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This study aims to reveal the atomic-scale effects of tempering on the complex substructures and stress
corrosion cracking (SCC) resistance of high-strength martensitic steels. The SCC resistance and strength
of boron-doped Fe-0.3C-0.3Si-1.0Mn-1.0Ni-0.5Cr (wt%) martensitic steel increase concurrently without
low-temperature tempering. Notably, the degradation of SCC resistance caused by tempering is in con-
trast with the known effect. To explore this unexpected result, subboundaries inside the martensitic mi-
crostructure are investigated via atomic-nano-micro-scale analyses. The strongly segregated carbon at the
lath boundaries during tempering is a precursor to the harmful cementite, which acts as severe SCC ini-
tiation sites. Eventually, intensive crack grew along the lath boundaries, deteriorating the SCC resistance

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

Steels is still a major structural engineering material with an
annual production exceeding 1.6 billion tons [1]. Displacive shear
transformation from ductile face-centered-cubic (fcc) y-austenite
to strong body-centered-tetragonal (bct) o’-martensite in steels is
a diffusionless process that occurs during heat treatments or de-
formation to generate high dislocation density. Therefore, marten-
sitic steels are usually stronger than conventional transformation-
induced plasticity (TRIP) and twinning-induced plasticity (TWIP)
steels without grain refinement [2].

Ultrastrong martensitic steels require high sustainability [3,4]
when exposed to extreme and harsh environments for aerospace
and defense applications [5-8]. Stress corrosion cracking (SCC) is
crucial for sustainability because it leads to the failure of marten-
sitic steel structures [9-12]. The existence of high-density disloca-
tion and high residual stress at internal martensitic microstruc-
tures degrades SCC resistance due to displacive shear transfor-
mation [13-16]. Furthermore, during tempering process of the
martensitic steels, solute redistribution and resultant precipita-
tion at grain boundaries (GBs) can deteriorate the SCC resistance
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[17,18]. Micro-voids and associated cracks are then formed in the
vicinity of the harmful GB precipitates due to the corrosion po-
tential gap between matrix and precipitates [19,20]. These efforts
give indications that increasing the SCC resistance of martensitic
steels without a loss in strength is a bit puzzling. In other words,
overcoming the strength-SCC tradeoff enables the development of
a wide range of ultrastrong martensitic steels with high sustain-
ability.

Martensitic steels comprise hierarchical substructures, such as
packets, blocks, and laths in one martensite grain surrounded
by prior austenite grain boundaries (PAGB). Table 1 summarizes
the boundary characteristics based on the misorientation angles
among various subboundaries in martensitic substructures [21-25].
These subboundaries can be classified as low-angle grain bound-
aries (LAGBs) and high-angle grain boundaries (HAGBs) to dis-
tinguish their different impacts on deformation behavior. Such
complicated microstructures substantially influence the mechani-
cal properties and SCC susceptibility of the steels. Particular at-
tention has been given to block boundaries, which are representa-
tive HAGB, for understanding the strengthening mechanism of the
martensite phase [26-28]. Zhang et al. [29] proposed that the aver-
age block size was inversely proportional to yield strength, like the
Hall-Petch relationship for grain size. Later, Ghassemi-Armaki et al.
[30] performed micropillar compression tests where multiple block
micropillars led to dramatic work hardening, and single block mi-
cropillars resulted in perfect elastic-plastic behavior. Furthermore,
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Table 1
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Classification of martensite substructures by misorientation angle.

Misorientation angle (°)

Lath boundary Prior y grain boundary

Packet boundary  Block boundary  Ref.

0<6 <15 10 <6 <55

0 <6 <1053 10.53 < 0 < 51.73

- 15 <0 <45

0 <15 15 <60 <45

25 <6 <15 Effective grain: 15 < 6

55 <6 [21]

51.73 < 6 [22]

45 < 0 < 65 [23]

45 <6 <55 55 <6 <65 [24]
(25]

block size is regarded as the effective grain size of the marten-
site phase because block boundaries with misorientation angles >
~10.53° (belonging to the HAGB) inhibit the slip transfer [31,32].

The PAGB preferentially corrodes due to the presence of segre-
gated solutes and carbides [33,34], playing an important role in the
SCC property of steel. The PAGB segregation of alloying elements
affects the differences in corrosion potential between the matrix
and boundary, leading to intergranular fracture. Kadowaki et al.
[35] proposed that for ferrite-pearlite carbon steel, pitting corro-
sion occurs in pearlite in a 0.1 M NaCl solution due to sulfur seg-
regation. Mishra et al. [36] reported that grain boundary corrosion
is enhanced by vacancies introduced due to oxidation of reactive
Si atoms in a high-strength low alloy steel. Kiipper et al. [37] re-
vealed that small amounts of phosphorus (0.003-2.5 wt%) were
mostly segregated along the PAGBs, stimulating the intergranular
corrosion of Fe-P alloys. In addition, boron-free TWIP steel showed
superior corrosion resistance (0.2 V higher Eco ) in the immersion
test than boron-containing TWIP steel, wherein boron strongly seg-
regated the PAGBs [38]. Due to high strain energy, complex in-
teractions around boron-rich precipitates promoted electrochemi-
cal reactions in the boundary during strain-induced deformation.
Despite intensive efforts, the effect of PAGB solute segregation on
the strength-SCC trade-off of martensitic steels, including profuse
boundaries (packet, blocs, and lath boundaries), is still unclear.

The tempering process leads to carbon redistribution and car-
bide formation in the vicinity of PAGBs and influences both prop-
erties, similar to PAGB segregation of alloying elements. Upon tem-
pering, initial carbon clusters form due to thermal activity via spin-
odal decomposition and transform into transition carbides or ce-
mentites at the carbon-rich dislocation core [39-43]. The sizes and
morphologies of the carbides and cementites resting on galvanic
corrosion and stress concentration sites act as crack initiation sites
for the martensitic steels [44-47]. Xue et al. [48] discovered that
the composition of iron and silicon carbides contributed to the for-
mation of pitting corrosion. Differences in the corrosion potential
of the carbide and the matrix could create micro-crevices and lo-
calized stresses surrounding carbides [49-52]. The SCC behavior is
affected by the change in local electrochemical properties result-
ing from localized stress at the interphase boundary between the
matrix and the carbide. Therefore, uncovering the tempering effect
on the microstructure, SCC properties, and mechanical properties
of martensitic microstructure has recently become a critical issue.
However, multiple-scale bridging analysis are required to fully un-
derstand any potential effect of solute redistribution on the com-
plex martensitic microstructure including carbon and boron. Par-
ticularly, in-depth characterization of solute partitioning along the
plentiful subboundaries after tempering is essential.

