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Abstract

This study investigates the effects of tempering temperature on the microstructural evo-
lution and mechanical properties of Cr-Ni-Mo-V steel designed for pressure vessel appli-
cations. The microstructure was characterized via scanning electron microscopy (SEM),
transmission electron microscopy (TEM, Thermo Fisher Talos F200X), electron backscatter
diffraction (EBSD), and physicochemical phase analysis. Mechanical performance was
evaluated through tensile and impact tests, followed by a detailed discussion of the un-
derlying strengthening mechanisms. The results demonstrate that the microstructure after
tempering is fully tempered martensite. Samples tempered between 425 °C and 525 °C
exhibit significant tempering resistance, maintaining a tensile strength of approximately
1300 MPa. This is primarily attributed to the synergistic effect of dislocation strengthening
and the precipitation of MC-type carbides. As the tempering temperature increases to
625 °C, the dislocation density decreases sharply from 3.71 x 10! cm 2 to 1.18 x 10'! em 2,
leading to a decline in strength. Concurrently, the impact energy increases significantly
from 71 ] to 132 J. The improvement in toughness is mainly attributed to the significant
elevation of the crack initiation threshold, which is dominated by the reduction in matrix
dislocation density, the coarsening and spheroidization of carbides, and the alleviation of
local stress concentration. The relative proportion of high-angle grain boundaries (HAGBs,
misorientation > 15°) increases from 51.9% to 57.7% during tempering, which is a result
of the massive elimination of low-angle grain boundaries rather than an increase in the
absolute length per unit area of HAGBs.

Keywords: Cr-Ni-Mo-V steel; tempering temperature; microstructure; mechanical
properties; carbides

1. Introduction

With the continuous development of modern industry towards large-scale, high-
efficiency, long-service-life and high-safety operation, the performance requirements for
key load-bearing structural components in extreme service environments have become in-
creasingly stringent [1,2]. In the fields of thick-walled pressure vessels, heavy hydropower
equipment, large-scale engineering machinery and steam turbine rotors, the core require-
ment for structural materials is to achieve an optimal combination of high strength, excel-
lent plasticity and superior toughness, which directly determines the structural integrity,
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long-term service reliability and operational safety of the equipment [3,4]. Against this
background, Cr-Ni-Mo-V martensitic steel has become the preferred material for manufac-
turing large forgings for the above-mentioned equipment, especially thick-walled pressure
vessels that bear long-term high-pressure and alternating loads. This is attributed to its
excellent comprehensive mechanical properties, outstanding hardenability, good tempering
resistance, and high controllability of microstructure and properties via heat treatment
processes [5,6].

Quenching and tempering (Q&T), as the most critical heat treatment process for tai-
loring the final microstructure and service properties of Cr-Ni-Mo-V steel, has been the
core focus of existing research in this field [7]. The quenching process determines the
hierarchical substructure of the initial lath martensite, while the subsequent tempering
process dominates the decomposition of metastable supersaturated martensite, the recovery
and annihilation of dislocations, the evolution of grain boundary characteristics, and the
precipitation and coarsening behavior of secondary carbide phases [8,9]. By precisely con-
trolling the key parameters of the Q&T process, especially the tempering temperature and
holding time, the multi-scale microstructure of the steel can be effectively regulated, and
then the optimal matching of strength, plasticity and toughness can be achieved [10]. At
present, a large number of studies have systematically explored the influence of tempering
temperature on the microstructure evolution and mechanical properties of Cr-Ni-Mo-V
system steels, and obtained a series of quantitative conclusions. In terms of the influence
of tempering temperature on the macroscopic mechanical properties of Cr-Ni-Mo-V steel,
existing studies have generally confirmed that the strength of the steel decreases while
the toughness increases with increasing tempering temperature, and given quantitative
characterization results for different component systems [11-25]. Zhao carried out a sys-
tematic study on Cr-Ni-Mo-V rotor steel with a chemical composition of 0.26 wt.% C,
1.52 wt.% Cr, 3.52 wt.% Ni, 0.48 wt.% Mo and 0.20 wt.% V, and the results showed that
when the tempering temperature increased from 500 °C to 660 °C, the tensile strength
of the steel decreased from 1350 MPa to 980 MPa, while the room temperature impact
energy increased from 34 J to 210 J, showing a significant trade-off relationship between
strength and toughness with the change in tempering temperature [6]. Yan studied the
effect of tempering temperature on Cr-Mo-V-Ni steel, and found that when the tempering
temperature increased from 200 °C to 600 °C, the tensile strength of the steel decreased
from 1900 MPa to 1100 MPa, and the low-temperature impact energy at —40 °C increased
from 15 ] to 50 ], further verifying the general law of the effect of tempering temperature on
the mechanical properties of this system steel [16].

In terms of the effect of tempering temperature on the multi-scale microstructure
evolution of Cr-Ni-Mo-V steel, existing studies have carried out in-depth discussions from
three dimensions, namely, dislocation density evolution, grain boundary characteristic
change and carbide precipitation behavior, and formed clear quantitative conclusions. For
the evolution of dislocation density, Zhou et al. [13] found that for Cr-Mo-V steel, when
the tempering temperature increased from 200 °C to 650 °C, the dislocation density in the
matrix decreased from 4.2 x 10° m~2 t0 0.8 x 10'® m~2, and the contribution of dislocation
strengthening to the yield strength of the steel decreased by more than 60%, which was
confirmed as the core reason for the strength decline of the steel during tempering. The
researchers further pointed out that the high dislocation density formed during martensitic
transformation is the core source of the high strength of low-alloy martensitic steel, and
the recovery, rearrangement and annihilation of dislocations during tempering directly
determine the attenuation law of the strength of the steel. For the evolution of grain
boundary characteristics [2], Jiang carried out a quantitative study on 42CrMo4V steel, and
the results showed that when the tempering temperature increased from 200 °C to 650 °C,
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the proportion of high-angle grain boundaries (HAGBs, misorientation > 15°) in the steel
increased from 42% to 58%, and the corresponding low-temperature impact energy was
nearly doubled, which confirmed that the increase in HAGB proportion is the key factor to
improve the toughness of the steel [26]. Zhao also found that increasing the proportion of
HAGBS can effectively hinder the propagation of cracks in the steel, consume more fracture
energy, and be the core microstructural factor to coordinate the strength-toughness balance
of martensitic steel [11]. For the precipitation behavior of carbides, existing studies have
clearly established the typical precipitation sequence of carbides in low-alloy martensitic
steels during tempering, namely, MC + M3C — MC — MC + M,C + M;C; — MC +
M7;C3 + Mp3Cq [25-27], and clarified the different effects of different types of carbides
on the mechanical properties of the steel. Among them, M;C3 phase has insufficient
strengthening effect at high temperature, M3C phase nucleated at the interface is easy to
cause steel embrittlement, and although M,C phase can improve strength and toughness
at the same time, its coarsened form will damage the impact resistance of the steel [28].
In contrast, MC-type carbides have high thermal stability in a wide temperature range,
which can effectively improve the strength of the steel without causing significant loss of
toughness [29-31]. Zheng pointed out that nano-scale MC carbides can increase the yield
strength of the steel by more than 200 MPa while maintaining the impact energy no less
than 80 J, which is the core secondary phase to achieve the strength—toughness balance of
Cr-Ni-Mo-V steel [28]. Additionally, the precipitation of nano-scale MC-type alloy carbides
during medium- to high-temperature tempering induces a significant secondary hardening
effect, which is the core mechanism enabling low-alloy martensitic steels to maintain high
strength and excellent tempering resistance. This effect has been systematically confirmed
in numerous classical and modern studies, forming the fundamental theoretical basis for
the composition design and heat treatment process optimization of Cr-Ni-Mo-V system
martensitic steels [22,23].

