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Abstract: Martensite is an important microstructure in ultrahigh-strength steels, and enhancing the strength of martensitic steels often
involves the introduction of precipitated phases within the martensitic matrix. Despite considerable research efforts devoted to this area,
a systematic summary of these advancements is lacking. This review focuses on the precipitates prevalent in ultrahigh-strength marten-
sitic steel, primarily carbides (e.g., MC, M,C, and M;C) and intermetallic compounds (e.g., NiAl, Ni;X, and Fe,Mo). The precipita-
tion-strengthening effect of these precipitates on ultrahigh-strength martensitic steel is discussed from the aspects of heat treatment pro-
cesses, microstructure of precipitate-strengthened martensite matrix, and mechanical performance. Finally, a perspective on the develop-
ment of precipitation-strengthened martensitic steel is presented to contribute to the advancement of ultrahigh-strength martensitic steel.
This review highlights significant findings, ongoing challenges, and opportunities in the development of ultrahigh-strength martensitic steel.

Keywords: ultrahigh-strength martensitic steel; precipitation strengthening; mechanical property; carbide; intermetallic compound

1. Introduction

Martensite is a critical microstructure, and the martensitic
matrix is the foundation of ultrahigh-strength steels (UHSSs)
[1]. Enhanced martensitic steel strength is frequently
achieved through the incorporation of nanoprecipitates, such
as ultrahigh-strength (UHS) maraging steel [2-9] and sec-
ondary hardening steel [10—17], to reinforce the matrix. Ow-
ing to its excellent mechanical properties, UHS maraging
steel is widely used in many important fields, such as
aerospace, power plants, and maritime construction [18-23].
The nanoprecipitates within UHS maraging steel, including
the dispersed fine carbides and the intermetallic compounds
formed through alloying and subsequent precipitation during
heat treatment, obstruct dislocation movement and thereby
significantly enhance the steel’s strength [24]. Despite these
advancements, a comprehensive overview of the precipitates
responsible for precipitation strengthening in UHS martens-
itic steel is lacking.

For UHS martensitic steel, carbides such as MC, M,C, and
M;C are usually introduced for precipitation strengthening.
For example, Dong et al. [25] used transmission electron mi-
croscopy (TEM) and X-ray diffraction (XRD) to character-
ize the microstructure and precipitates of Nb—V—Ti microal-
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loyed UHS steel. Their study revealed that M;C precipitated
during tempering at 200-400°C and was partially replaced by
M,C and Mx;Cs when the temperature was raised to 500°C.
When the temperature was above 600°C, M;C disappeared,
and part of M,C transformed into M,C;. Li ef al. [26] utilized
scanning electron microscopy (SEM), optical microscopy
(OM), XRD, and TEM to study the precipitates and mechan-
ical properties and the effect of carbide distribution on the
mechanical properties of AF1410 steel. The results showed
three kinds of carbides present in the steel, namely, spherical
MC, M,;C¢ carbides, and short rod-shaped M,C carbides.
Furthermore, excessive tempering temperature can result in
the coarsening of carbides, leading to a decrease in ultimate
tensile strength (UTS) and yield strength. Mondiere et al.
[27] comprehensively analyzed the microstructure using
XRD, TEM, and correlative atom probe tomography (APT)
to investigate the precipitation of different carbides in Ferri-
um M54. Ti-rich MC carbides precipitate at high temperat-
ures. Intensive and efficient nanoscale M,C carbides precip-
itate during tempering, resulting in a UTS of 1965 MPa. Des-
pite many investigations into the mechanisms of carbide for
precipitation strengthening in UHS martensitic steel, a sys-
tematic summary is lacking.

Intermetallic compounds, including NiAl, Ni;Ti, Ni;Mo,
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and Fe,Mo, are also key precipitates that enhance precipita-
tion strengthening in UHS martensitic steel. To reduce the
cost of UHS martensitic steel while maintaining high
strength, Nong et al. [28] developed an innovative Co/Mo-
free maraging steel wherein the nanoscale NiAl intermetallic
compound precipitated during direct aging treatment. This
process led to an exceptional combination of mechanical
properties, achieving strength exceeding 2 GPa, elongation
around 8%, and significantly reduced raw material cost com-
pared with other maraging steels. To investigate the influ-
ence of Mo content on the precipitation behavior, micro-
structure, and mechanical properties of 13Ni maraging steel,
Fonseca et al. [29] used a combination of selected area elec-
tron diffraction (SAED) and high resolution transmission
electron microscope (HRTEM) to examine the morphology
and crystallography of the precipitates. The results showed
that the Mo content affected the kind of precipitates gener-
ated during aging, and stable Fe,(Mo,Ti) Laves phase was
precipitated after the initial formation of Ni;Mo precipitates.
Despite these advances, the complex formation mechanisms
of intermetallic compounds and their influence on the mech-
anical properties of such steels have not yet been systematic-
ally summarized [30].