This study aims to reveal the effects of dislocation density,
carbon segregation, and carbides on the tensile properties, corro-
sion, and SCC resistance of ultrastrong martensitic steels. These
steels are subjected to experimentally multiscale characterization
techniques from the micrometer to the atomic regime, focusing
on misorientation angles and solute segregation at subboundaries.
We show that the misorientation angles of such complicated sub-

boundaries can be determined by a combined analysis of trans-
mission Kikuchi diffraction (TKD) and transmission electron mi-
croscopy (TEM) measurements at the same positions in TEM spec-
imens. To the best of our knowledge, no reports are available on
a feasible route for identifying the misorientation angles of com-
plex subboundaries for the martensitic microstructure in TEM im-
ages. The segregation of boron and carbon elements at the sub-
stantial boundaries observed using atom probe tomography (APT)
also aided in confirming the atomic elemental effect on the SCC
behavior of martensitic steels. Consequently, we can provide in-
sights into the atomic scale effects of tempering on the corrosion
and SCC resistance of ultrastrong martensitic steels that are de-
signed to require high sustainability.

2. Experimental

Martensitic steel, with a chemical composition of Fe-0.3C-0.3Si-
1.0Mn-1.0Ni-0.5Cr-0.003B (wt%), was prepared as an ingot using a
high-frequency under a protective Ar atmosphere. The ingot was
reheated at 1230 °C for 3.0 h and hot-rolled to obtain a 95% reduc-
tion from 120 to 6 mm in austenite single-phase area at approxi-
mately 870-900 °C, and quenched to obtain a quenched martensite
microstructure. Tempered martensite specimens were normalized
at 900 °C for 0.5 h, oil-quenched and tempered at 180 °C for 1.0 h,
and air-cooled to room temperature. Hereafter, the water-quenched
samples are denoted by QM, whereas the tempered martensite
specimens are denoted by TM.

Rod-type tensile specimens were prepared with a gage length
of 24 mm and a diameter of 4 mm in the longitudinal direction.
Tensile curves were obtained using a uniaxial tension tensile test-
ing machine (UT-100E, MTDI, Korea) following ASTM E8/ESM [53].
A 100 kN load cell operated at a strain rate of 103 s=1 was used
for the tensile tests at room temperature of three specimens at
each condition to confirm the reproducibility of the measurements.

The open circuit potential (OCP) and potentiodynamic po-
larization measurements were carried out using a potentio-
stat/galvanostat (WPG100, Won-A-Tech, Korea) according to ASTM
G5 [54]. A three-electrode electrochemical cell was employed with
the specimen as working electrode, Ag/AgCl (NaCl, 3 M) as the ref-
erence electrode, and graphite as the counter electrode. The spec-
imen (working electrode) were immersed in the test solution for
60 min to obtain a stable OCP (Egc). The corresponding Eqc vs. time
curves are shown in Fig. 4(b); all potentiodynamic polarization
tests were performed at a scan rate of 1 mV s™! in 3.5% NaCl so-
lution at room temperature. The electrochemical impedance spec-
troscopy (EIS) were performed using VMP3 potentiostat (Bio-Logic)
and EC-Lab software (v 11.21) in 3.5 wt% NaCl solution at room
temperature. For the measurements with an amplitude of 10 mV
over a frequency range from 0.01 Hz to 100 kHz using an AC sig-
nal, a frequency response analyzer was used. Immersion tests were
conducted to observe the priority substructure where corrosion oc-
curs. The SCC susceptibility was evaluated using a slow speed ten-
sile testing machine (MINOS-02 L, MTDI, Korea) under a strain rate
of 1076 s71 in 3.5% NaCl solution at room temperature. Slow strain
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rate test (SSRT) was performed under an anode and cathode ap-
plied potentials of +0.1 V versus corrosion potential (Ecorr).

Multiple characterization techniques were used to analyze the
substructures of the QM and TM specimens. The normal direction
(ND) and transverse direction (TD) surfaces of hot-rolled speci-
mens were polished and etched with a Nital solution to observe
the substructures and their boundaries by optical microscopy (I-
Scope 2001, Leica, Germany) and scanning electron microscopy
(SEM, JSM-7610F, JEOL, Japan). SEM-based energy dispersive spec-
trometry (EDS) analysis was conducted to examine corrosion prod-
ucts. All specimens for electron backscattered diffraction (EBSD)
measurements were prepared by electropolishing and chemical
etching (Lectropol-5, Struers™) with a solution of acetic acid (90
vol%) and perchloric acid (10 vol%) at 30 V. All EBSD data were ac-
quired using a step size of ~1 pm at 20 kV and post-processed us-
ing TSL OIM data collection software (TSL OIM Analysis 8). Five or
more EBSD scans were obtained for each specimen condition. Ther-
modynamic calculations were performed using Thermo-Calc soft-
ware and a TCFE11 database.

The TEM specimens were prepared by mechanically polishing
thin foils to a thickness of >100 pum, followed by jet-polishing
in TenuPol-5 (Struers™) using a solution of 90% CH3;COOH and
10% HClO4. Conventional bright-field (BF) and high-resolution
(HR) TEM images were obtained with a JEOL 2010F microscope
equipped with an aberration corrector and operated at an acceler-
ator voltage of 200 kV. The TEM analysis was conducted to inves-
tigate carbides and cementites at the lath boundary. A combined
TKD and TEM analysis was performed at the same positions in TEM
specimens to determine the misorientation angles of the targeted
sub-boundaries shown in the TEM images. The TKD was conducted
with OPTIMUS™ TKD detector head (e-FlashtR, ARGUS™ electron
detection system, Bruker, Germany) in a focused ion beam milling
system (FIB, FEI Helios Nanolab 650i). The TKD results were inter-
preted using Bruker EBSD software [55].

