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The effect of molybdenum content (1.25, 2.25, 3.0 wt.%) on the microstructure, mechanical properties, and
thermal stability of 4CrSMo2V steel has been investigated. The increase of Mo content promotes the
transition of M,3Cg to MgC and inhibits the nucleation and growth of M,3Cg, as supported by the trans-
mission electron microscope observation presented in this paper. The result shows that the mechanical
properties and the thermal stability at 620 °C are both strongly dependent on the Mo content. The yield/
tensile strengths at room temperature of 1.25, 2.25, and 3.0% Mo steels are 1028/1287, 1080/1347, and 1114/
1402 MPa; meanwhile, the elongation is 23, 26, and 27%, respectively. And the yield/tensile strengths at
620 °C of the 1.25, 2.25, and 3.0% Mo steels are 285/661, 379/714 and 335/690 MPa; meanwhile, the
elongation is 23, 20, and 22%, respectively. The MsC-type nano-carbides in the three steels enhance the
tensile strength through the Orowan bypass strengthening mechanism, providing increments of tensile
strength of 145 MPa (1.25 Mo), 167 MPa (2.25 Mo), and 182 MPa (3.0 Mo), respectively. It is obvious that
the coarsening kinetics of solute atoms in three steels is controlled by volume diffusion during the tempering
at 620 °C. The Avrami exponent n of the 1.25, 2.25, and 3.0% Mo steels at 620 °C is 0.42, 0.41, and 0.37,
respectively. The calculations were in consistent with the finding that the average precipitation rate and

coarsening rate of carbides in 3.0 Mo steel are the lowest.
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1. Introduction

Hot work die steels are widely used in hot forging, hot
extrusion and die casting dies (Ref 1, 2). Among them,
4Cr5Mo2V steel is an ideal Cr-Mo-V hot working die material,
which is widely used in hot forging and die casting industry
because of its excellent heat resistance and thermal fatigue
performance (Ref 3). With the rapid development of the mold
industry, high quality die and mold with large-scale, high
precision of dimensions, complex cavity as well as long
lifetime are required. As the working temperature of hot work
die steel reached about 500-700 °C (Ref 4, 5), the microstruc-
ture continued to deteriorate, and the hardness declined (Ref 6-
8). The softening phenomenon is mainly manifested by the
decrease of hardness and high temperature strength, owing to
the gradual coarsening and the growth of fine carbides at high
temperature and the decrease of dislocation density (Ref 5, 9,
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10). The simultaneous loss of hardness and high temperature
strength would lead to accidental die failure, which greatly
shortens the service life of the die (Ref 11).

Researchers have conducted studies on adjusting alloying
composition to tailor the microstructure, the precipitation of
secondary carbides, and the resulting performance (Ref 12-16).
Cr can participate in the form of nanoscale MC carbides and
M,C carbides (Ref 17), providing a strengthening effect.
However, Cr tends to form carbides with large volume and low
toughness (Ref 18). V is the main component of MC nano-
carbides, which can improve the thermal stability and high
temperature performance by nano-carbides (Ref 19-21). Mo
can not only enhance the room temperature strength of steels by
precipitating the separation of fine MC and M,C carbides, but it
also improves the high temperature yield strength of steels with
the nanoscale carbides (Ref 22, 23). Researches showed
molybdenum tended to be distributed in the outer region of
the precipitated phase by replacing the M atoms (V, W, Cr, and
Fe) (Ref 24). The concentration of molybdenum in niobium-
rich carbide precipitations was also proved by Lee et al. Ref 14
to enhance high-temperature strength by uniform distribution of
fine MC particles (Ref 25). However, excessive carbide
forming elements would lead to carbide coarsening, and
brittleness of steel.

