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Abstract: Haynes 282 has attracted attention for casting applications in AUSC power plants due to its
good creep properties. However, the market is primarily comprised of wrought Haynes 282, while the
cast version is not commercially available. In this study, the microstructure of a large traditional sand
cast Haynes 282 was studied from as-cast condition to long-term heat-treated condition by combining
experimental data and thermodynamic calculations. The microstructure of a large cast Haynes 282
includes vy, y’, two types of MX, My3Cy and p phases. After standard post heat treatment, i phases
were dissolved and precipitated as MgC. The equilibrium state was achieved after 266 h aging at
788 °C, after which v’ particles began coarsening. These kept to a spherical morphology; the smallest
misfit was found with the y matrix. Once post heat treatment was finished, MX exhibited little
morphology and compositional change during the long-term isothermal aging. Grain boundary is
covered by discrete Mp3Cy and MgC precipitates and this morphology keeps stable during isothermal
aging. No presence of the needle u phase have been found at grain boundaries after 10,000 h aging at
788 °C. All these microstructural features indicated that cast Haynes 282 could have a high thermal
stability and good creep properties.

Keywords: Haynes 282; large sand cast; microstructural evolution

1. Introduction

Ni-based superalloys are currently the only option for use in advanced ultra super-
critical (AUSC) power plants where steam temperatures are above 700 °C and pressures
are above 35 MPa [1]. Haynes 282 was induced by Haynes International in 2005 [2] as a
wrought material and was first considered for boiler components for AUSC power plants
because of its outstanding thermal stability [3]. Due to its good creep resistance [4] and
good resistance to post weld heat treatment cracking [5], it also attracted attention for
turbine casing and valve applications [6,7], which require a casting process to facilitate
their complicated geometry. However, the commercial cast version of Haynes 282 is not
yet available [7].

Vacuum casting [6,8] and additive manufacturing [9-11] of Haynes 282 have been tried.
Maziasz et al. [8] found that cast Haynes 282 had the best combination of high-temperature
yield strength (511 MPa at 800 °C) and ductility (19.3% elongation at 800 °C) when com-
pared with three other alloys: Nimonic 105, Inconel 740 and alloy 263. Unocic et al. [9],
Deshpande et al. [10] and Ramakrishnan et al. [11] studied Haynes 282 made by electron
beam melting, selective laser melting and direct laser melt depositing, respectively, and
found that the tensile properties of additive manufactured Haynes 282 are only slighter
lower than that of wrought Haynes 282.

Mechanical properties are highly dependent on microstructure. A general microstruc-
ture of wrought Haynes 282 includes MC, intergranular and intragranular Cr-rich Mp3Cg,
and a 20 nm uniformly distributed v’ [2,5,12-14]. Mo-rich MgC has been found in additive
manufactured [11] and cast Haynes 282 [15], as well as in wrought Haynes 282—with
alternative heat treatments due to its sluggish kinetics [16]. A lamellar constituent con-
sisting of Mo and Cr-rich secondary carbide phases together with y phase was found in a
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vacuum cast thin wall component (4.6 kg) [7]. The ordered v’ phase and grain boundary
precipitates can provide high temperature strength through precipitation strengthening
and creep resistance by impeding movement of dislocations. By comparing creep proper-
ties of wrought and cast Haynes 282 [6,8], it was found that regardless of the size, the creep
properties of cast Haynes 282 are similar to that of wrought Haynes 282. Kim et al. [6]
reported that creep failure is mainly caused by grain boundary precipitates. However, the
grain size and grain boundary precipitates of wrought and cast Haynes 282 are different,
due to the different manufacture processes. The grain size of cast Haynes 282 is much
bigger than that of wrought Haynes 282, and the grain boundary of wrought Haynes 282
is covered by discrete MC and M3Cg [2], while the grain boundary of cast Haynes 282 is
covered by My3Cy and MyC [15]. There is a lack of microstructural analyses of cast Haynes
282 in long-term service conditions at elevated temperatures to link to the properties. This
paper aimed to provide a fuller understanding of the microstructural evolution of different
phases in a large cast Haynes 282 and explain why the alloy has high thermal stability and
good creep properties from a microstructural point of view.