The APT needles were prepared using FIB on LAGB- and HAGB-
containing regions detected during the lift-out procedure. The
chemical compositions of alloying elements containing carbon and
boron at the boundaries were investigated using an APT system
(LEAP 4000X HR, Cameca Inc.). All measurements were performed
in the voltage-pulsing mode. The detection rate, pulse fraction, and
pulse repetition rate were 0.2%, 15%, and 200 kHz, respectively. All
measurements were performed at 60 K at > 10~!! Torr. A commer-
cial IVAS® software (ver. 3.8.4) by Cameca was employed following
a previously reported protocol [56] to visualize the tomographic re-
construction.

3. Results
3.1. Crystallographic features

We classified the complex substructures of one martensite
grain, i.e., lath, block, and packet, and PAGBs via EBSD (Supple-
mentary Information Fig. S1). A martensite grain comprised several
packets with different orientations and substructures of blocks and
laths. According to the typical Kurdjumov-Sachs orientation rela-
tionship (KS OR), the misorientation angles (6) below 10.53° were
categorized as lath boundary, misorientation angles of 10.53° < 6
< 51.73° were classified as PAGB or packet boundary, and the mis-
orientation angles above 51.73° were denoted as block boundaries.

The EBSD inverse pole figure map (top panel) and image qual-
ity (IQ) plus boundary map (bottom panel) of QM and TM speci-
mens are displayed in Fig. 1(a)-(d). The misorientation profiles in
Fig. 1(e) and (f) reveal that the fractions of identified PAGBs and
packet boundaries are low compared to those of lath and block
boundaries for both specimens. This observation confirms that
block boundaries with high misorientation angles can be treated as
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Table 2
Tensile test results of QM and TM specimens.
Yield Tensile Strain
strength strength Elongation hardening
Specimen  (MPa) (MPa) (%) exponent
QM 1380 1932 9.2 0.11
™ 1341 1704 12.5 0.09

effective grain boundaries, which promote dislocation pile-up dur-
ing deformation. Between the two steels, QM contained more lath
boundaries with 6§ < 10.53° than TM, whereas TM had more block
boundaries with 6 > 51.73° The disappearance of laths occurring
concurrent with the increase in blocks is the effect of the applied
tempering on the substructures in the current martensite alloy.

With the aim of resolving a longstanding issue as to how
these substructures in martensitic steels are discerned in any TEM-
equipped laboratory, we conducted a correlative analysis using
TEM and TKD on the TM specimen to determine the exact 6 val-
ues of block and lath boundaries. Fig. 2(a) shows the TEM image
of general martensite steel; the complex substructures with narrow
widths, and profuse imaging fringes can be seen. All TEM-observed
regions were successfully scanned via TKD measurements using
the same TEM specimens. The TEM results cross-correlated with
the & measured by TKD are shown in Fig. 2(b)-(d), where the block
and packet boundaries are marked in red and the subblock bound-
aries in blue to improve visibility. The lath boundaries (unmarked)
were the most abundant in the TKD map. Local misorientation an-
gle profiles were analyzed in a single former austenite grain across
the lath boundaries. The misorientation angle profiling in Fig. 2(e)
was performed at one PAGB to distinguish the boundary character-
istics of the substructure. The misorientation angle of lath bound-
aries ranged from 1.0° to 3.0° and was distinguished from the other
minor substructures with misorientation angles below 1.0° Sandvik
and Waymann [57] confirmed via time-consuming electron diffrac-
tion pattern analysis that the orientation relationship between the
KS OR ranges from 2.1° to 5.1° This study obtained similar results
(0.5°-5.1°) by simply combining the TEM-TKD images.

3.2. Tensile properties

The tensile properties of the QM and TM specimens are shown
in Fig. 3, and the corresponding property values are summarized
in Table 2. Both specimens exhibited the same yield strength of
1.3 GPa. The QM exhibited higher tensile strength (1.9 GPa) than
that of TM (1.7 GPa) owing to the higher strain hardening ratio and
strain hardening exponent of QM (0.11) compared to that of TM
(0.09). The tensile elongation of both specimens exceeded 9% ow-
ing to post-necking elongation after tensile strength. Both tensile-
tested specimens showed the ductile fracture surfaces with de-
lamination that increased the non-uniform elongation region after
necking due to the bifurcation effect [58-60].

3.3. Corrosion properties

Fig. 4 shows the OCP curves, polarization curves, and
impedance spectroscopy results of QM and TM specimens tested in
3.5% NaCl solution. The average OCP values of the martensitic steel
in Fig. 4(a), measured at the stabilization stage, are —0.578 and
-0.664 Vg for QM and TM specimens, respectively. Fig. 4(b)
shows the potentiodynamic polarization curves for the TM and QM
specimens. Here, Eco is the boundary equilibrium potential be-
tween corrosion and anticorrosion and icr iS the current density
at the initial moment of corrosion measured by the Tafel method
[61]. The procedure for obtaining the current density by the Tafel
extrapolation method is shown in the enlarged view of the dotted
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Fig. 1. Typical orientation imaging maps obtained from the EBSD measurement of the QM and TM specimens. (a, b) IPF map and (c, d) IQ map. According to KS OR, the
black line in the range of 10.53° to 51.73° was PAGB, and the red line in the range of 51.73° to 180° was classified as block. (e, f) Misorientation profile results and (g, h)

texture analysis of QM and TM specimens.

line box in Fig. 4(b). A high E.or value indicates high resistance
to corrosive attack, while low icorr corresponds to slow corrosion
speed. The Eco values of QM and TM were -0.581 and -0.671 V¢,
respectively, and the icorr values were 2.91 x 1076 and 2.76 x 10-6
A-cm™2, respectively. For the reproducibility of the measurements,
three potentiodynamic polarization curves for each specimen are

provided in Supplementary Information Fig. S2. This result is un-
precedented, as it contradicts the common knowledge that the
tempering process enhances the polarization potential of marten-
sitic steels [62,63]. The QM specimen (before tempering) exhibits
higher corrosion resistance than the TM (after tempering). There-
fore, the corrosion process will begin at lower Ecorr values in TM
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Fig. 2. Transmission Kikuchi diffraction (TKD) map matched with (a) TEM bright field image. (b) TKD map, (c) IQ map, and (d) IQ with grain boundary map. The block and
packet boundaries are marked in red, and the sub-block boundaries are marked in blue for visibility. (e) Misorientation profile results from (1) to ) inside the grain of (a)
TEM bright field image.
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strength, elongation, and strain hardening exponent are represented. (b) True stress-strain curves and strain hardening rate versus true strain for QM and TM specimens. (c)
Fractography of QM and TM specimens at low magnification (left). (i) QM specimen and (ii) TM specimen image observed at high magnification (right).
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(a) (b) (c)
2500 2500 g 90
QM ™ c 859
2000 — l 2000 - ‘ 'ﬁ
j=2]
E e 01Vvs. E,, g s
Air —
1500 1500 [}
= +01Vvs. E,, = +0.1V vs. Ecorr o
n n 5
-0.1Vyvs. E s
O 1000 - S 1000 | 01 VS e 5
e S —
- - o
» 7] p
500 Room Temperature | 500 Room Temperature ] o
i 3.5% NaCl solution i 3.5% NaCl solution B
Strain rate: 1x10€ s Strain rate: 1x10€ s _g
‘ l | Q
0 L L ) 0 L L 1 o«
0 5 1_0 . 15 20 0 5 1.0 . 15 20 * QM ™
Strain (%) Strain (%) Specimens