However, despite all the previous studies, the optimum
alloying element range is urgent to be revealed for hot work die
steels, especially for the role of Mo in the precipitation process.
Therefore, in this work, 4Cr5Mo2V steels with different Mo
contents (1.25, 2.25, 3.0 wt.%) were prepared. The strength-
ening mechanism and Mo-related precipitation behavior were
systematically studied.
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2. Materials and Experimental Methods

2.1 Materials

The nominal chemical compositions (wt.%) of the test alloy
samples are listed in Table 1. The test alloys were designed
with different Mo contents to investigate the strengthening and
thermal stable mechanism of the steels. An ingot of 20 kg per
branch was prepared by vacuum induction melting. Three-
dimensional forging was applied after homogenization at
1240 °C for 5 h, to produce steel plates with a size of
28 x 60 x 800 mm, followed by spheroidizing annealing
treatment. The Ac3, Acl and Ms temperatures of 1.25%Mo
steel measured by dilatometry were 868, 840, and 263 °C,
respectively. The Ac3, Acl and Ms temperatures of 2.25% Mo
steel measured by dilatometry were 858, 832, and 270 °C,
respectively. The Ac3, Acl and Ms temperatures of 3.0% Mo
steel measured by dilatometry were 866, 830, and 275 °C,
respectively (Fig. 1). So the 1030 °C was determined as the
normalization temperature to dissolve all the carbides in test
steels.

2.2 Microstructure Observation

Scanning electron microscopy (SEM) observation was
carried out by Tescan VEGA3 SEM with an accelerating
voltage of 10.0 kV equipped with an Oxford energy dispersive
spectroscopy (EDS) system. Transmission electron microscopy
(TEM) specimens were examined by JEOL TEM operated at

Table 1 The nominal chemical compositions (wt.%) of samples

200 kV in conjunction. Disks with size of @3 mm x 60 um
specimens for TEM observation were prepared by double jet
electrolytic polishing. Scanning transmission electron micro-
scope (STEM) with energy dispersion spectrometer (EDS) was
conducted on @3 mm x 30 um after double-spray electrolytic
thinning by 7 vol.% perchloric alcohol solution. STEM obser-
vation was carried out in a JSM-6700F microscope operated at
300 kV.

2.3 Mechanical Property

Standard tensile specimens with a gage diameter of 5 mm
and a gage length of 25 mm were machined. A Zwick tensile
tester (Model TN.A50) was employed for tensile testing with a
strain rate of 0.003 s~ '. Three specimens were tested at room
temperature 25 °C and the average values were recorded.

2.4 Thermal Stability

The 1.25, 2.25, and 3.0% Mo steel specimens with the size
of 20 x 30 x 50 mm were austenitized for 1 h at 1030 °C,
and quenched in oil to room temperature. The quenched
specimens of 1.25, 2.25, and 3.0% Mo steels were subse-
quently tempered for 2 h at 600, 605 and 620 °C, respectively.
A similar hardness of 47 HRC was reached in all of the
specimens. The specimens were additionally tempered for
different period at 620 °C.

Elements alloys with different contents of Mo C Si Mn Cr Mo v Fe
1.25% Mo 0.41 0.38 0.55 5.00 1.25 0.55 Bal.
2.25% Mo 0.41 0.38 0.55 5.00 1.25 0.55 Bal.
3.0% Mo 0.41 0.38 0.55 5.00 3.0 0.55 Bal.
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Fig. 1 Thermal dilatometry curves of experimental steels during slow heating to 1030 °C and fast cooling to ambient temperature

10214—Volume 31(12) December 2022

Journal of Materials Engineering and Performance



M,,C, Phase Volume Percentage (%)

0 1 1 1 1 ! 1
0 5 10 15 20 25 30

620°C-Tempering Holding Time (h)

~
=
~

0.8

0.7 -

05

04 -

03

MC Phase Volume Percentage (%)

02} —a—1.25Mo
—e—2.25Mo
0.1 —4&—3.0Mo
0.0 1 1 1 1
0 5 10 15 20 25 30
(c) 620°C-Tempering Holding Time (h)

o ~

o

M, C Phase Volume Percentage (%)
N

3
d
ok —=—1.25Mo
—e—2.25Mo
1§ —4—3.0Mo
0 FA s i e e e e | e e sk Y i - | -
0 5 10 15 20 25 30
(b) 620°C-Tempering Holding Time (h)
0.8
o ¥ —=—1.25Mo
S —e—2.25Mo
Poer ——3.0Mo
8
2 05
(5]
[-%
£ 0af
=
=]
> 03k
Q
3
E 02
U\D
= 0.1
0.0 - -l
0 5 10 15 20 25 30
) 620°C-Tempering Holding Time (h)

