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a b s t r a c t 

A cyclic quenching treatment (CQT) succeeded in turning a 2.3 GPa maraging steel with a Charpy impact 

energy of 9 J into a new grade with the same strength but a Charpy impact energy of 20 J upon 4 cyclic 

treatments. The improvement of mechanical properties is attributed to the refinement and increased 

chemical heterogeneity of the martensitic substructure, rather than the refinement of prior austenite 

grain (PAG), as well as the Transformation-Induced Plasticity (TRIP) effect facilitated by small austenite 

grains. The role of local segregation of Ni during CQT in the formation of Ni-rich austenite grains, Ni-rich 

martensite laths and Ni-poor martensite laths, was investigated and verified by DICTRA simulations. This 

study highlights the important influence of Ni partitioning behavior during CQT, providing insights into 

microstructural evolution and mechanical properties. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Owing to their superior mechanical and corrosive properties, 

ltra-high strength (maraging) steels (UHSSs) have been applied 

or some decades to construct system-critical components such 

s piston rods, aircraft landing gears, missile shells, sophisticated 

alances for strain measurement in wind tunnels, and so on [ 1–4 ]. 

owever, in order to guarantee a safe operation under unexpected 

onditions, such as transient overloads, not only a high strength 

ut also a high toughness is required. It has been known for 

 long time that for most metallic systems compositional and 

rocessing changes made to increase the tensile strength generally 

lso result in a toughness reduction [ 5–7 ]. For the UHSSs family 

o be addressed in this work when the strength is higher than 

.1 GPa, the room temperature (RT) Charpy V-notch impact energy 

s rarely over 15 J [ 8 , 9 ]. 

Grain refinement has been recognized as the only effective way 

f improving strength and toughness simultaneously. Such grain 

efinement can be achieved by controlling the grain nucleation 

nd growth behavior during recrystallization or by controlling the 
∗ Corresponding authors. 

E-mail addresses: weiyan@imr.ac.cn (W. Yan), ljrong@imr.ac.cn (L. Rong) . 
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inetics of solid-state phase transformations [ 10 , 11 ]. The thermal- 

echanical control processing (TMCP) method has been used 

ery successfully in the development of high strength low alloy 

teels such as pipeline steels to reduce the prior austenite grain 

PAG) during hot rolling size from usually 30 μm to below 5 μm 

emarkably promoting both strength and toughness, resulting in a 

ig scientific and commercial breakthrough for high strength low 

lloy (HSLA) steels [ 12 , 13 ]. While TMCP is a potential route for

tructures refinement and properties enhancement, it is generally 

nsuitable for maraging steels because of a lack of recrystallization 

arriers like NbC carbides due to the super low carbon content, 

sually under 0.005 %. Even so, Luo et al. [ 14 ] have managed to

efine the PAG size to around 6 μm and get refined martensite 

ubstructures by suitable hot rolling. 

While being a complex and costly heat treatment process, the 

yclic quenching treatment (CQT) has also been applied to marag- 

ng steels to refine their PAG, since the newborn grains are get- 

ing smaller during successive heating and quenching cycles [ 15–

8 ]. The CQT includes multiple successive treatments involving a 

ast-heating step to temperatures just above the phase transforma- 

ion temperatures, Ac1 or Ac3 , a short time holding to let newborn 

ustenite grains develop, and a quenching step to stop the further 

rowth of such small grains. Nakazawa et al. [ 16 ] have applied 

he CQT, consisting of multiple cycles of heating to inter-critical 
Materials Science & Technology. 
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Table 1 

Chemical composition of the 2.3 GPa maraging steel (wt.%). 

Fe Ni Co Mo Ti C 

Bal. 17.3 11.5 5.3 1.0 0.003 
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emperatures (between Ac1 and Ac3 ) followed by water quench- 

ng, to refine the PAG of a high-strength maraging steel to 10 μm, 

nd to obtain a superior ductility while maintaining high strength. 

aha et al. [ 17 ] reported that the PAG of a carbon steel was re-

ned from 147 to 7 μm by an 8-cycle CQT with short-duration 

olding at a temperature above the Ac3 temperature and air cool- 

ng. The refined microstructure exhibited an excellent combination 

f strength and toughness. In addition, Hou et al. [ 19 ] have re-

orted for a low carbon precipitation-strengthened steel that CQT 

ould result in a great reduction of effective grain size (EGS) de- 

ned as the size of grains surrounded by high angle boundaries 

HABs, misorientation angle greater than 15 °) so as to greatly im- 

rove toughness [ 20–22 ]. Irrespective of whether the PAG or the 

GS was taken as the critical microstructural parameter respon- 

ible for the improvement in Charpy V-notch impact toughness, 

he changes are attributed to the change in their dimension, rather 

han to any changes in local composition, due to (incomplete) ele- 

ent partitioning during the austenite formation. 

In the present work, the CQT has been explored with the initial 

im to reduce the PAG size of a 2.3 GPa ultra-high strength marag- 

ng steel so as to improve the RT Charpy V-notch impact energy. 

he study of the mechanical properties as a function of the num- 

er of CQT cycles was complemented by detailed microstructural 

tudies in which not only the changes in PAG and EGS were de- 

ermined but also the changes in the chemical composition of the 

ustenite grains and the surrounding martensitic matrix. 

. . Experimental 

.1. Materials preparation 

The experimental 2.3 GPa maraging steel was melted in a 

00 kg vacuum induction furnace, cast, scalped and vacuum arc 
Fig. 1. (a) Typical phase transformation points of the experiment steel, (b) heat trea

312
emelted. The final chemical composition is shown in Table 1 . The 

ngot was soaked at 1250 °C for 12 h, forged into rods with 30 mm

n diameter, and then air cooled to RT. Samples for CQT with the 

imensions of 11 mm × 11 mm × 60 mm were cut out of the 

orged rods. 

