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Abstract
In this study, In718 powder mixtures prepared from elemental powders following stoichiometric composition and supplied 
as a commercial product were produced by conventional powder metallurgy (1300 °C/4 h) and electric current-assisted sin-
tering (ECAS)(1700-2300A/10 min) methods and followed by a double-aging heat treatment. The characterization studies 
determined that the best results were the sample produced by the ECAS method using the elemental powder mixture. The 
targeted precipitate γ′,  γ″, and δ phases were obtained after the heat treatment, and a hardness value of 344 ± 41 HV0.5 and a 
relative density of 98.96% were achieved. The sample preserved its surface integrity by exhibiting high corrosion resistance 
from hot corrosion studies in the temperature range of 650–850 °C and NaSO4 + 60%V2O5 environment. The corrosion rate 
of the sample, which was subjected to electrochemical corrosion tests in 3.5% NaCl and 10% NaNO3 solutions, was deter-
mined as 45.59 mpy and 10.56 mpy, respectively.
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Introduction

Superalloys are Ni-, Fe- and Co-based, heat-resistant high-
temperature materials, generally developed from VIII-
B group elements, that exhibit high surface degradation 
resistance and high strength at low and high temperatures. 
Among these alloys, Inconel 718 is one of the alloys that 
is strengthened by body-centered tetragonal γ″-Ni3Nb and 
ordered face-centered cubic γ″ Ni3 (Al, Ti) precipitates. It is 
also an Nb-doped Ni–Fe–Cr-based superalloy with excellent 
oxidation, wear and creep resistance at high temperatures, 
available at relatively low costs and excellent mechanical 
properties in the temperature range of − 253 to 650 °C. 
These alloys are widely used in gas turbine and combus-
tion chambers of commercial and military aircraft engines, 
steam turbines of electric power plants, hot work tools and 
casting molds of metal production processes, heat treatment 
equipment and chemical and petrochemical industries [1–5].

The production techniques used in obtaining the materials 
affect the mechanical properties of the materials, thus the 
quality of use and service life in service conditions. When 
the casting technique is chosen as the manufacturing method, 
problems such as macrosegregation may be encountered. 
In contrast, when a production method that does not allow 
obtaining the final product is used, a secondary process such 
as machining methods may be required. In recent studies, 
it has been emphasized that new production techniques, 
such as powder metallurgy, should be developed in order to 
eliminate the negativities in the production of superalloys 
[6–10]. It is thought that one of the methods that will meet 
these requirements is the electric current-assisted sintering 
(ECAS) method, which is an alternative approach to powder 
metallurgy.

Electric current-assisted sintering method: It is based 
on the principle of sintering the powders with the heat 
generated by the electric current by placing the cold-shaped 
or preforming powder mixture into the mold, applying 
electrical current together with mechanical pressure, in 
order to synthesize specific products with the desired 
density. When this method is compared with conventional 
sintering methods, it provides advantages such as faster 
heating speed, lower sintering temperature, faster processing 
time, less auxiliary sintering equipment and no need for a 
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controlled atmosphere and cold pressing. In particular, 
thanks to low temperature and shorter processing time, the 
production of materials with fine-grain sizes close to the 
theoretical density and the sintering of nanosized metastable 
powders can be performed. In general, when conventional 
powder metallurgy and ECAS techniques are compared, 
the bonding of powder particles in the traditional powder 
metallurgy technique occurs under high temperature and 
pressure, while in the ECAS technique it occurs with electric 
current. Electric current accelerates the process and helps 
to obtain more homogeneous material. While reaching 
high temperatures and applying pressure in conventional 
powder metallurgy requires intense energy, in the ECAS 
technique, energy consumption is low as the sintering 
process is more efficient. In the ECAS technique, dense 
materials are obtained with the effect of electric current. 
This increases product quality. While the ECAS technique is 
partially suitable for mass production with semi-mechanized 
processes, conventional powder metallurgy is a method more 
suitable for mass production. The ECAS process is defined 
by names such as spark plasma sintering (SPS), field-
activated sintering technique (FAST) and pulse discharge 
sintering (PDS) depending on parameters such as the type 
of current used and the way the electric current is applied. 
ECAS process is currently used on an industrial basis in the 
production of cutting tools, the production of superplastic 
materials requiring low temperature and pressure and the 
sintering of magnetic materials and medical implants [10, 
11].