Fig. 2 The evolution of carbides simulated by JMatPro in quenched experimental steels with different Mo contents when tempering at 620 °C,

(a) M»3Cg, (b) M,C, (c) MC, and (d) MC
3. Results

3.1 Prediction of Precipitation

JMatPro software was applied to predict the evaluation of
carbides in quenched and tempered experimental steels.
Figure 2 exhibits the evaluations of equilibrium volume
fraction of M,3Cq¢ (a), M,C (b), MC (c), and MgC (d) carbides,
respectively. Tempered at 620 °C, the mass fraction of M3;Cq
(Fig. 2a) gradually decreases with the increase of Mo content.
Because the M,3Cg carbide growth rate was relatively high (Ref
10), it was not conducive to improving the tempering stability
of die steel. The formation of M,3Cs was inhibited. The mass
fraction of M,C (Fig. 2b) carbides gradually decreases with the
increase of tempering time. At the same holding time in
tempering, with the increases of Mo content, the amounts of
MC and M,C (Fig. 2b and c) carbides gradually decreased. It
could be attributed to the fact that the vacancy of M positions in
MC carbides was occupied by Mo (Ref 19-21), then tend to
transition to M¢C carbide. Mo was also observed to promote
the formation MgC carbides in Fig. 2(d).
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3.2 Mechanical Properties

The tensile curves of experimental steels with different Mo
contents at room temperature are shown in Fig. 3 with Mo
content increasing from 1.25 to 3.0%, the tensile strength
linearly increasing from 1287 to 1402 MPa, and the yield
strength increasing from 1028 to 1114 MPa, while the total
elongation decreased from 27 to 23%.

Figure 4 exhibits the tensile properties of samples with
different Mo content at 620 °C. With the content of Mo
increasing from 1.25 to 2.25%, the tensile strength from 661 to
714 MPa, and the yield strength from 285 to 379 MPa, while
the total elongation decreased from 20 to 23%. However, the
content of Mo increasing from 2.25 to 3.0%, the tensile strength
decreased from 714 to 690 MPa, and the yield strength
decreased from 379 to 335 MPa, while the total elongation
increased from 20 to 22%.

Figure 5 shows the Rockwell hardness curves for the 1.25,
2.25 and 3.0% Mo steels as a function of tempering time at
620 °C. As holding time prolonged, the hardness values of
three steels decrease, and the slopes of the hardness curves
became gradually stable. According to Fig. 5, the initial
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Fig. 3 Tensile properties of the specimens quenched at 1030 °C and tempered at 620 °C, (a) tensile curves, (b) elongation at room temperature,
(c) Tensile strength at room temperature, and (d) yield strength at room temperature

hardness values of the quenched and tempered 1.25, 2.25 and
3.0% Mo steels were 46.7, 46.8 and 47.0 HRC, respectively.
After 10 h holding at 620 °C, the hardness of the three tested
steels decreased to 34.0, 36.0 and 38.0 HRC, respectively. The
hardness of the three tested steels finally decreased to 28.4, 30.0
and 31.8 HRC, respectively, after 34 h of tempering at 620 °C.

3.3 Microstructure Observation

Figure 6 exhibits the SEM images of the experimental steels
tempered at 620 °C for 2, 10, and 24 h, respectively. It can be
observed that rod-like and spherical carbides appeared in the
microstructures of three steels. After being held at 620 °C for
10 h, the rod-like carbides in the three test steels disappeared
and only the spherical carbides were found, while the spherical
carbides grew up to a certain extent. Finally, the spherical
carbides coarsened obviously at 620 °C after 24 h of temper-
ing, and the coarsening phenomenon became more obvious
with the increase of Mo content.

Figure 7 shows the XRD patterns of the three test steels
after being tempered at 620 °C for 10 h. Apparently, no
retained austenite was observed in the test steels, and the

10216—Volume 31(12) December 2022

volume fraction of the residual austenite in the test steels was
below the detection limit (usually below 3 vol.% (Ref 26)),
whereas only o (martensite) peaks can be seen in all tested
steels.

