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a b s t r a c t
The effect of silicon addition on the precipitation and decomposition behaviors of M6C carbide in a
Ni–Mo–Cr based superalloy and the tensile properties of this alloy have been investigated. Silicon
increases the amount of undissolved M6C carbide particles obviously in Ni–Mo–Cr superalloy.
Composition analyses reveal that primary M6C carbides in the standard heat are highly enriched in
silicon. The addition of silicon widens the temperature range of M6C carbide existence to 1335 °C, while
the M6C carbide in non-silicon heat was completely decomposed when heated to 1260 °C. According to
the calculation results using Thermal-calc software, the Gibbs free energy of M6C carbide decreases
with the silicon content, and the silicon-riched M6C carbide is more stable than that in non-silicon heat
samples. In tensile tests, it is found that silicon-rich M6C carbide particles act as cracking origin sites, and
further give rise to the degradation of the high temperature tensile properties of standard heat samples as
compared to non-silicon heat ones.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Hastelloy N is a nickel-base solid solution strengthened alloy
invented by Oak Ridge National Laboratory speciﬁcally for molten
ﬂuoride nuclear reactor system in the 1960s [1]. This alloy contains
16–17 wt% molybdenum for strengthening and 7 wt% chromium
sufﬁcient to impart moderate oxidation resistance in air but not
enough to give rise of high corrosion rates in molten ﬂuoride salts.
There is additional 0.5–1 wt% silicon in air-melted heats of this
alloy as deoxidants compared to vacuum-melted heats.
It was found that silicon plays a more important role in the
structure and post-irradiation mechanical properties of Hastelloy
N alloy than some other deoxidants. For instance, Gehlbach and
McCoy [2] found that the microstructure of Hastelloy N is characterized by the strings consisting of massive primary M6C carbide
particles in matrix. The M6C carbide in the air-melted heats of
Hastelloy N alloy is enriched in silicon. These carbide particles in
the air-melted heats are melted, and transformed to a non-carbide
phase during annealing process. On the other hand, in vacuummelted heats with low silicon contents, primary M6C carbide
particles are distributed in the solid solution. Besides the content
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Energy Technology, Shanghai Institute of Applied Physics, Chinese Academy of
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of silicon, the melting method also affects the carbide distribution.
The study on the distribution of the carbide in an alloy helps
understand better the behavior of this alloy as the microstructure,
especially the distribution of carbide, plays a very important role
on the properties of this alloy. Furthermore, the mechanism about
how silicon affects the M6C carbide in Hastelloy N alloy is still
unclear until now.
Experimental results [3] indicate that helium bubbles at grain
boundaries come mainly from boron which segregated at the grain
boundaries at short-term irradiation experiments and causes the
irradiation brittleness in Hastelloy N alloy. The massive primary
M6C carbide particles in air-melted heats can effectively ﬁx boron
atoms in the matrix, reduce the quantity of helium bubbles formed
at grain boundaries and further improve the irradiation brittleness.
The silicon in air-melted heats is beneﬁcial to mechanical properties of this alloy after irradiation. On the other hand, it has proved
that silicon in superalloys is generally enriched at grain boundary
and reduces their ductility [4,5]. Guo et al. [6] found that silicon
content has little effect on the tensile strength at room temperature and 650 °C, but the tensile ductility of the alloy decreases with
increasing the silicon content. It is attributed to the formation of
Laves and M6C phases in the 718 alloy with high silicon content.
The possible impact of silicon on the tensile properties of a
Ni–Mo–Cr alloy should be investigated, so that the evolution of
the microstructure and properties of this alloy could be predicted.
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Table 1
Chemical composition of Ni–Mo–Cr alloy.
Alloy heat

Ni

Mo

Cr

Fe

Mn

Si

C

Standard heat
Non-silicon heat

71.88
71.6

16.6
16.7

7.09
7.35

3.83
4.19

0.52
0.44

0.46
0

0.04
0.053

The bold values indicate the amounts of silicon are the main difference between
two heats.

standard heat
non-silicon heat

♣ ♣
♦

♣ (M,Si)6C

♣

♣

3. Result and discussion
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Differential scanning calorimetry (DSC) measurements were performed in a
Netzsch testing apparatus (STA 449F3) to determine the phase-transition temperature. The test temperature ranged from 30 °C to 1500 °C at a rate of 20 K/min.
Thermo-Calc Program was used in the present investigation, which is a software
system for thermal chemical calculations developed in the Royal institute of Technology Stockholm and has been widely used for different types of Ni-based alloy.
The TTNI8 database was employed to calculate the phase Gibbs free energy in present alloy system.
Tensile tests were carried out using a Zwick Z100 mechanical testing machine
with a strain rate 3.5 mm/min at 700 °C in air condition. The specimens of 4 mm
diameter and 18 mm gauge length were held for 10 min at 700 °C to make sure that
a homogeneous temperature distribution was achieved. At least three specimens
were tested from each point.
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Fig. 1. XRD patterns of the extracted precipitates from the standard heat and nonsilicon heat.