This work presents a comprehensive overview of recent
advancements in UHS martensitic steel and the prevalent
types of precipitates in UHSSs. The precipitates in UHSSs
are categorized as carbides (MC, M,C, and M;C) or inter-
metallic compounds (NiAl, Ni;X, Fe;Mo), and an in-depth
analysis is conducted on their effects on the strength of UHS
martensitic steel, particularly on aspects such as processing,
microstructure, and mechanical properties. In addition, the
precipitation-strengthening mechanisms in UHS martensitic
steel are discussed. Finally, a prospect for the future develop-
ment of UHS martensitic steel is outlined to contribute to its
development.

2. Precipitates of UHS martensitic steel

The excellent service properties of UHS martensitic steel
are characterized primarily by its UHS. To improve its mech-
anical properties, researchers extensively studied the influen-
cing factors of UHS. Optimal combinations of different al-
loying elements were utilized to achieve the desired mechan-
ical properties and microstructure attributes, primarily
through the formation of a martensitic matrix and enhance-
ment via dispersed precipitates. Precipitation strengthening is
the predominant method to enhance UHS, as illustrated in
Fig. 1, where the common precipitates in UHS steels mainly
consist of carbides and intermetallic compounds. This re-
view underscores the recent advancements in the application
of carbides and intermetallic compounds for precipitation
strengthening in UHS martensitic steel.

2.1. MC precipitates

Characterized by the addition of minor quantities of alloy-
ing elements such as chromium (Cr), molybdenum (Mo),
nickel (Ni), and vanadium (V), high-strength low-alloy
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Fig. 1. Typical precipitates in UHS martensitic steel, includ-
ing carbides (MC, M,C, and M;C) and intermetallic com-
pounds (NiAl, Ni;X, and Fe,Mo).

(HSLA) steels are extensively utilized in marine engineering,
naval ship structures, automotive sector, and infrastructure
development. These steels are favored for their excellent
combination of high strength, adequate toughness, favorable
weldability, and good formability [31-37]. Microalloying,
which involves the addition of niobium (Nb), V, and titani-
um (Ti), is a direct and economical production strategy for
most HSLA steels. This method enables these steels to
achieve outstanding mechanical properties through precipita-
tion strengthening and grain refinement [38—40]. The precip-
itation mechanism of V, Ti, and Nb microalloyed steels is
notably influenced by the addition of the alloying element
Mo [32,41]. The introduction of Mo atoms in precipitated
carbides contributes to precipitation strengthening by redu-
cing the particle size and increasing the number density,
thereby improving the overall material performance [42].