TE (air) — TE (environment)
TE (air)

* RTE (Reduction in Tensile Elongation) =

Fig. 5. The representative stress-strain curves of (a) QM and (b) TM specimens after SSRT at a strain rate of 1 x 10-6 s~! in air and 3.5% NaCl solution at applied potentials
of £0.1 V vs. Ecr. The gradual slope of the elastic area is due to the difficulty of mounting the extensometer in environmental conditions. (c) The result of the reduction of

tensile elongation (RTE) value of the QM and TM specimens.

despite its slower corrosion rate. Fig. 4(c) shows the Nyquist and
Bode plots of both specimens obtained using EIS measurement in
3.5 wt.% NaCl solution under the OCP condition. The large diameter
of the Nyquist semicircle, high absolute impedance |Z| at the low-
est frequency, and high maximum phase angle () of QM indicate
its excellent corrosion resistance compared to that of TM.

3.4. SCC properties

The SSRT under Ecor & 0.1 V (obtained from Fig. 4) is sum-
marized in Fig. 5 and Table 3. The elongation of either specimen

was not reduced by hydrogen embrittlement at -0.1 V vs. Ecorr. Un-
der the anodic condition (+0.1 V vs. Ecorr), QM exhibited a reduced
strength and elongation ratio, while TM had a decreased elonga-
tion ratio. The SCC corrosion resistance can be evaluated by the
reduction of tensile elongation (RTE) [64,65]. The equation for RTE
in 3.5% NaCl solution is

TEgir — TE3 5% Naci »

100
TEair

(1)

RTE (reduction in tensile elongation) =
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Table 3

Acta Materialia 239 (2022) 118291

SSRT results in air and 3.5% NaCl solution at applied potentials of +0.1 V vs. Ecor in QM and TM specimens.

Specimen  Condition Yield strength (MPa)  Tensile strength (MPa)  Tensile elongation (%)  Reduction of tensile elongation (%)
QM In air 1753 2161 7.0 -

-0.1Vvs. Eor 1607 2119 7.4 0

+0.1 Vvs. Eor 1269 1596 5.8 17.1
™ In air 1418 1819 7.1 -

—0.1Vvs. Eor 1473 1760 7.2 0

+0.1 Vs, Eor 1315 1681 1.5 78.9

Fig. 6. (a, b) The inverse pole figure (IPF) map and (c, d) image quality (IQ) map analysis after immersion tests for 1 hour in 3.5% NaCl solution. In the IQ map, the block
boundary and PAGB are indicated by white lines, and corrosion products are indicated by yellow lines. SEM-EDS results for corrosion product analysis after (e) the immersion

test and (f) slow strain rate test (SSRT) for the QM specimen.

where TE,;, is tensile elongation in air and TE3sg nac) IS tensile
elongation in 3.5% NaCl solution condition. The RTE percentages of
QM and TM were 17.1% and 78.9%, respectively, implying that QM
had higher SCC resistance than TM.

4. Discussion
4.1. Microstructural factors influencing SCC

Corrosion products are examined by EBSD and EDS analysis af-
ter immersion test and SSRT as shown in Fig. 6. Black-colored
zones with a low confidence index in the IPF map were confirmed
to be corrosion products in the IQ map that were produced due
to the formation of highly oxidized surfaces during corrosion tests.
The size and location of the corrosive products were dependent on
the applied tempering. The sizes of corrosive products for the QM
and TM were estimated to be 5-10 and 2-3 pm, respectively. Most
corrosive products in both specimens were located close to PAGB
and packet boundaries, whereas corrosive products in the TM were
found inside the grains. Fig. S4 shows the schematic diagram of the
corrosive anodic and cathodic reaction in 3.5% NaCl solution. Cor-
rosion products such as Fe,0s3, Fe304, and FeCO5; are formed by
environmental effect. The EDS analysis (Figs. 6(e, f)) for the cor-

rosion products confirms the presence of the aforementioned iron
oxides after the immersion tests and SSRT.

We examined the possible carbides and cementite (Fe;C) on
subboundaries to determine the origin of the corrosive products.
Based on the equilibrium phase diagram of the current alloy com-
position, cementite (Fe3C) started to form at 690 °C above the
ferrite single-phase region due to the reverse Gibbs free energies
of ferrite and cementite (Supplementary Information Fig. S5). The
single austenite phase was stable above 770 °C, and the dual-
phase range of ferrite and austenite was 690-770 °C. Fine ce-
mentites preexisted before tempering in the QM specimen, and
the volume fraction of cementites/carbides drastically increased
during tempering. Multiple-scale characterizations were performed
via EBSD, electron channeling contrast imaging (ECCI), and TEM
for the carbides on the lath boundaries with 6 values < 10.53°
Fig. 7(a)-(d) show the EBSD and cross-correlated ECCI images for
the fine carbides formed on the lath boundaries for the TM spec-
imen. Although these carbides are extremely small, they are as-
sumed to be generally known as MC, M;C3, and My3Cgs along
the lath boundaries (M = Fe, Mn, Cr, Ti, or Mo), as confirmed
by TEM observation. The TEM dark-field (DF) imaging and corre-
sponding TEM-EDS maps of alloying elements, obtained using car-
bide extraction replica method, revealed the formation of My3;Cg-
type sphere (FeMnCr);3C¢ and MX-type cuboidal (TiMo)x(CN);_x
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Fig. 7. (a) IPF map, (b) IQ map, and (c) ECCI of the TM specimen. The characteristics of grain boundaries in IQ map were categorized by KS OR. (i) and (ii) fine carbide on
the lath boundary of martensite in (c). (d) TEM-EDS of spherical (FeMnCr),3Cs and angular (TiMo)x(CN),., at the lath boundaries.

carbides (Fig. 7(e)). Based on our observations and literature, it is
highly plausible that these carbides initially formed and grew at
the lath boundaries during tempering.

