- Taylor & Francis
Materials Tayér&Francs Group

ICREEIgelol  |\aterials Research Letters
| Letters

ISSN: 2166-3831 (Online) Journal homepage: www.tandfonline.com/journals/tmri20

Achieving an extra-high-strength yet ductile steel
by synergistic effects of TRIP and maraging

Bo Yang, Qiong He, Hui Wang, Cunyu Wang, Fengjiao Guo, Rong Hu, Chang
Wang, Guohua Fan, Qingyuan Wang, Wenquan Cao & Chongxiang Huang

To cite this article: Bo Yang, Qiong He, Hui Wang, Cunyu Wang, Fengjiao Guo, Rong Hu, Chang
Wang, Guohua Fan, Qingyuan Wang, Wenquan Cao & Chongxiang Huang (2023) Achieving

an extra-high-strength yet ductile steel by synergistic effects of TRIP and maraging, Materials
Research Letters, 11:7, 578-585, DOI: 10.1080/21663831.2023.2194910

To link to this article: https://doi.org/10.1080/21663831.2023.2194910

A
© 2023 The Author(s). Published by Informa h View supplementary material (&'
UK Limited, trading as Taylor & Francis

Group
ﬁ Published online: 05 Apr 2023. Submit your article to this journal
) . A
||I| Article views: 4757 & View related articles &
(!) View Crossmark data (& @ Citing articles: 46 View citing articles &

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tmr|20


https://www.tandfonline.com/journals/tmrl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2023.2194910
https://doi.org/10.1080/21663831.2023.2194910
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2023.2194910
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2023.2194910
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2023.2194910?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2023.2194910?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2023.2194910&domain=pdf&date_stamp=05%20Apr%202023
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2023.2194910&domain=pdf&date_stamp=05%20Apr%202023
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2023.2194910?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2023.2194910?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

MATER. RES. LETT. ’
2023, VOL. 11, NO. 7, 578-585 2§ |MATERIALS Taylor & Francis
https://doi.org/10.1080/21663831.2023.2194910 RESEARCH LeTTeRs TeyorFrancs Group

ORIGINAL REPORTS 8 OPEN ACCESS | ek forupasts|

Achieving an extra-high-strength yet ductile steel by synergistic effects of TRIP
and maraging

Bo Yang®*, Qiong He?*, Hui WangP®, Cunyu WangP, Fengjiao Guo?, Rong Hu®9, Chang WangP, Guohua Fan®9,
Qingyuan Wang?, Wenquan CaoP and Chongxiang Huang?

aschool of Aeronautics and Astronautics, Sichuan University, Chengdu, People’s Republic of China; PCentral Iron and Steel Research Institute
(CISRI), Beijing, People’s Republic of China; “Key Laboratory for Light-Weight Materials, Nanjing Tech University, Nanjing, People’s Republic of
China; 9Analysis and Characterization Platform, Advanced Materials Research Institute, Suzhou, People’s Republic of China

ABSTRACT ARTICLE HISTORY

A novel type of austenite—martensite dual-phase laminate steel with a yield strength of 2.2 GPa, Received 9 January 2023
ultimate tensile strength of 2.5 GPa, uniform elongation of 9.4% and total elongation of 12% was
produced. Such unexpectable mechanical properties were mainly due to the synergistic strength- Extra-high strength steel;
ening of nanolaminate microstructure, high densities of dislocations and nanoprecipitates. The high nanoprecipitation; maraéing;
uniform elongation at very high stress could be attributed to the strongly enhanced work hard- TRIP effect; mechanical
ening rate, mainly enabled by transformation-induced plasticity (TRIP) of the austenite reverted properties

by annealing, as well as the cooperative deformation and stress/strain partitioning between the

austenite—martensite stacked nanolaminate.
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IMPACT STATEMENT
This work verifies an effective strategy of combining TRIP and maraging to achieve both ultrahigh
strength and high ductility of steel.

