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STUDY ON THE INFLUENCE OF ELEMENT PARTITIONING ON THE CRYOGENIC TOUGHNESS
OF INTERCRITICAL QUENCHED 9Ni STEEL

To study the promotion mechanism of the quenching, intercritical quenching, and tempering process on the cryogenic tough-
ness of 9Ni steel, the evolution characteristics of reversed austenite in the process were investigated. The mechanism of the phase
transformation of reversed austenite under the partitioning of C, Ni and Mn elements was described. The experimental results showed
that the composition of Ni and Mn elements is active in the intercritical quenching process. In particular, when the content of Ni
in the austenite phase increased from 9.19% to 13.46%, the volume fraction of reversed austenite increased from 3.6% to 5.6%.
The interstitial C atoms formed the Snoek-Ké-Kdster peak, whose activation energy increased from 1.13 eV to 1.24 eV. The ele-
ment partitioning promoted the formation of reversed austenite. However, intercritical quenching can lead to an even distribution
of martensitic lath bundles, with smaller length and spacing. The presence of more nucleation sites can facilitate the formation of
reversed austenite. After tempering treatment, a thin film of austenite can easily form along the martensite lath, resulting in improved

plasticity and toughness of 9Ni steel.
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1. Introduction

Liquefied Natural Gas (LNG) as a typical new clean energy
has attracted worldwide attention and is increasingly being used
in various fields such as people’s livelihood, petrochemical in-
dustry, and transportation [1]. Due to its good strength, low tem-
perature impact toughness, and ductility, 9 Ni steel has become
the mainstream material for storage tank construction [2]. Many
researchers are working to minimize energy consumption in the
preparation process by reducing process steps and enhancing the
efficiency of heat treatment. These efforts aim to achieve global
carbon peaking and carbon neutrality as soon as possible [3].

Previous studies [4,5] have shown that the low-temperature
mechanical properties of low-carbon high-Ni steels mainly
depend on the formation of reversed austenite after tempering.
For instance, Tavares et al. [6] demonstrated that the excellent
cryogenic toughness of 9Ni steel relies on the presence of fine
acicular reversed austenite achieved through quenching, intercrit-
ical quenching, and tempering (QLT) treatment. Chen et al. [7]
and others emphasized the inseparable relationship between
cryogenic toughness, grain refinement, and mechanical stabi-
lity of retained austenite. Zhu et al. [8] analyzed and compared

the fracture morphology of 9Ni steel with different thicknesses,
elucidating the positive impact of Ni element on cryogenic tough-
ness in the industrial application of LNG. This indicates that the
characteristics of reversed austenite are key factors affecting
the cryogenic toughness of the tested steel. However, achieving
precise control over the austenite characteristics and attaining
the desired microstructure design effect pose urgent technical
challenges. The author’s previous foundational research has dem-
onstrated that the two-phase region (a + y) quenching treatment
is an effective process for accurately controlling the morphology
and volume fraction of reversed austenite [9]. This is attributed
to the generation of numerous fresh martensite structures during
intercritical quenching treatment. Subsequently, after temper-
ing treatment, the new martensite grain boundaries serve as
favorable nucleation sites for reversed austenite. Furthermore,
this results in the largest volume fraction of reversed austenite
formation, which is consistent with the conclusions reported in
literature [10]. At the same time, Pan et al. [11,12] investigated
the diffusion behavior of C and Ni elements at different intercriti-
cal quenching (L) temperatures. The concentration of C and Ni
in the reversed austenite reached 0.4% and 18%, respectively.
However, the presence of Ni and Mn elements directly influences
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the formation of fresh martensite and reversed austenite during
the QLT process. Therefore, a comprehensive examination of
the partitioning mechanism of alloying elements such as C, Ni,
and Mn under different process parameters is crucial for under-
standing the generation of reversed austenite and for advancing
the development of high-performance 9Ni steel in the future.

