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a b s t r a c t

Breaking the strength-ductility paradox of very-low (�0.05 wt.%)-C medium (3e12 wt.%)-

Mn steels (MMnS) has been a hard-wired topic, since in these steels multi-step heat

treatments are usually required to obtain austenite for improved ductility and precipitates

for higher strength. In this study, a compact two-step heat treatment comprising short

(2 min) annealing and tempering was developed to investigate the synergetic effect of

austenite reversion and nano-precipitation on the tensile behavior of a very-low-C MMnS

containing 1.5 wt.% Cu and 1.5 wt.% Ni. The annealing step promoted considerable amount

of reverted austenite (33 vol.%), and the annealing was short to prevent Cu and Ni from

partitioning into austenite, since they were supposed to maintain in the ferrite phase and

then promote the nano-precipitation in the subsequent tempering stage. During the sub-

sequent tempering step, the nano-precipitates with Cu concentration of 20e50 at.% in the

precipitation core and enriched with Cu, Ni, Al and Mn were observed in the ferrite phase.

The volume fraction of reverted austenite reached 38.5 vol.% after tempering, which led to

the ultimate tensile strength of 1222 MPa and total elongation of 29% by the transformation

induced plasticity during plastic deformation. The current study demonstrates the bene-

ficial influence of the compact two-step heat treatment on the austenite reversion and

nano-precipitation behavior of very-low-C MMnS with the addition of Cu and Ni, which

subsequently enables an enhanced strain hardening behavior, thereby improving the

mechanical property profile of the MMnS.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

As a promising candidate of the third generation advanced

high strength steels (AHSS), medium-Mn steel (MMnS) ex-

hibits an excellent combination of strength and ductility,

which can be attributed to the transformation-induced plas-

ticity (TRIP)/twinning-induced plasticity (TWIP) effects of

metastable retained austenite (RA) within a matrix of ductile

ferrite and/or tempered martensite [1]. The forged MMnS are

widely applied in automotive parts and offshore in-

frastructures [2,3]. The industrial utilization of MMnS is

related to the manufacturing feasibility with respect to the

content of C and Mn [4]. The deformation-induced martensite

enrichedwith C restricts the cold-formability and deteriorates

the weldability of the MMnS plates. The micro-segregation of

Mn and the formation of complex precipitates during

continuous casting deteriorate the hot ductility and cause the

billets to become susceptible to hot cracking [5]. C and Mn are

both key elements in increasing the volume fraction and

stability of RA [6], which accounts for the TRIP effect and is a

crucial parameter that affects the strength of MMnS. Thus, a

new challenge is to improve the strength ofMMnSwith a very-

low-C content (less than 0.05 wt.%). A potential solution is to

strengthen the very-low-C MMnS with nano-precipitates

[7e9], which has been proven to be an effective strength-

ening strategy. Compared with conventional precipitates,

nano-precipitates are typically coherent or semi-coherent

with the surrounding matrix, thus retarding the crack prop-

agation by reducing the elastic interaction between the pre-

cipitates and matrix. The enhancement in ductility is

generally achieved along with enhanced strength [10].

Co-precipitation is a promising strategy to develop high

number density (1022e1024/m3) nano-precipitates in AHSS

[11e13]. Compared with the precipitation of a single type of

nano-particles, the co-existence of multiple types of nano-

precipitates is more attractive. This is because a superior

combination of different properties may be obtained as a

result of the synergistic combination of multiple types of

nano-particles with different compositions, microstructures,

andmechanical properties [14]. Furthermore, the co-existence

of two or more precipitates can avoid the undesired coars-

ening behavior of the precipitates. On the one hand, one

precipitate becomes the nucleation site of the other and pre-

vents the coarsening by increasing the number density. On

the other hand, the interstitial elements of one precipitate

segregate at the interface of its co-precipitate and deteriorate

the coarsening rate. For example, compared with the single

Cu-rich precipitates, the co-precipitation of Cu and NiAl

decreased the mean diameter of the nano-precipitates by 45

times [13]. Seol et al. [11] designed highly organized nano-

particle arrays with the co-precipitation of a MoeV rich shell

and TieC rich core. The coreeshell structured co-precipitates

approximately doubled the strength of an Fe-based alloy from

500 to 1000 MPa. However, the co-exitance of irregular-shaped

primary carbides and/or inclusion precipitates, e.g., TiN and

Al2O3 [15], which deteriorates the materials mechanical

properties, should be controlled during solidification.

Recently, the co-precipitation of Cu-rich precipitates and

NiAl intermetallics has been proven to be a representative
approach for nano-precipitation design. These nano-

precipitates are typically on a sufficiently fine diameter of

less than 5 nm, and coherent with the body-centered cubic

(bcc) ferrite/martensitematrix [16]. Zhang et al. [17] performed

aging at 500 �C for 10 h on a Fe-2.5Cu-2.1Al-1.5Mn (at.%) alloy.

Numerous precipitates, mainly comprising Cu, Ni, Al, andMn,

were observed using three-dimensional atom probe tomog-

raphy (3D-APT). Moreover, the co-precipitation structure was

maintained even after a prolonged aging process of 2000 h

under 500 �C. With that aging, the growth and coarsening of

the Cu-rich core were retarded by the NiAl (Mn) phase shell.

Jiao et al. [18] investigated the synergistic alloying effect of Al,

Ni, and Mn on the characteristics of Cu-rich precipitates. On

the one hand, the Ni and Al atoms could segregate at the

precipitate/matrix interfaces and decrease the interfacial en-

ergy. On the other hand, the precipitation of B2eNiAl particles

could serve as the nucleation site and increase the number

density of Cu-rich precipitates. Furthermore, the addition of

Mnwas found to be beneficial in decreasing the critical energy

for nucleation [19]. Mn is energetically favored to segregate

nano-particles, significantly increasing the driving force and

reducing the strain energy, thereby increasing the particle

number density of Cu-rich precipitates by more than an order

of magnitude [20].

As a promising method to achieve higher yield strength,

the strengthening by fine precipitates with the addition of Cu

has also been utilized in MMnS [20e22]. The alloying of Cu

and Ni yields additional functional properties. The corrosion

resistance is typically improved with the addition of anti-

corrosion elements, such as Cr and N, to austenitic MMnS

[23], and individual or combined additions of Cr, Cu, and Al to

high-Mn steels [24] and structural steels [25,26]. The anti-

bacterial functions are obtained for austenitic stainless

steels by adding an oversaturated amount of Cu [27]. How-

ever, limited research has been conducted on the effect of

the addition of Cu and Ni on the austenite reversion in

MMnS. In particular, those heat treatment process were

designed with the aim of facilitating nano-sized precipitates

in MMnS, but rather with a focus on the potential contribu-

tion of Cu and Ni alloying in tailoring the austenite fraction

and stability.