1. Introduction 1 GPa, due to the fine martensite lathes and high dislo-
cation density. When submitting the martensite to aging
treatment, massive nanosized precipitates are formed in
martensite lathes. The precipitates act as effective obsta-
cles to the dislocation motion, thereby enhancing the YS
of steels further up to 2 GPa [1,5,6]. However, the sig-
nificant increase in YS is usually accompanied by a drop

Steels and alloys with both extremely high yield strength
(YS) exceeding 2GPa and good ductility attracted
extensive attention recently [1-5]. These unexpectable
mechanical properties give promising materials for the
solution of weight lightening, energy saving, as well as

safety requirement, which have important technological =, ductility, particularly the uniform tensile elongation,

applications in the engineering fields of aerospace and e aye the steels have lost strain hardening capability
energy. Martensitic steels have very high strength above [1,5,6].
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In order to improve the ductility of martensitic steels
without sacrificing strength, a new design strategy was
proposed, i.e. combining transformation-induced plas-
ticity (TRIP) and martensite aging (maraging) effect
in one steel [7-12]. Accordingly, the steel is called
TRIP-maraging steel. In this kind of steel, fine austen-
ite grains are partially reverted from the martensite,
while nanosized intermetallic precipitates are formed in
the martensitic matrix during ageing treatment. This
complex microstructure has three typical effects named
the TRIP effect, the maraging effect and the synergetic
effect of austenite—martensite composite structure, which
can work concurrently in one steel. The simultaneous
improvement of both YS and ductility has been exper-
imentally verified in several TRIP-maraging steels. For
instance, introducing 15vol.% retained austenite into
age-hardened martensite led to 1.3 GPa tensile strength
and 21% total elongation in a 12 wt.% Mn steel [7].
Besides, the austenite-martensite composite microstruc-
ture exhibits strong strain partitioning by deformation-
induced phase transformation and mechanical twin-
ning, and can enhance the damage resistance of TRIP-
maraging steel [12,13].

To date, significantly improving the ductility of 2 GPa
steel is still a great challenge, although engineering
extremely high dislocation density and TRIP effect had
achieved this aim [2]. In this work, applying the TRIP-
maraging strategy we fabricate an austenite-martensite
nanolaminate steel, which shows great potential to break
through the bottleneck of low ductility on extra-high YS
of 2.2 GPa.

2. Materials and methods

The experimental steel, with a chemical composition in
weight of 0.35% C, 8% Ni, 8% Cr, 4% Mo, 2% Mn, 2%
Al, 0.1% V and 0.1% Nb, was melted in a vacuum induc-
tion furnace and then cast in a 25 kg ingot by a mold with
a diameter of 110 mm. The cast ingot was then homog-
enized at 1200 °C for 6 h and forged into rods with a
diameter of 30 mm; and cooled down to room tempera-
ture (RT). Then, another homogenization treatment was
performed at 1100 °C for 2 h and the steel was quenched
in water. Thereafter, a small plate in thickness of 10 mm
was cut from the rod and rolled by multiple passes with
a total reduction of ~90% at RT. The cross-section size
of the steel after rolling is 1 mm in thickness and 30 mm
in width. The rolled samples were aged at 500 °C for 2 h
followed by air cooling. Finally, intercritical annealing
was conducted at 600 °C for 10 min followed by air cool-
ing. The tensile specimens with a gauge size of 1 x 2 x 10
mm? were cut along the rolling direction. Uniaxial ten-
sile tests were carried out at a strain rate of 5 x 10™% s™!
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at RT. The microstructures were characterized on a FEI
G2 F20 transmission electron microscope (TEM). TEM
foils were obtained by carefully polishing the specimens
to a thickness of ~ 50 um, and then further thinning by
ion beam milling. The phase composition and disloca-
tion density were measured by using X-ray diffractometer
(XRD) with a Co Ka radiation, in a scanning range from
40° to 110° with a step of 0.01°. Atom-scale element parti-
tioning among the phases was investigated by employing
atom probe tomography (APT). The APT characteriza-
tions were performed on a Cameca LEAP 5000XR instru-
ment in high-voltage mode at 60 K with an amplitude of
15% of the applied direct-current voltage and a repetition
rate of 200 kHz. Cameca IVAS 3.8 was used to recover the
APT data.

3. Results and discussion

Figure 1(a) shows the tensile engineering stress—strain
curves of the studied steel in different states. The sample
in as-quenched state has alow YS of 990 MPa, an ultimate
tensile strength (UTS) of 1261 MPa, and a low tensile
elongation (TE) of 11%. 90% Cold rolling increases the
YS to 2261 MPa and the UTS to 2539 MPa, whereas the
TE drops to ~ 3%. By aging treatment at 500 °C for 2 h,
the YS of the steel is further elevated to 2518 MPa and the
UTS is raised to 2734 MPa, while the TE is recovered to
~ 6%.