The typical phase transformation points, such as the austen- 

te transformation starting temperature (Ac1 ), finishing tempera- 

ure (Ac3 ), and martensite start (Ms) temperature, required to set 

he conditions for the CQT were determined by dilatometry using 

 heating rate of 10 °C/s and a cooling rate of 5 °C/s. The Ac1 ,

c3 , and Ms temperatures were found to be 680, 800, and 220 

C, respectively, as shown in Fig. 1 (a). To prepare the initial ba- 

ic microstructure before the CQT, all samples were soaked at 850 

C for 1 h, water cooled to RT, and stored in liquid nitrogen for 

 h to get a fully martensitic microstructure. Sample A was di- 

ectly subjected to aging treatment at 500 °C for 3 h after the 

ryogenic treatment, as shown in Fig. 1 (b), to create a reference 

tate against which to evaluate the effect of the CQT. Instead of 

irect aging, the CQT samples were re-heated to the soaking tem- 

erature of 850 °C again over a period of 2 h (7200 s) and held

or a short time of 15 min, and then water quenched to RT. The 

amples were labeled as B1−B7, according to the number of CQT 

ycles (1 till 7 cycles) respectively. Finally, all CQT samples B1−B7 

ere aged at 500 °C for 3 h. The above heat treatment process 

s shown in Fig. 1 (c). No cryogenic treatment was imposed on the 

amples B1−B7. 
tment process of sample A, (c) heat treatment process of the samples B1−B7. 
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.2. Mechanical property testing 

Tensile tests were carried out on a TSE504D testing ma- 

hine. Tensile samples were 5 mm in diameter and had a 

auge length of 25 mm. The RT Charpy impact tests were con- 

ucted on a ZBC2452-C pendulum impact testing machine. The 

imension of the standard Charpy V-notch impact samples was 

0 mm × 10 mm × 55 mm. At least three samples were tested 

o get an average value. The scatter in Charpy impact energy per 

ondition is typically around 0.5 J. 

.3. Microstructure analysis 

Samples with different numbers of CQT cycles were etched 

n the solution of 5 g picric acid plus 100 mL water at 80 

C for 60 s to reveal the PAG size (measured as Equivalent 

ircle diameter) under an optical microscope. The average val- 

es of PAG size were determined from measurements covering 

0 grains. 

The austenite volume fraction, the morphologies of austenite 

rains such as size, shape, and spatial distribution, are all im- 

ortant factors affecting the strength and toughness, especially in 

uch ultra-high strength maraging steels. Additionally, the misori- 

ntation angles between the substructure units are also critical to 

he strength and toughness. So, electron back-scattered diffraction 

EBSD) was employed to characterize both the morphology of the 

ustenite and the changes in the martensite substructure bound- 

ries in the heat-treated samples described above. The samples 

or EBSD tests were electrolytically polished in the mixed solution 

ith 7 vol.% HClO4 and 93 vol.% ethanol at 30 V for 70 s at −25

C. Diffraction patterns were collected using Gemini 300 scanning 

lectron microscopy (SEM) with an acceleration voltage of 20 kV. 

he EBSD raw dates were analyzed using the HKL-Channel 5 soft- 

are. 

As the martensite laths have dimensions of the order of nano- 

eters, they cannot be identified in conventional EBSD. Hence 

he transmission Kikuchi diffraction (TKD) with a higher acceler- 

tion voltage was used to identify any changes in the marten- 

ite laths [ 23 ]. Samples for TKD were prepared via twin-jet pol- 

shing using an electrolyte containing 10 vol.% HClO4 and 90 vol.% 

thanol at −25 °C and a voltage of 27 V. TKD analysis was car- 

ied out using a ZEISS Gemini at 30 kV with a scanning step size

f 6 nm. 

The dilatation curves can provide information on austenite for- 

ation and elemental partitioning during CQT, which helps to ex- 

lain the obtained microstructures in the B1−B7 grades. The dila- 

ion experiments were conducted on a L78RITA dilatometer using 

ne sample with dimensions of 3 mm in diameter and 10 mm in 

ength imposing several CQT treatments in the same manner as the 

ulk material. The experimental procedure consisted of heating to 

50 °C with a heating rate of 0.1 °C/s, held for 15 min, followed by

 cooling rate of 100 °C/s to RT. 

The employed ultra-high strength maraging steel in the present 

esearch is strengthened by nanosized Mo-enriched, Ni3 Ti pre- 

ipitates that are present after aging treatment. To detect any 

hanges that the CQT treatment may induce in these nanoparti- 

les and their interaction with dislocations, these precipitates were 

bserved using transmission electron microscopy (TEM) and atom 

robe tomography (APT). The TEM observations were made on an 

EI Talos F200x field emission TEM operated at 200 kV. Needle- 

haped specimens for APT were lifted out and annular milled 

n an FEI Scios focused ion beam/scanning electron microscope 

FIB/SEM). The APT characterizations were performed in a local 

lectrode atom probe (Cameaca Leap 50 0 0 XR). The data analysis 

orkstations AP Suite 6.1 was adopted to create the 3D reconstruc- 

ions. 
313
. Results 

.1. . Mechanical properties 

Sample A, subjected to a direct aging treatment after the cryo- 

enic treatment, possesses an ultimate tensile strength (UTS) of 

288 MPa and yield strength (YS) of 2112 MPa, respectively, as 

hown in Fig. 2 (a). However, the RT Charpy V-notch impact en- 

rgy of sample A is only 9 J, as shown in Fig. 2 (b). The strength

f sample B1 is the same as sample A, but the RT Charpy impact 

nergy slightly increases to 12 J. However, the RT Charpy impact 

nergy of sample B4 has increased to an average of 22.5 J, 2.5 

imes that of sample A, even without any loss in UTS. The ob- 

ervation shows that the CQT has successfully improved the RT 

harpy impact energy of the high strength maraging steel. How- 

ver, when the number of CQT cycles is over 4, the UTS level drops 

nly gradually while the YS of samples B6 and B7 dropped to 1848 

nd 1798 MPa, respectively, although the RT Charpy V-notch im- 

act energy remains greater than 20 J and even increases slightly 

ith the number of CQT cycles. The tensile stress–strain curves of 

he sample A, B1, B4, B6 and B7 are presented in Fig. 2 (c) and

longation of sample B1−B7 is shown in Table S1 in supplemen- 

ary materials. It can be observed that the elongation of the sam- 

les remains constant with the increase in the number of CQT 

ycles. 

In order to compare the mechanical properties of the samples 

ith different number of CQT cycles with those of high-strength 

teels that have already been engineered, a map of Charpy V-notch 

mpact energy versus YS is shown in Fig. 2 (d). In comparison to ex- 

sting steels with a YS exceeding 1500 MPa, the CQT treated sam- 

les, in particular sample B4, exhibit an excellent combination of 

harpy V-notch impact energy and strength. 