To better understand the effect of Cu andNi alloying on the

austenite reversion in MMnS, a reference alloy (Fe-

0.05Ce7Mn-1.5Al-1.5Si-0.5Mo) with a very-low-C content was

selected, and deliberately alloyed with 1.5 wt.% Cu and

1.5 wt.% Ni. A novel heat treatment procedure, with a com-

bined short annealing and tempering (SAT) process, was uti-

lized to coordinate the sequential austenite reversion and

nano-precipitation. The microstructure evolution was inves-

tigated qualitatively and quantitatively using electron back-

scattered diffraction (EBSD) and high-energy synchrotron X-

ray (SY-XRD) diffraction techniques. 3D-APT was applied to

characterize the local chemical composition of nano-

precipitates and elemental partitioning behavior across the

g/a phase boundary. The synergistic TRIP effect and precipi-

tation strengthening on tensile properties of the investigated

alloy are further discussed, providing a guideline for the

alloying and processing design of very-low-C MMnS with

enhanced strength and plasticity.

https://doi.org/10.1016/j.jmrt.2022.02.008
https://doi.org/10.1016/j.jmrt.2022.02.008


Fig. 1 e Schematic of materials processing. AF: as-forged;

SA: short annealing; SAT: short annealing þ tempering.
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2. Experimental methods

2.1. Materials

Two steels Fe-0.05Ce7Mn-1.5Al-1.5Si-0.5Mo-xCu-xNi (wt.%)

with different Cu and Ni contents (x ¼ 1.5 for the Cu-alloyed

material and x ¼ 0 for the reference material) were investi-

gated. Herein, they are referred to as “1.5Cu1.5Ni” and

“0Cu0Ni” alloys, respectively. The C contents were very low in

both alloys. Al and Si were alloyed to suppress undesired

carbide formation. Mo was alloyed to restrain the segregation

of Mn at grain boundaries. In the 1.5Cu1.5Ni alloy, Ni was

deliberately alloyed with an equal amount of Cu to prevent

hot-crack failure of the forged blocks during hot work. The

detailed description of the investigated alloy was reported in

[28,29].

The raw smelting elements were provided by Haines &

Maassen Metallhandelsgesellschaft mbH. The cast ingots

were produced in a laboratory vacuum induction furnace and

cast as two 18 kg ingots with the cross-sectional area of

100 � 100 mm2. Subsequently, they were homogenized at

1250 �C for 8 h, and then hot-forged at 900e1100 �C into billets

with the cross-sectional area of 40 � 60 mm2 at the Semi-

Product Simulation Centre of RWTH Aachen University.

Table 1 lists the chemical compositions, the austenite start

(AC1) and finish (AC3) temperatures of the investigated as-

forged 1.5Cu1.5Ni and 0Cu0Ni alloys. The chemical composi-

tion was examined using pulse discrimination analysis by

optical emission spectrometry (PDA-OES, OBLF company). The

AC1 and AC3 temperatures of the forged materials were

determined using a dilatometer (DIL-805A, B€ahr company) at a

constant heating rate of 3 �C/min.

2.2. Processing design

A duplexmicrostructure consisting of ultra-fine-grained (UFG)

ferrite(a) þ austenite(g) is the target microstructure after

annealing, with the aim of achieving good combination of

strength and ductility [28,29]. This duplex matrix was devel-

oped during intercritical annealing through the austenite

reversion of martensite, forming the initial microstructure of

the as-hot-forged billets. Hot forging was performed at

900e1100 �C, followed by air cooling. Two heat treatment

conditions were investigated, namely “SAT” and “SA”, as

shown in Fig. 1. Thermocalc equilibrium calculation was

performed using the Thermocalc 2019b software with the

TCFE7 database. The calculated result indicates that the Cu-

rich precipitates may precipitate below 640 �C. A tempera-

ture of 700 �C was selected (above AC1 of both alloys) for the

short annealing step, and that of 500 �C (below AC1 of both

alloys) was selected for the tempering step. The “SAT” speci-

mens underwent a two-step annealing process with no
Table 1 e Chemical compositions (in wt.%) and transformation

C Si Mn P S

1.5Cu1.5Ni 0.07 1.4 7.0 0.005 0.004 1

0Cu0Ni 0.05 1.5 7.0 0.005 0.004 0
intermediate quenching. They were annealed at 700 �C for

2 min in a salt bath, and then directly tempered at 500 �C for

3 h in another salt bath, followed by water quenching to room

temperature (RT). The “SA” specimens were annealed at

700 �C for 2 min in the salt bath, and then directly water-

quenched to RT. Conducting heat treatments in a salt bath

ensures a rapid and uniform heating within a short time, and

the heat-treated specimens can reach the targeted tempera-

ture precisely without overheating.

2.3. Materials characterization

The microstructures were characterized using EBSD analysis.

The specimens were mechanically polished and electro-

polished at 17 V for 15 s in the A2 solution, which was

composed of 90 mL deionized water, 730 mL ethanol, 100 mL

ethylene glycol monobutyl ether, and 78 mL perchloric acid.

EBSDmeasurement was conducted using a ZEISS SIGMA field-

emission scanning electron microscope (FE-SEM, Carl Zeiss

Microscopy GmbH, Jena, Germany) at the Center for Digital

Photonic Production (CDPP), RWTH Aachen University. The

EBSD measurements were performed at electron energies of

20 keV, a working distance of 15 mm, and a step size of 50 nm.

The EBSD result was acquired using Aztec V3.3 and analyzed

using Channel 5 (Oxford instrument).

Compared with conventional XRD machines, high-energy

SY-XRD enables the quantitative information of the constit-

uent phases of larger volumes with higher statistical reli-

ability [30]. The SY-XRD measurements were performed at

beamline P02.1 (beam energy ~60 keV, wavelength 0.20740 �A,

beam size 0.5 � 0.5 mm2, penetrated specimen thickness

1.5 mm, dwell time 1 s) of PETRA III department, Deutsches

Elektronen-Synchrotron Center (DESY) in Hamburg, Germany.

The instrumental broadening and optics effects were cali-

brated using a LaB6 standard specimen. The diffraction in-

tensity was integrated along full azimuth angle with the Fit2D

software [31]. The beam-stop sheltered area was excluded.

The peaks corresponding to the austenite and ferrite phases

within the 2q angle range of 5e12� were identified according to
temperatures (in �C).

Ni Mo Cu Al N AC1 AC3

.48 0.50 1.47 1.5 0.006 588 940

.01 0.51 0.01 1.5 0.006 600 1030

https://doi.org/10.1016/j.jmrt.2022.02.008
https://doi.org/10.1016/j.jmrt.2022.02.008
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the standard crystallographic data obtained from the crys-

tallography open database [32]. The MAUD software was used

to index the constituent phases and calculate the phase

fraction using the Rietveld refinement method [33].

3D-APT was employed to investigate the Cu precipitation,

elemental partitioning, and segregation behavior in the

austenite and ferrite duplex microstructure and grain

boundary. The 3D-APT specimens were prepared by the lift-

out and annular milling procedures using FEI® Helios™

Nanolab™ 660 focused ion beam. The 3D-APT measurements

were conducted using a high-resolution local electrode atom

probe (LEAP) 4000 XR instrument in the pulsed laser mode

(laser pulse frequency 200 kHz, laser energy 30 pJ, base tem-

perature 60 K, chamber pressure below 2 � 10�11 Pa). For the

3D reconstruction and analysis of the chemical composition,

the visualization and analysis software from CAMECA named

‘Integrated Visualization and Analysis Software’ (IVAS® 3.80

software) was used in this study.

