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Abstract—In this paper, an alloy with a group of Nb5Cr was prepared by hot pressing sintering and its phase
composition was characterized. After hot pressing sintering, Cr element exists in the form of solid solution
outside the Nb matrix, and a certain amount of NbCr, phase is formed. The bending strength of the obtained
alloys is not less than 250 M Pa, and the fracture toughness is close to that of H11 casting die steel. In addition
to the mechanical properties of the alloy, the oxidation behavior of the alloy at different temperatures was also
studied. The experimental results show that the change of the alloy is not obvious at 1000°C except for the
dissolution of Cr element, and at 1000—1200°C, the alloy can spontaneously form a CrNbO, oxide film which
is weakly bound to the alloy matrix. This is very conducive to the application of separation between the mold
and the casting mold during casting. This product provides the casting industry with a material that can spon-
taneously form a Self-oxidizing film under high temperature oxidation environment and provides a usable
choice for materials used in high temperature casting environment.
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INTRODUCTION

Metal casting is a widely used and low-cost forming
method for the processing of ferrous metals. It has the
characteristics of several clean forming and is suitable
for the forming of complex components and has been
studied deeply and extensively for thousands of years.
However, the casting process is relatively complex,
especially the sand-casting process requires a lot of
manpower, and the sand box must be reset every time
the casting is done. The casting efficiency is relatively
low. Therefore, fixed continuous casting has unique
advantages.

In the past few years, many casting materials have
been developed for continuous casting [1]. However,
the casting materials developed in the past are not only
easy to withstand high temperature, but also have a
violent interaction with the casting mold in direct con-
tact with the molten steel [2—4]. Therefore, it is neces-
sary to add a large amount of release agent between the
molten steel and the casting mold before casting [5].
The traditional fixed cavity continuous casting mold
not only adds a process in the casting process,
increases the cost of release agent, but also limits the
complexity of the casting mold. It is not conducive to
the industrial production of casting molds [6]. There-
fore, the development of a mold that can isolate itself
from the cast metal during the casting process and is
easy to release during the separation process will

greatly improve the efficiency of the casting process
and provide more possibilities for the application of
complex casting molds [7].

The selection of casting mold needs to consider the
temperature, casting impact force [8], high tempera-
ture oxidation and molten steel erosion environment
during the casting process [9]. So, in high-temperature
resistant materials, superalloy with its good heat resis-
tance, higher strength and better toughness occupy an
important position [10]. With the development of
modern metallurgical industry, a variety of high-tem-
perature resistant superalloy systems have been devel-
oped. Such as Ni base superalloy, Mo base superalloy
and Nb base superalloy. However, the melting point of
the Ni-based superalloy is relatively low, and the
superalloy will soften or even melt at about 1450°C
[11, 12]. This temperature is far from the temperature
of cast steel, and is not suitable for casting mold mate-
rials; The melting point of Mo-based superalloys usu-
ally exceeds 2000°C, while the metal Mo will be oxi-
dized to MoO; at 600—700°C, MoO; will melt into a
liquid at 795°C, and MoO; will boil at 1155°C [13].
Although the oxidation resistance at high tempera-
tures can be improved by super alloying to form a pro-
tective film, the Mo-based superalloy will react vio-
lently with molten steel during the casting process.
Therefore, it will cause extremely difficult to release
the mold, and it is not suitable for steel casting [ 14, 15].
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Nb—Cr superalloy with its very high melting point,
and easy to form a thin layer of dense protective film in
high temperature oxidation environment, and the pro-
tective film will be peeled from the matrix during cool-
ing [16—18]. This can undoubtedly facilitate the
demolding of the casting process. Morecover, hot
pressing sintering process can avoid the problem of
different melting points and uneven composition in
the superalloy forming process of this system, which
lays a solid foundation for the application of such
materials [19, 20].

In this paper, a Nb5Cr superalloy was designed and
prepared by vacuum hot pressing sintering method.
The bending strength of the superalloy is close to
250 MPa, and a dense oxide film will be formed
quickly under high temperature oxidation environ-
ment. After cooling, the oxide film will be separated
from the substrate. It provides a new solution for the
selection of casting mold.

2. MATERIALS AND METHODS
2.1. Materials Synthesis and Processing

In this paper, Nb powder (99.95%, 10 um, North-
west Institute For Non-ferrous Mental Research,
China) and Cr metal powder (99.0%, 30 um, Jinzhou
Institute of Metal Material, China) are mixed accord-
ing to the molar ratio of NB-95% CR-5%, and placed
in 250 mL graphite crucible and placed in a vacuum
sintering furnace. The heating rate is 10°C per minute,
and 30 MPa sintering pressure is applied after reaching
the sintering temperature. The temperature is kept at
1500°C for 1 h, and then cooled to room temperature
with the furnace.