.2. Microstructures 

.2.1. The PAG size as a function of the number of CQT cycles 

Fig. 3 shows the microstructure of the set of sample A, sam- 

le B1, sample B4, and sample B6 examined prepared to reveal the 

AG. Somewhat unexpectedly, the results clearly show that the PAG 

oes not change by the application of CQT cycles. The PAG sizes as 

etermined by conventional quantitative metallurgy methods are 

lso listed in Table 2 and confirm the constancy of the PAG size. 

.2.2. Microstructure without CQT 

Sample A, which is not subjected to a CQT, can be seen as a 

icrostructural counterpart of samples which were exposed to a 

QT. As shown in Fig. 4 (a), sample A exhibits a normal marten- 

itic microstructure. The XRD pattern in Fig. 4 (b) proves that al- 

ost no austenite is present. It can be seen in the EBSD image 

hat the martensitic microstructure of sample A is a typical hier- 

rchical substructure including packets and blocks whose bound- 

ries are HABs, as is shown in the inverse pole figure (IPF) map 

ith HABs (black lines) in Fig. 4 (c). The average width of the 

ackets and blocks is 50 and 20 μm , respectively. The observa- 

ion from bright-field TEM (BF-TEM) shown in Fig. 4 (d) reveals that 

he matrix is composed of martensite laths with an average width 

f 500 nm. 

.2.3. Microstructural changes because of CQT 

.2.3.1. Austenite grains in the CQT samples. The spatial distribution 

f the austenite grains in the samples with different numbers of 

QT cycles is displayed in Fig. 5 , where the small austenite grains 

re marked in red and the martensite is marked in blue based 

n an analysis using the band-contrast (BC) mode, respectively. In 

eneral, the volume fraction of austenite increases with the num- 

er of CQT cycles. Namely, the volume fraction of the austenite is 
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Fig. 2. (a) Ultimate tensile strength, yield strength of sample A and sample B1−B7; (b) Charpy V-notch impact energy at RT of sample A and sample B1−B7; (c) tensile 

stress–strain curves of sample A, B1, B4, B6 and B7; (d) map of Charpy V-notch impact energy versus yield strength at RT of sample A, sample B1−B7 and selected commercial 

high strength steels [ 24 ] including Custom 465, 1RK91, Ferrium S53 [ 25 ], TM210A, 18Ni 250, 18Ni 300 [ 26 ], and 18Ni 350. 

Table 2 

The PAG size of samples with different numbers of CQT cycles (μm). 

Sample A B1 B2 B3 B4 B5 B6 B7 

190 ± 44 213 ± 41 201 ± 38 220 ± 39 219 ± 51 207 ± 41 214 ± 32 228 ± 45 
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evealed to be 1.36 % in sample B1, 4.91 % in sample B3, 6.59 %

n sample B4, and 14.45 % in sample B6 according to the phase 

aps. When the number of CQT cycles exceeds 4, as shown in 

ig. 5 (d, e) (sample B4 and sample B6), the distribution of small 

locky austenite grains becomes much more uniform. 

The TEM morphology of the small austenite grains in the sam- 

les with different numbers of CQT cycles is shown in Fig. 6 . On

he whole, the size of the austenite grains gradually increased with 

he cycle number. Some blocky austenite grains with an average 

ength of 50 nm are found in sample B1, as shown in Fig. 6 (a). The

orresponding SAED pattern oriented at [110]γ zone axis reveals 

hat the orientation between the austenite grains and martensitic 

atrix follows the Kurdyumov−Sachs (K−S) relationship. In sam- 

le B2, larger austenite grains with a length of about 1 μm and a 

idth of 200 nm are observed. In addition to the large austenite 

rains, some small austenite grains with the same size as that in 

ample B1 are also observed, as shown in Fig. 6 (b). In the case of

our CQT cycles, blocky austenite grains (marked by A2 in Fig. 6 (c)) 

ith a length of 500 nm are observed in the matrix. Besides, just 
314
s in sample B2, some small austenite grains of around 50 nm 

ere also found in sample B4, as marked by A1, illustrating that 

ew small austenite grains are being formed at every CQT cycle. 

hen the number of cycles exceeded six (sample B6), the length 

f blocky austenite often surpassed a value of 2 μm (marked by 

3), as shown in Fig. 6 (d). 

The atomic concentration (at.%) of Ni in the austenite grains of 

amples B1, B2 and B4 are obtained from the EDS point-scanning 

nalysis under the annular bright-field scanning TEM (ABF-STEM) 

ode, as shown in Fig. 6 (f). The four points are taken from each 

ample for measurement. The Ni content in those austenite grains 

s higher than that in the nominal composition of the steel, indi- 

ating that the formation of such austenite grains is related to Ni 

artitioning. Furthermore, the Ni content in the austenite grains 

ncreases with an increasing number of CQT cycles. The austenite 

rains in sample B4 are identified to have a Ni content of 24.65 %, 

igher than that in sample B2 (19.97 %), and sample B1 (18.88 %). 

he average contents of alloying elements in the austenite grains 

f the samples with different numbers of CQT cycles were ana- 
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Fig 3. Optical micrographs of the (a) sample A, (b) sample B1, (c) sample B4, (d) sample B6 etched to reveal the PAG. 

Fig. 4. Microstructures of sample A, (a) optical metallography image, (b) XRD pattern, (c) IPF map with HABs and (d) BF-TEM image with corresponding SAED pattern. 

315
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Fig. 5. BCE maps with the phases of samples with different numbers of CQT cycles from EBSD analysis: (a) sample B1, (b) sample B2, (c) sample B3, (d) sample B4, and (e) 

sample B6. 
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yzed by TEM EDS point-scanning, which is shown in Table S2 in 

upplementary materials. 

