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Abstract

Grain growth, mechanical properties, and fracture mechanism of nickel-based
GHA4099 superalloy are investigated using heat treatments, tensile tests, opti-
cal microscopy (OM), and scanning electron microscopy (SEM) with energy
dispersive X-ray spectroscopy (EDS). The OM observation shows that the
matrix grains (y-grains) undergo an apparent growth during the solution
treatment. The grain size diameter increases from 100 to 174 pm when the
solution temperature rises from 1100°C to 1160°C for 30 min. When the hold-
ing time increases from 15 to 60 min at 1140°C, the grain size diameter in-
creases from 140 to 176 pm, indicating that the y-grain growth is more sensi-
tive to temperature than time. Standard deviation, S, and the grain size dis-
tribution are utilized to characterize the microstructural uniformity. To pre-
dict the grain size more accurately, we develop the grain growth kinetics and
find that the growth index is close to 5. The yield strength (Ry.), tensile
strength (Rn), and ductility (Af) are also measured. It is found that the effect
decreases in the order cooling rate, solution temperature, time. Ry, reduces
by 47% with the increase in the cooling rate from 1°C to 8000°C/min, while
both strength and ductility exhibit little changes with time. The SEM results
show that the fracture surfaces have typical mixed brittle and ductile charac-
teristics when specimens are subjected to water quenching and air cooling.
However, a complete brittle fracture occurs under furnace cooling conditions.
The EDS analysis indicates that the brittle y' (Ni;Ti) phase precipitates around
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the y-grain boundary during the slow cooling process, which is the main fac-
tor yielding the complete brittle fracture. Finally, the optimal solution treat-
ment scheme for the GH4099 superalloy is proposed—a temperature of 1140°C
for 30 min followed by air cooling.

Keywords

Microstructural Evolution, Mechanical Properties, Fracture Mechanism,
GH4099 Nickel-Based Superalloy

1. Introduction

GH4099 is a typical nickel-based superalloy, which is strengthened mainly by a
solid solution of chromium (Cr), tungsten (W), molybdenum (Mo), and cobalt
(Co), and second phase precipitation of y' (Nis(Al, Ti)), y" (NiNb), § (NiNb),
Laves phase, and carbides [1] [2]. GH4099 superalloy exhibits good high-tem-
perature strength, excellent corrosion resistance, and high oxidation resistance.
It has been widely used in aerospace engineering and thermal and nuclear power
generation to manufacture structural components, such as turbine disks, blades,
and engine shafts [2] [3].

As already well established, the mechanical properties of nickel-based supe-
ralloys are strongly dependent on their final microstructures, where fine and
uniform microstructures are especially beneficial for the improvement of fatigue
resistance and mechanical strength [4] [5] [6] [7]. In general, hot working and
subsequent heat treatments effectively enhance nickel-based superalloys’ micro-
structural and mechanical properties [8].

Different microstructural evolution mechanisms, such as work hardening,
dynamic recovery, and recrystallization, may occur during hot working, which
have a significant effect on the final microstructures [9]. After hot working, an
appropriate heat treatment scheme is necessary to induce microstructural changes,
improve the mechanical properties, and remove the residual stress and micro-
defects [5]. However, final microstructures may be altered and deteriorated if the
heat treatments are not properly selected. For instance, when a nickel-based su-
peralloy was solution-treated at a relatively high temperature, the y, y' phase and
carbides may precipitate, and microstructural coarsening may occur, largely en-
hancing the strength and reducing the ductility and creep properties [10]. Moreo-
ver, the 8- and Laves phases can precipitate around grain boundaries of the ma-
trix during a slow cooling stage, yielding micro-defects that act as crack nuclea-
tion sites. Therefore, it is necessary to investigate the microstructural evolution
and mechanical properties of nickel-based superalloys under different heat treat-
ments to obtain desired microstructures and properties of the nickel-based su-
peralloy parts.

