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Abstract: The Ni-Co-Cr-W-Mo system is critical for the design of nickel-based super-alloys. This
system stabilizes different topologically close packed (TCP) phases in many of the commercially
super-alloys with high W and Mo contents. Scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and thermodynamic calculations are applied to investigate the
thermodynamics of the precipitates in two different W content Ni-Co-Cr-W-Mo super-alloys.
Computational thermodynamics verified experimental observation of the f u phase formation as a
function of temperature and alloy chemistry, but the Kinetics for the precipitation of MsC phase do
not agree with the experimental findings. The major precipitates of alloy 1 at temperatures 700
and 750 <C during long time exposure are M23Cs, y' phase, and MC, and alloy 2 are M23Cs, v’
phase, MC, MgC and u phase. The W addition is found to promote the precipitation of MgC and u
phase during exposure. The MsC has higher W and lower Ni content than that of u phase,
meanwhile, MgC is an unstable phase would transform into M1,C after 5000 h exposure at 750 <C.
A great quantity of needle-like u phases precipitated after exposure at 750 <C for 5000h, which
have no effect on the impact property of alloy 2.
Key words: nickel-based super-alloys; MeC; u phase; long time exposure; M12C;
1. Introduction

As the development of advanced ultra-supercritical coal-fired power plants, the steam presure
will reach 35 MPa, the steam temperature will be over 700 <C, and the thermal efficiency will be
over 50% in the future [1-3]. Fe-based heat resistant steels, like the steels for main steam pipe,
re-heater (or super-heater) tube and blade, etc, can not meet the manufacturing requirements of
key high temperature components, when the steam temperature of power station is over
650 T[4-5]. Thus, some Nickel-based alloys such as Waspaloy, USC 141, ACC 617 and Inconel
718 are candidates for turbines and pipes [6-7].

Tungsten (W), whose atomic radius is larger than that of Mo, can produce larger lattice
distortion. So the solution strengthening in the alloys with W is stronger. Meanwhile, the addition
of W will be conducive to improve the creep fracture strength of the alloy, because it can reduce

the stacking fault energy[8].Therefore, W has been added to replace part of molybdenum (Mo) in
some heat-resistant steel, such as the TOS110 and HR1200 heat resistant steels [9], for improving

the high temperature creep fracture life. In addition, W is also widely used in nickel-based single
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crystal alloys to improve the service temperature [10].

Waspaloy is a nickel-based super-alloy strengthened by nanometer-size y' phase and M23Cs
carbide. W can improve the stability of y' phase through changing the distribution of alloy
elements in y'-y matrix. Thus, some W element is added to replace part Mo of Waspaloy
nickel-based super-alloy. And a newly wrought Nickel-based super-alloy used for steam turbine
blades was exploited based on Waspaloy by our group recently. While excess refractory elements
such as W and Mo add to the alloy will promote the formation of a phase family known as
topologically close packed (TCP) phases during long time exposure at a high temperature[11,12].
Juraj Belan[13] reported that TCP phases are usually plate-like or needle-like and will reduce
rupture strength and ductility.

In this work, the microstructural and precipitation evolution in the nickel-based alloys with
different W addition during long-term exposure at 700/750 <C high temperature and the influence
on the mechanical properties of the alloys are investigated. The structure and composition of the
various phases in alloys are determined, and the role of W is discussed in terms of the formation of
precipitates present in the alloy.

2. Experimental procedure

Alloy elements Ni, Co and W with a purity of at least 99.9 wt% as well as Mo-Cr solid
solution were molten using a vacuum induction furnace.The new testing alloy was smelted into an
ingot by 25kg, and then forged into round bar with 16 mm diameter. The chemical compositions
of the new designed alloys are given in Table 1.

Table 1. Chemical compositions of the alloy (wt. %)

Element C Cr Al Ti Co Mo W Ni
Alloyl 0.042 19.31 145 3.02 13.74 353 3.95 Bal.
Alloy2 0.044 1940 138 297 13.46 356 7.91 Bal

The as-processed samples were subjected to a standard heat treatment process, which is
composed of (1) soaking at 1080 <TC for 4 h and oil cooling (OC), (2) soaking at 845 <C for 24 h
and then air cooling to room temperature (AC) , (3) aging at 760 <C for 16 h and then air cooling
to room temperature (AC). The as-treated samples were subsequently aged at different
temperature and time in muffle furnace, 700<C for 1000h, 3000 h, 5000h and 10000h, and 750<C
for 3000h and 5000h.

