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A Novel B2 Precipitate Gives High Strength and High
Impact Toughness to Bcc-Structured Cryogenic Steels

Qiyuan Chen, Shuai Tang, Weina Zhang, Haile Yan, Gang Sha,* Guangming Cao,
Jun Chen, Zhanglong Xie, Shenbao Jin, Xiaonan Wang, Linlin Li, Zhongwu Zhang,

Mingxin Huang, Sybrand van der Zwaag,* and Zhenyu Liu*

For decades, solid solution strengthening with up to 9 wt.% Ni has been the
only successful strategy to obtain high strength and high impact toughness in
bce-structured (ferritic or tempered martensitic) cryogenic steels. Until now
coherent nano-precipitates, an effective strengthening agent at room
temperature, cannot be used to improve properties at cryogenic

natural gas (LNG) are running at cryo-
genic temperatures. Given the dimen-
sions of such installations (volumes up to
270 000 m® and plate thicknesses of up
to 120 mm), their structural integrity and
high resistance to crack initiation and prop-

temperatures. Here, a new type of Mo-rich nano-B2 precipitates formed in a
6.5 wt.% Ni steel upon doping with 0.2 wt.% of Mo is reported. These
precipitates are not only fully coherent with the matrix but are also shearable
at 77 K. A high precipitate number density in excess of 2 X 102 m~ has been
achieved by an industrially feasible process optimization, which brings both
the cryogenic strength and impact toughness of the steel to the same levels as
those of 9Ni steels. The Mo-rich B2 precipitation strengthening, therefore,
opens a new avenue for the design and development of low-cost

high-performance cryogenic steels.

1. Introduction

Many key installations in the chemical and energy conversion
sector such as tanks for the transport and storage of liquified

agation during dynamic loading at ultra-
low working temperatures are crucial to en-
sure safe operation. Therefore, the struc-
tural steels require not only high strength
but also high impact toughness at cryo-
genic temperatures. As such, body-centered
cubic (bcc)-structured steels (such as fer-
ritic or tempered martensitic steels) con-
taining a high Ni content such as 9Ni steel
have been considered to be the best can-
didates for such applications because of
their reasonable combinations of high cryo-
genic strength and toughness.'}] How-
ever, further simultaneous improvement
of strength and toughness seems to have run into a deadlock be-
cause of their trade-off effect.*] Conventionally, more Ni is added
for synergy of strengthening and toughening,®! but a higher
Ni content tends to induce more austenite phase in the steel
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reducing its yield strength,l®l and also carries the risk of de-
teriorating weldability by magnetic pollution.”! Therefore, the
development of new synergistic strengthening and toughening
strategies is highly desirable, in which dislocation slip should
be blocked while localized stress concentration should be re-
strained.

Recently, the formation of coherent B2-type NiAl precipitates
with a number density of more than 10** m~ and an average
size of 2.7 nm has been reported to give martensitic steels
with a strength of up to 2.2 GPa and an elongation of 8.2% at
room temperature.!8] The NiAl precipitates exploit the chemical
ordering effect by high anti-phase boundary energies for effective
strengthening.[% The high anti-phase boundary energy increases
the stress required for dislocations to cut through,'°! causing
crack initiation to deteriorate impact toughness. Therefore, new
promising nano-precipitates have to be fully coherent with the
matrix with low anti-phase boundary energies, and massively
formed to increase fracture stress according to the Griffith theory.
Such new types of precipitates are expected to break the dead-
lock for simultaneously improving cryogenic strength and im-
pact toughness, but they are yet to be explored in bee-structured
cryogenic steels.

In this work, in order to improve both the strength and impact
toughness at cryogenic temperatures and to reduce the required
level of Ni alloying, we designed a model steel with a Ni content
nearly 30% lower than the customary 9 wt.% Ni, which has the
composition of Fe-0.048% C-0.079% Si-0.76% Mn-6.53% Ni and
doped it with 0.2% Mo (weight percent), called 6.5NiMo steel.
When exploring this steel, we discovered a new type of Mo-rich
nano-B2 precipitates, which are not only fully coherent with the
matrix but are also cryogenically shearable. We invented a pro-
cessing route of harnessing their evolutions to generate a high
number density of such B2 particles in excess of 2 X 10% m~3.
Amazingly, for such optimal nanoprecipitation the quenched and
tempered 6.5NiMo steel reached both strength and impact tough-
ness values at cryogenic temperatures equal to those of indus-
trially optimized 9Ni steels. The Mo-rich nano-B2 precipitates,
therefore, can be used to eliminate the trade-off effect on strength
and toughness at cryogenic temperatures and to develop a new
strategy for the design and development of environment-friendly
and less costly high-performance steels for cryogenic industries.

