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Abstract: The effect of silicon on diffusion behavior of the carbide forming elements in Ni-Mo-Cr-Fe
based corrosion-resistant alloy is studied by diffusion couple experiment. One group of diffusion
couples are made of the alloy with a different silicon content, another group of diffusion couples are
made of pure nickel and the alloy with different silicon content (0Si, 2Si). Two groups of alloys with
same silicon content and different carbon content are also prepared, the microstructure of solution
and aging state of these two groups alloys are analyzed, and their stress rupture properties are tested.
The effect of silicon on the diffusion of alloy elements and the interaction effect of carbon and silicon
on the microstructure and stress rupture properties of the alloy are analyzed. The mechanism of Si on
the precipitation behavior of carbide phase in Ni-Mo-Cr-Fe corrosion resistant alloy is discussed. The
results show that silicon can promote the diffusion of carbide forming elements and the formation of
carbide. The precipitation behavior of the secondary phase is the result of the interaction effect of
silicon and carbon, and is related to the thermal history of the alloy. Combined with the characteristic
of primary carbides, it is confirmed that the precipitation of M12C type secondary carbide is caused
by the relative lack of carbon element and the relative enrichment of carbide forming elements such
as molybdenum. The stress rupture properties of two silicon-containing alloys with different carbon
contents in solution and aging state are tested. The stress rupture life of low carbon alloy is lower
compared with high carbon alloy at solution state, but after aging treatment, the stress rupture life of
low carbon alloy is significantly improved, and higher than that of high carbon alloy. The main aim
of this research is to reveal the influence mechanism of silicon on carbide phase precipitation of a
Ni-Mo-Cr-Fe based corrosion-resistant superalloy, which provides theoretical basis and reference for
later alloy design and engineering application.
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1. Introduction

Ni-Mo-Cr-Fe based superalloy has excellent corrosion resistance and high temperature resistance,
which is used as a structural material in nuclear power molten salt breeder reactor environments [1,2].
The structural parts used in molten salt breeder reactors require long-term service, generally more
than 30 years. Consequently, the alloy needs stable microstructure and reliable performance, otherwise
it will create potential safety hazards with serious consequences [3].

The alloy has the problem of corrosion resistance, irradiation resistance, and oxidation resistance,
and these properties can be improved by adding Si [4–6]. The existing research results show that Si will
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affect the high temperature brittleness of the alloy and affect the welding and high temperature condition
properties [7,8]. Silicon was also reported to have great effect on formation of carbides [1,2,9–11],
and the silicon element can stabilize and improve the high temperature properties of the alloy [12–14].
Liu et al. conducted a preliminary study on Ni-Mo-Cr-Fe base alloy, and found that the addition of
Si will affect the secondary phase precipitation type of high temperature aging and low temperature
long-term aging of the alloy, the precipitation phase of silicon-free alloy is M6C type, while that
of silicon containing alloy is M12C type carbide phase [1]. Because the M12C phase has a coherent
orientation with the matrix, it can significantly increase the high-temperature endurance strength of the
alloy, while the M6C secondary phase has no coherent orientation with the matrix, so the strengthening
effect is not as good as M12C phase [2].

Large amounts of research papers have reported that the distribution, size, amount, morphology,
and type of carbide phase all have a great influence on the properties of the alloy [15–18]. Some
researchers have found that the element concentration, element type, element ratio, heat treatment
temperature, time, and other factors all have influence on the precipitation of the carbide phase [19–23],
however, in essence, carbide is formed by element diffusion, while carbide formation needs the required
metal element and carbon element reach the necessary element concentration for carbide formation,
which rely on element diffusion [24–29]. Some researchers have shown that Si has an effect on the
precipitation rate of alloy and can delay the transformation from ε/ε’-carbides to cementite [30,31]. The
Ni-Mo-Cr-Fe based superalloy used for molten salt breeder reactors was strengthened by solid solution
of molybdenum and Cr, and the dispersed primary and secondary carbides, the carbides have great
influence on the properties of the alloy [32,33]. However, at present, there is no research reporting on
the mechanism of Si affecting carbide precipitation, and it is not clear how Si affects the secondary
phase precipitation of the alloy. Whether the secondary phase type of the alloy are caused by the
influence of Si on element diffusion. It is of great significance to understand the mechanism of different
secondary precipitation types for the safe use of the alloy, for the optimization of the properties of
the alloy and even for the optimization of the properties of other Si containing alloy materials. High
temperature and high pressure exist in the service environment, which may lead to creep damage.
The carbide phase in this kind of alloy is an important strengthening means, and the secondary phase
has a great influence on the properties of the alloy. In this paper, the influence mechanism of Si on
primary and secondary phase precipitation is studied, the results of this study reveal the precipitation
mechanism of silicon and carbon on the carbide phase in the alloy, and provide theoretical support for
further optimization and engineering application of the alloy.

2. Materials and Methods

The chemical composition (wt.%) of the experimental alloy is given in Table 1. The master alloy
was melted into 10 kg ingot via vacuum induction melting (VIM) furnace. The ingot was homogenized
and subsequently forged into bars of Φ30 mm in cross section.

Table 1. Chemical composition of the experimental alloy (wt.%)

Alloy/Element Si C Mo Cr Fe Ni

Alloy 1 0 0.045 15.8 6.99 4.11 Bal.
Alloy 2 0.09 0.045 15.6 6.97 4.08 Bal.
Alloy 3 0.45 0.045 16.1 7.02 4.32 Bal.
Alloy 4 0.45 0.011 15.8 6.98 4.23 Bal.
Alloy 5 1.96 0.045 16.0 6.96 4.22 Bal.

Attention: (1) Alloy 2 and alloy 3 are used for making diffusion samples together; (2) alloy 1 and alloy 5 are used to
make diffusion samples with pure nickel alloy; (3) the alloy 3 and alloy 4 are used for stress rupture testing.

Samples were cut from these round bars using an electric discharge machine (EDM). Three types
of diffusion couples (0.09Si-2Si, 0Si-pure nickel, and 2Si-pure nickel) were used to test the influence of
Si on the diffusion behavior of alloy elements. The preparation method of diffusion couple is to cut a
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sample bar with a length of 10 mm by using EDM, and the two sides of the sample bar are required
to have high parallelism. Metallographic grinding were carried out on the sample, both sides shall
be sanded to 5000 meshes in turn, and then polished. The two surfaces with better polishing shall
be cleaned with alcohol, and absence of scratches is required under the microscope. The diffusion
couple is connected with stainless steel plate, the fixture material of diffusion couple is made of high
temperature resistance stainless steel. When two samples with different components are butt jointed,
reliable physical contact shall be realized to ensure the close combination of diffusion interface and
the effect of diffusion experiment. By applying pressure to the sample group of diffusion couple with
bolts, the steel plates on both sides shall reach a certain plastic deformation to increase the connection
pressure, so as to ensure the close combination of diffusion interface and the diffusion experiment
effect. The heating equipment of diffusion couple is KBF/1400 ◦C box type resistance furnace. The
diffusion samples were heated with the furnace, and the diffusion temperatures were 650, 800, and
1000 ◦C, respectively, and the holding time was 200 h, and then air-cooled. All the diffusion samples
have no pre-heat treatment, just forged state alloy.

The stress rupture tests were conducted at 650 ◦C/325 MPa in an electronic high temperature
creep endurance tester, in air. The solid solution heat treatment regime of alloy is 1180 ◦C/1 h, and
aging heat treatment regime of the alloy is 1180 ◦C/1 h + 900 ◦C/2 h, water quenching. Samples for
optical microscopy (OM), and scanning electron microscopy (SEM, HITACHIS-3400N, HITACHI,
Japan) observation were mechanically polished. The samples were etched by a solution of 3 g CuSO4 +

10 mL H2SO4 + 40 mL HCl + 50 mL H2O. The electronic probe microanalysis (EPMA, EPMA-1610,
Shimadzu, Japan) was employed for compositional analysis and phase identification. The SEM with
combination of energy dispersive spectrum (EDS, Oxford X-max 80, Oxford, UK) was used in the
present experiment.