The impact properties after standard heat treatment and long-term exposure were obtained by
Charpy V-notch impactor at room temperature. The specimens were divided into two groups and
then testing results were averaged. Scanning electron microscope (SEM) was applied to observe
the microstructures; Energy dispersive spectrometry (EDS) was applied to analyze the chemical
compositions of the precipitates; small-angle X-Ray diffraction (XRD) method was adopted to
identify the type of precipitates; the chemical phase analysis method was used to qualitatively and

quantitatively analyze the evolution of carbides and TCP phase during long-term exposure. The
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transmission electron microscopy (TEM) observations were performed using a JEM-2100F high
resolution electron microscope at the operating voltage of 200 kV.

For SEM observation, the experimental samples were mechanically ground and polished
consecutively, and then etched with a solution containing 200 ml hydrochloric acid, 200 ml ethyl
alcohol and 10g copper dichloride. The method of extraction was used to extract the carbides and
TCP with a solution consist of 10 (g/L) ammonium sulfate and 10 (g/L) aqueous citric acid, and
the extraction current density was 0.03 A/cm2 at a temperature range of -15 to 20 <C. Before the
TEM analysis, foils with a thickness of 50 um obtained by hand grinding were electro-polished at

-30 T and 55-65mA, and the electrolyte was composed of 8% perchloric acid in ethanol

3. Results and discussion
3.1 thermo-calc dynamics calculation

Thermo-calc dynamic calculation software was usually performed to predict the phase
formation and stability of alloys [14]. The calculated results of the tentative alloys with different
contents of W are shown in Fig.s 1 and 2. Fig. 1(a) shows all the predicted equilibrium phases and
their mass fractions in alloyl which contains 4% W at a temperature range of 500 to 1500 <C.
Only the liquid phase forms at 1380 °C (above the liquidus). The y- Matrix, Mu(u)phase, vy’ phase
and M23Cs carbide have been separated out in turn with decreasing temperature and their mass
fractions are changing with temperature. The calculated precipitation temperature of u phase, y’
phase and M23Cs phase are 1130, 1010 and 920 <C, respectively. Fig. 1 (b) shows all the predicted
equilibrium phases and their mass fractions in alloy 2, which contains 8% W. One can see there
are y- Matrix, u phase, y' phase, ¢ phase, R phase and M23Cs carbide. And the precipitation
temperature of o phase and R phase are 725 and 580 <C, respectively.

Fig. 2(a) and (b) show the change of predicted equilibrium phases and their mass fractions in
the alloys with different W contents at 700 and 750 <C, respectively. One can see the content of u
phase increases with the increase of W content and decreases with the increase of temperature.
SIGMA phase begins to precipitate when the W content reaches 7.8% and 8.3% at 700 <C and
750 <, respectively.
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Fig.1. Calculated phase fraction as a function of temperature diagrams for (a) Alloy1; (b) Alloy?2;
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Fig.2. Calculated phase fraction as a function of W content at (a) 700 <C; (b) 750 <C;
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Fig.3. Precipitates detected by XRD;

The XRD results of the alloys with different W content after long-term exposure at 700 and
750 <C are presented in Fig. 3. Only y' phase, MC and M23Cs carbides were detected in alloyl
after exposure at 700 and 750 °C. Except v’ phase, MC and M23Cs, MsC was detected in alloy2
before and after long-term exposure, meanwhile, u phase was found after exposure at 750 <C for
3000h and 5000 h. SIGMA and R phase were not detected in the present work based on method of
chemical phase analysis.

Computational thermodynamics verified experimental observations of the formation of v/,
MC, M23Cs and u phase, but amount of MC is very little and it is not show in XRD results. MgC is
an unstable phase. It has been reported that MC is a mesophase of u phase [15]. So it cannot exist
in the calculation results of equilibrium phase.