Comprehensive analysis indicates that tempering temperature significantly influences
the properties of Cr-Ni-Mo-V steel by regulating the evolution of the matrix and precipitates.
Proper matching of composition design and tempering process parameters is crucial to
meet the stringent requirements of high strength and excellent toughness for thick-walled
pressure vessel steels. Based on the traditional Cr-Ni-Mo-V steel composition system,
this study designed and fabricated a new medium-carbon high-nickel Cr-Ni-Mo-V steel
through optimizing the content of key alloying elements, with composition optimization as
the core driving force to achieve a superior balance of strength and toughness. Under fixed
tempering time, a systematic experimental approach combined with multi-scale microstruc-
tural characterization methods was employed to quantitatively investigate the effects of
tempering temperature on the microstructural evolution and mechanical properties of the
experimental steel, the intrinsic correlation mechanisms between tempering temperature
and key mechanical performance indicators such as strength, plasticity, and toughness were
revealed. Ultimately, this study provides theoretical foundations and technical guidance for
the synergistic optimization of alloy composition and heat treatment process parameters
for pressure vessel steels in industrial applications.

2. Materials and Methods
2.1. Experimental Materials

The experimental Cr-Ni-Mo-V steel was fabricated in a 50 kg vacuum induction
furnace under an argon-shielded atmosphere and subsequently cast into a copper mold.
The chemical composition was characterized using optical emission spectroscopy, with
the results summarized in Table 1. The ingot obtained by smelting was homogenized
at 900 °C for 8 h to soften and anneal, aiming to eliminate the residual internal stress
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from ingot solidification, reduce the hardness of the as-cast structure, and improve the
machinability and hot workability of the material. This treatment also stabilizes the matrix
structure, providing a microstructural foundation for the subsequent hot working and
final heat treatment. After being forged at 1200 °C, the ingot was processed to a total
forging ratio of no less than 6:1. Hot working with large deformation can obviously break
the as-cast structure and reduce macro-segregation, and finally obtain a round bar with
® 16 mmx 1000 mm. Prior to Q&T, 25 mm sections were removed from both ends of
each bar to eliminate potential effects of macro-segregation on mechanical performance.
Blank specimens (® 16 mm X 75 mm) were machined from the remaining bars for the heat
treatment regimen. All mechanical properties and microscopic characterization specimen
are taken from 1/2 radius of the round bar, completely avoiding the central segregation
zone and edge area; the gauge length section of the tensile sample and the V-shaped
notch area of the impact sample were strictly controlled within the same annular zone at
1/2 radius to ensure the consistency of the sampling positions of all samples and minimize
the impact of segregation on the test results. The specimens were initially heated from room
temperature to an austenitizing temperature of 880 °C over a duration of 2 h, held for 0.5 h,
and then oil-quenched to room temperature. Subsequently, the quenched specimens were
tempered at 425 °C, 475 °C, 525 °C, 575 °C, and 625 °C, respectively. The tempering stage
involved a 2 h heating ramp from room temperature to the target temperature, followed by
a 2 h isothermal holding period and final water quenching [6]. The heat treatment profiles
are schematically illustrated in Figure 1.

Table 1. Chemical composition of the experimental steel (wt.%).

Element C Mn Cr Ni Mo \% Al
Experimental 0.24 0.65 1.37 5.04 0.52 0.21 <15
1000 7 =
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Figure 1. Schematic illustration of the heat treatment process for Cr-Ni-Mo-V steel.

It should be noted that although forging and homogenization treatments signifi-
cantly reduce macrosegregation, microsegregation of alloying elements, particularly strong
carbide-forming elements such as V, Mo, and Cr, may still persist. This can lead to the pres-
ence of coarse, undissolved carbides in the quenched microstructure, which may not fully
dissolve during the austenitizing process at 880 °C for 2 h. The presence of undissolved car-
bides will lead to local inhomogeneity of microstructure (including lath width, dislocation
density, and tempering carbide precipitation behavior), while the mechanical properties
and dislocation density results are averaged over a large sampled volume, and thus the
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overall impact on the macroscopic performance trends is negligible. However, this factor
has been fully considered in the statistical error analysis of microstructure characterization
and quantitative calculation of strengthening mechanisms.

2.2. Experimental Methods

Room-temperature tensile tests and sample preparation were performed in accordance
with the Chinese national standard GB/T 228.1-2021 [32]. The heat-treated blanks were
machined into standard tensile specimens with a gauge diameter of 5 mm and a gauge
length of 25 mm, as illustrated in Figure 2. Testing was conducted on a WE-300 universal
testing machine (Jinan Touching Group Co., Ltd., Jinan, China) at a constant strain rate of
2.5 x 10~* s~ ! until fracture. To ensure statistical reliability, three specimens were tested
for each heat treatment condition. Charpy V-notch impact tests and sample preparation at
room temperature were conducted in accordance with the GB/T 229-2020 standard [33].
The heat-treated specimens were machined into standard Charpy impact samples with
dimensions of 10 mm x 10 mm X 55 mm, as shown in Figure 3. The impact performance
was evaluated using a JBN-300B pendulum impact testing machine (Jinan Lichi Testing
Equipment Co., Ltd., Jinan, China). For each condition, five parallel samples were tested to
ensure the reproducibility and accuracy of the experimental data.

2xR20 D5+0.03 2xC2

40

90

Figure 2. Schematic geometry and dimensions of the tensile specimens for Cr-Ni-Mo-V steel [6].
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Figure 3. Geometry and dimensions of the standard impact specimen for Cr-Ni-Mo-V steel.