2. Results

2.1. Atomic-Scale Structure Characterization for B2
Nanoprecipitation

Figure 1 shows the transmission electron microscopy (TEM)
characterization of B2 nano-precipitates in 6.5NiMo steel (see
Figures S1 and S2, Supporting Information for its microstruc-
tural characterization). The [100] zone axis high-resolution TEM
(HRTEM) image of the tempered martensite revealed the pres-
ence of precipitates with an average size of 1-2 nm in a high
number density (Figure 1a). By contrast, in the steel without Mo
doping (called 6.5Ni steel), very few precipitates with an aver-
age size less than 1 nm can be observed (Figure S3a, Support-
ing Information). The precipitates in 6.5NiMo steel were ana-
lyzed using selected area diffraction patterns (SADP) and dark
field (DF) images in [100], [110], and [111] zone axes, show-

Adv. Funct. Mater. 2024, 2414052

2414052 (2 of 9)

www.afm-journal.de

ing that the superlattice diffraction spots originate from the
B2 ordering (Figure S3b-d, Supporting Information). The fast
Fourier transform (FFT) patterns of [100] zone axis HRTEM im-
age clearly indicate that the precipitates have an ordered B2 struc-
ture (Figure 1b). No sharp B2/matrix interfaces can be observed,
indicating that the nano-B2 precipitates are fully coherent with
the tempered martensitic matrix. The atomic arrangement of B2
phase was further characterized by [100] zone axis high-angle an-
nular dark-field (HAADF) scanning transmission electron mi-
croscopy (STEM). B2 spots can be observed in the FFT pattern
of local region (Figure 1c), which is consistent with the HRTEM
results. Figure 1d was obtained from Figure 1c by using the in-
verse FFT to show the typical B2 contrast. Figure le shows the
atomic columns with periodical changes of brightness intensi-
ties along the <001> direction, in good agreement with the B2
ordering.

2.2. Chemical Composition of B2 Nanoprecipitation

To determine the chemical composition of the nano-B2 phase, we
performed an atom probe tomography (APT) analysis of the tem-
pered martensitic matrix in 6.5NiMo steel (Figure 2a). The APT
results show that there are numerous Mo-rich near-spherical pre-
cipitates with the size of 1-2 nm in the tempered martensitic ma-
trix, which is consistent with the TEM observations. Proxigram
analysis of all near-spherical B2 precipitates indicates that the Mo
concentration in the nano-B2 phase is significantly higher than
that in the matrix, whereas the Ni concentration in B2 is basi-
cally the same as that in the matrix. It is assumed that heavy Mo
atoms occupy the body-center positions to form B2 nanoprecipi-
tates, and they correspond to the bright atomic columns marked
by white circles in Figure 1d. Although most Mo-rich regions in
the matrix are near-spherical, some are elongated (Figure S4a,
Supporting Information). We suggest that these elongated Mo-
rich regions are caused by some segregation of Mo atoms along
dislocations.['"1?] APT also detected obvious Mo, C, Ni, and Mn
segregations at high-angle grain boundaries (HAGBs) in the tem-
pered martensite (Figure S4b, Supporting Information). Due to
the depletion of surrounding solute atoms as a result of Mo segre-
gation along grain boundaries,!'31* the number of Mo-rich near-
spherical B2 phase adjacent to the grain boundaries is signifi-
cantly decreased with respect to that in the grain interior.