Many studies were performed to assess the microstructural evolution and me-

chanical properties of typical nickel-based superalloys. Mahboobeh et al [11]
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studied the effect of the solution treatment on creep properties of Inconel-713C
superalloy and found that the solution treatment at 1200°C for 1 h decreased
creep rupture, while the effect is negligible in the case of aging at 930°C for 16 h
due to the precipitation of NbC carbides and the coarsening of y' particles. Zhao
et al. [12] investigated the coarsening and age-hardening behavior of a novel
nickel-based superalloy and showed that the alloy’s microhardness decreased
significantly with the aging temperature. Ceena et al [8] explored the microstruc-
tural evolution and mechanical properties of Haynes 282 superalloy subjected to
different heat treatments and determined good room temperature strength and
ductility obtained by a standard two-step aging because of the presence of fine-
grain boundary carbides and intragranular y' phase. In contrast, the strength and
ductility were significantly reduced upon the solution treatment at 1120°C because
of interconnected grain boundary carbides and coarse intragranular y' phase. Chen
et al. [13] reported that an annealing treatment could effectively improve the mi-
crostructural homogeneity due to the static recrystallization. Masoumi et a/. [14]
determined the kinetics of y' size and volume fraction of an advanced nickel-based
superalloy AD730™ during solution treatment. The authors disclosed the under-
lying mechanisms and developed a model to describe the dissolution and coarsen-
ing processes. Mostafaei et al. [15] studied the effect of solution and aging treat-
ments on the microstructural and mechanical properties of a nickel-based supe-
ralloy. They showed that intermetallic phases, such as NizNb and Ni,(Cr, Mo), and
carbides, such as NbC and CryCs, could form during the aging stage, simulta-
neously increasing micro-hardness and tensile strength and decreasing ductility.

Although many studies have been conducted to investigate the microstructur-
al evolution and mechanical properties of nickel-based superalloys during heat
treatments, the effect of solution conditions on the microstructural evolution,
mechanical properties, and fracture mechanism of a GH4099 superalloy was not
investigated in detail. Particularly, the intrinsic relationship between solution treat-
ments, microstructural evolution, mechanical properties, and fracture mechan-
ism is still elusive.

In this study, the solution treatments of a GH4099 superalloy at different tem-
peratures, times, and cooling rates were conducted, followed by uniaxial tensile
tests. The microstructural evolution was characterized by optical microscopy
(OM). The formed precipitates were analyzed by energy-dispersive X-ray spec-
troscopy (EDS), while the fracture surface was examined using scanning elec-
tron microscopy (SEM). The mechanical properties, such as yield strength, ten-
sile strength, and failure elongation, were determined. The effect of solution con-
ditions on the microstructural evolution, mechanical properties, and fracture me-
chanism was discussed, and the optimum solution temperature, holding time, and
cooling method of the GH4099 superalloy were identified. This study aims to
provide an experimental basis for optimizing heat treatment schemes toward de-
sired microstructures and final properties for thin-walled complex components
of GH4099 superalloy.
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2. Materials and Experiments

GH4099 superalloy (Manufactured By WST) used in the present work consisted
(in wt%) of 0.06 carbon (C), 18.5 chromium (Cr), 4.0 molybdenum (Mo), 7.0
cobalt (Co), 6.0 tungsten (W), 2.3 aluminum (Al), 1.16 titanium (Ti), 0.14 other
elements, and the nickel balance.

The GH4099 superalloy was subjected to various solution treatments followed
by different cooling methods to assess the microstructural evolution. Detailed
solution treatment procedures are shown in Table 1. After the solution treat-
ments, standard tensile specimens, Figure 1, were cut from the solution-treated
material using electrical discharge machining. The tensile tests were conducted
on an MTS810 machine according to GR/T 228-2002 standard. Yield strength
(Rp2), tensile strength (R,), and failure elongation (As) were determined. Two
specimens were adopted to evaluate the properties for all solution conditions.

The microstructural evolution was examined using an OLYMPUS/PMGS3 opti-
cal microscope. Metallographic samples were mechanically polished according
to metallographic procedures and chemically etched with a solution of 5.0 ml
H,SO4 + 80 ml H,O + 150 ml HCI + 20 g CuSO,4-5H,0, of those reagents are of
analytical grade and deionized water. The fractography was performed using a
Zeiss Sigma500 scanning electron microscope to identify the fracture mechan-
ism of the GH4099 superalloy. The EDS analysis was used to characterize the

precipitates at the grain boundaries.

Figure 1. Schematic drawing of tensile specimen (Units: mm).

Table 1. Aging treatment procedures.

Temperature Time (min)
0 15 30 45 60
1100 y N N N
1120 «/ N N N
1140 v N N N
1160 y N N N
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3. Results and Discussion

3.1. Microstructural Evolution

The initial microstructure of the GH4099 superalloy before the solution treat-
ment is shown in Figure 2. The microstructure is homogeneous, with a grain
diameter of approximately 30 um.