Tensile tests were conducted to evaluate the mechanical

properties in a Z4204 tensile test machine at RT with a con-

stant crosshead speed and an initial strain rate of 0.00025 s�1.

Bone-shaped plate tensile specimens were machined by wire

cutting with a thickness of 1.5 mm and gauge length (L0) of

13 mm. A video extensometer was utilized to measure the

optical strain. After the tensile tests, another one set of

repeated tests was performed to validate the reproducibility.
3. Results

3.1. Microstructure characterization

The austeniteeferrite phase transformation during the “SAT

(short annealing and tempering)” and “SA (short annealing)”

heat treatment processes was experimentally simulated in

the dilatometer machine for the 1.5Cu15Ni-alloy, as illus-

trated in Fig. 2. The heating rate was set to 50 �C/s and the

cooling rate was set to 150 �C/s to simulate the salt bath

heating and water quenching treatments. A reference test of

intercritical annealingwas conducted at 700 �C for 3 h to check

whether the austenite reversion reached equilibrium. As
Fig. 2 e Dilatometry curves of the 1.5Cu1.5Ni-alloy: (a) Change in

in the text; arrow i: length changes of all three specimens at 700

c: length change of the grey curve at approximately 100 �C; (b) ch
during the tempering at 500 �C.
indicated by “arrow i” in Fig. 2a, the decrease in the sample

length at 700 �C represents the a / g transformation. A more

significant volume fraction of RA was obtained when

annealing at 700 �C for 3 h, which could be deduced through

the more considerable expansion decline of 39 mm compared

to that of 11 mm in the sample annealed at 700 �C for 2 min.

Consequently, the austenite reversion in the specimen

annealed at 700 �C for 2 min did not reach equilibrium. In

addition, as indicated by “arrow ii,” the sample annealed at

700 �C for 2min and tempered at 500 �C for 3 h demonstrated a

small change in length when tempered at 500 �C, indicating
the occurrence of phase transformation at 500 �C, which likely

resulted from further austenite reversion or potential precip-

itation. Furthermore, as indicated by “arrow iii,” nomartensite

transformation point was observed during the subsequent

cooling process in the sample annealed at 700 �C for 2min and

tempered at 500 �C for 3 h and the sample annealed at 700 �C
for 2min. However, a noticeableMs temperaturewas observed

in the sample annealed at 700 �C for 3 h. Consequently, the RA

in the sample annealed at 700 �C for 2 min and tempered at

500 �C for 3 h and that annealed at 700 �C for 2 min was fully

retained at RT, since there is no sign for martensitic trans-

formation based on the length change in the DIL curve during

its cooling process. The change in length at the beginning

(120 se4000 s) of the tempering at 500 �C shown in Fig. 2b

indicated that the austenite reversion at 700 �C was not

complete, and continued during the tempering at 500 �C.
Except for the phase transformation simulation in the

dilatometer machine, all the specimens were heat-treated

in the salt-bath furnaces for microstructure and mechani-

cal property characterization. Figure 3a depicts the SY-XRD

spectra profile and Fig. 3b depicts the austenite fraction of

the developed microstructure. For the 1.5Cu1.5Ni-alloy, the

as-forged (AF) condition results in 3.6 vol.% austenite. After

annealing at 700 �C for 2 min, 31.8 vol.% austenite was

detected in the 1.5Cu1.5Ni-SA specimen. After tempering at

500 �C for 3 h, 38.5 vol.% austenite was detected in the

1.5Cu1.5Ni-SAT specimen, which was higher than the

austenite fraction detected in the 1.5Cu1.5Ni-SA specimen.

The increase in the austenite fraction indicated that the

austenite reversion further proceeded during the tempering
length with temperature; the arrows reflect the discussion
�C, arrow ii: length change of the red curve at 500 �C, arrow
ange in length with time; the inset highlights the transition
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Fig. 3 e SY-XRD spectra of the microstructures: (a) before and (b) after tensile deformation.
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step. For the 0Cu0Ni-alloy, 19.0 vol.% austenite was detected

in the 0Cu0Ni-SAT specimen, which was slightly higher

than the austenite fraction detected in the 0Cu0Ni-SA

specimen (18.6 vol.%). The austenite reversion of the

1.5Cu1.5Ni-alloy during the tempering step was more

effective than that of the 0Cu0Ni-alloy. Furthermore, the

austenite fraction in the 1.5Cu1.5Ni-SAT specimen was

twice as much as that in the 0Cu0Ni-SAT specimen.

Compared with that of the 0Cu0Ni-alloy, the significantly

increased austenite fraction in the 1.5Cu1.5Ni-alloy is

attributed to Cu and Ni, which is discussed in detail in

Section 4.1. The strong evidence of elemental partitioning in

the microstructure constituents is described in detail based

on the 3D-APT results in Section 3.2.

The morphologies of the developed microstructures in the

1.5Cu1.5Ni-alloy are illustrated in Fig. 4. The phase maps of

the 1.5Cu1.5Ni-AF (Fig. 4a), 1.5Cu1.5Ni-SA (Fig. 4b), and

1.5Cu1.5Ni-SAT (Fig. 4c) specimens are superimposed with

their image quality (IQ) maps. The phases indicated in green

and red correspond to ferrite (BCC) and austenite (FCC),

respectively. The 1.5Cu1.5Ni-AF specimen exhibited a fully

martensite microstructure. Both the 1.5Cu1.5Ni-SA and

1.5Cu1.5Ni-SAT specimens revealed the presence of a UFG

duplex microstructure comprising ferrite and austenite. The

film-like austenite grains in the SA specimen were located
Fig. 4 e EBSD phase maps of (a) 1.5Cu1.5Ni-AF specimen; (b) 1.5

and BCC: the phase maps of FCC and BCC grains overlapped with

boundary; PB: phase boundary.
along the martensite laths. After tempering for 3 h, the

austenite fraction was significantly increased in the SAT

specimen. The thickness of the austenite laths increased, and

the austenite laths grew across the martensite laths to merge

with the neighboring austenite films.

The characteristics of the austenite grains in the

1.5Cu1.5Ni-SAT and 1.5Cu1.5Ni-SA specimens are summa-

rized in Table 2. The evaluation of listed information is ob-

tained from software Channel 5 for EBSD analysis. The aspect

ratio is defined using the ratio of themajor tominor axis of the

elliptical fit. ECD (equivalent circular diameter) refers to the

diameter of a circle with an area equal to the area of the grain.