After heat treatment, metallographic specimens were mechanically ground, polished
and etched with a 4 vol.% nital (nitric acid in ethanol) for 15 s to reveal the microstructure.
Microstructural observations were performed using a scanning electron microscope (SEM,
Thermo Scientific Apreo 2C) (Thermo Fisher Scientific Inc., Waltham, MA, USA) operated
at an accelerating voltage of 25 kV. For orientation and grain boundary analysis, specimens
were electropolished in a 5% perchloric acid—ethanol solution at 15 V for 50 s. The crystal
orientation and grain boundary distribution of the experimental steel were analyzed by
means of an electron backscatter diffraction (EBSD) detector (EDAX Velocity Super) (EDAX
LLC, Mahwah, NJ, USA), and the data acquisition step was 0.2 pm. Standard cleaning
steps such as grain confidence index (CI) standardization and grain dilation are adopted
to remove isolated noise. At last, the TSL OIM software (OIM Analysis 9.1) is used
to reconstruct the grain, and the threshold angle of grain boundary is 15° (that is, the
boundary with orientation difference > 15° is regarded as the grain boundary for dividing
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the grain). Then the equivalent circle diameter of each reconstructed grain is calculated
and the average value is counted. Precipitation behavior was characterized via high-
resolution field-emission transmission electron microscopy (TEM, Talos F200X) (Thermo
Fisher Scientific Inc., Hillsboro, OR, USA). TEM foils were prepared by cutting &5 mm discs
from the specimens, mechanically thinning them to 0.5 mm, and subsequently processing
them via the electrolytic twin-jet method combined with ion thinning. The electrolyte
comprised 5% perchloric acid and 95% ethanol, operated at 20 V and maintained at —30 °C.
The morphology, crystal structure, and chemical composition of the precipitates were
further analyzed using a Bruker energy-dispersive X-ray spectrometer (EDS). Quantitative
analysis of the structure, quantity, and chemical composition of precipitates was performed
through physical and chemical phase analysis. The precipitate was extracted by electrolysis
using 10 g/L tetramethylammonium chloride + 10% ethyl acetone methanol (current 0.03—-
0.05 A/cm?, temperature —5-0 °C). After collection, cleaning, and drying, the structure of
the precipitate was determined using a Malvern Panalytical X'Pert CPD X-ray spectrometer
(Malvern Panalytical B.V., Almelo, The Netherlands) (Cu target Ko at 40 V and 40 mA).
The elemental content in the precipitate was measured using inductively coupled plasma
atomic emission spectrometry (ICP-AES). M3C particles were dissolved in a 5% to 10%
(v/v) hydrochloric acid ethanol solution while retaining MC particles. Then, according to
GB/T 13221 standards [34], a powder X-ray spectrometer (PANalytic X'Pert CPD)/Kratky
small angle scattering angle measuring instrument (Malvern Panalytical B.V., Almelo,
The Netherlands) was used to determine the size distribution of the MC phase using a Cu
target Koc at 40 V and 40 mA. For the calculation of dislocation density, a Bruker D8 Advance
X-ray diffractometer (XRD) was used, with Co target K« radiation (A = 0.17902 nm), tube
voltage of 40 kV, tube current of 40 mA, scanning range of 26 = 30-90°, scanning step size
of 0.02°, and scanning speed of 0.5° /min. The diffraction peaks obtained from standard
annealed silicon powder under the same testing conditions were used as the instrument
broadening curve. For each sample peak, the background was first deducted, followed by
peak shape fitting using the Pearson VII function to obtain the measured integral width .
The instrument broadening Bing is obtained from the integral width of the corresponding
peak of silicon powder. The physical broadening f is approximated by the formula:

p= ( gbs - iznst)l/2 )

The Williamson-Hall method is used for broadening separation: fcos® = KA/D + 4esin®.
Among them, § is the physical broadening (radians), 6 is the Bragg angle, K = 0.9,
A =0.17902 nm. Linear fitting is performed on the obtained experimental results, and
the crystal block size d is obtained from the intercept of the fitted line. The dislocation
density p can be calculated according to the formula p = 14.4¢?/b?, where b is the Burgers
vector (for BCC iron, b = a,/3/2, a is the lattice constant 0.2866 nm, so b & 0.248 nm). The
coefficient of 14.4 is derived from the theoretical relationship between dislocation strain
field and X-ray line broadening, and is applicable to randomly distributed dislocations [35].

3. Results
3.1. Mechanical Properties

Figure 4 illustrates the room-temperature mechanical properties of the Cr-Ni-Mo-V
steel following quenching and tempering at various temperatures, establishing the correla-
tion between strength, plasticity, and toughness as a function of tempering temperature.
Figure 4a presents the engineering stress—strain curves. The peak stress remains sustained
at a high level for specimens tempered between 425 °C and 525 °C, whereas the ultimate
tensile strength declines markedly at tempering temperatures of 575 °C and 625 °C. Notably,
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a pronounced yield plateau was observed during low-to-medium temperature tempering
(425475 °C), which gradually diminished and transitioned to continuous yielding behavior
at higher temperatures (575-625 °C). Figure 4b depicts the evolution of strength. The results
demonstrate that both tensile strength and yield strength decrease as the tempering tem-
perature rises. The tensile strength exhibits a plateau of approximately 1300 MPa between
425 °C and 525 °C before descending rapidly. Similarly, the yield strength remains stable
at around 1100 MPa from 425 °C to 575 °C, after which a substantial drop occurs. The
plasticity parameters, namely, the reduction in area (Z) and elongation (A), are shown in
Figure 4c. Both indicators show a positive correlation with the tempering temperature:
elongation increases from 16% at 425 °C to 22% at 625 °C, while the reduction in area
rises from 65% to 72% across the same range. Figure 4d highlights the variation in Charpy
V-notch impact energy. The impact energy increased progressively with temperature; the
growth was relatively gradual between 425 °C and 525 °C (maintaining 70-80 J), but accel-
erated significantly at higher temperatures. Compared to the 525 °C condition, the impact
energy surges by 25 J to reach 105 J at 575 °C, and further culminates at 132 J at 625 °C.
Notably, the yield strength/tensile strength ratio of the specimen tempered at 575 °C shows
an obvious change compared with other tempering temperatures, which is consistent with
the secondary hardening effect induced by the massive precipitation of MC-type alloy
carbides at this temperature. This phenomenon further confirms that the precipitation
behavior of MC carbides becomes the core factor regulating the strength evolution of the
experimental steel in the medium-to-high tempering stage.

1400 1400
(a) (b) —s— Ultimate strength
1200 | = Yield strength
- 1300 -
f
£ 1000 -
- -~
4 £
£l \ S 1200
% | £
£ 600 Ey
5 | — Aged at 425°C 2 1100 |-
@ -
E: | = Aged at 475°C @
g —— Aged at 525°C
| = Aged at 575°C 1000 -
200 Aged at 625°C
0 ‘ L L 1 L L 1 L L 900 1 L 1 L L
0 2 4 6 § 10 12 14 16 18 425 475 525 575 625
Engineering strain (%) Tempering temperature (°C)
80 30 140
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2 1222 S0}
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Figure 4. Mechanical properties of Cr-Ni-Mo-V steel at different tempering temperatures:
(a) engineering stress—strain curves; (b) tensile properties; (c) elongation and reduction in area;
(d) impact energy.