Figure 8 shows the size distribution of M¢C nano-carbides
in the specimens with different Mo contents. It was deduced
from the diffraction patterns that the short rod carbides were
M¢C type carbides, and the large irregular granular carbides
were M»3Cg type carbides as shown in (Fig. 8c, f and i). The
average lengths and widths of nano-carbides were obtained by
Image] software. It can be seen that the average length of MsC
nano-carbides in the 1.25, 2.25, and 3.0% steels was 65 + 1,
78 £ 1 and 50 £ 1 nm, and the average diameter was 20 £ 1,
24 + 1, and 18 £+ 1 nm, respectively. Moreover, Mo enrich-
ment phenomenon was found in M,3C¢ carbide as proved by
EDS data in Table 3.

Figure 9 shows the STEM-EDS data of carbides in 1.25 Mo
steel tempered at 620 °C for 10 h. There were two types of
carbides in 1.25%Mo steel, among which one was rod shape
and the other was small spherical. The sizes of carbides as
shown in Fig. 8(a) ranged from 15 to 40 nm. There were four
selected points in Fig. 9(a) (point EDS1, EDS2, EDS3, and

Journal of Materials Engineering and Performance
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Fig. 4 Tensile properties of the specimens quenched at 1030 °C and tempered at 620 °C with different Mo content at 620 °C, (a) tensile
curves, (b) elongation at 620 °C, (c) Tensile strength at 620 °C, and (d) yield strength at 620 °C

EDS4) to detect the alloy compositions. The detailed compo-
sitions in atomic percent and atomic ratios of Cr, Mo, V, Mn,
and Fe are shown in Table 2. It should be noted that the
deviations of carbon content were relatively larger, so carbon
and ferrite contents of each point were discarded. The average
atomic ratios of Cr/Mo, Cr/V, Cr/Fe, Mo/V, Mo/Fe, and V/Fe
varied from one carbide to another. The fluctuations of atomic
percentages mostly relied on the measurement accuracy of
STEM-EDS equipment.

There were two kinds of carbides in 3.0 Mo steel tempered
at 620 °C for 10 h as shown in Fig. 10(a), with one in rod
shape and the other in large irregular granular shape. Six points
in Fig. 10(a) (point EDS1, EDS2, EDS3, EDS4, EDSS5, and
EDS6) were selected to detect the alloy compositions. The
detailed compositions in atomic percent and atomic ratios of Cr,
Mo, V, Mn, and Fe, and the atomic ratios of Cr/Mo, Cr/V, Cr/
Fe, Mo/V, Mo/Fe, and V/Fe are calculated in Table 3. It was
found from Table 3 that the percentage of Mo in carbides with
large irregular shape was obviously higher than the rod shape
carbides. Because the error from detection of EDS was
relatively bigger than XRD and TEM, 10 points (4 points in
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Table 2 and 6 points in Table 3) were selected for the analysis
with the aim to avoid misjudgment on any element.

4. Discussions

4.1 Effect of Mo on Strength

The strengthening factor of die steels mainly includes solid
solution strengthening, dislocation strengthening, grain refine-
ment strengthening, and precipitation strengthening. The effects
of solution strengthening and grain refinement strengthening of
the three steels were almost the same during the long time
tempering process (Ref 27). As shown in Fig. 5, an increase of
Mo provides higher tensile strength and yield strength, but it
exhibits a slight loss of elongation in 3.0% Mo steel. This may
be related to the volume fraction and uniform dispersion of
carbides in steel (Ref 13-16, 25). Study (Ref 22) had shown that
the increase of Mo expanded the bainite transformation zone
and increased the bainite volume fraction, leading to the effect
of bainitic strengthening. Some studies (Ref 24, 28, 29) had
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50

Hardness (HRC)

26 -

| | | | | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Time (h)

Fig. 5 Rockwell hardness as a function of tempering time at 620 °C for 1.25 Mo, 2.25 Mo, and 3.0 Mo steels