3. Results

3.1. Microstructure and Element Distribution after Diffusion

3.1.1. Diffusion Couple of 0.09Si-0.45Si Alloy

(a) 650 ◦C/200 h diffusion
Figure 1 shows the BSE morphology of diffusion couple composed of 0.09Si alloy and 0.45Si alloy

after diffusion at 650 ◦C for 200 h. The left side of the figure is the microstructure of 0.09 Si alloy and the
right side is the 0.45Si alloy. The red line shown in the figure is the position and direction of component
line scanning by EPMA.
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Figure 1. Microstructure of diffusion couple sample after 650 ◦C/200 h heat treatment: left side is 0.09Si
alloy and right side is 0.45Si alloy.

Figure 2 shows the composition distribution curve of EPMA analysis in diffusion couple after
diffusion of Mo, Cr, Fe, C, and Si. The bonding position of diffusion couple interface is at the position
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of 40 µm. The left side of the diffusion couple is 0.09Si alloy and the right side is 0.45Si alloy. From the
diffusion curve of Si, it can be seen that Si diffuses from high concentration area to low concentration
area, resulting in a diffusion range of nearly 2 µm. The diffusion curve of other elements shows that
the content of these elements in the two alloys is similar, and the curve height on both sides is similar.
During the diffusion experiment, these elements did not show the phenomenon of upward diffusion.
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Figure 2. Composition distribution curve of the diffusion couple sample of 0.09Si and 0.45Si alloy after
650 ◦C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, and (e) Fe. (The horizontal coordinate of the
figures is the scanning distance and the vertical coordinate is element signal intensity, the zero position
is the starting point of scanning).

(b) 1000 ◦C/200 h diffusion
Figure 3 shows the BSE morphology of the diffusion couple composed of 0.45Si alloy and 0.09 Si

alloy after 1000 °C/200 h diffusion. The left side of the figure is the microstructure of the alloy with
0.45Si and the right side is the microstructure of the alloy with 0.09 Si. The red line in the figure shows
the position and direction of EPMA line scanning.

Figure 4 shows the distribution curve of Mo, Cr, Fe, C, and Si in the diffusion couple after diffusion.
The interface of diffusion couple is located at 31.1 µm, the left side of the figure is the alloy with 0.45Si
and the right side is the alloy with 0.09 Si. From the diffusion curve of Si, we can see that Si diffuses
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from high concentration area to low concentration area, resulting in a diffusion range of nearly 30 µm.
The Si diffusion range at 1000 ◦C is much larger than that of 650 ◦C. Because of the contents of Mo, Cr,
and Fe in the two alloys are similar, the diffusion curves of these elements show that the curves on
both sides are similar. During the diffusion experiment, these elements did not show the phenomenon
of upward diffusion.
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Figure 4. Composition distribution curve of the diffusion couple sample of 0.45Si and 0.09Si alloy after
1000 ◦C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, and (e) Fe. (The horizontal coordinate of the
figures is the scanning distance and the vertical coordinate is element signal intensity, the zero position
is the starting point of scanning).
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3.1.2. Diffusion of Pure Nickel-Alloy Couple at 800 ◦C for 200 h

(a) 800 ◦C/200 h diffusion of pure nickel-0Si alloy
Figure 5 is the BSE morphology of the diffusion couple composed of the 0Si alloy and pure nickel

after diffusion at 800 ◦C for 200 h. The upper side of the figure is the microstructure of silicon free
alloy and the lower side is the microstructure of pure nickel. The first map is the location map of line
scanning, and the second is the enlarged map.
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line scan position of the sample and the upper side is 0Si alloy and lower side is pure nickel, (b) the
enlarged view of figure a.

Figure 6 shows the distribution curve of Mo, Cr, Fe, C, and Si in the diffusion couple after diffusion.
The bonding position of diffusion couple interface is 0.315 mm, the left side is silicon free alloy, and
the right side is pure nickel. It can be seen from the diffusion curve of Si that the curve is almost
straight without Si, and there is no significant concentration gradient change. From the diffusion
curve of C element, it can be seen that the curve on both sides is almost equal in height, there is no
significant concentration gradient change, and the diffusion speed is very fast. In the measurement
range, the distribution is almost uniform. The diffusion curve of other elements shows that the diffusion
speed is relatively slow and a significant concentration gradient can be seen. From the diffusion range,
the range of Cr is larger than that of Fe, and the range of Mo is the smallest one, which also shows that
the diffusion rate of multi-element decreases one by one, and Mo is the slowest. The diffusion range of
the Si is 0.061 mm, and Cr is 0.058 mm, Fe is 0.057 mm, and Mo is 0.035 mm.

Figure 7 shows the element distribution map of the diffusion couple sample of 0Si alloy and pure
nickel after 800 ◦C/200 h heat treatment by EPMA. It can be seen from the element distribution map of
C that carbon element is distributed in both alloy and pure nickel. Si distribution map shows that there
is no Si in alloy and pure nickel. The diffusion range of Cr and Fe is obviously wider than that of Mo.
In addition, from the diffusion range of Cr and Fe, after the elements near the interface diffuse to pure
nickel, the elements in the matrix can quickly supplement to the dilution layer, so there are diffusion
layers with different concentration levels (color representation). However, when Mo diffuses into pure
nickel at the interface, the diffusion ability of elements in the matrix to the Mo dilution layer is limited,
so there is no diffusion image like Cr and Fe. The analysis and comparison of Mo map show that a
large amount of secondary phases precipitated along the grain boundary and enriched a large amount
of Mo, while the silicon free alloy did not have a large amount of enrichment. The presence of Si
promotes the diffusion of Mo, Fe, and Cr in the secondary phase precipitation temperature, promotes
the secondary phase precipitation, mainly the Mo rich secondary phase precipitation.
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(b) 800 ◦C/200 h diffusion of pure nickel-2Si alloy
Figure 8 shows the microstructure of the diffusion couple of the 2Si alloy and pure nickel after

800 ◦C/200 h diffusion. The upper side of the figure is the microstructure of 2Si alloy and the lower
side is the microstructure of pure nickel. The first figure is the location map of line scanning, and the
second is the enlarged map.
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Figure 8. Microstructure of diffusion couple sample after 800 ◦C/200 h heat treatment: (a) composition
line scan position of the sample and the upper side is 2Si alloy and lower side is pure nickel material,
(b) the enlarged view of figure a.

Figure 9 shows the distribution curve of Mo, Cr, Fe, C, and Si in the diffusion couple after diffusion.
The bonding position of diffusion couple interface is at the position of 0.26 mm, the left side is silicon
free alloy, and the right side is pure nickel. The curve in the figure is the element distribution curve of
C, Si, Mo, Cr, and Fe. From the diffusion curve of carbon element, it can be seen that the curve on both
sides is almost equal in height, there is no significant concentration gradient change, and the diffusion
speed is very fast. In the measurement range, the distribution is almost uniform.