3.2. Microstructure Evolution During Tempering

Figure 5 illustrates the SEM micrographs of Cr-Ni-Mo-V steel in the as-quenched
state and after tempering at three representative temperatures (425 °C, 525 °C, and 625 °C).
Figure 5a displays the as-quenched microstructure, characterized by a typical hierarchical
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lath martensitic morphology. The prior austenite grain boundaries (PAGBs) are well-
defined, and the martensitic laths are densely and uniformly arranged with high aspect
ratios and sharp, distinct boundaries. The matrix material maintains significant lattice
distortion and high dislocation density, accompanied by the presence of locally clustered
coarse undissolved carbides, which is consistent with the microsegregation-induced carbide
precipitation behavior described in Section 2.1. Upon tempering at 425 °C (Figure 5b), the
martensitic lath boundaries begin to blur, accompanied by the appearance of fine, dispersed
carbide particles at the lath and grain boundaries. The absence of significant coarsening
or aggregation suggests that only localized recovery and initial carbide nucleation occur
during low-temperature tempering. As the temperature rises to 525 °C (Figure 5c), the
lath features become increasingly indistinct, with localized coalescence of lath packets
and a moderate increase in lath width. The microstructure evolves into tempered marten-
site, characterized by a significant increase in carbide precipitation and a tendency for
accumulation at grain and lath boundaries. This indicates a transition from the initial
non-equilibrium state toward a more stable metastable condition. When the tempering
temperature is further raised to 625 °C (Figure 5d), the martensite lath structure basically
disappears. At this time, the carbide coarsens significantly, and its shape gradually changes
from needle-like to nearly spherical, and it is evenly distributed at the matrix and subgrain
boundaries. On the whole, with the increase in tempering temperature, martensite lath
gradually degenerates, and precipitated phases gradually increase and grow.

Figure 5. SEM microstructures of Cr-Ni-Mo-V steel at different tempering temperatures:
(a) as-quenched; (b) 425 °C; (c) 525 °C; (d) 625 °C. The red arrow represents the spherical precipitate
phase, and the yellow arrow represents the sheet-like precipitate phase.

Figure 6 quantitatively characterizes the evolution of grain boundary distributions
and average effective grain size of the Cr-Ni-Mo-V steel tempered from 425 °C to 625 °C,
as analyzed via electron backscatter diffraction (EBSD). In the orientation maps, high-angle
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grain boundaries (HAGBs, misorientation > 15°) are delineated by black lines, while low-
angle grain boundaries (LAGBs, misorientation 2-15°) are highlighted in red. As shown in
Figure 6a—c, the microstructures tempered at 425 °C to 525 °C exhibit a remarkably high
density of red LAGBs, reflecting the significant retention of martensitic substructures and
high dislocation densities inherited from the as-quenched state. At these temperatures,
the microstructure consists of fine, interwoven martensitic laths, where the boundaries of
packets and blocks are clearly visible, and the interior regions of laths are densely populated
with subgrain boundaries (i.e., LAGBs). With the further increase in tempering temperature
(Figure 6d,e), the density of red LAGBs decreases significantly. This is attributed to two
main processes during tempering: on the one hand, enhanced dislocation annihilation and
rearrangement via recovery reduce the dislocation content that constitutes LAGBs; on the
other hand, the replacement of cementite by more thermally stable alloy carbides weakens
the Zener pinning effect on lath and subgrain boundaries, enabling the migration and
coalescence of subgrains. This trend is quantitatively substantiated in Figure 6f: the relative
proportion of HAGBs in total grain boundaries increases monotonically with tempering
temperature, rising from 51.9% at 425 °C to 53.8% at 575 °C, followed by a sharp increase
to 57.7% at 625 °C. It should be emphasized that this increase in HAGB proportion is
not caused by the growth of absolute HAGB content, but by the significant reduction in
total grain boundary length per unit area due to the massive disappearance of LAGBs.
Furthermore, statistical analysis indicates that the average effective grain size of the tested
steel remains remarkably stable across the entire investigated tempering range, measured
at 1.97 £ 0.02 um. Considering the limited statistical sample size in the effective grain size
statistical analysis, along with the local inhomogeneity induced by undissolved carbides,
the measured average effective grain size will exhibit non-negligible statistical errors. These
statistical errors have been fully accounted for in subsequent Hall-Petch strengthening
calculations and yield strength model predictions. It should be pointed out here that the
effective grain size is defined as the equivalent circle diameter of the region surrounded by
HAGB:s (i.e., the average size of martensite blocks), as HAGBs act as effective barriers to
dislocation slip and plastic deformation, while LAGBs only serve as substructures within
the same effective grain with limited hindrance to dislocation motion. The stable effective
grain size further confirms that the absolute content of HAGBs does not change significantly
during tempering, and only the relative proportion of HAGBs in total grain boundaries
increases with the elimination of LAGBs.

Figure 7 displays the refined XRD characterization and the corresponding evolution
of dislocation density for the Cr-Ni-Mo-V steel across the tempering range of 425 °C to
625 °C. As shown in the magnified (110) crystal plane diffraction peaks in revised Figure 7a,
all specimens tempered at different temperatures exhibit a single sharp diffraction peak
corresponding to the body-centered cubic (BCC) «-Fe matrix, with no discernible peak
splitting, shoulder peaks or abnormal peak shifts related to the body-centered tetragonal
(BCT) structure. This confirms that the matrix of the tested steel maintains a single BCC
structure in the entire tempering temperature range, and no long-range ordered BCT
structure is formed. The lattice constant of the matrix is calculated based on the precise
peak position of the (110) diffraction peak, which decreases from 0.2871 nm at 425 °C to
0.2866 nm at 625 °C, gradually approaching the standard lattice constant of pure x-Fe
(0.2866 nm). This trend indicates that the content of supersaturated solid solution carbon in
the matrix decreases continuously with the increase in tempering temperature, which is
consistent with the precipitation behavior of carbides revealed by physicochemical phase
analysis. No characteristic peaks of retained austenite or other secondary phases are
detected within the resolution limits of XRD for all samples. The quantitative analysis
of peak broadening, based on the Williamson-Hall method, is presented in Figure 7b,
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illustrating the two-stage evolution characteristic of dislocation density with tempering
temperature. The results demonstrate that the dislocation density maintains a high-stability
platform at 425-525 °C, with only a slight decrease from 3.71 x 10! em~2 at 425 °C to
2.87 x 10 cm~2 at 525 °C. When the tempering temperature rises to 575 °C and 625 °C,
the dislocation density decreases significantly, dropping sharply to 1.18 x 10" cm~2 at
625 °C. The high dislocation density at 425 °C is mainly inherited from the intense lattice
distortion and plastic deformation during the martensitic transformation, and its retention
is closely related to the pinning effect of carbon segregation and cementite precipitation
on dislocations. It should be pointed out here that the presence of a small amount of
undissolved carbides in the steel will lead to local lattice distortion, which has a certain
impact on the peak broadening and the calculated dislocation density, and this factor has
been considered in the subsequent discussion of strengthening mechanisms.
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Figure 6. EBSD microstructures of Cr-Ni-Mo-V steel at different tempering temperatures: (a) 425 °C;
(b) 475 °C; (c) 525 °C; (d) 575 °C; (e) 625 °C; (f) proportion of HAGBs.
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Figure 7. XRD characterization of Cr-Ni-Mo-V steel at different tempering temperatures: (a) XRD
patterns; (b) evolution of dislocation density.
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3.3. Precipitation Analysis