2. Materials and Methods
2.1. Materials and Heat Treatment

Table 1 illustrates the nominal chemical composition (wt.%) of Haynes 282. The
materials studied in this research were cut from a thick section (the most segregated region)
of a large step cast (900 mm in height) produced by traditional sand casting by Goodwin
Steel Castings Limited. The sizes of the received materials are shown in Figure 1.

Table 1. The nominal composition in wt.% of Haynes 282.

C Cr Mo Si Ti Co B Al Ni
0.06 20 8.5 0.15 2.1 10 0.005 1.5 Bal.

Figure 1. A plot showing the location of the materials in this study.

The received specimens were cut into 1.5 cm? size and subjected to a range of heat
treatments. One was kept in as-cast condition for comparison purpose. All other samples
were undergone a two-stage solution treatment (ST), a first aging (FA) treatment and a
second aging (SA) treatment, all of which are standard post heat treatments [2]. Then, the
samples underwent isothermal aging (IA) at 788 °C for various durations (up to 10,000 h)
in order to simulate service conditions as described in Table 2.



Crystals 2021, 11, 867

30f17

Table 2. Conditions and code names of all the samples in this paper (WQ: water quenching; AC: air cooling; 1/ means that

the sample was undergone this heat treatment).

Heat Treatment Condition

Samples As-Cast Solution Treated First Aged Second Aged Isothermal Aging
1100 °C/12 h + 1150 °C/6 h/WQ 1010 °C/5 h/WQ 788 °C/8 h/AC 788 °C/AC
AC Vv
ST v vV
FA v v Vv
SA Vv v Vv v
IA15 v v v v 15 hrs
IA100 Vv v Vv Vv 100 hrs
TA1000 v v v v 1000 hrs
IA3000 Vv v Vv Vv 3000 hrs
IA5000 Vv v Vv Vv 5000 hrs
TA7000 v v v v 7000 hrs
IA10000 Vv v Vv Vv 10,000 hrs

2.2. Thermodynamic Calculation

Thermodynamic calculations were performed using the MTDATA software [17] devel-
oped by the National Physical Laboratory with an appropriate modified Ni-database [18].
The cast alloy composition was used to predict the equilibrium phases between 400 °C
and 1600 °C with a step of 5 °C and with all phases included. The chemical composition
of each predicted phase was predicted as a function of temperature. Scheil methodol-
ogy, which can predict micro-segregation, was used to predict solidification and chemical
segregation profiles.

2.3. Microstructural Characterisation

For microstructural examination, all samples were mounted in electrically conductive
Bakelite, ground on SiC papers from 220 to 1200 grit, and then polished with a series of
diamond solutions to a 1 um finish. To reveal the grain boundaries and y’, the polished
samples were further polished using a 0.5 pm colloidal silica solution for 20 min. Kallings
No. 2 (CuCl,—2 g, HCl—40 mL and ethanol—40-80 mL) etchant, which can remove v,
was used for 10 s for quantification of v’

A detailed microstructural study was carried out using a MEF 3 inverted stage op-
tical microscope (OM) and a series of electron microscopes, including a Carl Zeiss (Leo)
1530 VP field emission gun scanning electron microscope (FEG-SEM) and an FEI F20 Tecnai
field emission gun transmission electron microscope (FEG-TEM). Both microscopes were
equipped with Oxford Instruments energy-dispersive X-ray spectrometers (EDS).

When using FEG-SEM, backscatter electron imaging (BSE) was used to show different
phases in polished samples due to its atomic weight contrast. Secondary electron (SE)
imaging was used for quantification of vy’ in etched samples due to the major surface
morphology contrast. Both imaging modes were used at an accelerating voltage of 10 kV
for optimized spatial resolution. Spectra were collected with a 20 kV accelerating voltage
when using FEG-SEM and a 200 keV accelerating voltage when using FEG-TEM.

TEM samples were prepared with a thickness of 100 nm by focused ion beam (FIB)
machining using an FEINova Nanolab 600 dual beam system. Diffraction patterns of
different precipitates were collected by a JEOL 2000FX TEM.

Quantification of various microstructural features was performed by image analysis
on the micrographs of the features of interest using Image ] software. For each precipitate,
20 random micrographs were collected.

2.4. Hardness Test

The hardness values of the as-cast sample and all the heat-treated samples were
measured using a 10 kg load and a 15 s dwell time by a Mitutoyo HM-123 Vickers Hard-
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ness machine. 15 random values were recorded for each sample and the average value
was taken.