The GH4099 superalloy was solution-treated at temperatures from 1100°C to
1160°C for 30 min, followed by air cooling. At the holding stage, the size and
distribution of the y-phase grains change with time, which can directly deter-
mine the mechanical properties of superalloy. Thus, it is important to investigate
the microstructural evolution under different solution treatments [14]. The opt-
ical micrographs of the material, Figures 3(a)-(d), indicate that the microstruc-
ture is very sensitive to solution temperature. Comparing to the initial structure,
the microstructure becomes coarse, e, the grains grow rapidly at higher solu-
tion treatment temperatures. The grain size increases from 100 pm at 1100°C
to 174 um at 1160°C. Some small grains are locally dispersed along the grain
boundaries, and they become increasingly small until they disappear, indicating
that relatively large grains grow at the cost of these small grains. When the solu-
tion temperature increases to 1120°C (Figure 3(b)), the size of matrix grains
becomes large. However, the grain size varies little with a further time increase
(Figure 3(c) and Figure 3(d)), indicating that the growth rate is slow at a fairly
high temperature. This tendency has also been observed in the work of Chen et
al [5].

The fraction of grains with a size smaller than 10 or 200 pm decreases gradu-
ally with temperature, and the grain size becomes nearly equal to the average
value. The microstructures become increasingly uniform with temperature. It is
generally considered that grain growth is a thermal activation process controlled

by atom diffusion. The grain growth process can be described as follows:
Ar = VAt (1)

where Aris the increment of diameter during A¢# vis grain boundary migration

that can be written as follows:

Figure 2. Initial microstructure of the GH4099 superalloy before the solution treatment.
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Figure 3. Microstructural evolution of the GH4099 superalloy solution-treated at tem-
peratures of (a) 1100, (b) 1120, (c) 1140, and (d) 1140 for 30 min.

v=M0exp(—%|f‘)P (2)

where M, and kg are material constants, Q. is the apparent activation energy of
grain boundary migration, and Pis the driving force for grain growth. Equation
(2) implies that high annealing temperatures can promote the grain boundary
migration rate. Thus, the grains become noticeably coarse at relatively high an-
nealing temperatures. Figure 4 shows the microstructural evolution of the GH4099
superalloy solution treated at 1140°C for different times. The grain size does not
change significantly compared to that in Figure 3. The average grain diameter
increases from 140 to 176 pum for a time interval from 15 to 60 min at 1140°C,
respectively.

The variation of microstructure uniformity (MU) with the solution treatment
time is depicted in Figure 5. The MU is represented by the standard deviation

N _
(S, = %Z(di —d)2 ) of the average y-phase grain size. Figure 5(a) shows
i1

that the MU decreases when the time is less than 45 min, but it begins to in-
crease at longer times, indicating that the microstructure becomes nonuniform,
so coarsening or abnormal grain growth takes place. Apparently, large grains
appear in Figures 3(b)-(d). Figure 5(b) shows the MU variation with tempera-
ture, Ze., it decreases rapidly with a temperature increase from 1100°C to 1120°C
but remains almost constant with a further temperature increase.

The size distribution (G(d)) of the y-phase grains under different solution
conditions is shown in Figure 6 and Figure 7 where G(d) = Md, Ad)/ N, d is

the individual grain diameter, and M d, Ad) represents the number of the grains
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Figure 4. Microstructural evolution of the GH4099 superalloy solution-treated at 1140°C
for (a) 15, (b) 30, (c) 45, and (d) 60 min.

3 [
030r 0.40+ <\
N 1140°C \ Holding time: 30 min
0.35F
0.25¢ \
. .
t |% 0.30
@o.zo- o > \
“ N S 0.25 \
0151 o R g — -
0.20
0.10—% 30 35 0 1100 1120 1140 1160
Time (min) Temperature (°C)
(a) (b)

Figure 5. Variation of microstructural uniformity with (a) solution time and (b) temper-
ature.

in a range of d + Ad with Ad = 20. The size distribution is sensitive to solution
time. In Figure 7(a), the fraction of grains with the size in a range of 140 - 200
mm is very small. The fraction of large grains and the average grain size increase
with solution time, as shown in Figure 7(b). Figure 7(c) and Figure 7(d) represent
the grain size distribution at a solution time of 30, 45 and 60 min, respectively.
The microstructure becomes more uniform, and the fraction of grains with a

size close to the average value is large.

