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Abstract: Thermal-induced porosity (TIP) is one of the major defects in powder metallurgy (P/M)
superalloys, and it seriously affects the performance of P/M superalloys. The effects of solution heat
treatment on the growth of the TIP of the nickel-based P/M superalloy FGH97 were investigated.
A series of solution heat treatment tests were carried out at holding temperatures ranging from
1150 to 1200 ◦C, with holding times ranging from 0.5 to 8 h. The results showed that the holding
time, temperature, and the initial volume of porosity are the primary factors influencing porosity
growth, and the volume fraction of TIPs increases by increasing the temperature or extending the
holding time. The porosity growth models were constructed based on the porosity statistics combined
with a nonlinear fitting method. To evaluate the accuracy of the proposed models, the correlation
coefficient (R) and average absolute relative error (AARE) were calculated between the predicted
and experimental values. The unbiased AARE values were 2.06% and 3.99% for the average value of
TIP and the worst value of TIP, respectively, which imply that the proposed porosity growth models
have greater accuracy and can be used to illustrate TIP behavior in solution heat treatment.

Keywords: solution heat treatment; thermal-induced porosity; TIP growth model; nickel-based
P/M superalloy

1. Introduction

Superalloys are widely used for gas turbines, aircraft engines, chemical process in-
dustries, and other high-temperature environment components requiring heat and/or
oxidation resistance due to their superior performances at elevated temperatures [1–3].
With the development of modern aerospace industries, the engine’s thrust-to-weight ra-
tio is expected to reach a high level [4], which means that turbine disks will face much
higher temperatures and pressures. To respond to this challenge and improve superalloy
performance, the traditional casting/forging methods like to add a large number of alloy
elements into the superalloy, which could result in significant segregation, inhomogeneous
microstructure, and unstable precipitates [4,5]. The above defects within the superalloy
will be more serious when the dimensions of the parts exceed a critical value [5]. In the
1960s, powder metallurgy was invented and considered the ideal routine for manufactur-
ing superalloy components, which can eliminate segregation and significantly improve
mechanical performance [2,4–6].

Compared to casting/forging nickel superalloys, nickel-based P/M superalloys present
so many advantages, such as fine particle size, homogeneous chemical composition, uni-
form microstructure, high yield strength, high-temperature stability, low fatigue crack
growth rate, and relatively low expense [5,7,8]. As a result, nickel-based P/M superalloys
are becoming the essential material for manufacturing aircraft engine components, includ-
ing turbine disks, which are among the most critical components in the aeroengine [7].
In pursuit of higher thermal efficiency and lower emissions, innovative techniques and
alloys with additional elements have been invented and applied, which raise the working
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temperature and enhance the creep life to a new level. There are already three generations
of nickel-based P/M superalloys in China. FGH95 and FGH97 belong to the first generation,
with an operation temperature restricted to 650 ◦C. The second-generation FGH96 alloy has
a superior damage tolerance and can withstand higher working temperatures. Naturally,
the third generation of the nickel-based P/M superalloy has significantly higher operating
temperatures and thermal stability than the first- and second-generation superalloys [9].

Generally, defects cause deterioration in the performances of metallic materials. Inclu-
sions, prior particle boundary (PPB), and thermal-induced porosity (TIP) are three primary
defects in P/M superalloys [10]. It is believed that there are three reasons that can cause the
TIP [10–14], and the first one is entrapped insoluble gas, likely due to the hollow powder
that forms during argon atomization, which expands during heat treatments after hot
isostatic pressing (HIP), eventually causing the formation of discontinuous porosity in the
components. The second reason is that insoluble gases absorbed into the surface of the
powder are not completely removed before the HIP process. Finally, there may be a leakage
in the container, and the inert gas is introduced into the powders during the HIP process.

