


This study reveals that, by controlling processing parameters,
microstructures can be tuned to achieve comprehensive

mechanical properties.

By WANHUIHUANG, LIPING LEI, and GANG/ FANG

strategy combining intercritical quenching, pre-temper-

ing, and tempering processes was implemented to opti-

mize the microstructures and mechanical properties of

5CrNiMoV steel. By intercritically quenching at 1,050°C,
pre-tempering at 600°C, and tempering at 550°C, the steel exhibited
a comprehensive performance with a yield strength of 1,120 MPa,
an ultimate tensile strength of 1,230 MPa, and an elongation of 8.2%.
The high strength of the steel is attributed to the presence of tem-
pered martensite and abundant secondary carbides. The favorable
ductility is mainly provided by the pearlite inherited from intercriti-
cal quenching and tempering. Additionally, the precipitation of sec-
ondary carbides not only enhances precipitation strengthening, but
also reduces the dislocation density and lattice strain of the matrix,
thereby enhancing strength and ductility. This study offers a scheme
for producing strong and ductile 5CrNiMoV steel.

1INTRODUCTION

5CrNiMoV is a low alloy martensitic die steel that is commonly used
in the manufacturing of tools for forging, extrusion, and die-casting
processes [1,2]. Tools made from this steel are exposed to high pres-
sure, friction, and multiple thermal cycles during the hot forming
of materials. These harsh operating conditions often lead to a lim-
ited lifespan for tools [3,4]. Therefore, it is necessary to enhance the
mechanical properties of 5CrNiMoV steel.

As is well known, the microstructure of steel and alloys plays a
crucial role in determining their mechanical properties, and this is
widely recognized. In the case of 5CrNiMoV steel, the microstruc-
ture typically consists of martensite and dispersed secondary carbides
that are formed during the process of quenching-tempering (QT) heat
treatment. It is important to note that the type, morphology, distribu-
tion, and average size of these secondary carbides significantly affect
the operational lifespan and reliability of the die steel [4,5,6].

In recent years, several researchers have investigated the impact
of heat treatment on the microstructure and secondary carbides of
die steels, as well as its effect on their mechanical properties [7,8,9,10].
During the QT treatment, the prior austenite grain size (PAGS) and
volume fraction of carbides are influenced by the quenching tempera-
ture, while the martensite morphology and secondary carbides size
are influenced by the tempering temperature [7]. It has been observed
that increasing the tempering temperature leads to the precipita-
tion and coarsening of spherical carbides in the martensite lath [8].
Additionally, Zhu et al. [9] proposed the pre-tempering process can
refine the tempered martensite and carbides of H13 die steel. The
findings indicate that fine grains, lath martensite, and carbides con-
tribute to the ductility and strength of H13 die steel [9,10].

Moreover, recent research has reported that steel containing a
microstructure consisting of at least two distinct transformation
products can attain both high strength and high ductility [11,12,13].
Sun et al. [11] demonstrated that a layered structure of martensite
and ultrafine-grained ferrite can circumvent the strength-toughness

Element C Si Mn Cr Ni Mo \Y P S
wt.% 0.54 0.25 0.72 0.96 1.58 0.36 0.074 0.012 0.003

Table 1: Chemical compositions of the 5CrNiMoV steel (wt.%).

trade-off typically observed in low-alloyed steel. The findings reveal
that in comparison to a tempered martensitic microstructure, the
martensite and ultrafine-grained ferrite layered microstructure
exhibit a significant enhancement in impact toughness. Furthermore,
He et al. [12] and Li et al. [13] successfully developed medium-manga-
nese steels featuring a refined austenite and martensite structure.
This advanced medium-manganese steel boasts an ultimate tensile
strength exceeding 2,000 MPa and an elongation surpassing 20%.

Gaining a comprehensive understanding of the microstructural
evolution of 5CrNiMoV steel is of paramount importance. However,
limited efforts have been made to elucidate the methodology for con-
trolling the tempered martensitic microstructure in SCrNiMoV steel.
Consequently, this study aims to propose an optimal heat-treatment
route to enhance its microstructures and mechanical properties. An
intercritical quenching process — followed by high-temperature
pre-tempering and low-temperature tempering — is developed.
Furthermore, employing optical microscope (OM) and scanning
electron microscope (SEM) observations, along with X-ray diffrac-
tion (XRD) and energy-dispersive spectroscopy (EDS) analyses, the
microstructure evolution and precipitation behavior of secondary
carbides during the heat treatment of SCrNiMoV steel are thoroughly
examined and discussed.