The final intercritical annealing leads to the YS of
2251 MPa, the UTS of 2513 MPa and the TE higher than
12% together with a uniform elongation of 9.4%, which
produces an excellent product of strength-to-ductility of
about 30 GPa%. This unexpectable combination of extra-
high strength and good ductility, in particularly the high
uniform elongation, is much superior to many other
ultrahigh strength steels at the same YS level [1,3,5,6]. It
is obvious that the high strain hardening regained dur-
ing intercritical annealing contributes to the substantial
increase in ductility. As shown in Figure 2(b), a harden-
ing trend governed by the TRIP effect is presented, in
which the strain hardening rate drops firstly and there-
after gradually climbs with increasing strain. Obviously,
the TRIP effect is the most fundamental reason why the
studied steel retains its ductility.

To understand the unique tensile behaviors of the
studied steel, the microstructures before and after ten-
sile tests are carefully investigated. Figure 2(a,b) shows
the typical bright- and dark-field TEM images of the
steel after intercritical annealing. The microstructure
is characterized by a lamellar structure. It is mea-
sured that the average spacing of the lamellae is about
2747 nm, as shown in Figure 2(c). Tensile deforma-
tion does not change the layer spacing significantly.
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Figure 1. Tensile behaviors of the studied steel. (a) Engineering stress—strain curves of the steels in different states. (b) True stress—strain

curves and strain hardening behaviors of the experimental steel.
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Figure 2. Typical lamellar microstructure in the sample after aging and intercritical annealing treatment. (a) and (b) Bright- and dark-field
TEM images, respectively. (c) The distributions of layer thickness before and after tensile test. (d) HRTEM image showing austen-
ite—martensite nanolamellar structure. (e) An enlarged HRTEM image from the area marked with white frame in (d). The inset is the
corresponding SAD pattern with the zone axis [011]y //[111]e. (f) HRTEM image showing SFs in austenite layer. The insets in the up-right
and low-right corners are the corresponding FFT pattern and SFs, respectively.

In comparison with the martensitic microstructure in
as-quenched state (Fig. S1), cold-rolling together with
subsequent aging and annealing treatment has substan-
tially changed the morphology, producing typical lam-
inated microstructure (Figure 2(a,b) and Fig. S2). Such
microstructure with extremely thin laminates strength-
ens the steel significantly, as verified in Figure 1(a).

XRD measurements indicates that the volume fraction
of austenite reverted from martensite is about 19.4%
in the laminate (Fig. S3). As seen in Figure 2(d), the
austenite is also presented in very thin layers, and
inserted into the martensite matrix to produce an austen-
ite-martensite composite microstructure. The orienta-
tion relationship between austenite and martensite layers
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Figure 3. Nanoprecipitation in the sample after aging and intercritical annealing treatment. (a) and (b) Typical bright- and dark-field
TEM images, respectively, showing precipitation in the specific martensite lath. The inset in (a) is the corresponding SAD pattern with
[001]a zone axis. The super-structure diffraction spots are marked with white circles. (c) A high density of spherical precipitates viewed
by HAADF TEM. (d) The coherent and incoherent nanoprecipitates viewed in HRTEM image. (e) HRTEM image showing the precipitate
with B2 structure. The inset is the FFT pattern of the area marked with red frame. The super-structure diffraction spots are marked with
white circles. (f) Enrichment of Ni, Al in the martensite matrix detected by EDS.

follows the Kurdjumov-Sachs (K-S) relation, i.e. (11 Dy//
(110)a and [011]y// [111]e, as verified by the corre-
sponding selected-area diffraction (SAD) pattern in the
inset of Figure 2(e). Stacking faults (SFs) are occasionally
observed within austenite lamella (Figure 2(f)), possibly
due to the high internal stress imposed by the neighbor-
ing highly strained martensite.