3. Results and Discussion
3.1. Thermodynamic Calculations

The calculated equilibrium phase diagram and solidification sequence of Haynes
282 are illustrated in Figure 2a,b, respectively. Liquid, v, v’, MX, M3C¢, M¢C, M3B; and
1 phase were predicted both in the equilibrium state and during solidification. During
solidification, the first solid to form from the liquid was in the form of v dendrites. During
continuous cooling, v dendrites continued to form, and a series of compositions was
observed due to segregation during solidification. At the same time, solute elements with a
partition coefficient k > 1 were rejected into the interdendritic liquid at the dendrite/liquid
interface. Continued solute enrichment in the interdendritic liquid could have caused the
solubility limit of the primary v to be exceeded, and consequently, secondary solidification
constituents were formed between the dendrites.

Liquid
n 10% 5 LIS

a

S e
Liquid 2 % 10" 4
a5
101_ | .=
< 5 10°5
a3z
o Q
o 510"
f=)]
10° s
2
§ 2107
T D,
N o 107
10 o E
82 g
= 107 +
10* T T T T T | 10° it T T — T 1 f T T T ]
400 600 800 1000 1200 1400 1600 1100 1150 1200 1250 1300 1350 1400
Temperature (°C) Temperature {°C)
(a) (b)
Mo. Cr c S g
107 —_ ) =
w Mo = c 0.74
b Ti —— Nb £:2 m —C
102 —Al &g - —Cr
o= — Mo
——N 3] 0.5
| i E =2 —Nb
107 : L 2 g4l —N
Go e @ —Ti
¢ = 2 £ o) =
-4 | e [\ 3
10 B 2° o024
©
@ i
© 0.0 =
8 = T T T T T
10 T T T T T 1150 1200 1250 1300 1350
1150 1200 1250 1300 1350

Temperalure (°C)

Temperature {(°C)

(c)

Figure 2. Thermodynamic predictions: (a) equilibrium state phase diagram, (b) solidification sequence, (c) element
distribution in liquid during solidification, and (d) composition of predicted MX during solidification.

(d)

Figure 2c illustrates the predicted segregation profile of different elements in the liquid
during solidification. According to the value of the partition coefficient (k), all elements
can be grouped into three categories:

e  Elements which do not segregate in liquid (k~1): Ni, Cr, Co and C
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e Positively segregated elements in liquid (k > 1): Nb, B, Mo and Ti
e Negatively segregated elements in liquid (k < 1): N and Al

The positively segregated elements result in precipitates in the interdendritic regions
and the negatively segregated elements result in precipitates in the dendritic regions.

From Figure 2b, it can be seen that there were two stages of MX precipitates. The
composition of MX during solidification was also calculated and is shown in Figure 2d. As
shown in Figure 2d, MX precipitates formed during solidification can be grouped into two
types: Ti-rich carbo-nitrides formed above 1270 °C, and Ti, Mo-rich carbides formed below
1270 °C.

3.2. Microstructural Analysis of the As-Cast Sample

Figure 3 shows an overview OM micrograph of the AC Haynes 282; a large grain size
in the mm range and a dendritic structure with precipitates in the interdendritic regions
were found. These interdendritic precipitates were MX and could be grouped into two
types: randomly distributed MX and blocky grain boundary MX. These two types of MX
have been previously identified [15]; the randomly distributed MX consisted of Ti-rich
nitrides with an FCC structure and a lattice parameter of 0.425 nm, while the blocky grain
boundary MX was Ti, Mo-rich carbides with an FCC structure and a lattice parameter
of 0.432 nm. The increase in lattice parameter of the (Ti, Mo) C was caused by large
substitutional atoms, Mo substituting for Ti.

Dendrite

Precipitates in
interdendritic region

Figure 3. Microstructural overview of the AC sample. From left to right: an overview of huge grains and dendrites;
interdendritic precipitates; randomly distributed MX precipitates and blocky grain boundary MX precipitates. The inserted

image is a micrograph of y’.

Star morphology precipitates were found homogeneously distributed in the y matrix
as shown in the inserted image in Figure 3. A TEM micrograph and a superlattice diffraction
pattern with y matrix (shown in Figure 4a) indicated that the star precipitates were y’
particles. TEM-EDS spectra (Figure 4b) showed that the y” particles were Ni, Al and Ti-rich.