2 MATERIALS AND METHODS

2.1 Materials
Table 1 lists the chemical compositions of the 5CrNiMoV die steel,
which was taken from an as-forged billet.

Phase transformation temperatures of the 5CrNiMoV steel were
investigated using differential scanning calorimetry (DSC) measure-
ments (STA 449F3 Jupiter). During the measurement, the specimen
was heated from 25°C to 1,100°C at a rate of 10°C/s, and the heat
flow rate to the specimen was monitored. In addition, a quenching
and deformation dilatometer (DIL 805, TA instruments, New Castle,
Delaware) was used to carry out the thermal expansion tests of the
steel. The specimens used for the thermal expansion test are 10 mm
in height and 4 mm in diameter. During the test, the specimens were
heated to 950°C, 1,050°C, and 1,100°C, respectively, at a heating rate
of 10°Cfs, kept for 5 min, and then cooled at a linear rate of 50°Cs.
The results of the dilatometer tests show that the Ms temperature is
240°C and the Mf'is lower than room temperature.

2.2 Heat Treatment Process
Firstly, the specimens were heated to either 1,050°C or 1,100°C and
held at these temperatures for 30 min. Subsequently, they were
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Figure 1: Schematic diagrams of heat treatments: (a) quenching and tempering,
(b) intercritical quenching and tempering.

quenched in oil, as shown in Figure 1a. After the quenching process,
the specimens underwent pre-tempering and tempering treatments.
In the pre-tempering stage, the specimen was reheated to a tempera-
ture of either 550 or 600°C and held for 120 min, followed by air cool-
ing. Subsequently, the specimen was reheated to a temperature that
was equal to or lower than the pre-tempering temperature (550 or
600°C). Then, an intercritical quenching method was proposed to pro-
duce a mixed structure of pearlite and martensite in the 5CrNiMoV
steel. This method involves quenching the specimen afterisothermal
holding at 1,050°C for 30 min. The quenching process was performed
by rapidly immersing the specimen into a quenching oil at a tempera-
ture of about 100°C for a duration of 10 s. Subsequently, the intercriti-
cally quenched specimen underwent pre-tempering and tempering
treatments, as shown in Figure 1b.

Additionally, the strength of 5SCrNiMoV steel is influenced by pre-
cipitation strengthening, which is caused by the formation of sec-
ondary carbides. To determine the appropriate tempering conditions,
the researchers referred to the equilibrium phase diagram of the
5CrNiMoV steel, as depicted in Figure 2. It was observed that, due to
the low silicon content, the formation of cementite is more favorable
compared to other carbides [14]. However, in terms of contributing to
the strength of the die steel, the carbides MC and M,3Cg play a more
significant role than cementite. Based on the information provided in
Figure 2, it was found that the carbides M»3Cg and MC remain stable
within the temperature range of 550°C to 650°C. Therefore, for this
research, the tempering temperature was selected from a range of
550°C to 600°C.

2.3 Microstructure and Mechanical Properties
Characterization

The experimental setup for the tensile tests and the dimensions of
the tensile specimens are shown in Figure 3. Two tensile specimens
were prepared for each heat-treated sample. The tensile tests were
conducted at room temperature using a material testing machine
(Shimadzu AGX-V) with a loading rate of 0.005 mmy/s. To accurately
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Figure 2: Equilibrium phase diagram of the 5CrNiMoV steel (calculated using
JMatPro V. 7.0 software).

Figure 3: (a) Tensile testing equipment; (b) dimensions of the tensile
specimen.

measure the strain of the tensile specimen, the digital image correla-
tion method was employed [15]. The resolution of the camera was 300

1000=2300,000 pixels. The hardness of the quenched specimens was
tested using a Rockwell hardness tester (HRS-150).