The effects of TIP on the mechanical properties of nickel-based P/M superalloys have
been extensively studied and has shown that TIP has a significant detrimental effect on
alloy performance. With the increase in TIP, the yield strength, ultimate tensile strength,
impact toughness, rupture life, fatigue limit, and elongation of the superalloys decrease
accordingly [13–15]. Additionally, when the volume fraction of TIP within the component
reaches a critical level, it not only makes the component prone to warping but also easily
becomes the source of cracks during heat treatment [13]. Zhang et al. [13] found that the
impact energy of the FGH95 alloy was reduced by 58.18% as the porosity increased from
0.072% to 1.744%. It was also found that the tension and stress rupture strengths of porous
materials were reduced by less than 7% at high temperatures, and the tensile ductility was
reduced by 40% for Astroloy alloy; its creep–fatigue life was approximately 30% lower for
the porous materials than for full-density materials [15]. Wang et al. [16] investigated the
formation of TIPs in the FGH95 and Rene 95 P/M superalloys by measuring densities before
and after solution heat treatments and found that TIP increased with increasing temperature
and time. It illustrated that the temperature and time of the solution heat treatments are
two major factors that affect the TIP in nickel-based P/M superalloys. However, neither
the quantitative model for predicting TIP nor the relationship between the solution heat
treatment parameters and TIP were provided. Several models have been proposed to
simulate porosity growth in the past few decades, but most of them focused on aluminum
and steel alloys [17,18]. Lee et al. [19] simulated the pore growth in the Al–Cu alloy caused
by hydrogen diffusion through a 2D continuum diffusion model and a stochastic pore
nucleation model. Carlson et al. [20] proposed a volume-average model for the finite rate
diffusion of hydrogen in aluminum alloys. Monastyrskiy [21] developed a modeling tool
to model the formation of shrinkage porosity in a GS 32 Ni-based superalloy with low
gas content based on liquid metal deformation due to solidification. Bokstein et al. [22]
constructed an analytical model for the pore formation during the homogenization process
of nickel-based single-crystal superalloys based on the unbalanced cross-diffusion of the
alloy elements. However, research on the porosity model for nickel-based superalloys was
seldom mentioned [23].

In this paper, the effects of the solution heat treatment parameters on the poros-
ity growth of the nickel-based P/M FGH97 superalloy were investigated, and a series
of solution heat treatment tests were carried out at temperatures ranging from 1150 to
1200 ◦C, with holding times ranging from 0.5 to 8 h. With the assistance of microstructure
observation, TIP growth models were established to describe the relationships among
the temperature, time, and the initial volume fraction of TIPs. The predictive accuracy of
the models was evaluated by calculating the correlation coefficient (R) and the average
absolute relative error (AARE).
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2. Materials and Experimental Procedures

The nickel-based P/M FGH97 superalloy used in this study was provided by the Shen-
zhen Wedge Central South Research Institute Company. The superalloy was prepared using
argon-atomized powder with a median diameter of about 50 µm and then consolidated
into a disk with a diameter of 145 mm and a height of 100 mm by hot isostatic pressing.
The main parameters, including temperature, pressure, and holding time, used in the HIP
process were set at 1200 ◦C, 120 MPa, and 2 h, respectively. The chemical composition of
the FGH97 superalloy is given in Table 1, which is similar to the Russian-made EP741NP
nickel-based P/M superalloy. Due to the different degree of leakage of the containers,
turbine disks with three different initial volumes of porosity were selected as raw materials,
and referred to as Ni1#, Ni2#, and Ni3#, respectively. Solution heat treatments were carried
out using a DIL 805A dilatometer machine (TA Instruments, Hüllhorst, Germany), and
cylindrical specimens with a diameter of 4 mm and length of 10 mm were used. All the
specimens were cut from Ni1#, Ni2#, and Ni3# using wire electrolytic discharge. A type S
(Pt-Pt/Rh10%) thermocouple was spot-welded in the center of the specimen surface, which
was used for the closed-loop temperature control of the specimen. Cylindrical specimens
in solution heat treatment tests were heated using induction and cooled using helium gas.
The helium gas at room temperature was ejected from the holes on the inner surface of the
induction coil and hit the specimen surface, cooling the specimen. Consequently, precise
control of the specimen temperature was achieved by dynamically adjusting the heating
power and gas flow rate.

