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High-Temperature Oxidation Performance of 4Cr4dMo2NiMnSiV Hot Die Steel
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A new type of hot working die steel was designed by using JMatPro, and high-temperature oxidation tests were carried
out in the ambient atmosphere at 600 °C and 700 °C. The heat treatment process and oxidation mechanism of the designed
4Cr4Mo2NiMnSiV steel were studied in detail. XRD, SEM and EDS were used to analyze the crystallographic phases,
surface and cross-section morphologies of the oxide films. The results show that the main phases in the 4Cr4Mo2NiMnSiV
steel were y and a + 8. During the high-temperature oxidation, oxidation of the Fe outer layer and Cr inner layer occurred.
After oxidation at 600°C, the surface oxidation layer comprised a monolayer with an uneven morphology. The surface
oxide film had two layers after oxidation at 700°C. The outer oxide layer mainly contained Fe2O3 and FesOa, while the
inner oxide layer mainly contained Cr20s. The microstructure was relatively regular and had a significant effect on the
protection of the metallic matrix. When oxidized, the 4Cr4Mo2NiMnSiV alloy steel easily formed protective layers, such

as Cr203 and SiOz, so that the test steel had excellent oxidation resistance at high temperatures.
Keywords: JmatPro, hot working die steel, oxidation, morphology, heat treatment process.

1. INTRODUCTION

The service conditions and performance requirements
of dies and molds used in modern mechanical
manufacturing have become increasingly stringent due to
their high-temperature working environment [1-3].
According to data [4] about current industrial production
practices, approximately 80 % of parts need to be formed by
using molds, and the use of molds has penetrated all aspects
of modern industry. Therefore, the role of molds cannot be
ignored in the equipment manufacturing industry [5].
During the use of an insert mold, the mold has to withstand
very high loads and complex multidirectional stresses. The
high-temperature working environment accelerates surface
oxidation. At the same time, cooling of the stamped work
piece is required during the stamping process. In addition, a
cooling water pipeline should be designed inside the mold,
and good corrosion performance of the material is required
for long-term use [6]. Therefore, fabricating molds that have
strong red hardness, high-temperature heat strength,
excellent hardenability, corrosion resistance and good
thermal stability has become a research direction of interest
[71.

At present, research results have emphasized improving
hot working die steels by optimizing their alloy composition
and improving their heat treatment method [8, 9]. Scholars
[10] developed H series hot work die steel based on the
traditional 3Cr2W8V die steel by increasing the Cr content
to approximately 5% and adding a small amount of alloying
elements, such as Mo and Ni. Although the H series hot die
steel is commonly used worldwide, this steel series is not
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suitable for a working temperature of 600 °C and has poor
heat resistance. To make up for those defects, scholars have
developed 5Cr4W5Mo2V steel. This steel grade has a
service life that is 3 times higher than that of a traditional
3Cr2W8V steel and good heat resistance properties.
Although the secondary hardening effect of the mold steel
is effectively improved, the toughness of the mold steel is
greatly reduced, and the production application value is
lowered due to the high content of Mo and W in the
composition of such a mold [12]. Therefore, it is necessary
to design a new series of hot working die steels.

In this study, a new steel grade was designed by
combining widely used hot work die steels, such as H13
steel and 4CrdWMoSiV, with appropriate composition
improvements. In addition, the material properties dynamics
calculation software JMatPro was used to design the alloy
composition of the new mold steel [13-15]. Two kinds of
heat treatment processes were designed to compare the
high-temperature oxidation properties of the materials with
two heat treatment processes. XRD, SEM, EDS and other
characterization methods were used to observe the oxidation
surface and oxidation morphology of the oxide film after
high-temperature oxidation.

2. MATERIALS AND METHODS
2.1. Materials

In this study, pig iron (Fe>97.79 %), electrolytic
copper (Cu>99.99 %), low-carbon ferro-chromium (Cr:
71.66 %), pure nickel (Ni>99.99%), ferro-molybdenum



(Mo: 57.67 %), vanadium iron ore (V: 40.39 %) and other
raw materials. The molten steel was melted in a GW
medium-frequency induction furnace, cast in a metal mold
and cooled in the ambient atmospheric. After the smelting
was completed, the sample was processed into a square
piece with a size of a =15 mm. The chemical composition
analysis was carried out using a Spectro MAXXx direct
reading spectrometer. The chemical composition of
4Cr4Mo2NiMnSiV steel is shown in Table 1.