3.2 microstructure evolution during exposure

The SEM morphologies of the evolution of microstructure of alloy1 and alloy2 exposed for 0,
5000 and 10000 h at 700 <C are shown in Fig. 3. Both in alloyl and alloy2, granular Ti-rich MC
phase with big size is distributed random inner on the grain boundaries and maintained stability
during exposure, as marked by arrow. Most Cr-rich M23Cg particles discontinuously distributed on

grain boundaries before exposure and then transformed into continuously distribution after
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exposure for 10000 h. Except MC and M23Cs carbides, some W-rich micro-scale round white
particles are found in alloy 2 and identified as MgC phase by XRD, as the arrow marked, M¢C

particles are arranged in array inner the grain.

Fig.4 SEM morphologies showing microstructure evolution of alloy 1 after exposure at 700 <C for
(@) Oh,(b) 5000h, (c) 10000 h; of alloy 2 for (d) 0,(e) 5000, (f), 10000 h.

Fig.5 SEM morphologies of alloy 1 after exposure at 750 <C for (a) 3000h, (b) 10000h; of
alloy 2 for (c) 3000,(d) 10000 h

The microstructure of the alloy after exposure for 3000h and 5000h at 750 <C obtained by
SEM is showed in fig.5. Both in alloyl and alloy2, the size, amount and morphologies of MC
carbides have no remarkable change after 5000 h exposure; the amount of M23Cs carbides on the
grain boundary increased obviously with increasing exposure time, meanwhile a large number of
M23Ces phase precipitated at grain boundaries, resulting in widening of grain boundaries. A little

needle-like precipitates have been observed in alloy 2 after exposure for 3000 h, and the amount
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of needle-like precipitation increases significantly with increasing exposure time, as shown in Fig.
5(d). The XRD analysis shows that the needle-like precipitations are u phase, which randomly

distributed in grains.

3.3 Evolution of M¢C

When the content of W is high enough, Me¢C would precipitate from matrix and the
precipitation temperature is higher than that of M23Ce [14-15]. The precipitation evolution during
standard heat treatment of alloy 2 is shown in Fig. 6. The W-rich white particles precipitate in the
grain after solution treatment at 1080 <T for 4 h, the amount of MeC increased slightly after
pre-exposure at 845 <T for 24 h, meanwhile the M23Cs carbides begin to precipitate on grain
boundaries. The morphology and quantity of MeC carbides keep unchanged during the following
aging at 760 <C for 16 h. The chemical compositions of MsC and M23Cs obtained by EDS are
shown in table 2. The total element contents of W and Mo of particle A, B, C is 56.45%, 77.98%,
52.24 %, respectively. The W and Mo content of particle D is 15.75%, but the particle has higher
Cr and Ni content than other particles. By comparing the elementary composition of A, B, C, D,
and combining their XRD results, it can be inferred that particle A, B, C are MsC and D particle is
M23Cs.

WD16 .2mm 15.0kV x18k

Fig.6 The morphologies of MsC and M23Cs after different heat-treatment; (a) 1080 <C; (b)
1080 <C + 845 <T; (c) 1080 T + 845 € + 760 <T;
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Table 2 The element component of different positons with SEM+EDS analysis
Positions CK NiL MoL TiK CrK CoK WL AIK Carbide

A 0.04 18.46 10.75 238 14.47 793 457 MsC
B 002 24 1778 128 1582 261 60.2 MsC
C 0.06 2047 991 217 1631 875 4233 MsC
D 0.02 48.77 3.88 282 1822 1335 11.87 1.07 M2xCs

Research has shown that MsC phase is an unstable phase and will be transformed into M1,C
during long-term exposure at high temperature [15]. MeC and M12C have the same composition
and crystal structure (FCC), the difference of them was the M1,C has a smaller lattice constant
than MeC, the lattice constant of MeC is about 1.101 nm and M1>C is about 1.085 nm. The lattice
constant of MsC in alloy 2 detected by chemical phase analysis and XRD is at the range of 1.104
to 1.106 nm. Bright-field image and the select area diffraction pattern (SADP) of alloy 2 after
exposure at 750<C for 5000 h obtained by JEOL-2100F TEM are showed in Fig.7. The Fig. shows
a particle suspected to be MgsC phase with a size of 500 nm is surrounded by some spherical y’
phase, and the SADP of the particle marked with a red circle show that the particle has FCC
structure and the lattice constant is 1.086 nm with a zone axis [110]. So the particle could be
identified as M12C.
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Fig.7 The M1,C precipitation after exposure at 750 <C for 5000 h; (a) Bright field image of M1,C

carbide; (b) SAD pattern of (a);