Table 1. Chemical composition of the studied P/M FGH97 superalloy (wt. %).

Composition Co Cr Al Ti W Mo Hf Nb Ni

wt. % 16.11 8.92 5.19 1.85 5.57 3.81 0.19 2.49 Bal.

The solution heat treatment procedure is shown in Figure 1. All specimens were
heated from room temperature to 1150, 1175, and 1200 ◦C with a heating rate of 2 K/s,
held for 0.5, 2, 4, and 8 h, and then quenched to room temperature with a cooling rate
of 40 K/s. It has been reported that the solvus temperature of the γ’ phase is about
1190 ◦C [24], which implies that the solution heat treatment with the temperatures of
1150 and 1175 ◦C belonged to the sub-solvus heat treatment, and the 1200 ◦C belonged
to the super-solvus heat treatment. The heat-treated samples were sectioned, grinded,
polished, and etched using the standard metallographic method. It should be noted that the
samples were etched with a chemical etchant of 5 g of CuCl2 + 100 mL of HCl + 100 mL of
ethanol. TESCAN VEGA3 scanning electron microscopy (SEM) (Tescan, Brno-Kohoutovice,
Czech Republic), with secondary electron (SE) and back-scattering electron (BSE) mode,
and optical microscopy (OM) were used for microstructure observation. OM images
with ×150 magnifications were collected to evaluate the volume fraction of the TIP using
an automatic image software. The relationships among the temperature, time, and the
initial volume fraction of TIP were investigated using stereological metallography and
image analysis according to the standard GB/T 15749-2008 [25].

Two statistical methods were used in this study to estimate the volume fraction of TIP,
and the first one is that the average value of the TIP was considered the reference value,
called the average value of TIP later in the discussion. The other used at least three random
OM images (at least 100 pores in total), and the maximum TIP value of the images was
selected as the reference value and named the worst value of TIP.
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3. Results and Discussion
3.1. TIP of the as-HIPed FGH97 Superalloys

The OM images of the as-HIPed FGH97 superalloys are shown in Figure 2. It can be
seen that there were plenty of TIPs in the Ni1# alloy, and they were distributed nonuni-
formly; the number of TIPs in the Ni2# alloy was significantly lower, and its distribution
was relatively uneven. The Ni3# alloy was the only qualified superalloy; the TIPs could
seldom be found, and it could be used in high-temperature components with further
processing. It should be mentioned that the as-HIPed superalloys had been subjected to
hot isostatic pressing, during which the powders consolidated by using high-pressure
argon under high temperatures. HIP concerns many sophisticated phenomena, including
deformation, creep, diffusion, precipitates evolution, and plastic deformation induced by
dislocation slip, which are considered key issues for TIP healing [26]. However, a certain
number of TIPs remained in the superalloys after HIP, which implied that the TIP was not
healed during the HIP process.
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To eliminate the inclusions and improve the low-cycle fatigue performance, the powder
used for the FGH97 superalloy was prepared using argon atomization (AA) rather than
plasma-rotating electrode atomization (PREP). However, it has been reported that the
powder that used the former method had more defects than the latter, such as high oxygen
content and more hollow powder [27]. Additionally, stainless steel powder containers
of Ni1# and Ni2 # were not vacuumed to a standard level, and air leakage may occur
during the HIP processing; that was why the TIP values of the Ni1# and Ni2# were higher
than that of Ni3#. Despite the high temperatures and pressures that were used in the
HIP process, argon gas was incapable of diffusing out of the container or dissolving in
the superalloy [28], and the argon gas swelled at elevated temperatures, causing internal
stresses that prevented subsequent densification. Moreover, no deformation process was
applied to the densified disks, and TIP still remained in the superalloys [29].