The grain breadth is the shortest linear dimension of the grain

calculated from the minimum diameter. The grain length is

longest linear dimension of the grain calculated from the

maximum diameter. The austenite laths in both specimens

exhibited similar average aspect ratios. Compared with those

of the 1.5Cu1.5Ni-SA specimen, the 1.5Cu1.5Ni-SAT specimen

exhibited austenite grainswith a larger average grain area and

average equivalent circular diameter (ECD). The average lath

breadth and length of the austenite laths in the 1.5Cu-SAT

specimen were increased compared with those of the 1.5Cu-

SA specimen. This indicates that during the direct tempering

step, the RA laths grew not only along the direction of the

ferrite laths, but also perpendicular to the lath boundaries.
Cu1.5Ni-SA specimen; (b) 1.5Cu1.5Ni-SAT specimen. FCC

their relating band contrast maps; HAGB: high angle grain
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Table 2 e Statistical information of austenite grains in 1.5Cu1.5Ni-SAT and 1.5Cu1.5Ni-SA specimens.

Evaluated area Number of
grains

Average aspect
ratio

Average grain
area/mm2

Average
ECD/mm

Average lath
breadth/mm

Average lath
length/mm

1.5Cu1.5Ni-SAT 50 mm � 50 mm 563 2.62 4.16 1.65 1.60 3.58

1.5Cu1.5Ni-SA 50 mm � 50 mm 497 2.70 0.91 0.86 0.72 1.82

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 7 : 2 6 0 1e2 6 1 32606
3.2. Elemental partitioning

Figure 5 depicts the reconstructed 3D-APT tips and concen-

tration profile across the phase boundary. In the investigated

specimens with a total Mn content of approximately 7 at.%,

Mn partitions from the ferrite phase to the austenite phase at

the nanometer scale. Iso-concentration surfaces of 4 at.% and

9 at.% Mn were applied for the visualization of ferrite (a) and

austenite (g) grains. For the 1.5Cu1.5Ni-SA specimen, the dif-

ference in Cu concentrations between austenite and ferrite

was indefinable. However, for the 1.5Cu-SAT specimen, there

was a noticeable difference in the Cu concentrations between

austenite and ferrite. During tempering, the formation of Cu-

rich precipitates consumed the Cu atoms in the ferrite matrix,

resulting in an extremely low (＜0.2 at.%) Cu concentration, as

shown by the orange curve in Fig. 5d. A strong phase boundary

segregation of Mn was observed in the 1.5Cu1.5Ni-SAT spec-

imen, but not in the 1.5Cu1.5Ni-SA specimen. During the

tempering at 500 �C, the diffusivity of Mnwas limited, causing

the Mn atoms to enrich near the phase boundary. The

enrichment of Mn near the grain boundary lowered the local

Ac1 temperature and proceed the austenite reversion [28], so
Fig. 5 e Elemental distribution of Mn and concentration profiles

1.5Cu1.5Ni-SAT specimens.

Table 3 e Elemental concentration of austenite in 1.5Cu1.5Ni-S

Mn Cu

1.5Cu1.5Ni-SAT at.% 9.03 ± 0.31 1.43 ± 0

wt.% 9.19 ± 0.31 1.65 ± 0

1.5Cu1.5Ni-SA at.% 9.18 ± 0.28 1.47 ± 0

wt.% 9.30 ± 0.29 1.69 ± 0
that the austenite fraction increased from 33 vol.% to 38.5

vol.% during tempering. The C partition in the 1.5Cu1.5Ni-SAT

specimen is more significant than that in the 1.5Cu1.5Ni-SA

specimen, which improved the stability of the reverted

austenite.

Table 3 summarizes the elemental concentration of

austenite in 1.5Cu1.5Ni-SAT and 1.5Cu1.5Ni-SA specimens. To

obtain statistical information, three regions-of-interest (ROIs)

were investigated in each specimen. All the austenite stabi-

lizing elements (C, Mn, Cu, andNi) in the austenite phasewere

lower in the 1.5Cu1.5Ni-SAT specimen than in the 1.5Cu1.5Ni-

SA specimen, which can be attributed to the significantly

increased austenite fraction in the 1.5Cu1.5Ni-SAT specimen

during its tempering step.

3.3. Nano-precipitation characteristics

The 3D-APT tips of 1.5Cu1.5Ni-SA and 1.5Cu1.5Ni-SAT

specimens were acquired adjacent to the g/a phase

boundary to determine the atomic-scale compositional

evolution during SAT treatment. The 3D atom maps of

1.5Cu1.5Ni-SA and 1.5Cu1.5Ni-SAT specimens are shown in
across phase boundary for (a, c) 1.5Cu1.5Ni-SA and (b, d)

AT and 1.5Cu1.5Ni-SA specimens.

Ni Al C

.04 2.15 ± 0.12 2.84 ± 0.75 0.52 ± 0.05

.04 2.23 ± 0.13 1.42 ± 0.37 0.11 ± 0.01

.06 2.34 ± 0.07 1.61 ± 0.15 0.59 ± 0.05

.06 2.40 ± 0.08 0.80 ± 0.08 0.13 ± 0.01
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Fig. 6a and b, respectively. For the SA specimen, as shown

in Fig. 6a, C, Mn, Cu, Ni, and Mo were enriched in the

austenite grain (upper right), and Al was enriched in the

ferrite grains. A slight grain boundary segregation of C, Mn,

and Mo was observed between the two ferrite grains. No

evident segregation was observed between the austenite

and ferrite grains on the phase boundary. For the SAT

specimen, besides the elemental partitioning of the above-

mentioned elements, the segregation of C, Mn, and Mo was

observed adjacent to the phase boundary due to the limited

diffusivity. Moreover, the spherical nano-precipitates

enriched with Cu, Ni, Al, and Mn could be obtained from

the ferrite matrix, as shown in Fig. 6b.

The characteristics of the above-mentioned nano-precipi-

tation of Cu, Ni, Al, and Mn atoms are presented in Fig. 7. The

12 at.% (Cu, Ni, and Al) iso-concentration surface was

considered to represent the distribution of those precipitates,

as shown in Fig. 7a. The 12 at.% Mn iso-concentration surface

was employed as an indicator of g/a phase boundary. Ninety-

seven closed 12 at.% (Cu, Ni, Al) iso-concentration surfaces

were identified in the ferrite matrix with a total volume of

~8.4 � 10�22 m3. The number density of those Cu-rich pre-

cipitates was calculated as 1.15 � 1023 m�3. Apart from the

high number density of Cu-rich precipitates inside the ferrite

matrix, an absence of the precipitates near the border of the

ferrite matrix was noted, which could be due to the depleted

Cu/Ni concentration. Both Cu and Ni tend to partition from

ferrite to austenite, such that the ferrite border was short of

Cu and Ni. Moreover, two precipitates were located on the

phase boundary, which could be due to the elemental segre-

gation on the phase boundary. Figure 7b shows the size dis-

tribution of the Cu-rich precipitates. The precipitate diameter
Fig. 6 e Atom maps of (a) 1.5Cu1.5Ni-SA
was defined as that of the 12 at.% (Cu, Al, Ni) iso-concentration

surface. The average diameter of the precipitates was 4.5 nm.