To understand the effect of Mo on B2 nanoprecipitation, the
energy difference AEy,, .. between Mo-rich B2 phase and dis-
ordered bcc phase was calculated using the first-principles cal-
culations, as shown in Figure 2b. The energy difference reflects
the relative stability between B2 phase and disordered bcc ma-
trix. The more negative the AEg,; ., the greater the driving
force for the precipitation of B2 phase from bcc matrix, which
is thermodynamically more favorable for the formation of B2
precipitates.['>1¢] The small AEy,, . absolute value of FeysNis
structure shows that the effect of Ni concentration on B2 nano-
precipitation is limited, corresponding to the extremely low num-
ber density and small size of B2 precipitates in 6.5Ni steel. Un-
like the case for Ni, even a small Mo enrichment greatly reduces
AEg, .., which is beneficial to the formation of B2 nanoprecip-
itates. A trace of Mo promotes the formation of B2 phase in
tempered martensite. The number density of Mo-rich nano-B2
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Figure 1. TEM characterization of the tempered martensite in 6.5NiMo steel after tempering treatment (60 min at 863 K). a) [100] zone axis HRTEM
image. Red dashed boxes reveal the precipitates. The average size of the precipitates is 1.81 nm. b) [100] zone axis HRTEM image and the corresponding
FFT patterns suggesting B2 ordering. c) [100] zone axis HAADF STEM image and the corresponding FFT patterns. The patterns again show the extra B2
spots, besides the sharper spots from bcc phase. d) [100] zone axis inverse FFT image revealing the B2 region. White circles in d highlight some bright
atomic columns. e) Intensity line profile along the <001> direction generated from the region in c corresponding to the blue region in d, showing the
atomic columns with periodical changes of brightness intensities.
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Figure 2. APT characterization of the tempered martensite in 6.5NiMo steel after tempering treatment (60 min at 863 K) and first-principles calculation
of the energy gain involved in B2 nanoprecipitation. a) APT reconstruction with nano-B2 precipitates highlighted with iso-concentration surfaces at
0.5 at% Mo and proxigrams across iso-concentration surfaces of the precipitates. b) Energy difference AEg, .. between B2 phase and disordered bcc
phase. The negative AEg, .. indicates that B2 precipitation is thermodynamically possible. The Mo enrichment reduces AEg, ;.. and promotes the B2
precipitation. The number density and size of B2 precipitates in 6.5NiMo steel significantly increase compared to 6.5Ni steel, which is attributed to the
promotion of B2 phase formation by Mo doping.

Adv. Funct. Mater. 2024, 2414052 2414052 (3 of 9) © 2024 Wiley-VCH GmbH

25U90 17 SUOLLILIOD) BAITER.D) 3|t dde 3 Aq pouBA0B 328 AP YO ‘98N J0'SaINJ o ATeIgITBUIUO AB] 1A UO (SUONIPUOD-PUE-SULBYWIOO"A3 1 AReJq][oUIIUO//SdY) SUONIPUOD) PUB SWiS | 8U1 89S *[7Z0Z/TT/0T] Uo AReiq I aulluo A1 ‘HpA AISIAIN 01U L AQ ZG0VTHZ0Z WPR/Z00T OT/I0p/C0" 3|1 ATeIqIPUI O/ SNy WOJ) PRPROIUMOQ ‘0 ‘8Z089TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

a
1200

www.afm-journal.de

30
Load
1000 25} 1200
<
s
» 800 20l A 4160
7] —~
o 2z
5 = s
2 600 3151 1120 2
: .
£ 400 ---- 6.5Ni 293K S5 10F i i
@ ---- 6.5NiMo 293K % —2-::!'\;7’;”(
—6.5Ni 77K -OININO;
3 440
200 ——6.5NiMo 77K A
0 L N L L 0 L L n 0
0 10 20 30 40 0 5 10 15 20 25
Engineering strain (%) Displacement (mm)
c =
a0l () .
l‘».." ! 4 Medium-entropy alloy
NG
350 -i:/ '4"‘;\ v High-entropy alloy
300, % @ Tialloy
g 250 N A o Austenitic stainless steel
e e i 1] )
,(:6 200 ( A‘*T\h:s work High-Mn steel
¥ a b - @ Duplex stainless steel
< A .
; B 5 &  Martensitic stainless steel
A = 9Nisteel
oy s % 65NiMo steel
; ; L 9 W &G
400 600 800 1000 1200 1400 1600

Yield strength at 77K (MPa)