Based on the quenching and high temperature temper-
ing (QT) and QLT heat treatment processes of INi steel, this
paper proposes using the intercritical quenching and tempering
(LT) process to compare and analyze the effect of Ni and Mn
element partition mechanisms on the microstructure evolution
and mechanical properties of reversed austenite in INi steel.
Simultaneously, in response to the challenge of low and difficult
detectability of the C element, an internal friction experiment is
employed to investigate the partitioning of the C element in the
test steel under the intercritical quenching state and its influence
on the formation of reversed austenite.

2. Materials and methods

This paper utilizes the chemical composition (wt.%) of 9Ni
steel, which comprises 0.05% C, 0.5% Si, 0.7% Mn, 9.15% Ni,
and Fe balance. The ingot was smelted using a 200 kg vacuum
induction furnace and subsequently hot forged into a billet
measuring 125 mm (height) X200 mm (length) x 150 mm (width).
Specimens with dimensions ® 4 mmx 10 mm were cut from the
billet. The phase transition points of the tested steel was deter-
mined using the DIL 805A thermal dilatometer according to
standard YB T 5127-1993. The 4., and 4 ; of the tested steel were
found to be 538°C and 685°C, respectively, with M, occurring
at 325°C. The 125 mm thick billet was heated to a temperature
of 1250°C for 1 h, then rolling on a $550 mm test mill. After
undergoing 10 passes of rolling, it was transformed into a 16 mm
thick steel plate. The initial rolling temperature was 1200°C,
while the final rolling temperature was 1000°C. Following the
final rolling, the steel plate underwent laminar water cooling
treatment. Samples measuring 150 mmx 80 mmx 16 mm were
then extracted from the surface of the rolled steel plate in the
rolling direction. These samples underwent the respective QT,
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LT, and QLT heat treatment experiments using a box resistance
furnace. The heat treatment process route is illustrated in Fig. 1.
According to GB/T228-2002, the tensile sample was cut at
a standard distance of 50 mm along the rolling direction (RD)
of the steel plate. The tensile test was conducted on a Zwick-
Z100 universal tensile testing machine at an initial strain rate
of 107 s7!. Subsequently, a standard V-notch impact sample
measuring 10 mmx 10 mmX55 mm was cut and soaked in
liquid nitrogen at —196°C. The impact test was then performed
on the JBN-500 impact testing machine. To prepare the sample,
a cross section perpendicular to the rolling direction (RD) was
cut, ground, and mechanically polished. The samples were then
etched using a 4% nitric acid alcohol etchant. The microstruc-
ture morphology of tested steel was observed using the Quanta
400HV field-emission scanning electron microscope (SEM). The
fine microstructure of the tested steel was observed by taking
10 mmx 10 mm %300 um thin slices from the mother plate, thin
foil specimens were also prepared by twin-jet polishing method
with a 8% perchloric acid and 92% acetic acid solution, using
a JEOL-2100F transmission electron microscope (TEM). The
X-ray diffraction (XRD) spectra of the samples were collected
using an X pert PRO x-ray diffractometer. The measurement pa-
rameters included a Co target, a tube voltage of 35 kV, and a tube
current of 40 mA. The volume fraction of reversed austenite was
calculated by comparing the integrated intensities of the (211) a,
(200) , (220) y, and (311) y crystal planes families. The calcula-
tion is performed using the following formula (Eq. (1) [11]):

1
S M
1+G=%
7
In the formula, V, represents the volume fraction of re-
versed austenite. /, and 7, denote the cumulative intensity of
diffraction peaks corresponding to martensite and austenite in
the steel, respectively. G represents the ratio of the integrated
intensity factor corresponding to the FCC crystal plane (/47), to
the BCC crystal plane (%k7),, where (hkl) represents the index
of the corresponding crystal plane.
The sample, measuring 1 mmx2 mm x50 mm, underwent
three heat treatment states. A simulation experiment was con-
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Fig. 1. Heat treatment process chart of 9Ni steel



ducted using the MFP-1000 multifunctional internal friction
instrument to measure temperature, time, internal friction, and
modulus during heat preservation at 660°C in the critical zone
using forced vibration. The activation energy of the internal
friction peak in the experimental results was calculated, and
the activation energy (H) was determined using the following
formula (Eq. (2) [12]):

H =RT, ln(kZ;PJ+TPAS ()

In the formula, R represents the ideal gas constant. 7p (K)
and f (s') denote the temperature and frequency correspon-
ding to the internal friction peaks, respectively. kp refers to
the Boltzmann constant, and % represents the Planck constant.
AS represents the entropy change, with a value of 1.1x107* e V/K.