.2.3.2. Ultrafine martensitic substructure. In Figs. 5 and 6 , the mor- 

hology of these small austenite grains can be clearly distin- 

uished. However, details of the martensitic microstructure could 

ot be observed under these imaging conditions. Therefore, IPF 

aps with HABs were also constructed for samples with different 

umbers of CQT cycles. The IPF maps with HABs of samples B1−B4 

re shown in Fig. 7 (a−d), respectively. The substructure of marten- 

ite is gradually refined with increasing number of CQT cycles. In 

amples B1−B3, the martensite microstructure can be divided into 

efined regions and unrefined regions. The refined regions exhibit 

 type of ultrafine martensite substructure separated by HABs, 

hile in the unrefined regions, the martensitic microstructure still 

resents as packets and blocks. When the number of CQT cycles is 

our (sample B4, Fig. 7 (d)), the unrefined regions are all gone and 

he whole martensitic microstructure is dominated by the ultrafine 
316
artensitic substructure. The EGS of sample A and sample B1−B7 

re shown in Fig. 7 (e). The EGS abruptly drops from 5.57 (sample 

) to 2 μm after a one-time cycle, and then decreases slowly but 

teadily to 0.5 μm. 

The dimensions of martensitic laths are of the order of nanome- 

ers, so the TKD had to be employed in order to identify the 

hanges in the martensite laths during CQT. The IPF map of sam- 

le A is shown in Fig. 8 (a), where HABs shown by black lines and

ow-angle grain boundaries (LABs, misorientation angle less than 

5 ° and greater than 2 °) are decorated by white lines [ 27 , 28 ]. The

idth of the lath in sample A is around 500 nm, which is consis- 

ent with the TEM observation in Fig. 4 (d). In sample B2 ( Fig. 8 (b)),

he microstructure is divided into a refined region and an unre- 

ned region, which is consistent with the results under EBSD in 

ig. 7 . In the unrefined regions, the crystallographic orientation of 

aths is still similar. In the case of four CQT cycles, the unrefined 

egion disappears and is replaced by the refined region composed 

f various crystallographic orientations laths. Besides, it is interest- 
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Fig. 6. BF-TEM images of (a) sample B1, (b) sample B2, (c) sample B4, and (d) sample B6; ABF-STEM images of (e1 ) sample B1, (e2 ) sample B2 and (e3 ) sample B4; (f) EDS 

point-scanning analysis of Ni in austenite grains in (e1 −e3 ). 
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ng that the lath boundaries which used to be thought of as LABs 

ave been turned into HABs after CQT. The proportions of HABs 

nd LABs in sample A are 12.9 % and 87.1 %, respectively. When 

he number of CQT cycles reaches 4 (sample B4), the proportion 

f HABs increases to 80.4 % while proportion of LABs decreases to 

9.6 %. Although the LABs are of a high proportion in sample A, 

he percentage of HABs rises further with an increasing number of 

QT cycles, as shown in Fig. 8 (d). 
317
The BC maps with austenite phase (red), HABs, and LABs in 

amples B2 and samples B4 are shown in Fig. 9 (a, c), respectively, 

hile the corresponding Ni element distribution is demonstrated 

n Fig. 9 (b, d). In sample B2, the Ni content (wt.%) of austenite 

rains in the refined region is higher than that in the surround- 

ngs, while the Ni is homogeneously distributed in the unrefined 

egion without austenite grains, as shown in Fig. 9 (b), which is 

n agreement with the results in Fig. 6 . Furthermore, it is worth 
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Fig. 7. IPF maps with HABs: (a) sample B1, (b) sample B2, (c) sample B3, (d) sample B4; (e) EGS of samples with different numbers of CQT cycles. 
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oticing that not only the Ni content in the small austenite grains 

s higher than in the martensitic matrix, but that the refined laths 

evelop an inhomogeneous composition, as shown in Fig. 9 (d). Ac- 

ording to Ni element distribution characterization, the microstruc- 

ure in sample B4 can be divided into three substructures: (i) Ni- 

ich austenite grains, (ii) Ni-rich martensite laths, and (iii) Ni-poor 

artensite laths. The Ni-rich austenite grains are identified to have 

n average Ni content of 24.6 % ± 0.8 %, higher than that of Ni-

ich martensite, 23.2 % ± 0.2 %, demonstrating local Ni partition- 

ng takes place during CQT, as seen in Fig. 9 (e). Average content of

ll alloying elements in Ni-rich austenite grains, Ni-rich martensite 

aths of the sample B4 from TKD EDS point-scanning analysis are 

hown in Table S3 in supplementary materials. 

The dilatation curves of samples with different numbers of CQT 

ycles measured during CQT also provide independent evidence 

hat Ni partitioning occurs as shown in Fig. 9 (f). Sample B1 has 

he lowest Ms temperature and exhibits a significant shrinkage 
318
f length during cooling. The magnitude of shrinkage decreases 

nd Ms temperature rises with the increasing number of CQT cy- 

les. Those regions with lower Ni content will undergo marten- 

itic transformation at higher temperatures, while the regions with 

igher Ni content will undergo martensitic transformation at lower 

emperatures. This unusual change in martensite formation char- 

cteristics is clear evidence of the presence of Ni-poor and Ni-rich 

egions in the austenitic microstructure at the peak CQT tempera- 

ure. 

Given the potential influence of TKD technique resolution on 

xperimental results, SAED analysis of the Ni-rich martensite re- 

ion was conducted in TEM mode, as depicted in Fig. 10 . The 

DX-mapping ( Fig. 10 (b)) reveals that Ni element distribution is 

n-uniform within the microstructure. EDS line-scanning analysis 

 Fig. 10 (c)) of the highlighted white circle region in Fig. 10 (a) in-

icates elevated Ni content compared to its surrounding regions. 

o further characterize the crystal structure of the Ni-rich marten- 
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Fig. 8. IPF images with LABs (white lines) and HABs (black lines) from TKD analysis: (a) sample A, (b) sample B2, and (c) sample B4; (d) proportions of HABs and LABs in 

sample A, B2 and B4. 
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ite, the SAED patterns of Ni-rich martensite lath along [100] and 

 ̄1 11] zone axis were obtained, as shown in Fig. 10 (d). It is assumed

hat the Ni-rich martensitic lath is BCT structure, implying that 

he interplanar spacings a = b � = c ( a > c or a < c ) and the an-

les between the corresponding lattice planes are not equal to 60 °. 
owever, the angles between the corresponding lattice planes are 

easured to be 60 °, indicating that the Ni-rich martensitic laths 

ave BCC structure ( Fig. 10 (d2 )). In addition, the interplanar spac- 

ngs of (010) and (001) lattice planes in Fig. 10 (d1 ) were measured 

o be approximately ∼0.287 and ∼0.284 nm, respectively, which 

ere found to be quite equal and evidently consistent with the lat- 

ice parameter characteristics of the cubic crystal system. The SAED 

attern obtained along the [ ̄1 11] was captured, and was measured 

o be approximately ∼0.287 nm. Hereto, the Ni-rich martensite lath 

as totally verified to contain a BCC structure. 

