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Plasticity of lath martensite by sliding of substructure boundaries
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Well-defined uniaxial micro-tensile testswere performed on lathmartensitewith different types of substructure
boundaries (block, sub-block and lath boundaries) tilted with respect to the loading direction. A characteristic
deformation mechanism of lath martensite is hereby identified, i.e. sliding along the substructure boundaries.
This boundary sliding can occur at all types of boundaries at relatively low stresses. Internal boundaries not
only strengthen lath martensite, as well established in literature, but under favorable orientations also mitigate
plastic deformation. The overall plastic deformation results from the competition of crystallographic slip with
boundary sliding.
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Lath martensite, the most typical morphology of martensite, is
the prime constituent that elevates the strength in high strength
steels. It has high industrial relevance as it is present in e.g. dual-phase
(DP) steel, transformation-induced plasticity steel, and quenching-
partitioning steel. Lathmartensite has a complex hierarchical microstruc-
ture in which a prior austenite grain is divided into packets, packets
subdivided into blocks, and blocks into sub-blocks each containing
multiple laths [1]. This leads to many internal boundaries, which
influence the mechanical properties of lath martensite strongly [2].

Lath martensite mechanics has been studied to limited extent, in
part due to the complexity of small-scale experimentation. Frommacro-
scopic tensile tests, Morito et al. and Zhang et al. found that a Hall-Petch
relation holds between the yield strength and block size [3,4]. From
nano- and micro-indentation tests, Ohmura et al. concluded that the
block structure increases the hardness [5,6]. From micro-bending
tests, Shibata et al. [7,8] reported that block boundaries are the most
effective barriers to dislocation motion, which was also concluded
by Ghassemi-Armaki et al. and Mine et al. from, respectively,
micro-compression and micro-tension tests [9–11]. Recently our
micro-tensile tests on well-defined multi-block and single-block
specimens showed that sub-block boundary strengthening is almost
equally important as block boundary strengthening [12].

In general, research mentioned above focused on the strengthening
effects of lath martensite boundaries caused by their interaction with
dislocations during plastic deformation. Yet, plasticity was also found
to occur parallel to the (tilted) lath boundaries, although at large strains
crystallographic slip cuts across the boundaries [13,14]. The formermay
be related to the Kurdjumov-Sachs transformation orientation

relationship through which two BCC slip systems in each martensite
lath are closely aligned to the neighboring boundary. Additionally, in
lath-martensite-containing engineering steels, the small martensite
islands typically do not contain all variants, while a single (tilted)
boundary often reaches across the small martensite ligaments, which
is highly relevant for the overall mechanics [15,16]. In such a configura-
tion, crystallographic slip does not cross the boundary to accommodate
ligament stretching, especially because two slip systems are aligned
with each boundary. Consequently, the role of internal boundaries
may differ substantially from the strengthening mechanism suggested
in literature.

This work studies the micro-mechanical role of substructure
boundaries in lath martensite, in configurations where crystallographic
slip is not forced to cut across the boundaries. Therefore, in-situ uniaxial
micro-tensile tests are performed on single-packet specimens containing
different types of boundaries that are all tilted at approximately 45° to the
loading direction, there by simulating the loading of tilted boundary re-
gions in fully martensitic steel and small ligaments in martensite islands.
Interestingly, a new deformation micro-mechanism other than crystallo-
graphic slip will be revealed.