J')S‘pl‘ler;lvcal

4

Fig. 6 SEM images of 1.25 Mo (a, d, g), 2.25 Mo (b, e, h), 3.0 Mo (c, f, i) steels by quenched and tempered treatment; (a, b, c¢) tempered at
620 °C for 2 h, (d, e, f) tempered at 620 °C for 10 h, (g, h, i) tempered at 620 °C for 24 h

10218—Volume 31(12) December 2022 Journal of Materials Engineering and Performance



10000
9000 - a(110)
— 2.25Mo
7000 | ——3.0Mo
3
& 6000}
2>
@
c 5000
% a(211) o(220)
T 4000 e
3000
2000
1000 |-
1 1 1
20 40 60 80 100

26 (°)

Fig. 7 XRD spectra of experimental quenched at 1030 °C and
tempered at 620 °C for 10 h

also shown that Mo tends to form clusters to provide
reinforcement. It can be proved in TEM images of both
2.25% Mo (Fig. 8d and e) and 3.0% Mo (Fig. 8g and h) steels.
The effect of Mo on precipitation strengthening was obvious.
The contribution of Mo related M¢C-type carbides to yield
strength was calculated. The prediction results show that the
rising of Mo content increase the volume fraction of M¢C.
Thus, the pinning effect of carbide on dislocation is enhanced
(Ref 30).

The precipitation strengthening effect of these carbides in
experimental steels depends on the type of precipitates, average
size, volume fraction and their interaction with dislocations
(Ref 31). The strengthening of carbides is mainly achieved
through shearing mechanism and Orowan bypass mechanism,
which hinders the dislocation movement. The average equiv-
alent diameters of precipitated phases of the three steels after
10h tempering at 620 °C were 33.91 £ 1, 40.69 &+ 1, and
28.96 £ 1 nm, respectively, which were bigger than the critical
size for Orowan looping of M;C (10 nm) (Ref 32). Therefore,
these precipitates were expected to be strengthened through the
Orowan bypass mechanism. The improvement of yield strength
based on shearing mechanism and Orowan bypass mechanism
can be described as Eq 1 and 2, respectively [33].

2x 1.1 9y
O Shearing = m X be X d;e/zfl/z (Eq 1)
0.3728Gb ><f1/21 1.2d,, (Eq2)
a =—
Orowan K dae 2 q
1 (de

where A is the dislocation tension function, which can be
estimated by Eq3; G is the shear elasticity modulus
(80.65 GPa); 7 is an average value of anti-phase boundary
energy; b is the absolute value of the Burgers vector of

Journal of Materials Engineering and Performance

dislocation (0.25 nm); K is the hybrid dislocation (0.83), can be
estimated by & = 1 (1 + 1), where v is about 0.291; d,e and f
are the average equivalent diameters and the volume percent-
ages of second-phase particles that are defined as Eq 4 and 5,

respectively [33].

de = | %zadg (Eq 4)
1.4m\ (Nd2,
=)0 (Fa3)

where /, is the average length; d, is the diameter of the rod-
shaped nano-carbides; S represents the area of photos in nm?; N
is the amounts of precipitates within a certain range.

The volume fraction of MgC carbides was statistically
counted on 8 TEM images (2 x 2 um?®) of each steel. The
parameters related to the calculation of nano-carbides strength-
ening are listed in Table 4. As shown in Table 4, the average
equivalent size of the nano-carbides in the three steels exceeded
the critical size (10 nm). The volume fractions of M¢C nano-
carbides in the 1.25, 2.25, and 3.0% Mo steels are 1.53, 2.73,
and 1.89%, respectively. Meanwhile, the MC nano-carbides in
1.25, 2.25, and 3.0% Mo steels contributed increments of 145,
167, and 182 MPa, respectively. As shown in Fig. 11, the
calculated yield strength increase caused by the MgC nano-
carbides was consistent with the strength increments of the
three steels.

The tensile strength and yield strength of the test steels at
high temperature are much lower than those at room temper-
ature, and the authors attribute this phenomenon to the thermal
activation phenomenon at 620 °C, which makes dislocation slip
and grain boundary slip more likely to occur (Ref 34). The
decrease of dislocation density and interstice carbon concen-
tration is accompanied by the dynamic recovery and recrystal-
lization of matrix and the growth of carbide (Ref 35, 36).
Because of the temper brittleness, the strength of the test steel
decreases while the elongation decreases instead of increasing
(Ref 37).