From the image of blocky grain boundary MX in Figure 3, it can also be seen that the
grain boundary was fully covered by small precipitates. A highlighted TEM micrograph of
these precipitates is shown in Figure 5a, in which dark and bright precipitates can be seen.
The EDS maps in Figure 5b show that the dark precipitates were Cr-rich carbides, and
the white precipitate were Mo-rich particles without C. Diffraction patterns of the white
and dark precipitates are illustrated in Figure 5c and d respectively; they proved that the
white precipitate was p phase with a rhombohedral lattice parameter of a = 0.47 nm and
¢ = 2.56 nm, and the dark precipitate was M»3C¢ phase with a lattice parameter of 1.06 nm.
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Figure 4. Phase identification of y" precipitates: (a) a TEM micrograph of v’; (b) a superlattice
diffraction pattern of v’ and (c) compared EDS spectra of the y matrix and the y’ particle.

C} (@

Figure 5. Identification of grain boundary precipitates: (a) a micrograph showing white and dark
precipitates on a grain boundary, (b) EDS maps showing the white precipitate and the dark precipitate,
(c) diffraction of the white precipitate and (d) diffraction pattern of the dark precipitate.

Therefore, the microstructure of the as-cast condition had two types of MX, vy’ particles,
grain boundary M3Cg, and p phase. It was a combination of the equilibrium prediction
(Figure 2a) and the solidification prediction (Figure 2b). MgC was not found on the grain
boundary in the as-cast condition because of the slow precipitation kinetics of MgC [16].
During solidification, Cr atoms at the grain boundary combined with C atoms to form
M,3Cq phase; due to the sluggish MgC precipitation, the grain boundary was dominated
by My3Cg precipitates, and Mo atoms segregated to the grain boundaries to form p phase
due to insufficient C content. No Mo-rich borides which were previously found in wrought
Haynes 282 [19] were found in the as-cast condition. This result is also supported by [16].
The authors stated that the absence of Mo-rich borides could be explained by its very small
size and volume fraction.

3.3. Microstructural Evolution of MX in a Long-Term Aging Condition
3.3.1. Change of MX

Figure 6 illustrates the microstructure of MX precipitates after ST, SA and IA for
up to 10,000 h. The MX precipitates kept morphology stable with a slight size increase
during isothermal aging at 788 °C for up to 10,000 h. The sizes of the MX precipitates were
quantified: 4.9 £ 4.0 um in the AC sample and 6.4 &= 5.0 um in the IA10000 sample.
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1A1000

1A10000

Figure 6. Micrographs of MX in different heat-treated samples.

However, as shown in Figure 6, some white precipitates formed around the MX during
isothermal aging. The composition of MX precipitates was quantified for the AC sample
and the IA10000 samples, as illustrated in Figure 7a,b respectively. There were two types
of MX precipitates: TiN and (Ti, Mo) C. The (Ti, Mo) C precipitates in the AC sample had a
more scattered chemical composition distribution than those in the IA10000 sample. This
result demonstrated that, in the IA10000 sample, MX precipitates had less Mo content than
in the AC sample. There are two possible reasons for this phenomenon:

e  MX decomposition;
e Mo diffusing out from the MX to form other phases.

Mo (At %) Mo (At%)

0

100

(a) (b)

Figure 7. Compositional quantification of MX: (a) AC sample and (b) IA10000 sample.

Since the size of the MX in the IA10000 sample was larger than that in the AC sample,
the reduced content of Mo in the IA10000 sample has not been attributed to MX decom-
position. Micrographs in Figure 6 were taken in backscatter mode; elements with a larger
atomic number will be brighter under contrast. From the ST image in Figure 6, it can be
seen that there were two regions in the MX precipitate and that the middle region was
darker than the edge region. This result indicated that the element in the middle region
was lighter than that in the edge region. Therefore, the middle region was more Ti-rich and
the edge region was more Mo-rich. However, as seen in the IA images in Figure 6, it was
difficult to find two regions in the MX precipitates, while there were white precipitates
formed around MX. These results indicated that the Mo element diffused out from MX to
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form other phases during isothermal aging. Therefore, it was the diffusion of Mo from the
MX particle to form other phases that accounted for the reduction of Mo in the MX in the
IA10000 sample.