Marshall et al. [12] produced TCNi8 Ni-based superal-
loys with field-assisted sintering technology (FAST) and hot 
isostatic pressing techniques and compared them in terms 
of hardness and microstructure. They reported that they 
achieved better results in samples obtained with the FAST 
technique. They reported that this was due to the fine net-
work of γ′ precipitates produced during faster cooling rates 
after the FAST process [12].

In Ma et al. [13] Inconel 718 superalloy was produced 
with electric field-activated sintering technology (E-FAST) 
technique with low-voltage, high-intensity alternative cur-
rent and axial pressure and reached approximately 98% rela-
tive density [13].

Shuaijiang Yan et  al. [14] produced the Inconel 718 
superalloy by the SPS method and obtained a high relative 
density and a compressive yield strength of 1349 MPa after 
the aging process [14].

In this study, as the starting material, the powder 
mixture prepared in stoichiometric composition from 

elemental powders to form Inconel 718 superalloy, as well 
as commercial Inconel 718 superalloy powders from the 
market, was used. Both powder compositions were produced 
by conventional powder metallurgy technique and electric 
current-assisted sintering method. Thus, the properties of the 
samples produced with different techniques were compared. 
The samples produced by both methods were characterized 
with the help of metallographic examinations, density 
(Archimedes’ principle), microhardness and corrosion tests 
consisting of microstructure (scanning electron microscope 
(SEM)) and phase analysis (X-ray patterns, EDS).

Experimental

Inconel 718 superalloy is a type of Ni–Cr–Fe-based super-
alloys that vary in a wide composition range and exhibit 
different mechanical properties depending on the composi-
tion ratio and alloying elements. The composition range of 
Inconel 718 superalloy is given in Table 1.

In this study, since Inconel 718 alloy will be produced 
by powder metallurgy method, raw material selection has 
been made by taking into account the effect of powder size 
and morphology on material properties, paying attention to 
meet the needs. The properties of elemental powders and 
commercial In718 powder used in the experiments are given 
in Table 2.

In the production of the samples, commercial powder, 
one of which is ready for sintering, was used, while the 
other powder mixture obtained from elemental powders 
by pretreatment was used. The composition was prepared 
in stoichiometry suitable for Inconel 718 superalloy using 
elemental powders, and then it was fed to the planetary ball 
mill at a ratio of 1:20 (powder/ball by mass) and mixed for 
30 min at 600 rpm in a dry environment for a homogene-
ous mixture. Mechanical mixing processes were carried out 
with a Fritsch Planetary Mono Mill Pulverisette-6 model 
planetary ball mill.

Exothermic and endothermic transformation enthalpies 
and phase transformation temperatures were determined in 
order to determine the optimum production conditions of 
the targeted Inconel 718 superalloy. For this, DSC analyses 
of both powder mixtures were performed with a TA Instru-
ments SDT-Q600 model DSC device at a heating rate of 
10 °C min−1 up to 1200 °C in an argon environment.

Two different processes, conventional sintering and 
ECAS technique, were used in the production of the 
samples. The powder mixtures prepared in the production 

Table 1   Composition range of 
Inconel 718 superalloy [15]

Element Ni Cr Fe Nb Mo Ti Al Other

Mass.% 50–55 17–21 Balance 4.75–5.5 2.8–3.3 0.65–1.15 0.2–0.8 Max 2.116
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of the samples by the conventional sintering method were 
placed in molds with minimized surface roughness and 
pressed under 150 MPa pressure to form tablets. It was 
then subjected to cold isostatic pressing (CIP) for 150 s 
under 250 MPa pressure. Isostatic pressing operations were 
carried out with Stansted Fluid Power brand FPG2330A-40 
model CIP device. The preformed samples were sintered 
at 1300 °C for 4 h, and after the process, they were taken 
from the furnace and cooled in an open atmosphere. In the 
productions made using the ECAS technique, the samples 
were shaped with a uniaxial press under 600 MPa pressure 
by placing them in a mold lubricated with boron nitride and 
the surface roughness was minimized. The samples kept in 
the mold in order not to be affected by the open atmosphere 
were produced in 10 min in the range of 1700-3500A values. 
The samples produced by both methods were subjected to 
heat treatment consisting of a double-aging step in an argon 
atmosphere in order to improve their mechanical properties. 
The samples were heated in the oven at 980 °C, cooled in 
water after 1 h of waiting time, reheated to 720 °C and kept 
for 8 h, and then the oven temperature was cooled to 620 °C 
in 30 min. The formation of γ″ precipitate by keeping it 
at 720 °C in the first aging process and the formation of 
γ′ precipitate by keeping it at 620 °C in the second aging 
process were aimed.