Figure 8 quantitatively illustrates the size distribution evolution of MC-type carbides
in the tested Cr-Ni-Mo-V steel within the tempering temperature range of 425 °C to 625 °C,
while Tables 2 and 3 summarize the mass fractions of constituent elements within the MC
phase and M3C phase at each tempering temperature, respectively. The precipitation be-
havior of MC and M;C carbides exhibits a distinct three-stage evolution characteristic with
increasing tempering temperature, as detailed below. In the low-to-medium tempering tem-
perature range of 425 °C to 525 °C, M3C-type cementite is the dominant newly precipitated
secondary phase, while no massive precipitation of new MC-type carbides occurs in the ma-
trix. As shown in Table 3, the total mass fraction of M3C phase increases significantly from
0.493 wt.% at 425 °C to 1.837 wt.% at 525 °C, which is the most prominent microstructural
evolution in this tempering stage. For MC-type carbides in this temperature range, the size
distribution shown in Figure 8a—c exhibits no statistically significant difference between
425 °C, 475 °C and 525 °C. The MC particles are dominated by pre-existing undissolved
carbides inherited from the as-quenched state, with only a negligible amount of new MC
precipitates formed in the matrix. At 425 °C tempering, the MC phase is almost pure VC
with a total mass fraction of only 0.021 wt.%, and the particles are mainly distributed in
the size range of 18-36 nm (mass fraction close to 40%), while coarse particles larger than
96 nm are extremely rare. When the tempering temperature is raised to 475 °C and 525 °C,
the overall size distribution of the MC phase remains nearly unchanged, with the 18-36 nm
particles still occupying the dominant proportion, and only slight fluctuation occurs in
the proportion of ultrafine particles in the 1-18 nm range. Meanwhile, the content of Cr,
Mo, and V in the MC phase shows a slight increase, reflecting only limited compositional
adjustment of the pre-existing MC particles, rather than massive nucleation and growth
of new MC precipitates. Correspondingly, the total mass fraction of alloying elements
in the MC phase increases slightly from 0.021 wt.% at 425 °C to 0.190 wt.% at 525 °C,
which is within the statistical fluctuation range of the physicochemical phase analysis
method, and cannot confirm the massive precipitation of new MC carbides in this temper-
ature interval. The local inhomogeneity of these undissolved carbides is the main cause
of statistical fluctuations in the measured size distribution of MC particles. When the
tempering temperature further increases to 575 °C, a significant transition in precipitation
behavior occurs. The size distribution of MC carbides shifts markedly towards larger sizes,
with the proportion of medium-sized particles between 36-96 nm increasing significantly
and particles larger than 96 nm beginning to appear. The total mass fraction of the MC
phase surges to 0.377 wt.%, with the mass fractions of V and Mo reaching 0.135 wt.% and
0.123 wt.%, respectively, indicating the substantial precipitation of new MC carbides from
the supersaturated matrix and the onset of significant coarsening via the Ostwald ripening
mechanism. This precipitation behavior of MC carbides is consistent with the secondary
hardening effect reflected by the yield strength/tensile strength ratio change in Figure 4b at
575 °C. Concurrently, the total mass fraction of M3C phase decreases slightly to 1.436 wt.%,
indicating that the M3C phase begins to dissolve and provide carbon and alloying elements
for the precipitation and growth of MC carbides. When the tempering temperature reaches
625 °C, the size distribution of MC carbides changes drastically, with coarse particles in
the range of 140-200 nm dominating (over 40% mass fraction). The total mass fraction of
the MC phase reaches 0.414 wt.%, and the contents of V and Mo further increase to their
peak values (0.146 wt.% and 0.135 wt.%, respectively), meaning that the MC carbides have
entered the stage of sufficient coarsening. At this temperature, the M3C phase has been
almost completely dissolved or replaced by alloy carbides, and MC-type carbides become
the only dominant secondary precipitate phase in the matrix.
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Figure 8. Size distribution of MC-type carbides in Cr-Ni-Mo-V steel at different tempering tempera-
tures: (a) 425 °C; (b) 475 °C; (c) 525 °C; (d) 575 °C; (e) 625 °C.

Table 2. Mass fractions of constituent elements within the MC phase (wt.%).

Temperature, °C Cr Mo v C x
425 0 0 0.017 0.004 0.021
475 0.018 0.031 0.028 0.015 0.092
525 0.035 0.076 0.050 0.029 0.190
575 0.058 0.123 0.135 0.061 0.377
625 0.066 0.135 0.146 0.067 0.414

Table 3. Mass fractions of constituent elements within the M3C phase (wt.%).

Temperature, °C Fe Mn Cr Mo Ni A" C z
425 0371 0.008 0.015 0.082 0.066 0 0.036  0.493
475 1.355 0.015 0.035 0.045 0.074 0 0.108  1.419
525 1.737 0.028 0.074 0.038 0.087 0.005 0.140 1.837
575 1.728 0.034 0.120 0.099 0.059 0.012 0.145 1.436
625 1.710 0.078 0211 0.105 0.069 0.015 0.155 2.032

Figure 9 provides a comprehensive characterization of the morphology, chemical com-
position, and crystal structure of the carbides in Cr-Ni-Mo-V steel after tempering at 525 °C,
utilizing transmission electron microscopy and energy-dispersive spectroscopy. As shown
in Figure 9a, numerous nanoscale precipitates with near-spherical or elliptical morpholo-
gies are dispersed within the matrix, possessing an average diameter of approximately
43 nm. To identify the chemical nature of these particles, elemental mapping was conducted
(Figure 9b—d), revealing a pronounced enrichment of V, Mo, and Cr. The concentration of V
is particularly significant (Figure 9b), confirming that the precipitates are complex (V, Mo,
Cr)C carbides. This elemental distribution aligns perfectly with the results obtained from
the physicochemical phase analysis. A high-resolution TEM (HRTEM) image is presented
in Figure 9e, clearly resolving the lattice fringes within a representative precipitate. Fast
Fourier Transform (FFT) analysis of the indexed region in the HRTEM image produces
a diffraction pattern characteristic of a face-centered cubic (FCC) structure. By means of
diffraction pattern analysis, combined with the evidence of morphology, composition and
crystallography, these precipitates are identified as MC carbide.
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Figure 9. TEM characterization of precipitates in Cr-Ni-Mo-V steel after tempering at 525 °C:
(a) bright-field (BF) image; (b—d) elemental mapping of V, Mo, and Cr; () HRTEM image and the
corresponding FFT pattern of the precipitate.

4. Discussion

4.1. The Effect of Tempering Temperature on the Microstructure and Precipitated Phases of
Cr-Ni-Mo-V Steel

With a fixed tempering holding time of 2 h, this study observes that the dislocation
density decreases progressively as the tempering temperature rises. The fundamental
driver for this phenomenon is the recovery process, during which dislocations undergo
rearrangement and annihilation to alleviate internal stresses [36]. At relatively low temper-
ing temperatures, although thermal activation initiates short-range carbon diffusion and
segregation, dislocation mobility remains severely constrained. This restriction stems from
the potent interaction between interstitial carbon atoms and dislocation cores, coupled with
the solute drag effect exerted by substitutional atoms, particularly Mo and V. Consequently,
at this stage, long-range climb and cross-slip are energetically unfavorable, leading to a
restricted reduction in dislocation density [37]. However, as the tempering temperature
further increases, the system gains sufficient thermal activation energy to overcome the
pinning effects of solute atoms and interstitial clusters. Elevated temperatures markedly
enhance the diffusion kinetics of vacancies, facilitating the cross-slip and climb of dislo-
cations. Concurrently, the increased vacancy concentration in the iron matrix provides
the necessary flux for dislocations of opposite signs to attract and mutually annihilate.
Meanwhile, dislocations of the same sign tend to rearrange into more energetically stable
configurations, such as subgrain boundaries. This collective process significantly dissipates
the lattice strain energy, ultimately resulting in a pronounced decline in dislocation density
within the matrix.