From the diffusion curve of Si, it can be seen that the diffusion of Si is significant, the diffusion
distance is 0.078 mm, and the dilution range of Si appears on the left side of the interface. The diffusion
curve of other elements shows that the diffusion speed is relatively slow and a significant concentration
gradient can be seen. From the diffusion range, the diffusion range of Cr is 0.062 mm which is larger
than that of Fe and the diffusion range of Fe is 0.060 mm which is larger than that of Mo which has the
diffusion range 0.043 mm, this also shows that the diffusion rate of multi-element decreases one by
one, and Mo is the slowest. Compared with the concentration gradient curves on the left and right
sides of the interface, it is found that the dilution gradient of Si is smaller, which indicates that the Si
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from the matrix is added to the dilution at a faster speed, and that the diffusion speed of Si is much
higher than that of Cr, Fe, and Mo.
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Figure 9. Composition distribution curve of the diffusion couple sample of 2Si alloy and pure nickel
after 800 ◦C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, and (e) Fe. (The horizontal coordinate
of the figures is the scanning distance and the vertical coordinate is element signal intensity, the zero
position is the starting point of scanning).

Figure 10 shows the element surface distribution map of the diffusion couple sample of 2Si alloy
and pure nickel after 800 ◦C/200 h heat treatment by EPMA. It can be seen from the element distribution
map of C that carbon elements are distributed in alloy and pure nickel, and the diffusion distance is
far, and the diffusion speed is the fastest. Si distribution map shows that Si in alloy diffuses into pure
nickel. Cr, Fe, and Mo also diffused into pure nickel. It is clear from comparison of the distribution
map of these elements that the diffusion range of Si is far greater than that of Cr and Fe, while the
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diffusion range of Mo is the smallest. In addition, from the diffusion range of Cr and Fe, after the
elements near the interface diffuse to pure nickel, the elements in the matrix can quickly supplement to
the dilution layer, so there are diffusion layers with different concentration levels (color representation).
However, when Mo diffuses into pure nickel at the interface, the diffusion ability of elements in the
matrix to Mo dilution layer is limited, so the character of Mo diffusion map is not like that of Cr and Fe.
The diffusion map of Si shows that the concentration of Si in nickel is very close to the color of the
matrix, indicating that Si diffusion speed is faster.Materials 2020, 13, x FOR PEER REVIEW 10 of 23 
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Figure 10. Composition distribution map of the diffusion couple sample of 2Si alloy and pure nickel
after 800 ◦C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, (e) Fe, and (f) Ni.

The analysis and comparison of Mo map show that a large amount of secondary phases precipitated
along the grain boundary which enriched Mo, while the silicon free alloy did not have Mo enrichment.
The presence of Si in the secondary phase precipitation temperature promotes the diffusion of Mo,
Fe, and Cr elements, promotes the secondary phase precipitation, mainly the Mo rich secondary
phase precipitation.

3.1.3. Diffusion of Pure Nickel-Alloy Couple at 1000 ◦C for 200 h

(a) 1000 ◦C/200 h diffusion of pure nickel-0Si alloy
Figure 11 shows the microstructure of diffusion couple of 0Si and pure nickel after diffusion at

1000 ◦C/200 h. The lower side of the map is the microstructure of silicon free alloy and the upper side
is the microstructure of pure nickel. The first map is the location map of line scanning, and the second
is the enlarged map of the first map.

Materials 2020, 13, x FOR PEER REVIEW 10 of 23 

 

 

 
Figure 10. Composition distribution map of the diffusion couple sample of 2Si alloy and pure nickel 
after 800 °C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, (e) Fe, and (f) Ni. 

3.1.3. Diffusion of Pure Nickel-Alloy Couple at 1000 °C for 200 h 

(a) 1000 °C/200 h diffusion of pure nickel-0Si alloy 

Figure 11 shows the microstructure of diffusion couple of 0Si and pure nickel after diffusion at 
1000 °C/200 h. The lower side of the map is the microstructure of silicon free alloy and the upper side 
is the microstructure of pure nickel. The first map is the location map of line scanning, and the 
second is the enlarged map of the first map. 

 

  

Figure 11. Microstructure of diffusion couple sample after 1000 °C/200 h heat treatment: (a) 
composition line scan position of the sample and the upper side is pure nickel material and lower 
side is 0Si alloy, (b) the enlarged view of map a. 

Figure 12 shows the distribution curve of Mo, Cr, Fe, C, and Si in the diffusion couple after 
diffusion. The bonding position of diffusion couple interface is at 0.255 mm position. The left side of 
the figure is silicon free alloy, and the right side is pure nickel. From the diffusion curve of C 
element, it can be seen that the curve on both sides is almost the same height, there is no significant 
concentration gradient change, and the diffusion speed is very fast. In the measurement range, the 
diffusion distance is far. It can be seen from the diffusion curve of the Si that the curve is almost 
straight because the alloy did not have Si, and there is no significant concentration gradient change. 
The diffusion curve of other elements shows that compared with the low temperature diffusion, the 
diffusion speed of all elements is faster and the diffusion distance is longer when the temperature is 
increased and the diffusion time is the same. There is still a significant concentration gradient. 

From the curves trend on the left and right sides of the interface, compared with that of the 
low-temperature diffusion curves, it can be seen clear that under the high-temperature diffusion 
condition, the highest component curve of each element on one side of the alloy moves towards the 
interface, which shows that after the element near the interface diffuses to pure nickel at high 
temperature, the element in the matrix can diffuse to the interface at a faster speed to supplement the 
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Figure 12 shows the distribution curve of Mo, Cr, Fe, C, and Si in the diffusion couple after
diffusion. The bonding position of diffusion couple interface is at 0.255 mm position. The left side of
the figure is silicon free alloy, and the right side is pure nickel. From the diffusion curve of C element,
it can be seen that the curve on both sides is almost the same height, there is no significant concentration
gradient change, and the diffusion speed is very fast. In the measurement range, the diffusion distance
is far. It can be seen from the diffusion curve of the Si that the curve is almost straight because the alloy
did not have Si, and there is no significant concentration gradient change. The diffusion curve of other
elements shows that compared with the low temperature diffusion, the diffusion speed of all elements
is faster and the diffusion distance is longer when the temperature is increased and the diffusion time
is the same. There is still a significant concentration gradient.
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Figure 12. Composition distribution curve of the diffusion couple sample of 0Si alloy and pure nickel
after 1000 ◦C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, and (e) Fe. (The horizontal coordinate
of the figures is the scanning distance and the vertical coordinate is element signal intensity, the zero
position is the starting point of scanning).

From the curves trend on the left and right sides of the interface, compared with that of the
low-temperature diffusion curves, it can be seen clear that under the high-temperature diffusion
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condition, the highest component curve of each element on one side of the alloy moves towards
the interface, which shows that after the element near the interface diffuses to pure nickel at high
temperature, the element in the matrix can diffuse to the interface at a faster speed to supplement the
element dilution zone caused by diffusion. The diffusion is stronger at high temperature. From the
diffusion range, the diffusion range of Cr is 0.162 mm which is larger than that of Fe, and the diffusion
range of Fe is 0.161 mm which is larger than that of Mo with the diffusion range 0.12 mm, which also
shows that the diffusion rate of multi-element decreases in turn, and Mo is the slowest. The driving
force of element diffusion comes from the concentration gradient.

Figure 13 shows the element distribution map of the diffusion couple sample of 0Si alloy and pure
nickel after 1000 ◦C/200 h heat treatment by EPMA. It can be seen from the element distribution map of
C that carbon elements are distributed in alloy and pure nickel, and the diffusion distance is far, and
the diffusion speed is the fastest. Si distribution map shows that there is no Si in the alloy and pure
nickel. Cr, Fe, and Mo are also diffused into pure nickel. It can be seen clear from the comparison of
the distribution map of these elements, the diffusion range of Cr and Fe is obvious, while the diffusion
range of Mo is the smallest. In addition, from the diffusion range of Cr and Fe, after elements near the
interface diffuse to pure nickel, the elements in the matrix can quickly supplement to the dilution layer,
so there are diffusion layers with different concentrations (reflected by color). However, when Mo
diffuses into pure nickel at the interface, the diffusion ability of elements in the matrix to Mo dilution
layer is limited, so there is no diffusion character like Cr and Fe. Compared with the EPMA map at low
temperature, the diffusion range is obvious. The diffusion distance of iron is the largest.