.2.4. Precipitates after CQT 

The details of the precipitates in samples B1, samples B2, sam- 

les B4, and samples B6 are presented in Fig. 11 . A high number

ensity of Ni3 Ti precipitates exists in the martensitic matrix in CQT 

amples. The results demonstrate that Ni local segregation during 

QT does not affect the morphology and number density of precip- 

tates. Besides, in sample B4, the orientation between the Ni3 Ti and 

artensite matrix follows [011]α//[0 0 01]η relationship, as shown 

n Fig. 11 (c) [ 3 , 29 ]. APT analysis of isosurfaces of 0.2 at.% Mo plus

.35 at.% Ti concentration and proximity histograms in sample B4 

hows that in addition to the rod-like Ni3 Ti, Mo-enriched precipi- 

ates also present in the matrix, as shown in Fig. 11 (e). The lengths

f the Ni3 Ti and the Mo-enriched precipitates are about 20 and 

0 nm, respectively. The total number density of these two precip- 

tates is 7.7 × 1023 /m3 . 

To further substantiate that local Ni partitioning does not affect 

he precipitation behavior of the precipitates, the volume fractions 
319
f Ni3 Ti and Mo-enriched precipitates within the martensitic ma- 

rix were calculated using equilibrium phase diagrams for varying 

i contents of 14 %, 15 %, 16 %, and 18 % (wt.%), as depicted in

ig. S1. Remarkably, the volume fractions of Ni3 Ti and Mo-enriched 

recipitates remained consistent across different Ni concentrations. 

. Discussion 

.1. Formation of austenite grains and heterogeneous refined 

artensite laths 

As to the formation of austenite grains and refinement and in- 

reased chemical heterogeneity of the martensite, the following 

spects are worth noticing. At first, the Ni-rich austenite grains 

re introduced by CQT. Secondly, the austenite grains gradually 

row as the number of CQT cycles increases and the Ni content 

n the austenite grains also increases, as shown in Fig. 6 . Thirdly, 

n addition to the development of the Ni-rich austenite grains, the 

artensite laths are also refined during CQT. More interestingly, 

ot only Ni-poor ultrafine laths are observed, but also Ni-rich ul- 

rafine laths are seen, as shown in Fig. 9 . From the above three

spects, it can be concluded that the formation of austenite grains 

nd heterogeneous refined martensite laths are related to the lo- 

al Ni partitioning during CQT. So, to further understand the rela- 

ionship between Ni partitioning and the formation of these mi- 

rostructures during CQT, the Thermo-Calc & DICTRA software in 

ombination with the TCFE 8 and MOBFE 3 databases were applied 

o simulate the formation kinetics of austenite, local equilibrium 

f Ni at the austenite/martensite interface assuming a planar 1- 

 configuration, and elemental diffusion behavior in single phases 

 30 , 31 ]. The width of the simulation cell is acquired from Fig. 4 and

he corresponding width of martensitic lath is set to 500 nm. An 

ustenite nucleus with a width of 1 nm with a nominal composi- 
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Fig. 9. BCE map with austenite phase (red), HABs, LABs, and corresponding Ni element distribution in (a, b) sample B2, (c, d) sample B4, (e) EDS point-scanning analysis of 

Ni-rich austenite grains and Ni-rich martensite laths, (f) dilatation of samples with different numbers of CQT cycles as a function of temperature. 
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ion is located at the right side of the martensitic region. The ge- 

metry principle of the nucleus for simulation has been explained 

n other studies [ 30–33 ]. The phase transformation kinetics and 

he phase boundary migration during the slow heating from 450 

o 850 °C and subsequent holding for 15 min were simulated. To 

ccurately account for the effect of heating rate and temperature 

n the formation mechanism of austenite, the same heating rate 

s the experimental process was adopted in the simulation [ 34 ]. 

uring the phase transformation calculation, in the DICTRA simula- 

ions the austenite/martensite phase interface is assumed to main- 

ain the local equilibrium state. 

As the temperature rises, the kinetics of austenite formation in 

ample B1 can be divided into three stages, as shown in Fig. 12 (a).

hen the temperature is lower than 550 °C, the fraction of austen- 

te remains constant given that the temperature is relatively lower. 

or temperature range of 550 and 700 °C, the kinetic of austen- 
320
te formation is accelerated gradually. When the temperature ex- 

eeds 700 °C, complete austenitization is progressively achieved. 

he final critical temperature in simulation results appears to be 

ower than that obtained by dilatometry ( Fig. 1 (a)), as the simu- 

ation does not take into account the nucleation process and so- 

ute drag effects [ 35–38 ]. The kinetics of austenite formation in- 

icate that the austenite grains are formed during slow heating 

between 550 and 700 °C). This conclusion is also supported by 

he results obtained from dilatometric experiments, as shown in 

ig. 12 (b). Figure 12(b) shows the dilatation as a function of time at 

50, 600, and 650 °C for 3 h of holding. It was found that all sam-

les show significant shrinkage, indicating austenitic grains form- 

ng during holding. In addition, the samples began to shrink at the 

nitial stage of holding, indicating that austenite grains had already 

ormed at this time. In the temperature range from 550 to 700 

C, the kinetics of austenite formation exhibit an increasing and 
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Fig. 10. (a) BF-TEM image of sample B4, (b) corresponding Ni element distribution map, (c) line-scanning analysis of Ni in local region, (d) corresponding to SAED analysis 

of the region highlighted red circle region in Fig. 10 (a). 
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ubsequently decreasing trend, which is related to the Ni diffusion 

n both sides of the austenite and martensite. In the temperature 

ange of 550−675 °C, Ni-poor peaks appear on the martensite side 

nd Ni-rich peaks appear on the austenite side ( Fig. 12 (c)), imply- 

ng that the Ni continuously diffuses from the martensite side to- 

ards the austenite side. According to thermodynamics, diffusion 

s driven by chemical potential which is a function of elemental 

oncentration and temperature, and diffusion always takes place in 

he direction of decreasing chemical potential. Figure 12(d) shows 

he chemical potential as a function of Ni concentration at different 

emperatures, where the Ni concentration in different regions in 

he simulation cell at different tem peratures is given by Fig. 12 (c). 