On the premise of a fixed holding time of 2 h, this study observes a distinct two-stage
evolution characteristic of dislocation density: a stable high-value platform at 425-525 °C,
followed by a sharp decline at 575-625 °C. This evolution law is essentially controlled
by the coupling effect of carbon precipitation behavior, solute segregation at dislocations,
and the Zener pinning effect of secondary phases during tempering. At the tempering
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temperature range of 425-525 °C, M3C-type cementite is the dominant newly precipitated
secondary phase, which preferentially nucleates and grows at lath boundaries and disloca-
tion substructures. On the one hand, the precipitation of cementite consumes most of the
supersaturated carbon in the matrix, leading to an extremely low concentration of carbon
in solid solution. This prevents the formation of a long-range ordered BCT structure, which
is consistent with the XRD results where no characteristic peaks of the BCT structure are
detected. On the other hand, the fine and dispersed cementite particles and the undissolved
MC carbides exert a strong Zener pinning effect on dislocations and lath boundaries, which
severely hinders the climb, cross-slip and annihilation of dislocations [33]. Meanwhile, a
small amount of carbon that has not been precipitated forms Cottrell atmospheres through
short-range diffusion and segregates around dislocation cores, which further enhances
the pinning effect on dislocations, inhibits the recovery and annihilation of dislocations,
and reduces the mobility of dislocations. This is the core reason why the tested steel still
maintains an extremely high dislocation density after tempering at 425 °C, and the disloca-
tion density does not decrease significantly in the range of 425-525 °C. At this stage, only
limited short-range rearrangement of dislocations occurs, and no large-scale annihilation
process is triggered, so the dislocation density remains at a high level. When the tempering
temperature rises to 575-625 °C, the diffusion kinetics of substitutional alloying elements
are significantly enhanced, and the M3C cementite formed at low temperature gradually
dissolves and is replaced by more thermally stable MC-type alloy carbides. The dissolution
of fine cementite particles eliminates the strong pinning effect on dislocations, while the
coarsening of MC carbides significantly increases the inter-particle spacing, leading to a
drastic weakening of the overall Zener pinning effect on dislocations and lath boundaries.
Under this condition, dislocations gain sufficient thermal activation energy and mobil-
ity to undergo large-scale rearrangement, climb and annihilation [34]. Meanwhile, the
weakening of grain boundary pinning effect promotes the coalescence and coarsening of
martensite laths, and the sweeping of lath boundaries during the coarsening process further
promotes the annihilation of dislocations. This collective process ultimately leads to the
sharp decrease in dislocation density at 575-625 °C.

The tempering process concurrently facilitates the elimination of low-angle grain
boundaries within the martensitic matrix [38]. Fundamentally, the thermal activation en-
ergy provided by tempering drives the microstructure toward a state of thermodynamic
equilibrium. During the low-to-medium temperature tempering stages, the available acti-
vation energy is relatively limited. At this point, the fine, dispersedly distributed carbides
exert a potent Zener pinning effect on dislocation glide. Consequently, LAGBs—acting as
primary regions for dislocation accumulation—are stabilized by this pinning action. Dur-
ing this stage, the microstructural evolution is dominated by localized recovery, wherein
subgrain boundaries are only marginally refined through dislocation rearrangement. There
is no substantial increase in misorientation or significant transformation of grain boundary
types; thus, the proportion of LAGBs declines only gradually. However, as the tempering
temperature further increases, the elevated thermal activation energy not only accelerates
the diffusion kinetics of carbon atoms but also promotes the coarsening and aggregation of
carbide particles. This increase in inter-particle spacing significantly attenuates the pinning
force acting on dislocations and subgrain boundaries. Facilitated by the continuous climb
and cross-slip of dislocations, subgrain boundaries begin to migrate and merge through
subgrain coalescence, leading to a progressive increase in subgrain size. Concurrently, the
misorientation across these boundaries intensifies; once the misorientation angle exceeds
the 15° threshold, these LAGBs transition into high-angle grain boundaries (HAGBs). This
mechanistic shift results in the pronounced reduction in the fraction of low-angle grain
boundaries observed at higher temperatures.
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The gradual evolution of secondary carbide phases with increasing tempering temper-
ature represents the most critical microstructural feature in the tested Cr-Ni-Mo-V steel,
which is dominated by the precipitation, dissolution and coarsening behavior of M3C-type
cementite and MC-type alloy carbides in different tempering stages. At the low-to-medium
tempering temperature range of 425 °C to 525 °C, the reduction in thermodynamic stability
of the supersaturated solid solution mainly drives the short-range diffusion of carbon
atoms, leading to the massive nucleation and growth of M3C-type cementite at lath bound-
aries and dislocation substructures. In this temperature range, the long-range diffusion of
substitutional alloying elements (V, Mo, Cr) is severely limited by the low thermal activa-
tion energy, so only a negligible amount of MC-type carbides precipitate from the matrix,
and the pre-existing undissolved MC particles inherited from the as-quenched state only
undergo limited compositional adjustment without significant coarsening. Therefore, the
evolution of M3C cementite is the dominant precipitation behavior in the low-to-medium
tempering stage, which exerts a non-negligible influence on the mechanical properties of
the steel in this temperature range. With the tempering temperature rising to 575 °C and
625 °C, sufficient thermal activation energy significantly enhances the diffusion kinetics of
substitutional alloying elements. At this stage, the M3C cementite formed at low temper-
ature gradually dissolves, releasing carbon and alloying elements into the matrix, which
promotes the massive nucleation and growth of MC-type carbides from the supersaturated
matrix. According to TEM and physicochemical phase analyses, vanadium (V) serves as
the primary alloying element in the MC phase, followed by Mo and Cr. As the tempering
temperature increases, the system moves toward minimizing its total interfacial energy.
Smaller MC particles, characterized by higher chemical potential due to their greater cur-
vature, become thermodynamically unstable relative to larger ones. This establishes a
chemical potential gradient that drives the solute atoms to diffuse from the smaller parti-
cles toward the surfaces of the larger ones. Consequently, these MC precipitates undergo
progressive coarsening via the Ostwald ripening mechanism, wherein smaller particles
gradually dissolve and their constituent solute atoms diffuse through the matrix to deposit
onto larger particles, leading to a significant increase in the average particle size. At 625 °C,
the M3C phase is almost completely dissolved, and MC-type carbides become the only
stable secondary precipitate phase in the matrix [39].