Figures 3(a,b) reveal typical precipitation inside
martensite lath. The corresponding SAD pattern in the
inset of Figure 3(a) shows the super-structure diffrac-
tion spots from the B2 ordered precipitates, as marked
with white circles. In the high-angle annular dark-field
(HAADF) TEM image (Figure 3(c)), high densities of
spherical precipitates with a highly uniform distribution
in martensite lath are observed. There are two types of
precipitates in the steel, i.e. coherent and incoherent pre-
cipitates. The incoherent nanoparticles are probably car-
bides with diameter of 5-10 nm, as seen in Figure 3(d).
The coherent one is identified as B2 structured phase
with much small size of 2-3 nm. Figure 3(e) displays
the high-resolution TEM (HRTEM) image of a coherent
precipitation. The corresponding fast Fourier transform

(FFT) pattern of the selected red area shows diffraction
spots that are generated from the B2 ordered phase. The
distribution of compositional elements is further investi-
gated by EDS mapping. It is seen that the enrichment of
Ni and Al is greater than that of other elements (Figure
3(f)), further indicating that the small nanoparticles are
B2 Ni/Al-rich structure.

Details of the microstructure and elemental compo-
sition of the precipitates were further characterized by
3-D APT technique. Strong segregations of the main ele-
ments (C, Mo, Cr, Ni, Al and Mn) in the steel are visible,
as shown in Figure 4(a). The elements of C, Mo and
Cr are abundant in the form of specific layers with no
fixed stoichiometric ratio. On the other hand, the ele-
ments of Ni, Al and Mn show spherical distribution out
of the specific layers. As shown in Figure 4(b), the NiAl
nanoparticles are randomly precipitated in the marten-
site matrix with an average diameter of about 2.2 nm. The
number density of NiAl nanoparticles is about 4.3 x 102
m?, i.e. about 2.4% of volume fraction. Such high density
of NiAl nanoparticles is similar to other type of marag-
ing steels [1,5-7]. To further investigate the elements
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Figure 4. 3-D APT analysis showing the tomography and chemical composition of austenite phase and precipitates. (a) C, Mo, Cr, Ni, Al
and Mn atom maps in steel. (b) The tomographic reconstruction shows precipitates and lamellar austenite. (c) and (d) One-dimensional
concentration profile of the cylindrical region highlighted in b, showing the enrichment of specific elements.

distribution, one of the APT datasets (Figure 4(b)) is
subjected to tomographic reconstruction, as presented
in Figure 4(c,d). It can be seen clearly that the elements
of C, Cr and Mo are segregated to form austenite layer
in a thickness of about 8 nm (Figure 4(c)), which is in
agreement with the TEM observation of austenite phase
(Figure 2(e)). The segregation of Ni and Al produces
Ni/Al-rich precipitates.

The compositions of Ni/Al-rich precipitates were
obtained by using proximity histograms. It is revealed
that all precipitates, regardless of their sizes, shapes or
nucleation sites, are chemically similar, with an average
composition of 46.5340.36 at.% Ni, 7.891+0.20 at.% Al,
9.97+£0.13 at.% Mn and 33.01 £ 0.34 at.% Fe. This con-
firms that the Al-atomic sites in the B2 structure are
partially substituted by Mn and Fe, forming a B2 Ni (Al,
Mn, Fe) phase. The high level of chemical interaction
and good compatibility of Mn with the NiAl phase is
the mechanism for Mn partitioning to the NiAl nanopar-
ticles. As reported in the literature [14], Mn is more
energetically preferred to occupy the Al sublattice, which
enhances the energy for the creation of NiAl nanoparti-
cles in ferritic alloys. As a result, Mn partitioning signif-
icantly increases the density of NiAl nanoparticles while
also refining particle size.

Based on the above microstructural observations, the
contributions to the strength increment in the stud-
ied steel include solid solution elements (Aoy), bound-
ary strengthening from very fine lamellae (Aogp), high

densities of dislocations (Aopr) and nanoprecipitates
(Aoyp). Using a linear combination of these strengthen-
ing processes, an overall yield strength of the studied steel
can be evaluated as [15]

oy = Aoy + Aoy + AGHP+AO’DL+AGP (1)

where Aoq is the lattice friction stress (50 MPa) of
body centered cubic (BCC) iron. Based on the mea-
surements of chemical composition, densities of disloca-
tions and precipitates, and lamellar thickness (Table S1),
the strengthening contributions in the steel after aging
and annealing treatment are that the solid solute (Aoy;)
contributes to YS is 223 MPa, the lamellar boundaries
(Aoygp) 1200 MPa, the dislocations (Aopr) 357 MPa
and the nanoprecipitates (Aop) 505 MPa (Seeing sup-
plementary materials). Obviously, the refined lamellae
spacing contributes significantly to the YS. By intro-
ducing high densities of dislocations and nanoprecipi-
tates into martensite phase, the YS is further elevated.
The YS of the steel after aging and annealing treat-
ment calculated by above equation is about 2335 MPa,
which is close to the experimental value of 2251 MPa.
For the cold rolling and rolling 4 aging states, the cal-
culated YSs are also in line with experimental results
(Table S2).