The characterization processes of the samples produced 
and heat treated were determined by density, hardness, 
microstructure studies, phase analyses and corrosion 
studies. Density measurements of the samples were made 
in distilled water environment on the RADWAG AS 60/220.
R2 density measuring device using the Archimedes’ 
principle. RIGAKU D MAX 2200 PC X-ray diffractometer 
was used to determine the phase analyses of the samples. 
JOEL JSM-6600 scanning electron microscope (SEM) 
was used to examine the morphology of the materials. 
Elemental changes were detected by taking point EDS 
analyses from phases observed in different morphologies. 
IXRF 500 EDS device, working synchronously with the 

SEM device, was used for X-ray spectrometry analyses. 
Hardness measurements of metallographically prepared 
samples before and after heat treatment, FUTURE TECH, 
were carried out by applying a load of 500 g N for 10 s using 
a Vickers hardness tip on the FM 700 microhardness device. 
Hardness values were determined by taking the average of 
6 separate measurements. In order to determine the hot 
corrosion behavior of In718 samples, which are defined as 
high-temperature materials, a corrosive salt environment 
of 40% Na2SO4 + 60% V2O5 by mass was prepared by 
simulating the service conditions of gas turbine engines. 
The samples produced by two different methods using two 
different starting powders and subjected to double-aging 
heat treatment were embedded in this salt mixture and kept 
at temperatures of 650 °C, 750 °C and 850 °C for 1, 3, 5, 
10, 20 and 30 h. then cooled to room temperature. After 
isothermal hot corrosion studies, the samples were washed 
with pure water and dried to remove salt residues deposited 
on the sample surface. The corrosion rate was calculated 
from the mass loss by considering the ratio of the mass 
change of the samples to the surface area. Mass changes 
of the samples were determined by an electronic balance 
with a sensitivity of 0.00001 g. Electrochemical corrosion 
experiments were carried out at room temperature on the 
Gamry computer-controlled potentiostat/galvanostat test 
device using the potentiodynamic polarization technique. In 
the experiments carried out according to the three-electrode 
technique in the glass corrosion cell, saturated Ag/AgCl was 
used as the reference electrode and graphite was used as the 
reference electrode. An area of 0.785 cm2 of the produced 
samples was corroded. During corrosion tests, two different 
solution environments were used as solutions: 3.5% NaCl 
and 10% NaNO3.

Table 2   Properties of the 
starting powders used in the 
sintering

Material Purity/% Grain size/µm Reference Product code

Ni 99.8 3–7 Goodfellow NI006021
Fe 99.0 6–8 Goodfellow FE006041
Cr 99.8 1–5 Atlantic equipment CAS:7440-473
Co 99.9 10 Atlantic equipment CAS:744048-4
Ti 99.5  ≤ 40 Alfa Aesar CAS:7440–32-6
Al 99.0 7–15 Goodfellow AL006038
Nb 99.8 1–50 Famousschem 92.90638
Mo 99.95 3–7 Alfa Aesar CAS:7439-98-7
Mn 99.6  < 10 Alfa Aesar CAS:7439-96-5
Si 99.9 1–5 Alfa Aesar CAS:7440-21-3
Commercial In718 100 1–20 Huarui Industr HR-Inconel718
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Experimental results

In order to determine the shape of the powder mixtures 
used in the sample production and to determine the oxide 
content of the particles that are likely to be oxidized 
due to the size of the surface area, SEM–EDS analyses 
were performed and the initial powder properties were 
determined before production. SEM–EDS analyses of 
the mixture obtained from elemental powders are given 
in Fig. 1 and the commercial powder mixture in Fig. 2. 
In the detailed examinations, it was determined that the 
desired stoichiometric composition was obtained in the 
mixture prepared from elemental powders, there was 
agglomeration and it contained 6.3% oxygen by mass. One 
result of the production of commercial Inconel 718 powder 
by gas atomization method, it was determined that it is in 

spherical form and contains approximately 2% oxygen by 
mass.

