<]
TUDelft

Delft University of Technology

Microstructure and mechanical properties of an oxide-dispersed ultrafine-grained
maraging steel

Shi, Bowen; Zeng, Tianyi; Tao, Nairong; Shi, Xianbo; Zhang, Jiarong; Wang, Wei; der Zwaag, Sybrand van;
Shan, Yiyin; Yan, Wei

DOI
10.1016/j.jmrt.2025.06.216

Licence
CC BY-NC-ND

Publication date
2025

Document Version
Final published version

Published in
Journal of Materials Research and Technology

Citation (APA)

Shi, B., Zeng, T., Tao, N., Shi, X., Zhang, J., Wang, W., der Zwaag, S. V., Shan, Y., & Yan, W. (2025).
Microstructure and mechanical properties of an oxide-dispersed ultrafine-grained maraging steel. Journal of
Materials Research and Technology, 37, 3075-3088. https://doi.org/10.1016/j.jmrt.2025.06.216

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.jmrt.2025.06.216
https://doi.org/10.1016/j.jmrt.2025.06.216

Journal of Materials Research and Technology 37 (2025) 3075-3088

ELSEVIER

journal homepage: www.elsevier.com/locate/jmrt

JMR&T

Contents lists available at ScienceDirect

JOURNAL OF MATERIALS
RESEARCH AND TECHNOLOGY

Journal of Materials Research and Technology

Check for

Microstructure and mechanical properties of an oxide-dispersed | el

ultrafine-grained maraging steel

Bowen Shi*", Tianyi Zeng ¢, Nairong Tao “, Xianbo Shi", Jiarong Zhang ", Wei Wang",

Sybrand van der Zwaag °, Yiyin Shan ", Wei Yan""

& School of Materials Science and Engineering, Northeastern University, Shenyang, 110819, China

Y Shi-changxu Innovation Center for Advanced Materials, Institute of Metal Research, Chinese Academy of Sciences, Shenyang, 110016, China
€ School of Packaging and Materials Engineering, Hunan University of Technology, Zhuzhou, 412007, China
4 Shenyang National Laboratory of Materials Science, Institute of Metal Research, Chinese Academy of Sciences, Shenyang, 110016, China

€ Faculty of Aerospace Engineering, Delft University of Technology, Delft, Netherlands

ARTICLE INFO ABSTRACT

Handling Editor: P Rios A novel oxide-dispersed strengthened T250 maraging steel (ODS-T250 steel) was prepared by mechanical ball
milling followed by hot isostatic pressing. Martensitic transformation behavior, ultrafine-grained martensite
microstructure and tensile properties of the ODS-T250 steel were compared to its oxide-free counterpart (T250
steel). The results indicated that ODS-T250 steel exhibited excellent microstructural thermal stability, main-
taining an effective grain size of 0.348 pm even after quenching from 1200 °C, whereas T250 steel exhibited a
much larger grain size of 5.473 pm. After quenching, the ODS-T250 steel showed significantly distinct variant
selectivity, and its martensite morphology was unprecedented equiaxed structure rather than typical lath-type.
Statistical analysis revealed that there was only a single variant formed when the prior austenite grain size
(PAGS) was below 0.43 pm. Moreover, the martensite start (Ms) temperature of ODS-T250 steel was lower than
the T250 steel due to its ultrafine PAGS and the dispersed oxide particles. The refinement of PAGS and the
presence of oxide particles led to a simultaneous improvement in both strength and ductility of ODS-T250 steel.
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1. Introduction

Maraging steels are a family of ultra-high strength steels character-
ized by an extremely low carbon content and significant age-hardening
in of their Fe-Ni lath martensitic structure [1]. Generally, lath
martensite prevails in maraging steels after quenching from the solid
solution temperature. Only a small fraction of retained austenite present
in the form of films between martensite laths after the post-quenching
deep cryogenic treatment. Subsequently, aging treatment is leads to
the formation of nano-sized n-Niz(Ti, Mo), B2-Ni(Fe, Ti), and Laves-(Fe,
Cr)aMo phases in the martensite matrix [2-4]. These precipitates enable
maraging steels to achieve ultra-high strengths, rendering them suitable
for applications such as automotive components, aircraft landing gears,
cryogenic tanks and so on. However, the pursuit of ultra-high strength
often negatively affects ductility [5]. For maraging steels, overcoming
the trade-off between strength and ductility remains a significant chal-
lenge once the yield strength exceeds 2000 MPa [3,6,7].Grain refine-
ment is an effective strategy to enhance both strength and ductility in

maraging steels [8]. However, conventional methods struggle to pro-
duce ultrafine-grained maraging steels [9]. Dynamic recrystallization
during hot-working has been widely reported to refine grain size in
steels [10], but this route can only produce grains of only tens of microns
in maraging steels due to the relatively prolonged homogenizing
annealing time and limited deformation resulting from their poor hot
workability. Recent studies have attempted to use cyclic quenching
treatments to refine prior austenite grains in steel. For example, Zhou
et al. [11] performed the cyclic quenching treatment on a 2.3 GPa
maraging steel, doubling the Charpy V-notch impact energy despite no
significant refinement of prior austenite grains. Moreover, Wang et al.
[12] obtained an excellent strength-ductility balance in 18CrNiMo7-6
steel through the cyclic quenching treatment, even though the prior
austenite grain size (PAGS) was refined from an initial 14 pm to
approximately 3 pm, highlighting the inherent limitations of this
approach. Severe plastic deformation (SPD) techniques, such as
high-pressure torsion (HPT) [13], equal channel angular pressing
(ECAP) [14], and accumulative roll pressing (ARB) [15], are also very
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effective means for achieving ultrafine grains. During SPD, high shear
stress is applied to the material, leading to a proliferation of dislocation
formation and a continuous increase in dislocation density. These dis-
locations entangle to form numerous small dislocation cells, which,
under continued deformation, evolve into sub-grains with independent
slip systems. Further application of stress transforms these sub-grains
into new grains, characterized by either high or low angle grain
boundaries [16,17]. This process promotes the fragmentation and
refinement of the original grains, ultimately resulting in ultrafine grains
with nanometer or submicron scale dimensions. Although ultrafine
grains can be prepared by SPD method, the ultrafine grains rapidly
coarsen during the solid solution treatment, making it difficult to
maintain the stability of the prior austenite grains [18].