The lath martensite specimens (0.092C-1.68Mn-0.24Si-0.57Cr)
were produced by 2-hour heating at 1000 °C, followed by water
quenching, yielding large packets well suited for fabrication of
single-packet specimens. The test procedure involves [17]: (i) wedge
fabrication from lath martensite sheet by grinding/polishing/electro-
chemical etching, (ii) careful selection of specimen locations at the
wedge tip using large-area EBSD, (iii) accurate focused-ion-beam
(FIB) milling of micro-tensile specimens with constant (3.0 × 2.5 μm)
cross-section (Fig. 1d), (iv) detailed top- and bottom-side EBSD analysis
of each specimen, enabling Schmid factor analysis (Table 1), (v) uniaxial
tensile tests with highly accuracy in specimen alignment (b0.1 mrad
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angular alignment and near-perfect co-linearity) and force (from
0.07 μN to 250 mN) and displacement (b6 nm reproducibility)
measurement (Fig. 1a–c) [18], under (vi) in-situ optical microscopy
enabling microscopic slip trace analysis.

In all EBSD maps, the type of boundaries (block or sub-block) was
analyzed from the boundary misorientation (respectively Δθ N 12°,
5 b Δθ b 12°) and is consistentlymarkedwith different line colors: orange
and black for, respectively, block and sub-block boundaries. Laths within

one sub-block have almost identical orientation, making their boundaries
invisible in EBSD maps. For the first sample batch, the top and bottom
sides were milled flat to yield the best EBSD quality, at the expense of
invisible topographic contrast of the lath boundaries due to etching-
induced surface traces. Therefore, a second batch of specimens was
fabricated without topside milling, for which the lath boundaries
are identified. It was confirmed that (almost all) lath-, sub-block-, and
block-boundaries in one packet are (approximately) parallel.

Starting with the second batch, Fig. 2 shows the topsides of two
samples both before and after plastic deformation and the {110} and
{111} inverse pole figures of the undeformed state. Fig. 2a1–6 shows a
single-packet sample, of predominantly one block, with block boundaries
and sub-block boundaries that are (i) tilted to the loading direction, (ii)
aligned with one (110) martensite plane corresponding to a (111)
prior-austenite plane, and (iii) roughly perpendicular to the specimen
surface (indicated by a red circle at the peripheral of the {011} pole fig-
ure). The slip system with the highest Schmid factor, indicated by the
red circles in Fig. 2a5 and a6, is parallel to the boundaries. As this favorable
slip systemneeds not to cross the boundaries, onewould expect all plastic

Fig. 1. (a, b) A schematic drawing and real image of the nano-force tensile stage [12,18],
with the specimen on the left and loading block on the right, (c) zoom of the load cell
and specimen holder, (d) top view of the micro-tensile specimen at the wedge tip, with
the two-teeth gripper drawn in blue, and (e) detailed zoom of the two-teeth gripper at
the end of the load arm.

Table 1
Schmid factor analysis based on the block's Euler angles (φ1, Ф, φ2). Because most specimens localize before 2% strain offset, the “critical stress”, τcritical, is calculated by multiplying the
ultimate tensile strength (UTS) with the block's highest Schmid factor (SF).

Specimen no. Fig. 2a Fig. 2b Fig. 3a Fig. 3b Fig. 3c
Block color Pink Blue Red Blue Orange Blue Red Blue Purple
(φ1, Ф, φ2) (11, 23, 309) (191, 52, 141) (314, 9, 55) (142, 57, 234) (254, 9, 100) (10, 51, 316) (26, 6, 335) (123, 47, 219) (71, 35, 307)
Highest SF 0.45 0.49 0.44 0.46 0.45 0.47 0.43 0.47 0.48
UTS/MPa 785 873 860 981 871
τcritical/MPa 353 385 384 402 387 404 422 461 418

Fig. 2. Two 9 μm-long specimenswith tilted boundaries to the loading direction shownwith
inverse pole figure orientation map (a1, b1), SEM pictures before loading (a2, b2) and after
facture (a3, b3) together with a zoom (yellow frame) of the fractured specimens (a4, b4).
The red circles in the {110} (a5, b5) and {111} (a6, b6) pole figures indicate the favored
slip system. Block and sub-block boundaries are marked with orange and black lines
respectively; the fracture surface with a white dotted line. The many lath boundaries are
not marked. The arrows in b1–b4 indicate sliding boundaries.
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