3.4 Evolution of u phase

The u phase belongs to topological close-packed phase (TCP) and rhombohedral crystal
structure. It is shown that u phase and MsC have similar close-packed arrangement, and so the
alloy which has MgC precipitate tends to have u phase. When the total amount of molybdenum
and tungsten in the alloy exceeds 10%, it is easy to precipitate u phase [16,17].

The u phase in alloy 2 was analyzed by means of SEM, TEM, XRD and chemical phase
analysis. Fig.7 shows the SEM images of alloy2 after exposure different time at 750 <C. After

exposure for 1000 hours, M23Cgs and MeC precipitated from matrix, and only very little needle-like
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u phase precipitated around MC carbide particle, as Fig. 8 (a) shows. The amount of needle-like u
phase increased slightly after 3000 h exposure, however, a large amount of u phase precipitated
after 5000 h exposure.

The element compositions of granular MsC precipitation and needle-like u phase detected by
EDS at different exposure time are listed in Table.3. In Fig.9 (a), the granular precipitations
(position “1”) have higher W content than that of needle-like precipitation (position “2”), the
needle-like precipitation have lower Ni and Co content than granular precipitation. The chemical
phase analysis shows that the granular precipitation is MgC phase and the acicular precipitation is
u phase, therefore, it can be concluded that MeC has higher W content and lower Co and Ni

content than u phase.

Fig.8 The precipitates in alloy 2 after different exposure time at 750<C; (a) 1000 h; (b) 3000 h; (c)
5000 h;

Fig.9 The precipitates of alloy 2 after long-term exposure at 750 <C; (a-b) 3000h; (c) 5000h;

Table.3 The element components of different precipitates with SEM+EDS analysis
Positions C MoL TiK CrK CoK NiK WL AIK Carbide

1 005 731 224 1765 7.87 30.24 34.03 0.62 MeC
2 006 7.26 217 1562 1238 36.3 26.21 - n
3 0.03 6.69 216 1492 1225 34.11 29.2 0.64 n
4 0.06 10.2 - 20.79 5.83 2161 415 - MeC

A TEM micrograph of a needle-like u phase is shown in Fig. 10 (a). The u phase around 0.1
um wide and 6.5 um length precipitated in the grain . The Fig.6 (b) is a local enlargement of the
area in Fig. 6 (a), it could be found that lots of parallel fringes in u phase. The SADP of u phase is

shown in Fig. 6 (c). The diffraction spots are stretched along the vertical direction of fringes in u
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phase, which means that there are a lot of stacking faults in the u phase[18,19], and the parallel
fringes are the morphologies of stacking faults. Fig. 6 (d) shows a stacking fault cross a y' particle.
Some needle-like u phases precipitate randomly in matrix, as shown in Fig. 6 (€) . Meanwhile, it
could be found that some u phases nucleated around MeC particles and grew outward. Some
parallel fringes like stacking faults were observed near u phase but identified as an initial

morphology of u phase.

B=[211-1] 10 1/nm

. BN\
Fig.10 The TEM images of Stacking faults and p phase in alloy 2 after exposure at 750 <C for
5000h; (a) and (b) the needle-like u phase; (c) SADP of u phase in image (a); (d) and (e) stacking
faults and u phase;

Since refractory W and Mo elements have bigger atom size and weight, their diffusion rates
are very low, therefore the segregation of W and Mo could not be eliminated completely after
solution heat treatment. As a result, the content of refractory elements in some areas are much
higher than in other regions, which leads to the formation of r- matrix and makes these areas more
easily reach super saturation state and produceMsC and TCP phase precipitates [20].
Thermodynamic calculations show that only u phase can precipitate from r-matrix at 700 and
750 T, but MeC can’t. Some reports have shown that MeC is an unstable phase and is a
mesophase of u phase, for it has a similar atoms arrangement structure with u phase and can
translate into u phase at specific thermodynamic conditions [21]. It can be found that MsC
transforms into M12C during 5000 h exposure at 750 <C, MgC transforms into u phase has not
been observed during exposure. That means the formation of u phase needs higher thermodynamic
driving force than MeC, and will probably precipitate at higher temperature.