4.2. The Effect of Tempering Temperature on the Mechanical Properties of Cr-Ni-Mo-V Steel

The microstructural evolution of Cr-Ni-Mo-V steel during tempering exerts a profound
influence on its mechanical properties [40]. On the premise of keeping the temperature
for 2 h, as the tempering temperature rises, enhanced dislocation mobility and rearrange-
ment facilitate the recovery of high-density dislocations, which subsequently aggregate
into lower-energy configuration [41]. This reduction in dislocation density diminishes the
extent of dislocation entanglement and the overall resistance to motion within the matrix,
thereby lowering the energy barrier for plastic deformation and leading to a decline in
strength [42]. Furthermore, the increase in tempering temperature triggers a transition in
dislocation configurations from complex, disordered entanglements to ordered dislocation
lines and wall structures. This transformation reduces the impedance caused by disloca-
tion intersections and significantly extends the dislocation mean free path. Consequently,
dislocations can undergo large-scale glide across martensitic laths, shifting the deformation
mode from localized strain concentration to a more globally uniform deformation, which
markedly enhances ductility [43]. Simultaneously, the coarsening of martensitic laths at
elevated temperatures leads to a reduction in the total surface area of lath boundaries.
This decrease in the density of interfaces per unit volume reduces the contribution of
boundary strengthening. However, these coarsened laths host more readily activated
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slip systems, facilitating uniform intra-lath deformation through dislocation glide. This
mitigates deformation incompatibility between adjacent laths, further improving plastic-
ity [44]. For Cr-Ni-Mo-V steel, precipitation strengthening is a decisive factor governing
the trade-off between strength and plasticity. Throughout the tempering process, the MC
phase evolves via the Ostwald ripening mechanism. While fine carbides provide potent
pinning of dislocation motion—contributing to high strength—they also induce significant
stress concentration at the carbide/matrix interfaces, which can be detrimental to plasticity.
As the tempering temperature increases, the carbides coarsen, and the associated lattice
mismatch and interfacial strain energy significantly decrease. This relief of interface stress
concentration promotes a transition toward improved plasticity and toughness [45].

It should be noted that the evolution of M3C-type cementite plays a dominant role
in the tensile properties of the steel tempered at 425 °C, 475 °C and 525 °C. The massive
precipitation of cementite in this temperature range not only influences the dislocation
motion and work-hardening behavior of the matrix, but also leads to the stable maintenance
of yield strength and tensile strength, which corresponds to the slight change in yield
strength /tensile strength ratio in Figure 4b for the three lowest tempering temperatures.
When the tempering temperature rises to 575 °C, the significant precipitation of MC-
type alloy carbides induces a secondary hardening effect, which is consistent with the
obvious change in yield strength/tensile strength ratio at this temperature, and becomes
the core factor regulating the strength evolution in the medium-to-high tempering stage.
To more clearly quantify the contribution of different strengthening mechanisms to the
strength, the yield strength of Cr-Ni-Mo-V steel is determined by considering four main
strengthening components: grain boundary strengthening, precipitation strengthening,
dislocation strengthening, and solid solution strengthening. The calculation is performed
using root sum square superposition [46]:

Uy:(70+0'55+\/0'3+0'§+0'% )

where 07 is the lattice resistance, taken as 40 MPa here. o is the solid solution strengthening
component; og is the dislocation strengthening component; o, is the grain boundary
strengthening component; and ¢y, is the precipitation strengthening component.
The solid solution strengthening component can be calculated by the following
Equation (3) [47]:
0 = ke[CJ* + k(M) ©)

where k¢ is a constant, taken as 1722.5 [48]; [M] is the mass percentage of C dissolved in the
matrix; kM is the mass percentage of weak solid solution strengthening elements; where
Mn, Mo, V, and Cr are taken as 11, 32, 3, and —30 [49], respectively; and [M] is the mass
fraction of the solid solution elements in the matrix.
The dislocation strengthening component can be calculated by the following Equation (4)
[50]:
oq = aGb,/p 4)

where « is a constant related to the crystal structure, taken as 0.3; G is the shear modulus,
taken as 81 GPa; b is the Burgers vector, taken as 0.248 nm; p is the dislocation density, with
units of m 2.
The grain boundary strengthening component can be calculated using the Hall-Petch
Equation (5) [51]:
0y = kd ™ (5)

where k is the proportionality constant, taken as 14 MPa/mm’?, and d is the effective grain
size, which refers to the minimum grain size formed by the grain boundaries that hinder
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dislocation slip motion and cause dislocation pile-up. Here d is 1.97 x 1072 mm. It should
be pointed out here that in this study, because the effective grain size is only determined by
the network of HAGBs, the disappearance or transformation of LAGBs during tempering
mainly affects the dislocation structure in subgrain, and does not significantly change the
grain skeleton outlined by HAGBs. HAGBs have been formed in the as-quenched state,
and the grain size has not grown obviously in the subsequent tempering, so the grain size
defined by HAGBs is basically unchanged. At the same time, although the increase in the
proportion of HAGBs mainly comes from the transformation of some LAGBs into HAGBs,
which increases the total length/area of HAGBEs, it does not increase the area surrounded by
a single HAGB (that is, the effective grain size). Therefore, in the calculation, the effective
grain size at each tempering temperature is considered to be consistent.

The precipitation strengthening increment can be calculated using the following
Equation (6) [52]:

fz
0p = 8.995 x 10371n2.417d (6)

where d is the size of the precipitate phase, in nm; f is the volume fraction of the precipitate
phase, and f is calculated using Equation (7):

OFe
= 7
T I 00pc 7
where p, is the density of iron, taken as 7.875 g/cm?; pyc is the density of the MC phase,
and fy, is the mass fraction of the MC phase. The MC phase in Cr-Ni-Mo-V steel is calculated
using the weighted average density of the precipitates, with the specific results shown in
Table 4.

Table 4. Chemical formula and density of the MC phase at different tempering temperatures.

Temperature, °C Chemical Formula Density (g/cm?3)
425 vC 5.36
475 (Crg28Mog27Vo.45) C 6.45
525 (Crp.28Mo0g.32Vo.40) C 6.61
575 (Cr0.22M00.25V0‘53) C 6.34
625 (Cro23Mog25Vo52) C 6.35

The calculated and measured values of yield strength of the tested steel at different tem-
pering temperatures are summarized in Table 5 and Figure 10. The calculation results show
good consistency with the experimental data at 575 °C and 625 °C, while a non-negligible
deviation exists between the model-predicted values and the experimental results at 425 °C,
475 °C and 525 °C. Specifically, the model overestimates the magnitude of yield strength
reduction with increasing tempering temperature in the low-to-medium tempering range.
This deviation is mainly attributed to the fact that the current strengthening model does not
take into account the precipitation strengthening contribution from M3C-type cementite,
which is the dominant secondary phase in the 425-525 °C tempering interval. The neglect
of cementite strengthening leads to an overestimation of the contributions from MC precip-
itation strengthening and solid solution strengthening in the low-to-medium tempering
range, as shown in Table 5. In addition to the above deviation, other core sources of error
include the following aspects: (1) the statistical errors of grain size and MC carbide charac-
teristics caused by the limited statistical sample size, which directly affect the calculation
accuracy of grain boundary strengthening and precipitation strengthening, and the error
range has been added to the relevant result figures and calculation results; (2) the fact that
the calculation of solid solution strengthening is based on the average content of solute
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elements in the matrix, without considering the non-uniform distribution of solid solution
carbon atoms (i.e., the formation of Cottrell atmospheres around dislocations), which will
also lead to a slight deviation between the calculated value and the experimental value;
(3) the assumption deviation of the precipitation strengthening model, and the absence of
coupling effects between different strengthening mechanisms; (4) the error transfer from
the measured dislocation density and lattice constant to the final yield strength prediction,
which has been considered in the error bars of the predicted yield strength in Figure 10. All
the above error factors have been systematically considered in the quantitative calculation
of strengthening mechanisms, and the error range has been included in the deviation
analysis between the model predicted values and the experimental results.