3. Results and discussion

3.1. Effect of intercritical quenching on mechanical
properties of 9Ni steel

Fig. 2 represents the tensile properties of 9Ni steel at room
temperature under different process conditions. As observed
from the figure, the tested steel exhibits an increasing trend in
both tensile strength and yield strength after undergoing QT, LT,
and QLT treatments. The QLT process yields the highest tensile
strength and yield strength, measuring 650 MPa and 710 MPa,
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respectively, indicating optimal performance in terms of strength.
Comparing with the QT process, the LT and QLT processes result
in an increased elongation after fracture by 27.3% and 26.8%,
respectively, with similar degrees of improvement. These ex-
perimental findings align with the results reported in literature
[13], suggesting that both LT and QLT processes can enhance
the strength and plasticity of 9Ni steel. Further, low temperature
impact tests are required to determine which process can yield the
optimal comprehensive mechanical properties for the tested steel.
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Fig. 2. Tensile properties of 9Ni steel at room temperature under dif-
ferent process conditions

Fig. 3 shows the relationship between the volume fraction of
reversed austenite in the test steel and its low-temperature impact
work under different heat treatment conditions. The corresponding
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Fig. 3. Relationship between the low temperature impact energy (a), volume fractions of austenite (b), and (c) in tested steel under various heat

treatment conditions
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low-temperature impact energy of Q, QT, L, LT, quenching and
intercritical quenching (QL) and QLT at —196°C is 120 J, 245 J,
123 ],246J, 140 J and 268 J, respectively.According to Fig. 3(b),
after undergoing QT, LT, and QLT treatments, the volume frac-
tions of reversed austenite in the test steel are 3.9%, 3.7%, and
5.4%, respectively. After undergoing Q, L and QL treatments, the
volume fractions of retained austenite in the test steel are 2.8%,
2.5%, and 3%. Fig. 3(b) and (c) demonstrates that the test steel
exhibits the best cryogenic toughness after the QLT process treat-
ment, indicating that the volume fraction of reversed austenite
directly influences its cryogenic toughness [14]. Compared with
the QT and LT processes, the QLT process better ensures the
volume fraction and stability of austenite in the test steel. Further
exploration of the evolution mechanism of reversed austenite
in steel is necessary to better understand its precise regulation.

3.2. Microstructure evolution of intercritical
quenched 9Ni steel

Fig. 4 depicts the SEM microstructure of the test steel after
heat treatment using the quenching (Q), L, and QL processes.
Asiillustrated in Fig. 4(a), the test steel’s microstructure is mostly
made up of relatively thick lath martensite structure with a lath
width of 1.8 pm and clearly visible prior austenite grain bounda-
ries (PAGB) following Q process treatment. After L process
treatment, the test steel’s microstructure exhibits partial layering
and slenderness, with a layer spacing of approximately 1.5 um, as
illustrated in Fig. 4(b). In Fig. 4(b), the layered structure created
by martensite grows into lath bundles in different directions, and
the lath bundles in different directions cross to form the illustrated
interface, owing to martensite’s ability to cause different grain

orientations during the lamination process [15]. After the QL
process, the spacing between the layers of the martensite lath
is approximately 1.3 pm, and the layered structure is dense and
equally dispersed, as illustrated in Fig. 4(c). It can be deduced
that the L process can help refine the microstructure so that QL
of the test steel produces fine fresh martensite with uniform
lath size. As a result, the relationship between the change in
martensite morphology and the properties of the test steel after
tempering must be investigated.