Three representative nano-sized co-precipitates in the

1.5Cu1.5Ni-SAT specimen are shown in Fig. 7cee. In partic-

ular, two precipitates in the ferrite matrix with different sizes

(P1 and P2, Fig. 7c and d) and one precipitate at the a/g phase

boundary (P3, Fig. 7e). Figure 7c shows a co-precipitation site

with a diameter of approximately 4.5 nm enrichedwith Cu, Al,

Ni, and Mn. The proxigram shows that Mn is slightly enriched

(10 at.%) within the precipitate. Cu is highly enriched (50 at.%)

in the center of the precipitate, while Ni and Al are enriched

adjacent to the border of the precipitate. The concentration

profile of ROI-1 shows that Ni and Al are enriched on one side

of the precipitate (distance ¼ 6 nm), while Cu is enriched on

the other side of the precipitate (distance ¼ 7.5 nm). For a

small precipitate P2, with diameter approximately 2 nm in

Fig. 7d, Al was the second major element (approximately

20 at.%) in the center of the precipitate; the first being Fe

(approximately 50 at.%). Other precipitates in the ferrite ma-

trix with the same diameter as P1 or P2 exhibited similar

compositional characteristics. For precipitates as small as P2,

Fe was the predominant element in the core of the precipitate,

indicating that small precipitates are clusters of enriched Cu,

Ni, Mn, and Al atoms. For large precipitates (e.g., P1), Cu was

dominant in the center, and the atomic concentration of Fe

sharply dropped to approximately 10 at.%. In contrast to Cu,

Ni and Al were at the border of the precipitate, because Ni and

Al could reduce the interfacial energy between the ferrite

matrix and Cu-rich precipitates [20]. For the precipitate on the

phase boundary P3, with diameter approximately 4 nm in

Fig. 7e, although the size was as big as P1, the dominant

element was still Fe (30 at.%).
and (b)1.5Cu1.5Ni-SAT specimens.
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Fig. 7 e Local enrichment of Cu, Ni, Al, and Mn atoms in 1.5Cu1.5Ni-SAT specimen: (a) 12 at.% (Ni, Al, and Cu) iso-

concentration surfaces and the location of three representative ROIs; (b) Size distribution of 12 at.% (Ni, Al, and Cu) iso-

concentration surfaces; (c) Spatial element distribution of a 4 nm diameter particle in ferrite; (d) Spatial element distribution

of a 2 nm diameter particle in ferrite; and (e) Spatial element distribution of a 5 nm diameter particle on g-a phase boundary.
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Table 4 e Tensile properties. (Rp0.2: yield strength, Rm:
ultimate tensile strength, Ag: uniform elongation, A20:
total elongation).

Specimen Rp0.2/MPa Rm/MPa Ag/% A20/%

1.5Cu1.5Ni-AF 987 1257 4 13

0Cu0Ni-AF 849 1123 4 12

1.5Cu1.5Ni-SAT 848 1222 21 29

1.5Cu1.5Ni-SA 577 1107 16 25

0Cu0Ni-SAT 692 996 18 28

0Cu0Ni-SA 644 964 15 23
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The precipitation of Cu-rich precipitates is a diffusion-

controlled process where Cu atoms are decomposed as clus-

ters and form bcc structured nano-precipitates from the su-

persaturated solid solution state [19]. These body-centered

cubic (bcc) structured Cu-rich precipitates are coherent with

the ferrite matrix [22], as also indicated from our synchrotron

X-ray results. When more Cu atoms diffuse into these pre-

cipitates, Fe atoms are interstitially partitioned to the matrix,

and such Cu-rich precipitates grow [16]. As a result, the cores

of larger precipitates are enriched more with Cu atoms. The

boundaries of these precipitates are enriched with Ni, Al, and

Mn, since they act as a buffer layer to reduce the interfacial

free energy between the bcc precipitates and the matrix [13].

Moreover, Ni and Al in the ferrite matrix can decrease the size

of Cu-precipitates by increasing their number density [13].

In 1973, Goodman et al. [34,35] proved using APFIM that the

earliest Cu precipitates are not of a single chemical composi-

tion of Cu, but Fe-rich Cu clusters. In 1990, Buswell et al. [36]

used a TEM dark-field technique with the two-beam condition

to demonstrate the precipitation of bcc Cu in bcc ferrite ma-

trix. In 2007, Lee et al. [37] observed striations perpendicular to

[0 0 1]a in a dark-field image using (2 0 0)a spot pointed out at

the early stage of ageing at 500 �C, coherent bcc Cu clusters

were formed. On prolonged ageing for 10 h, the twinned 9R Cu

showing the characteristic herring-bone fringe formed. There

is broad consent that, at the initial stages, Cu precipitates

inherit the bcc structure of the a-Fe matrix, then it experi-

ences partially or the full sequence of bcce9Re3R (distorted

face-centered cubic (fcc))efcc structural change during

transformation. Heo et al. [38] successfully revealed the

sequence of the structural change during nano-sized Cu pre-

cipitation in 2013 and the formation of bcc Cu clusters was

confirmed by direct HAADF-STEM imaging. Atom probe

analysis (APFIM) reported that the early bcc Cu precipitates

contain a significant portion of Fe, partly in excess of 50 at.%

[34,39e43]. Using a Cahn-Hilliard-type analysis, Nagano and

Enomoto [44] predicted that the Cu nucleus contains signifi-

cant amounts of Fe in the very early stages. In the present

work, considering the chemistry, size and morphology of the

observed Cu particles (average diameter about 4.5 nm;

spherical; 20e50 at.% Cu in the core and enriched with Ni, Mn

and Al), they are most likely to be bcc at the early stage of Cu

precipitation in the steels.
Fig. 8 e Tensile properties of investigated materials: (a) Enginee

hardening curves.
3.4. Tensile properties

Figure 8a shows the engineering tensile test curves of the

investigated 1.5Cu1.5Ni- and 0Cu0Ni-alloys after the SA and

SAT treatments, as well as the curves for the initial AF state.

The tensile properties are summarized in Table 4.

For the 1.5Cu1.5Ni-alloy, the 1.5Cu1.5Ni-AF specimen

exhibited a high yield strength of 987 MPa and a high ultimate

tensile strength of 1257 MPa. However, the ductility was

limitedwith a uniform elongation of 4.1% and total elongation

of 12.7%. After the SA treatment, the 1.5Cu1.5Ni-SA specimen

exhibited a drastically lower yield strength of 577 MPa and

slightly lower ultimate tensile strength of 1107 MPa. The

ductility of the SA specimen was improved with a uniform

elongation of 15.5% and total elongation of 24.9%. After the

SAT treatment, the 1.5Cu1.5Ni-SAT specimen exhibited a

significantly higher yield strength of 848 MPa and ultimate

tensile strength of 1222 MPa. Moreover, the ductility of the

1.5Cu1.5Ni-SAT specimen was improved with a uniform

elongation of 20.1% and total elongation of 29.1%. In contrast

to the 1.5Cu1.5Ni-SA specimen, the 1.5Cu1.5Ni-SAT specimen

exhibited an extraordinary combination of significantly

increased strength and improved ductility. Compared with

the yield strength of the 1.5Cu1.5Ni-SA specimen, that of the

1.5Cu1.5Ni-SAT specimen was higher by 271 MPa, which is

attributed to the precipitation-strengthening of nano-

precipitates with high number density shown in Fig. 7.