Figure 3. Mechanical properties of 6.5Ni and 6.5NiMo steels after tempering treatment (60 min at 863 K). a) Tensile curves of engineering stress-
engineering strain at 293 and 77 K. b) Charpy impact load-displacement curves at 77 K. ¢) Comparison of mechanical properties of 6.5NiMo steel at
77 K with other cryogenic materials, including 9Ni steels,[20-24] martensitic stainless steels,[2] duplex stainless steels,[?%] high-Mn steels,[27:28] austenitic
stainless steels,[21:2°] Ti alloys, 3] high-entropy alloys,3'l medium-entropy alloys.[3?]

precipitates in 6.5NiMo steel was measured to be a very high level
of #2.6 x 10* m~ by APT, with the average size of ~1.73 nm,
indicative of a high nucleation rate. Because the Mo-rich nano-
B2 precipitates are fully coherent with the matrix, their lower lat-
tice mismatch effectively lowers the elastic strain energy at the
B2/matrix interface and promotes extensive uniform nucleation
of B2 particles.®'”] On the other hand, because the growth of
B2 particles is controlled by long-range diffusion of Mo, their
coarsening is effectively inhibited and the precipitate sizes re-
main small.[1819]

2.3. Influence of Mo Doping on the Mechanical Properties

Figure 3a shows the tensile curves of engineering stress-
engineering strain both at 293 and 77 K for 6.5Ni and 6.5NiMo
steels after 60 min tempering at 863 K. At 293 K, the addition of
0.2 wt.% Mo increased the yield and ultimate tensile strengths by
comparable values (110 and 102 MPa respectively), while at 77 K
the differences were rather large in favor of the Mo-doped grade
(53 and 149 MPa respectively). Figure S5 (Supporting Informa-
tion) shows the plots of strain hardening rate against true strain
of 6.5Ni and 6.5NiMo steels at 293 and 77 K, revealing the better
strain hardening capability of 6.5NiMo steel at 77 K. Figure 3b
shows the Charpy impact load-displacement curves at 77 K for
both steels, which indicate that the impact absorbed energies A
for 6.5Ni and 6.5NiMo steels were 188 and 216 ], respectively,
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demonstrating that the Mo doping can improve not only the yield
and ultimate tensile strengths but also the impact toughness at
77 K. Mo doping makes the yield strength and impact absorbed
energy of 6.5NiMo steel at 77 K comparable to those of conven-
tional 9Ni steels, although Ni content has been reduced by almost
30%. Compared to other cryogenic materials, 6.5NiMo steel has
an excellent combination of yield strength and impact-absorbed
energy at 77 K (Figure 3c).

2.4. Evolution of Nano-B2 Precipitates with Different Tempering
Temperatures

In order to fully understand the precipitation behavior of nano-
B2 phase, we studied the evolution of Mo-rich nano-B2 precipi-
tates in 6.5NiMo steel upon 60 min tempering at different tem-
peratures. Figure 4a—j shows the typical [100] zone axis SADP
and DF images and APT characterization of martensitic matrix
after tempering treatments, respectively. Figure 4k,]1 shows the
evolution of number density and size of nano-B2 precipitates
with tempering temperatures characterized by APT and TEM.
Upon just inter-critical quenching, the number density of nano-
B2 precipitates in the martensitic matrix was measured to be
2.47-3.22 x 102 m~3, and their average size was in the range
of 1.38-1.42 nm. Upon the tempering treatment, both number
density and particle size changed in a parabolic manner with
the tempering temperature, reaching their plateaus at 863 K

© 2024 Wiley-VCH GmbH
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Figure 4. Evolution of nano-B2 precipitates in the martensitic matrix of 6.5NiMo steel with tempering temperatures. a—e) [100] zone axis SADP and DF
images of the inter-critically quenched (untempered) and tempered (60 min at 823, 863, 883, and 923 K) samples, respectively. White circles in SADP of
a—e represent extra superlattice diffraction spots, and the corresponding DF images reveal the precipitates. f=j) APT reconstructions of the untempered
and tempered (60 min at 823, 863, 883, and 923 K) samples, respectively. The size of all boxes in f—j are 20 nm x 20 nm x 150 nm. B2 precipitates are
highlighted with iso-concentration surfaces at 0.5 at% Mo. k. Number density of B2 precipitates is determined by APT and TEM. |. The average size of

B2 precipitates is determined by APT and TEM.