In this paper, one standard vacuum-melted heat with 0.46% silicon and one non-silicon vacuum-melted heat of a Ni–Mo–Cr based
superalloy are used to investigate the effect of silicon on the precipitation and decomposition behaviors of the M6C carbide.
2. Experimental method
As shown in Table 1, the chemical compositions (wt%) of these two heats are
almost identical to that of the commercial Hastelloy N alloy. The fabrication processes of the wrought alloy are as follows. At ﬁrst, the cast materials were prepared
by vacuum induction melting (VIM), then the ingots were hot forged into bars with
diameter of 20 mm, after that, the specimens were cut from the bars and ﬁnally
solution-heated at 1177 °C for 0.5 h, followed by a water quenching.
Metallographic samples were prepared by standard metallographic techniques
and the polished specimens were etched with a mixture solution (3 g CuSO4 + 10 ml
H2SO4 + 40 ml HCl + 50 ml water) for 30 s to reveal their microstructure. The microstructures were examined by optical microscopes (OM) and a scanning electron
microscope (SEM, LEO 1530VP) equipped with an energy dispersive spectrometer
(EDS).
The samples were anodically extracted at 2V with a stainless steel cathode in a
25% HCl–75% methanol solution at room temperature. Carbide precipitates in the
samples were removed from the matrix and collected to a sufﬁcient amount for
X-ray diffraction (XRD) analysis. The extracted precipitation powders were analyzed by Bruker D8 advance X-ray with a Cu Ka radiation source.

Fig. 1 shows the XRD patterns of the precipitates from the standard heat and the non-silicon one. The precipitates in the standard
heat were identiﬁed to be M6C carbides. While in the extracted
precipitation from non-silicon heat, it is found that minor M2C carbides coexist with the M6C carbides. It is worth noting that there is
a small deviation between the XRD peaks of the M6C carbides in
these two heats, which reveals the difference in the lattice parameter of the M6C carbides in these two heats. The lattice parameters
were calculated to be 11.025 Å and 11.108 Å from the diffraction
peaks for the M6C carbides in the standard heat and the non-silicon
one, respectively. It can be concluded that silicon reduces the lattice parameter of the M6C carbide in this alloy system. The effect
of silicon on lattice parameter of M6C carbide has also been
reported in other studies. For instance, Pigrova et al. [7] and Svistunova et al. [8] found that the M6C carbide in nickel-base alloys with
silicon has a smaller lattice constant than the corresponding alloys
without silicon. In previous studies [1,9,12], it has been found that
in the non-silicon heat, the ﬁne intergranular granular M2C
carbides formed at the initial stage of the aging treatment at
700–800 °C. With the aging time increasing, the granular ﬁne
M2C carbides are replaced by coarse planar M6C carbides at grain
boundaries. So, in present work the formation of the tiny M2C
carbides in the non-silicon heat probably occur during the cooling
process from the solution treated temperature.
The microstructure of the Ni–Mo–Cr based superalloy solutiontreated at 1177 °C for 0.5 h is shown in Fig. 2. As shown in Fig. 2a,
for the standard heat, many strings consisting of the primary M6C
carbide particles along the longitudinal direction can be observed;
while smaller and fewer carbide strings in the non-silicon heat are
observed, as some carbide particles randomly dispersed inside the
grain or at the grain boundaries. In order to compare the amount
of carbide, we randomly chose ﬁve regions from both heats and calculated the area fraction of the carbide particles. According to the
data (Fig. 3), the average carbide area fraction in two heats is respective 4.93% and 2.08%. The quantity of carbide in the standard heat is