Materials 2020, 13, x FOR PEER REVIEW 12 of 23 

 

while the diffusion range of Mo is the smallest. In addition, from the diffusion range of Cr and Fe, 
after elements near the interface diffuse to pure nickel, the elements in the matrix can quickly 
supplement to the dilution layer, so there are diffusion layers with different concentrations (reflected 
by color). However, when Mo diffuses into pure nickel at the interface, the diffusion ability of 
elements in the matrix to Mo dilution layer is limited, so there is no diffusion character like Cr and 
Fe. Compared with the EPMA map at low temperature, the diffusion range is obvious. The diffusion 
distance of iron is the largest. 

 

 
Figure 13. Composition distribution map of the diffusion couple sample of 0Si alloy and pure nickel 
after 1000 °C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, (e) Fe, and (f) Ni. 

(b) 1000 °C/200 h diffusion of pure nickel-2Si alloy 

Figure 14 shows the microstructure of the diffusion couple composed of 2Si alloy and pure 
nickel after diffusion at 1000 °C/200 h. The upper side of the figure is the microstructure of silicon 
containing alloy and the lower side is the microstructure of pure nickel. The first map is the location 
map of line scanning, and the second is the enlarged map of the first map. 

  

Figure 14. Microstructure of diffusion couple sample after 1000 °C/200 h heat treatment: (a) 
Composition line scan position of the sample and the upper side is 2Si alloy and Lower side is pure 
nickel, (b) the enlarged view of map a. 

Figure 15 shows the distribution curve of Mo, Cr, Fe, C, and Si in the diffusion couple after 
diffusion. The bonding position of diffusion couple interface is at 0.209 mm position, the left side of 
the figure is 2Si alloy and the right side is pure nickel. From the diffusion curve of C element, it can 
be seen that the curve on both sides is almost the same height, there is no significant concentration 
gradient change, and the diffusion speed is very fast. In the measurement range, the diffusion 
distance is far. From the diffusion curve of Si, it can be seen that Si is still the element with a diffusion 
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Figure 13. Composition distribution map of the diffusion couple sample of 0Si alloy and pure nickel
after 1000 ◦C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, (e) Fe, and (f) Ni.

(b) 1000 ◦C/200 h diffusion of pure nickel-2Si alloy
Figure 14 shows the microstructure of the diffusion couple composed of 2Si alloy and pure nickel

after diffusion at 1000 ◦C/200 h. The upper side of the figure is the microstructure of silicon containing
alloy and the lower side is the microstructure of pure nickel. The first map is the location map of line
scanning, and the second is the enlarged map of the first map.

Figure 15 shows the distribution curve of Mo, Cr, Fe, C, and Si in the diffusion couple after
diffusion. The bonding position of diffusion couple interface is at 0.209 mm position, the left side of the
figure is 2Si alloy and the right side is pure nickel. From the diffusion curve of C element, it can be seen
that the curve on both sides is almost the same height, there is no significant concentration gradient
change, and the diffusion speed is very fast. In the measurement range, the diffusion distance is far.
From the diffusion curve of Si, it can be seen that Si is still the element with a diffusion speed next to
that of carbon, much higher than that of Cr, Fe, and Mo. The diffusion curve of other elements shows
that compared with the low temperature diffusion, the diffusion speed of all elements is faster and
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the diffusion distance is longer when the temperature is increased and the diffusion time is the same.
There is still a significant concentration gradient, but the trend of the curve on the left and right sides
of the interface is showing clearly that under the high-temperature diffusion condition, compared with
the low-temperature diffusion, the highest component curve of each element on one side of the alloy
moves towards the interface position, which shows that after the element near the interface diffuses to
pure nickel at high temperature, the element in the matrix can diffuse to the interface at a faster speed
to supplement the element The dilution caused by diffusion is stronger at high temperature. From the
diffusion range, the diffusion range of Si is 0.22 mm, Cr is 0.18 mm, Fe is 0.18 mm, and Mo is 0.12 mm,
which also shows that the diffusion rate of multi-element decreases in turn, and Mo is the slowest. The
driving force of element diffusion comes from the concentration gradient.
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Figure 14. Microstructure of diffusion couple sample after 1000 ◦C/200 h heat treatment: (a) Composition
line scan position of the sample and the upper side is 2Si alloy and Lower side is pure nickel, (b) the
enlarged view of map a.

Figure 16 shows the element distribution map of the diffusion couple sample of 2Si alloy and pure
nickel after 1000 ◦C/200 h heat treatment by EPMA. It can be seen from the element distribution map
of C that carbon elements are distributed in alloy and pure nickel, and the diffusion distance is far,
and the diffusion speed is the fastest. Si distribution map shows that Si in the alloy diffuses into pure
nickel at a faster speed. Cr, Fe, and Mo also diffused into pure nickel. Compared with the distribution
map of the elements, it can be seen clearly that the diffusion range of Cr and Fe is obvious, while the
diffusion range of Mo is the smallest. In addition, from the diffusion range of Cr and Fe, after elements
near the interface diffuse to pure nickel, the elements in the matrix can quickly supplement to the
dilution layer, so there are diffusion layers with different concentrations (reflected by color). However,
when Mo diffuses into pure nickel at the interface, the diffusion ability of elements in the matrix to
Mo dilution layer is limited, so there is no diffusion character like Cr and Fe. Compared with the
EPMA diagram at low temperature, the diffusion range is obviously enlarged. The diffusion distance
of iron is the largest. The analysis and comparison of Mo map show that there is no secondary phase
precipitated along the grain boundary, mainly at high temperature of 1000 ◦C.
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position is the starting point of scanning).



Materials 2020, 13, 959 15 of 24

Materials 2020, 13, x FOR PEER REVIEW 14 of 23 

 

map of C that carbon elements are distributed in alloy and pure nickel, and the diffusion distance is 
far, and the diffusion speed is the fastest. Si distribution map shows that Si in the alloy diffuses into 
pure nickel at a faster speed. Cr, Fe, and Mo also diffused into pure nickel. Compared with the 
distribution map of the elements, it can be seen clearly that the diffusion range of Cr and Fe is 
obvious, while the diffusion range of Mo is the smallest. In addition, from the diffusion range of Cr 
and Fe, after elements near the interface diffuse to pure nickel, the elements in the matrix can quickly 
supplement to the dilution layer, so there are diffusion layers with different concentrations (reflected 
by color). However, when Mo diffuses into pure nickel at the interface, the diffusion ability of 
elements in the matrix to Mo dilution layer is limited, so there is no diffusion character like Cr and 
Fe. Compared with the EPMA diagram at low temperature, the diffusion range is obviously 
enlarged. The diffusion distance of iron is the largest. The analysis and comparison of Mo map show 
that there is no secondary phase precipitated along the grain boundary, mainly at high temperature 
of 1000 °C. 

   

   
Figure 16. Composition distribution map of the diffusion couple sample of 2Si alloy and pure nickel 
after 1000 °C/200 h heat treatment: (a) C, (b) Si, (c) Mo, (d) Cr, (e) Fe, and (f) Ni. 

3.2. Interaction of Carbon and Silicon on Microstructure and Stress Rupture Properties 

3.2.1. Microstructure and Properties of the Alloy with Same Silicon Content and Different Carbon 
Content 

In order to further analyze the influence of Si on the secondary phase precipitation behavior of the 
alloy, and to study the influence of the interaction between carbon and silicon on the structure and 
properties of the alloy, the alloy 3 and alloy 4 were prepared. The carbon content of alloy 3 is 0.45 wt.%, 
and that of alloy 4 is 0.11 wt.%. The other alloy components are the same, and the content of silicon 
element is same too. The solid solution state and aging state microstructure of the alloy are shown in 
Figure 17. 