Table 1. Chemical compositions analysis of the

4CrdMo2NiMnSiV test steel (mass fraction %)
Element| Cr (Mn| Ni [Mo|Si | V [Nb| C | S P | Fe
Content|4.00/0.60]1.00]2.30(0.40]0.60(0.08]0.40(0.002/0.001|Bal.
2.2. Methods

The test alloy 4Cr4AMo2NiMnSiV was heat treated in
high temperature furnace, as is shown in Fig. 1. Sample #1
was defined as a 4Cr4Mo2NiMnSiV steel, and the heat
treatment process was as follows: 950 °C for 30 min, oil
quenching to 350 °C, holding in an isothermal salt bath for
3h, oil quenching to room temperature, tempering at
300 °C, holding in an isothermal salt bath for 2 h, and then
normalizing to room temperature; finally, the same heat
treatment process was carried out for a secondary tempering
(Fig. 1 a). Sample #2 is defined as a 4Cr4AMo2NiMnSiV
steel, and the heat treatment process is as follows: 1000 °C
for 30 min, oil quenching, tempering at 590 °C for 2 h, and
air cooling; this was followed by the same heat treatment
process for the secondary tempering (Fig. 1 b). Because # 1
test steel was isothermally quenched by salt bath, it passed
through the martensite + bainite composite structure in the
C curve. And finally formed the martensite + bainite
composite structure. The # 2 test steel was directly cooled
to room temperature by oil quenching and the cooling
organization was martensite organization. The secondary
tempering of the experimental steel can well reduce the
residual stress of the hot work die steel and enhance the
performance of the material.

In this experiment, the high-temperature oxidation
performance of the test steel was tested according to
GB/13303-91 "Method for Determination of Oxidation
Resistance of Steel”. The oxidation kinetic curve was
determined by static discontinuous weighing method. The
size of the sample was 15 mm x 10 mm x 2 mm, and the
accuracy of the weighing balance was 1x10* g. The
temperature for high temperature oxidation is selected from
two temperatures of 600 °C and 700 °C. The furnace is first
heated to a set oxidation temperature, and then the sample is
heated at a high temperature into the furnace and heated and
kept, and after 2.5h, 5h, 10 h, 20 h, 50 h, 100 h, 150 h,
200 h, the sample is taken out from the furnace. The mixture
was cooled to room temperature in a drying chamber, and
weighed with an electronic balance. Each sample was
weighed three times, and the average value of three
measurements was taken. After the weighing was
completed, the sample was placed in a furnace to continue
heating and oxidation. The X Perth Pro type multi-function
X-ray diffractometer (XRD) was used to analyze the phase
composition of the material. The test was performed with
Cu as the target, the scanning speed was 3°/min, and the

401

scanning range 20 was set to 10-110°. The surface
morphology and cross-section morphology of the samples
after high temperature oxidation were observed by FEI
QUANTAZ200F scanning electron microscope, and the

composition was analyzed by energy dispersive
spectroscopy (EDS).
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Fig. 1. Flow chart of the heat treatment process of the
4CrdMo2NiMnSiV  test steel: a—Sample #1;
b —Sample #2

3. RESULTS AND DISCUSSION

3.1. The simulated thermodynamic equilibrium
phase of 4Cr4dMo2NiMnSiV

The graph in Fig. 2 shows the relationship between the
phase content and temperature of 4Cr4Mo2NiMnSiV test
steel determined by the JMatPro material performance
simulation software.

It can be seen from the Fig. 2 that when the carbon
content is set to 0.4 %, the phase composition of the alloy in
the low temperature range is mainly comprised the a-Fe
phase and various types of carbides (M+Cs, MsC, M2C, MC
and M23Cs). It should be pointed out that the MC-, M,C- and
MCs-type carbides can exist at 1000 °C, indicating that the
above carbides are high-temperature phases. Related studies
[16] have shown that MC-type carbides are mainly carbides
formed by Nb, Mo and V. M,C-type carbides are mainly
formed by W and Mo. M,C3 is mainly a binary carbide
composed of Cr, Mn, and Fe. The MaCe-type carbide is
mainly a binary or ternary compound composed of Cr, Mn,
Fe, Mo, and W. The MgC-type carbide is mainly a ternary
carbide composed of Fe, W, and Mo. According to the
composition of the alloy, the MC carbides in the alloy were
mainly VC and MoC. These carbide particles were small in
size, high in hardness, and dispersed in the matrix. They had
a good dispersion strengthening effect and improved the
high-temperature mechanical properties of the material. The
M,C-type carbides in the alloy were mainly Mo,C, the