For the 0Cu0Ni-alloy, the 0Cu0Ni-SAT specimen exhibited

a yield strength of 692 MPa and ultimate tensile strength of

996 MPa, which was very close to those of the 0Cu0Ni-SA

specimen. The tempering stepwasmore crucial for improving
ring stressestrain curves; (b) True stressestrain and strain
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Fig. 9 e Effect of CueNi alloying on the austenite fraction

under different processing conditions.
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the yield strength of the 1.5Cu1.5Ni-alloy than the 0Cu0Ni-

alloy.

Figure 8b shows the true stressestrain curves super-

imposed with the strain hardening curves. Considering the

austenite fraction before deformation and after necking in

Fig. 3, the strain-hardening of all the four specimens in Fig. 8b

are benefited from the significant TRIP effect. During plastic

deformation, the 1.5Cu1.5Ni-SAT specimen exhibited unique

strain hardening curve in Fig. 8b. As the applied strain

increased, the strain hardening rate of the 1.5Cu1.5Ni-SAT

specimen first decreased to 2500 MPa when the true strain

reached 0.02, and then gradually increased to its maximum of

approximately 3500 MPa at the true strain of 0.08, before

finally gradually decreasing to 1450 MPa at the true strain of

0.19. Under all the other three conditions (1.5Cu1.5Ni-SA,

0Cu0Ni-SAT, and 0Cu0Ni-SA), their strain hardening rate

oscillated until they reached their maximum true strain. Be-

sides the TRIP effect, the outstanding strain hardening

behavior of the 1.5Cu1.5Ni-SAT specimen also benefited from

the interaction of dislocations and its nano-precipitates.

When the dislocation encountered a Cu-rich precipitate, the

precipitate became the obstacle for the dislocation move-

ment. With the increase of plastic strain, the dislocation cut

through the precipitate [45] and sheared their lattice structure

[46]. The resistance of these bcc Cu precipitates to the moving

dislocations is size-dependent. With the increase of the

diameter, the bcc precipitates enriched with more Cu atoms,

and became easier to be sheared [16]. Considering the size

distribution of these bcc Cu-rich precipitates in Fig. 7b, the

moving dislocations cut through these precipitates at

different strain levels, leading to the significantly leveraged

strain-hardening curve.
4. Discussion

4.1. Effect of Cu and Ni alloying on austenite reversion

Cu and Ni are widely recognized as austenite stabilizing ele-

ments, which not only stabilize the austenite, but also in-

crease the austenite fraction. However, most studies on the

impact of Cu and Ni have focused on their effect on the me-

chanical stability of austenite. Choi et al. [47] alloyed Cu in a

Fe-0.4Ce15Mn (wt.%) austenitic highmanganese steel with (0-

1-2 wt.%) addition. They determined that the stacking fault

energy of austenite increased by 1.52 mJ/m2 with a 1 wt.%

increase in Cu. Further, Ni effectively improved the mechan-

ical stability of austenitic stainless steels.

In the present study, the effect of alloying 1.5 wt.% Cu and

1.5 wt.% Ni on the volume fraction of RA in the SA- and SAT-

treated MMnS was obtained via SY-XRD measurements, as

shown in Fig. 9. The error bar was obtained from Rietveld

refinement calculation. Alloying Cu and Ni led to a more sig-

nificant austenite reversion than that observed owing to the

0Cu0Ni-alloy. The 1.5Cu1.5Ni-alloy exhibited doubled

austenite fraction (38.5 vol.%) than the 0Cu0Ni-alloy (19 vol.%)

after the SAT process. On the one hand, the alloying of Cu and

Ni lowered the Ac1 temperature, so that the austenite fraction

is increased in the 1.5Cu1.5Ni-alloy. On the other hand, the

1.5Cu1.5Ni-alloy showed a significant increase in austenite
fraction during the tempering step, while the RA fraction of

the 0Cu0Ni-alloy exhibited a negligible increase. This could be

attributed to the drag effect of Cu and Ni solute atoms on the

austeniteeferrite phase boundaries [26,48]. According to the

phase maps in Fig. 4, an increase in the austenite phase

fraction is achieved by the coarsening of austenite laths. Cu

and Ni atoms retarded the mobility of the austeniteeferrite

laths interfaces, such that the austenite reversion did not

reach the equilibrium in the SA step, and thus, continued in

the tempering step. During the tempering step, Cu-rich pre-

cipitates precipitated from the ferrite phase, which lead to

lower Cu concentration in the ferrite matrix of the 1.5Cu1.5Ni-

SAT specimen (shown in Fig. 5c and d). Despite the composi-

tion between precipitation and partition, the alloying of Cu

and Ni led to a significant increase in the austenite fraction

during the tempering step. On the contrary, the austenite

reversion of the 0Cu0Ni-alloy reached equilibrium in the SA

step, such that it remained constant during the tempering

step.

Furthermore, the volume fraction andmechanical stability

of austenite are crucial for the tensile strength and elongation

of SAT-treated specimens. The RA mechanical stability coef-

ficient k is applied to quantify themechanical stability of RA in

terms of its pertained amount after necking [4]:

fg ¼ fg0 expð�kεÞ (4)

where fg0, fg, and k represent the austenite fraction before

deformation, austenite fraction after strained to ε, and me-

chanical stability coefficient of RA, respectively. Generally, a

higher k value corresponds to the lower mechanical stability

of RA. In this study, to calculate themechanical stability of RA,

the RA fraction at necking is measured via SY-XRD and

applied as fg. The true strain of each specimen is considered as

ε. The calculated mechanical stability coefficient k of each

specimen is listed in Fig. 10. The 1.5Cu1.5Ni-alloy exhibited

lower k values than reference 0Cu0Ni-alloy, under both SAT

and SA conditions. The addition of Cu and Ni not only

significantly increased the volume fraction of the SAT
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Fig. 10 e RA mechanical stability coefficient of the

investigated specimens.
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specimen (shown in Fig. 9), but also increased the mechanical

stability of RA, which benefits the strain hardening during

tensile deformation. Consequently, compared with the

0Cu0Ni-SAT specimen, the 1.5Cu1.5Ni-SAT specimen exhibi-

ted 226 MPa higher uniform tensile strength and 2.6% higher

total elongation, which is due to the concurrent contribution

of nano-precipitates and austenite reversion.

4.2. Microstructure adjustment via the compact SAT
treatment

On the one hand, Cu and Ni are austenite stabilizers and can

facilitate the austenite reversion. On the other hand, the Cu-

rich precipitates can further strengthen the material. The a-

g partitioning of Cu and Ni should be considered when

designing the intercritical annealing time and temperature

since they are supposed to retain a to facilitate a high number

density of nano-sized Cu-rich precipitates.