with a maximum number density of 2.15-2.6 x 10** m~ and

an average size in the range of 1.73-1.81 nm for the Mo-doped
steel. It should be noted that the number densities and particle
sizes determined by APT and TEM are in good agreement, in-
dicating that the nucleation is very homogeneous and indepen-
dent of local defects or local composition fluctuations. Figure S6
(Supporting Information) shows the proxigram analysis of B2
precipitates formed at different tempering temperatures, which
indicates that Mo concentration in B2 precipitates is signifi-
cantly higher than that in the matrix, whereas the Ni concentra-
tion in B2 is basically the same as that in the matrix, implying
that the precipitation of B2 phase involves long-range diffusion
of Mo.
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Immediately after quenching, the Mo atoms should be uni-
formly distributed in the fresh martensitic matrix corresponding
to the solid solution stage reached during austenization prior to
quenching. During tempering, the Mo-rich nano-B2 phase be-
gins to nucleate and grow controlled by long-range diffusion.
Considering that the diffusion coefficients of Fe, Ni and Mo
at 823 K are lower than those at 863 K (Table S1, Supporting
Information),**! a lower atomic mobility may inhibit the nu-
cleation and growth of B2 nanoprecipitation at tempering tem-
peratures lower than 863 K. In contrast, the higher atomic mo-
bility at 863 K has led to easier formation of nano-B2 precipitates
with a lower free-energy state in the matrix,*! resulting in higher
number density and larger average size. When the tempering
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Figure 5. Influence of number density of Mo-rich nano-B2 precipitates on mechanical properties and interaction between Mo-rich nano-B2 phase and
dislocations. a) Changes in nano-hardness of martensitic matrix with number density of Mo-rich nano-B2 precipitates in 6.5NiMo steel. b) Variation of
AAy at 77 K with number density of Mo-rich nano-B2 precipitates in 6.5NiMo steel. c) [100] zone axis SADP and DF image of the tempered martensite
at the vicinity of the impact fracture with the tempering temperature of 863 K, revealing that most of the precipitates are obviously elongated after
deformation. d) [100] zone axis HRTEM image of the tempered martensite at the vicinity of the impact fracture with the tempering temperature of

863 K, showing a slight bending of the dislocation cut into the precipitates.

temperatures are higher than 863 K, although the diffusion of Fe,
Ni and Mo becomes easier (Table S1, Supporting Information),
B2 phase tends to disorder to reduce its chemical driving force
for precipitation. As a result, some B2 precipitates get dissolved,
leading to the decrease in both the number density and size. A
similar behavior has been reported in the study of isothermal w
phase precipitation in metastable Ti alloys.[?”:3]

2.5. Influence of Number Density of B2 Nanoprecipitates on
Mechanical Properties

Figure 5a shows the variation of nano-hardness of the martensitic
matrix for 6.5NiMo steel as a function of the number density of
Mo-rich nano-B2 precipitates. The nano-hardness gradually in-
creases with increasing number density of nano-B2 precipitates.
Although the increase in recovery degree of the martensitic ma-
trix and the decrease in Ni concentration in the martensitic ma-
trix (Figure S6, Supporting Information) should lead to a contin-
uous decrease of nano-hardness with increasing tempering tem-
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perature, a peak nano-hardness is achieved at 863 K due to the
highest number density for Mo-rich nano-B2 precipitates. The
observation demonstrates that Mo-rich nano-B2 precipitates have
a significant strengthening effect on 6.5NiMo steel.

To reveal the influence of the number density of nano-B2 pre-
cipitates on impact toughness at 77 K, we introduced the incre-
ment of impact absorbed energy, AA, at 77 K for 6.5NiMo steel
relative to 6.5Ni steel at the same tempering temperature. As
shown in Figures S7 to S9 (Supporting Information), the vol-
ume fraction, size, and distribution characteristics of the reversed
austenite in both steels tempered at the same temperature are
almost the same, while AA; changes abruptly with tempering
temperatures, indicating that reversed austenite should not be
held responsible for the change in AAy. By excluding the tough-
ening effect to come from the reversed austenite, AA; should
come from the toughening effect of Mo-rich nano-B2 precip-
itates. Figure S10 (Supporting Information) shows the impact
fracture morphologies of 6.5Ni and 6.5NiMo steels with differ-
ent tempering temperatures, revealing that the fracture modes
of both untempered steels are cleavage fractures, whereas those