M;Cs-type carbides were mainly Cr;C; and Mn;Cs, the
M23Ce-type carbides were mainly Cr3Cs and Mny3Ce and
the ternary carbide was Fe;1M0,Cs. The MsC-type carbide
was mainly a ternary carbide such as FesMosC, and such a
carbide has good toughness. At the same time, it can be seen
that the stability of the carbides in the test steel, in
descending order, was MC > M7C3 > M3C > MgC > M23Ce.
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Fig. 2. The content of each phase in the 4Cr4Mo2NiMnSiV steel
as a function of the temperature: a—the simulation curve;
b—a partial curve

By analyzing the Fe-FesC phase diagram, the melting
point of the test steel was determined to be approximately
1080 °C, and the crystallization process was as follows. At
1487 °C, the homogenization transformation process
occurred, and the high-temperature 8 phase precipitated
from the liquid phase. Subsequently, as the temperature
decreased, the MC, M;Cs, and M,C phases were
sequentially precipitated, and their contents gradually
increased with decreasing temperature and then remained
unchanged. At the same time, the remaining L phase and the
d phase began to undergo a peritectic transformation to form
the y phase until the L phase completely disappeared, and
the y phase was relatively stable. Then, homologous
isomerization occurred, and it did not end completely until
810 °C. At the same time, below 1000 °C, the MsC- and
Ma3Ce-type carbides began to precipitate, and as the
temperature decreased, the phase content gradually
increased and stabilized. At 800 °C or less, the ferrite o

402

phase gradually increased, and the austenite y phase
gradually decreased. At 750 °C, the austenite y phase
completely disappeared, and the a phase became stable.

3.2. Oxidation kinetics analysis

Fig. 3 presents an oxidation kinetic curve of the #1 and
#2 samples at 600°C and 700°C in an atmospheric
environment. In general, the oxidation weight gains in
Fig. 3a and b increased with time. There is no obvious
increase or decrease in the figure, indicating that the oxide
film did not delaminate during the oxidation process.
Moreover, delamination of the oxidation film did not occur
during the test process.
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Fig. 3. Dynamic curve of high-temperature oxidation of

4Cr4dMo2NiMnSiV: a-600 °C; b—700 °C

The oxidation film bonded well with the substrate and
tended to adhere and not delaminate. According to the
calculation, the average oxidation rates of samples #1 and
#2 at 600°C were 0.171 (g/m?)/h and 0.226 (g/m?)/h,
respectively. The average oxidation rates of samples #1 and
#2 at 700 °C were 0.362 (g/m?)/h and 0.424 (g/m?)/h,
respectively. Referring to the relevant national standards for
the evaluation of the oxidation resistance of materials [17],
the oxidation levels of the two samples meet the oxidation
resistance level when oxidized at 600 °C and 700 °C.
Overall, with increasing oxidation time, the oxidation
kinetics curve of the test steel became divided into two
stages: the first 100 h was the rapid oxidation stage, where
the oxidation rate increased, and the last 100 h was the



stable oxidation stage, where the oxidation rate decreased.

As shown in Fig. 3 a, the oxidation kinetics curve was
divided into two stages, mainly due to the different
oxidation mechanisms in the high-temperature oxidation
process. The O, ionized the metal on the surface of the
air/oxide film, ions and electrons were transported through
the metal oxide film and finally bonded to the oxide crystal
lattice in the form of O% at the oxide layer/metallic matrix
interface. At the oxidation layer/metallic matrix interface,
the metal ionized to produce M™, and the metal cations
migrated to the air/oxidation film through the oxidation
film, which thickened the oxidation film and enabled further
oxidation [18]. The oxidation process was controlled by an
interfacial reaction mechanism. During the initial stage of
oxidation, there was no oxidation film on the surface of the
material, and the material without an oxidation film had a
large contact area with the oxygen, a fast oxidation rate and
selective oxidation [19, 20]. The velocity of O% in the
atmosphere through the oxide film to the metal matrix was
very rapid. With an extension of oxidation time, it was
found that the oxidation kinetics curves of the three samples
showed a plateau after 100 h. At this time, the oxidation rate
was small, and the materials entered the steady oxidation
stage. As the oxidation progressed, a dense oxidation film
formed on the surface of the material. Further contact
between the oxygen and metal matrix was prevented.
Moreover, the diffusion of matrix elements was effectively
prevented, and the oxidation rate decreased. On the
oxidation kinetic curve, the slope of the curve decreased
until a platform appeared. Since the thickness of the oxide
layer was small at the start of the oxidation process, the
number of electrons transported in the oxide layer was much
larger than the number of ions transported. With the
thickening of the oxide film, the oxide film became dense to
slowed the ion transport speed, so that the oxidation rate was
slowed. Fig.3b shows the oxidation kinetics curve at
700 °C. The general trend of the curve is basically the same
as that at 600 °C. However, the oxidation rate of both
samples improved relative to that at 600 °C. The increase in
the temperature led to an increase in the oxidation, and the
oxidation gap of the sample began to shrink, but the average
oxidation rate for sample #1 was still smaller than that for
sample #2. Compared with the data in Fig. 3 a, the increase
in the test temperature increased the transport speed of the
ions and electrons in the oxide film, and the thickness of the
oxide film also increased accordingly. It can be seen that the
oxidation weight gain of test steel #1 is obviously smaller
than that of test steel #2; the oxidation rate is also relatively
low, and the oxidation resistance improved.