3.2. Grain Growth Kinetics

The main theoretical approach to modeling grain coarsening or Ostwald ripen-
ing was developed by Lifshitz and Slozov [16] and Wagner [17] (LSW theory),
who predicted that the average grain radius r increases with time ¢ according to

the following relationship:
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Figure 6. Grain size distribution of y-phase at (a) 1100°C, (b) 1120°C, (c) 1140°C, and
(d) 1160°C for 30 min.
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where r and r, are the average grain radius and the initial value, respectively.
Kyrow is coarsening rate constant, K, is material constant, R is gas constant, and 7'
is the absolute temperature. n is the coarsening index, representing different
coarsening mechanisms. The parameter n can be 5, 4, 3, or 2 depending on
the coarsening mechanism: diffusion via dislocation cores (1 = 5), along grain
boundaries (22 = 4), through the lattice (2 = 3), or across a particle-matrix inter-
face (n=2) [18] [19] [20]. The 12 value needs to be determined experimentally to
investigate the coarsening mechanism of the GH4099 superalloy. The n at dif-
ferent temperatures could be deduced by plotting the functional form of r" —r;
vs. tfor various values of n, as shown in Figure 8. At 1100°C, when nis equal to
5 (see Figure 8(a)), the fitting curve is close to being a line; moreover, the corre-
lation coefficient (COE) and slope error of the fitting line are 0.998% and 2.1%,
respectively, which means that the value of n = 5 could satisfy a linear relation-
ship. Similarly, at 1120°C (Figure 8(b)), 1140°C (Figure 8(c)) and 1160°C
(Figure 8(d)), the values of nare close to 5.2, 5.2, and 5.1, respectively, assuming
a linear relationship between r" —r;' and ¢

The n value at temperatures from 1100°C to 1160°C is close to 5. Thus, the
grain coarsening process of the GH4099 superalloy is considered to be con-
trolled by solute diffusion through the dislocation cores. According to Equation
(3), the value K, exp(—Q,,/RT) is equal to the slope of the fitting line, and the
Q. value is assumed to be the same at these temperatures. Thus, Q.. can be de-
duced as 311.7 kJ/mol. The calculated value is higher than the reported activa-
tion energies for the y' coarsening in a Ni matrix (240 - 270 kJ/mol) [12] [14]
[18].

1.0} 10F /
B R g~ o
o o sy
08 o 3~ COE=0.998 08r 5 o 4 COE=0.9%
=] S
06l A - 06l A e
3 Vel 3 v
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04} O n=2 S04} A O n=2
A 1100°C A n:i //,,, 1120c| & n=3
o2l v v n 02l % v n=4
g < n=5 2o < n=5
fitting line of n=5 —— fitting line of n=5
00 1 1 T T OO 1 1
15 30 45 60 15 30 45 60
Time (min) Time (min)
(a) (b)
10l P < 1.0+ P 28
S A
08l o o e 08f O Q " CcoE=0.997
A " COE=0.983
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Figure 8. Linear relationship between I'" —I; and ¢at temperatures of (a) 1100°C, (b)
1120°C, (c) 1140°C, and (d) 1160°C.
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3.3. Mechanical Properties

The mechanical properties of the GH4099 superalloy solution-treated at differ-
ent conditions were tested, and the corresponding values, such as Ry, Rn and
Ay, are listed in Table 2. The solution temperature has a significant effect on
strength and ductility. The strength (Ry. and R.) decreases with the solution
temperature, while ductility exhibits an opposite trend. The Ry, value decreases
from 399 to 298 MPa with an increase in solution temperature from 1100°C to
1160°C, Ry, decreases from 863 to 743 MPa, while A;increases from 58% to 73%,
as shown in Figure 9(a).

Many factors may contribute to the strength reduction during the solution
treatment. They include dislocation annihilation, y-grain growth, y' coarsening,
and an increase in solid solubility. In this study, there is no deformation before
or after the heat treatment. Thus, no dislocations are produced in the GH4099
samples, so the effect of dislocation annihilation on the strength reduction is

S

200 — 1100 C
—-O— 1120 C
100 —A— 1140 C
—7 1160 C

0 T T T
15 30 45 60
Time (min)

500 - 0.72 1 g
~ 0.66
(=9
Z 400 .
“ -
= 0.60F — 15 min;
—0O— 30 min
300
o541 73 —A— 45 min;
: —7— 60 min;
1100 1120 1140 1160 1100 1120 1140 1160
Temperature (C) Temperature (‘C)
(a)
900 D\E/G/D 0.7r A\A\A\A
il O\O/O/O |
€ A\A—M 0.6
= -
s0f L VT %
7 1100 C 0.5 —{3- 1100 C
-0 1120 C ) ~O- 1120 C
600 A 1140 C —A— 1140 C
—7— 1160 C —7= 1160 C
I 1 1 1 0 4 1 1 L 1
500 20 r 50 15 30 15 60
Time (min) Time (min)
(b)
1.0
()
2.8t
<
==
[}
> ~
0.6}
=
(o)
==
0.4
0.2

furnace water

air
Cooling method

(0)

Figure 9. Variation of strength and ductility with (a) solution temperature, (b) time, and (c) cooling method.
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Table 2. Tensile properties (Rpo2/Rn/Ar) of GH4099 at different temperatures and times
followed by air cooling.