Fig. 2. Microstructure of (a) the standard heat and (b) the non-silicon one of the Ni–Mo–Cr alloy.
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the amount of Ni in the M6C carbide particles, compared to the
matrix. It can be inferred that some of the atoms in the M6C carbide
particles in the standard heat are replaced by some silicon atoms. Silicon incorporates itself into M6C carbide and promotes the formation of carbide. However, the substitution sites are still unclear in
preview studies about Hastelloy N alloy. In two different studies
[2,12], the constituent of M6C carbides in standard heat was identiﬁed as Ni3(Mo, Cr)3(C, Si) and (Ni, Si, Fe)3(Mo, Cr)3C, respectively.
According to Leitnaker et al.’s [13] results, silicon atoms are on the
metal sub-lattice, which is consistent with structural data of silicides in the literature. As shown in Fig. 1, it seems more reasonable
that the replacement of the large-diameter metal atoms, such as Ni
and Mo, by the small-diameter silicon atoms leads to the decrease of
lattice parameter of the M6C carbide.
3.2. Effects of silicon on the thermal stability of M6C carbides
Fig. 3. Carbide quantity statistics: comparison between the standard heat and the
non-silicon one.

greater than the non-silicon one. Pan et al. also found [10,11] that silicon increases the amount of undissolved M6C carbide particles
obviously in a high-speed steel. In both of these two samples, the
selected line EDS analyses in Fig. 4 reveal the enrichment of molybdenum and carbon and the depletion of nickel in the M6C carbide
particles. Furthermore, in the standard heat, the line scan data
clearly indicate a higher concentration of silicon and 50% drop in

Fig. 5 shows the DSC results of the solution-annealed samples
under the conditions of 20 K/min heating rate and 20 ml/min argon
ﬂowing rate. For the standard heat, an endothermic reaction with a
peak temperature of about 1335 °C was observed, while no counterpart endothermic peak for the non-silicon heat. One previous
study found that one high temperature phase exists in the grain
boundaries in the parent alloy or the heat affected zone of weld
alloy when Hastelloy N alloy undergo a high temperature heat
treatment above 1300 °C [2]. It has been proved that the high temperature phase results from the primary M6C carbide [2,14]. In two

Fig. 4. EDS line scan results of M6C carbide particles (a) and (b) in the standard heat and (c) and (d) in the non-silicon one.
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Fig. 5. DSC result for the Ni–Mo–Cr superalloy solution-heated at 1177 °C for 0.5 h.

Fig. 6. (a) Microstructure of the non-silicon heat superalloy solution-heated at 1177 °C for 0.5 h, then annealed at 800 °C for 1000 h, and (b) DSC result for two heats solutionheated at 1177 °C for 0.5 h, then annealed at 800 °C for 1000 h.

different studies [2,15], the structure of the high temperature
phase was identiﬁed as d-NiMo and Mo2Ni3Si, respectively. The
structure and the formation mechanism of high temperature phase
are still unclear until now. However, it is certain that M6C carbide
can transform into high temperature phase at a certain temperature in the standard heat. So, it can be deduced that there should
be three peaks in calorimetry test, the transformation point from
M6C to high temperature, the melting point of high temperature
phase and the melting point of matrix. It is obvious that the small
peak at 1335 °C may be the transformation point or the melting
point of high temperature phase. It has been reported that the high
temperature phase occurred in one Hastelloy N alloy with 0.62% Si
which was annealed 1 h at 1371 °C in argon and rapidly cooled
[14]. This fact indicate that the melting peak of high temperature
phase is far above 1335 °C and probably hides in the big melting
peak of matrix. So, it can be deduced that 1335 °C is the transformation point from M6C to high temperature phase in present
study.
As shown in Fig. 2, the microstructure of the standard heat consists of the strings of silicon-rich M6C carbide, while much fewer
M6C carbide particles are randomly dispersed in the non-silicon
heat. The absent of endothermic peak at 1335 °C for the non-silicon
heat should be due to the small amount of M6C carbide in this heat.
In order to eliminate the inﬂuence of the amount of M6C carbide,
we aged the non-silicon sample at 800 °C for 1000 h to get enough

M6C carbides (as shown in Fig. 6a), and then repeated the DSC
experiment. As show in Fig. 6b, the same phenomenon was
observed. This fact indicates that the endothermic peak for the
standard heat is caused by the transformation of the silicon-rich
M6C carbide at 1335 °C, while the non-silicon M6C carbide in the
non-silicon heat probably started to be decomposed at the lower
temperature and completely dissolves before the samples were
heated to 1335 °C. Hence, the standard and non-silicon samples
are thermally exposed from room temperature to 1260 °C and
1300 °C at 20 K/min heating rate, and followed by a water quenching. As shown in Fig. 7, the M6C carbides partly decompose but still
exist in the standard samples. By contrast, the M6C carbides in the
non-silicon samples have completely decomposed when heated to
1260 °C. The addition of silicon widens the temperature range of
M6C carbide existence to 1335 °C. It can be inferred that the silicon-rich M6C carbide is much more stable than the non-silicon
M6C carbide and the silicon in carbide enhances its stability at high
temperature. The similar phenomenon was also observed in a
KhN70M alloy. An increase of the silicon content from 0.06% to
1.5% widens the temperature range of M6C carbide existence to
1100 °C [8]. In order to better understand the effect of silicon on
the stability of the M6C carbide, Gibbs free energy of the M6C
carbides in this alloy with different silicon content at three different temperatures was calculated by Thermo-Calc Program. The
thermal-Calc simulation results (Fig. 8) indicate that the Gibbs free
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Fig. 7. Microstructure of Ni–Mo–Cr superalloy heated from room temperature to a high temperature at 20 K/min. BSE images of (a) for standard one at 1260 °C, (b) for
standard one at 1300 °C, (c) for non-silicon one at 1260 °C, (d) for non-silicon one at 1300 °C.

