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Microstructural restoration of long-term 
serviced cast Inconel 738 nickel superalloy 
turbine blade with difference solutioning 

and precipitation aging temperatures
N. Kiatwisarnkij, P. Fapinyo, K. Chanthawong, P. Horňak, P. Wangyao

INTRODUCTION
Cast nickel superalloys are widely used as high tempera-
ture materials as many components in gas turbine engi-
nes. This is due to that the alloys can enable the service at 
high temperature applications with its high strength and 
proper microstructure with phase stability as well as its 
high resistances for both hot corrosion and oxidation at 
elevated temperatures [1-5].
However, after long-term service, the alloys could be 
degraded in microstructures as well as mechanical pro-
perties. The degraded microstructure would consist of 
the coarsening or agglomerating of strengthened gamma 
prime (γ’) particles resulting in lower mechanical pro-
perties such as creep strength, which could lead to the 
following failure of  the components. Therefore, micro-
structural refurbishments by means of reheat treatmen-
ts are widely applied to such long-term serviced com-
ponents to extend their service lifetime again after hot 
isostatic pressing process (HIP) and/or improper micro-
structures after welding process or over thermal exposu-
re. Generally, reheat treatment process includes solution 
treatment following with the single precipitation aging 
or double precipitation aging (as primary and secondary 
aging processes) to allow the microstructural restoration 
for homogeneous distributions either uniform repreci-
pitation of cuboidal or spherical gamma prime particles 
in high volume or area fraction within the grain/dendrite 

This research work aims to improve and evaluate the new conditions of reheat treatments, which consist of various 
solutioning treatment temperatures and different temperatures of primary precipitation aging for refurbishment of cast 
nickel base superalloy microstructure after long-term service. The selected material was a precipitation strengthening 
cast nickel base superalloy, grade Inconel 738, which is widely used as gas turbine blade material. The applied solu-
tioning temperatures were 1398 K, 1418 K, 1438 K, 1458 K and 1478 K for 14.4 ks then air cooling, which were followed 
with 5 different primary precipitation aging temperatures of 1198 K, 1231 K, 1263 K, 1296 K and 1328 K for 3.6 ks then air 
cooling and finally followed with same secondary precipitation aging at a temperature of 1118 K for 86.4 ks then air co-
oling. From obtained results, it was found that solutioning temperature of 1418 K or higher could completely dissolve 
coarse gamma prime particles. Furthermore, the higher primary precipitation aging temperature provided the coarser 
size of gamma prime particles as well as decreasing of both area density of gamma prime phase and hardness values. 
The most proper reheat treatment condition is solutioning at temperature of 1418 K for 14.4 ks, primary precipitation 
aging at a temperature of 1198 K for 3.6 ks and secondary precipitation aging at a temperature of 1118 K for 86.4 ks to 
receive uniform microstructure with the highest hardness value.
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interiors.
There are many previous research works [6-10], which had 
studied and investigated the relationship between reheat 
treatment conditions and final microstructures as well as 
its mechanical properties in many cast nickel base supe-
ralloys.
The aim of this research work is to determine and find out 
the most suitable and practicable repairing condition to 

rejuvenated microstructure with the most proper micro-
structural characteristics for long-term serviced turbine 
blades made of cast nickel base superalloy grade Inconel 
738 after 180 Ms service. 

MATERIALS AND EXPERIMENTAL PROCEDURE
The cast nickel base superalloy in this research work was 
Inconel 738, the chemical composition is shown in Table 1.

Rectangular plates, having a dimension about 1x1 cm2 and 
with a thickness of 0.5 cm, were cut from the most severe 
degraded zone of turbine blades. All cut specimens then 
were performed reheat treated in various conditions ac-

cording to the Table 2, which consist of different solution 
treatment temperatures, different primary precipitation 
aging temperatures and same secondary precipitation 
aging temperature in vacuum furnace. 

composition Cr Mo C Co Fe Zr Nb Al B Ti Ta W Ni

Content 
(wt.%) 16.2 1.7 0.1 8.4 0.2 0.04 0.8 3.3 0.008 3.37 1.7 2.6 Bal.