In addition to the extra-high strength, the studied
steel displays strong abilities of uniform plastic deforma-
tion and TRIP-like strain hardening (Figure 1). There-
fore, we examine the microstructures after tension to
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Figure 5. Microstructural characterization of the phase transformation from austenite to martensite after tensile deformation. (a) Bright-
field and (b) dark-field TEM images showing deformation microtwins and o’ martensite primes, as indicated by white arrows. (c) The SAED
pattern and indexed pattern (a) with [011]y zone axis. (d) HRTEM image showing the martensite-austenite interface. Deformation twins
and SFs are detected in front of &’ martensite. (e) Enlarged image of the area marked with white frame in (d).

find the proofs of deformation-induced phase trans-
formation. In XRD measurements (Fig. S3), the vol-
ume fraction of austenite decreases from initial 19.4%
to about 8.6% after tensile test, suggesting the trans-
formation from austenite to martensite during tension.
Figure 5(a,b) shows the co-exist of deformation micro-
twins and o’ martensite primes in size of about ten
nanometers within austenite lamellae. According to the
corresponding SAD pattern (Figure 5(c)), the orienta-
tion relations among austenite, deformation twins and
o’ martensite are [110]y // [110]wwin // [111]e’ and
(111)y // (111)win // (110)e’. This is the well-known
K-S orientation relation that is usually observed in the
deformation-induced phase transformation from austen-
ite to martensite in iron alloys [16-18]. Figure 5(d) shows
the growth of o” martensite into austenite. In front of the
martensite/austenite interface, many micro-twins and
SFs are pre-produced. These deformation twins and SFs
are formed on two different slip systems, as indicated
in Figure 5(e). It has been revealed that two shears by
partial dislocations on two independent (111)y planes
produce BCC martensite phase, which prefers to occur
at the intersections of deformation twins, shear bands,
etc. [16-18].

In the TRIP-maraging steels, the martensite phase
with high density of nanoprecipitates is usually much
harder than the soft austenite. Therefore, the dynamic
stress and strain partitioning between these two phases
are primarily needed during further deformation, other-
wise microcracks will be nucleated at the phase interface
[19-21]. This process can be accomplished by the phase
transformation, because the TRIP process can introduce
strain gradient at phase boundaries and maintain the
strain continuity of whole sample [10,21]. Furthermore,
the nanolaminate morphology shows great capability
of enhancing both strength and ductility by the syner-
gic deformation of austenite/martensite layers under the
assistant of TRIP effect. Based on the composite effect
[11,22-25], the hard layers act as effective ‘barriers’ to
the plastic deformation of the soft phase to ensure the
achievement of extra-high yield strength. Meanwhile,
the difference in lateral shrinkage between the hard and
soft layers leads to mutual constraints between them,
forming an elastic/plastic interaction and a later plas-
tic stability/instability mutual constraint [25-27]. These
mutual restraints change the applied uniaxial stress state
to a multiaxial state, which contributes to higher inter-
nal stress levels [22,28] and thus effectively promotes
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phase transformation. Such scene is as similar as that in
heterostructured materials, in which strong hetero-zone
interaction occurs during plastic deformation to produce
hetero-deformation induced stress (including back stress
in the soft layer and forward stress in the hard layer)
[23,29]. This constraint and cooperative deformation of
soft/hard zone (austenite/martensite nanolayers in the
current steel) is ultimately manifested by an increase in
strain hardening rate and a delay in strain concentration,
resulting in good ductility at high strength.

4, Conclusion

In summary, a new nanolaminate steel with YS of 2.2
GPa, extra-high UTS of 2.5 GPa and high uniform elon-
gation of 9.4% (TE of 12%) is obtained by means of
TRIP-maraging conception. The ultrahigh strength can
be mainly attributed to the synergetic strengthening
of martensite/austenite nanolaminate structure, high-
density dislocations and massive intermetallic nano-
precipitates. The good ductility is originated from the
deformation-induced phase transformation from austen-
ite to martensite, as well as the cooperative deforma-
tion of austenite/martensite nanolayers assisted by TRIP,
which contributes to high strain hardening rate.
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