The microstructures of the specimens were examined using an
OM (Zeiss, Jena, Germany, Axio Observer Z1M) and an SEM (Zeiss,
Sigma 300) equipped with an EDS system. Prior to observations, all
specimens were mechanically polished, ground, and subsequently
chemically etched using 4% nital. Furthermore, the micro-strain and
dislocation of the heat-treated specimens were estimated by the XRD
(Bruker, Billerica, MA, USA, D8 Discover). The size and volume frac-
tion of carbides were measured using Image-Pro Plus software.

3 RESULTS AND DISCUSSION

3.1Dissolution of Carbides

Asshown in Figure 4a, the transformation temperatures of Ac1 (750°C)
and Ac3 (770°C) of the 5CrNiMoV steel were determined according
to the heating dilatation curve. The DSC curve, shown in Figure 4b,
exhibits two endothermic valleys. Previous studies have reported the
transformation of ferrite to austenite, carbide dissolution, and grain
growth are all endothermic processes [16,17]. Therefore, the first
endothermic valley in the DSC curve corresponds to the austenite



transformation, while the second one corre-
sponds to the grain growth and dissolution
of carbides.

It is worth noting the DSC curve does not
exhibit an exothermic reaction until the
temperature reaches approximately 1,050°C.
This suggests the complete dissolution of
carbides only occurs when the temperature
reaches 1,050°C.

Figure 5 displays the martensite of speci-
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Figure 4: Transformation temperatures test. (a) The dilatometry curve and (b) the DSC curve of the
5CrNiMoV steel.
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Figure 5: SEM micrographs of the 5CrNiMoV steel quenched at (a) 950°C, (c)
1,050°C, and (d) 1,100°C. (b) EDS line results of the particle in (a).
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mens quenched at various temperatures. As
illustrated in Figure 5a, undissolved particles
can be observed on the martensite matrix of
the specimen quenched at 950°C, as indi-
cated by the yellow arrows. To further investigate these particles,
the chemical element variations along the line crossing them were
characterized using EDS, as shown in Figure 5b. The results reveal the
undissolved particle is a chromium (Cr)-rich carbide. In contrast, no
such undissolved particles are observed in Figure 5c,d for specimens
quenched at 1,050°C and 1,100°C, respectively.

The presence of undissolved Cr-rich carbide reduces the chro-
mium content in the matrix structure, leading to an inhomoge-
neous microstructure. This inhomogeneity is detrimental to the
strength of steel. As depicted in Figure 6, the specimen quenched at
950°C exhibits the lowest hardness, measuring at (52 * 1) HRC. This
decrease in hardness is attributed to the undissolved carbides (Figure
5a), which reduce the alloying elements within the quenching mar-
tensite, consequently resulting in a decrease in martensitic hardness.
Upon quenching at 1,050°C, the martensitic hardness reaches its
peak, measuring at (59 = 1) HRC. However, when quenched at 1,100°C,
the hardness declines to (57 + 1) HRC. This reduction in hardness is
associated with excessive quenching temperature, which leads to
the coarsening of prior austenite grains and subsequently decreases
the hardness of the specimen. The results indicate the presence
of undissolved Cr-rich carbides in specimens quenched at lower
temperatures results in an inhomogeneous microstructure and a
decrease in hardness. Conversely, excessive quenching temperature
causes prior austenite grain coarsening and a subsequent decline in
hardness. Therefore, a quenching temperature of 1,050°C is consid-
ered reasonable for 5CrNiMoV steel.

3.2 Mechanical Properties

The engineering stress — strain curves of the heat-treated specimens
are depicted in Figure 7. Furthermore, the ultimate tensile strength
(UTS), yield strength (YS), and elongation to rupture (EL) of various
specimens are provided in Table 2. The numbers in the legend denote
the conditions of heat treatment. For instance, 1050-550-550 signi-
fies that the quenching, pre-tempering, and tempering temperatures
are 1,050°C, 550°C, and 550°C, respectively. Moreover, 1050L-600-550
indicates the implementation of intercritical quenching, where the
specimen was intercritically quenched at 1,050°C, followed by pre-
tempering at 600°C and tempering at 550°C.