Currently, oxides dispersion strengthened (ODS) steel has become
the leading candidate of structural material for future nuclear reactors,
due to the presence of nano-sized oxide particles well dispersed within
the matrix. It can restrain the dislocations movement and act as sinks for
irradiation-induced defects [19]. Thanks to these small oxide particles,
an ultrafine grained microstructure can be obtained through combining
with hot rolling or other technologies [20,21], greatly improving the
mechanical properties. However, to the best of our knowledge, little
attention has been paid to the combining oxide dispersion-strengthening
and martensitic microstructure refinement in maraging steels. It is
widely acknowledged that lath martensite is a hierarchical microstruc-
ture. More specifically, one austenite grain is divided into martensitic
packets (laths with the same habit plane) and every packet is further
subdivided into martensitic blocks (laths with the same orientation),
forming 24 variants in Kurdjumov-Sachs (K-S) relationship [22,23].
Morito et al. [24] studied the effect of PAGS on the morphology and
crystallography in low carbon steels revealing that when the PAGS
decreased to approximately 2 pm, a single packet tended to grow pre-
dominantly, with each packet consisting of blocks that contained
sub-blocks. Nevertheless, the morphology and crystallography of lath
martensite starting from submicron-sized austenite grain as yet is un-
known. In this work, a novel oxide-dispersed maraging steel with
ultrafine-grained microstructure was prepared by high-energy ball
milling, and its martensite transformation behavior, morphology and
crystallography of martensite and tensile properties were studied and
compared the properties of its oxide-free counterpart.

2. Experimental procedures

In this study, T250 maraging steel was prepared by vacuum induc-
tion melting and vacuum arc remelting. The obtained ingot with a
weight of 15 kg was homogenized at 1250 °C for 48 h, subsequently
forged into rods with diameter of 60 mm, followed by air cooling.
Moreover, for comparison, pre-alloyed metal powders of T250 maraging
steel were prepared using the gas-atomization technology, and the
diameter of metal powder particles was controlled to be less than 75 pm
through sieving. Subsequently, 0.5 wt% Y503 powders (30-50 nm in
diameter) were mixed with the pre-alloyed metal powders and then
introduced into a milling chamber. The mass ratio of balls to powders
was 10:1, and the rotational speed of ball milling was set to 250 rpm.
Both the milling chamber and the balls were made of 304 stainless steels.
After ball milling in a high-purity Ar gas atmosphere for 90 h, the
powders were packed into a 304 stainless steel can and sealed under
10~* Pa at 400 °C. Afterwards, the canned powders were consolidated
by hot isostatic pressing in Ar pressure of 150 MPa at 1150 °C for 4 h.
The consolidated sample was forged into a square blank about 40 mm on
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a side at 1150 °C, and subsequently hot rolled into plates with a thick-
ness of about 15 mm at 1150 °C. In this work, the T250 maraging steel
without Y203 powders was labeled as T250, while its counterpart with
Y203 powders was labeled as ODS-T250. Table 1 shows the chemical
compositions of the ODS-T250 and T250 steels. The specimens from the
ODS-T250 and T250 steels were solid-solution treated at 800 °C,
1000 °C, and 1200 °C for 1 h, respectively, followed by water quenching.

For the characterization of martensite transformation behavior,
thermal expansion experiments were performed using a thermo-
mechanical analyzer DIL821 dilatometer. The diameter and length of
samples was 5 mm and 20 mm, respectively. Samples were heated from
room temperature to 800 °C at a rate of 0.05 °C/s, and then cooled to
room temperature at a rate of 30 °C/s. Dog-bone shaped tensile samples
with a gage length of 35 mm, a thickness of 1.5 mm, and a width of 14
mm were cut by electrical-discharge machining, and room temperature
tensile tests were conducted on a MTS810 testing machine with a strain
rate of 1 x 10~* s71. The fracture morphology of tensile samples was
observed using FEI XL-30 field-emission scanning electron microscope
(FE-SEM).

Samples for electron backscatter diffraction (EBSD) measurements
and X-ray diffraction (XRD) tests were mechanically polished and then
electropolished in an electrolyte (10 vol% perchloric acid and 90 vol%
ethanol) for 130 s with a current of 0.1 A and at —27 °C. EBSD mea-
surements were performed using a FEI XL-30 field-emission SEM
equipped with an EBSD detector to examine the morphology and crys-
tallography of lath martensite. The acceleration voltage was 20 kV, and
the step sizes for the ODS-T250 and T250 samples were 0.015 pm and
0.25 pm, respectively. EBSD raw data were processed by HKL Channel 5
software, and crystallographic analysis was performed using the MTEX
(5.11.2)and ORTools(2.3.0) computer programs [25]. To examine the
existence of retained austenite, XRD tests were conducted by a Bruker
AXS D8 Advance X-ray monochromator with Cu Ka radiation at a
scanning rate of 1.0°/min in the 20 range of 40-140°. The dislocation
density was calculated using a convolutional multiple whole profile
(CMWP) computer program [26,27]. Foils for high-resolution trans-
mission electron microscope (HR-TEM) characterization were mechan-
ically polished to a thickness of 50 pm using SiC papers, and then
punched into discs with a diameter of 3 mm. These discs were further
thinned by twin-jet polishing to electron transparency using a 10 vol%
perchloric acid solution at —27 °C. Energy dispersive X-ray spectroscopy
(EDS) measurements and selected area electron diffraction (SAED)
analysis were performed on a FEI Talos F200i TEM operated at 200 kV.
For precipitates with regular shapes, the size was determined by an area
equivalent diameter (d = 21/Sareqa/7); for those of irregular shapes, an
effective particle diameter, d., was defined as d. = \/d;d,, where d; and
dy are the smallest and largest dimensions, respectively. The average
precipitate size, d,, was calculated according to precipitate size distri-
butions [28].