To investigate the precipitation evolution of MC carbides
(M = Cr, Mo, V) in HSLA steels, Lu ef al. [43] analyzed the
microstructure of Cr—Ni-Mo—V alloyed HSLA steels using
HRTEM. A diagram of the solution quenching and temper-
ing (SQT) is illustrated in Fig. 2(a). According to the TEM
observation, a significant number of MC nanoprecipitates,
specifically V-rich particles, were randomly precipitated
throughout the martensite matrix in the SQT samples, as de-
picted in Fig. 2(b1) and (b2). These precipitates were sub-
sequently determined by HRTEM as MCs (M = Cr, Mo, V)
with a face-centered cubic structure (Fig. 2(b3) and (b4)).
According to the engineering stress—strain curves (Fig.
2(cl)), all the solution quenching and SQT samples showed
continuous yielding. Compared with the solution quenching
samples, the SQT samples exhibited a decrease in UTS but a
significant increase in yield strength (YS) and total elonga-
tion (TE). With prolonged isothermal holding time (IHT), the
YS and UTS of the SQT samples demonstrated a trend of ini-
tial increase and a subsequent decrease (Fig. 2(c2)). Optimal
mechanical properties, including maximized YS and UTS,
and sustained high TE were achieved at an IHT of 2 h. This
finding was attributed to the small size and great quantity of
MC precipitates in the SQT.
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Fig. 2. Microstructure, precipitates, and mechanical properties of Cr-Ni-Mo-V alloyed HSLA steels. (a) Schematic of solution
quenching and tempering (4., A, and M are the critical phase transformation temperatures); TEM images (b1, b2) of precipitates
in SQT samples with IHT of (b1) 0.25 and (b2) 2 h and fast Fourier transformation (FFT) diagrams (b3, b4) of precipitates in the
SQT samples with IHT of (b3) 0.25 and (b4) 2 h; engineering stress—strain curves of the SQT samples (c1) and variations in mechan-
ical properties with IHT under SQT heat treatment (c2) [43]. Reprinted from Mater. Sci. Eng. A, Vol. 881, J. Lu, S.Z. Wang, H. Yu,
et al., Effect of precipitation on the mechanical behavior of vanadium micro-alloyed HSLA steel investigated by microstructural evol-
ution and strength modeling, 145313, Copyright 2023, with permission from Elsevier.
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2.2. M,C precipitates

The mechanical properties of steel are predominantly af-
fected by the alloying elements and the heat treatment. For a
given alloy system, thermal treatments are a highly available
approach for improving the performance of steels [44-45].
Cryogenic treatment is vital in refining the substructures of
the matrix, modifying the carbide precipitates, and eliminat-
ing crystal defects [46-56].

To study the influence of secondary cryogenic treatment
on the precipitation and mechanical properties, Yang et al.

[57] subjected Ferrium S53 steel to single and double cryo-
genic treatments and analyzed its microstructure and mech-
anical properties. The route of the secondary cryogenic treat-
ment is illustrated in Fig. 3(a), where the secondary aging
treatment (SAT) samples subjected to the cryogenic treat-
ment and two-pass cryogenically treated were denoted as SC-
SAT and DC-SAT samples, respectively. The TEM and
HRTEM images of the DC-SAT sample are depicted in Fig.
3(b1)~(b3). As shown in the dark-field TEM (DF-TEM) im-
age of the DC-SAT sample (Fig. 3(b1)), substantial second-
ary precipitates were uniformly dispersed at the martensitic
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Fig. 3. Microstructure, precipitates, and mechanical properties in Ferrium S53 UHS stainless steel. (a) Schematic of the secondary
cryogenic treatment; TEM and HRTEM images of DC-SAT sample: (b1) DF image, (b2) HRTEM image, and (b3) corresponding in-
dexing result of FFT patterns obtained from the red rectangular region in (b2); engineering stress—strain curves of the two samples
(c1) and contributions of precipitation strengthening and martensitic matrix strengthening (c2) [S7]. Reprinted from Mater. Charact.,
Vol. 178, Z. Yang, Z.B. Liu, J.X. Liang, Z.Y. Yang, and G.M. Sheng, Elucidating the role of secondary cryogenic treatment on mech-
anical properties of a martensitic ultra-high strength stainless steel, 111277, Copyright 2021, with permission from Elsevier.
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lath boundaries and interiors. The indexed results of the FFT
pattern obtained from the red rectangular region in Fig. 3(b2)
are shown in Fig. 3(b3), the precipitates in the secondary
aged steels were M,C carbides. Fig. 3(cl) illustrates the en-
gineering strain—stress curves of both samples. The yield
strength of the DC-SAT sample showed a notable increase of
254 MPa compared with that of the SC-SAT sample, and the
UTS approached nearly 2 GPa. However, the toughness re-
mained similar between the two samples. Microstructural
analysis revealed significant changes in the two key factors
contributing to steel strength, namely, martensitic matrix and
M,C carbides. Therefore, the observed variation in yield
strength was mainly attributed to the differences in precipita-
tion strengthening and martensitic matrix strengthening
between the two samples. As illustrated in Fig. 3(c2), the cal-
culated contributions of precipitation strengthening to the
yield strength of the two samples were 436.9 and 714.8 MPa,
respectively. The enhanced precipitation-strengthening ef-
fect on the DC-SAT sample was mainly attributed to the
formation of fine M,C particles facilitated by the secondary
cryogenic treatment.