Recent studies have demonstrated that the Cu-rich pre-

cipitates can be achieved either during intercritical annealing

(one-step) or in the subsequent tempering (multi-steps)

[7,21,22]. For one-step annealing, when the intercritical

annealing temperature is higher than the precipitation tem-

perature, no Cu-rich precipitates can be formed in the matrix,

and thus, the strength of the alloy cannot be increased.

Austenite reversion is potentially suppressed when the

intercritical annealing temperature is lower than the precipi-

tation temperature, limiting the volume fraction of RA. For

MMnS with more than 0.1 wt.% C, excellent tensile properties

can be achieved through one-step intercritical annealing. Yan

et al. [49] realized intercritical annealing on a Fe-0.12C-1.4Si-

6.2Mn-0.93Ni-1.4Cu (in wt.%) MMnS at 620 �C for 1 h,

achieving a UTS of 1200 MPa with 35% TE. However, such a

high strength cannot be obtained via one-step annealing for

MMnS with a carbon content lower than 0.05 wt.%, which

resulted in an intercritical temperature higher than the pre-

cipitation temperature of Cu-rich precipitates. Therefore, two-

step annealing is considered over one-step annealing in this

study. In the intercritical annealing step, a sufficient amount

of austenite is supposed to be reverted without the enrich-

ment of Cu and Ni, such that it should be at a high
temperature with a short holding time. Zou et al. [7] per-

formed intercritical annealing on a Fe-0.05C-4.9Mn-0.6Si-

0.04Al-1.55Ni-1.22Cu-0.05Nb-0.02Ti-0.002B MMnS at 600 �C
for 1 h and achieved a YS of 1005 MPa with a UTS of 1070 MPa;

the strain hardening ability is fairly limited.

To simultaneously achieve a high yield strength and high

strain hardening rate, Kong et al. [22] designed a sophisticated

processing route for Fee8Mne1Nie2Cue3Cr-1.1Si-0.8Mo-

0.5Al-0.3Ti-0.11C-0.02B MMnS. First, the cold-rolled alloy was

intercritical annealed at 700 �C for 10 min followed by water

quenching, then intercritically annealed at 640 �C for 10 min

followed by water quenching, and finally tempered at 500 �C
for 2 h followed by water quenching. Although the alloy

eventually exhibited a yield strength of 1130 MPa, UTS of

1370MPa, and TE of 30%, the applied heat treatment routewas

complex.

In this study, with the applied compact SAT treatment, the

alloying of Cu and Ni significantly increased the austenite

fraction (from 19 vol.% to 38.5 vol.%). Meanwhile, the

annealing is short (2 min) to prevent Cu and Ni from parti-

tioning into austenite, since they are supposed to stay in

ferrite phase and then promote the nano-precipitation in the

subsequent tempering stage. Benefiting from the above-

mentioned short annealing time, high number density

(1.15 � 1023 m�3) of nano-precipitates with Cu concentration

of 20e50 at.% in the precipitation core and enriched with Cu,

Ni, Al andMnwas observed by 3D-APT in the interior of ferrite

phase, which significantly contributed to the rise of yield

strength by precipitation strengthening. The incomplete par-

titioning of Cu, Ni, Al and Mn results in an adequate super-

saturation in ferrite to trigger the nano-precipitation and

continuation of austenite reversion transformation during

tempering.
5. Summary and conclusions

The proposed “short annealing and tempering (SAT)” treat-

ment is a compact process route for Cu and Ni containing

medium-Mn steel (MMnS) to achieve excellent mechanical

properties through the variation of a microstructure that

comprises an adequate austenite fraction and Cu-rich pre-

cipitates. The low annealing time allowed for an incomplete

partitioning of Cu and Ni from ferrite, which promoted the

nano-precipitates during the subsequent tempering step. The

notable conclusions are as follows:

(1) The proposed two-step heat treatment effectively hel-

ped achieve a considerable fraction of austenite in the

very-low-CMMnS. The austenite fraction of 1.5Cu1.5Ni-

alloy increased to 31.8 vol.% after short time annealing,

which increased to 38.5 vol.% during the subsequent

tempering. The alloying of 1.5 wt.% Cu and 1.5 wt.% Ni

enhanced the austenite reversion during both SAT

steps, by double that achieved with the reference alloy.

(2) The compact route resulted in an adequate supersatu-

ration of Cu and Ni in ferrite to trigger the nano-

precipitation during tempering. High number density

(1.15 � 1023 m�3) of nano-precipitates with Cu concen-

tration of 20e50 at.% in the precipitation core and
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enriched with Cu, Ni, Al and Mn were observed in the

interior of the ferrite matrix, which contributed to the

significantly increased yield strength by precipitation

strengthening.

(3) The considerable amount of reverted austenite along

with the formed nano-precipitates induced by Cu and

Ni addition positively affected not only the strain

hardening behavior, but also the whole tensile property

profile of the investigated very-low-C MMnS. The in-

crease in yield strength is primarily attributed to the

formed nano-precipitates, while the enhanced ultimate

tensile strength and the total elongation are primarily

enhanced through activation of the transformation-

induced plasticity (TRIP) effect controlled by the stabil-

ity of the adjusted austenite.
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Chêne J. Role of copper and aluminum on the corrosion
behavior of austenitic FeeMneC TWIP steels in aqueous
solutions and the related hydrogen absorption. Corrosion Sci
2014;83:234e44.

[25] Allam T, Bleck W. Development of a new concept for hot-
rolled weatheringeDP steel: thermo-mechanical simulation,
microstructure adjustment, andmechanical properties. Steel
Res Int 2016;87:68e78.

http://refhub.elsevier.com/S2238-7854(22)00178-8/sref1
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref1
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref1
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref1
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref3
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref3
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref3
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref3
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref3
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref3
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref4
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref4
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref4
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref5
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref5
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref5
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref5
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref6
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref6
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref6
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref6
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref6
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref7
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref7
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref7
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref7
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref7
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref8
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref8
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref9
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref9
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref9
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref9
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref9
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref10
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref10
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref10
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref10
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref11
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref11
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref11
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref12
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref12
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref12
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref12
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref13
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref13
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref13
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref13
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref14
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref14
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref14
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref14
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref14
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref15
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref16
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref16
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref16
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref16
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref16
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref16
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref17
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref17
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref17
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref19
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref19
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref19
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref19
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref19
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref20
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref20
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref20
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref20
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref20
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref21
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref21
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref21
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref21
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref21
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref22
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref22
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref22
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref22
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref22
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref23
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref23
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref23
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref24
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref25
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref25
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref25
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref25
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref25
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref25
https://doi.org/10.1016/j.jmrt.2022.02.008
https://doi.org/10.1016/j.jmrt.2022.02.008


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 7 : 2 6 0 1e2 6 1 3 2613
[26] Sun M, Zhang W, Liu Z, Wang G. Influence of Cu on
microstructure and mechanical properties for an extremely
low carbon steel during isothermal process. steel research
int 2017;88:1600344.