Temperature Time (min)
("0 15 30 45 60
1100 465/940/55% 399/863/58% 407/883/56% 514/965/52%
1120 353/823/61% 330/790/70% 355/827/55% 393/871/53%
1140 316/774/73.5% 298/742/73% 298/742/69% 301/733/67.5
1160 280/728/65% 284/743/69.5% 268/714/63% 267/709/61.5

negligible. The grain sizes of g and y' phases increase with the solution tempera-

ture. The effect of

— ky
0=0,+——= (4)

Ja.

where s is the yield strength of a single crystal, &; is the Hall-Petch coefficient (a
value of 750 MPa mm'"? used in many works for nickel-based superalloy) [21]
[22], and dn is the average grain diameter. Thus, the stress reduction caused by

grain growth can be expressed as follows:

1 1
K| 42| (T,>T) 5)
|k, ydals

where Aoggs is the stress reduction, dm| and dm| are average sizes at so-
T T

AOggs =

lution temperatures of 7; and 7j, respectively. The average grain diameter in-
creases from 100 to 174 um when the solution temperature increases from 1100°C
to 1160°C, so the yield strength reduction is calculated to be about 40 MPa. The
Hall-Petch effect contribution to the total reduction of Ry, is 40%. The variation
of solid solubility with solution temperature has a significant effect on strength
reduction. At 1100°C, the solid solubility of W, Mo, and Co is relatively low,
causing a severe lattice distortion of y-phase and resulting in significant solid-
solution strengthening. Thus, the values of Ry, and Ry are relatively high. The
solid solubility of these elements in the y-matrix increases with the solution tem-
perature. As a result, the lattice distortion is weaker, and the effect of the sol-
id-solution strengthening diminishes. Finally, the strength of the GH4099 supe-
ralloy reduces as well.

The effect of solution time on the strength and ductility is also addressed,
Figure 9(b). Comparing with Figure 9(a), the variation of Ry, Rm, and A with
time is very small. The reduction rates of Ry and R, are only 4.7% and 5.2%,
respectively, and Ar retains nearly the same value of 70%. This is because the
GH4099 superalloy is solid-solution strengthened, and the solid solubility re-
mains the same at a fixed temperature with increasing time. Moreover, the grain
size of y-phase exhibits a little change with time at a fixed temperature, so the

effect of grain boundary strengthening on the strength and ductility is also small.
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Therefore, the values of Ry.2, Rm, and A¢ nearly remain the same during the solu-
tion holding stage, although these values exhibit small fluctuations.

Figure 9(c) depicts the significant change in Ry, R, and A with the cooling
method. In furnace cooling, the values of Ry, and R, are 531 and 897 MPa, re-
spectively, way larger than those in Figure 9(a) and Figure 9(b), while the A
value is very small (only 15%). When the cooling changes from furnace cooling
(a cooling rate of 1°C/min) to air cooling (a cooling rate of 100°C/min) [23],
both Ry, and R, decrease rapidly to 301 and 733 MPa, respectively, but A in-
creases to 67.5%. With a further increase in the cooling rate to 8000°C/min in
water quenching [23], strength and ductility fluctuate nearly remain the same.
For the furnace cooling, a very slow cooling rate of 1 *C/min can easily cause the
precipitation of y' phase (Ni; (Al, Ti)), § phase (Ni;Nb), and carbides along the
y-grain boundaries and coarsening [24]. Usually, these large precipitates are very
hard and brittle. On the one hand, these hard phases/particles may play a vital
role in locking or pinning dislocation motions during deformation, which re-
sults in the improvement of Ry, and R,. On the other hand, due to the precipi-
tation of these brittle phases in the zone of grain boundaries, an intense stress
concentration could appear around these zones. Simultaneously, the binding
force between neighboring grains becomes weaker, so the material becomes very
brittle. Moreover, these hard and brittle particles act as nucleation sites and faci-
litate the crack propagation, yielding a brittle fracture and finally reducing duc-
tility. The fracture morphology and composition analysis can support this con-

clusion, which will be discussed in the following section.

3.4. Fracture Morphology and Mechanism

3.4.1. Effect of Solution Temperature

The fracture surfaces of the tensile specimens are investigated using SEM to un-
derstand the effect of solution temperature on fracture behavior. As can be seen
in Figure 10, the fracture surfaces show a mixed ductile and brittle fracture mode.
All fracture surfaces are covered with dimples, still expressing some differences
between them. In Figure 10(a), when the solution temperature is 1100°C, the
fracture surface is flat, but some fine shallow dimples and facets can be observed.
The ductility is good, and the corresponding elongation is 58%.