2.3. Mi;C precipitates

The pursuit of UHSSs with excellent toughness is a
primary objective for metal structural materials. However,
strength and toughness are usually mutually exclusive in
steels; that is, an increase in strength typically results in a re-
duction in toughness. Extensive research efforts have been
dedicated to developing UHSSs with sufficient toughness
[58-63].

In recent years, HSLA steels have received growing in-
terest due to their cost-effectiveness. To balance costs while
achieving high strength and toughness, Wang et al. [64] em-
ployed tempforming and reheating (TFR) to produce UHS
high-carbon martensitic steel and investigated the influence
of its microstructure on its mechanical properties. The pro-
cessing routes of TFR are shown in Fig. 4(a), with the
samples designated as TFR3, TFRS, and TFR15. The precip-
itation of nanocarbides in the martensitic matrix was ana-
lyzed by HRTEM, as illustrated in Fig. 4(b1)—(b2). The cor-
responding electron diffraction pattern obtained from Fig.
4(bl) through FFT conversion is shown in Fig. 4(b2). FFT
pattern analysis identified the precipitates as the Fe;C phase.
The engineering stress—strain curves of the samples are
presented in Fig. 4(c1). The TFR3 sample demonstrated ex-
ceptional mechanical properties with a UTS of 2613 MPa, a
YS of 2367 MPa, and a TE of 7%. Increasing the reheating
time to 5 min resulted in a 5% decrease in total elongation.
Meanwhile, the UTS (2593 MPa) and YS (2316 MPa) re-
mained nearly unchanged compared with those of TFR3. Ex-
tending the reheating time to 15 min caused the TFRI15
sample to fracture before reaching the yield point and exhibit
no plastic deformation and a fracture stress of 1326 MPa.
Compared with those at the rolling state, the yield strength
and UTS of TFR3 steel increased by 713 and 918 MPa, re-
spectively. The high strength of the TFR3 sample was mainly

Int. J. Miner. Metall. Mater., Vol. 32, No. 2, Feb. 2025

due to the nanoscale Fe;C precipitated during tempering.
Furthermore, a comparison of mechanical properties between
the TFR steels and other UHSSs indicated that the TFR steels
possessed the highest UTS while maintaining sufficient total
elongation (Fig. 4(c2)).

2.4. NiAl precipitates

Uniform nanoparticle precipitation is a highly effective
approach for enhancing the strength of low-carbon steels,
with a strong reliance on the microstructure and the charac-
teristics of precipitates such as morphology, size, number
density, and structure [65—66]. For an optimal combination of
high strength, excellent toughness, and good weldability,
martensite is deemed the most suitable matrix, and the NiAl
intermetallic compound is an effective strengthening phase
[67-73].

To investigate NiAl precipitates and their influence on the
mechanical properties of steel, Yang ef al. [74] conducted an
aging treatment on quenched 2.5Mn—1.5Cu—5.0Ni—1.0Al
steel at different temperatures and analyzed its microstruc-
ture and mechanical properties. A diagram of the heat treat-
ment process is illustrated in Fig. 5(a), and the samples with
different aging temperatures were designated as QTS500,
QT550, QT600, and QT650. The microstructure of the nano-
precipitates in the QT500 sample was validated using
HRTEM, revealing its numerous small ellipsoidal and spher-
ical nanoprecipitates (Fig. 5(b1)+(b3)). Fig. 5(bl) illustrates
the microstructure of a typical ellipsoidal nanoprecipitate.
The B2-ordered structure of the ellipsoidal nanoprecipitates
was confirmed by FFT and the corresponding inverse FFT,
as illustrated in Fig. 5(b2) and (b3), respectively. The super-
lattice diffraction spots further indicated the precipitation of
the NiAl intermetallic compound. Fig. 5(c1)—(c2) illustrates
the mechanical properties of the steels under different heat
treatments. As shown in Fig. 5(cl), aging at 500°C resulted
in a significant increase in Vickers hardness to HV 497,
which then decreased to a minimum of HV 327 at 650°C.
The engineering stress—strain curves of the steels under dif-
ferent heat treatments are illustrated in Fig. 5(c2). After
quenching, the steel showed a significant increase in yield
strength and UTS. In particular, the UTS of QT500 steel was
nearly 1.6 GPa, with a total elongation exceeding 11%.
Meanwhile, the maximum yield strength of QT550 steel was
almost 1.5 GPa, with a total elongation of nearly 10%. The
precipitation-strengthening effect was evident in QT500 and
QT550 steels, increasing their yield strengths to 481 and
508.5 MPa, respectively.