Specimen (S) 1050-550-550 demonstrates superior strength and duc-
tility compared to S1100-550-550. It is observed that, with an increase
in quenching temperature, the UTS and YS decline from 1,375 MPa to
1,330 MPa and 1,290 MPa to 1,200 MPa, respectively. Simultaneously,
the EL decreases from 4.0% to 3.0%. This can be attributed to two fac-
tors. Firstly, the PAGS and martensite block size augment with an
increase in quenching temperature, thereby diminishing the YS of
the quenched steel as per the Hall-Petch relation [18]. Secondly, the
coarsened grains of the prior austenite and martensite blocks are
susceptible to initiating micro-cracks during tensile tests, leading to
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intergranular fracture, and consequently reducing the EL [19,20].

Upon comparing $1050-550-550 and S1050-600-600, it is evident
that, as the pre-tempering and tempering temperatures increase,
the EL also increases. Concurrently, the UTS and YS decreased sig-
nificantly. This is linked to the aggregation and coarsening of the
secondary carbides and decomposition of the tempered martensite
induced by elevated tempering temperatures. Despite S1050-600-600
possessing high EL, the low YS severely hampers the application of
the 5CrNiMoV steel.

Tempering is an effective method to modify precipitation behavior
for enhancing the mechanical properties of die steels. By modulat-
ing the tempering conditions, S1050-600-550 exhibits exceptional
mechanical properties, with an UTS of 1230 MPa, YS of 1120 MPa,
and EL of 7.0%. Additionally, based on the aforementioned optimized
parameters, the ELis further ameliorated with intercritical quenching.
As delineated in Table 2, S1050L-600-550 boasts the highest EL of 8.2%,
with an UTS of 1220 MPa and YS of 1110 MPa, showing better mechani-
cal properties and can meet diverse engineering requirements.

3.3 Microstructures

Figure 8 illustrates the OM and SEM micrographs of $1100-550-550
and S1050-550-550, which have been quenched at varying tempera-
tures. The microstructure is comprised of ferrite, tempered mar-
tensite, and secondary carbides. As shown in Figure 8a,b, a small
amount of ferrite is distributed along the austenite grain bound-
aries, which is an important reference substance to measure the
PAGS. Post-measurement, the PAGS of the specimens quenched at
1,050°C and 1,100°C are (156 + 8) pm and (188 * 16) pm, respectively.
The migration ability of grain boundaries is enhanced at higher
temperatures, thereby promoting grain growth. Consequently, the
PAGS 0f $1100-550-550 is larger than that of $1050-550-550. During
tempering, grain boundaries become the preferred nucleation sites
for carbide precipitation [20]. Figure 8c,d reveals the tempered mar-
tensite is composed of martensitic lath and secondary carbides. The
secondary carbide size of S$1050-550-550 is small (Figure 8c). Figure
8d demonstrates that, with the rise in quenching temperature, the
lath structure becomes more distinct due to the PAGS increase. Film-
like carbides precipitate along the lath boundaries, forming numer-
ous hard boundaries between the tempered martensite laths. Given
the hardness of the tempered martensite matrix is inferior to that of
secondary carbides, the stress concentration at the lath boundaries
intensifies during tensile deformation [21]. It causes micro-cracks
to form and propagate along the lath boundaries, resulting in the
swift fracture of S1100-550-550. Hence, the EL of $1100-550-550 is
exceedingly low.

Figure 9 presents OM and SEM micrographs of $1050-600-600 and
$1050-600-550, which have been tempered at different temperatures.
Owing to the identical quenching temperatures, the average diame-
ters of PAGBs of S1050-600-600 and S1050-600-550 are closely similar:
(161£10) pm and (165 + 7) pm, respectively (Figure 9a,b). However, the
morphology and average size of the secondary carbides vary with the
tempering temperature. Figure 9c shows when both the pre-temper-
ing and tempering temperatures are 600°C, the secondary carbides
noticeably aggregated and coarse. Additionally, the decomposition
of tempered martensite laths is also clearly observed. These factors
contribute to a decline in the YS of $1050-600-600, which is 670 MPa.
Figure 9d indicates that, with a reduction in tempering temperature,
the secondary carbide size significantly decreases. Furthermore, sec-
ondary carbides are observed not only along lath boundaries but also
within martensitic laths. This suggests pre-tempering at 600°C pro-
motes the precipitation nucleation of carbides. Subsequent tempering
at 550°C not only continues to promote precipitation, but also inhibits
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Figure 7: Engineering stress-strain curves of different heat-treated specimens.