As the solution temperature increases to 1120°C, Figure 10(b), the fracture
surface exhibits some morphological ups and downs. The dimples are much
deeper and nonuniform in size, and the area fraction of facets decreases com-
pared to that in Figure 10(a). These phenomena indicate that the fracture mode
gradually changes from mixed to a typical ductile fracture, which agrees with its
better ductility of 70% elongation. However, some microvoids can be observed
on the fracture surface. The solid solubility of alloy elements increases with the
solution temperature, so higher amounts of elements can dissolve into the
y-phase, increasing their contents increase. This promotes the precipitation of
the § phase and carbides from the matrix during the cooling stage. Lin et al. [25]

provided a detailed description in terms of the formation and development of
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Figure 10. Fracture surfaces of the GH4099 superalloy specimens solution treated at (a)
1100, (b) 1120, (c) 1140, and (d) 1160°C for 30 min.

microvoids. Compared to the y-phase, the §-phase, and carbides are relatively
hard and brittle. These hard particles impede the dislocation motion during the
deformation process, yielding the strain localization and stress concentration
around them. As the stress reaches the bond strength of the y-phase, §-phase, or
carbides, or the breaking limit of §-phase and carbides, the microvoids nucleate.
The microvoids begin to coalesce and extend in the tensile direction with further
deformation.

As solution temperature increases to 1140°C, Figure 10(c), large micro-cracks
form due to the coalescence of adjacent small dimples in addition to some deep
dimples and microvoids distributed on the fracture surface. Some tearing edges
appear, and a big fracture step or blade type edge can be observed. Even bigger
dimples appear on the fracture surface because of the dimple coalescence. Under
such conditions, serpentine sliding features around the dimples become more
apparent, Ze., the material experiences a certain degree of plastic deformation
after the formation of dimples [25]. Particularly, the serpentine sliding features
are getting more and more pronounced, Figure 10(d). The material exhibits a
good combination of strength and ductility, consistent with its high values of
Ry, R, and A

3.4.2. Effect of Solution Time

Figure 11 shows the effect of solution time on fracture behavior of the GH4099
superalloy. The fracture surfaces of specimens do not change significantly with
the solution time. It indicates that the effect of solution time on fracture beha-
vior is not significant compared to the solution temperature. The mixed fracture

mode is dominant under these conditions. The fracture surfaces are covered by

DOI: 10.4236/jmmce.2021.96037

578 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2021.96037

G.S. Xuetal.

Figure 11. Fracture surfaces of the GH4099 superalloy specimens solution-treated at
1140°C for (a) 15, (b) 30, (c) 45, and (d) 60 min.

many shallow dimples and a few facets. As the solution time prolongs, Figure
11(b), many deep dimples become nonuniform in size compared to those at
1140°C for 15 min, Figure 11(a). Apparent serpentine sliding features occur
around the dimples, originating from the new sliding process on the free surface
of dimples [23]. However, the intergranular facets are still visible. Some mi-
cro-cracks and microvoids appear on the surface, deteriorating the plastic de-
formation capability of the superalloy. Thus, the strength and ductility of the
GH4099 superalloy solution treated at 1140°C for 30 min are close to those for
15 min, which is supported by the variation of Ry, Rm, and Ay values with the
solution time in Figure 9(b). Dimples, serpentine sliding lines, some tearing edges,
intergranular facets, micro-cracks, and voids are still distributed on the fracture
surfaces with a further increase of solution time. It indicates the fracture mode
exhibits a mixed brittle and ductile behavior. The change of the material plastic-

ity with solution time is little.

3.4.3. Effect of Cooling Method

The effect of the cooling method on the fracture behavior is significant, Figures
12(a)-(c). The fracture behavior varies from a mixed brittle and ductile mode to
a complete brittle mode. The specimens are water-quenched or cooled in air.
Their fracture surfaces exhibit similar characteristics, such as deep dimples with
different sizes, serpentine sliding lines, and intergranular facets. The values of
Ry, R, and Ay after water quenching matched those after cooling in air. How-

ever, when the specimen is subjected to furnace cooling, the fracture surface is
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Figure 12. Fracture surfaces of the GH4099 superalloy specimens solution-treated at
1140°C for 60 min followed by (a) water quenching, (b) air cooling, and (c) furnace cool-
ing.