3.3.2. Stability of MX

The thermodynamic calculations in Figure 2d demonstrate why MX precipitates are
stable with a large size. It can be clearly seen that the first formed MX was Ti-rich carbon-
nitride above 1270 °C, and the following formed MX was Ti, Mo-rich carbide. The high
satiability of MX can be attributed to its formation mechanism.

As shown in Figure 6, there were very dark holes in contrast in the MX. A FIB lift-out
TEM sample was done for an MX particle, and small inclusions were found inside the
MX particle with white contrast in a TEM bright field micrograph (Figure 8a). An EDS
line-scan across the white part of the MX (Figure 8b) showed that the white part was an
MgO impurity. This result indicated that the MgO acted as a nucleation site for the MX
particle and thus it could easily be formed at random, as shown in Figures 3 and 6. This
was also supported by Matysial [7], who reported that the formation of TiN was associated
with nonmetallic impurities.

W
754

70;:

20 WrrmAl At s At M AT

104

Weight precentage (wt.%)

0.0 0.1 02 0.3 04
Distance (um)

(b)

L

AT A TR ATSTN I TR

Figure 8. (a) TEM micrograph of a TiN; (b) TEM-EDS line-scan analysis showing MgO impurity inside the TiN; and (c,d) a
low and high magnification micrograph showing that the TiN is very sensitive to stress.
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Although MX remained stable during the isothermal aging treatment, it did not have
a significant strengthening effect because of its large size in 5um scale. Furthermore, the
TiN particles were very brittle and sensitive to stress, as shown in Figure 8c,d, where cracks
were formed in a TiN particle after a 0.2 kg indent was applied. From tensile tests of cast
Haynes 282, Kim et al. [6] found that large particles and heterogeneous microstructure
between dendritic and interdendritic regions caused earlier crack formation and led to
brittle fractures in cast Haynes 282. Therefore, vacuum casting and careful deoxidation
processes could be beneficial to the mechanical properties of the alloy, because they can
inhibit the formation of large size Ti-rich MX. In addition, since v particles are the major
strengthening phase in Ni-based superalloys, it would also be helpful (from a strengthening
point of view) to reduce Ti-rich MX, because it consumes Ti which forms y’.

3.4. Microstructural Evolution of Grain Boundary Precipitates in A Long-Term Aging Condition

Figure 9 shows micrographs of grain boundary precipitates after ST, FA and SA
treatments. After ST, the grain boundary precipitates shown in Figure 5a were dissolved.
After FA, the grain boundaries were decorated by white precipitates, around which there
were round dark particles, as shown in Figure 9a. EDS spectrum and diffraction patterns
(Figure 9b) showed that the white phases were Mo-rich MgC. After SA, some grey pre-
cipitates were found on the gap of M¢C phases on the grain boundaries, as shown in
Figure 9a. They were proven to be Cr-rich M3C4 according to the EDS spectrum and the
diffraction pattern (Figure 9c). These results were all in agreement with the thermody-
namic calculations shown in Figure 2a; at 1010 °C (the FA temperature), MgC phase was
predicted to be formed, and the M,3C4 phase was predicted to be precipitated at 788 °C
(the SA temperature).

Figure 9. (a) Micrographs of grain boundary precipitates in ST, FA, SA condition; (b) EDS spectra
and a diffraction pattern of white precipitate in FA sample; (c) EDS spectra and a diffraction pattern
of dark precipitate in SA sample.

Therefore, after the standard heat treatment, grain boundaries in AC Haynes 282 were
100% covered by discrete MgC and Mp3Cq precipitates. In general, three morphologies of
grain boundary precipitates were found in Haynes 282: filmlike, brick wall, and discrete
precipitates [16,20]. Vattappara et al. and Joseph et al. [16,21] studied the effect of aging
temperature on grain boundary morphology. They found that, with increasing aging
temperatures—from below 650 °C to 1050 °C—grain boundary morphology changed from
a continuous film (650-750 °C) to a brick wall structure (750-950 °C) and finally to discrete
precipitates (above 1000 °C). It has been reported that the brick wall grain boundary
structure can reduce ductility by 50% compared to discrete precipitate structure [16].
Therefore, from a perspective that focuses on grain boundary precipitate morphology, cast
Haynes 282 has good properties.
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Figure 10 shows micrographs of grain boundary precipitates during isothermal aging.
The grain boundaries were still covered by discrete precipitates and the morphology did
not exhibit much change. This was also supported by the findings of [16]; they reported
that, with increasing aging time, discrete precipitate morphology showed little change, only
growth and coarsening of carbides. Because 100% of the grain boundaries were covered
after SA (as shown in Figure 9a), there was no room during IA treatment for all precipitates
to grow. Table 3 illustrates the quantified size of the grain boundaries of M3C¢ and M¢C
precipitates during IA. The size of M3C¢ remained at 0.5 um while the MgC grew from
0.5 to 1.3 um during IA for up to 10,000 h. The growth of MgC during isothermal aging is
caused by the merging of 2-3 M¢C precipitates, as illustrated in Figure 10.