© 2024 Wiley-VCH GmbH
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after tempering change to transgranular ductile fractures. These
results indicate that the Mo-rich nano-B2 precipitates do not in-
duce crack initiation and cleavage fracture found previously for
B2 reinforced steels reported in the literature.3>*% For the sam-
ples with transgranular ductile fractures, AAy increases mono-
tonically with the increasing number density of Mo-rich nano-B2
precipitates in 6.5NiMo steel (Figure 5b), demonstrating that Mo-
rich nano-B2 precipitation plays a decisive role in toughening the
Mo-doped steel at cryogenic temperatures.

2.6. Interaction Between Dislocations and B2 Nanoprecipitates

To elucidate the interaction between moving dislocations and
Mo-rich nano-B2 precipitates during impact loading at 77 K, the
deformed microstructure of the 6.5NiMo steel at the vicinity of
the impact fracture was characterized by HRTEM. The [100] zone
axis SADP and DF image in Figure 5c shows that most of the
precipitates are elongated and have lost their original equiaxed
spherical shape. The shape change clearly indicates that disloca-
tions have cut through these precipitates, causing them to un-
dergo plastic deformation together with the matrix. The HRTEM
image in Figure 5d shows additional evidence that the disloca-
tions do cut through B2 precipitates. Figure S11 (Supporting In-
formation) shows the bright field image of a dislocation line,
which corresponds to the dark contrast in Figure 5d caused by
the stress field of the dislocation line. The displacement distance
of dislocations inside B2 should be slightly smaller than that in
the surrounding matrix,!*!l resulting in the slight bending of dis-
locations.

3. Discussion and Conclusion

All the above evidences indicate that the novel B2 nano-
precipitates are responsible for the synergistic strengthening and
toughening of the steel at cryogenic temperatures. The strength-
ening effect of nano-B2 precipitates generally originates from
the coherency hardening by elastic coherency strain between
them and the matrix,[*?l the order hardening by the formation of
anti-phase boundaries through dislocation shearing,[*! and the
modulus hardening by modulus difference between them and
the matrix.**l The strengthening effect of Mo-rich nano-B2 pre-
cipitates is no exception, whereas their effect on cryogenic im-
pact toughness is quite different from that of NiAl-B2 precipi-
tates. Therefore, we further clarified the underlying toughening
mechanisms by the novel B2 nano-precipitates at cryogenic tem-
peratures. Figure S12 (Supporting Information) shows the TEM
bright field images of dislocation configurations in the impact
samples after fracture. The higher dislocation density in tem-
pered martensitic steels induces a significant multiplication and
accumulation of dislocations during deformation, contributing
to continuous strain hardening. With the increase of deforma-
tion, the interaction between dislocations is enhanced, and they
tend to entangle and rearrange with each other, leading to the
formation of dislocation networks and dislocation cells. In the
later stage of deformation, the dislocation density gradually sat-
urates, and microcracks are initiated when local stress concen-
tration reaches the critical fracture stress. The propagation and
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interconnection of these microcracks may ultimately lead to fail-
ure fracture. Figure S13 (Supporting Information) schematically
illustrates the interactions between nano-B2 precipitates and dis-
locations in the Mo-containing steel grade during impact loading.
When dislocations in tempered martensitic matrix encounter B2
precipitates at the initial stage of deformation, they may reach
the B2/matrix interface. Due to the coherency between B2 parti-
cles and the matrix, the slip of dislocations is barely hindered by
the interfacial lattice mismatch, resulting in insignificant disloca-
tion pile-ups and less strain accumulation for crack initiation.[®!
The B2 particles are then cut through by the dislocations, leav-
ing anti-phase boundaries inside the precipitates.[*] Using first-
principles calculation (see details in Methods), the anti-phase
boundary energy y,,, of Mo-rich B2 phase is assessed to be
0.12 ] m~2, which is significantly lower than that for the average
Yapo Of NiAL-B2 phase (0.5 ] m™?),°” showing better plastic de-
formation capacity and shearability at cryogenic temperatures to
suppress cracking as dislocations cutting through nano-B2 par-
ticles. With the continuous deformation of matrix, B2 particles
can be cut through by dislocations in the matrix along the slip
direction, leaving several anti-phase boundaries inside the B2
particles, and their morphologies change from near-spherical to
elongated. Finally, and most importantly, because these B2 pre-
cipitates in the Mo-doped steel rarely generate cracks during de-
formation, their resistance against dislocation slip enhances the
load bearing capacity to increase the energy dissipation by form-
ing anti-phase boundaries during impact loading, resulting in
improved cryogenic toughness.