Tab.1 -The chemical composition of Inconel 738.No.
Solutioning 

heat treatment
Primary 

precipitate aging
Secondary 

precipitate aging

1( STD)

1398 K / 14.4 ks (AC)

1198 K / 3.6 ks (AC)

1118 K / 86.4 ks (AC)

2 1231 K / 3.6 ks (AC)

3 1263 K / 3.6 ks (AC)

4 1296 K / 3.6 ks (AC)

5 1328 K / 3.6 ks (AC)

6

1418 K / 14.4 ks (AC)

1198 K / 3.6 ks (AC)

7 1231 K / 3.6 ks (AC)

8 1263 K / 3.6 ks (AC)

9 1296 K / 3.6 ks (AC)

10 1328 K / 3.6 ks (AC)

11

1438 K / 14.4 ks (AC)

1198 K / 3.6 ks (AC)

12 1231 K / 3.6 ks (AC)

13 1263 K / 3.6 ks (AC)

14 1296 K / 3.6 ks (AC)

15 1328 K / 3.6 ks (AC)

16

1458 K / 14.4 ks (AC)

1198 K / 3.6 ks (AC)

17 1231 K / 3.6 ks (AC)

18 1263 K / 3.6 ks (AC)

19 1296 K / 3.6 ks (AC)

20 1328 K / 3.6 ks (AC)

21

1478 K / 14.4 ks (AC)

1198 K / 3.6 ks (AC)

22 1231 K / 3.6 ks (AC)

23 1263 K / 3.6 ks (AC)

24 1296 K / 3.6 ks (AC)

25 1328 K / 3.6 ks (AC)

Tab.2 -Reheat treatment conditions for long-term serviced cast nickel base superalloy turbine blade, Inconel 738.

Tab.1 -The chemical composition of Inconel 738.

Note:-1. STD= Standard Heat treatment; 2. AC = Air Cooling
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All sectioned specimens after various reheat treatment 
conditions were ground and polished using standard me-
tallographic techniques and were subsequently etched 
in Marble's reagent. The reheat treated microstructures 
were studied and analyzed by scanning electron micro-
scope with secondary electron mode. Image Analyzer 
was used to determine and elevate the size and area den-
sity of gamma prime particles. Lastly, the hardness values 
of all reheat treated specimens were measured by Vickers 
hardness tester with applied load 2 kgf. 

RESULTS AND DISCUSSION
Microstructure of Inconel 738 turbine blade after long-
term service.
The long-term serviced bimodal microstructure shown 
in Fig. 1 consists of very coarse gamma prime particles, 
which distribute not homogeneously. The coarse gam-
ma prime particles could form from the agglomeration of 

previous cubic particles with both adjacent cubic and very 
fine gamma prime particles [11-12]. Size of coarse gam-
ma prime particles is 0.357±0.156 μm2. Furthermore, very 
fine of gamma prime particles are also found throughout 
the microstructure. Size of these very fine gamma prime 
particles is 0.008±0.006 μm2. These fine particles conti-
nually reprecipitated (and also coarsened) during cyclic 
services from dissolved atoms of gamma prime forming 
elements, which some coarse gamma prime particles 
were dissolved into the gamma matrix [13]. Area densi-
ty of gamma prime particles of microstructure analysed 
by Image analysis program is 62.15%, approximately. The 
type of microstructure could be clearly identified to pro-
vide low mechanical properties such as creep, cyclic cre-
ep and/or thermo mechanical fatigue (TMF) strengths for 
further use. Therefore, it is necessary to be rejuvenated 
by reheat treatment for service lifetime extension.

Fig.1 - Microstructure of Inconel 738 turbine blade after long-term service for more than 180 Ms hours at high 
temperatures.