The fracture surface and cross-sectional microstructure analysis
of QM and TM after SSRT are shown in Fig. 8. As seen in Fig. 8(a,
b), semi-cleavage fracturing with fine cracks from the surface to
the center of the specimen occurred. Delamination and secondary
cracking were observed with a dimple at the center of both spec-
imens with intergranular fractures at the surface. The EBSD of the
QM and TM cross-sections after SSRT is shown in Fig. 8(c, d) to
analyze the boundary effect under stress and corrosion environ-
ments. In the QM specimen, stress corrosion cracks formed along
PAGB, where more corrosion occurred compared to the other sub-
boundaries. The cracking behavior of the TM specimen showed a
network structure along the lath boundary that reduced strength
and elongation. Therefore, in stress-induced and corrosive environ-
ments, PAGB is the preferential corrosion area in QM specimen,
whereas the lath boundary is the mainly corroded region in the
TM specimen.

4.2. Crystallographic orientation relationship

As summarized in Table 4, the crystallographic system has 24
equivalent variants satisfying KS OR, and the misorientation angles
are categorized into 10 groups. Due to the transformation from
austenite to martensite, packet boundaries of martensite should

follow KS OR. Kitahara et al. [22] suggested that packet boundaries
are in the range between 10.53° and 51.73°, lath boundaries are be-
low 10.53°, and block or prior austenite grain boundaries are above
51.73° Fig. 1 shows the EBSD classification of sub-structure in the
QM and TM specimens. The misorientation profiles of the QM and
TM specimens showed higher volume fractions of lath boundaries
under 10.53° and block boundaries over 51.73° than those obtained
in the midrange angles. “Medium angle grain boundaries,” such as
packet boundaries or PAGBs, showed low number fractions due to
their large domain size. The lath and block boundaries were well
developed together in the TM specimen, while the number fraction
of lath boundary was dominant in the QM specimen. Lath struc-
tures were well developed by the athermal shear transformation
of the QM specimen, while atoms were rearranged during tem-
pering. Minor atomic migration occurred during tempering, which
yielded similarly textured microstructures in the QM and TM
specimens.

The distance from the free surface influenced the variant selec-
tion of martensite transformation. The misorientation angle of 24
possible variants was determined as the angle between the free
surface and shear transformation directions. The 24 variants were
not formed simultaneously during the martensitic transformation;
some were transformed into subblocks with minor misorientation
angles. The combination of two variants act as a block, and single
variants are considered subblocks. Variant selection was decided
to reduce the strain energy during lath formation. Among the close
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Fig. 8. Fractography of QM and TM specimens after SSRT in 3.5% NaCl solution at an anodic potential (+0.1 V vs. Ec). Low magnification fractography of (a) QM and (b)
TM specimens. (i) and (iii) void and dimple formation. (ii) and (iv) intergranular fracture and cracking. Cross-sectional EBSD analysis shows intergranular cracking of the (c)

QM and (d) TM specimens after SSRT.

packed (CP) groups (CP1, CP2, CP3, and CP4), the variants most par-
allel to the free surface, such as a grain boundary or twin bound-
ary, were selected first despite their small differences in misorien-
tations. Subsequent variant selections for the remaining CP groups
followed an increasing angle to the free surface.

Fig. 9 shows the texture analysis of tempered martensite be-
fore and after SSRT. The KS OR can be categorized into four groups
transformed from equivalent { 111}y planes of the parent austenite.
Each group includes six variants parallel to {111}1/ CP planes and
24 crystallographic variants. These four groups are packets, and the
six variants are blocks. The hierarchical microstructure, which was
subdivided from austenite grains, affected the strength of steel.
Fig. 9(a) shows the KS OR and a clear texture for most variants.
Before SSRT, all CP groups were dominant near the (001) plane,
showing regular correlations. Fig. 9(b) shows the deviant pole fig-
ure analysis results compared to those before SSRT. The CP1 and
CP2 groups were dominant near the (001) plane, while CP3 and
CP4 groups were prevalent near the (111) plane with irregularly
textured pole figures resulting from the crystallographic change
due to external loading after SSRT.

4.3. Effect of dislocation density on SCC behavior

The EBSD scans were conducted on the QM and TM specimens
before and after testing of the tensile properties to measure the
geometrically necessary dislocations (GNDs). The EBSD kernel av-
erage misorientation (KAM) maps are shown in Supplementary In-
formation Fig. S3. The GND values can be calculated as below [66]

20
PGND = b (m2), (2)

where 6 is misorientation angle, u is the step size (0.1 um), and b
is the size of the Burgers vector (0.248 nm). The GND value of QM
(212 x 10" m=2) was higher than that of TM (1.32 x 10> m™2)
for the undeformed state, whereas the GND values of both tensile-
tested specimens were nearly identical.

Dislocation hardening resulted from long-range ordered inter-
actions following the Taylor strengthening equation,

Ao, = maGbp®>, (3)
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Table 4

Crystal orientations of 24 martensite transformed from a (001) oriented austenite maintaining the KS OR, and crystallographic relationships between V1 and other

variants.

Crystal orientations of martensite variants Misorientation  Misorientation axis
Variant Plane Parallel Direction Parallel angle from between V1 and CSL
(h k1) [uvw] V1 (°) other variants