After cooling and removing the pressure, the corre-
sponding Nb5Cr superalloy sample can be obtained.

2.2. Materials Characterization

An electronic universal mechanical experimental
machine DCS-250kN (Shimadzu, JAPAN) was used
to measure the bending strength of 3 x 4 x 36 mm?
polished Nb5Cr standard specimen by three-point
bending method. The effective span is set to 30 mm
and the loading rate of the indenter is set to
0.5 mm/min. The bending strength of the material is
calculated as shown in formula (1). The bending
strength is measured three times to avoid accidental
errors.

3P L
QW

where 0, is the bending strength (mm); P, is the load

when the material is broken (N); L is the effective

span (mm); A is Sample height (mm); W is sample
width (mm).

(O (1
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The fracture toughness of the material was also
tested on the standard sample of 2 X 4 x 24 mm? with
the same equipment, the fulcrum span was set at
16 mm, and the loading speed was set at
0.05 mm/min. The calculation method is shown in
formula (2). Repeat the measurement three times to
reduce the accidental error of the K.

K =Y3EL )
2Bw

where Kj. is the Fracture toughness factor; P is the

load when the material is broken (N); L is the effective

span (mm); B is Sample width (mm); ® is Sample

height (mm); a is the sample notch depth (mm); Y'is

the form factor, which can calculated by Eq. (3):
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This experiment used an X-ray diffractometer
(XRD) of the type Empyrean (Panalytical, Nether-
lands) equipped with monochromatic Ko radiation at
a scan speed of 8°/min, in the 26 range of 10°—70°. It
was used for phase identification and simple quantita-
tive analysis. The instrument has high information
acquisition efficiency, sensitivity and measurement
accuracy. Scanning electron microscopy(SEM) was
performed on a VEGA3(TESCAN, Czech Republic)
equipped with energy dispersive spectroscopy(EDS).
Itis used to identify morphology and element distribu-
tion by secondary electron. Secondary electron image
resolution: magnification: 2.5—1000000; acceleration
voltage: 0.2—30 kV, ion imaging resolution: 4 nm
(30 kV) Acceleration voltage: 0.2—30 kV, Electron
beam current 1 pA—2 UA. The oxidation process was
simulated by Muffle furnace, and the surface mor-
phology, post-oxidation phase and morphology of
Nb5Cr superalloy were analyzed by SEM and XRD.

2.3. Static Oxidation Test

The static oxidation performance of 3 X 4 X 36 mm
Nb5Cr superalloy in Muffle furnace at 800, 1000 and
1200°C for 20 min was tested, and the unoxidized
Nb5Cr superalloy was used as the control sample.
After the furnace is heated to a predetermined tem-
perature, the direct Nb5Cr sample is placed in the fur-
nace, and then taken out at the same temperature for
20 min. The oxidation behavior of the Nb5Cr sample
is compared by observing the surface morphology,
mass changes and phase changes of the sample. At the
same time, the phase and surface morphology of
NDbSCr superalloy before melting were observed as a
contrast.
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Fig. 1. XRD pattern

3. RESULTS AND DISCUSSION

3.1. Structure and Mechanical Properties
Characterization of Nb5Cr Superalloy

The XRD analysis of Nb5Cr superalloy is shown in
Fig. 1. The phase composition shows that the Nb5Cr
superalloy is mainly composed of NbCr, phase and
Nb, 95Cr1 o, phase. Among them, Nby 3Cr, o, phase is
the main component.

The XRD peak shape is inconsistent with the Nb
metal peak shape. Combined with the PDF card, it is
inferred that Cr changes the crystal structure of Nb
through solid solution in Nb, making its lattice con-
stant increase. In addition, Cr also forms a partial
NbCr, phase with Nb, which is not completely in solid
solution form in the Nb matrix.

The three-point bending test results of the standard
sample of Nb5Cr superalloy are shown in Table 1, and
the Nb5Cr superalloy obtained by the experiment
shows a good bending strength. Three point bending
test shows that the bending strength of the material is
once higher than 250 MPa, It showed good strength.

Table 1. Sample’s bending strength of Nb5Cr superalloy

of Nb5Cr superalloy.

The K calculation results of NbSCr are shown in
Table 2. The fracture toughness of the superalloy is
close to that of H11 casting die steel [21, 22], and it
can also resist certain impact as a die in the casting
process.

3.2. High Temperature Oxidation Behavior
of Nb5Cr Superalloy

We tested the oxidation behavior of Nb5Cr super-
alloy at 800, 1000 and 1200°C for 20 min, and
recorded the mass changes during static oxidation
respectively, as shown in Table 3.