4/37(d,/2)°Ny was calculated by multiplying the particle number
density with the average volume. The number density Ny was evaluated
by Ny = Na/d,, where Ny represents the area density of precipitates. For
each specimen, at least 5 TEM images containing above 200 particles
were measured to obtain d,, f, and Ny [29,30].

The volume fraction of nano-precipitates f =

Table 1
Chemical compositions of the ODS-T250 and T250 steels (in wt.%).
C P S Ni Mo Ti Y [¢]
ODS-T250 0.01 <0.005 0.007 18.42 3.00 1.69 0.40 0.26
T250 <0.01 <0.005 <0.003 18.85 2.97 1.35 - 0.003
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3. Results
3.1. Microstructure characteristics

Fig. 1(al, bl, cl), presents the inverse pole figure (IPF) coloring
orientation map of as-quenched microstructure in the T250 steels after
the solid solution treatment at 800, 1000 and 1200 °C, respectively. The
as-quenched microstructure in the T250 steel is known to be lath
martensite with hierarchical substructures [23,31-33]. Prior austenite
grains are divided into several martensite packets with varying crys-
tallographic orientations, and several martensite blocks are formed
within each packet. These blocks are further subdivided into sub-blocks,
and sub-blocks are again composed of martensite laths. It is universally
claimed that the prior austenite grain boundaries, packet boundaries
and block boundaries are classed as high angle grain boundaries
(HAGBSs), while the boundaries of sub-blocks and laths are grouped into
low angle grain boundaries (LAGBs). In the current work, grain
boundaries with misorientation angles between 15° and 45°are classi-
fied as prior austenite grain boundaries, based on previous work of Long
et al. [34]. As shown in Fig. 1(a2, b2, c2), the green, blue and red lines
correspond to grain boundaries with the misorientation angle range of
2°<0 < 15°,15°<0 < 45° and 45° <8, respectively. As the solid solution
temperature increases, the proportion of LAGBs rises from 60.0 % to
74.4 %, while that of PAGBs decreases from 6.6 % to 1.8 %. Addition-
ally, the proportion of block and packet boundaries decreases from 34.4
% to 23.8 %. It is well recognized that HAGBs, typically defined by a
misorientation angle equals to or greater than 15°, can effectively
impede or arrest the propagation of microcracks [35]. In this study, a
misorientation threshold of 15° was used as the criterion for identifying
HAGBs, and the equivalent circular diameters of grains delineated by
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these boundaries were measured to determine the effective grain size. As
shown in Fig. 1(a3, b3, c3), the effective grain size was calculated and
found to increase with the solid solution temperature, reaching values of
3.446, 4.483 and 5.473 pm, respectively.

Fig. 2(al, bl, cl), presents the inverse pole figure (IPF) coloring
orientation map of as-quenched microstructure in the ODS-T250 steels
after the solid solution treatment at 800, 1000 and 1200 °C, respectively.
Notably, the martensitic morphology exhibits significant changes,
characterized by sub-micron equiaxial grains without an obvious
orientation relationship between them, and it seemed that there were no
obvious martensite substructures in the prior austenite grains. As shown
in Fig. 2(a2, b2, c2), with increasing solid solution temperature, the
proportion of LAGBs rises from 26.4 % to 29.3 %, the proportion of
PAGBs decreases from 25.6 % to 19.9 %, and the proportion of block and
packet boundaries increases from 48.0 % to 50.8 %. The effective grain
size of ODS-T250 is shown in Fig. 2(a3, b3, c3). As the solid solution
temperature increases, the effective grain sizes are 0.272, 0.279 and
0.348 pm, respectively. Due to the grain boundary pinning by the oxide
particles, the PAGS of the ODS-T250 steel remains essentially un-
changed even when quenched from 1200 °C.

Quantitative phase analysis using EBSD revealed that both T250 and
ODS-T250 steels exhibited a full martensite microstructure after
quenching. Additionally, XRD measurements confirmed the absence of
retained austenite in the as-quenched martensite for both steels, irre-
spective of the solid-solution temperature, as shown in Fig. 3(a).
Moreover, a case of CMWP fitting profile from the sample quenched
from 800 °C is also shown in Fig. 3(b), and it can be seen that the dif-
ference between the measured profile and the CMWP fitting profile is
relatively small. The measured dislocation densities of the T250 and
ODS-T250 steels are 2.87 x 10'%/m? and 2.68 x 10'%/m?, respectively.
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Fig. 1. IPF orientation maps (al, b1, c1), grain boundary characteristics and distribution (a2, b2, c2), and effective grain size (a3, b3, c¢3) of T250 steel quenched

from 800 °C (al-a3), 1000 °C (b1-b3), and 1200 °C (c1-c3), respectively.
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To further investigate the microstructure characteristics of ODS-
T250 steel after different solid solution treatments, transmission elec-
tron microscopy (TEM) analysis was conducted to examine martensite
sub-grain morphology and oxide particle distribution. As shown in Fig. 4
(a—c), martensitic sub-grains exhibited equiaxed morphologies after
quenching from 800, 1000, and 1200 °C. Interestingly, further obser-
vations indicated there was no martensitic laths in the as-quenched ODS-
T250 steel, as shown in Fig. 4(d-f). Moreover, the growth of prior
austenite grains remained constrained despite increasing quenching
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temperature. Nano-sized spherical oxides were uniformly dispersed in
the martensitic matrix, and some of them (indicated by the red arrows)
were situated at prior austenite grain boundaries. Moreover, as the solid-
solution temperature increased, both the size and the volume fraction of
spherical oxides increased, while their number density decreased, as
shown in Table 2.