V1 1), || (011), [iO]]V Il [ii]]a, (0.075 0.167 0.983) [0.742 0.650 0.167] - - -
V2 [101], | [111], (0.650 0.167 0.742) [0.167 0.983 0.074] 60.00 [0.577 0.577 0.577] 23
V3 [o11], || [111], (0.742 0.167 0.650) [0.667 0.075 0.742] 60.00 [0.000 0.707 0.707] -
V4 [o11], | [111], (0.075 0.167 0.983) [0.667 0.742 0.075] 10.53 [0.000 0.707 0.707] 21
V5 [110], | [111],, (0.667 0.075 0.742) [0.075 0.983 0.167] 60.00 [0.000 0.707 0.707] -
V6 . [110], | [111], (0.667 0.075 0.742) [0.742 0.167 0.650] 49.47 [0.000 0.707 0.707] 11
V7 1), || (011), (1011, || [111], (0.167 0.650 0.742) [0.983 0.167 0.075] 49.47 [0.577 0.577 0.577] X19b
V8 (101, | [111], (0.167 0.075 0.983) [0.650 0.742 0.167] 10.53 [0.577 0.577 0.577] =1
V9 [110], I [111]4 (0.075 0.667 0.742) [0.167 0.742 0.650] 50.51 [0.615 0.186 0.767] -
V10 [110], I [111], (0.075 0.742 0.667) [0.983 0.167 0.075] 50.51 [0.739 0.462 0.490] -
V11 [o1j, | [111], (0.167 0.075 0.983) [0.742 0.667 0.075] 14.88 [0.933 0.354 0.065] 1
V12 ) [omy, | (111, (0.742 0.167 0.650) [0.667 0.075 0.742] 57.21 [0.357 0.603 0.714] -
V13 (111),, || (011), [o11], I [111], (0.167 0.075 0.983) [0.742 0.667 0.075] 14.88 [0.354 0.933 0.065] =1
V14 [o11], || [111],, (0.167 0.650 0.742) [0.075 0.742 0.667] 50.51 [0.490 0.462 0.739] -
V15 [101], I [111], (0.167 0.742 0.650) [0.983 0.075 0.167] 57.21 [0.738 0.246 0.628] -
V16 [101], | [111], (0.167 0.075 0.983) [0.650 0.742 0.167] 20.61 [0.659 0.659 0.363] -
V17 [110], | [111], (0.075 0.742 0.667) [0.167 0.650 0.742] 51.73 [0.659 0.363 0.659] -
V18 [110], |l [111], (0.075 0.667 0.742) [0.983 0.075 0.167] 47.11 [0.719 0.302 0.626] -
V19 11),, || (011), (1101, | [111], (0.742 0.075 0.667) [0.650 0.167 0.742] 50.51 [0.186 0.767 0.615] -
V20 (1101, | [111], (0.667 0.075 0.742) [0.075 0.983 0.167] 57.21 [0.357 0.714 0.603] -
V21 [o11], | [111], (0.075 0.167 0.983) [0.667 0.742 0.075] 20.61 [0.955 0.000 0.296] -
V22 [o11], I [111]y (0.650 0.167 0.742) [0.742 0.075 0.667] 47.11 [0.302 0.626 0.719] -
V23 [101], || [111], (0.650 0.167 0.742) [0.167 0.983 0.075] 57.21 [0.246 0.628 0.738] -
V24 [101], | [111]y (0.075 0.167 0.983) [0.742 0.650 0.167] 21.06 [0.912 0.410 0.000] -

where m is the average Taylor factor, « is a fitting parameter, G is
the shear modulus, b is the Burgers vector, and p is the dislocation
density. In bce steel alloys, the Taylor factor is 2.75, the shear mod-
ulus is 78 GPa, and the Burgers vector for the <111> slip plane
is 0.248 nm as stated above [67,68]. The value of « is 0.166, as
derived from the linear regression method in low dislocation den-
sity alloy [69]. Strength contribution of the QM and TM specimens
by dislocation hardening are calculated to be 400 and 320 MPa,
respectively. Therefore, high total dislocation density aided to en-
hance the stress level of the QM specimen.

Morsdorf et al. [70] revealed that different dislocation densi-
ties in thin and coarse laths affect the strengthening of martensite.
Preferentially formed laths become coarser due to auto-tempering,
while subsequently formed laths have a thin morphology due to
their low formation temperature above the martensite finish tem-
perature. Coarse laths can achieve low dislocation densities ear-
lier than thin laths, where low dislocation densities are achieved
later in the phase transformation process. Compared to thin laths,
coarse laths exhibit effectively enhanced ductility due to their low
dislocation density aided by strain hardening [71].

Fig. 10 shows each thin and coarse lath in the TM specimen
after SSRT to elucidate the combined effect of stress and environ-
ment. According to KAM and ECCI analysis (Fig. 10(e)), the aver-
age GND density of thin lath was higher (green) than that of the
coarse lath (blue). Tangled dislocation cell structures were formed
in the coarse lath, while the thin lath presented a high disloca-
tion density, as denoted by the white ECC image. The thin laths
increase the strength of the martensite with their high GND den-
sity, while coarse laths increase the ductility with their low GND
density. The deformation is concentrated in the thin laths, leading
to an increase in GND density. Meanwhile, corrosion attacks are
localized in the high GND density area, and premature corrosion
is expected to occur in the thin lath instead of the coarse lath.
Despite their contribution to work hardening, thin laths are vul-
nerable to corrosion attack due to their high GND density. For this
reason, it is difficult to surmount the strength-corrosion trade-off
by controlling the morphology of microstructures.

10

4.4. Atomic segregation in the boundary

Fig. 11 shows the APT reconstruction of C atoms (cyan) and
other alloying elements in the TM specimen. By choosing the iso-
concentration surfaces (yellow) of ~0.9 at% carbon in the map,
the lath boundary and PAGB were differentiated. Three zones, i.e.,
top, middle, and bottom grains, were divided clearly by the iden-
tified lath boundary and PAGB. The 2D density map from each
grain shows the presence of poles identified as the crystallographic
planes (110), (211), (222), and (121). The top and middle grains
were in one prior austenite grain, while the bottom was in an-
other. The top grain and middle grain, which were divided by a
lath boundary, shared the same sequence of (110), (211), and (222)
planes. The misorientation angle of the lath boundary was 8°, rep-
resenting the LAGB, and that of the PAGB was 29°, representing
the HAGB. The PAGB separated the middle and bottom grains, par-
ticularly by B and P co-segregation. The distribution of atomic el-
ements (Mn, Ni, Mo, B, and P) is displayed in Fig. 11(b), and the
composition profile was obtained across the grain boundary. The
C atoms were aggregated at the lath boundary and PAGB, while B
atoms were partitioned only at the PAGB.