4.2 Effect of Mo on Thermal Stability

To evaluate the tempering stability of three steels, J-M-A
equation was applied, t = 1 — exp(—(D¢)") [5], where 7 is the
tempering ratio, D is the temperature dependent diffusion
coefficient, ¢ is the tempering time, and » is the Avrami
exponent, which depends on the material and the previous heat
treatment. Tempering ratio 7 is defined in 7 = i f_’fjﬂ, where H,,
H.. and H are the hardness values of the quenched, annealed
and the intermediate hardness at tempering ratio 7. The
temperature dependent diffusion coefficient D is defined with
D = Dy exp(— ), where D is the pre-exponential constant, Q
is the activation energy of the tempering transformation, R is
the ideal gas constant (8.13143 KJ mol~' K™"), and T is the
isothermal tempering temperature in K. s = 1 — exp(—(Dt)")
can be represented as a plot of Inln(1/(1 — 7)) vs. Int, shown as
Eq 6.

=nlnt+1InD

(Eq 6)

1
Inl
nln
The fitting results of Eq. 6 are shown in Fig. 12. Avrami

exponent n of the 1.25, 2.25, and 3.0% Mo steels at 620 °C
were 0.42, 0.41, and 0.37, respectively. According to the
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Lifshitz-Slyozov-Wagner theory, when the Avrami exponent n
is approximately 1/3, the coarsening kinetics is controlled by
volume diffusion (Ref 38, 39). It was obvious that the
coarsening kinetics of solute atoms in these three steels is
controlled by volume diffusion during tempering at 620 °C.
The results showed that the average precipitation rate and
coarsening rate of carbides were the lowest in the 3.0% Mo
steel, (n = 0.37).

Moreover, the better thermal stability of 3.0% Mo steel can
be partially attributed to the fact that its high content of Mo
promotes the transformation of M,;C¢ carbide to MgC carbide,
as shown in the calculation results by JMatPro in Fig. 2. It was
also proved by the experimental results in TEM images, as
shown in Fig. 8, that the 1.89% volume fraction of MC

10220—Volume 31(12) December 2022

carbide for the 3.0% Mo steel was significantly higher than that
of 1.53% for the 1.25% Mo steel, but lower than that of 2.73%
for the 2.25% Mo steel. This was because the transformation of
M,;3Cq carbide into MgC carbide was not always complete.
M¢C carbides were usually covered by M,;Cg carbides that
were not completely transformed [9], which may be attributed
to the deviation of amount of MgC carbides in 3.0% Mo steel.
MC was more stable than M»3Cs (Ref 40, 41), and some
studies indicated that M,3Cg4 transformed into MgC (Ref 9, 10,
42, 43). As M,3Cq carbide grew faster and was easy to coarsen
(Ref 9, 10, 43), it was not conducive to improving the
tempering stability of die steel. Therefore, the authors hold the
opinion that high Mo content promotes the transformation of
My;Cq into MgC carbide and plays an important role in

Journal of Materials Engineering and Performance



Fig. 9 STEM-EDS data of carbides in 1.25 Mo steel when tempered at 620 °C for 10 h

Table 2 Detailed compositions in atomic percent of Cr, Mo, V, Mn and atomic ratios of Cr/Mo, Cr/V, Cr/Fe, Mo/V, Mo/

Fe, and V/Fe of carbides in tempered 1.25Mo steel

Point Element, at.% Atomic ratio

No. Cr Mo \% Mn Fe Cr/Mo Cr/V Cr/Fe Mo/V Mo/Fe V/Fe
EDS 1 15.71 15.68 2.97 0.74 64.90 1.002 5.290 0.242 5.279 0.242 0.046
EDS 2 5.37 6.29 0.59 0.56 86.69 0.854 9.102 0.062 10.661 0.073 0.007
EDS 3 7.81 8.22 1.02 0.59 82.36 0.950 7.657 0.095 8.059 0.100 0.012
EDS 4 7.24 8.75 0.65 0.23 83.13 0.827 11.138 0.087 13.462 0.105 0.008

improving the hardness of the test steel during the 34 h
tempering process.