The type and crystal structure of the dispersed oxides were subse-
quently analyzed and identified. Fig. 5(a) is a high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) image
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Fig. 4. TEM images showing the (a—c) equiaxed martensite sub-grains and (d-f) spherical oxides in ODS-T250 quenched from 800 °C (a-d), 1000 °C (b-e), and

1200 °C (c-f), respectively.

Table 2
The size, volume fraction and number density of spherical oxides in ODS-T250
steel after various solid-solution treatments.

Solid solution temperature/ Size/ Number density/ Volume
°C nm m~3 fraction
800 12.7 9.2 x 10% 0.0099
1000 14.4 6.6 x 10! 0.0102
1200 21.4 4.4 x 10%! 0.0226

from the as-quenched ODS-T250 steel after the solid-solution treatment
at 800 °C. Based on elemental distribution analysis by EDS (Fig. 5(b-d)),
it was found that a large number of nano-particles, enriched in Y, Ti, and
O were dispersed in the martensite matrix. Fig. 5(e, f) are the HR-TEM
images of selected particles, and the atomic fractions of alloying ele-
ments for each selected particle based on EDS point analysis were
attached. For the large particle as shown in Fig. 5(e), the corresponding
fast Fourier transform (FFT) image identified this particle as hexagonal-
Y,TiOs [36], which had lattice parameters of a = b = 3.608 ;\, c=
10.6056 A and a = f# = 90°, y = 120°. The zone axis of this particle was
[511], with adjacent atomic planes of (011) and (105). For the fine
particle as shown in Fig. 5(f), it was identified as FCC-Y5Ti,O7 [37] with
lattice parameters of a =b = c = 10.089 Aanda= f =y =90° The zone
axis of this particle was [101], with adjacent atomic planes of (111) and
(202). The corresponding inter-planar spacings were 5.83 Aand 3.75 A,
respectively, with an angle of 35°.

3.2. Reconstruction of parent austenite and crystallography of individual
grains

It has been well acknowledged that martensitic transformation is
characterized by a strict orientation relationship between the martensite
and the parent austenite. Although there are Kurdjumov-Sachs (K-S)
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[38], Nishiyama-Wasserman (N-W) [39,40], and Greninger-Troiano
(G-T) [41] orientation relationships related to the martensitic trans-
formation in steels, the martensite transformation in T250 maraging
steel was reported to strictly follow the K-S orientation relationship [42,
43]. Specifically, the K-S orientation relationship is characterized by
{111}y//{110}a and <110>y//<111>a. Table 3 summarizes the po-
sitional relationships of these 24 martensite variants based on the
compound K-S orientation relationship [44]. According to the K-S
orientation relationship, these 24 martensite variants could be divided
into 4 close-packed (CP) groups based on close-packed parallel planes
including CP1: (111) y// (011) a, CP2: (111) y// (011) o, CP3: (111) y//
(011) aand CP4: (111) y// (011) a. Every CP group (Packet) was further
composed of 6 close-packed plane variants with similar K-S orientation
relationship between them. Moreover, these 24 martensite variants
could also be divided into 3 Bain groups, and the 8 variants in every
group enjoyed similar crystal structures, namely B1: [001] y// [001] a,
B2: [100] y// [110] o, and B3: [010] y// [110] o [23,32,45,46].

The prior austenite grains in T250 steel were reconstructed based on
the K-S relationship [38]. Fig. 6 illustrates the distribution of the 24
martensite variants after quenching from 800, 1000 and 1200 °C. As
shown in Fig. 6(a-c), each variant is represented by unique color,
revealing that each prior austenite grain contains multiple variants. This
color difference indicated that the variant selection during martensite
transformation varied from one prior austenite grain to another. The
relative frequency of the martensite variants is shown in Fig. 6(d—f). The
as-quenched T250 steel exhibited 24 variants after different solid solu-
tion treatments, with varying proportions among them, some being
more prevalent than others. When the T250 steel was quenched from
800 °C, the proportions of V5, V6, V19, V22 and V23 were 5.6 %, 4.9 %,
5.9 %, 7.7 % and 5.1 %, respectively, which were slightly higher than
the average value. The proportions of other martensite variants were
nearly uniform. When the T250 steel was quenched from 1000 °C, the
proportions of V3, V6, V9, V13, V15, V16 and V18 were 7.1 %, 5.5 %,
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Fig. 5. TEM images of spherical oxides in ODS-T250 steel quenched from 800 °C. (a) HAADF-STEM image, (b-d) EDS-mapping images of Y, Ti and O, (e) HR-TEM

image corresponding to Y,TiOs (f) HR-TEM image corresponding to Y5TizO5.

6.9 %, 6.9 %, 7.8 %, 7.1 % and 6.7 %, respectively. In contrast, the
proportions of V8, V11 and V17 were 1.4 %, 1.7 % and 2.1 %, respec-
tively. Moreover, when the T250 steel was quenched from 1200 °C, the
proportions of V2, V8, V11, V17 and V21 were 10 %, 8.1 %, 11.4 %, 6.3
% and 7.0 %, respectively, while V1, V4 and V13 had relatively low
proportions (about 1.5 %). As the solid solution temperature increased,
prior austenite grains grew, and certain martensite variants exhibited
preferential formation.

