blocks sub-blocks sl
Tab.1 Volume fractions of CP groups within the PAG, blocks within CP groups, and sub—blocks within blocks in ultra—low
carbon and high—carbon steels™

Spec. In a prior austenite grain In a CP group In a block
CP1: CP2: CP3: CP4 V1: V4. V5: V2: V3: Vo6 Vi1: V4
ULC I: 42: 33: 24 (V1+V4=)62: (V5+V2=)23: (V3+V6=)15 70: 30
HC 32: 33: 21: 14 19: 13: 18: 21: 16: 13 -

Note: Variant numbers V13-V 18 were transformed to V1-V6

7 PAG packets :(a) packets;(b) CP1;(c) CP2;(d) CP3;(e) CP4;(f) V1-Vé6
Cp1B
Fig.7 3D morphology of martensitic packets within the PAG in high-carbon steel: (a) all packets; (b) CP1; (c) CP2; (d) CP3; (e) CP4;
(f) coarse CP1 colored on the basis of the V1-V6 variants®!
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, , {110}
. Rotation angle/axis Pe-rcentage‘ of the 16 ur‘11que L1
Variant from V1 intervariant boundaries " ’
calculated using 3D EBSD , {100} o
\%! ,
V2 60.00°/[11-1] 113 . ,600/[111] 600/[011]
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V4 10.53°/[0-1-1] 8.8
V5 60.00°/[0-1-1] ’ (1o} ’
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V7 49.47°/[-1-11] 15 o Mosayebi 17 PFIB
V8 10.53°/[11-1] 1.4 EBSD
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Fig.8 EBSD characterization of lath martensitic steel: (a) EBSD band contrast map; (b) the corresponding misorientation angle
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Fig.9 3D networks of internal boundaries colored by misorientation angle: (a, b) two different perspective views; (¢) misorientation
angle distribution of the boundaries within 5°~65° extracted from (a) and (b); (d~g) 3D views of the internal boundaries, categorized by
misorientation angle ranges: 5° <0< 12.5°, 12.5°<0<23°, 23°<6<45°, and 45° << 62°F"
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10 45°<9<62° .(a) , PBs, .
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(ci~cy) PBs.49.5°/[011]BBs.60°/[111]BBs  60°/[011]BBs s(di~dy) (cr~cs)

371

Fig.10 3D characterization of boundaries within the misorientation range of 45°<6<62°: (a) 3D spatial distribution of boundaries,
where red represents PBs, and yellow, green, and blue represent BBs with misorientations of 49.5°/[011].,60°/[111].60°/[011],
respectively; (b) IPF-Z map of the cross-section parallel to S’ in (a), showing the distribution of 45°~62° boundaries (color-coded as in
(a)); (c,~c,) isolated 3D networks of PBs, 49.5°/[011] BBs, 60°/[111] BBs, and 60°/[011] BBs, respectively; (d,~d,) distribution maps
corresponding to (c¢,~c,), with boundaries color-coded by their area size®”

11 packets :(a) packets , (b) (o)
;(b, ©) packets K-S IPF-Z  ;(d) (a) ;(e)
packets , O (g ;(f g) packets K-S IPF-Z
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Fig.11 3D analysis of the collision and intersection behaviors between different packets: (a) hard collision between two different
packets forming a wavy interface, which is highlighted in black in (b) and (c); (b, ¢) IPF-Z maps showing the 3D distribution of K-S
variants within packets; (d) 3D reconstruction and misorientation distribution of the wavy boundary from (a); (e) intersection of two

different packets forming a complex interface, which is highlighted in black in (f) and (g); (f, g) IPF-Z maps showing the 3D
distribution of K-S variants within packets; (h) 3D reconstruction and misorientation distribution of the complex boundary from (e)*”
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Fig.12 3D analysis of the decomposition of a single packet and interfacial characteristics of its constituent blocks: (a) 3D IPF-Z map of
the single packet; (b~e) 3D volume decomposition of the packet into its largest constituent blocks; (f), f,) interfaces between the blocks
shown in (b) and (d); (g, g,) interfaces between the blocks shown in (c) and (d); (h,, h,) interfaces between the blocks shown in (d) and
(e). Note that (f)), (g)), and (h,) are characterized by the misorientation angle/axis, whereas (f,), (g,), and (h,) are characterized by the
mean curvature distribution®”)
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Fig.14 Two different perspectives of the 3D microstructure: (a, b) IPF-Z maps highlighting the block morphology within regions I, 11,
and III; (c, d) 3D network of high-angle BBs, colored by the angular deviation between the local HP and the theoretical K-S {111}, ;
(e, f) 3D KAM maps corresponding to the IPF-Z maps in (a) and (b). The views in (a, c, €) are identical, as are the views in (b, d, f)i*
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1551
Fig.15 Morphology and distribution of bainite: (a) OM image of bainite; (b) corresponding 3D reconstruction; (c) propensity for bainite
formation at PAGB edges and planes (red: bainite formed on both sides of PAGB; blue: bainite formed on one side of PAGB; gray: no
bainite formation); (d) misorientation angle between bainite formed on two sides of the same PAGB plane®™
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16 :(a) ;(b, ©) 0°  90° ;
(d, e) 0°  90° EBSD ;(f) 90° SEM [
Fig.16 Research on fatigue crack growth of samples with different orientations: (a) fatigue crack growth resistance curves;
(b, c) arrangements of dominant slip systems in 0° and 90° oriented samples; (d, ¢) EBSD maps showing the crack paths for 0° and 90°
oriented samples; (f) SEM image of typical fracture features in the 90° oriented sample!®
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IPF-Y MO , (bc)  X=22pm;(d,e) X=4.0 um; (£, g) X=8.0 um;(h) (111) ;@)  block

(651
Fig.17 Microstructural characteristics and crystallographic orientation analysis of the crack tip region in a 90°-oriented sample: (a) 3D

volumetric view of the IPF-Y map at the crack tip; (b~g) IPF-Y and MO maps extracted from (a), where (b, c¢) corresponds to
X=2.2 pm, (d, e) to X=4.0 pm; (f, g) to X=8.0 pm; (h) the corresponding (111) pole figure; (i) slip directions of each block!®
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18 SEM 3D 3DEBSD  <001>  :(a~d) ;(e~h) . (b, f)

[62,72]

Fig.18 SEM images, 3D crack morphology images, 3D EBSD maps, and <001> pole figures: (a~d) uncharged samples;
(e~h) hydrogen-charged samples. The yellow arrows in (b, f) indicate unbroken ligaments®>™
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