t can be seen that the Ni chemical potential of the austenite side 

s lower than that of the martensite side, indicating that the dif- 

usion of Ni into the austenite leads to a progressive increase of 

he Ni concentration in the austenite and the formation of Ni-poor 

egions on the martensite side. Besides, the phase transformation 

n this temperature interval follows a partitioned local equilibrium 

PLE) model, where the slow diffusion of Ni in the martensite con- 

rols the growth of austenite [ 32 ]. As the temperature increases, 

he kinetics of austenite formation reaches the maximum value 

t 675 °C. From the distribution of Ni at this moment, it can be

een that the width of the Ni-poor peak in martensite gradually 

ecomes narrower, implying that the diffusion of Ni in the marten- 

ite is no longer a controlling factor for phase transformation. The 
321
hase interface approaches the Negligible-partitioning local equi- 

ibrium (NPLE) mode at this temperature [ 39,40 ]. As the temper- 

ture exceeds 675 °C, the kinetics of austenite formation slows 

own. At this moment, the width of Ni depleted peak in martensite 

radually becomes broader again, indicating that the long-distance 

iffusion of Ni occurs again within the martensite region. The dif- 

usion of Ni in martensite gradually becomes the main factor con- 

rolling the phase transformation again. As the temperature rises, 

he microstructure approaches the single-phase of austenite ac- 

ording to the equilibrium phase diagram. 

When the temperature reached 850 °C, full austenitization has 

een achieved, i.e., the microstructure is single-phase austenite. 

his is evidenced by the fact that the dilatation rate of samples 

1−B4 remains unchanged when held at 850 °C for 15 min, as 

hown in Fig. 13 (a). However, there is still a large Ni concentra- 

ion gradient in the single-phase austenite. The Ni concentration 

t different regions in the simulation cell as a function of hold- 

ng time is shown in Fig. 13 (b) and the chemical potential of Ni

n different regions for different holding times in the single-phase 

ustenite is shown in Fig. 13 (c). It can be seen that the Ni chem-

cal potential in the high Ni concentration region is higher than 

hat in the lower Ni concentration region, indicating that Ni dif- 

uses from the Ni-rich region to the Ni-poor region. In other words, 

he Ni in the Ni-rich austenite formed during the slow heating 

iffuses to the region with a lower Ni concentration, resulting in 
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Fig. 11. (a) BF-TEM images of precipitates in (a) sample B1, (b) sample B2, (c) sample B4, (d) sample B6, (e) isosurfaces of 0.2 at.% Mo plus 0.35 at.% Ti concentration and 

proximity histograms of Ni3 Ti and Mo enriched phase from APT analysis in sample B4. 
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 decrease of Ni concentration in some of the Ni-rich austenite 

rains. 

However, even though the chemical heterogeneity is reduced 

fter holding treatment at 850 °C for 15 min, the distribution 

f Ni in the simulation cell at the austenitization stage is still 

ot uniform, as shown in Fig. 13 (d) (red line). The Ms temper- 

ture at each grid point was calculated according to Ref. [ 41 ] 

ased on the alloy composition of the computational domain at 

he end of the holding treatment. The calculation results show 

hat 3 % (vol.) of the austenite has a Ms temperature below RT 
322
blue line), indicating that these austenite grains can be retained 

fter cooling. Meanwhile, the rest of the austenite is transformed 

nto two types of martensite, namely Ni-rich and Ni-poor, unlike 

he case of sample A in which a chemically homogeneous austen- 

te is formed resulting in a sharp and well-defined martensite 

ormation. 

Some small austenitic grains were indeed observed between the 

artensitic laths in sample B1 ( Fig. 6 (a)). In addition, heterogene- 

ty of Ni is already present in some regions of sample B1. These 

actors may have an impact on the subsequent kinetics of austen- 
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Fig. 12. (a) Kinetics of austenite formation in the sample B1 during the CQT, (b) dilatation as a function of time at 550, 600 and 650 °C for 3 h, (c) Ni weight percent at 

different tem peratures in different regions of the simulation cell, (d) Ni chemical potential at different temperatures in different regions of the simulation cell. 
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te formation in sample B2. Therefore, the simulation cell for the 

econd cycle of CQT was not full martensite, but rather there were 

ustenite grains with a fraction of 3 % (vol.) in a chemical hetero- 

eneous martensitic matrix. 

In the DICTRA simulation of the second cycle of CQT, the width 

f martensite was set to 485 nm, with an additional 15 nm of 

ustenite to its right, as shown in Fig. 14 (a). In addition, the com-

osition profile in the matrix obtained from the last stage of the 

ample B1 simulation was introduced into the computational do- 

ain of sample B2. The kinetics of austenite formation in the sec- 

nd cycle of CQT is similar to that of the first cycle of CQT. The

ormation rate of austenite increases with temperature, reaches 

 maximum at 674 °C, and then decreases, achieving complete 

ustenitization at about 700 °C, as shown in Fig. 14 (b). From the 

istribution of Ni at different temperatures in Fig. 14 (c), it can be 

een that when the temperature is lower than 650 °C, the forma- 

ion of austenite is relatively slow, and there is a broader Ni-poor 

eak in martensite. As the temperature increases, the phase trans- 

ormation kinetic is accelerated and the Ni-poor peaks in marten- 

ite gradually become narrower. When the temperature is further 

ncreased, the Ni-poor peaks in martensite become wider again, in- 

icating that the phase transformation rate slows down. The evo- 

ution of Ni-poor peaks within the martensite indicates that Ni 

ontinues to diffuse into the austenite side during heating. This 

eads to a further increase in the Ni concentration in the Ni-rich 
323
ustenite and the formation of a Ni-poor region on the marten- 