IA1000

IA5000 IA10000

Figure 10. Micrographs of grain boundary precipitates in different isothermal aged samples.

Table 3. Quantified size of M3C¢ in H282 after aging at 788 °C.

Aging Time (Hour) 15 1000 5000 10,000
Size of Mp3Cg (um) 0.51 £+ 0.05 0.60 & 0.09 0.56 +0.28 0.55+0.33
Size of MgC (um) 0.64 £0.26 0.87 £0.48 1.25+0.28 1.35+0.72

Kim et al. [6] found that the creep properties of cast and wrought Haynes 282 were
similar and that the creep failure mechanisms in both were the same as well, mainly caused
by grain boundary diffusion and sliding. In general, creep failure is caused by Cr-rich
carbides at grain boundaries acting as initiation sites for creep cavities. Then, cavities
propagate by interconnection [21]. In cast Haynes 282, Cr-rich carbides are separated by
large My C carbides and thus, once isothermal cavities are formed on Cr-rich M3Cg, they
cannot easily connect each other to form grain boundary cracks. Because of this, cast
Haynes 282 has good creep resistance.

As shown in Figure 10, no u phase—which is known to have brittle performance—was
found along grain boundaries. Similar results were found in [16,22] where no sigma and p
phases were observed during long-term thermal exposure. This may also help explain why
cast Haynes 282 has good creep properties [4,6].

The dark spherical particles found after FA treatment (Figure 9a) were v’ particles.
A TEM line-scan (Figure 11) across a grain boundary of the SA sample showed that the
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phases from left to right were: Ni, Cr and Co enriched y matrix; Ni, Ti and Al enriched
v’; Ni, Si and Mo enriched MgC; Cr enriched M3Cg; Ni, Ti and Al enriched y’; and Nj,
Cr and Co enriched y matrix. This result indicated that the grain boundary precipitates
were in v’ envelopes. This phenomenon is common in Ni-base superalloys, as stated
in [22]. It is rationalized in the following way: after the ST, nearly all precipitates (except
MX) are dissolved in the supersaturated matrix. During the FA treatment, Mo, Cr-rich
MqC precipitated out on the grain boundary and left the matrix near the grain boundary
enriched in Ni, Ti and Al. Consequently, the boundary vy’ particles formed. During the
SA treatment, Mp3Cg precipitated, consuming further Cr atoms on or between the gaps of
the MgC particles. The formation of the y’-enveloped grain boundary precipitates can be
concluded as:

v +(C") =MeC + v )

Y + MGC + (C”) —>M6C + M23C6 + ‘Y' (2)

90+
g o —
: 704 — S
= —_Ti
[ 60 —Cr
8 )] —Fe
[ —cCo
8 a0 i |
2 ]
= [ "/
.g’ 204
; 104 o

0 ]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Distance (pm)

(a) (b)

Figure 11. Grain boundary precipitates after SA: (a) TEM micrograph and (b) TEM-EDS line-scan cross the boundary.

3.5. Microstructural Evolution of Gamma Prime in a Long-Term Aging Condition
3.5.1. Coarsening of 'y’ Particles

Homogeneous v’ particles precipitated after the SA treatment (Figures 9a and 11a),
then grew and coarsened during the IA treatment at 788 °C, as shown in Figure 12.