Fig. 5 shows the SEM microstructure of the test steel after
QT, LT, and QLT heat treatments. In Fig. 5(a), the lath spacing of
the martensite structure in the test steel is approximately 2 pm.
The lath structure exhibits varying degrees of destruction, and
small island-like cementite appears in local areas. After LT treat-
ment, the test steel exhibits a lath cluster structure with different
orientations. The width of the lath is reduced, while the number
of lath interfaces significantly increases, indicating a higher
degree of interface destruction. This suggests that the average
grain size of the test steel is smaller, measuring approximately
1.7 um, as shown in Fig. 5(b). After QLT treatment, the mar-
tensite lath structure in the test steel is more evenly distributed,
and the average grain size is approximately 1.3 um, achieving
the maximum refinement compared to the average grain size
before tempering, as shown in Fig. 5(c). This indicates that
after the tempering treatment, the lath interfaces of the three
test steels exhibit varying degrees of destruction, resulting in
tempered martensite and cementite [15,16]. However, the QLT
process can refine the grain size to the greatest extent, providing
optimal strength and toughness. In order to further understand
the mechanism of the test steel’s microstructure on cryogenic
toughness, it is necessary to conduct further studies on the fine
morphological characteristics of the reversed austenite.
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3.3. Morphological characteristics of reversed austenite
under different processes

Fig. 6 shows the TEM morphology of the reversed aus-
tenite and tempered martensite structures in the test steel after
the QT process treatment. From the figure, it is evident that the
grain boundaries of the tempered martensite are clear, and the
dislocation lines within the grains are entangled, indicating their
distribution characteristics as the matrix. Reversed austenite is
observed along the grain boundaries of tempered martensite,
and stable elements such as C, Ni, and Mn are enriched in this
structure [17-19]. Through selected area electron diffraction
(SAED) analysis of the lattice structures at points 1 and 2 in
the TEM micrographs, it can be determined that the point 1
in Fig. 6 represents oval reversed austenite, while point 2 cor-

responds to tempered martensite. These findings are consistent
with the results reported in the literature [8]. Similarly, in the
case of the QLT process, the reversed austenite and tempered
martensite are adjacent in distribution within the test steel, and
a significant number of dislocation lines are present along the
grain boundaries of the tempered martensite. Due to the con-
centrated stress and high dislocation density in the tempered
martensite, atoms such as C, Ni, and Mn generate a Cottrell
atmosphere, leading to the formation of enriched regions [20].
The size of these regions is approximately 300 nm, as depicted
in Fig. 7. The SAED results in Fig. 7 confirm that the micro-
structures corresponding to points 1 and 2 represent reversed
austenite and tempered martensite, respectively. According
to literature [21], during intercritical quenching, a portion of
the original structure in the test steel may not be fully austeni-
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Fig. 6. TEM morphologies of reversed austenite and tempered martensite in steel samples treated with the QT process
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Fig. 7. TEM morphologies of reversed austenite and tempered martensite in steel samples treated with the QLT process

tized. As a result, upon cooling, thin-film retained austenite
and ferrite structures are formed, primarily appearing on the
boundary of the martensite lath. During the tempering process,
C, Ni, and Mn atoms diffuse from the tempered martensite
to the adjacent retained austenite, thereby contributing to the
formation of the reversed austenite and enhancing the stability
of austenite.

In summary, the element enrichment area typically oc-
curs at the PAGB, while the reversed austenite is continuously
distributed at the boundary of martensite lath bundles and the
prior austenite grain boundaries, exhibiting a parallel arrange-
ment [22], as shown in Fig. 8. During the intercritical quenching
soaking at 670°C, the original martensite first undergoes mar-
tensite transformation in the region with higher energy between
the plates, which becomes the nucleation site for the element
enrichment region. The dislocation density in the untransformed
martensitic structure sharply decreases after the intercritical
quenching stage. At this point, austenite stabilizing elements such
as C, Ni, and Mn in the matrix diffuse to the austenite, facilitating
its recrystallization. After intercritical quenching, most of the
austenite transforms into fresh martensite, while the content of
C, Ni, Mn, and other elements remains high at the boundaries.
A small amount of austenite is retained at room temperature,
and ferrite and fresh martensite are ultimately obtained after
intercritical quenching. It is necessary to analyze the influence
of C, Ni, and Mn elements on the microstructure individually
following intercritical quenching.