ite side. At the austenitizing stage, Ni is still diffusing from the 

i-rich region to the Ni-poor region. Nevertheless, comparing the 

omposition profiles in sample B1 and sample B2 at the end of 

he holding, it can be seen that the Ni concentration in the Ni-rich 

egion of sample B2 is higher than that of sample B1, while the Ni- 

oor region is lower than that of sample B1. The simulation results 

uggest the Ni heterogeneity in microstructure intensifies progres- 

ively with the increasing number of CQT cycles, which is consis- 

ent with the dilatation results ( Fig. 9 (g)). The Ms temperature at 

ach grid point was calculated based on the alloy composition of 

he computational domain after holding at 850 °C for 15 min, as 

hown in Fig. 14 (d). The calculation results show that austenite 

ith a width of 76 nm has a Ms temperature below RT, which 

ndicates that those austenite grains will be retained, while the 

est of the austenite will be transformed into Ni-rich and Ni-poor 

artensite after water cooling. It can be seen that local Ni par- 

itioning leads to the formation of small Ni-rich austenite grains, 

i-rich martensite laths, and Ni-poor martensite laths. After the 

our CQT cycles, the Ni content in Ni-rich austenite grains and Ni- 

ich martensite rises to 23.48 % and 22.1 %, respectively. The above 

nalysis reveals that each CQT cycle increases the Ni content vari- 

nce and promotes Ni heterogeneity. 

It is essential to emphasize the significance of a slow heating 

ate for Ni partitioning. Lee et al. [ 42 ] conducted a study inves-
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Fig. 13. (a) Dilatation as a function of time of sample B1−B4, (b) Ni weight percent as a function of holding time at 850 °C, (c) Ni chemical potential in the simulation 

cell at different regions for different holding times, (d) Ni content and Ms temperature at each grid point calculated from the Ni content at the end of the holding in the 

simulation cell. 
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igating the impact of heating rate on the martensite-to-austenite 

ransformation in martensitic stainless steels. They discovered that 

hen the heating rate was less than 10 K/s, the austenite rever- 

ion was governed by a diffusion mechanism, whereas it shifted 

o a shear mechanism without diffusion when the heating rate 

xceeded 10 K/s. In order to further corroborate that this mi- 

rostructure forms during slow heating in CQT, additional CQT ex- 

eriments with rapid heating were conducted, employing a heat- 

ng rate of approximately 50 °C/s and the samples were labeled 

s sample C1−C4 according to the number of CQT cycles. Figure 

2(a, b) shows the IPF map with HABs and the phase distribu- 

ion in BC mode of sample C4, respectively. The sample C4 ex- 

ibited a martensitic microstructure that remained unrefined, with 

o austenite grains detected. Furthermore, the dilatation curves of 

amples C1−C4 showed no significant change in the Ms tempera- 

ure, indicating that rapid heating rates do not lead to Ni elemental 

artitioning. 

Moreover, only blocky austenite grains were observed, with no 

resence of film-like austenite grains in the samples with the num- 

er of CQT cycles. This is due to the fact that all film-like austenite 

rains develop into blocky austenite as the temperature increases 

uring single cycle. To validate this, the experimental steels were 

ged at 550 and 600 °C for 3 h, respectively. BF-TEM images re- 

ealed the presence of film-like austenite grains with an average 

idth of 20 nm after aging at 550 °C for 3 h (Fig. S3(a)), whereas
 i

324
ging at 600 °C for 3 h resulted in the observation of only blocky 

ustenite grains with an average width of 500 nm (Fig. S3(b)). 

.2. Development of mechanical properties with the cycle numbers of 

QT 

.2.1. Effect of CQT on strength 

The plot illustrating mechanical properties ( Fig. 2 (a)) versus the 

umber of CQT cycles indicates that with fewer than 4 cycles, 

oth UTS and YS remain unaltered. However, when the cycle num- 

er exceeds 4, as evidenced by samples B5–B7, a slight decrease 

n UTS is observed, accompanied by a significant reduction in YS. 

his change in strength is intricately linked to the microstructural 

volution during CQT. Figs. 5 and 6 reveal a gradual increase in 

he volume fraction and size of austenite grains with increasing in 

ycle number of CQT. In sample B4, the microstructure contains 

locky austenite grains with a width of 500 nm and a volume 

raction of 6.59%. Surprisingly, the strength remains at 2.3 GPa, 

ontrary to the general finding that a higher fraction of blocky 

ustenite grains often reduces the strength of ultra-high-strength 

teels (UHSS). The absence of a reduction in UTS can potentially 

e attributed to three factors. Firstly, the matrix is strengthened 

y the Ni3 Ti and Mo-enriched precipitates. Despite significant lo- 

al Ni segregation during CQT, the precipitation behavior of precip- 

tates remains unaffected, as shown in Figs. 11 and 12 . These high- 
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Fig. 14. DICTRA simulation results of the sample subjected to the second cycle of CQT, (a) simulation cell, (b) kinetics of austenite formation as the function of temperature, 

(c) Ni weight percent at different tem peratures in different regions of the simulation cell, (d) Ni content and Ms temperature at each grid point calculated from the Ni 

content at the end of the holding in the simulation cell. 
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ensity nanoscale precipitates act as barriers to reduce dislocation 

ovement, thereby enhancing the strength of CQT samples [ 43,44 ]. 

or samples B1–B4, no precipitates were observed in the austen- 

te grains themselves. Secondly, the refinement of laths contributes 

o strengthening. The initial lath boundaries have gradually shifted 

rom LABs to HABs during CQT, significantly increasing the propor- 

ion of HABs ( Fig. 8 (d)), although the size of the PAG did not de-

rease due to CQT ( Fig. 3 ). Several studies have shown that the UTS

an be increased by increasing the proportion of HABs since dislo- 

ations have difficulty passing through HABs, but the resistance to 

rossing LABs is almost nonexistent [ 45 ]. Another factor playing a 

ole in the retention of the strength with the number of CQT is the 

resence of sharp local fluctuations in Ni (and Mo levels) present 

ust before the quenching step, the so-called Chemical Boundary 

ngineering concept presented by Ding et al. [ 46 ], who showed 

hat in medium manganese automotive steels local portioning of 

n due to tailored cyclic treatments may lead to martensite rein- 

orcement as the Mn-rich regions lead to obstacles in martensite 

ormation and an exceptional combination of strength and ductil- 

ty. Likely, the Ni partitioning in the CQT treatment in this marag- 

ng steel works in a similar way. 