2.5. Ni;X precipitates

The optimization of aging treatment is a highly effective
method for manipulating the mechanical properties of mar-
aging steels [75-77]. Increasing the aging temperature en-
hances toughness and ductility through the formation of
lamellar or granular reversed austenite [78—79]. However,
this method may be influenced by the coarsening of precipit-
ates, leading to a substantial reduction in strength. This in-
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precipitation in TFR steel: (b1) HRTEM image of martensite matrix and (b2) FFT diffraction pattern of (b1l); engineering
stress—strain curves of the samples (c1) and comparative analysis of mechanical properties between TFR steels and other UHSSs (c2)
[64]. Reprinted from Acta Mater., Vol. 158, Y.J. Wang, J.J. Sun, T. Jiang, Y. Sun, S.W. Guo, and Y.N. Liu, A low-alloy high-carbon
martensite steel with 2.6 GPa tensile strength and good ductility, 247-256, Copyright 2018, with permission from Elsevier.

verse correlation stems from the different dynamics of pre-
cipitates and reversed austenite formation during aging [80].
To investigate the effect of aging temperature on the pre-
cipitates and mechanical properties of maraging steels, Zhang
et al. [81] thoroughly analyzed the microstructure of
12Cr—10Ni-Mo-Ti cryogenic maraging steel using TEM and
HRTEM. The dilatometric curve and diagram of the heat
treatment route are illustrated in Fig. 6(al) and (a2), with the
steels subjected to varying aging temperatures denoted as
A440, A500, A560, and A600. As shown by the DF-TEM
image in Fig. 6(bl), a substantial number of rod-like particles
were precipitated within the martensite laths. Lath-like re-

versed austenite structures were also formed at the boundar-
ies of the laths. The rod-like precipitates were subsequently
determined to be n-Ni;(Ti,Al) precipitates on the basis of the
HRTEM image in Fig. 6(b2). Fig. 6(c1)—(c2) illustrates the
true stress—strain curves and strain-hardening rate curves of
the samples. At room temperature, the solution-annealed
(SA) sample exhibited a relatively soft behavior character-
ized by a yield strength of approximately 600 MPa and a total
elongation of around 8% (Fig. 6(c1)). Following aging treat-
ment, the yield strength significantly increased and reached
approximately 1000 MPa for the A440 and A500 samples.
Conversely, the A560 sample had softened and displayed a
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less tube steel, 144939, Copyright 2023, with permission from Elsevier.

reduced yield strength of approximately 850 MPa but a com- relative change of yield strength at cryogenic temperature ex-
paratively high total elongation of 20%. Further aging at hibited a similar trend, with a peak value of approximately
600°C notably reduced the yield strength to 550 MPa. The 1400 MPa and a great total elongation of 26% observed in
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the A440 and A500 samples (Fig. 6(c2)). The aging temper-
ature of 500°C was conducive to obtaining the desired micro-
structure, which is mainly composed of reversed austenite
and 1-Ni3(Ti,Al) precipitates and exhibits good comprehens-
ive mechanical properties. In addition, the precipitation-
strengthening effect caused by n-Ni;(Ti,Al) precipitates was
quantified as 443 MPa.

2.6. Fe,Mo precipitates

One main factor contributing to improved material prop-
erties is the precipitation strengthening caused by Mo-rich
precipitates. For maraging steels, their strength is commonly

enhanced through the precipitation of intermetallic com-
pounds such as Ni;Mo, Fe,Mo, and Fe;Mo, [82—-88].