Assuming that the additional work of the moving dislocations
cutting through the B2 precipitates is all to form the anti-phase
boundaries, the toughening increment AA; by novel B2 nano-
precipitates can be evaluated from the following empirical for-
mula. For order hardening by B2 precipitates, the stress incre-
ment can be estimated by Equation (1).[43]

My [ a2
AT e = o (—’f> (1)

order b 7T

where, M =~ 3 for the Taylor factor, r for the average radius of
Mo-rich nano-B2 precipitates, b for the Burger vector of the dis-
location, y,,,, the anti-phase boundary energy for B2 phase, T =
Gb? /2 for the dislocation line tension, f= (4/3)znr® for the vol-
ume fraction of precipitates, and n for the number density of
Mo-rich nano-B2 precipitates. The work for forming anti-phase
boundaries can be estimated by Equation (2).

3/2
an, = | M | (AN (43 2)
K b zT 3f 413

since M, b, y,,;,, and T are constant, Equation (2) can be written
as Equation (3).

DAy = kf7/5r712 (3)

M/z/s 4 .1/2 3 . .
where, k= (—=)(=)  2b(-) " . Itis deduced from the empir-

ical formula that AA is proportional to f/6r~1/2, which is well
confirmed by the results in Figure S14 (Supporting Information).

2/3
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Given the high number density of the B2 precipitates in the Mo-
doped steel, a large number of precipitates will be cut, resulting
in more extensive toughening.

In conclusion, novel Mo-rich B2 nanoprecipitation provides a
new non-solid solution alloying strategy for breaking the cryo-
genic strength-toughness trade-off effect. Mo-rich nano-B2 pre-
cipitates are fully coherent with the matrix, and have the capa-
bility of undergoing plastic shear deformation even at cryogenic
temperatures. The optimization for the number density and size
of Mo-rich nano-B2 precipitates can be achieved by optimizing
the tempering treatment, which efficiently improves both the
strength and impact toughness at 77 K for Ni-containing cryo-
genic steels. We have conducted industrial production trials and
successfully manufactured 6-50 mm thick 6.5NiMo plates to re-
place conventional 9Ni steel in the construction of 50 000 m?
cryogenic tanks (Figure S15, Supporting Information). This suc-
cess demonstrated the feasibility of the strengthening and tough-
ening strategy on an industrial scale. This new strategy illus-
trated by this research is of significance in developing other high-
performance cryogenic and non-cryogenic steels while reducing
the addition of expensive and scarce elements such as Ni.

4. Experimental Section

Sample Preparation: Two 100 kg steel ingots of 6.5Ni and 6.5NiMo
steels were prepared by standard vacuum induction melting. The chemi-
cal compositions of both steels were Fe-0.048% C-0.051% Si-0.78% Mn-
6.47% Ni (weight percent) and Fe-0.048% C-0.079% Si-0.76% Mn-6.53%
Ni-0.2% Mo (weight percent), respectively. The ingots were homogenized
at 1473 K for 120 min, hot rolled in austenitic recrystallization regimes into
15 mm in thickness, and fast cooled to room temperature (also called on-
line direct quenching). The reduction in finishing rolling was ~68% and
the final rolling temperature was 1093 K. The hot rolled steel plates were
reheated to 973 K and held for 40 min, and water-quenched to room tem-
perature (also called inter-critical quenching). The inter-critically quenched
steel plates were tempered at 823, 863, 883, and 923 K for 60 min, respec-
tively.

