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ARTICLE INFO ABSTRACT

Keywords:
Hot-work die steel
Nano-carbides

The effects of vanadium content on the microstructural and mechanical properties of a newly developed hot-
work die steel (MPS700V) at room and elevated temperatures have been investigated in this paper. It shows
that the ultimate tensile strength (UTS) of MPS700V at room temperature and 700 °C are both strongly
dependent on the V content. With the increase of V content from 0 to 1.2% V, The UTS at room temperature
increases from 1127 MPa to 1442 MPa, and the UTS at 700 °C increases from 400 MPa to 550 MPa. The
transmission electron microscope (TEM) shows that the addition of V is beneficial to increase the nucleation rate
and volume fraction of MC nano-carbides during the tempering process, and the size of the MC nano-carbides
decreases with the increase of V content. The addition of V also increases the thermal stability of MC nano-
carbides at 700 °C, which can be related to the reducing the interface mismatch between MC and matrix.
Furthermore, a transformation from Orowan bypass strengthening mechanism to shearing strengthening

Vanadium content
Strengthening mechanism
High-temperature strength

mechanism caused by the V addition is proposed based on the theoretical analysis and TEM observation.

1. Introduction

Hot-work die steels are widely used in the hot-working molds of
industrial parts prepared by hot forging, hot extrusion and die casting
[1-3]. They need to endure rapid heating and cooling impact in addition
to the heavy mechanical load when directly interacting with hot metals.
Their service temperature during the hot forging, hot extrusion and die
casting process can reach to more than 500-600 °C (local temperature
can reach almost 700 °C [4,5]). Therefore a high strength at elevated
temperature is necessary for the hot-work die steel. However, for many
hot-work die steels, their strength decreased rapidly at the temperature
exceeding 600 °C, for example, the ultimate strength of widely used H13
steel decreases from more than 1700 MPa to about 600 MPa at the
temperature of 640 °C, and even less than 300 MPa at 700 °C, which
greatly shorten the service life [1,5-9]. Therefore, with the increasing
demands of service temperature and lifetime of hot-work dies, the
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hot-work die steels with higher thermal stability and higher temperature
strength become more and more attractive.

Typical microstructure of hot-work die steels containing carbide
forming elements as Cr, Mo and V. Extensive studies have been carried
out to explore the effects of alloying elements on the precipitation of
secondary carbides [10-14]. Chromium (Cr) is generally considered to
be an alloying element that is not beneficial to the high temperature
strength of the material because it is easy to form carbides with large
volume and insufficient thermal stability [7,15,16]. However, some
studies [17-19] have shown that Cr can participate in the precipitation
of nano-scale MC carbides and M5C carbide to provide strengthening
effect as well as improve the thermal stability of sub-grain and grain
boundaries. Molybdenum (Mo) can not only reinforce steel strength at
room temperature by promoting the precipitation of fine MxC carbides,
but also enhance steel high-temperature yield strength through
improving carbide stability at high temperature [10-13]. The addition
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of a small amount of vanadium (V) typically of 0.1-0.2 wt% or less in
steel materials can effectively increase the room temperature strength
by 70-200 MPa [20-23]. V and niobium (Nb) are also the major con-
stituent elements of MC nano-carbides [16,21,24-26], which can
improve the thermal stability of nano-carbides as well as the stability of
microstructures and high temperature properties. More precipitation of
carbides by increasing the content of alloying elements and carbon is
considered as an effective strategy to reinforce the high-temperature
strength of steels [25-29]. However, the excessive addition of
carbide-forming elements leads to the coarsen of carbides, which con-
tributes little to the high-temperature strength but also results in the
room-temperature brittleness of the steels [30]. Therefore, the optimal
range of alloying elements is important for the performance of hot-work
die steel.

In the previous work, a newly developed hot-work die steel
(MPS700V) strengthened by nano-carbides with high thermal stability
was reported [31], whereas the role of alloy elements, especially V, in
the precipitation of nano-carbides and the strengthening mechanism is
still not well understood. Therefore, in this paper the influence of V
content on the mechanical properties and microstructure evolution,
especially the precipitation of nano-carbides in the MPS700V steel are
investigated in detail.