To investigate the mechanical properties, phase composi-
tion, and microstructure of high-Mo maraging steel coating,
Xu et al. [89] selected a maraging steel powder with a high
molybdenum content and employed laser cladding to pre-
pare the coating at four different scanning speeds, designat-
ing the samples as S1, S2, S3, and S4. The schematic of the
laser cladding process is illustrated in Fig. 7(al). Fig. 7(a2)
shows the XRD patterns of the samples, which mainly con-
sisted of a-Fe and y-Fe phases. In addition, the diffraction
peaks of the Fe,Mo phase were observed, especially promin-
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ently in the S1 and S2 samples. However, as the scanning
speed increased, the Fe,Mo peaks gradually weakened and

eventually disappeared in the S3 and S4 samples. Fig. 7(b1)
illustrates the TEM image of the S2 coating, showing distinct
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black-striped precipitates alongside the white matrix phase.
Additional details regarding the phase structure were ob-
tained through SAED analysis, as depicted in Fig. 7(b2) and
(b3). The bright white matrix phase was identified as
martensite, which has a body-centered cubic structure. By
contrast, the dense hexagonal structure observed in the black-
striped precipitates suggests the existence of the Fe,Mo
phase. Fig. 7(c1) illustrates the microhardness of the samples
measured at HV 5 (436 £ 12.2), (451 £ 10.8), (416 £8.3), and
(397 £ 7.5). Among the samples, S2 exhibited the highest mi-
crohardness. Fig. 7(c2) presents the load—displacement
curves of the samples. Their maximum indentation depths
(dimax) Were 325.25, 322,88, 326.52, and 337.78 nm. The re-
duction in d,,,, indicated an enhancement of the coating hard-
ness. The high hardness of the S2 sample was primarily at-
tributed to the precipitation-strengthening effect. During the
solidification, the Mo atoms in the sample precipitated
between the dendrites, leading to the formation of the Fe,Mo
phase. This intermetallic compound significantly enhanced
the precipitation-strengthening effect on the coating and
thereby substantially improved the mechanical properties.

2.7. Other precipitates

In addition to the above common precipitates, UHS
martensitic steel contains other carbides and intermetallic
compounds. For example, El-Meligy et al. [90] studied the
influence of different tungsten contents on the microstructure
and mechanical properties of UHSS and found that needle-
like nanocarbides with a diameter of 50 nm were densely
packed and situated between the fine martensite laths. With a
tungsten addition of up to 1.6wt%, the strength increased.
However, when tungsten content was raised to 2wt%, the
strength and ductility decreased. Therefore, tungsten at a
level of 1.6wt% may dissolve and incorporate into the
carbide lattice, forming Cr,; W,C4. However, tungsten at high
contents cannot be dissolved into the carbide lattice and
might instead be accommodated in the iron lattice in its ele-
mental form, leading to reduced strength and deteriorated
ductility. The synergistic combination of small martensite

(a)

Dislocation

—_— | —

—\

laths, nanosized residual austenite films, and densely packed
needle-like nanocarbides collaboratively contributed to the
UHS. Yang et al. [91] extensively investigated a 12Mn mar-
aging steel using various experimental techniques, including
electron backscattered diffraction (EBSD), TEM, and mech-
anical property testing. Their study revealed that the primary
strengthening phase in the aged alloy at 450°C was the
Fe,TiSi phase precipitating in the martensite. Reversed aus-
tenite was also observed between the martensite laths, signi-
ficantly contributing to the steel’s toughness. Through the
meticulous optimization of the aging process parameters, the
12Mn maraging steel achieved a high UTS of approximately
1700 MPa and a total elongation of approximately 7%. Cu
precipitates also play a significant role in the strengthening of
UHS martensitic steel. Zhang et al. [92] investigated the mi-
crostructure and nanoscale Cu precipitates in Cu-bearing
HSLA steel using SEM, EBSD, HRTEM, and APT. Their
findings demonstrated that the aging conditions facilitating
average precipitation of 1wt% Cu can enhance the strength
by approximately 172 MPa.

3. Discussion

After years of development, UHS martensitic steel has
achieved high strength with good elongation. In previous
sections, the precipitates in UHS martensitic steel and their
precipitation-strengthening effects are examined. The signi-
ficant strengthening effect in UHS martensitic steel mainly
originates from the interaction between the precipitates and
dislocations. As illustrated in Fig. 8§, the two primary mech-
anisms of interaction between dislocations and precipitates
are dislocation—bypass and dislocation—cutting [93]. When
the precipitate size is small and remains coherent with the
matrix, dislocations cut through the precipitates. As the pre-
cipitate phase grows and loses coherence with the matrix,
dislocations tend to bypass the precipitates. The precipitates
in UHS martensitic steel are predominantly alloy carbides
and single-phase semicoherent or incoherent intermetallic
compounds. Therefore, most of them adhere to the bypass
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Fig. 8.
dislocation—cutting mechanism.