3.4. Partition mechanism of Ni and Mn elements
in intercritical quenching process

Fig. 8 presents TEM and SEM images of the matrix and
reversed austenite in the test steel after different processes, as
well as the changes of Ni and Mn elements in reversed austenite
(point 1) and tempered martensite (point 2) observed in the
SEM images. As observed in the TEM image in Fig. 8(a), the
bulk reversed austenite in the test steel is located at the matrix

boundary after the QT process, with a large number of reversed
austenite arranged in parallel. In the SEM images, the size of the
block reversed austenite (point 1) is approximately 195 nm, and
the peaks of Ni and Mn elements are higher compared to those
of tempered martensite. Following the LT process, the austenite
morphology in the test steel remains largely the same as that
observed after the QT process, with a slightly smaller size of
about 150 nm. The peak heights of Ni and Mn elements show
slight changes, as depicted in Fig. 8(b). However, after the QLT
treatment, a new thin-film morphology of reversed austenite
is observed in the TEM image of the test steel, as shown in
Fig. 8(b). Based on the SEM results, it can be concluded that
the grain size of reversed austenite (point 1) is approximately
130 nm, with the peak height of the Ni element remaining
relatively stable, while only the peak height of the Mn element
exhibits changes. The EDS results reveal significant differ-
ences in the peak heights of Ni and Mn elements between the
microstructures at point 1 and point 2. This indicates that the
combination of Ni and Mn elements occurs among different mi-
crostructures in the test steel after heat treatment [23,24]. After
the QT process, the Ni content in the reversed austenite of the
test steel is 9.51%, with a small increase in Ni element observed
after the LT process. However, following the QLT process treat-
ment, the Ni element content in the test steel reaches as high as
13.46%. This suggests that, after the QLT process treatment,
the Ni element content in the test steel far exceeds the average
content of the matrix, and Ni atoms are enriched in the reversed
austenite.

The partition rules of the Mn element in the QT, QLT, and
LT processes are essentially the same as those of the Ni element.
After the test steel undergoes the QT and LT processes, the Mn
element in reversed austenite increases by 0.14% and 0.24%,
respectively. In contrast, the Mn element content experiences
a 1.4% increase after the QLT process. This indicates that under
the QLT process, the diffusion of the Mn element in the austenite
of the test steel is more active. Both quenching and intercritical
quenching can effectively redistribute the Ni and Mn elements
from the matrix to the austenite phase. However, the partitio-
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Fig. 8. SEM and TEM images of tempered martensite (matrix) and reversed austenite in different processes, along with EDS analysis of Ni and

Mn elements in reversed austenite; (a) QT, (b) LT, (c¢) QLT

ning effect of Ni and Mn elements in the QLT process is more
pronounced than that in the LT and QT processes [25], as shown
in Fig. 9. Furthermore, the tempering process (low temperature
partitioning), the partitioning of the C element, and its impact
on reversed austenite also require further analysis.
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3.5. Internal friction characterization of C element
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The measurement results of the internal friction peak and its
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Fig. 10. The variation of internal friction and modulus (a) and the fitting curve of internal friction after heat treatment (b)

are presented in Fig. 10(a). The figure shows the appearance of
a Snock—Keé—Koster peak (SKK) in the temperature range of
150°C to 200°C during the heating process. The activation en-
ergy of the internal friction peak in the test steel, under the three
heat treatment processes of QT, QLT, and LT, is Hyy (1.2 €V),
Hir (1.24 €V), and Hy;r (1.13 €V), respectively, as shown in
TABLE 1.

TABLE 1

Shows the internal friction values and activation energy of the test
steel under different processes

Heat treatment Peak 'In.ternal Activation
temperature friction valje
process (Ty) /K ©™" 10 energy (H) /eV
QT 467.42 2.06 1.20
LT 479.53 1.95 1.24
QLT 437.23 3.26 1.13