Specimen UTS YS EL

(MPa) (MPa) (%)
1100-550-550 1330+ 15 1200 +153.0 0.5
1050-550-550 1375+ 25 1290 +124.0 0.8
1050-600-600 1090 + 10 670+87.0 0.6
1050-600-550 1230 + 20 1120+107.0 0.5
1050L-600-550 1220 + 16 1110 £ 10 8.2 0.3

Table 2: Tensile properties of the 5CrNiMoV steel heat-treated under different
conditions.

Figure 8: OM and SEM micrographs of the 5CrNiMoV steel. (a,c) S1050-550-
550, and (b,d) S1100-550-550.

the coarsening of the carbides. Therefore, S1050-600-550 exhibits a
favorable combination of ductility and strength (Figure 7).

Figure 10 displays OM and SEM micrographs of S1050L-600-550,
which underwent intercritical quenching at 1,050°C, pre-tempering



Figure 9: OM and SEM micrographs of the 5CrNiMoV steel. (a,c) S1050-600-
600, and (b,d) S1050-600-550.

at 600°C, and subsequent tempering at 550°C. Figure 10a reveals the

microstructure of S1050L-600-500 consists of tempered martensite

and pearlite. Due to intercritical quenching, only a portion of austen-
ite is transformed into martensite, while the remainder is converted

into pearlite during the subsequent tempering process. Figure 10b

illustrates the interface of the tempered martensite and pearlite.
The detailed structures of the tempered martensite and pearlite are

shown in Figure 10c,d.

Figure 11 aims to quantitatively analyze the secondary carbides
in 5CrNiMoV steel by counting the volume fraction and average size.
As indicated in Figure 11a,b, S1050-600-550 achieves not only a high-
volume fraction (26%) of the precipitated carbides, but also suppresses
carbide coarsening ((0.12 + 0.03) pm). Regarding other specimens,
§1050-550-550 has the smallest average size of the secondary carbides,
which is (0.09 = 0.02) pm. However, the lower tempering temperature
is not conducive to carbide precipitation. Thus, in S1050-550-550, the
volume fraction of the secondary carbides is merely 11%. In S1100-550-
550, the precipitation of a large number of strip-like carbides leads to
anincrease in both the average size and volume fraction of the second-
ary carbides. In $1050-600-600, the coarsened secondary carbides are
caused by a higher tempering temperature, which is detrimental to
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Figure 11: (a) Average size and (b) volume fraction of the secondary carbides.
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Figure 10: OM and SEM micrographs of S1050L-600-550. (a) Martensite and
pearlite, (b) tempered martensite/pearlite interface, and detail of (c) tempered
martensite, and (d) pearlite.

the mechanical properties of die steel and should be avoided.

3.4 Precipitation Strengthening

Due to the interaction of carbides and dislocations, precipitation
strengthening is mainly related to the average size and volume frac-
tion of the secondary carbides, which are important strengthen-
ing mechanisms of die steels [22]. According to the Ashby-Orowan
model, the contribution to the YS (Acy) of the secondary carbides is
proportional to the 1/2 power of the volume fraction (f,) and inversely
proportional to the average size (dp) of the secondary carbides [23]. It
indicates that fine precipitates with fine grain size and high-volume
fraction are beneficial for improving the contribution of precipitation
strengthening to the YS of the 5CrNiMoV steel. The calculation for-
mula of precipitation strengthening according to the Ashby-Orowan
model is written in Equation 1 [23,24]:

1

0.538GhfZ  [d

Agy = —— 2P n[ E
% dp "(2&)

where Aoy, is the contribution of YS caused by precipitation
strengthening, G is the shear modulus of 5CrNiMoV steel (80.26 GPa),

Equation 1

i

P | P
m"-“nbsﬁb aﬁ"ﬂﬂﬁ «M a.ﬁbuﬁ

Figure 12: Contributions of precipitation
strengthening to yield strength.
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Jpis the volume fraction of the precipitated carbides, d,, is the average
size of the precipitated carbides, and b is the Burgers vector.