The solid solution structure of the two alloys is shown in Figure 17a,c. Compared with the solid 
solution structure of the two alloys, it can be seen that the distribution of primary carbides are similar, 
and both are in the grain boundary and in the grains at the same time, but the quantity and size are very 
different. The primary carbides of the low-carbon alloy are significantly less than those of the 
high-carbon alloy, and the size of the primary carbides in the low-carbon alloy is also smaller than that in 
the high-carbon alloy. After aging treatment, the precipitation of secondary carbide in low carbon alloy is 
different from that in high carbon alloy as shown in Figure 17b,d. From the amount of secondary 
precipitation, the amount of secondary precipitation in low carbon alloy is significantly higher than that 
in high carbon alloy. From the point of view of precipitation location, the secondary phase of low-carbon 
alloy precipitates in the grain boundary, twin boundary and grains, but the secondary phase precipitates 
only in the grain boundary of high-carbon alloy. The size of the secondary phase of low carbon alloy is 
slightly larger than that of high carbon alloy. According to the results of phase identification, the primary 

Figure 16. Composition distribution map of the diffusion couple sample of 2Si alloy and pure nickel
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3.2. Interaction of Carbon and Silicon on Microstructure and Stress Rupture Properties

3.2.1. Microstructure and Properties of the Alloy with Same Silicon Content and Different
Carbon Content

In order to further analyze the influence of Si on the secondary phase precipitation behavior of
the alloy, and to study the influence of the interaction between carbon and silicon on the structure and
properties of the alloy, the alloy 3 and alloy 4 were prepared. The carbon content of alloy 3 is 0.45 wt.%,
and that of alloy 4 is 0.11 wt.%. The other alloy components are the same, and the content of silicon
element is same too. The solid solution state and aging state microstructure of the alloy are shown in
Figure 17.
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The solid solution structure of the two alloys is shown in Figure 17a,c. Compared with the solid
solution structure of the two alloys, it can be seen that the distribution of primary carbides are similar,
and both are in the grain boundary and in the grains at the same time, but the quantity and size are
very different. The primary carbides of the low-carbon alloy are significantly less than those of the
high-carbon alloy, and the size of the primary carbides in the low-carbon alloy is also smaller than
that in the high-carbon alloy. After aging treatment, the precipitation of secondary carbide in low
carbon alloy is different from that in high carbon alloy as shown in Figure 17b,d. From the amount of
secondary precipitation, the amount of secondary precipitation in low carbon alloy is significantly
higher than that in high carbon alloy. From the point of view of precipitation location, the secondary
phase of low-carbon alloy precipitates in the grain boundary, twin boundary and grains, but the
secondary phase precipitates only in the grain boundary of high-carbon alloy. The size of the secondary
phase of low carbon alloy is slightly larger than that of high carbon alloy. According to the results of
phase identification, the primary carbides of low carbon alloy and high carbon alloy are M6C type
carbides, while the secondary precipitation carbides of the two alloys are all M12C type carbides.

The composition distribution map of low carbon alloy with carbon content of 0.011 wt.% after
solution and aging treatment scanned by EPMA is shown in Figure 18, and Figure 18a is the backscatter
diagram of the alloy. It can be seen from the map that there are secondary phase precipitation in the
grain boundary, twin boundary, and grains. It can be seen from Figure 18b–d that both primary carbide
and secondary carbide contain C and Si, and Mo is also enriched. It can be seen from Figure 18e,f that
the primary carbide and the secondary precipitated carbide are slightly different, the primary carbide
Cr and Fe are depleted, but the secondary precipitated phase is not obvious.
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The composition distribution map of low carbon alloy with 0.045 wt.% carbon content after solution
and aging treatment scanned by EPMA is shown in Figure 19, and Figure 19a is the backscattering
map of the alloy. It can be seen from the map that, unlike low carbon alloy, the secondary phase of
high carbon alloy only precipitates at the grain boundary. It can be seen from Figure 19b–d that both
primary carbide and secondary carbide contain C and Si, and Mo is also enriched. It can be seen
from Figure 19e,f that the primary carbide and secondary precipitated carbide are slightly different,



Materials 2020, 13, 959 17 of 24

the primary carbide Cr and Fe are depleted, while the secondary precipitated phase is not obvious,
but it is more significantly depleted than low carbon alloy.
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Figure 19. Microstructure of the 0.045C specimen aged at 900 ◦C for 2 h: (a) BEI image and the area
distribution of (b) C, (c) Si, (d) Mo, (e) Cr, and (f) Fe by EPMA.

The stress rupture life data of two alloy samples in solution and aging state are shown in Table 2.
It can be seen from the experimental results that the stress rupture life of low-carbon alloy in solution
state is less than half of that of high-carbon alloy, which is significantly lower than that of high-carbon
alloy. After aging treatment, the stress rupture life of the two alloys is obviously increased at the
same time. However, the stress rupture life of low carbon alloy increased by 286.4% from 22 h to 85 h,
while that of high carbon alloy increased by 61.7 h from 47 h to 76 h. At the same time, the aging life of
low carbon alloy is 85 h, which is also longer than that of high carbon alloy.

Table 2. Stress rupture life of the alloys with different C content

Alloy C Content Heat Treatment Test Condition Stress Rupture Life

Alloy 2 0.11 1180 ◦C/1 h 650 ◦C/325 MPa 22 h
Alloy 3 0.45 1180 ◦C/1 h 650 ◦C/325 MPa 47 h
Alloy 2 0.11 1180 ◦C/1 h + 900 ◦C/2 h 650 ◦C/325 MPa 85 h
Alloy 3 0.45 1180 ◦C/1 h + 900 ◦C/2 h 650 ◦C/325 MPa 76 h

3.2.2. Microstructure of the Alloy with Different Silicon Content and Same Carbon Content

The solid solution structure and aging structure of the two alloys with the same carbon content of
0.045 (wt.%) and silicon content of 0 and 0.45 (wt.%) respectively are shown in Figure 20.

It can be seen from Figure 20a,b that the amount of primary carbides in silicon free alloy is
significantly less than that in silicon containing alloy, and the size of carbides in silicon free alloy is
also significantly smaller than that in silicon containing alloy. The distribution of primary carbides
in the two alloys is the same, both in the grain boundary and in the grains. After aging treatment,
secondary carbides are precipitated along the grain boundary as shown in Figure 20c,d, but compared
with the secondary precipitates of the silicon containing alloy, the secondary precipitates of the alloy
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without silicon are less in amount and smaller in size. The most important thing is that the carbide
type of secondary precipitates is different, the type of silicon free alloy is M6C, and the type of silicon
containing alloy is M12C. According to the author’s early experimental research [1,2], because M12C
has a coherent orientation relationship with the matrix, the alloy containing M12C carbide has better
stress rupture properties.
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4. Discussion

4.1. Characteristics of Carbides M6C and M12C

The sketch maps of the carbides M6C and M12C have been reported [1], there are significant
differences in the structure of the carbides, the distribution of space group and metal atoms are the
same. The number, distribution and lattice constant of carbon atoms are different. M12C is 10.86 Å,
which is smaller than that of M6C which is 11.08 Å [34]. At the same time, the formation of two kinds
of carbides all requires more than two kinds of metal elements. The formation free energies of M6C
and M12C are −77.2 kJ/mol and −130kJ/mol respectively [35], so M12C is easier to form than M6C.
M12C will be formed preferentially in the relatively low carbon and high carbide forming element
enrichment area where M6C cannot be formed. Compared with structure characteristics of the two
carbides, the formation of M12C needs more metal elements.