Because of the large particle size and no strengthening effect, the acicular precipitates will

reduce the room temperature plasticity and toughness [22]. The change of toughness with
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exposure temperature is shown in Fig.11. Exposure at 700 <C, the impact absorbing energy of two
alloys decreased obviously at the initial 1000 h exposure, and the decrease trend slowed down
during 1000 to 5000 h, and then kept unchanged after 5000h exposure. The impact absorbing
energy of two alloys decreased obviously at the initial 3000 h exposure, and then kept unchanged
after 3000h exposure at 750<C. The reason of Alloy 2 has lower impact absorbing energy than
alloy 1 is that the higher W addition in alloy 2 has decreased the movement of dislocation and
resulted in more stress concentration during deformation. So, the crack can spread more easily.
The main precipitation period of u phase at 750 <C is during the exposure from 3000 to 5000 h,
but the impact absorbing energy was unchanged during this exposure time. The result can be
obtained that u phase has no obvious effect on the impact absorbing energy of alloy 2. The

possible reason is that u phase mainly precipitates in grains, but the fracture of alloy is mainly
inter-granular.
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Fig.11 The impact absorbing energy after long-term exposure; (a) 700 <C; (b) 750 <T;

The mass fractions of MC, MeC and u phase in alloy 2 after long time exposure at 700 and
750 <C are shown in table.4. The MC, MeC and u phase have similar structure and cannot be
separated by chemical phase analysis, the values of table 3 are the sum of mass percentage of them.
During 700 <C exposure, the mass fraction of MgC and MC increased from 0.227 to 0.353 after
1000 h exposure, and reached 0.701 after exposure for 3000 h, then kept unchanged. MC is a stale
phase and keep unchanged during exposure, therefore, it can be concluded that the increment
content of precipitated phase is MeC. The mass fraction of the precipitated phases increased
observably from 0.227 to 2.058 after 3000 h exposure at 750 <C, reached to 2.894 after 5000 h
exposure. From Fig. 7, it can be found that only MC, MeC and very small amount of u phase
precipitated after 3000 h exposure, meanwhile, the content of MC phase does not change with
increasing exposure time. So it means MgC gives the main contribution to the mass fraction of
precipitaes within 3000 h exposure and u phase has given its part of contribution mainly in the
time range of 3000 to 5000 h.
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Table.4 The mass fraction of MC+MsgC+u precipitations of alloy2 after exposure (wt.%)

Exposure time(h) 700 Precipitation 750 Precipitation

0 0.227 MC+ MgC 0.227 MC+ MqC

1000 0.353 MC+ MgC - -

3000 0.701 MC+ MeC 2.058 MC+ MgC+a little u phase
5000 0.713 MC+ MgC 2.894 MC+ MeC+u

10000 0.67 MC+ MeC - -

3 Conclusion

The following conclusions can be drawn from experimental observation and thermodynamic
calculation:
(1) Phase equilibria of the Ni-Co-Cr-Mo-W system at the temperature range of 500 <C to 1500 <C
have shown the major phases in the alloy include: M23Cs, v’ phase, u phase, MC and MsC; MsC
and u phase were only observed in the alloy with higher W content.
(2) The MeC precipitated during solution heat treatment, the amount of which increased with
initial 3000 h exposure time, and then kept unchanged, meanwhile, the amount of precipitation at
750 <C is obviously more than that at 700 <C. Part of MeC transformed to M,C after 5000 h
exposure at 750 <C.
(3) Needle-like u phase precipitated after 1000 h exposure at 750<C, the amount of it increased
markedly at following exposure time. The main elements of u phase were Ni, W, Co, Cr and Mo.
(4)The impact absorbing energy of the alloy with high W content was low. But u phase has not
obvious effect on the impact property during ageing at 750 <C.
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