Microstructures after various reheat treatment condi-
tions.
Fig. 2 shows selected reheat treated microstructures with 
various solutioning temperatures of 1398 K, 1418 K, 1438 
K, 1458 K and 1478 K for 14.4 ks then air cooling, primary 
precipitation aging temperatures of 1198 K, 1231 K, 1263 
K, 1296 K and 1328 K for 3.6 ks then air cooling and same 
final precipitation aging at temperature of 1118 K for 86.4 
ks then air cooling. From all received results (see Figs. 
2a-2c), it can be concluded that the reheat treated mi-
crostructures with the lowest solutioning temperature 

of 1398 K are bimodal structures, which consist of coarse 
and very fine gamma prime particles precipitating throu-
ghout the microstructures. Size of coarse gamma prime 
particles is in range of 0.167±0.055 μm2 and 0.342±0.111 
μm2. Meanwhile, size of very fine gamma prime particles 
is in range of 0.015±0.011 μm2 and 0.033±0.010 μm2. This 
could indicate that such solutioning temperature and 
time could not completely dissolve all previous coarse 
gamma prime particles after long-term service into gam-
ma matrix and reprecipitate uniformly after 2-steps aging 
process. The remaining of undissolved gamma prime 
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particles would become larger again after both primary 
and secondary aging processes together with new fine 
precipitated particles after aging processes resulting in 
bimodal structure. The different in primary precipitation 
aging temperatures did not provide any significant diffe-

rence of gamma prime particles in this case. The results of 
microstructures with the lowest solutioning temperature 
will not further discussed in this present work due to their 
bimodal structures.

Fig.2 - Selected SEM micrographs after different solutioning temperatures and primary aging temperatures 
then following with the same secondary aging temperature at 1118 K for 86.4 ks.

From Figs. 2d-2o, from other cases, it was found that the 
received microstructures are quite the similar morpholo-
gy. They consist of only very fine gamma prime particles 

precipitating uniformly throughout the microstructu-
res. No coarse gamma prime particle was observed. This 
would indicate that the applied solutioning temperature 
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Fig.4 - The relation between gamma prime particle size and primary aging temperatures of all specimens with 
different solutioning temperatures: a) 1418 K, b) 1438 K, c) 1458 K and d) 1478 K.

Fig.3 - The gamma prime particle size of all specimens after different solutioning temperatures and primary 
aging temperatures then following with the same secondary aging temperature at 1118 K for 86.4 ks (Solutio-

ning temperatures: a) 1418 K, b) 1438 K, c) 1458 K and d) 1478 K).

From Fig. 3 and Fig. 4, it was found the similar tendency 
of reheat treated microstructures with solutioning tem-
peratures of 1418 K, 1438 K, 1458 K and 1478 K for 14.4 ks 
then air cooling that the higher temperature of primary 
precipitation aging provided the reprecipitated gamma 
prime particles in bigger size in almost all cases. This was 

probably due to that higher aging temperature provided 
faster precipitation and bigger size of gamma prime parti-
cles. It could be also observed that the size of reprecipi-
tated gamma prime particles were substantially increased 
with higher precipitation aging temperature, especially 
with very high solutioning temperatures (1458 K and 1478 

of 1418 K and/or higher ones for 14.4 ks were high enough 
to completely dissolve all remained coarsening of gamma 
prime particles into gamma matrix after long-term servi-
ce and prepare microstructures for next steps single size 
gamma prime particle precipitation. However, it was also 

found that primary aging could influence significantly in 
size of fine gamma prime particles, which higher primary 
aging temperature resulted in bigger size of the precipita-
ted gamma prime particles in microstructures, see more 
details in Fig. 3 and Fig. 4.
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Fig.5 - The area density of all specimens after different solutioning temperatures and primary aging temperatu-
res then following with the same secondary aging temperature at 1118 K for 86.4 ks (Solutioning temperatures: 

a) 1418 K, b) 1438 K, c) 1458 K and d) 1478 K).