Based on the information provided in Figure 11 regarding the
volume fraction and average size of the secondary carbides, we have
calculated the contribution of precipitation strengthening to the YS
of different heat-treated specimens. Figure 12 illustrates the contri-
bution of precipitation strengthening to YS ranges from 190 MPa to
255 MPa. Among the specimens, S1050-600-550 exhibits the highest
precipitation strengthening contribution, reaching 255 MPa. This
finding is consistent with the observations made on the microstruc-
ture. Specimen 1050-600-550 possesses a higher volume fraction of
secondary carbides and has a relatively fine carbide size, which results
in a favorable combination of strength and ductility.

Figure 13 shows the XRD pattern of the heat-treated specimens.
The results show all the specimens are primarily composed of fer-
rite and martensite phases, and no obvious residual austenite peak
is detected in the diffraction pattern.

In the XRD analysis, the instrumental broadening has been cor-
rected with the standard broadening data of polycrystalline Al,O3.
The crystallite size and lattice strain affect the Bragg peak width.
They are important parameters to determine mechanical properties.
In the ferrite phase with BCC structure, the relationship between the
lattice constant (a), the Miller indices ({h k I}), and the plane spacing
(d) is shown in Equation 2 [25].

1 P+E+
d? e
According to Bragg’s law A\ =2dsin(8) and Equation 2, the value of a
is calculated in Equation 3:

Equation 2

AR K k2

2sin(f)
where 6 is the Bragg angle and A is the X-ray wavelength.

As shown in Figure 14, the average values of the lattice constant
for the heat-treated specimens range from 2.8669 to 2.8681A. Notably,
the lattice constant value exhibits an inverse relationship with the
volume fraction of the secondary carbides. This observation is con-
sistent with the information presented in Figure 11b and Figure 14,
where it is evident a higher volume fraction of secondary carbides
corresponds to a smaller lattice constant. The increase in the volume
fraction of secondary carbides with a decrease in the lattice constant
can be attributed to the reduction in the content of solid solution
alloying elements within the a-Fe matrix. As the volume fraction
of secondary carbides increases, the amount of solid solution alloy-
ing elements decreases, leading to a reduction in lattice distortion.
Consequently, the lattice constant decreases accordingly. In the case
of S1050L-600-550, it undergoes intercritical quenching and temper-
ing treatment, resulting in the formation of microstructures consist-
ing of tempered martensite and pearlite. This specific heat-treatment
process promotes the precipitation of a significant number of carbides,
leading to a smaller lattice constant.

After obtaining the lattice constant, the average crystallite size is
calculated using the Debye—Scherrer equation seen in Equation 4 [26].

KA

fcost

where 6 is the Bragg angle, A (0.154 nm) is the X-ray wavelength, f is
the full width at half maximum (FWHM), and K is a constant equal
to 0.89.

In addition, the lattice strain (¢) is determined according to the
Williamson-Hall method [26,27]. Therefore, according to the results
average crystallite size and lattice strain, the dislocation density

Equation 3

Equation 4
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Figure 14. Lattice constant of the heat-treated specimens.

is calculated using the Equation 5 [28,29,30,31].
24/3¢
P= D5
Db
where p is the dislocation density, b is the Burgers vector — which
for BCC metals, b =(V3/2)a — and a is the lattice constant as shown
in Figure 14.

Figure 15 enumerates the computed values of the crystallite size,
lattice strain, and dislocation density for all heat-treated specimens.
The findings suggest these parameters are significantly influenced
by the pre-tempering temperature rather than the quenching tem-
peratures. As shown in Figure 15a, the crystallite size increases
with an increase in the pre-tempering temperature, while the lat-
tice strain decreases. This reduction in lattice strain subsequently
leads to a decrease in the dislocation density within the martensite
matrix (Figure 15b,c). Furthermore, there is a negligible difference
in the lattice strain, crystallite size, and dislocation density between
$1050-600-550 and S1050-600-600. This observation demonstrates
these parameters are predominantly influenced by the pre-tempering
temperature. As shown in Figure 11b and Figure 15, a higher pre-tem-
pering temperature promotes the precipitation of carbides, thereby
diminishing the lattice strain and dislocation density of the matrix,
which is beneficial for enhancing the ductility of the 5CrNiMoV steel.
Additionally, tempering following the pre-tempering process further

Equation 5
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Figure 17: Fracture morphologies of (a,b) S1050-600-600 and
(c,d) S1050-600-550.