According to APT analysis, numerous C atoms are densely local-
ized at the lath boundary and PAGB (Fig. 12(a)). C atoms can dif-
fuse through the lath boundary along the dislocation path, whereas
their movement is blocked by PAGB. Compared to the lath bound-
ary with its low energy, PAGB with high energy is thermody-
namically favorable for atomic segregation. Thus, the dislocation
path is prevalent in the lath. The segregation of C atoms is ki-
netically difficult to occur in fully martensitic steels due to in-
sufficient diffusion time during quenching [72]. However, C diffu-
sion occurs at a very rapid rate in martensitic steel; therefore, the
atomic segregation of C atoms at grain boundary is difficult to dis-
turb [73]. The segregation of C at grain boundaries is known to
enhance the cohesion of grain boundaries [74]. Meanwhile, grain
boundary cohesion decreases because of the segregation of harm-
ful impurities (N, O, Si, P, S, or Mn), leading to intergranular
embrittlement [75].
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Fig. 9. {001} Pole figures denoting orientations of 24 martensite variants transformed from a single austenite grain maintaining the KS OR. Pole figure (PF) and IPF map of
cross-sectional analysis (a) before and (b) after SSRT. (a-i), (a-ii), and (a-iii) the cropped images and PFs of (a) no deformed grain in TM specimen. (b-i), (b-ii), and (b-iii) the

cropped images and PFs of the deformed grain in (b).

In particular, Mn can directly weaken the metallic bonds in
the grain boundary by inducing structural relaxation [76,77], de-
creasing sublimation enthalpy [78], and attracting charges due to
its low electronegativity [79]. These theories confirm that large
Mn atoms lead to intergranular embrittlement, which is in agree-
ment with the first-principle calculations [79-81]. According to
the McLean equilibrium segregation theory, grain boundary segre-
gation is closely proportional to the atomic density inside grains
[82,83]. The distribution of Mn was homogeneous and proportional
to Mn content. However, the theory cannot explain the segregation
of B in grain boundaries.

The difference between equilibrium and non-equilibrium seg-
regation is explained by two terms, namely, solute atoms and
vacancy-solute atom complexes. Lejéek et al. [84] suggested that
non-equilibrium segregation is the interaction between solute
atoms and the point defects induced by polycrystalline metals
with grain boundaries. In non-equilibrium segregation, segregation
width widens by back-diffusion during desegregation, and the con-
centration of B atoms at the PAGBs is higher than that in equilib-
rium segregation [85,86]. In Fig. 12(b, ¢), the chemical composition
profile obtained across the PAGB confirms the dense segregation of
B atoms at the PAGB.

1

The non-equilibrium segregation of B at the PAGBs decreases
the grain boundary energy and reduces the diffusion of Mn to
PAGBs. At elevated temperatures, equilibrium vacancy concentra-
tion increases, and complex short-range ordering between vacancy
and B atoms form via attraction [87-89]. Vacancy and B clus-
ters are carried to the PAGBs, reducing the vacancies in the inner
grains. The migration of B atoms results in the formation of an
enrichment area at the PAGBs. During tempering, B partially de-
segregates from the PAGB and migrates to martensite lath bound-
aries in conjunction with promoted segregation of Mn, causing an
embrittling effect [72]. In this regard, B segregation at the PAGB
could be encouraged to reduce the embrittlement of boundary
owing to the pre-occupation of B atoms prior to other harmful
elements.

The difference in segregation behavior between B and C can be
explained by their different size, solubility, and diffusivity. The be-
havior of B atoms is significantly different from that of C atoms in
steel. The atomic diameter of the B atom is too small (0.188 nm)
to take up a substitutional position in iron (0.252 nm) and too
large to occupy octahedral sites in austenite (0.109 nm) or in fer-
rite (0.038 nm). Calculations based on estimates of the atomic ra-
dius of B suggest that B may be substitutional in ferrite [85]. On
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Fig. 10. Microstructure analysis of TM specimen after SSRT. (a) IPF map and (d) ECCI represent the same area of a prior austenite grain (PAG). (b) IPF map and (c) kernel
average misorientation (KAM) map show high magnification of the yellow box in (d) ECCIL (e) KAM and IPF maps are overlapped in the ECCI showing high magnification of
the yellow box in (b).

the other hand, the atomic diameter of C atoms (0.154 nm) is ap- 4.5. Effect of cementites on SCC

propriate for largely dissolving in the interstitial sites of the iron

lattice; this finding is consistent with the solubility of C atoms in Fine cementites resided at the lath boundaries and PAGBs, as
iron. Therefore, the solubility of B is low in both austenite (0.02 confirmed by TEM BF, high-angle annular dark-field (HAADF), and
wt% at 1149 °C) and ferrite (0.0004 wt% below 700 °C). By com- diffraction pattern (DP) analysis (Fig. 13). Epitaxially grown lath
parison, C atoms are more soluble than B atoms in both austenite microstructures were well developed in both QM and TM speci-
(2.11 wt% at 1148 °C) and ferrite (0.0218 wt% at 727 °C). The equa- mens. Measured lath widths were ~50 nm in both specimens. Ce-
tions for the diffusion coefficient of B [90,91] and C [92] are given mentite (Fe3C) had the [122] zone axis, and martensite had the

as: [012] and [113] zone axes in the QM and TM specimens, respec-
tively. Mainly located at the lath boundaries, cementites precipitate

Boron diffusivity in ferrite(mz/s) :Dg and coarsen through tempering. Fine cementites were observed
27200 at the lath boundaries of the QM specimen in the HAADF image,

=20 x 1077 exp (T) (4)  and thickened cementite produced by tempering was mainly dis-
tributed at the lath boundary in the TM specimen. The width of

cementites was larger in the TM specimen (27.3 4+ 7.3 nm) than

that in the QM specimen (16.0 & 3.7 nm). The number of cemen-

Carbon diffusivity in ferrite(m?/s) : Dc tites per unit area was 3.32 and 15.38 ea/um? in the QM and TM
- —80000 specimens, respectively. Cementites formed during tempering at

=6.2 x 107" exp (T) (5) the lath boundaries acted as SCC initiation sites. Therefore, the cor-

rosion potential of the TM specimen is lower than that of the QM
According to Egs. (4)-(5), the diffusion coefficient of B was specimen, as shown in Fig. 4. The ¢-Carbides, Fe5C;, and Fe;C are
higher than that of C due to low activation energy. It is deduced formed at 100-250 °C, 250-350 °C, and 350-400 °C, respectively.

that B atoms readily occupy PAGB sites prior to C atoms. Therefore, [93,94] The number of cementites was counted during tempering
we have gained an insight to the different segregation behavior of at 180 °C. We found that cementites rarely formed during tem-
B atoms and C atoms by considering their size, solubility, and dif- pering, and the preexisting cementites coarsened. The coarsened
fusivity factors. cementites affected the SCC sensitivity of martensitic steel, result-