completely different, showing a typical brittle intergranular fracture mode. The
fracture surface is covered by intergranular facets without any dimples. Figure
12(c) shows that the y-phase grain size is very large and nearly exceeds 150 pm
because of the apparent growth or coarsening. Moreover, the grain boundaries
of the y-phase become very brittle, and the bonding strength decreases. The
nickel-based superalloys’ fracture behavior is directly dependent on the relative
strength between grain interior and grain boundaries [25]-[30]. For the speci-
mens subjected to furnace cooling, the cooling rate is very slow (about 1°C/min),
and there is enough time for precipitation of various hard and brittle precipitates
or carbides from the matrix phase. These hard and brittle particles pin or lock
dislocations in the grain boundaries, yielding a high stress concentration. When
the stress exceeds the bonding strength of grain boundaries, intergranular frac-
ture occurs. In addition, these zones become preferential nucleation sites for mi-
cro-voids or micro-cracks due to the precipitates and carbides at the grain boun-
daries, which deteriorates the grain boundary strength. The coalescence of mi-
cro-voids and micro-cracks promotes the formation of cracks and subsequent
propagation along grain boundaries with further plastic deformation.

Figure 13 shows the SEM micrographs of the GH4099 superalloy specimens
subjected to different cooling methods to determine the precipitates or carbides

in the grain boundaries. The SEM micrographs of the alloy subjected to water
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Figure 13. SEM micrographs of the GH4099 superalloy specimens solution-treated at
1140°C for 60 min, followed by (a) water quenching, (b) air cooling, and (c) furnace
cooling.

quenching and air cooling are shown in Figure 13(a) and Figure 13(b), respec-
tively. The microstructures have similar characteristics. For instance, the gray
grain boundaries are relatively straight and clean, and the grain size is in a range
of 150 - 170 um. However, in furnace cooling, Figure 13(c), the microstructure
is different from that in Figure 13(a) and Figure 13(b), exhibiting serrated grain
boundaries where bright precipitation phases appear.

The EDS analysis is used to detect the chemical composition of the matrix,
grain boundaries, and precipitates and calculate the weight percentage of each
element in the alloy, Figures 14-16. Figure 14(a) and Figure 14(b) show the
marked points in the matrix and grain boundaries, respectively. The matrix pos-
sesses the same alloy elements as the grain boundary zones. Moreover, the cal-
culated average weight percentage at these points is close to that of the as-re-
ceived material. It is indicated that there are no secondary phases, such as y'
(Nis(Al, Ti)), 6 (NizNb), and carbides, precipitating from the matrix phase. The
elemental distribution is relatively uniform. Similar results can be observed in
Figure 15, where the GH4099 superalloy was subjected to air cooling. The ma-
trix contains the same elements as the grain boundaries, and the detected weight
percentages in the matrix and grain boundaries are close to those of the as-re-

ceived material.
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Comparison of avcragc composition with
as-received

Element |Average value (wt%) |As received (wt%)

C 01.53 00.06
Al 01.51 02.30
Mo 04.01 04.00
Ti 2.62 01.16

v 00.185 --
Cr 16.13 18.50
Fe 0.46 --
Co 06.17 07.00
Ni 54.03 60.10
w 13.30 06.00

2.0
P6

KCnt

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Energy- keV

Comparison of avcrage composition with
as-received

Element |Average value (wt%) | As received (wt%)

C 02.66 00.06
Al 01.61 02.30
Mo 04.14 04.00
Ti 02.51 01.16

Vv 00.135 -
Cr 15.65 18.50
Fe 00.47 --
Co 05.97 07.00
Ni 56.37 60.10
w 10.15 06.00

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Energy- keV

Figure 14. Elemental composition (in wt%) of marked points in (a) matrix and (b) grain boundaries of the GH4099 superalloy
specimens solution-treated at 1140°C for 60 min followed by water quenching.
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Comparison of avcragc composition with
as-received
Element |Average value (Wt%)|As received (wt%)

C 01.03 00.06
Al 01.85 02.30
Mo 04.28 04.00
Ti 02.41 01.16

v 0.028 ==
Cr 16.71 18.50
Fe 00.08 ==
Co 06.89 07.00
Ni 55.18 60.10
w 08.37 06.00

1.00 2.00 3.004.00 5.006.007.00 8.009.00 10.00 11.00
Energy- keV

Comparison of avcragc composition with
as-received

Element [Average value (Wt%) |As received (wt%)

C 00.83 00.06
Al 01.26 02.30
Mo 02.72 04.00
Ti 01.58 01.16
A\ 0 -
Cr 17.30 18.50
Fe 0 -
Co 05.44 07.00
Ni 57.18 60.10
w 07.01 06.00
2.0+
1.64 P4 Ni

