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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 coeffi-
cient (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 ox-
idation resistance due to their superior performances at elevated temperatures [1–3]. With 
the development of modern aerospace industries, the engine’s thrust-to-weight ratio 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 perfor-
mance, the traditional casting/forging methods like to add a large number of alloy ele-
ments into the superalloy, which could result in significant segregation, inhomogeneous 
microstructure, and unsF 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 manufacturing 
superalloy components, which can eliminate segregation and significantly improve me-
chanical performance [2,4–6]. 

Compared to casting/forging nickel superalloys, nickel-based P/M superalloys pre-
sent so many advantages, such as fine particle size, homogeneous chemical composition, 
uniform 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, in-
cluding turbine disks, which are among the most critical components in the aeroengine 
[7]. In pursuit of higher thermal efficiency and lower emissions, innovative techniques 

Citation: Bu, H.; Chen, L.; Duan, Y. 

Effect of Solution Heat Treatment on 

the Porosity Growth of Nickel-Based 

P/M Superalloys. Metals 2022, 12, 

1973. https://doi.org/10.3390/ 

met12111973 

Academic Editors: Satoru Kobayashi 

and Mikael Perrut 

Received: 11 October 2022 

Accepted: 16 November 2022 

Published: 18 November 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Metals 2022, 12, 1973 2 of 13 
 

 

and alloys with additional elements have been invented and applied, which raise the 
working 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-genera-
tion 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 sig-
nificantly higher operating temperatures and thermal stability than the first- and second-
generation superalloys [9]. 

Generally, defects cause deterioration in the performances of metallic materials. In-
clusions, prior particle boundary (PPB), and thermal-induced porosity (TIP) are three pri-
mary 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 be-
fore and after solution heat treatments and found that TIP increased with increasing tem-
perature and time. It illustrated that the temperature and time of the solution heat treat-
ments 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 solu-
tion heat treatment parameters and TIP were provided. Several models have been pro-
posed 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 sto-
chastic 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 superal-
loy 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 homogeniza-
tion process of nickel-based single-crystal superalloys based on the unbalanced cross-dif-
fusion 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 porosity 
growth of the nickel-based P/M FGH97 superalloy were investigated, and a series of so-
lution 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 obser-
vation, TIP growth models were established to describe the relationships among the tem-
perature, time, and the initial volume fraction of TIPs. The predictive accuracy of the 
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models was evaluated by calculating the correlation coefficient (𝑅) and the average abso-
lute relative error (𝐴𝐴𝑅𝐸). 

2. Materials and Experimental Procedures 
The nickel-based P/M FGH97 superalloy used in this study was provided by the 

Shenzhen Wedge Central South Research Institute Company. The superalloy was pre-
pared 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 com-
position 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 con-
tainers, 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, Ger-
many), 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 dis-
charge. A type S (Pt-Pt/Rh10%) thermocouple was spot-welded in the center of the speci-
men 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 speci-
men. Consequently, precise control of the specimen temperature was achieved by dynam-
ically 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 op-
tical microscopy (OM) were used for microstructure observation. OM images with ×150 
magnifications were collected to evaluate the volume fraction of the TIP using an auto-
matic image software. The relationships among the temperature, time, and the initial vol-
ume fraction of TIP were investigated using stereological metallography and image anal-
ysis according to the standard GB/T 15749-2008 [25]. 



Metals 2022, 12, 1973 4 of 13 
 

 

 
Figure 1. Schematic of solution heat treatment tests for the P/M FGH97 superalloy. 

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. 

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 pro-
cessing. 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 defor-
mation, creep, diffusion, precipitates evolution, and plastic deformation induced by dis-
location 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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Figure 2. OM images of the as-HIPed P/M FGH97 superalloys, (a) Ni1#, (b) Ni2#, and (c) Ni3#. 

To eliminate the inclusions and improve the low-cycle fatigue performance, the pow-
der 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 con-
tainers 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 inter-
nal 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 so-
lution 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.  

 
Figure 3. SEM morphology of the as-HIPed Ni3# specimen. 

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 dif-
ference in the TIP volume fractions between the two measurement methods mentioned 
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above, but they had the same trend. The Ni1# superalloy had the highest TIP value, fol-
lowed by the Ni2#, and the Ni3# had the lowest value, which is consistent with the find-
ings of the OM observation shown in Figure 2. It also demonstrated that the HIP condi-
tions, such as vacuum level and compactness of the container, had remarkable impacts on 
the TIP values of the nickel-based superalloys.  