Although the volume fraction of blocky austenite grains in sam- 

le B4 reaches nearly 7 %, it exerts minimal impact on strength. 

his is attributed to higher hardness martensite surrounding the 
t

325
ustenite grains, which can shield the austenite from externally ap- 

lied loads, known as the “shielding effect”. However, the YS of 

he experimental steel decreases significantly once the cycle num- 

er of CQT exceeds 5. Despite exhibiting similar characteristics in 

erms of PAG size, EGS, and the number density of precipitates, 

ample B6 differs from sample B4 in terms of higher volume frac- 

ion and size of austenite grains. Therefore, the YS reduction ob- 

erved in samples B5–B7 may be attributed to the enlargement of 

ustenite grain size, rendering the high-strength martensite inca- 

able of effectively shielding these larger austenite grains. Under 

tress, the larger-sized austenite grains tend to yield preferentially 

o the martensitic matrix. Although some austenite grains may 

ransform into martensite under stress, thereby enhancing strength 

o some extent, the strength of fresh martensite remains con- 

iderably lower than that of the martensitic matrix strengthened 

y precipitates. Consequently, the YS of the samples decreases. 

owever, the UTS of samples B5–B7 appears relatively unaffected, 

wing to the TRIP effect occurring within the larger austenite 

rains during the tensile process, thereby augmenting their tensile 

trength. 

.2.2. Effect of CQT on toughness 

The impact toughness of the experimental steel increases with 

he refinement of the martensitic laths and the increase in the 
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Fig. 15. Fractography after Charpy V-notch impact test: (a) sample A, (b) sample B4; (c1 ) phase map and (c2 ) IPF maps with HABs near the fracture of sample B4; (c3 ) IPF 

maps with HABs near the fracture of sample A, (d) EBSD images near fracture of sample B4, the phase maps with HABs at position d1 –d4 . 
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ustenite grains volume fraction during CQT. SEM analysis of the 

racture of sample A and sample B4 showed that the fracture of 

ample A was a cleavage fracture, as shown in Fig. 15 (a), while 

he fracture of sample B4 was characterized by ductile dimpled 

ractures, which consisted of fine equiaxed dimples and micro- 

oids, as shown in Fig. 15 (b). The phase map and IPF map with

ABs near the fracture of sample B4 are shown in Fig. 15 (c1 , 

2 ), respectively, and the misorientation angles between adjacent 

ones are listed in Table S4 in supplementary materials. The zone 

urrounded by crystallographic misorientations of less than 15 °
epresents a unit. It can be seen from Table S4 that crystallo- 
326
raphic misorientation between adjacent zones is large and greater 

han 15 ° (boundaries are HABs). From Fig. 15 (c2 ), it can be seen 

hat when the cleavage crack encounters zone 7, it is arrested 

nd then deflected by a larger angle. Therefore, more energy is 

eeded for the cleavage crack [ 43,44 ]. When the cracks are pro- 

uced in sample A, the cracks will propagate along the straight 

ABs, and the cracks will expand very fast without much re- 

istance, as shown in Fig. 15 (c3 ). In contrast, in sample B4, the 

racks also propagate along HABs, but its propagation path be- 

omes long and tortuous, which consumes more energy. The in- 

eraction between multi-phase and crack propagation is a key fac- 
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or in improving toughness. The misorientation angles between 

ustenite grains and ultra-fined martensite laths are very differ- 

nt, resulting in cracks deflecting. Besides, the compressive stress 

aused by the volumetric expansion of the austenite-to-martensite 

ransformation can blunt the crack tip and further resist crack 

ropagation. 

The formation of austenite grains is another reason for the in- 

rease in toughness. Austenite grains, serving as soft phases, effec- 

ively blunt the crack tip and trigger a martensitic transformation 

nder stress, known as the TRIP effect [ 47–49 ], thereby absorbing 

nergy. A related study [ 50 ] demonstrated that austenitic grains 

an delay the nucleation of micropores by alleviating tension on 

heir nucleated surfaces, or they can counteract the strain soften- 

ng effect induced by micropore nucleation through the hardening 

ffect induced by their phase transformation. Additionally, austen- 

te exhibits lower strength compared to martensite and is more 

rone to plastic deformation, thus enhancing stress distribution. 

ustenite grains, i.e., un-transformed grains, are not found near 

he fracture surface of broken sample B4, but a small quantity of 

ustenite is found at a distance from the fracture surface, as shown 

n Fig. 15 (d1 −d4 ), which confirms that stress-induced martensitic 

ransformation has occurred locally in the vicinity of the crack 

ath. Although these austenite grains are small and have a high Ni 

ontent, which improves the mechanical stability of the austenite 

o some extent, the localized plastic deformation produced during 

he impact test transforms the austenite to martensite, which will 

esult in the absorption of additional energy and thus the impact 

oughness is improved. 

. Conclusions 

In the present research, the cyclic quenching treatment (CQT) 

as successfully improved the RT Charpy V-notch impact energy of 

xperimental maraging steel from 9 to 20 J, while keeping the ten- 

ile strength at a high level of 2.3 GPa. The following conclusions 

ave been drawn: 

1) The improvement in mechanical properties and impact tough- 

ness due to CQT in the present research is not due to a pro-

gressive refinement of the prior austenite grain size. 

2) With an increasing number of CQT cycles, the martensitic mi- 

crostructure has been remarkably refined due to the forma- 

tion of Ni-rich austenite grains, Ni-rich laths, and Ni-poor laths. 

When the CQT is applied less than 4 times, unrefined block 

regions could still be seen. However, as long as the austenite 

grains are present, the microstructure is refined. 

3) The boundaries between the Ni-rich austenite grains and two 

types of martensite laths are HABs, while boundaries between 

Ni-rich laths and Ni-poor laths can be either HABs or LABs. 

4) The improved RT Charpy V-notch impact energy without loss 

of strength is owing to the refined substructure and the TRIP 

effect of austenite grains. 

5) Local Ni segregation during CQT is responsible for the for- 

mation of austenite grains, Ni-rich martensite, and Ni-poor 

martensite, which could be well interpreted by the DICTRA sim- 

ulation. However, it is still unknown why the refinement of mi- 

crostructure in different regions is not synchronous. 
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