To analyze the crystallography of individual prior austenite grains in
T250 steel quenched from 800 °C, two representative grains (Grain A
and Grain B) were selected and reconstructed. As shown in Fig. 7, the
distribution of martensitic variants, CP group and Bain group are
compared between grain A (Fig. 7(a)) and B (Fig. 7(b)). The 24
martensite variants are represented by different colors. As shown in
Fig. 7(a2-a3) and (b2-b3), Bainl, Bain2, and Bain3 are highlighted in
white, red, and black, respectively, while CP1-CP4 are marked in purple,
blue, green and yellow, respectively. In grain A, the areas of V3, V6, V14,
V20, and V21 accounted for 13.8 %, 7.6 %, 7.5 %, 12.7 % and 8.5 %,
respectively. V7 was absent, and V2, V5, V10, V19 as well as V22 had
very low proportions. But in grain B, V2, V10 and V18 prevailed,
occupying 14.3 %, 23.7 % and 14.8 %, respectively. V13, V16 and V24
even did not appear in grain B, as shown in Fig. 7(c). In terms of the CP
group, CP1 (33.6 %), CP3 (24.7 %) and CP4 (31.1 %) were popular in
grain A, while CP2 (52.1 %) dominated in grain B (Fig. 7(d)). As for the
Bain group, Bainl (40.9 %) was about two times larger than Bain2 (22.8
%) for grain A. Bain2 (68.4 %) was much larger than the other two Bain
groups in grain B (Fig. 7(e)). It could be seen in Fig. 10 that each CP
group included at most 6 variants, while each Bain group consisted of
either a single variant or variants with low misorientation. Each CP
group contained only two or three Bain groups which were arranged in a
staggered way. The misorientation between the Bain groups was sig-
nificant, resulting in HAGBs in the CP group. Compared to grains A and
B, both grains contained multiple variants, although not all 24 variants
were present in each grain. As a result, the selection of different variants
led to distinct CP and Bain group distributions in the two grains.

In the ODS-T250 steel, as shown in Fig. 8(a—c), 24 martensite vari-
ants again are represented by different colors. For the ODS-T250 steel

quenching from 800 °C, most of prior austenite grains contain a single
variant, with only a few slightly larger grains containing multiple vari-
ants. As the PAGS increased, the number of prior austenite grains con-
taining two or more variants also increased. Fig. 8(d-f) shows the
statistical distribution of martensite variants in ODS-T250 steel after
various solid-solution temperatures. More specifically, after quenching
from 800 °C, the proportions of V1, V6, V8 and V23 were 5.0 %, 5.2 %,
6.5 % and 5.2 %, respectively, which were slightly higher than the
average value. After quenching from 1000 °C, the proportions of vari-
ants V11, V13, and V22 were 5.5 %, 7.1 %, and 6.5 %, respectively,
while the proportion of V16 was only 2.3 %. And after quenching from
1200 °C, V4, V19 and V24 enjoyed higher proportions, accounting for
8.6 %, 8.7 % and 6.6 %, respectively.

Reconstructed grains from the specimen quenched at 800 °C in ODS-
T250 were selected, and labeled Grain C and Grain D. The distribution of
martensitic variants, CP groups, and Bain groups in grains C and D are
shown in Fig. 9. In grain C, V10, V11, V18 and V22 accounted for 0.3
%,7.7 %, 18.2 % and 73.8 %, respectively. For CP group, grain C was
composed of CP2, CP3 and CP4, which accounted for 8.0 %,18.2 % and
73.8 %, respectively. The habit plane for grain C was primarily the (111)
y plane. Moreover, grain C contained Bainl, Bain2, and Bain3, ac-
counting for 7.8 %, 18.4 % and 73.8 %, respectively. In contrast, grain D
contained only a single variant, V20, and its habit plane is (111) y.
Likewise, grain D had only one CP group and one Bain group, CP4 and
Bain2, respectively. These results highlight the variant reduction effect
in the ultrafine-grained ODS-T250 steel, with a single variant existing in
most grains, causing the formation of ultrafine equiaxed martensite.

To investigate the effect of PAGS on the number of variants in a prior
austenite grain, 150 prior austenite grains from the ODS-T250 steel after
quenched from 800 °C were randomly selected for statistical analysis,
and the results are shown in Fig. 10. It was observed that as PAGS
increased, the number of variants in each prior austenite grain also
increased. Specifically, when the PAGS was decreased down to about
0.43 pm, only a single variant would form in a prior austenite grain. This
indicated that the number of variants in a prior austenite grain is
strongly influenced by PAGS.
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Table 3
24 martensite variants in K-S orientation relationship.
Variant  Plane Direction Misorientation CP Bain
parallel parallel angle from V1 (°) group group
Vi a11),// [101],// - CP1 Bl
(011), 11,
v2 101,/ 60.0 B2
111,
V3 [01T]r// 60.0 B3
[a11],
V4 [Oﬁ]// 10.5 Bl
111],
V5 [ﬁo]y// 60.0 B2
111],
V6 [110],// 49.5 B3
11,
v7 (111),// (101],// 49.5 Cp2 B2
(011), [ﬁl]a
V8 [10T]7// 10.5 Bl
M),
V9 (110],// 50.5 B3
111,
V10 [ﬁo]y// 50.5 B2
[111],
V11 [o11],7/ 14.9 Bl
111],
V12 [o11],// 57.2 B3
[111],
V13 111),// [oT1],// 14.9 Cp3 Bl
(011),, [111],
V14 (oT1],// 50.5 B3
111,
V15 [ToT]r // 57.2 B2
[a11],
V16 (To1},// 20.6 B1
111],
V17 (110],// 51.7 B3
111,
V18 [110],// 47.1 B2
111],
V19 (111),// [110],// 50.5 CP4 B3
(011), 111,
V20 [T1o]r// 57.2 B2
[111],
V21 [oﬁ]y// 20.6 Bl
111],
V22 [0T1),// 47.1 B3
m1,
V23 [101],// 57.2 B2
[a11],
V24 (101],// 21.1 Bl
[117]