According to the type of carbide precipitated in aging process, silicon atom occupies the position
of metal atom. This is because if it occupies the position of carbon atom, it does not conform to the
formation characteristics of carbide, so it is equivalent to the increase of carbon atom. When aging, it is
more appropriate to precipitate M6C type carbide than M12C type carbide. It is the relative depletion
of carbon atoms that makes M12C precipitate more easily than M6C.

From the analysis of the precipitated carbide composition, the higher the silicon content in the
alloy, the higher the silicon content in the carbide, which shows that silicon does not occupy the original
carbon atom position, otherwise it will not change the proportion. The more silicon is occupied,
the more alternative metal atoms are occupied.
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From the analysis of the amount of precipitated carbides, it can be confirmed that under aging
temperature, silicon can promote the precipitation of secondary phase. The reason why there are many
secondary phases in low-carbon alloy is that the primary phase of high-carbon alloy precipitates more
carbide and consumes more silicon because of high carbon content, which leads to relatively high
silicon content in low-carbon alloy during aging, so more secondary phases are precipitated. It also
shows that silicon should occupy metal atom position in carbide structure.

4.2. Effect of Silicon on Element Diffusion

According to the experimental results, the diffusion process with the same carbon content and
different silicon content did not show the upward diffusion of carbon. When the silicon content
is different and other elements are the same, silicon has a significant effect on the diffusion of
other elements. Each element diffuses also according to the concentration difference. When the
diffusion couple composed of alloy and pure nickel diffuses, silicon promotes the diffusion of other
elements—such as C, Cr, Mo, and Fe—and improves the diffusion speed of these alloy elements. At the
same time, each element diffuses in the direction of concentration gradient. Silicon diffuses faster than
other metals. In the process of alloy element diffusion, molybdenum element diffusion is the slowest
because of its larger atomic size. For each diffusion couple, the diffusion rate of various elements is
faster at 1000 ◦C than at 800 ◦C. High temperature accelerated the diffusion rate of various elements.

According to the experimental results, silicon has a much higher diffusion rate than other metal
elements. Silicon has a certain effect on the diffusion of elements in the alloy. At 800 ◦C and 1000 ◦C,
silicon improves the diffusion rate of metal elements in the alloy. The increase of element diffusion
speed is helpful to the enrichment of metal elements in carbide forming area and the precipitation
of carbide.

More metal atoms are needed for M12C than for M6C with the same number of carbon atoms.
Therefore, it can be inferred that the change of secondary phase precipitation type by silicon is due
to the increase of diffusion speed of metal elements and the relative enrichment of metal elements.
Therefore, compared with silicon-free alloy, M12C is more likely to be formed than M6C.

4.3. Effect of Silicon on Primary Phase of as Cast Alloy

According to the experimental results, under the same carbon content and other alloy elements,
the primary carbides of silicon free alloy and silicon alloy are M6C type carbides, that is to say, silicon
element has no effect on the type of primary carbides. However, the amount of primary carbides
precipitated from the silicon containing alloy is significantly larger than that from the alloy without
silicon, and its size of the silicon containing alloy is also significantly larger than that from the silicon
free alloy, which indicates that silicon can promote the precipitation of primary carbides (comparison
between 0Si alloy and 2Si alloy). However, there is no significant effect on the distribution of primary
carbides. The primary carbides of the two alloys are mainly distributed in the grain boundary and
grains. The type of carbides are all also M6C for these two alloys. It can be seen that Si has no effect on
the type of primary carbide. It is believed that the most important C element formed by alloy elements
and carbides can diffuse to the grain boundary in time under high temperature conditions, and meet
the formation conditions of M6C carbides. Combined with the research results of Million B et al. [11],
the bonding force of Si has been completely destroyed at high temperature, which will not affect the
binding of alloy elements. Therefore, the type of primary carbides formed in the solidification process
of the alloy has not been affected by Si. However, because Si promotes the diffusion of alloy elements
and Si itself participates in the formation of carbides, the primary carbides of high Si alloy precipitate
more when the carbon content is the same.

4.4. Effect of Silicon on the Type of Secondary Phase of Alloy

According to the experimental results, when the carbon content and other alloy elements are the
same, the addition of silicon has a significant effect on the precipitation behavior of the secondary
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precipitation phase. First of all, it is also the most important point that silicon affects the type of carbide
secondary precipitation in the alloy. The secondary precipitation of the alloy with silicon is M12C,
and the secondary precipitation of the alloy without silicon is M6C. The second point is silicon has
influence on the amount and size of the secondary phase. The amount of secondary phase precipitation
in silicon free alloy is less than that in silicon containing alloy, and the size is significantly smaller than
that in silicon containing alloy. The influence mechanism of silicon on the secondary phase precipitation
of alloy can be revealed by combining the effect of silicon on the element diffusion. The addition
of silicon improves the diffusion speed of alloy elements. At the grain boundary, a large amount
of carbides forming metal elements are enriched. Compared with the silicon free alloy, the silicon
containing alloy has more carbide forming elements enriched at the grain boundary, and a large amount
of Si enriched at the grain boundary at the same time for the silicon containing alloy. The element Si
can occupy the metal atom position, and can replace some metals to form carbides, which results in
the relative shortage of element C of the silicon containing alloy. Because M12C has lower formation
free energy than M6C, it is more beneficial to formation, because of the enrichment of metal elements,
which contributes to the formation of M12C.

In essence, the influence of Si on the precipitation type, quantity and size of the secondary phase
is caused by the influence of Si on the diffusion speed of alloy elements. Si increases the diffusion rate
of metal elements, resulting in the enrichment of metal elements at the grain boundary. Si itself has a
faster diffusion rate than metal elements at the same time, Si occupies the metal atom position when
carbides are formed, replacing some metal atoms. This results in the relative deficiency of C in the
grain boundary. Because M12C has lower formation free energy than M6C, it is easier to form. All
these factors lead to the formation of M12C type carbide.

Because Si can promote the diffusion of elements, which can accelerate the formation and growth
of carbides, the amount and size of secondary phase precipitation in Si containing alloys are larger.
With the same carbon content and different silicon content, the primary carbide is less when silicon
content is low. After aging, there is still such a rule. With the same carbon content, the secondary
precipitates of silicon containing alloy are more. It shows that silicon can promote the precipitation
of carbides. Silicon promotes the precipitation of carbides in the process of solidification at high
temperature and aging at low temperature.

4.5. Effect of Interaction Between Carbon and Silicon on Primary and Secondary Phases of Alloy

Silicon content (0.45 wt.%) other metal content is the same, carbon content is 0.01 and 0.045
respectively, compared with primary carbides of these alloys, it is found that the amount and size of
carbides precipitated in low carbon alloy are smaller. This shows that the precipitation of primary
carbide is not only affected by silicon, but also by carbon.

Among alloys with same silicon and metal element contents, the alloy which has more carbon
sees easier carbide precipitation, and the carbides be of greater quantity and larger size. However, after
aging treatment, the precipitation behavior of the secondary precipitates of the two alloys has changed
differently. The amount and size of secondary phase precipitation of low carbon alloy are larger than
that of high carbon alloy, and the precipitation location of the low carbon alloy is more than that of the
high carbon alloy. The secondary carbide of the low carbon alloy precipitates in the grain boundary,
twin boundary and grains. However, there are only secondary precipitates in the grain boundary for
the high carbon alloy, and the amount and the size of the carbides are all smaller than that of the low
carbon alloy.