3.3. XRD analysis of the oxide phase of
4Cr4dMo2NiMnSiV

Fig. 4 shows the XRD pattern of the surface oxide film
from the two kinds of 4Cr4Mo2NiMnSiV steels after
oxidation in an air environment for 200 h. According to
Fig. 4 a, the oxide film of the experimental material was
mainly composed of Fe;O3; and FesO, after oxidation at
600 °C for 200 h. At the same time, the surface of sample
#1 still contained the a phase, which showed better
oxidation resistance than sample #2. It can be seen from
Fig. 4 b that when the oxidation temperature increased, the
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main component of the surface oxide of the two samples
was an oxide containing Cr. When the temperature
increased 700 °C, Fe;Oz and FesO, appeared, and the o-Fe
phase disappeared. This phenomenon indicates that the
oxide film almost completely covered the substrate of the
experimental material. Qualitative analysis of the oxide film
thickness was based on the diffraction peak intensities in the
XRD pattern [21]. The intensity of the diffraction peak from
sample #2 was stronger than that from sample #1, indicating
that the degree of oxidation of sample #2 was more severe.
The intensity of the diffraction peaks from the #2 sample
was not much different from those of the #1 sample.
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Fig. 4. XRD analysis of the oxide film on the 4Cr4Mo2NiMnSiV
test steel: a—600 °C; b—700 °C

3.4. Analysis of the surface of the oxide film of
4Cr4Mo2NiMnSiV

To further study the oxidation mechanism of the test
steel 4Cr4dMo2NiMnSiV, the microstructures of the
oxidized surfaces on the two samples were observed, and
the results are shown in Fig. 5. The surface morphology of
the oxide film changed to varying degrees after the two
samples were oxidized at the same temperature for 200 h
and the same sample was oxidized at different temperatures
for 200 h. As shown in Fig. 5 a and c, the microstructures of
the samples of #1 and #2 were oxidized at 600 °C for 200 h.
The surface oxide layer of 4Cr4AMo2NiMnSiV sample #1
contained large flaky particles. At the same time, there were



granular objects between the large flaky particles, which
were stacked and overlapped to make the pores of the entire
oxide layer relatively dense. The oxide film of
4CrdMo2NiMnSiV sample #2 was mainly composed of
needle-like particles. The particle size was smaller than that
of sample #1, and the particle spacing was larger than that
of sample #1. A loose and fine crystalline object was
distributed between the sheet-like objects. Fig.5b and d
show the microscopic morphology of the #1 and #2 samples
after oxidation at 700 °C for 200 h. Compared with the
surface morphology at 600 °C, a large change occurred in
the surface oxide layer of the #1 test steel, and the large
pieces of flaky particles gradually disappeared and were
replaced with a worm-like substance. These materials were
stacked on top of each other, crossed each other and formed
a grid. The dispersion of the surface pores of test steel #1
can be clearly observed so that the oxygen in the air rapidly
oxidized the matrix through these pores, resulting in
thickening of the oxide film. The structure of
4Cr4AMo2NiMnSiV sample #2 was replaced by a fine
needle-like structure. These acicular substances were very
densely distributed, and there were still a certain number of
loose and fine crystalline substances between the acicular
substances.
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Fig. 5. SEM analysis of the surface oxide film feature of the
4Cr4Mo2NiMnSiV steel: a, b-surface morphology of
sample #1/#2 oxide film at 600 °C; c, d-surface
morphology of sample #1/#2 oxide film at 700 °C

Combined with the previous phase analysis and
JMatPro simulation results, the main components of the
4Cr4dMo2NiMnSiV sample #1 surface at 600 °C were Fe;03
and Fe30s, while the main component of the granular
material was o-Fe. When the temperature was increased
700 °C, the a-Fe phase disappeared, and additional Cr,0s
and Fe-Cr-O was produced and were mainly characterized
by a staggered grid-like morphology. The main component
of the worm-like morphology material was the oxide of Fe.
The main components of the needle-like substance of the
4CrdMo2NiMnSiV sample #2 after oxidation at 700 °C
were Fe;03 and FesOs, while the main component of the
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loose fine crystalline substance was the oxide of Cr [22]. As
the temperature increased, additional Cr in the alloy
produced a large amount of the M3Cs-type carbide, which
can be observed on the microscopic surface.