B

3.3. Martensitic transformation behavior

Fig. 11(a) shows the thermal expansion curves of the T250 and ODS-
T250 steels during heating and cooling, revealing critical phase trans-
formation temperatures. The Acl, Ac3, and Ms temperatures of the T250
steel were 567, 697 and 183 °C, respectively. In contrast, The Acl, Ac3,
and Ms temperatures of the ODS-T250 steel were 558, 662 and 92 °C,
respectively. This indicated that under the same heating condition, the
austenite transformation in ODS-T250 steel started and finished before
that in T250 steel. However, the martensite transformation was post-
poned by 91 °C in ODS-T250 steel compared with T250 steel. Fig. 11(b)
shows the change in martensite fraction in T250 and ODS-T250 steels
during cooling. As shown in Fig. 11(b), the martensite fraction increased
as the temperature decreased for both steels. Specifically, for T250 steel,
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martensite formed slowly in the initial stage, reaching 6 % when the
temperature dropped 21 °C below its Ms temperature. Subsequently,
during cooling to 130 °C, the fraction of martensite in the T250 steel
rapidly increased to 50 %, followed by a slow transformation stage till
the end of martensite transformation. By contrast, the ODS-T250 steel
showed a faster martensite formation during the initial stage, reaching 6
% only when the temperature dropped just 10 °C below its Ms temper-
ature. Subsequently, 50 % of the martensitic transformation occurred
with a further temperature decrease of only 18 °C. In the following stage,
martensite formation continued at a high rate until the transformation
was completed.

3.4. Room temperature tensile properties and fractography

Fig. 12 shows the engineering stress-strain curves of the T250 and
ODS-T250 steels after quenching from 800, 1000 and 1200 °C. As the
solid-solution temperature increased, both the strength and elongation
of the studied steels decreased. Interestingly, the strength of the ODS-
T250 steel was much higher than that of the T250 steel irrespective of
the solid-solution temperature. Moreover, compared with the T250
steel, no obvious degradation of ductility was found in the ODS-T250
steel with the increase in strength, and there was a certain degree of
improvement in ductility of the ODS-T250 steel even after quenching
from 800 to 1000 °C. Specifically, after quenching from 800 °C, the yield
strength and tensile strength of ODS-T250 steel increased by 152 MPa
and 258 MPa, respectively, compared to T250 steel. Moreover, the
ductility of ODS-T250 was slightly superior to that of T250. When the
solid-solution temperature was increased to 1000 °C, the yield strength
(951 MPa), tensile strength (1161 MPa) and ductility (7.6 %) of the ODS-
T250 steel were still higher than that of the T250 steel. After quenching
from 1200 °C, both the tensile strength and yield strength of the ODS-
T250 steel were higher than that of the T250 steel, while the ductility
nearly remained unchanged.

To clarify the fracture mode of T250 and ODS-T250 steels after
quenching from different solid-solution temperatures, we examined
their tensile fracture morphologies. As shown in Fig. 13(a—c), the degree
of necking decreased with the increase of solid-solution temperature.
More specifically, for the T250 steel quenched from 800 °C, there were
deeper dimples with varying sizes on the fracture surface (Fig. 13(a)),
indicating that the fracture took place in a ductile mode. Moreover,
although the T250 steel quenched from 1000 °C fractured with necking
failure and dimples with various sizes could be found, its fracture was
thought to be quasi-cleavage mode due to river patterns (Fig. 13(b)). As
for the T250 steel quenched from 1200 °C, however, a small number of
shallow dimples and many river patterns could be found on the fracture
surface and the percentage of the cleavage region increased (Fig. 13(c)),
suggesting a quasi-cleavage fracture. For the ODS-T250 steel, the frac-
ture morphologies of tensile samples quenched from 800 °C to 1000 °C
were similar, as shown in Fig. 13(d and e), displaying some necking
characteristics. A closer observation showed equiaxed dimples with
different sizes and a few cleavage facets (cleavage steps river pattern).
Decohesion by cleavage in grains could be also detected. The coexis-
tence of cleavage facets and dimples indicated a mixed ductile and
brittle fracture. However, when quenching from 1200 °C, there was
almost no necking as shown in Fig. 13(f). The fracture surface was
distributed with a large number of small and shallow dimples, and
decohesion of grain boundaries was more evident, indicative of a
reduced ductility.

4. Discussion
4.1. Effect of grain refinement on martensite variant in ODS-T250 steel
As shown in Fig. 4, the addition of Y03 powders and subsequent ball

milling induced an ultrafine martensitic microstructure in ODS-T250
steel, even after quenching from 1200 °C. This was primarily
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Fig. 6. (a—c) The distribution and (d-f) relative frequency of martensite variants in T250 steel quenched from (a, d) 800 °C, (b, ) 1000 °C and (c, f) 1200 °C,

respectively.

attributed to the significant refinement of prior austenite grains. The
oxides dispersed in matrix identified as Y2TiOs and Y»TisO7 exhibited
excellent thermal stability, and the particles sizes only increased slightly
with quenching temperature, as shown in Table 2. During the solution
treatment, austenite grains tended to grow due to thermal activation.
When their boundaries encountered these oxides, the growth of these
austenite grains was possibly forced to stop, which may explain why
nanosized oxides were predominantly located at prior austenite grain
boundaries. Then, the particle-limited radius R, of matrix grains can be
calculated using Naila’s formula [47], as shown in Eq. (1):

R, =3ar/4f°° (€]
where R;, is the particle-limited grain radius, r and f are the mean radius
and the volume fraction of second-phase particles, respectively. The
calculated values of R}, of the ODS-T250 steel after quenching from 800,
1000 and 1200 °C were 151, 167 and 168 nm, respectively. After con-
verting these values to grain diameters, we found that the calculated
particle-limited grain diameter closely corresponded to the effective
grain size measured by EBSD. The stability of oxides and their pinning
effect at grain boundaries enabled the formation of ultrafine-grained
martensite with good thermal stability.