 
Figure 4. Initial TIP values of the as-HIPed P/M FGH97 superalloys. 

3.2. TIP Evolution during Solution Heat Treatment 
The OM images of the P/M FGH97 superalloys under different solution heat treat-

ment 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-tempera-
ture and long-term preservation promoted the diffusion of the elements and the accumu-
lation of 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 be-
came irregular after the solution heat treatment, which is consistent with the results ob-
tained from the OM observation.  
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Figure 5. OM images of the Ni1# superalloy after solution heat treatment, (a) 1150 °C × 0.5 h, (b) 
1150 °C × 2 h, (c) 1150 °C × 4 h, (d) 1150 °C × 8 h, (e) 1175 °C × 0.5 h, (f) 1175 °C × 2 h, (g) 1175 °C × 4 
h, (h) 1175 °C × 8 h, (i) 1200 °C × 0.5 h, (j) 1200 °C × 2 h, (k) 1200 °C × 4 h, and (l) 1200 °C × 8 h. 

   

   

   

Figure 6. OM images of the Ni2# superalloy after solution heat treatment, (a) 1150 °C × 0.5 h, (b) 
1150 °C × 2 h, (c) 1150 °C × 4 h, (d) 1175 °C × 0.5 h, (e) 1175 °C × 2 h, (f) 1175 °C × 4 h, (g) 1200 °C × 
0.5 h, (h) 1200 °C × 2 h, and (i) 1200 °C × 4 h. 

    

    

    
Figure 7. OM images of the Ni3# superalloy after solution heat treatment, (a) 1150 °C × 0.5 h, (b) 
1150 °C × 2 h, (c) 1150 °C × 4 h, (d) 1150 °C × 8 h, (e) 1175 °C × 0.5 h, (f) 1175 °C × 2 h, (g) 1175 °C × 4 
h, (h) 1175 °C × 8 h, (i) 1200 °C × 0.5 h, (j) 1200 °C × 2 h, (k) 1200 °C × 4 h, and (l) 1200 °C × 8 h. 
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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 

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 cylindri-
cal as-HIPed specimen, the solution heat treatment caused a severe and irregular defor-
mation and even lead to specimen explosion. All Ni2# specimens exploded when the hold-
ing 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 di-
mensional changes [30]. 

 
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]. Previ-
ous 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 in-
crease in the holding temperature and the extension of the holding time, the argon pres-
sure 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 frac-
tion 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 degas-
sing treatment was incomplete, or some leakage occurred in the HIP process [14]. TIP 
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growth is mainly dependent on the amount of trapped gas that forms during the hot iso-
static pressing; the increase in gas pressure at elevated temperatures promotes the diffu-
sion creep of the superalloys and results in an increase in porosity. 

  

 
Figure 9. Microstructure of the FGH97 superalloy with different volumes of porosity after etching; 
(a) Ni1#, (b) Ni2#, and (c) Ni3#. 

When the volume fraction of the initial porosity of the superalloy is large, mi-
crocracks 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 surround-
ing 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 in-
crease 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 aver-
age 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 
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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.  

 
 

Figure 10. Evolution of the TIP as a function of holding temperature and holding time; (a) the aver-
age value of the TIP and (b) the worst value of the TIP. 

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 temper-
ature 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:  

𝑑 = 𝑑 + 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 pol-
ycrystalline 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 tempera-
ture 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 treat-
ment clearly show that TIP growth was influenced by temperature, time, and initial vol-
ume 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: 

𝑃 = 𝑃 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 
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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.  

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: 

𝑃 . = 𝑃 . ∙ 8.09 × 10 ∙ 𝑡 ∙ exp −
2.33 × 10

𝑅𝑇
 (3)

(Average value of TIP) 

𝑃 . = 𝑃 . ∙ 2.88 × 10 ∙ 𝑡 ∙ exp −
2.24 × 10

𝑅𝑇
 (4)

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

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

R=
∑ ( )

∑ ( ) ∑ ( )

 (5)

𝐴𝐴𝑅𝐸 =
1

𝑁
|

𝑃 − 𝐸

𝐸
| × 100% (6)

where 𝐸  is the experimental value, 𝑃  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 accu-
racy. 

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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Figure 11. Correlation between the experimental and predicted values of porosity growth models; 
(a) the average value of the TIP and (b) the worst value of the TIP. 

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 pri-

mary factors that influence the porosity growth behavior, which has a positive corre-
lation 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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