Table 2. Sample’s fracture toughness of Nb5Cr superalloy

Sample number K¢, MPa/m!/?
01 36.72
02 35.83
03 35.84
04 36.88
05 35.24

Table 3. Mass change of superalloy before and after 20 min

Sample number o/, MPa static oxidation
01 255.61 Temperature Before oxidation | After oxidation
02 28262 mass, g mass, g
03 265.34 800°C 3.79 3.82
04 257.88 1000°C 3.80 3.91
05 267.24 1200°C 3.79 3.83
RUSSIAN JOURNAL OF NON-FERROUS METALS Vol.64 Nos.1-3 2023
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Fig. 2. XRD pattern of Nb5Cr after static oxidation at different temperatures.

As can be seen from Fig. 2, at 800°C static oxida-
tion, the original peak value shifts to the left, which
means the reduction of the original lattice constant.
Combined with PDF card analysis, Cr single phase is
formed at this time. This also shows that the
Nb, 93Cry o, phase is a low temperature stable phase,
and during the static oxidation process, Cr element
will be dissolved out of the Nb matrix. At 800°C, a
small amount of NbCr, remains, which indicates that
NbCr, is still stable at this temperature. The XRD
peaks change obviously after oxidation at 1000°C. The
peak of metal Nb is almost undetectable on the sur-
face, and becomes two phases of CrNbO, and Nb,Os.
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Fig. 3. XRD pattern of the matrix after oxidation at
1200°C.
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At 1200°C, the content of CrNbO,increases. This
makes the ratio of Crto Nb in the surface oxide signifi-
cantly increase, which has exceeded the ratio of Cr to
Nb in the matrix. Therefore, we speculated that at
1200°C, Cr element moved from the interior to the
surface, forming a surface oxidation shell to protect
the matrix.

After the Nb5Cr oxide layer oxidized at 1200°C was
stripped and polished, the X-ray diffraction experi-
ment was conducted, as shown in Fig. 3. After the
static oxidation process, the Cr element below the sur-
face still formed a solid solution structure with the Nb
matrix. The solid solution of Cr element below the
surface is higher. It shows that the diffusion rate of the
surface Cr element is faster at high temperatures,
forming a gradient structure from the surface to the
interior and the concentration of Cr element from high
to the end.

According to the images in Figs. 4a—4c, no obvious
fluctuation occurred on the surface during the static
oxidation experiment at 800°C, while only a small
amount of foaming occurred on the surface with high
magnification. It can be judged that at this tempera-
ture, Nb5Cr superalloy does not appear obvious oxi-
dation, only Cr element has a dissolving phenomenon.
The temperature can be maintained in a stable state for
a long time. From the (d) (e) (f) image, it can be seen
that Nb5Cr superalloy after oxidation at 1000°C, there
is an obvious roughness under the low power micro-
scope, and energy spectrum analysis shows that the
surface oxygen content increases significantly. It can
be seen from the energy spectrum that there is no obvi-
ous accumulation of Cr element on the surface. In
combination with XRD analysis in Fig. 2, it is shown
that CrNbO, phase is mainly formed on the surface, so
Vol. 64
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Fig. 4. SEM image and EDS analysis of Nb5Cr superalloy after static oxidation with different temperature: (a), (b), (c) 800;

(d), (e), () 1000; (2), (h), (i) 1200°C.

the surface oxidation process at this temperature is
mainly the co-oxidation of Nb and Cr elements. It can
be seen from the (g, h) (i) image that after oxidation at
1200°C, there are obviously large particles on the sur-
face of NbSCr superalloy, and the energy spectrometer
also shows that the content of Cr on the surface
increases sharply while the content of Nb decreases
significantly. It is proved that the enrichment effect of
Cr element appears on the surface, and the oxide shell
of Nb—Cer is formed, which has a full protective effect
on the metal matrix.

CONCLUSIONS

In this paper, Nb5Cr superalloy was prepared by
vacuum hot pressing sintering method, and its
mechanical properties and oxidation behavior were
characterized. The superalloy shows good rigidity and
toughness. Its bending strength exceeds 250 MPa, and
the fracture toughness index K. exceeds 35 MPa/m'/2,
The static oxidation results show that at 800°C, Cr ele-
ment comes out of the low temperature phase, and at
1000°C, there is a more violent oxidation on the sur-
face, and the smooth surface appears fluctuation.

A certain amount of NbCrO, phase was oxidized
and coated on the substrate. At 1200°C, the diffusion
of Cr element is more intense, the surface fluctuation
is very intense, and the content of NbCrO, is greatly
increased, forming a protective shell that is easy to peel
off, and playing a good role in protecting the matrix.
Therefore, the material has suitable strength and
toughness, can resist the external material depth in the
high temperature environment of 1200°C, and can rely

RUSSIAN JOURNAL OF NON-FERROUS METALS
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on the characteristics of its surface oxide film easy sep-
aration, to provide a good mold for the casting release
process.
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