Compared to the martensite sub-grain morphology observed in T250
steel, the martensite in ODS-T250 steel exhibited an equiaxed
morphology rather than a lath morphology. Further analysis of recon-
structed grains revealed that most variants were present in a prior
austenite grain of T250 steel, whereas only a few variants or even a
single variant formed in a prior austenite grain of ODS-T250 steel, as
shown in Figs. 7 and 9. The crystallographic anisotropy from parent
austenite grains induced the difference in martensite variant selection
among parent austenite grains. Moreover, the preferential alignment of
martensitic variants adhered to the K-S orientation relationship at the
austenite-martensite interface, thereby minimizing interfacial strain
energy and volumetric distortion [48,49]. As demonstrated in the study,
the PAGS exerted a strong influence on the formation and distribution of
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martensitic variants. In smaller PAGS, the elastic strain energy pre-
dominantly concentrated along the longitudinal direction of martensitic
laths. This directional strain energy distribution suppressed the forma-
tion of multi-orientation variants, resulting in the predominant growth
of a single dominant variant through repeated nucleation of parallel
laths [50]. Morito et al. [24] also found that when the prior austenite
grains were refined to 2 pm, a main packet formed within a prior
austenite grain, with each packet containing blocks that were further
subdivided into sub-blocks. In the current work, our results confirmed
that when the PAGS was further decreased to the submicron-sized level,
a prior austenite grain could only produce one martensitic variant. As
shown in Fig. 10, our results confirmed that the critical PAGS size for
single variant martensite formation is 0.43 pm. Clearly, ultrafine grains
limit the variant selection during the martensitic transformation, lead-
ing to the formation of a single variant martensite, which appears as an
equiaxed martensite without lath features.

4.2. Martensitic transformation behavior in ODS-T250 steel

Based on the thermal expansion curves of the T250 and ODS-T250
steels (Fig. 11(a)), the Ms temperature in the T250 steel (183 °C) was
higher than in the ODS-T250 steel (92 °C). In particular, martensite
formed with a rapider rate in the ODS-T250 steel during the initial stage,
followed by a short stagnation. After that, the martensite transformation
continued to occur when the temperature further decreased by 18 °C as
shown in Fig. 11(b). As shown in Fig. 4, the as-quenched ODS-T250 steel
featured not only submicron-sized ultrafine prior austenite grains but
also high-density nano-sized oxides dispersed within the martensite
matrix. Yin et al. [51] argued that the PAGS refinement increased the
area of grain boundaries, which accelerated the transformation rate and
induced fine martensitic laths. Hanamura et al. [52] observed that
decreasing PAGS from 254 pm to 30 pm resulted in a decrease of 40 K in
Ms temperature. Furthermore, Brofman and Ansell [53] claimed that the
incorporation of Y503 particles up to 1.5 wt% into Fe-27Ni-0.025C
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Fig. 10. The corresponding statistical data of PAGS vs. Number of variants for
ODS-T250 material quenched from 800 C.

alloys induced a great decrease (39 °C) in Ms temperature. This indi-
cated that oxides also enhanced the resistance to martensitic trans-
formation, leading to the decrease in Ms temperature. Therefore, it could
be concluded that refined PAGS and oxides were the primary contrib-
utors to the reduction in the Ms temperature of the ODS-T250 steel.
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To assess the relative influence of these two factors on the Ms tem-
perature, effects of the alloy composition and prior austenite grain size
were initially analyzed, followed by an evaluation on the influence of
oxides. Generally, the Ms temperature is decreased with an increase in
solute concentration for most alloying elements except for Co [41] and
Al [54]. Several studies have shown that decreasing the austenite grain
size into the <10 pm level resulted in a decrease of Ms temperature
[55-59]. After taking both alloy composition and PAGS into account,
Lee and Park [60] proposed an empirical equation for calculating Ms
temperature, as shown in Eq. (2):

M, =ko + > _kixi + Kpags In(d;) )

where kg is a constant obtained for the Ms temperature of pure iron (°C),
k; is the coefficient for the alloying element i (°C/wt%), X; is the amount
of alloying element i (Wt%), kpqgs is @ parameter related to the PAGS
effect, d, is the average prior austenite grain diameter (pm). The values
of ko and kpqgs are 475.9 and 11.67, respectively. The coefficient k; for
each alloy element is shown in Table 4.

Based on Eq. (2), The Ms temperature of the T250 and ODS-T250
steels was determined to be 195 °C and 148 °C, respectively. The
calculated Ms temperature was reduced by 55 °C due to the refined
PAGS, while the effects of minor compositional variations were
neglected. Calculations also showed that the Ms temperature of the T250
steel was approximately 12 °C higher than the measured Ms tempera-
ture. Thus, it is estimated that those dispersed nano-sized oxides in the
ODS-T250 steel decreased the Ms temperature by approximately 44 °C.