SEM images of the as-HIPed specimen (Ni3#) are shown in Figure 3; they were taken at
the same position of the specimen’s cross-section but with different modes, with left being
SE mode and right being BSE mode. Almost nothing could be detected in the SE mode; the
deeper gray scale region in the BSE mode was identified as the γ’ phase. That means the
SEM image with BSE mode was beneficial for observing the microstructure. The details
of the evolution of the precipitate during the HIP process and subsequent solution heat
treatment are not shown here. It is difficult to distinguish the γ’ phase from the TIPs, as they
have a similar grayscale, regardless of whether they are in SE or in BSE mode. Therefore,
OM images were selected for TIP evaluation, not only because they have a greater view
field than SEM images, but also because they are beneficial for statistical analysis.
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The volume fractions of the TIP based on OM images of Ni1#, Ni2#, and Ni3# super-
alloys were statistically analyzed, respectively. The TIP values of the as-HIPed FGH97
superalloys are presented in Figure 4. The result showed that there was a significant differ-
ence in the TIP volume fractions between the two measurement methods mentioned above,
but they had the same trend. The Ni1# superalloy had the highest TIP value, followed by
the Ni2#, and the Ni3# had the lowest value, which is consistent with the findings of the
OM observation shown in Figure 2. It also demonstrated that the HIP conditions, such as
vacuum level and compactness of the container, had remarkable impacts on the TIP values
of the nickel-based superalloys.

3.2. TIP Evolution during Solution Heat Treatment

The OM images of the P/M FGH97 superalloys under different solution heat treatment
conditions are presented in Figures 5–7, respectively. The holding temperatures were set
at 1150, 1175, and 1200 ◦C, with holding times of 0.5, 2, 4, and 8 h. The volume fraction
of the TIP increased with increasing holding temperature or holding time, and the size
of the TIP became larger than the as-HIPed specimens. The shapes of the porosity also
changed with the increase in holding time and temperature because high-temperature and
long-term preservation promoted the diffusion of the elements and the accumulation of
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the porosity; this can be seen in Figures 5l, 6i and 7l, which had much lower numbers of
porosities than low-temperature or short-term solution heat treatment. Table 2 presents
the size and shape factors of the TIP of the specimens before (as-HIPed) and after high-
temperature solution heat treatment (Figures 5l, 6i and 7l). The average sizes of the TIPs of
the as-HIPed specimens were 4.0, 3.5, and 3.4 µm of the Ni1#, Ni2#, and Ni3# superalloys,
respectively. Apparently, the differences between these size values were not so different,
considering that the same raw powder and HIP parameters were used; the initial volume
fractions of the TIPs and their sizes may interact with each other. Moreover, the average
sizes of the TIPs increased several times, and the shapes of the porosities became irregular
after the solution heat treatment, which is consistent with the results obtained from the
OM observation.
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Table 2. The sizes and shape factors of the TIPs of the as-HIPed specimens and the specimens after
high-temperature solution heat treatment.

as-HIPed
Average

Value
(%)

Worst Value
(%) Size (µm) Shape Factor

Solution
Heat Treated

(1200 ◦C)

Size
(µm) Shape Factor

Ni1# 0.108 ± 0.005 0.116 4.0 0.94 Ni1#—8 h 17.2 0.74
Ni2# 0.026 ± 0.004 0.03 3.5 0.90 Ni2#—4 h 7.0 0.78
Ni3# 0.005 ± 0.003 0.01 3.4 0.91 Ni3#—8 h 6.8 0.88
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The specimens were deformed after the solution heat treatment, particularly for the
specimen held at a higher temperature and for a longer term; the shape of the cylinder was
transformed into a drum, which can be seen in Figure 8. Compared with the cylindrical
as-HIPed specimen, the solution heat treatment caused a severe and irregular deformation
and even lead to specimen explosion. All Ni2# specimens exploded when the holding
time increased to 8 h, regardless of the holding temperature, because the pressure of the
trapped gas inside the TIPs exceeded a critical value and may cause permanent dimensional
changes [30].
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Figure 8. The shape of the Ni1# specimen before and after 1200 ◦C × 8 h solution heat treatment.

The growth mechanism of porosity is mainly diffusion, creeping, or both [31]. Previous
studies have revealed that the time-dependent variation of porosities filled with argon gases
attributed to the creep deformation of the surrounding materials [32]. With the increase
in the holding temperature and the extension of the holding time, the argon pressure
increased, and the deformation resistance decreased; the creep rate increased at the same
time, leading to the TIPs growing more rapidly and increasing the TIP volume fraction
more quickly [28].