Table 5. Contribution of each strengthening mechanism to the yield strength, MPa.

Temperature, °C (o) Oss og o4 Op Model Experiment
425 40 603 315 367 281 1202 1140
475 40 490 315 325 482 1191 1136
525 40 430 315 322 505 1146 1114
575 40 256 315 301 615 1049 1103
625 40 126 315 207 670 935 959
1400
Experiment
1200 L Model
1000 | -
=
[-™
= 800
=
oo
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=
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Tempering temperature (°C)
Figure 10. Comparison between calculated and measured yield strength values of Cr-Ni-Mo-V steel.

The microstructural evolution during tempering exerts a fundamental influence on
the impact toughness of the tested steel. For Charpy impact loading in this study, the
total absorbed impact energy is dominated by the energy consumed prior to the formation
of a critically sized, self-propagating crack (i.e., crack initiation energy), rather than the
energy consumed during crack propagation. Accordingly, the improvement in impact
toughness with increasing tempering temperature is mainly attributed to the significant
elevation of the crack initiation threshold, which is controlled by the evolution of dislocation
structures, martensitic lath boundaries, and precipitated carbides, as detailed below. The
high-density dislocation structure inherited from the as-quenched state is a major source of
crack initiation under impact loading. High-density dislocations are prone to form pile-
up groups at grain boundaries and lath boundaries under high-rate impact deformation,
causing severe local stress concentration, which lowers the crack initiation threshold and
provides preferential sites for crack nucleation. During tempering, dislocation recovery via
slip, climb, and annihilation of dislocations with opposite signs greatly reduces the matrix
dislocation density, eliminating the stress concentration induced by dislocation pile-up.
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With increasing tempering temperature, the dislocation density decreases continuously, and
the dislocation cell structures inherited from quenching are gradually eliminated, resulting
in a more homogeneous matrix with far fewer stress concentration sites, thus significantly
reducing the probability of crack initiation [53]. In the quenched and low-temperature
tempered steel, a large number of fine martensitic lath boundaries exist, and notable
stress concentration occurs between adjacent laths due to deformation incompatibility
under impact loading. Microcracks are easily initiated at these lath boundaries and can
propagate rapidly along the interfaces, leading to low-energy fracture and low impact
toughness. As the tempering temperature increases, the martensitic laths undergo recovery
and coarsening, which reduces the number density of lath boundaries and alleviates the
stress concentration between adjacent laths. This increases the difficulty of microcrack
initiation at lath boundaries under impact loading, thus contributing to the improvement of
impact toughness [54]. The precipitated carbides in the steel act as another primary type of
crack initiation sites under impact loading. The elastic modulus mismatch between carbides
and the iron matrix easily aggravates local stress concentration at the carbide/matrix
interface, making these interfaces preferential sites for crack nucleation. Fine nanoscale
carbides are prone to interfacial debonding under high-rate applied stress, which directly
induces the formation of microcracks; meanwhile, the brittle carbides themselves may
fracture under impact loading, further acting as initiation sites for crack propagation [55].
As the tempering temperature increases, the carbides undergo gradual coarsening and
spheroidization, which significantly reduces the stress concentration at the carbide/matrix
interface. This suppresses interfacial debonding and carbide fracture, reduces the number of
effective crack initiation sites, and thus raises the crack initiation threshold of the steel [56].
It should be supplemented that the increase in the relative proportion of HAGBs during
tempering is a result of the massive elimination of LAGBs, while the absolute content
of HAGBs and the effective grain size defined by HAGBs remain stable throughout the
tempering range. The reduction in LAGBs is driven by the recovery and rearrangement
of dislocations, as well as the weakened Zener pinning effect when cementite is replaced
by coarsened MC carbides, which reduces the total grain boundary length per unit area
and thus increases the relative proportion of HAGBs. Although HAGBs can impose a
certain hindrance to crack propagation, as reported in previous studies [57-59], this effect
is not the dominant factor for the improvement of impact toughness in this work, given the
unchanged effective grain size and the fact that the impact energy is mainly controlled by
the crack initiation process rather than the crack propagation process.

5. Conclusions

In this work, the effects of different tempering temperatures on the microstructure
evolution, carbide precipitation behavior and mechanical properties of Cr-Ni-Mo-V steel
under the premise of holding for 2 h were systematically studied, and the following
conclusions can be drawn:

1.  As the tempering temperature increases from 425 °C to 625 °C, the tensile strength
decreases from 1320 MPa to 1190 MPa, and the yield strength declines from 1140 MPa
to 959 MPa, while the impact energy increases from 71 J to 132 J. Concurrently, the
dislocation density drops from 3.71 x 10! cm~2 to 1.18 x 10" cm~2, and the fraction
of high-angle grain boundaries rises from 51.9% to 57.7%.

2. The predominant precipitates in the Cr-Ni-Mo-V steel during tempering are MC-type
carbides enriched with V, Mo, and Cr. At a tempering temperature of 425 °C, fine MC
carbides smaller than 36 nm account for a dominant proportion of the population.
As the tempering temperature rises, additional fine MC particles precipitate from
the matrix; concurrently, the existing MC phase undergoes progressive coarsening.
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Upon reaching 625 °C, the size distribution shifts significantly, with large carbides
exceeding 140 nm becoming the predominant fraction.

3. With the increase in tempering temperature, the decrease in dislocation density, the
coarsening of carbides, and the elimination of martensitic lath boundaries in Cr-Ni-
Mo-V steel are the main reasons for the decrease in strength and the improvement
in toughness. Among them, the change in strength is mainly influenced by carbide
precipitation strengthening, dislocation strengthening, fine grain strengthening, and
solution strengthening in the matrix. The improvement in toughness is primarily
attributed to the significant elevation of the crack initiation threshold, driven by
the synergistic effect of the reduction in dislocation density, the alleviation of stress
concentration at coarsened carbide interfaces, and the reduction in lath boundaries.

4.  Considering both strength and toughness, 525 °C is the optimal tempering temper-
ature for this Cr-Ni-Mo-V steel. At this temperature, the tensile strength is approxi-
mately 1303 MPa, the yield strength is 1114 MPa, and the impact energy reaches 80 ],
achieving a good balance between strength and toughness.

It should be pointed out that this study mainly explored the influence of tempering
temperature on microstructure and quasi-static mechanical properties (tensile and impact)
at room temperature, and did not evaluate the material stability under long-term service
conditions and fatigue properties under cyclic loading. These are the key evaluation
indexes for the engineering application of steel for pressure vessels. In addition, there is
no systematic evaluation of residual stress in this study, which is inevitable in practical
large-scale engineering applications and may have a significant impact on fatigue life
and crack propagation behavior. Therefore, future work should focus on the study of the
microstructure evolution and fatigue properties of this steel during long-term aging at high
temperature and cyclic loading, and deeply evaluate the influence of residual stress to
support its industrial applicability more comprehensively.
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