Martensite transformation is regarded as a shear-driven, coherent
phase transformation, during which the crystal lattice reorganized
through short-range migration of matrix atoms and the child phase
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Fig. 12. Engineering stress-strain curves of T250 and ODS-T250 steels
quenched from 800 °C, 1000 °C, and 1200 °C.

maintained coherent with the parent phase. The large number of oxides
in the ODS-T250 steel hindered shear, which required a greater driving
force for martensite transformation and thus contributed to the decrease
in the Ms temperature. The decrease in Ms temperature caused by
second-phase particles has been well-documented in previous studies.
For instance, the formation of coherent y'-(Ni,Fe)3Si precipitates with an
L1y structure in Fe-Ni-Si alloys reduced the Ms temperature by 56 °C.
This reduction was attributed to the additional driving force required for
the stress-induced transformation of the y'-(Ni,Fe)3Si precipitates [61].
Similarly, the precipitation of y-Ni3Ti in Fe-31Ni-3Ti alloys resulted in
a significant reduction of 115 K in the Ms temperature [62]. More
dramatically, Fe-28Ni-12Al alloys exhibited a large decrease of 208 °C
in the Ms temperature due to the precipitation of NigAl [63]. These
studies consistently demonstrate that the precipitation of second-phase
particles within the austenite matrix hinders the martensitic forma-
tion, as evidenced by the decrease in Ms temperature.

Table 4

Values of k; for the main alloying elements in the current steels.
Element Ni Mo Ti
ki —15.5 -10.7 3.0

Fig. 13. Tensile fracture morphology of (a-c) T250 and (d-f) ODS-T250 steels: (a) and (d) quenched from 800 °C, (b) and (e) quenched from 1000 °C, (c) and (f)

quenched from 1200 °C.
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4.3. Strengthening mechanism in ODS-T250 steel

As shown in Fig. 12, both tensile strength and yield strength of the
ODS-T250 steel were higher than those of T250 steel. The strength
decreased with an increasing solid solution temperature, with the
highest strength obtained when quenched from 800 °C. After quenching
from 800 °C, the yield strength of the T250 steel was 793 MPa, whereas
that of the ODS-T250 steel reached 959 MPa, increasing by nearly 20 %.
Therefore, the strengthening contributions were analyzed and quanti-
fied. Typically, the strength of martensitic steels primarily stems from
the contribution of friction stress in pure iron (op), solid solution
strengthening (o) which arises from the interaction between disloca-
tions and solutes, grain boundary strengthening (cg) due to the inhib-
iting effect of grain boundaries on dislocation movement, dislocation
strengthening (og4;) resulting from interactions in the dislocation strain
fields, and precipitation strengthening (c,) caused by the inhibiting ef-
fect of precipitates on dislocation movement. Therefore, the yield
strength (o)) of the T250 and ODS-T250 steels can be calculated using
the following equation [64]:

— 2
oy*0-0+0-55+0-gb+ \/gdis-"_gg

The friction stress in pure iron (op) is taken as 54 MPa [65]. Solid
solution strengthening in steels can be calculated using the following
equation [66,67]:

Oss — ZKin

where K; is a hardening constant and c; is the atomic percent of substi-
tutional elements. The exponent z is equal to 0.75 [66,67]. The value of
K;is19.2,17.9 and 15.9 MPa/at% >/ corresponding to the elements Ni,
Ti, and Mo, respectively [68].

The yield strength contributed by grain boundaries can be explained
by the Hall-Petch relationship [69]:

3)

4

Ogh = k;,dil/z 5)
where k, is Hall-Petch coefficient and d represents the average of
effective grain size.

In this work, the block width is considered as the effective grain size
of the T250 steel [70], while the PAGS size is considered as the effective
grain size of ODS-T250. The constant ky is taken as 120 MPa/| pml/ 2[711.

As for dislocation strengthening, it can be expressed as follows:

o4 =MaGb\/p (6)
where M is the Taylor factor (3.0) [72], G is the shear modulus of iron
(80 GPa) [72], b is the Burgers vector (0.25 nm) [72], a is a constant
(0.13) [73], and p is the dislocation density.

Precipitation strengthening of dispersed oxides in ODS alloys is
based on the Orowan looping mechanism, which can be expressed by the
following equation [74]:

NE 2/3r
0.81MGb %

o —v (\/Wr)

@)

where r and f represent the mean radius and volume fraction of oxide
nanoparticles, respectively. Poisson’s ratio (v) is taken as 0.3 [75].

Fig. 14 compares the measured value and calculated value of yield
strength in two steels. The experimental results aligned well with the
calculated strengthening contributions for both steels. However, the
difference between the experimental value and the calculated value was
more pronounced in the ODS-T250 steel than in the T250 steel. It was
evident that solid solution strengthening and dislocation strengthening
contributed the most to the yield strength of both the T250 and ODS-
T250 steels. Additionally, due to the ultrafine grain and dispersed
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Fig. 14. Different strengthening contributions to the yield strength in the T250
and ODS-T250 steels quenched from 800 °C.

oxides in the ODS-T250 steel, grain boundary strengthening and pre-
cipitation strengthening increased by 166 and 87 MPa, respectively,
resulting in a significant enhancement in yield strength.

5. Conclusion

In this study, ultrafine-grained ODS-T250 maraging steel was pre-
pared by mechanical ball milling and hot isostatic pressing. The main
results can be summarized as follows:

(1) ODS-T250 steel exhibits excellent structural thermal stability,
maintaining an effective grain size of 0.348 um even after
quenching from 1200 °C, compared to 5.473 pm in T250 steel.
Moreover, the martensite morphology is equiaxed in ODS-T250
steel, whereas it is lath-type in T250 steel.

(2) As the PAGS decreased, variant selectivity increased, while the
number of variants within a single prior austenite grain
decreased. When the PAGS is smaller than 0.43 pm, only a single
variant forms per prior austenite grain.

(3) The refinement of PAGS and oxides jointly contributed to the
decrease in Ms temperature.

(4) Irrespective of the solid-solution temperature, both the strength
and ductility were improved in the ODS-T250 steel compared
with the T250 steel. Grain boundary strengthening and oxide
dispersion strengthening were the primary contributors to the
increased strength of the ODS-T250 steel.
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