As can be seen in the OM images, the TIPs were distributed nonuniformly across
the metal matrix. In order to reveal the locations of the TIPs, specimens with different
volumes of porosity were etched and are shown in Figure 9. The average grain sizes of
Ni1#, Ni2#, and Ni3# after the same solution heat treatment (1175 ◦C × 2 h) were 23.7,
25.1, and 22.3 µm, respectively. It demonstrated that the differences in the grain sizes of
the specimens were very small, even though they had different TIP values. The images
of the Ni1# and Ni2# superalloys illustrated that TIPs are primarily located on the grain
boundaries, known as inter-crystalline pores; similar results have been reported in Ref. [33].
Unlike the Ni3# specimen, almost no TIP could be detected because the volume fraction of
the TIP of Ni3# was much lower than the other two specimens. TIP is most likely to form
through gas diffusion at the intersection where the three grains meet. It also implies that
the gas trapped in the specimens did not originate from the powder, but that the degassing
treatment was incomplete, or some leakage occurred in the HIP process [14]. TIP growth
is mainly dependent on the amount of trapped gas that forms during the hot isostatic
pressing; the increase in gas pressure at elevated temperatures promotes the diffusion creep
of the superalloys and results in an increase in porosity.
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When the volume fraction of the initial porosity of the superalloy is large, microcracks
are easily formed after solution heat treatment. With the increase in temperature and
time, the TIP grows gradually and eventually reaches a critical size and connects to one
another, leading to it forming an intergranular fracture path [31]. The cooling velocity of the
specimens is 40 K/s after the solution heat treatment, it is large enough to produce stress
concentration on the surface of the TIP, the expansion coefficient of the argon gas in the
porosity is much higher than that of the superalloys, and the surrounding metallic matrix
has subsequently deformed and the porosity increases. As a result, TIP can easily become
the source of a crack and can be further expanded and connected to the surrounding TIPs,
causing a macrocrack [13,34].

3.3. Description of TIP by Statistical Analysis

Figure 10a,b show the variations of the average/worst volume fractions of the TIP with
the solution heat treatment parameters, respectively. It can be seen that with the increase in
the initial volume fraction of porosity, holding temperature, and holding time, the volume
fraction of the TIP increased after solution heat treatment. Although the average value of
the TIP is generally accepted as the standard for assessing the quality and performance of
nickel-based superalloys, the worst value of the TIP is probably the most valuable factor
that can be used to estimate the creep properties and fatigue life. Similar results can be
found in Figure 10b. the worst value of the TIP increases with the increasing of the holding
temperature or holding time, particularly for superalloys Ni1# and Ni2#. However, Ni3#
presents different TIP growth characteristics, and the worst value of the TIP fluctuated
with temperature. There are two main reasons for data fluctuation: the first reason is that
the size of the specimen section is limited, which means that the number of regions for
statistical analysis is small; the other reason is that the TIP was distributed nonuniformly
within the metallic matrix and observed in OM mode with 2D morphology.
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It should be noted that the increase in the TIP volume fraction became large with
increasing holding temperatures, which could mean that the effect of the holding tempera-
ture on TIP growth is much more significant than that of the holding time. Based on the
results mentioned above, it can be concluded that the initial volume fraction of porosity,
holding temperature, and holding time are the main factors that influence the porosity
growth behavior. There was a positive correlation between the TIP value and the three
main factors; similar findings were also reported in Ref. [16].

3.4. Porosity Growth Model

Sellars [35] found that the relationships among grain size, temperature, and time can
be quantitatively represented as:

dn = dn
0 + At exp

(
− Q

RT

)
(1)

where d is the average grain size, d0 is the initial grain size, Q is the activation energy
of grain growth (J/mol), A and n are the material constants, R is the gas constant (8.314
J/(mol·K)), T is the holding temperature, and t is the holding time.