2. Materials and methods

The nominal chemical compositions (wt. %) of the test alloy samples
are listed in Table 1. To investigate the effects of V on the mechanical
properties and high temperature strength, the test alloys were designed
with different V contents and prepared by vacuum induction melting.
Besides, homogenization at 1280 °C for 10 h and furnace-cooling were
also conducted to induce more uniform distribution of alloy elements.
Then, the ingot of ®120 mm was forged into the rods with ®25 mm
diameter at 1130 °C and cooled in air.

Thereafter, the experimental samples were cut from the forged rods,
heated to 1020 °C for 1 h, and later quenched in water. Afterwards, the
samples were heated to 640 °C for 2.5 h, followed by air cooling. Ac-
cording to GB/T 228-2015, the room temperature tensile tests were
performed by using MTS CMT5205 testing machine with a strain rate of
0.00025 s~! and 0.0067 s~ before and after yielding, and high tem-
perature tensile tests were conducted at 700 °C using MTS E45.105
testing machine with a strain rate of 0.00007 s %, 0.0014 s~ ! before and
after yielding. The tensile specimen with circular cross-section is
machined into the dimension of total length of 90 mm, including the
diameter of parallel part of 5 mm and the length of the parallel part of
30 mm [31].

The samples were manually and mechanically polished and etched
by 4% nitric acid alcohol for microstructural observation. Scanning
electron microscopy (SEM, Supra 55, Zeiss type) was employed to
observe the morphology and distribution of structures and carbides.
Moreover, the nano-carbides in samples were observed using the
transmission electron microscopy (TEM, Titan ETEM, FEI) operating at
300 kV. TEM thin foils (diameter, 3 mm) were prepared by twin-jet
electropolishing using the 5% perchloric acid alcohol solution. The
Thermal-Calc software (TCFE6) was employed for the thermodynamic
calculation of the effects of V on the formation of carbides.

Table 1

The nominal chemical compositions (wt%) of samples.
Elements C Ni Cr Mo V w Nb Fe
Alloys with different
contents of V
0% V 0.30 1.0 3.0 2.3 0 0.15 0.04 Bal.
0.4% V - - - - 0.4 - - Bal.
0.8% V - - - - 0.8 - - Bal.
1.2% V - - - - 1.2 - - Bal.
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3. Results
3.1. Thermodynamic calculations

Fig. 1 a-d exhibits the variations in the equilibrium contents of
M33C6, MC, M5C and MgC carbides respectively with the increase of V
contents, by using the Thermal-Calc software. According to Fig. 1a, the
mass fraction of My3Cg gradually decreases with the increasing tem-
peratures. As the V content increases, the dissolution temperature of
M>3Cg decreases from 830 °C to 720 °C with the increase of V content,
indicating that the stability of M3Cg decreases. Fig. 1b shows the effects
of V content on the MC carbides. As observed from the figure, the con-
tent of MC increases to about 0.05% with an addition of 0.2% V. In the
range of 0.2%-0.6%, the change of V content has little effect on the
content of MC carbides. When the V content exceeds 0.6%, the mass
fraction of MC carbides increases significantly, suggesting that the for-
mation of MC carbide is strongly promoted with the V content from
0.6% to 1.2%. Fig. 1c displays the effects of V content on the formation
of MyC carbides. It is observed from the figure that V content has
complicated effects on the M,C carbides. To be specific, at the V content
of less than 0.6%, the content of equilibrium M,C carbides increases
with the increase of V content, and the dissolution temperature of MyC
gradually increases. However, when the V content is higher than 0.6%,
the influence of V is in the opposite direction. Fig. 1d shows that in the
lower temperature region, the addition of V promotes the formation of
equilibrium MgC carbides, but in the higher temperature range, it shows
a significant inhibitory effect on MgC.

3.2. Tensile properties at room and elevated temperature

The tensile properties of samples with different V contents at room
temperature are displayed in Fig. 2. Without the V addition, the ultimate
tensile strength (UTS) and yield strength (YS) are determined to be 1125
MPa and 928 MPa, respectively. After the addition of 0.4% V, the UTS
and YS of samples increase rapidly to 1315 MPa and 1165 MPa,
respectively, accompanying with the elongation decreasing from 20% to
14%. The further increase in V content from 0.8% to 1.2%, the strength
increases slowly from 1415 MPa to 1442 MPa, as well as the elongation
decreases slightly from 14.1% to 12.2%.