The reason is that when the silicon content and alloy elements are the same, the carbon content
determines the amount of primary carbides. The more carbon elements are, the more primary carbides
will be precipitated, and the more primary carbides will be precipitated, the more silicon elements
will be consumed at the same time. As a result, the low-carbon alloy becomes a relatively high silicon
alloy during aging compared with the high carbon alloy. The high carbon alloy becomes a relative low
silicon alloy, and the carbon content of the alloy is also significantly reduced because of the massive
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precipitation of the primary carbides. In the aging process, the silicon element has a greater effect on
the secondary phase precipitation, because the silicon element consumption of high carbon alloy is
more, the remaining is less. In contrast, low-carbon alloy has more silicon content, which promotes the
precipitation of the secondary phase more obviously than the high carbon alloy. Therefore, in the aging
process, the low-carbon alloy precipitates more secondary phase precipitation than the high carbon
alloy. However, the carbon content does not affect the precipitation type of carbides. The primary
carbides of the two alloys are all M6C type carbides, while the secondary precipitation carbides are all
M12C type carbides.

4.6. Effect Essence of Silicon and Carbon Interaction on Properties of the Alloy

According to the comparison of the stress rupture life of alloy 2 and alloy 3, under the same
silicon content, the stress rupture life of solution state low carbon alloy is lower than that of high
carbon alloy. This is because the amount of primary carbides in the solid solution microstructure of
low-carbon alloy is significantly less than that of high-carbon alloy. Under the condition of 650 ◦C/325
MPa stress rupture test, carbides can significantly improve the stress rupture life of the alloy, so the
stress rupture life of high-carbon alloy with more M6C carbides is better than that of the low carbon
alloy. After aging treatment, the stress rupture lives of the two alloys are all longer than that of their
solution state. However, the increasing range of stress rupture life of the two aging state alloys is very
different, and the increasing range of low-carbon alloy is the largest, and the stress rupture life of aging
state low-carbon alloy is longer than that of high-carbon alloy. The reason why the stress rupture
life of the two aging state alloys increases is that the fine and dispersed M12C secondary carbides are
precipitated along the grain boundary after aging heat treatment and the grain boundary is effectively
strengthened, so the stress rupture life of the two aging state alloys is longer than that of their solid
solution alloys. The increasing range difference is that due to the promotion of silicon element on
carbide precipitation, for the low carbon alloy, there are fine and dispersed secondary strengthening
phases in the grain boundary, twin boundary, and grains of low carbon alloy, with a greater amount of
secondary carbides, more obvious strengthening effect of alloy, and greatly improved properties of the
alloy. Therefore, the life of low carbon alloy after aging is longer than that of high carbon alloy. In
essence, the difference between the two alloys is the result of the joint action of primary carbide and
secondary precipitation carbide.

For the alloys with same carbon content, the stress rupture life of silicon-containing alloy is higher
than that of silicon-free alloy both in the solution state and in the aging state [1,2]. It is caused by the
difference of alloy microstructure. In the solution state, the primary carbide in silicon-free alloy is
significantly less than that of silicon-containing alloy, so the strengthening effect of primary carbide of
silicon-containing alloy is more than that of silicon free alloy. Therefore, the stress rupture life is longer.
After aging treatment, the stress rupture life of the two alloys are all increased, which is due to the
secondary phase precipitation at the grain boundary after aging, strengthening the grain boundary and
improving the stress rupture strength. However, the increase range is different, because the secondary
precipitate of silicon free alloy is M6C, while the secondary precipitate of silicon containing alloy is
M12C. The M12C has a coherent orientation relationship with the matrix, so the strengthening effect
is better.

Alloy 3, at different states, has a different stress rupture life. The stress rupture life at the aging
state is much higher than that of the alloy at the solution state. That is because after aging treatment,
there are many secondary carbides precipitate along the grain boundary, the secondary carbides
improved the stress rupture life of the alloy apparently.

Two groups of experimental results with different carbon content and different silicon content are
all caused by the different primary and secondary carbide precipitation behaviors in the microstructure
of the alloy, which is caused by the joint action of carbon and silicon elements on the carbide precipitation
behavior of the alloy. The effect of silicon on the precipitation behavior of alloy is essentially the effect
on the diffusion of elements in the alloy.
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5. Conclusions

1. In the Ni-Mo-Cr-Fe alloy matrix, silicon has a faster diffusion rate than Cr, Fe, and Mo, and at the
temperatures ranging from 800 ◦C to 1000 ◦C, silicon can promote the diffusion of Cr, Fe, and Mo.
The diffusion process is from high concentration range to low concentration range, and there is
no upslope diffusion of carbon element. The higher the temperature is, the stronger the diffusion
ability of alloy elements is.

2. Silicon can promote the precipitation of alloy carbide, whether it is the primary carbide formed by
casting or the secondary carbide precipitated by aging. With the same carbon content, the higher
the silicon content, the more primary carbides will form. With the same silicon content, the higher
carbon content, the more primary carbides will form. Silicon can also promote the precipitation
of the secondary phase in the alloy. With the same carbon content, more silicon content means
more secondary phase.

3. The effect of silicon on the type of precipitates is related to temperature, which only affects the
amount of primary carbides, while silicon has no effect on the type of primary carbides formed in
the casting process.

4. The secondary precipitation behavior (type, quantity, and distribution of precipitates) is the result
of the joint action of carbon and silicon elements in the alloy, and it is also a complex process
related to the thermal history of the alloy. For the alloy with 0.045C (wt.%), the secondary phase
precipitates only at the grain boundary, while for the alloy with 0.011C (wt.%), the secondary phase
precipitates not only at the grain boundary, but also in the intragranular and twin boundaries.
However, the secondary precipitates of the two Si containing alloys with different carbon contents
are all M12C type carbides.

5. Under low carbon condition, the formation free energy of M6C is higher than that of M12C,
and M12C is easier to form. Silicon is more likely to reduce the carbon content of the alloy. Because
silicon can promote the formation of carbides and consume more carbon elements, when the
carbon content of the two alloys is the same, the alloy containing silicon contains more primary
carbides and consumes more carbon in the solid solution state. During aging, the carbon elements
diffused to the grain boundary are relatively reduced, which is not easy to form M6C, but easier
to form M12C.

6. M12C has a higher strengthening effect on the alloy than M6C, which can significantly improve
the stress rupture strength of the alloy than M6C.
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11. Million, B.; Kučera, J.; Michalička, P. The influence of silicon on carbon redistribution in steel weldments.

Mater. Sci. Eng. A 1995, 190, 247–252. [CrossRef]
12. Xu, Z.; Jiang, L.; Dong, J.; Li, Z.; Zhou, X. The effect of silicon on precipitation and decomposition behaviors

of M6C carbide in a Ni–Mo–Cr superalloy. J. Alloys Compd. 2015, 620, 197–203. [CrossRef]
13. Svistunova, T.V.; Tsvigunov, A.N.; Stegnukhina, L.V.; Sakura, N.D. Influence of composition and heat

treatment on carbide phases in Ni?Mo alloys. Met. Sci. Heat Treat. 1984, 26, 119–124. [CrossRef]
14. Kim, I.; Choi, B.; Hong, H.; Do, J.; Jo, C.Y. Influence of thermal exposure on the microstructural evolution

and mechanical properties of a wrought Ni-base superalloy. Mater. Sci. Eng. A 2014, 593, 55–63. [CrossRef]
15. Wei, C.-N.; Bor, H.-Y.; Chang, L. The effects of carbon content on the microstructure and elevated temperature

tensile strength of a nickel-base superalloy. Mater. Sci. Eng. A 2010, 527, 3741–3747. [CrossRef]
16. Yang, C.; Xu, Y.; Nie, H.; Xiao, X.; Jia, G.; Shen, Z. Effects of heat treatments on the microstructure and

mechanical properties of Rene 80. Mater. Des. 2013, 43, 66–73. [CrossRef]
17. Xu, Y.; Yang, C.; Ran, Q.; Hu, P.; Xiao, X.; Cao, X.; Jia, G. Microstructure evolution and stress-rupture

properties of Nimonic 80A after various heat treatments. Mater. Des. 2013, 47, 218–226. [CrossRef]
18. Safari, J.; Nategh, S. On the heat treatment of Rene-80 nickel-base superalloy. J. Mater. Process. Technol. 2006,

176, 240–250. [CrossRef]
19. Jiang, H.; Dong, J.; Zhang, M. The phase decomposition with related element interaction and redistribution

during long term aging of 740H superalloy. J. Alloys Compd. 2019, 782, 323–333. [CrossRef]
20. Roussel, M.; Sauvage, X.; Perez, M.; Magné, D.; Hauet, A.; Steckmeyer, A.; Vermont, M.; Chaise, T.; Couvrat, M.