[27] Ren L, Nan L, Yang K. Study of copper precipitation behavior
in a Cu-bearing austenitic antibacterial stainless steel. Mater
Des 2011;32:2374e9.

[28] Xu Z, Shen X, Allam T, Song W, Bleck W. Austenite
transformation and deformation behavior of a cold-rolled
medium-Mn steel under different annealing temperatures.
Mater Sci Eng, A 2021:142115.

[29] Xu Z, Li J, Shen X, Allam T, Richter S, Song W, et al. Tailoring
the austenite fraction of a Cu and Ni containing medium-Mn
steel via warm rolling. Metals 2021;11:1888.

[30] Escobar JD, Oliveira JP, Salvador CAF. Meta-equilibrium
transition microstructure for maximum austenite stability
and minimum hardness in a Ti-stabilized supermartensitic
stainless steel. Mater Des 2018;156:609e21.

[31] Hammersley AP. FIT2D a multi-purpose data reduction,
analysis and visualization program. J Appl Crystallogr
2016;49:646e52.

[32] Gra�zulis S, Chateigner D, Downs RT, Yokochi AFT, Quir�os M,
Lutterotti L, et al. Crystallography Open Database - an open-
access collection of crystal structures. Journal of applied
crystallography3 2009;42:726e9.

[33] Lutterotti L. Maud: a Rietveld analysis program designed for
the internet and experiment integration. Acta Crystallogr A
2000;56:s54.

[34] Goodman SR, Brenner SS, Low JR. An FIM-atom probe study
of the precipitation of copper from lron-1.4 at. pct copper.
Part I: field-ion microscopy. Metall Trans A 1973;4:2363e9.

[35] Goodman SR, Brenner SS, Low JR. FIM [field-ion microscope]
atom probe study of the precipitation of copper from iron-1.4
atomic pct. copper. II. Atom probe analyses. Metall Trans A
1973;4:2371e8.

[36] Buswell JT, English CA, Phythian MG, Smith WJ, Worrall GM.
Proceedings of the 14th international symposium on effects
of radiation on materials. ASTM Special Technical; 1988.
p. 127e53.

[37] Lee TH, Kim YO, Kim SJ. Crystallographic model for bcc-to-9R
martensitic transformation of Cu precipitates in ferritic steel.
Phil Mag 2007;87:209e24.
View publication statsView publication stats
[38] Heo Y-U, Kim Y-K, Kim J-S, Kim J-K. Phase transformation of
Cu precipitates from bcc to fcc in Fee3Sie2Cu alloy. Acta
Mater 2013;61:519e28.

[39] Miller MK, Pareige P, Burke MG. Understanding pressure
vessel steels: an atom probe perspective. Mater Char
2000;44:235.

[40] Pareige P, Russell KF, Miller MK. APFIM studies of the phase
transformations in thermally aged ferritic FeCuNi alloys:
comparison with aging under neutron irradiation. Appl Surf
Sci 1996;94e 95:362.

[41] Pareige P, Miller MK. Characterization of neutron-induced
copper-enriched clusters in pressure vessel steel weld: an
APFIM study. Appl Surf Sci 1996;94e95:370.

[42] Isheim D, Fine ME, Seidman DN. Acquisition of a local-
electrode atom-probe (LEAP) microscope (an atom-probe
tomograph) for three-dimensional nanoscale
characterization of materials. Microsc Microanal
2007;13:1624.

[43] Isheim D, Gagliano MS, Fine ME, Seidman DN. Interfacial
segregation at Cu-rich precipitates in a high-strength low-
carbon steel studied on a sub-nanometer scale. Acta Mater
2006;54:841.

[44] Nagano T, Enomoto M. Simulation of the growth of copper
critical nucleus in dilute bcc FeeCu alloys. Scripta Mater
2006;55:223.

[45] Fine ME, Isheim D. Origin of copper precipitation
strengthening in steel revisited. Scripta Mater 2005;53:115e8.

[46] Nakashima k, Futamura Y, Tsuchiyama T, Takaki S.
Interactions between dislocation and Cu particle in Fe-Cu
alloys. ISIJ int 2002;42:1541e5.

[47] Choi JH, Jo MC, Lee H, Zargaran A, Song T, Sohn SS, et al. Cu
addition effects on TRIP to TWIP transition and tensile
property improvement of ultra-high-strength austenitic
high-Mn steels. Acta Mater 2019;166:246e60.

[48] Arribas M, Guti�errez T, Del Molino E, Arlazarov A, de Diego-
Calder�on I, Martin D, et al. Austenite reverse transformation
in a Q&P route of Mn and Ni added steels. Metals
2020;10:862.

[49] Yan S, Liang T, Chen J, Li T, Liu X. A novel Cu-Ni added
medium Mn steel: precipitation of Cu-rich particles and
austenite reversed transformation occurring simultaneously
during ART annealing. Mater Sci Eng, A 2019;11:73e81.

http://refhub.elsevier.com/S2238-7854(22)00178-8/sref26
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref26
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref26
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref26
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref27
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref27
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref27
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref27
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref28
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref28
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref28
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref28
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref29
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref29
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref29
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref30
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref30
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref30
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref30
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref30
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref31
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref31
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref31
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref31
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref32
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref32
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref32
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref32
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref32
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref32
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref32
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref33
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref33
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref33
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref34
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref34
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref34
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref34
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref35
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref35
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref35
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref35
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref35
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref36
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref36
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref36
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref36
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref36
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref37
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref37
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref37
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref37
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref38
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref38
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref38
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref38
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref38
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref38
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref39
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref39
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref39
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref40
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref40
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref40
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref40
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref40
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref41
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref41
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref41
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref41
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref42
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref42
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref42
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref42
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref42
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref43
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref43
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref43
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref43
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref44
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref44
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref44
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref44
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref45
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref45
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref45
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref46
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref46
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref46
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref46
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref47
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref47
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref47
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref47
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref47
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref48
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref48
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref48
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref48
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref48
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref48
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref48
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref49
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref49
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref49
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref49
http://refhub.elsevier.com/S2238-7854(22)00178-8/sref49
https://doi.org/10.1016/j.jmrt.2022.02.008
https://doi.org/10.1016/j.jmrt.2022.02.008
https://www.researchgate.net/publication/358497102

	Austenite reversion and nano-precipitation during a compact two-step heat treatment of medium-Mn steel containing Cu and Ni
	1. Introduction
	2. Experimental methods
	2.1. Materials
	2.2. Processing design
	2.3. Materials characterization

	3. Results
	3.1. Microstructure characterization
	3.2. Elemental partitioning
	3.3. Nano-precipitation characteristics
	3.4. Tensile properties

	4. Discussion
	4.1. Effect of Cu and Ni alloying on austenite reversion
	4.2. Microstructure adjustment via the compact SAT treatment

	5. Summary and conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