Fig. 9. High temperature stress–strain curves (T = 700 °C).

Table 2
Tensile properties obtained at 700 °C: comparison between the standard heat and
non-silicon heat.

Standard heat
Non-silicon heat

Fig. 8. Gibbs free energy of M6C carbides in this Ni–Mo–Cr alloy with Si content.

energy of the M6C carbides decreases with the silicon content in
this alloy. It can be concluded that the addition of silicon improves
the stability of the M6C carbide in this Ni–Mo–Cr alloy.

0.2% Yield
strength (MPa)

Ultimate tensile
strength (MPa)

Elongation at
fracture (%)

224
224

448
496

19.51
22.56

3.3. Effect of silicon addition on tensile strength
Fig. 9 shows the tensile test results obtained at 700 °C. All specimens were solution-heated at 1177 °C for 0.5 h. It can be found
that the engineering stress–strain curves of the two heats appear
as one at the initial stage of the tensile test. The standard heat
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Fig. 10. Microstructure of Ni–Mo–Cr alloy specimens fractured. (a) and (c) standard heat, (b) and (d) non-silicon heat.

and non-silicon one have almost the same yield strength. However,
the standard heat with silicon exhibits a lower ultimate tensile
strength and a poor ductility, compared to the non-silicon heat
(Table 2). This fact indicates these two kinds of heat have almost
the same grain size (Fig. 2). So it can be deduced that lower tensile
strength and elongation of the standard heat result from the relative high Si content or the local enrichment of carbides rather than
the effect of grain size or others. It is clear that silicon deteriorates
slightly the tensile properties in this Ni–Mo–Cr alloy.
Fig. 10 shows the sectional fracture morphologies of the failure
specimens. The fracture modes of the standard heat and the non
silicon one are transgranular shearing and intergranular dimple
mixed fracture, respectively. The fractographies of the two heats
(Fig. 10a and b) show an intergranular fracture at the edge of the
fracture surfaces; while in the center of the fracture surfaces
(Fig. 10c and d), some typical equiaxed dimples are observed and
some fractured carbide particles were found at the bottom of some
dimples. By comparing Fig. 10c and d, it can be found that the density of dimples on the fracture surfaces for the standard simples is
large than that for the non-silicon ones. This fact results from the
difference of the amount of the M6C carbide in these two heats.
During the hot deformation, the existence of carbide can impede
the dislocation slip, and thus causes the stress concentration
around the carbide particles. As the stress reaches the bond
strength of the matrix and carbide, or the breaking limit of carbide,
microvoids nucleate. Microvoids and micro-cracks are extended
along the tensile direction. So the more M6C carbide particles
forms, the more serious degradation of tensile properties for the
standard heat. In addition, many experiments indicate that silicon
addition results in silicon enriched at grain boundaries and reduces
the grain boundary strength. Guan et al. [16] found that the enrichment of silicon at grain boundaries even reaching about 7–8 times
the average silicon content of the matrix. Above all, silicon is easy
to form insoluble carbide and provides a profuse supply of crack
source, reduces the grain boundary strength. The combining effects
lead to the degradation of tensile performance.
4. Summary
1. The addition of silicon increases the amount of M6C carbide and
reduces the lattice parameter of M6C carbide in Ni–Mo–Cr
superalloy. The primary M6C carbide in the standard heat sample is highly enriched in silicon.

2. The addition of silicon widens the temperature range of M6C
carbide existence to 1335 °C, while the M6C carbide in nonsilicon heat completely decomposed when heated to 1260 °C.
3. Silicon-riched M6C carbide particles offer a profuse supply of
crack origins and reduce the grain boundary strength. Silicon
leads to the degradation of tensile strength performance of
Ni–Mo–Cr superalloy at 700 °C.
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