IA1000

IA10000

Figure 12. Micrographs of v’ particles in different isothermal aging samples.
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Figure 13a,b illustrates quantification of area percentage and size of y’ particles,
respectively. As shown, it was assumed that after 1000 h, the area percentage of v’ particles
was constant, at about 16 & 2.0%. The value agreed with the predicted data—17.3 wt.%
at 788 °C (Figure 2a). During isothermal aging, v’ particles first reach equilibrium, a state
in which the area percentage will not increase, and then undergo a coarsening process.
Comparing the area percentage of y” particles, we concluded that the equilibrium state
was reached at a point between 100 and 1000 h. This finding was in agreement with the
results of Alexandratou et al. [23], which stated that y’ particles were coarsened after aging

at 760 °C for 1000 h.
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Figure 13. Bimodally distributed v’ particles” diameters: (a) quantified area percentage of v’ particles; (b) quantified size of
v’ particles; (c) a quantification plot of vy’ size with time below 1000 h, and (d) a quantification plot of v’ with time above
1000 h.

To calculate the time to achieve equilibrium state, the size of v’ particles before and
after coarsening (1000 h) were quantified and are illustrated in Figure 13c,d, respectively.
From Figure 13d it can be seen that the coarsening behavior of particles followed the LSW
theory [24]:

R® =Kt + Ry® 3)
where R is the average size of particles, Ry is the average radius at the onset of coarsening,
K is the coarsening rate and t is exposure time.

The linear equation of v’ size with time in Figure 13d is:

R® = 734.52t + 272,094 (4)
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Comparing Equations (3) and (4), it can be seen that:
Ro® = 272,094 (5)

Therefore, the size of vy’ particles at the onset of coarsening (Ry) are about 65 nm.
The linear equation of v’ size with time in Figure 13c is:

R3 = 1093t — 16,046 (6)

It can be calculated from equation 6 that the time when the v’ particles are 65 nm is
266 h. Figure 12 shows a micrograph of the IA300 sample, it can be seen that the v’ particles
are about 65 nm. Therefore, the time to achieve the equilibrium state for the y” particles at
788 °C is about 266 h.

v’ particles have the most significant strengthening effects of any Ni-based superal-
loy [2] and their size, morphology, and volume fraction have greater impacts on mechanical
properties than carbides [25]. From Figure 12, it can be seen that v’ particles in cast Haynes
282 were still in spherical morphology after aging for 10,000 h, which means it still has the
smallest misfit with the y matrix [22]. This leads to good strengthening effects. From this
point of view, cast Haynes 282 has good creep strength.

3.5.2. Bimodal Distribution of 'y’ Particles

As shown in Figure 13b, vy’ particles” diameters” distribution showed two obvious
peaks: one below 200 nm and the other above 200 nm, albeit with a low quantity (<3%). The
large v’ particles (>200 nm) were secondary v’ and the small v’ particles were tertiary y’.

Figure 14a illustrates a micrograph of an IA1000 sample. As shown, ther v’ particles
were bimodally distributed. It is normal to have a range of particle sizes due to differences
in the time of nucleation and rate of growth. M.P. Jackson and R.C. Reed [26] found this
bimodal distribution of v’ particles’ size in the superalloy 720Li and explained that the
distribution could have been a result of nucleation at different under-coolings during
quenching after solution treatment. However, this did not seem to be the reason for the
bimodal distribution of 'y’ particles observed in cast Haynes 282. In cast Haynes 282, the
bimodal distribution was more likely caused by the two-step aging treatment, as explained
in the following.

Secondary v’ particles were always found near grain boundaries and MX precipitates,
while the tertiary vy’ particles were homogeneously distributed in the y matrix. The
compositions of these two vy’ particles were slightly different, as illustrated in Figure 14b,
and we calculated that the atomic ration of Ti and Al of secondary vy’ particles and tertiary
v’ particles were 1.27 and 1.14, respectively. The predicted equilibrium atomic ratio of Ti
and Al is shown in Figure 14c. Compared with the measured atomic ratio of Ti and Al the
ratio at 780 °C in the equilibrium state was the same as the measured ratio of the tertiary
v’, while the ratio at 920 °C in the equilibrium state was the same as the measured ratio
of the secondary y’. These two temperatures were similar to the FA and SA temperatures.
Therefore, the tertiary v’ particles were likely formed during the SA treatment and the
secondary vy’ particles were likely formed during the FA treatment. This explains why
secondary y’ particles were found near the grain boundary after FA (Figure 9a). These
results were also in agreement with the finding of Polkowski et al. [13] that bimodal v’
particles were more likely to be formed in two-stage aging treatments.