Fig.6 - The relation between area density and primary aging temperatures of all specimens with different solu-
tioning temperatures: a) 1418 K, b) 1438 K, c) 1458 K and d) 1478 K.

K). This might be due to that with higher solutioning tem-
peratures, previous coarse gamma prime particles could 
be completely dissolved into gamma matrix and gamma 
prime phase forming elements diffuse in further distan-
ce [14-15]. Low primary precipitation aging temperatures 
(with low driving force) could only led gamma prime par-
ticles precipitating in smaller size.
From the obtained results in Fig. 5 and Fig. 6, it could be 
approximately concluded that the higher primary preci-
pitation aging temperatures almost provided the slightly 
lower area density of gamma prime particles in most ca-
ses. And with the highest solutioning temperature of 1478 

K provided the least area density of gamma prime phase 
comparing to those of 1418 K 1438 K and 1458 K. This 
could be explained that with the applied highest tempe-
rature of solutioning treatment, it could not only result in 
complete solutioning of previous coarse gamma prime 
particles but also drive the gamma prime phase forming 
atoms in gamma matrix diffusing to more remote zone 
such as to near interdendritic areas [15-16]. This would 
result in lower amount of gamma prime phase forming 
atoms in dendrite cores leading to slightly lower area 
density of gamma prime phase after both aging steps.
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From Fig. 7 and Fig. 8, it was found that all received har-
dness values have very similar trend as the data, which 
were obtained from area density of gamma prime phase. 
The higher temperature of primary precipitation aging 
provided slight decrease in hardness values due to less 
gamma prime particles to block dislocation movemen-
ts. As well as the highest solutioning temperature, which 
almost provided the least area density of gamma prime 

phase, resulted in the lowest value of hardness. Further-
more, not only area density of gamma prime phase has 
influence to hardness value but also size of gamma prime 
precipitated particles too. As it could be seen from the 
received results that bigger size of gamma prime precipi-
tated particles, which derived from heat treatment condi-
tions with higher primary precipitation aging temperatu-
res, provided less values of hardness.

Fig.8 -The relation between hardness and primary aging temperatures of all specimens with different solutio-
ning temperatures: a) 1418 K, b) 1438 K, c) 1458 K and d) 1478 K.

Fig.7 - The hardness of all specimens after different solutioning temperatures and primary aging temperatures 
then following with the same secondary aging temperature at 1118 K for 86.4 ks (Solutioning temperatures: a) 

1418 K, b) 1438 K, c) 1458 K and d) 1478 K).
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CONCLUSIONS
1. Solutioning temperature at 1398 K for 14.4 ks could not completely dissolve coarse gamma prime particles, which 
occurred after long-term service. However, following with primary precipitation aging temperature over 1231 K, it re-
sulted in more uniform precipitation of cubic gamma prime particles dispersing throughout the gamma matrix.
2. Solutioning temperature at 1418 K or higher for 14.4 ks could completely dissolve coarsening gamma prime particles 
in microstructures. The received gamma prime particles in this condition provided the uniform precipitation with very 
fine particles, which became coarser in size when applying higher primary precipitation aging temperatures.
3. The very high solutioning and primary precipitation aging temperatures have trend to provide bigger size of gamma 
prime particles, less area density of gamma prime phase and less value of hardness.
4. The higher hardness values can be derived with smaller size of gamma prime particles and higher area density of 
gamma prime phase. However, the effect of gamma prime particle size on hardness value seems to be greater than the 
effect from area density of gamma prime phase.
5. The most proper reheat treatment condition is as following; 1) Solutioning treatment at 1418 K for 14.4 ks, 2) primary 
precipitation aging temperature at 1198 K for 3.6 ks and 3) secondary precipitation aging temperature at 1118 K for 86.4 
ks. This condition would provide final uniform microstructure, which provides the highest value of hardness. 
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