To obtain the true internal friction curve of the test steel in
Fig. 10(b), the back and bottom portions of the actual measured
internal friction curve were removed. The diagram shows that
during the QT process, the SKK peak height of the tested steel
is slightly higher than that of the LT process, while the peak
width of both SKK peaks remains almost the same. Conversely,
during the QLT process, both the SKK peak height increases
significantly. The height of the SKK peak in the a-Fe solid
solution of the tested steel, which contains a small amount of
soluble carbon, is directly proportional to the concentration of
the Cottrell atmosphere. This concentration, referred to as Cy,
can be determined by the damping caused by dislocation drag
and the presence of interstitial Cottrell atmosphere. C; can be
expressed as a function of the concentration of interstitial Cot-
trell atmosphere (Eq. (3) [26]):
C, = CleHb/(RT) 3)
Where C;is the concentration of the C atom in the lattice (wt.%),
H,, is the binding energy between C and the dislocation (KJ/mol),
and T is the thermodynamic temperature (K).

The peak height of SKK increases as the value of C, increa-
ses until the solute concentration of the Cottrell atmosphere in
the a-Fe solid solution reaches saturation [27]. Once the Cottrell

atmosphere becomes supersaturated, the solid solution C atom
is deposited on the dislocation line, causing C,; to decrease. This
results in a shorter length of the dislocation line and a significant
decrease in the damping of SKK. Therefore, it can be inferred
that the SKK peak is a characterization method used to determine
the relative soluble carbon content in a-Fe solid solution.

The carbon content in the solid solution of a-Fe martensite
is found to be lower in the QLT process compared to the QT
and LT processes, as observed from the SKK peaks of the three
heat treatment states. This observation suggests that the QLT
treatment effectively reduces the carbon content in the matrix,
playing a crucial role in purifying the matrix. During the temper-
ing process, C elements are partitioned into austenite, causing
A,y to drop below the tempering temperature. Consequently,
austenitic transformation occurs in C-rich regions. As the phase
transition process continues, austenitic stable alloying elements
such as Ni and Mn are enriched in the austenitic phase through
short-range diffusion, resulting in the formation of reversed
austenite [28]. As the peak temperature of SKK increases, the
activation energy also increases, indicating the presence of higher
resistance that needs to be overcome [29-31]. This increased
resistance weakens the partitioning effect, making it challenging
for the C element to partition during the QT and LT processes.
Consequently, the formation of reversed austenite during the
tempering process is reduced.

4. Conclusions

This paper presents a designed two-phase quenching (LT)
process to quantitatively study the mechanism of the QLT process
and improve the toughness of 9Ni steel at low temperatures.
Additionally, the influence of the partitioning of C, Ni, and Mn
elements on the production of reverse austenite is discussed. The
study concludes with the following findings:

(1) Intercritical quenching can create stratified lath martensite
in the tested steel, resulting in the formation of parallel and
fine new martensite. This, in turn, improves the mechanical
properties of the steel. The QLT process treatment resulted
in the tested steel exhibiting the best comprehensive me-
chanical properties, including a yield strength of 650 MPa,
tensile strength of 710 MPa, and low-temperature impact
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energy of 268 J, respectively. The volume fraction of re-
versed austenite in the steel was 5.4%.

Intercritical quenching promotes the segregation of Mn and
Ni atoms towards reversed austenite. Subsequent temper-
ing treatment effectively stabilizes this partitioning effect
at high temperatures, resulting in minimal changes to the
Ni and Mn content in the reversed austenite of the test
steel. Following QLT treatment, the mass fractions of Ni
and Mn in the austenite are approximately 13.46% (wt.%)
and 1.49% (wt.%), respectively. The concentration of Ni
and Mn elements leads to the reversed austenite with the
highest volume fraction and high stability, which improves
cryogenic toughness.

The content of reversed austenite during the tempering
stage, which is a low-temperature partitioning process, is
influenced by the level of carbon partitioning in the tested
steel. Additionally, the internal friction activation energy
of the test steel increases to 119 KJ/mol after undergoing
the LT treatment. Comparatively, the QLT process results
in the tested steel exhibiting a higher internal friction
peak than the LT process. This suggests that the QLT heat
treatment process is more efficient in reducing the solid
solution carbon content in the a-Fe matrix, allowing for
carbon allocation to the y-Fe phase. The resulting local
carbon enrichment in the microstructure of the tested steel
promotes the formation of reversed austenite.
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