By tracing the coarsening of v’ particles (Figure 13b), it was determined that both types
of vy’ particles were coarsened during isothermal aging. When the aging time changed from
15 to 10,000 h, the size of the secondary y’ particles changed from 200 to 500 nm, while
the size of the tertiary y’ particles changed from 50 to 200 nm. Therefore, the tertiary y’
particles coarsened much quicker than the secondary v’ particles. The different coarsening
rates of secondary and tertiary y’ particles can be explained by the reduction of Gibbs
energy, which was affected by the interfacial energy and Gibbs free energy. The lower the
Gibbs energy of the particle, the quicker the coarsening rate.
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Figure 14. Bimodally distributed y’ particles” diameters: (a) a micrograph of the IA1000 sample; (b) a quantification plot of

composition of two types y’ particles; (c) a calculated atomic ratio of Ti and Al and Gibbs energy of " particles.

During coarsening, the interfacial energy increases by increasing the diameter of a
particle. However, the Gibbs free energy may decrease due to the compositional difference.
Figure 14c shows the calculated Gibbs energy of the v’ particles in the equilibrium state.
It is obvious that the Gibbs energy at 788 °C (—2.62 x 107 J) is lower than that at 1010 °C
(—1.24 x 107 J), and this potentially explains why tertiary v’ particles show a more rapid
coarsening behavior than the secondary y’ particles.

Although there was a small fraction of secondary y’ particles caused by FA treatment,
the mechanical properties were not significantly affected. Shin et al. [27] compared the
tensile properties of Haynes 282 after 1-step and 2-step aging treatments at 750 °C; they
found that the tensile strength was similar, but the elongation of Haynes 282 after 1-step
aging was lower than that after 2-step aging. The lower ductility was probably because of
the different grain boundary precipitates, as explained in Section 3.3. Tortorelli et al. [28]
compared the creep properties of Haynes 282 after 1-step and 2-step aging treatments and
found similar creep properties. Therefore, the small fraction of secondary y” particles had
little effect on mechanical properties.

3.6. Relationship between Microstructure and Hardness

Figure 15 illustrates the hardness data of all examined samples. As shown, the AC
sample had a similar hardness to the IA15 sample. However, the area percentage of v’
particles in the AC sample was about 4 times that in the IA15 sample. In the AC sample,
the v’ particles had a star morphology—a cluster of a few vy’ particles. Conversely, there
were, on average, 50 nm spherical particles in the IA15 sample. Therefore, the size and
morphology of v’ particles both have significant effects on the strength of the alloy.
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Figure 15. Hardness data of samples in this study.

The ST sample had the lowest hardness (151 HV). This was because after the ST, all
strengthening precipitates (boundary precipitates and v’ particles) were dissolved. The
FA sample had a 40 HV higher hardness than the ST sample, and this was because of the
formation of boundary M¢C and secondary v’ particles. During SA, before the equilibrium
state (<1000 h), the hardness of the alloy had about a 120 HV increase because of the
significant increase in area percentage and the slow increase in the size of y’ particles.

Comparing the samples after aging for 1000 h when v’ particles underwent the
coarsening process, the hardness values were nearly the same, with only a 10 HV drop in
the IA10000 sample. This result was in agreement with the stable microstructural features
discussed in Section 3.3-3.5.

4. Conclusions

The microstructure of the large cast Haynes 282 studied included v, v/, two types of
MX, M3C¢ and p phases, all of which agrees with the thermodynamic calculation.

After the solution treatment, all phases except y matrix and MX were dissolved, which
resulted in the lowest hardness (150 HV). During the FA treatment, M¢C and associated
secondary y’ particles precipitated on grain boundaries and adjacent to MX, leading to
a 40 HV hardness increase. During the SA treatment, spherical tertiary 'y’ particles were
precipitated, causing a 120 HV increase in hardness until the equilibrium state was reached.
The equilibrium state was achieved after 266 h aging at 788 °C, at which point the v’
particles began coarsening while the hardness remained in a stable state.

MX showed few morphology changes during isothermal aging at 788 °C. The grain
boundary was 100% covered by discrete precipitates and the morphology remained stable
during isothermal aging, while M¢C increased in size by merging with each other. The y’
particles were still in spherical morphology, with the smallest misfit with y after isothermal
aging at 788 °C for 100,000 h. No presence of the needle u phase could be found at grain
boundaries up to 10,000 h, in combination with a good thermal stability of y” particles, MX
and grain boundary precipitates. All of this indicated that Haynes 282 could have high
thermal stability and good creep properties.
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