12
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Fig. 11. 3D atomic probe reconstruction of a nanotip taken in the vicinity of the PAG and lath boundaries in the TM specimen. Green dots are C atoms, and the yellow area
is the isosurface of 0.95% C. The needle-shaped specimen was divided into three groups: top, middle, and bottom grain. The lath boundary with misorientation angle of 8°

and the PAGB with misorientation angle of 29° are in between each grain. The grain orientation is confirmed by cross-sectional 2D density mapping. The positioning of Mn,
Ni, Mo, B, and P atoms are present in the APT tip reconstruction.
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Fig. 12. APT results for the TM specimen at the lath boundary and PAGB. (a) 3D reconstruction of C distribution in each boundary. (b) Proximity histogram (proxigram)

concentration profiles across the interface between the lath boundary and PAGB for C, B, P, and Mn atoms. (c) Atom concentration of C, B, and P atoms at the lath boundary
and PAGB.

13



S. Park, J.G. Kim, L.D. Jung et al.

Acta Materialia 239 (2022) 118291

* (121)
-
(200)
Fe,C Z=[122)
BCC Z={012]

.

® .
@ BCC Z=113]
- FesC Z=[122)

_ Fe,CZ={122]
BCC Z=[113]

® ¢BCCZ=113]
« Fe,C Z=[122)

Fig. 13. TEM analysis of (a-d) QM and (e-h) TM specimens after SSRT; (a, e) high angle annular dark field (HAADF), (b, f) bright field (BF), (c, g) diffraction pattern (DP),
and (d, h) schematic DPs of a-Fe and Fe;C, showing [012] and [113] zone axes for martensite and [122] zone axis for Fe;C. The size and density of Fe;C (indicated by white

arrows) are measured using HAADF images.

ing in crack formation at the interface between cementite and the
matrix.

In Fig. 14, TEM DP analysis confirms the existence of martensite
and cementite in the TM specimen. The white and gray areas in
the HAADF and BF images, respectively, correspond to Fe;C, while
the black sections in both images are voids (Fig. 14(a) and (b)). In
agreement with the HAADF image in Fig. 14(d), the BF image in
Fig. 14(c) confirms that voids are in the vicinity of cementite par-
ticles. The TM specimen had more voids than the QM specimen
due to the presence of cementites. The cementites formed along
the lath boundaries and voids also appeared at the lath bound-
aries due to the segregation of C atoms. As previously mentioned,
the segregation of B and C as solute atoms increases boundary co-
hesion, indicating that atomic segregation does not directly affect
the boundary embrittlement. However, the segregated C atoms act
as precursors of cementites, which lead to cracking at the bound-
ary after tempering.

4.6. Combination of high strength and high resistance to SCC

Experimental verification was conducted to understand the SCC
susceptibility of high-strength martensite. Notably, the misorien-
tation angle of the lath boundary is the LAGB, while that of the
block boundary is the HAGB. The packet and PAGB are also HAGB,
but their misorientation angles are lower than that of the block
boundary. We investigated the boundary cementites, which act as
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crack initiation sites in the SCC condition. In this study, microstruc-
tural factors, including the subgrain boundary itself and cementites
at the boundaries, critically affect the SCC sensitivity in the high-
strength martensitic steels. However, the discontinuous distribu-
tion of boundary cementites prohibit inter-lath crack propagation,
thereby improving the resistance to SCC of this martensitic steel.

Fig. 15 presents a comparison of the tensile strength and corro-
sion potential of the martensitic steels in this study with those of
other high-strength alloys. Notably, the TM and QM specimens ex-
hibited superior corrosion resistance vs. tensile strength compared
to other steels. High-strength steel has low corrosion resistance
due to high dislocation density. To overcome this, we added B and
controlled the tempering conditions to achieve an excellent com-
bination of strength and corrosion resistance even in the quenched
specimens. The key microstructural factor on SCC behavior is the
presence of grain boundary cementites in martensitic steels. In
the QM specimen, the dislocation density was negligible because
tempering treatment was omitted, and cementites were scarce at
the grain boundaries of the QM specimens in comparison to other
martensitic steels. Thus, we tried to establish a new microstructure
design strategy for developing high-strength steels. Furthermore,
the QM steel exhibits high resistance to SCC despite its high dis-
location density. Consequently, the sacrificing resistance to SCC is
minimized relative to the enhancement of tensile strength, and the
strength-SCC trade-off of high strength martensitic steels is over-
come.
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Fig. 14. TEM bright field analysis of (a) QM and (b) TM specimens after SSRT. Microvoids near Fe;C are not obvious in the QM specimen compared to the TM specimen. (c)
BF, (d) HAADF, and (e) DP analysis of TM specimen revealed the microvoids are initiated in the vicinity of Fe;C.
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Fig. 15. Tensile and corrosion potential (E.) properties of the martensitic steel in
this study were compared to those of the other high strength alloys. The strain rate
ranges from 1 x 107> to 5 x 10~7 s~! at 3.5% NaCl solution. The properties of high
Mn steels [95], API pipeline steels [96-98], (ultra) high strength steels [99-101],
high entropy alloys [102,103], stainless steel steels [104,105], 30CrMnSiNi2A steels
[106], and S235]JRG1 steels [107] are included.

5. Conclusion

This study investigated the SCC sensitivity of high-strength
martensitic steels and systematically characterized their hierar-
chical microstructures. Microstructural factors, including subgrain
boundaries and cementites, critically affect the SCC sensitivity in
high-strength martensitic steels.
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« We achieved an excellent combination of high tensile strength
(> 1.9 GPa) and high corrosion potential (> —0.6 Vgcg) in both
specimens. The QM specimens had higher strength and SCC re-
sistance than that of the TM specimens regardless of their high
GND density.

» The B atoms were mostly segregated at PAGBs, while C atoms
were segregated in both PAGB and lath boundaries. These seg-
regated atoms were precursors to cementites that acted as SCC
initiation sites, revealing that C segregation affected the pre-
ferred corrosive site.

« The applications of high-strength martensitic steels in extreme
environments can be expanded by understanding the differ-
ent behaviors of interstitial atoms. This finding is applicable to
the other metallic alloys that undergo martensitic transforma-
tion for understanding the role of complex substructures on the
martensitic microstructure.
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