Fig. 3 exhibits the UTS and YS of the samples with different V content
at 700 °C. It can be seen from the figure that the UTS and YS are strongly
dependent on the V content. With the content of V increasing from 0% to
0.4%, the UTS of the sample increases rapidly from about 395 MPa to
519 MPa and the YS increases from 282 MPa to 403 MPa. Besides, the
increase rate in high temperature strength at 700 °C of the sample begins
to slow down when the V content exceeds 0.4%, and the UTS of the 1.2%
V sample is only about 30 MPa higher than that when the V content is
0.4% at 700 °C.

3.3. Microstructure observation

The microstructure observation on the samples with different V
contents by SEM and TEM is presented in Fig. 4a-d. In Fig. 4a, the fine
spherical intra-lath carbides and inter-lath strip-shaped carbides can be
observed in 0% V sample. According to the bright-field TEM image of the
lath in Fig. 4(al), the width of the lath is about 0.5-1 pm. With the V
content increase to 0.4%, the number of fine spherical carbides de-
creases and a large number of finer short rod-like carbides precipitate
inside the lath, as shown in Fig. 4b. Meanwhile, the width of lath also
decreases to 200-700 nm. With the further increase of V content to 0.8%
and 1.2%, as shown in Fig. 4c and d, the length of rod-shaped carbides
tends to shorten, and some larger spherical carbide precipitate along the
lath boundaries. Compared with that of 0.4% V, the width of the laths
with 0.8% V and 1.2% V changes slightly.

Fig. 5 exhibits the TEM morphology of rod-shaped carbides in the
samples. It is obtained from the diffraction patterns that, they are all
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0.8% V, and (d) 1.2% V.
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Fig. 6. The sizes of nano-carbides in samples quenched at 1020 °C and tempered at

sectional diameter.

nano-scaled MC carbides, which follows a Baker-Nutting relationship
[32] of [010],//[011],_g, and (100),,-//(100),_g,. Fig. 6 shows the size
distribution of MC nano-carbides in the samples with different V con-
tent. The average length and width of the nano-carbides is obtained by
DM3 (DigitalMicrograph3) software. It can be seen that the average
length of MC nano-carbides decreases greatly from 18.7 + 8.66 nm to
8.72 £ 4.01 nm and the average cross-sectional diameter decreases from
3.08 + 1.25 nm to 2.48 + 1.05 nm after the addition of 0.4% V. With the
further increase of V content from 0.4% to 1.2%, the size and length of
MC carbide changes slightly.

The high resolution TEM (HRTEM) image of MC nano-carbides in 0%
V and 0.8% V sample are shown in Fig. 7. The spacing of (200)yc of MC
nano-carbides in 0% V and 0.8% V samples is determined to be 0.215 nm
and 0.207 nm which can be identified as Nb-rich MC carbide and V-rich
MC carbide respectively [33]. The lattice misfit (§) of the V-free and
0.8% V samples are calculated to be 2.78% and 0.73% respectively by

the formula [34] § = (Gearnse—V20ure)  The TEM morphology of samples

Acarbide

with 0% V and 0.8% V after tensile test at 700 °C are presented in Fig. 8.
As observed from Fig. 8a, the coarsened intra-crystalline carbides are
found, which shows a high temperature tempering morphology of the
martensite lath [35]. However, in the 0.8% V sample, the lath is
well-defined, with no obvious coarsening carbides being detected inside
or at the lath boundaries. In addition, nano-carbides with the length of
10-27 nm in the V-free sample are no longer visible in the TEM
morphology, which are replaced by the rod-shaped carbides that are
100-200 nm in length (Fig. 8c), while a lot of nano-carbides are still
observed in the 0.8% V sample. Moreover, results of selected area

(200)m:
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electron diffraction (SAED) pattern analysis show that, the secondary
phases in Fig. 8a are identified to be MyC with a HCP cubic structure [7,
36].

4. Discussions

The microstructural observation by SEM and TEM have shown that
the addition of V has a strongly effect on the morphology and stability of
MC nano-carbides. In tempered samples, the number of nano-carbides in
V-containing samples is significantly higher, and finer and denser MC
nano-carbides are observed in V-containing samples (Fig. 5). HRTEM
images indicate that the lattice constant of MC nano-carbides decreases
after the addition of V, which cause the reduction of the mismatch be-
tween the MC nano-carbide and the ferrite matrix. Moreover, after
tensile test at 700 °C, it is observed that the rod-shaped MC nano-
carbides in V-free sample disappears and is replaced by rod-shaped
M,C carbides with a larger size.