Schematic of the interaction mechanism between the precipitates and dislocations: (a) dislocation—bypass mechanism; (b)
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mechanism. Some intermetallic compounds with small sizes
maintain good coherence with the matrix, such as NiAl, and
thus adhere to the cutting mechanism. Nevertheless, the crit-
ical transition size of the precipitate phase for these two
mechanisms remains controversial [94-95] and requires fur-
ther in-depth studies in the future.

Enhancing the toughness of UHS martensitic steel while
maintaining its high strength is paramount. For example, the
toughness can be improved by adjusting the size, morpho-
logy, and distribution of carbides. Han et al. [96] found that
uniformly distributed, short-rod-shaped M,;C; carbides (with
sizes less than 100 nm), and spherical MC carbides (with dia-
meters ranging from a few nanometers to approximately 20
nm) contribute to a balance between high strength and high
toughness. Conversely, toughness is compromised by the
presence of high-density, large M;C carbides (with lengths
and widths of approximately 200—-500 nm and 20-50 nm, re-
spectively). Xie et al. [97] also observed that toughness is en-
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hanced by fine, uniformly distributed nanocarbides but ad-
versely affected by large, coarse carbides.

This review also compiles data on the recent occurrence
frequency of precipitates for precipitation strengthening in
UHS martensitic steel. As shown in Fig. 9, the common pre-
cipitates in UHS martensitic steel include carbides and inter-
metallic compounds. In particular, the frequency of inter-
metallic compound strengthening is the highest, indicating
that the development of intermetallic compounds with en-
hanced precipitation-strengthening effects holds great poten-
tial. In the development of UHS martensitic steel with out-
standing comprehensive properties, the focus should not only
be on the size and type of precipitates. Regulating the size,
content, and stability of metastable austenite and optimizing
the structures of martensite and austenite and the substruc-
ture of dislocations are necessary to achieve a balance
between UHS and excellent plasticity and toughness.
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Laves#phase
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M23Céeearbide
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Fig. 9. Network visualization of keywords “UHS martensitic steel, precipitation strengthening” in literature from the Web of Sci-

ence database.

4. Conclusions and perspectives

Owing to its exceptional strength, UHS martensitic steel is
extensively utilized in critical components across various in-
dustries, including aviation, shipbuilding, and engineering
machinery. Precipitation strengthening plays a crucial role in
the enhancement of this strength, predominantly through the
interactions of dislocations with precipitated carbides and/or
intermetallic compounds. The current trends in the ongoing
development of UHS martensitic steel are as follows.

(1) Coprecipitation of carbides and intermetallic com-
pounds: The strength of UHS martensitic steel can be
strengthened by the coprecipitation of nanoscale carbides and
intermetallic compounds. This strategy effectively combines
multiple precipitates, resulting in enhanced strengthening and
toughening effects compared with single-type nanopreci-

pitates.

(2) Comprehensive databases for UHS martensitic steel:
Given the significant variations among different types of
UHS martensitic steel and the lack of high-quality data, a
comprehensive database must be urgently developed. This
resource would include chemical compositions, processing
methods, precipitate types, and mechanical properties to sup-
port research and development efforts.

(3) High-throughput computational techniques for UHS
martensitic steel: High-throughput materials integrated with
computational technology are being leveraged to enhance
precision and shorten development cycles in steel material re-
search. This approach is particularly promising for advan-
cing the study and application of UHS martensitic steel.

(4) Data-driven research and development strategies for
UHS martensitic steel: The application of machine learning
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to existing data on UHS martensitic steel allows for the
design and development of new steel grades. These tech-
niques establish quantitative relationships between key com-
positional and processing parameters and steel properties,
aiding in the manufacture of UHS martensitic steel with op-
timized mechanical properties.

(5) Simultaneous improvement of the strength and tough-
ness of UHS martensitic steel: Fine grain strengthening is
employed to enhance the strength and toughness of UHS
martensitic steel. Integrating traditional strengthening meth-
ods with nanotechnology also facilitates synergistic effects
on strengthening and toughening. Precise control over the
size, quantity, and distribution of nanocarbides and inter-
metallic compounds is crucial for this purpose.

By intensifying focus on these strategic areas, we can fur-
ther advance the development of UHS martensitic steel to
meet future industry demands.
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