Mechanical Property Measurement: The longitudinal tensile speci-
mens with a diameter of 7 mm and the transverse Charpy impact spec-
imens with a size of 10 mm X 10 mm x 55 mm were machined from the
tempered steel plates. The tensile tests were carried out at 293 and 77
K by using a CMT5000-SANS machine with a crosshead speed of 2 mm
min~! and a gauge length of 25 mm. The Charpy impact tests were car-
ried out at 77 K in a liquid nitrogen environment by using an Instron MPX
series pendulum impact tester. The fracture morphology of Charpy im-
pact specimens was observed by using a Zeiss Ultra-55 scanning electron
microscopy (SEM). The nano-hardness was measured using a Hysitron
Triboindenter with a Berkovich indenter with a peak load of 2000 uN.

Microstructural Characterization: The microstructure was character-
ized using a Thermoscientific Apreo2C SEM equipped with Oxford Sym-
metry electron back scatter diffraction (EBSD). The acceleration voltage
was 15 kV, and the step size was 50 nm. The volume fraction of re-
versed austenite was measured by using a D/max2400 X-ray diffractometer
(XRD), equipped with Cu Ka radiations. The step size was 4° min~', and
the degree of 20 was 40-100°. The samples for EBSD and XRD analysis
were prepared through grinding and electropolishing with an electrolyte
of 12.5% perchloric acid and 87.5% alcohol at 293 K. The volume fraction
V, of reversed austenite was calculated from the integrated intensities of
(200)¢ec, (220)4ccr (311)¢eer (200)pcc, and (211) . diffraction peaks.[46]

TEM Characterization: The TEM characterization was performed by
using a Tecnai G2 F20 TEM. The samples for TEM characterization were
prepared by grounding the steel plate into 50 um in thickness and elec-
tropolishing at 248 K. The atomic-resolution HAADF STEM characteriza-
tion was performed by using an aberration-corrected JEOL JEM-ARM200F
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STEM operated at 200 kV. The aberration-corrected STEM sample was pre-
pared by a Lift-out technique using an FEI Helios NanoLab 600i focused
ion beam SEM.

APT Characterization: The APT characterization was performed by us-
ing a Cameca LEAP 4000X Sl instrument at 40 K. The pulse UV laser energy
was 50 pJ, the pulse repetition rate was 200 kHz, and the target evaporation
rate was 1.0% per pulse. The samples for APT analysis were prepared by a
two-step electropolishing procedure. The first step used an electrolyte of
25% perchloric acid in acetic acid at 15 V at 293 K and the second step used
an electrolyte of 4% perchloric acid in 2-butoxethynal at 20 V. A commercial
software Cameca IVAS 3.6.12 was used to reconstruct the APT data.

First-Principles Calculation: ~The total energy was performed using the
exact muffin-tin orbitals (EMTO) method based on the density functional
theory (DFT). The chemical disorder on the atomic scale was taken into
account using the coherent potential approximation (CPA).147-01 The gen-
eralized gradient approximation (GGA) was selected as the exchange-
correlation density functional and the total energy was obtained from the
full Perdew—Burke—Ernzerhof (PBE) scheme.l>'l The scalar-relativistic ap-
proximation and soft-core scheme were used. The structure of bcc and B2
with the ferromagnetic state was calculated. Likewise, the Brillouin zone
integration was performed on 21 x 21 X 21 k points mesh. The energy
difference AEg,. . between B2 and bcc was obtained by the energy of the
final state minus the energy of the first initial state.

The anti-phase boundary energy y,, for B2 phase was performed us-
ing the DFT as implemented in the Vienna ab initio Simulation Pack-
age (VASP).[52] The projected augmented wave (PAW) potentials and the
GGA of PBE for exchange-correlation were applied.>3-5°] The conjugate-
gradient algorithm was used to full relax all atomic positions, cell shapes,
and cell volumes to achieve the minimum total energy of the systems until
the average force on each atom was less than 0.03 eV atom~'. The cut-
off energy for plane wave expansion was 350 eV for all models. The to-
tal energy and force convergences were 1075 eV atom~.1¢] The gamma-
centered k-mesh was 6 X 6 X 6 k points mesh. The energy change AE,,;, of
the system after the introduction of anti-phase boundary was determined
by Equation (4).

AEapb = (Eapb - EO) /2 (4)

where, E, for the total energy of complete crystal, and E,;, for the total
energy of crystals with anti-phase boundary. The v, was determined by
Equation (5).

yapb = AEapb/As (5)

where, AS for the area of anti-phase boundary.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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