The refinement effect of V on the MC nano-carbides can be related to
the increasing nucleation rate of the MC carbides in the V-containing
samples. It has been reported that, the addition of V tends to form V
clusters or V-C clusters in the initial stage of nucleation [37], which can
provide more nucleus for MC nano-carbides. Apart from this, the V also
has an effect on the elastic strain energy and interfacial energy. As
shown in this study (Fig. 7), the addition of V leads to the reduction of
interface misfit between MC nano-carbides and ferrite, which also fa-
cilitates the nucleation of nano-carbides by reducing the elastic strain
energy during nucleation [38].

The increasing thermal stability of MC nano-carbides with the V

T

;
aowd [,

&

Fig. 7. HRTEM micrographs and the FFT pattern of nano-carbides in samples quenched at 1020 °C and tempered at 640 °C with different V contents of (a) 0% V

sample, (b) 0.8% V sample.
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e

5 1/nm [100],,.

Fig. 8. Microstructure after high-temperature tensile test at 700 °C, TEM bright field images of (a) 0% V sample and (b) 0.8% V sample, and HRTEM micrographs of

(c) MoC in 0% V sample and (d) MC in 0.8% V sample.

addition during tempering can be related to the interfacial energy
[38-41]. The larger lattice mismatch between Nb-rich MC
nano-carbides and ferrite in the V-free samples can lead to a higher
density of misfit dislocations and a higher interfacial energy compared
with V-containing samples. Many simulation and calculation results [33,
40] also show that the interface energy of VC/a-Fe is lower than that of
NbC/a-Fe, therefore the MC nano-carbides in V-free samples are easier
to coarsen during high temperature tempering than the MC
nano-carbides in V-containing samples.

With the increase of V content, the strength at room temperature and
high temperature both increase significantly, as shown in Figs. 2 and 3.
As a carbide forming element, it is reasonable to consider that the
strengthening effect of V is mainly attributed to the carbide formation.
The strengthening of carbides is achieved by hindering the movement of
dislocations, which mainly includes two mechanisms, shearing and
Orowan bypass mechanism. The improvement of yield strength based on
shearing mechanism can be described as follow [42]:

2x11 7B

earing — — X d? 1
OShearing \/mxbzx f2 1)

Where G stands for the shear elasticity modulus, with the value of about
80.65 GPa; b is the absolute value of the Burgess vector of dislocation,
which is about 0.248 nm; the interface energy y of MC-type carbide is
about 0.7 J m2 [43]; d and f is the average diameter and the volume
percentage of second-phase particle; A is the dislocation line tension

function, which can be estimated by A = ;1:In (2%) The value of K is

related to the type of dislocation and Poisson’s ratio v of the material , K

= (1-v) is used for edge type dislocation, while K = 1 is adopted for
screw dislocation, and for a mixed dislocation, the K can be estimated by

1=1 (1 + ﬁ), Where v is about 0.291 [44].

The improvement of yield strength based on the bypass mechanism
can be described as the following equation [33]:

(2)

0.3728Gb % (1.2d
OOrowan =, —In{ —
K d 2b

Some views [39,45,46] hold that the shearing mechanism should be
considered as leading mechanism due to the extremely small size of MC
carbides and the coexistence with the matrix, whereas bypass mecha-
nism should be adopted in other works [47]. In this study, the critical
dimension (d,) should be used to more accurately select the shearing
mechanism or the bypass mechanism [42].

Gh* d,

Where the value of G is about 80.65 GPa; b is 0.248 nm; y is about 0.7 J
m™ [43]; After calculation, the d, of nanoscale MC is determined to be
about 2.2-4.7 nm, which is close to 3.5-5 nm in other reports [39,46].

The equivalent diameter calculation is adopted since the nano-
carbides are rod-shaped or spindle-shaped [48]. The nano-carbides in
the microstructure are assumed to be cylindrical, the equivalent diam-
eter is calculated as the volume of spherical carbide, and the average

value is calculated by dge = W%ladg, Where [, is the average length and

d, represents the average diameter of the rod-shaped nano-carbides.



Z. Zhang et al.

A statistical method is adopted to get the value of volume fraction of
: : An dge”
the second phase (f), it can be obtained by f = (%) <NS> [42].

Where, S represents the area of photos in nmz, and N is the amounts of
precipitates within a certain range.

The parameters related to the calculation of nano-carbides
strengthening are listed in Table 2.