Menasche [33] reported that gases that remain trapped in the powder-processed
polycrystalline nickel-based superalloys will experience thermally activated diffusion
during the subsequent heat treatment. The diffusion will be accelerated at the grain
boundaries due to their high free volume. It can be seen from Equation (1) that the holding
temperature and time are the main factors that affect the ability of the elements to diffuse,
which has a greater influence on the evolution of grain size. The results of the solution
heat treatment clearly show that TIP growth was influenced by temperature, time, and
initial volume of porosity. Since the TIP growth is controlled by diffusion, creep, or both,
the growth behavior follows a thermal activation process. A porosity growth model was
developed to describe the TIP evolution of the FGH97 superalloy, which is given as follows:

Pn = Pn
0 At exp

(
− Q

RT

)
(2)

where P is the volume fraction of the porosity after solution heat treatment, P0 is the initial
volume fraction of the porosity, and Q is the TIP growth activation energy (J/mol); the
remaining parameters have the same meaning with Equation (1).

Based on the TIP statistical results, a nonlinear fitting method was used to obtain n,
A, and Q in Equation (2), and their values are listed in Table 3. It should be noted that
the calculation results of Q were close to the activation energy for the self-diffusion of Ni
(about 260 kJ/mol) [36], which implies that TIP growth is dominated by diffusion.
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Table 3. Calculation results of parameters in Equation (2).

Parameter Average Value Worst Value

A 8.09 × 1010 2.88 × 1010

Q 2.33 × 105 2.24 × 105

n 1.54 1.46

Substituting the parameters in Table 3 into Equation (2), the porosity growth models
of FGH97 were solved as follows:

P1.54 = P1.54
0 ·8.09× 1010·t· exp

(
−2.33× 105

RT

)
(3)

(Average value of TIP)

P1.46 = P1.46
0 ·2.88× 1010·t· exp

(
−2.24× 105

RT

)
(4)

(Worst value of TIP)
The deviation of the calculational porosity from the experimental results was investi-

gated quantitatively by using two parameters, the correlation coefficient (R) and average
absolute relative error (AARE), as expressed in Equations (5) and (6).

R =
∑N

i=1
(
Ei − E

)(
Pi − P

)√
∑N

i=1
(
Ei − E

)2
∑N

i=1
(

Pi − P
)2

(5)

AARE =
1
N

N

∑
i=1
|Pi − Ei

Ei
| × 100% (6)

where Ei is the experimental value, Pi is the predicted value, E and P are the average of
experimental and predictive values, and N is the number of data points. It should be noted
that a higher R and lower AARE value generally indicate higher predictive accuracy.

The correlation between the experimental and predicted porosity values which were
calculated using Equations (3) and (4) are shown in Figure 11. The red line with a slope
of 1 indicates the exact suitable position between the experimental and predicted values.
There were a few data points that deviated from the red line but with a limited deviation
range. The correlation coefficient (R) values were 0.94 for the average value of the TIP
model and the worst value of the TIP model; all the values were close to 1. Moreover, the
average absolute relative error (AARE) values were 2.06% and 3.99% of the two models,
which means the proposed models are suitable to predict the average/worst values of the
TIP after solution heat treatment.
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4. Conclusions

The porosity growth behavior during the solution heat treatment of the nickel-based
P/M FGHT97 superalloy was investigated. Some conclusions could be drawn based on the
above study.

1. The TIPs were distributed nonuniformly within the metallic matrix of the FGH97
superalloy, regardless of whether it was before or after solution heat treatment.

2. The initial volume fraction of porosity, holding temperature, and time are the primary
factors that influence the porosity growth behavior, which has a positive correlation
with the primary factors.

3. The TIP growth models were accurate in predicting the average/worst TIP values of
the P/M FGH97 superalloys when the holding temperature ranged from 1150 to 1200
◦C and holding time ranged from 0.5 to 8 h. The correlation coefficient value and the
average absolute relative error value were 0.94 and 2.06% between the experimental
and predictive average porosity values and 0.94 and 3.99% between the experimental
and predictive worst porosity values.
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