Figure 18: Fracture morphologies of S1050L-600-550. (a) Low magnification
and (b) high magnification.

enhances the precipitation of carbides. To prevent coarsening of the
precipitated carbides, it is necessary to lower the tempering tempera-
ture. Consequently, in S$1050-600-550, the higher volume fraction and
finer size of secondary carbides (Figure 11) contribute to an increase in
precipitation strengthening, leading to a relatively high YS. Moreover,
the reduction in lattice strain and dislocation density also enhances
the ductility of the specimen. Regarding S1050L-600-550, the pri-
mary microstructures present are tempered martensite and pearl-

ite. Consequently, the values listed for the parameters in Figure 15
for S1050L-600-550 represent a combination of the characteristics
exhibited by these two structures.

3.5 Tensile Fracture

Figure 16 illustrates the tensile fracture morphologies of S1100-550-
550 and S1050-550-550. As shown in Figure 16a and its detailed view
in Figure 16b, the fractography of $1100-550-550 exhibits a brittle
fracture model. As denoted by the yellow arrows, numerous micro-
cracks are present on the cleavage facets, which contribute to crack
propagation and fracture during tensile deformation [32,33,34].
Figure 16c¢,d reveals that, in addition to the intergranular fracture
facets, local plastic deformation zones exist on the fracture surface.
Consequently, there is a slight increase in the EL of S1050-550-550.

Figure 17 presents the fracture morphologies of $1050-600-
600 and S1050-600-550, characterized by a combination of ductile
and brittle fractures. The fracture surfaces exhibit a multitude of
intergranular facets, suggesting brittle fracture is the predominant
fracture model. However, as demonstrated in Figure 17a,c and their
magnified views in Figure 17b,d, numerous fine dimples are vis-
ible, indicative of ductile fracture [34]. Therefore, $1050-600-600 and
$1050-600-550 exhibit better ductility than S1050-550-550.

Figure 18 displays the fracture morphology of S1050L-600-550, com-
prised of dimples, cleavage facets, and micro-cracks, and demonstrating
a ductile-brittle mixed mode [32,35]. Furthermore, a notable increase
in the number of dimples in Figure 18a compared to Figure 17a,c sug-
gests a growing proportion of ductile fracture in S1050L-600-550.
Additionally, as shown in Figure 18b, many deep dimples are formed
by the pearlite during tensile deformation, which subsequently delays
crack propagation and enhances the EL of the specimen. Therefore,
S1050L-600-550 exhibits a relatively high EL.

4 CONCLUSIONS

This study reveals that, by controlling processing parameters, micro-
structures can be tuned to achieve comprehensive mechanical prop-
erties. The key conclusions are as follows:

(1) Proper heat treatment enhances the mechanical properties
of 5CrNiMoV. A balance of strength and ductility is achieved with a
UTS of 1,230 MPa and an EL of 7.0% after quenching at 1,050°C, pre-
tempering at 600°C, and tempering at 550°C. Furthermore, intercriti-
cal quenching at 1,050°C, pre-tempering at 600°C, and tempering at
550°C results in a higher EL of 8.2% with a UTS of 1220 MPa.

(2) Pre-tempering at 600°C and tempering at 550°C not only pro-
motes the precipitation of carbides, but also inhibits their coarsening,
effectively enhancing precipitation strengthening and contributing
toa 255 MPaincrease in the YS. Additionally, the decrease in the solid
solution of C and Cr elements in the o-Fe matrix due to increased
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carbide precipitation reduces the lattice micro-strain and dislocation
density, thereby improving ductility.

(3) After intercritical quenching and tempering, the microstruc-
ture is composed of tempered martensite and pearlite. The high
strength can be ascribed to the tempered martensite. The enhanced
ductility is attributed to the decrease in micro-strain and disloca-
tion density, as well as the mixed structures of tempered martensite
and pearlite, which serve to hinder crack propagation during tensile
deformation. §
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