Influence of solidification induced composition gradients on carbide precipitation in FeNiCr heat resistant
steels. Materialia 2018, 4, 331–339. [CrossRef]

21. Dadoo, A.; Boutorabi, S.M.A.; Kheirandish, S. Effect of titanium carbide concentration on the morphology
of MC carbides in pulsed laser surface alloyed AISI H13 tool steel. Opt. Laser Technol. 2019, 112, 236–244.
[CrossRef]

22. Wang, F.; Qian, D.; Hua, L.; Lu, X. The effect of prior cold rolling on the carbide dissolution, precipitation
and dry wear behaviors of M50 bearing steel. Tribol. Int. 2019, 132, 253–264. [CrossRef]

23. Shu, D.; Sugui, T.; Tian, N.; Xie, J.; Su, Y. Thermodynamic analysis of carbide precipitation and effect of its
configuration on creep properties of FGH95 powder nickel-based superalloy. Mater. Sci. Eng. A 2017, 700,
152–161. [CrossRef]

http://dx.doi.org/10.1016/j.jmst.2014.07.021
http://dx.doi.org/10.1016/j.msea.2015.11.018
http://dx.doi.org/10.1016/j.corsci.2012.09.046
http://dx.doi.org/10.1016/S0921-5093(01)01355-7
http://dx.doi.org/10.7449/1968/Superalloys_1968_346_366
http://dx.doi.org/10.1016/S1359-6454(02)00054-X
http://dx.doi.org/10.1179/174328408X275973
http://dx.doi.org/10.1016/0921-5093(94)09609-Z
http://dx.doi.org/10.1016/j.jallcom.2014.09.112
http://dx.doi.org/10.1007/BF00707159
http://dx.doi.org/10.1016/j.msea.2013.11.031
http://dx.doi.org/10.1016/j.msea.2010.03.053
http://dx.doi.org/10.1016/j.matdes.2012.06.039
http://dx.doi.org/10.1016/j.matdes.2012.11.043
http://dx.doi.org/10.1016/j.jmatprotec.2006.03.165
http://dx.doi.org/10.1016/j.jallcom.2018.12.211
http://dx.doi.org/10.1016/j.mtla.2018.10.010
http://dx.doi.org/10.1016/j.optlastec.2018.11.001
http://dx.doi.org/10.1016/j.triboint.2018.12.031
http://dx.doi.org/10.1016/j.msea.2017.05.108


Materials 2020, 13, 959 24 of 24

24. Gao, S.; Hou, J.; Yang, F.; Guo, Y.; Zhou, L. Effect of Ta on microstructural evolution and mechanical
properties of a solid-solution strengthening cast Ni-based alloy during long-term thermal exposure at 700 ◦C.
J. Alloys Compd. 2017, 729, 903–913. [CrossRef]

25. Han, Y.; Xue, X.; Zhang, T.; Hu, R.; Li, J. Grain boundary character correlated carbide precipitation and
mechanical properties of Ni-20Cr-18W-1Mo superalloy. Mater. Sci. Eng. A 2016, 667, 391–401. [CrossRef]

26. Xiang, X.; Yao, Z.; Dong, J.; Sun, L. Dissolution behavior of intragranular M23C6 carbide in 617B Ni-base
superalloy during long-term aging. J. Alloys Compd. 2019, 787, 216–228. [CrossRef]

27. Wang, L.; Lorenz, U.; Münch, M.; Stark, A.; Pyczak, F. Influence of alloy composition and thermal history on
carbide precipitation in γ-based TiAl alloys. Intermetallics 2017, 89, 32–39. [CrossRef]

28. Kontis, P.; Kostka, A.; Raabe, D.; Gault, B. Influence of composition and precipitation evolution on damage
at grain boundaries in a crept polycrystalline Ni-based superalloy. Acta Mater. 2019, 166, 158–167. [CrossRef]

29. Li, J.; Gao, B.; Wang, Y.; Chen, X.; Xin, Y.; Tang, S.; Liu, B.; Liu, Y.; Song, M. Microstructures and mechanical
properties of nano carbides reinforced CoCrFeMnNi high entropy alloys. J. Alloys Compd. 2019, 792, 170–179.
[CrossRef]

30. Ju, Y.; Goodall, A.; Strangwood, M.; Davis, C. Characterisation of precipitation and carbide coarsening in low
carbon low alloy Q&T steels during the early stages of tempering. Mater. Sci. Eng. A 2018, 738, 174–189.

31. Moon, J.; Park, S.-J.; Jang, J.H.; Lee, T.-H.; Lee, C.-H.; Hong, H.-U.; Suh, D.-W.; Kim, S.H.; Han, H.N.; Lee, B.H.
Atomistic investigations of κ-carbide precipitation in austenitic Fe-Mn-Al-C lightweight steels and the effect
of Mo addition. Scr. Mater. 2017, 127, 97–101. [CrossRef]

32. Roche, T.K. The Influence of Composition Upon The 1500 F Creep-Rupture Strength and Microstructure of
Molybdenum-Chromium-Iron-Nickel Base Alloys; Office of Scientific and Technical Information (OSTI): Oak
Ridge, TN, USA, 1958.

33. Gehlbach, R.E.; McCoy, H.E. Phase instability in Hastelloy N Superalloys. Int. Symp. Struct. Stab. Superalloy.
1968, 2, 346–366.

34. Kuo, K.H. Phases in high alloy steels and superalloys. Acta Metall. Sin. 1978, 14, 73–95.
35. Johansson, T.; Uhrenius, B. Phase equilibria, isothermal reactions, and a thermodynamic study in the Co-W-C

system at 1150 ◦C. Met. Sci. 1978, 12, 83–94. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jallcom.2017.09.194
http://dx.doi.org/10.1016/j.msea.2016.05.028
http://dx.doi.org/10.1016/j.jallcom.2019.01.389
http://dx.doi.org/10.1016/j.intermet.2017.05.006
http://dx.doi.org/10.1016/j.actamat.2018.12.039
http://dx.doi.org/10.1016/j.jallcom.2019.03.403
http://dx.doi.org/10.1016/j.scriptamat.2016.08.036
http://dx.doi.org/10.1179/msc.1978.12.2.83
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Microstructure and Element Distribution after Diffusion 
	Diffusion Couple of 0.09Si-0.45Si Alloy 
	Diffusion of Pure Nickel-Alloy Couple at 800 C for 200 h 
	Diffusion of Pure Nickel-Alloy Couple at 1000 C for 200 h 

	Interaction of Carbon and Silicon on Microstructure and Stress Rupture Properties 
	Microstructure and Properties of the Alloy with Same Silicon Content and Different Carbon Content 
	Microstructure of the Alloy with Different Silicon Content and Same Carbon Content 


	Discussion 
	Characteristics of Carbides M6C and M12C 
	Effect of Silicon on Element Diffusion 
	Effect of Silicon on Primary Phase of as Cast Alloy 
	Effect of Silicon on the Type of Secondary Phase of Alloy 
	Effect of Interaction Between Carbon and Silicon on Primary and Secondary Phases of Alloy 
	Effect Essence of Silicon and Carbon Interaction on Properties of the Alloy 

	Conclusions 
	References