5. Conclusion

This study investigated the effect of Mo on the microstruc-
ture, mechanical properties and thermal stability of 4CrSMo2V
steels with different Mo content (1.25, 2.25, and 3.0 wt.%). The
transformation of carbides and its contributions to mechanical
properties and thermal stability at room temperature were
discussed. The following conclusions can be drawn from this
work:

(1) After being tempered at 620 °C for 10 h, the tensile
strength at room temperature of the 1.25, 2.25, and
3.0% Mo steels is 1287, 1347 and 1402 MPa, and the
yield strength is 1028, 1080 and 1114 MPa, and the
elongation is 23, 26, and 27%, respectively. And the
tensile strength at 620 °C of the 1.25, 2.25, and
3.0% Mo steels are 661, 714 and 690 MPa, and the
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3)

yield strength are 285, 379, and 335 MPa; meanwhile,
the elongation is 23, 20, and 22%. As shown from the
comparison between steels with high Mo content and
low Mo content, the growth of Mo increased the tensile
strength and yield strength, while the elongation de-
clined.

With Mo content increasing from 1.25 to 3.0 wt.%, the
transition from Mj3C4 to MC was promoted, and the
M,3Cs carbides decreased gradually. Mo effectively
inhibited the nucleation and growth of M,3Cq4. For the
reason that the M,3C¢ carbides are easy to coarsen, it is
not conducive to enhancing thermal stability. Therefore,
the thermal stability of 4CrSMo2V steels increased with
the growth of Mo content. It can be concluded that the
coarsening kinetics of solute atoms in these three steels
was controlled by volume diffusion during tempering at
620 °C. The Avrami exponent n obtained by calculation
of the J-M-A equation of the 1.25, 2.25, and 3.0% Mo
steels at 620 °C are 0.42, 0.41, and 0.37, respectively.
Through observations by TEM, the dispersed rod-shape
carbides were MC nano-carbides. The M¢C nano-car-
bides in the three steels enhance the tensile strengthen
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Fig. 10 STEM-EDS data of carbides in 3.0 Mo steel when tempered at 620 °C for 10 h

Table 3 Detailed compositions in atomic percent of Cr, Mo, V, Mn and atomic ratios of Cr/Mo, Cr/V, Cr/Fe, Mo/V, Mo/

Fe, and V/Fe of carbides in tempered 3.0Mo steel

Point Element, at.% Atomic ratio

No. Cr Mo v Mn Fe Cr/Mo Cr/V Cr/Fe Mo/V Mo/Fe V/Fe
EDS 1 1.81 10.64 0.56 0 2.98 0.170 3.232 0.607 19.000 3.570 0.188
EDS 2 1.50 8.98 0.43 0.04 6.64 0.167 3.488 0.226 20.884 1.352 0.065
EDS 3 3.85 19.14 1.40 0 2.80 0.201 2.750 1.375 13.671 7.975 0.500
EDS 4 2.56 18.12 1.42 0.01 1.48 0.141 1.803 1.730 12.761 12.243 0.959
EDS 5 1.45 6.25 0.26 0.05 11.64 0.232 5.577 0.125 24.038 0.537 0.052
EDS 6 0.46 437 0.14 0 2.62 0.105 3.286 0.176 31.214 1.668 0.053
Table 4 The statistic results of nano-carbides parameters in the test alloys

Parameters alloys with different contents of Mo l,, nm d,, nm dae, NM f> %
1.25% Mo 65.00 + 1 20.00 £+ 1 3391 £ 1 1.53
2.25% Mo 78.00 £+ 1 24.00 + 1 40.69 £ 1 2.73
3.0% Mo 50.00 £ 1 18.00 £+ 1 28.96 + 1 1.89
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Fig. 12 Avrami exponent n of 1.25, 2.25, and 3.0 Mo steels during
tempering at 620 °C

through the Orowan bypass mechanism, providing incre-
ment of tensile strength of 145, 167, and 182 MPa,
respectively.
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