As shown in Table 2, the average equivalent size of the nano-carbides
in the 0% V sample exceeds the critical size d., while those in other
samples are mostly within the critical size. The calculation result of
00orowan for 0% V sample is about 257-362 MPa, which is consistent with
other reports [18,49,50] exploring the bypass strengthening mechanism
of nano-carbides. Meanwhile, the nano-carbides in 0.4%, 0.8% and 1.2%
V samples contributed 516-613, 546-649, and 565-671 MPa, respec-
tively. As shown in Fig. 9, the calculated yield strength increase caused
by the nano-carbide is consistent with the variation of strength among
the four samples obtained from room temperature tensile test, which
shows a first rapid increase and then slow increase trend.

The V also has an effect on the high-temperature strength. As is
shown in Fig. 3, with the increase of V content, the 700 °C strength
increases from 400 MPa to 550 MPa, which is about 2 times higher than
the universal used H13 steel as seen in Fig.S1. Due to the strength of both
the ferrite matrix and the carbides will decrease with the temperature
increases, and the steel matrix has a greater softening rate than the nano-
carbides under high temperature conditions [51], therefore the dislo-
cations will not easily cut through the carbides but be pinned and
entangled around the carbides, as shown in Fig. 8. The pinning effect of
carbides on dislocations is related to the volume fraction and the uni-
form dispersion of carbides [52]. As seen from the microstructure
observation, the nano-carbides in V-containing samples are more stable
during the high temperature tensile test. After high temperature tensile
test at 700 °C, the 10-27 nm rod-shaped carbides in V-free samples are
almost completely dissolved, and replaced by M,C carbides with a size of
about 100-200 nm, while the nano-carbides in the V-containing samples
still exist stably (Fig. 8). Tao Wen et al. [21] discovered that, as V
content increased from 0% to 0.14%, the size of rod-shaped carbides in
the Fe-Cr-Ni-Mo steel gradually decreased, and a large amount of MC
nano-carbides were observed, indicating that V contributed to stabiliz-
ing the MC nano-carbides and thus inhibiting the rapid generation of
M,C carbides. Therefore, the high-density intra-lath dislocations and MC
nano-carbides that hinder the movement of dislocations under high
temperature conditions should be the reasons for the increase in
high-temperature strength [53-57].

5. Conclusions

This study investigates the effects of V contents from 0 to 1.2 wt% on
the mechanical performances of MPS700V steel by thermodynamic
calculations, mechanical performance testing and microstructure
observation. The transformation of carbides, and the variations of their
mechanical properties at room and high temperatures are discussed. The
following conclusions are drawn from this work:

(1) With the increase of V content from 0 to 1.2% V, the ultimate
tensile strength at room temperature increases from 1227 MPa to
1442 MPa, meanwhile the ultimate tensile strength at 700 °C
increases from 400 MPa to 550 MPa ;

(2) Compared with sample without V, the MC nano-carbides in V-
containing samples have a smaller size and more dispersed dis-
tribution. After the tensile test at 700 °C, the MC nano-carbides in
0.8% V containing sample shows high thermal stability while that
in 0% V sample have transform to larger MyC carbides. The
addition of V reduces the interface misfit between MC nano-
carbides and ferrite, which can be responsible for the high ther-
mal stability of the carbides.

Materials Science & Engineering A 813 (2021) 141091

Table 2
The statistic results of nano-carbides parameters in the test alloys.

Parameters l,/nm d,/nm dge/nm f/%
Alloys with different contents of V
0% V 18.7 3.077 6.428 0.65
0.4% Vv 8.7234 2.481 4.3186 1.10
0.8% V 9.375 1.713 4.474 1.21
1.2% V 9.145 2.361 4.244 1.32
1600
F Contribution to yield strength of MC nano-carbides
1400 Yield strength of each sample
1200
& 1000
5 L
= 800
=
‘éﬂ L
2 600} T + 1
»n k /( /L/ /{
400 -
| 1B
200 - /L//
0 /
0 0.4 0.8 1.2

V content of the samples (%)

Fig. 9. Contribution to yield strength of the nano-carbides.

(3) The room temperature carbide strengthening mechanism trans-
forms from the Orowan mechanism to the shear mechanism with
the increasing content of V. At elevated temperature, the pinning
effect of the stable and dispersed nano-scale MC carbide is
observed in V-containing samples, which increases the high-
temperature strength of the V-containing samples.
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