KCnt

1.00 2.00 3.004.00 5.00 6.00 7.00 8.009.00 10.00
Energy- keV

Figure 15. Elemental composition (in wt%) of marked points in (a) matrix and (b) grain boundaries of the GH4099 superalloy
specimens solution-treated at 1140°C for 60 min followed by air cooling.
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Comparison of average

Average value (Wt%) | As received (wt%)

© 00.43 00.06
N 00.22 --
Al 00.37 02.30
Mo 10.14 04.00
Ti 25.93 01.16
Cr 05.69 18.50
Co 02.05 07.00
Ni 45.98 60.10
W 09.19 06.00
2.2
il
1.7 -
[1
< 1.3
=
@]
M
0.9
Ni :
04N W .
cft .
Al Cofl W
0.0- —
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Energy- keV
Comparison of avcrage composition with
as-received
Average value (Wt%) \ As received (wt%)
C 0.54 00.06
Al 1.63 02.30
Mo 4.15 04.00
Ti 27.64 01.16
Cr 17.7 18.50
Fe 0 --
Co 2.87 07.00
Ni 22.1 60.10
W 11.7 06.00
2.2
P4 point
1.7 Ti
) 13 7
=
Q
M
0.9
] NNi W Ni
04 i Mo Cr
Al Co W
0.0-

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Energy- keV
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Comparison of avcrage composition with

as-received
Average value (Wt%) As received (wt%)

C 00.66 00.06
Al 01.49 02.30
Mo 03.72 04.00
Ti 01.46 01.16
Cr 16.89 18.50
Fe 00.27 --
Co 06.24 07.00
Ni 58.07 60.10
W 12.19 06.00
2.0-
P1
1.64 Ni Ni

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00
Energy- keV

Figure 16. Elemental composition (in wt%) of marked points in (a) bright precipitates in matrix, (b) bright precipitates at grain

boundaries, and (c) in the matrix phase without precipitates of the GH4099 superalloy specimens solution-treated at 1140°C for

60 min followed by air cooling.

However, for specimens subjected to furnace cooling, Figure 16, the EDS re-
sults are different from those in Figure 14 and Figure 15. The bright phases in
the matrix and grain boundaries are marked and detected, Figure 16(a) and
Figure 16(b). The average weight percentage of Ti in the bright precipitate
phases is much higher than that in the as-received material (1.16 wt%). The av-
erage weight percentages of Ti in the precipitated phase in the matrix and grain
boundaries are about 25.93% and 27.64%, respectively. Figure 16(c) shows the
marked points in the matrix without bright precipitates. The detected element
types and weight percentages are close to the as-received material. Thus, it can
be deduced that the bright phase may be the y'-phase, which often appears in
superalloys with a small amount of Al and Ti. The y' phase yields precipitation
hardening of the matrix, which in turn reduces the grain boundary strength.
Moreover, the precipitates act as potential nucleation sites for cracks, further
deteriorating the grain boundary strength. Thus, the grain boundaries become
relatively weak, and the cracks propagate along the grain boundaries, causing

brittle intergranular fractures.
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4. Conclusions

The effects of solution treatments on the microstructural evolution, mechanical
properties, and fracture mechanism of the GH4099 superalloy were studied in
detail. The main conclusions can be drawn as follows:

1) The average grain size increased from 100 to 174 pm with a temperature
increase from 1100°C to 1160°C. The S, value decreased with temperature and
time, implying that the microstructural morphology gradually tended to be uni-
form and the grain size was approaching the average value. Still, the S, value
gradually increased when holding time was more than 45 min, originating from
the y-grain coarsening or abnormal growth.

2) The influence on the mechanical properties (R, R, and As) decreased in
the order cooling rate, temperature, time. The values of Ry, and R, were 531
and 897 MPa, respectively, when the GH4099 was subjected to furnace cooling
(with a cooling rate of 1°C/min), but the A¢ was only 15%. When the material
was subjected to water quenching (with a cooling rate of 8000°C/min) and air
cooling (with a cooling rate of 100°C/min), the Ry value was in a range from
280 to 301 MPa, and R, is in a range from 720 to 730 MPa, while A rapidly in-
creased to 67.5%.

3) The SEM observation showed that the fracture surfaces changed from a
mixed fracture mode (ductile and brittle) to a complete brittle mode when the
cooling method changed from water quenching or air cooling to furnace cool-
ing. The EDS analysis indicated the presence of y' (Nis(Al, Ti)) precipitates in
the y-grain boundaries in the furnace cooling stage, which was the main reason
for the brittle fracture.

4) Finally, an optimal solution treatment scheme (1140 for °C 30 min followed

by air cooling) was proposed for the GH4099 superalloy.
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