3.5. Cross-section analysis of oxide film of
4Cr4aMo2NiMnSiV

Fig. 6 a and b show the SEM and EDS analysis results
of the #1 and #2 samples after oxidation at 600 °C for 200 h.
It can be clearly seen from the SEM image of the cross
section that the thickness of the oxide layer of the three
samples was significantly different. According to the
micron marker on the picture, it was estimated that the
thickness of the oxide layer on the sample #1 steel was
approximately 15-19 um (average 15.27 um), and the
thickness of the oxide layer on the sample #2 steel was
approximately 7 — 18 pum (average 17.59 pum).

Metallic Matrix 3
« . A

100um
LU

100um
Fig. 6. SEM and EDS analysis of the oxidation cross section of
4Cr4Mo2NiMnSiV: a, b—SEM and EDS analysis of the
1#/2# at 600°C; ¢, d— SEM and EDS analysis of the 1#/2#
at 700 °C

Fig. 6 ¢ and d show the cross-sectional morphology and
EDS analysis results of three samples after oxidation at
700 °C for 200 h. The oxide layers of the two samples
clearly produced different degrees of stratification, which
were divided into inner and outer layers. The calculations
indicated that the thickness of the oxide layer on the #1 and
#2 samples was approximately 90-125um (average
11059 um) and 150-170 um (average 156.77 um),
respectively. The oxide layer had a large degree of
thickening relative to that at 600 °C. Moreover, the outer
layer of the oxide film had many holes and defects, and the
protection of the substrate was poor. The inner oxide film
was denser and had better bonding with the metal matrix,
which has good protection to the material matrix. The #1
sample produced a large number of holes at 700 °C, which
is consistent with the characterization results of a large
number of metal mesh structures on the surface of the oxide
film.

According to the elemental analysis of the EDS line
scan, the oxide film formed by the two samples experienced
delamination at 700 °C. The composition of the oxide film



was mainly Fe,Os, which was porous and had a protective
effect on the material [23]. It can be seen from Fig. 6 a and
b that the thickness of the oxide layers of test steels #1 and
#2 was small. The delamination of the oxide film was not
obvious and was well bonded to the substrate, and cracks
appeared only in certain places. It can be seen from Fig. 6 ¢
and d that the oxide layers of test steels #1 and #2 were thick
and are divided into inner and outer layers. The outer layer
was porous and had large pores. According to the EDS
analysis, the Fe content of the inner oxide film was lower
than that of the metallic matrix and the outer oxide film.
Because the iron ions continued to diffuse to the outer layer
during the high-temperature process, the iron in the matrix
was not easily oxidized due to the denser inner oxide layer
[23]. Relative to the composition of the matrix, the Cr and
Ni elements were enriched, forming a relatively dense Cr-
Ni oxide layer. The high content of Cr in the alloy formed a
continuous and compact Cr,0; oxide film, which
significantly inhibited the oxidation reaction [24]. Adding a
certain amount of Si in the design of alloying elements
enabled the formation of SiO, with a relatively stable
structure in the inner oxide layer, which effectively
enhanced the compactness of the Cr,Oz oxide film and
greatly enhanced the oxidation resistance of the material
[25].

4. CONCLUSIONS

The newly designed 4Cr4Mo2NiMnSiV steel mainly
contained y and a+d phases at a high temperature of
1000 °C. After different heat treatment processes, #1 test
steel obtained the martensite + bainite composite structure,
while #2 test steel obtained the martensite structure. The
antioxidation grades of the two test steels after oxidation for
200 h at 600 °C and 700 °C met all complete antioxidant
standards (< 0.1 g/m2-h). The research shows that the
improved test steel increased the density of Cr,O3 and was
beneficial to the formation of protective oxide films, such as
SiO». The oxide film was tightly bonded to the substrate and
had good anti-flaking performance. The structure of the
oxide film split into two oxidation films. The outer oxide
layer mainly contained Fe2O3 and FezO4, and the inner oxide
layer mainly contained an oxide of Cr. Moreover, a
protective oxide film, such as Cr,O3z and SiO, existed in the
inner layer of the oxide film. It enhanced the protection of
the substrate.
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