In the powder metallurgy technique, the particle size 
distribution of the powders affects the density and flow 
properties of the samples, thus determining the amount 
of pores and mechanical properties. The particle size 
distribution of the commercial powder and elemental 
powder mixture used as raw material for producing Inconel 
718 superalloy is given in Fig. 3a, b.

From the particle size distribution analysis of commercial 
In718 powders, it was determined that the average particle 
size was 74 µm and ranged between 57.02–118.6  µm, while 
the average particle size of the elemental powder mixture 
was 53  µm and ranged between 8.19–111.1  µm. The par-
ticle size distribution of the elemental powder mixture is 
in a wider range than the commercial In718 alloy powders, 
which is thought to be due to the agglomeration that occurs 

Fig. 1   SEM–EDS analysis of 
mechanically mixed Inconel 
718 powder
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during the mixing process in the planetary mill and the par-
ticles that break off in different sizes with the impact of high-
speed impact.

DSC analysis is generally accepted as a key technique 
in phase transformation studies, and phase transformations 
can be detected by endothermic or exothermic peaks 
[16]. In the production of Inconel 718 samples with two 
different methods using two different powder sources, 
DSC analysis was performed to determine the temperature 
for the conventional sintering method and to determine the 
exothermic reaction temperature for the ECAS method, 
and the results are given in Fig. 4a, b.

Faheem et al. [16] reported that the Inconel 718 super-
alloy had an exothermic reaction at temperatures of 869 °C 
and 901 °C in their DSC analysis studies performed at two 
different holding time heat treatment temperatures and for 
two different holding times. Mei et al. [17] in their DSC 
analysis of cold rolled Inconel 718 superalloy, reported 
that γ″-precipitate formed at 804 °C and δ-precipitate at 
928 °C. In this study, in the DSC analyses of two differ-
ent powders to be used in the production of Inconel 718, 
exothermic peaks were detected at 832.5 °C in commercial 
powder and 813.8 °C in elemental mixture powder.

Morphological examinations of the samples, which 
were produced and heat-treated by taking into account the 
temperatures determined by DSC analysis, were made with 
SEM analyses. Metallographic preparation of superalloys 
is generally very difficult. The carbide layers contained in 
the samples cause brittle characteristics during cutting, 
sanding and polishing processes and easily break off 
during the abrasion process and cause serious damage 
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to the material surface. In addition, depending on the 
corrosion resistance of superalloys, the duration of the 
etching process in the order of minutes causes excessive 
corrosion locally [18]. For this reason, microstructural 
examinations of the samples were made by creating 
broken surfaces using SEM analysis technique. SEM 
microstructure images of samples obtained from elemental 
powder mixture and commercial powders by two different 
production methods are given in Fig. 5.

From the SEM analysis results, it is seen that the phase 
transformation is completed for all samples and dense micro-
structures with low porosities are obtained. It was observed 
that the sample produced by ECAS technique using elemen-
tal powder mixture had coarse grain structure, homogeneous 
structure and higher density compared to other samples. The 
sample produced by the ECAS technique using commercial 
powder has a similar structure, but heterogeneous distribu-
tion and relatively low density. The samples produced by 
the conventional PM method, on the other hand, exhibit a 
second grain structure similar to the rod-like appearance 
beside the equiaxed grain structure. From the microstruc-
ture images (Fig. 5), it was seen that the sample obtained 
using commercial powders was homogeneous, the sample 
obtained with the elemental powder mixture was denser, and 
the phase in the rod-like appearance was less.

SEM analysis was carried out in order to determine 
the precipitation phases of the produced and heat treated 
samples and to determine the microstructure distribution 
of the elements that give the material certain properties. 

In Fig. 6, EDS analysis of the sample produced by ECAS 
technique using elemental powder mixture is given. 
According to the EDS analysis results taken from different 
parts of the sample, it is seen that each region of the sample 
has a similar composition, the elements are homogeneously 
distributed in the structure, and the targeted Inconel 718 
chemical composition has been reached.

EDS analysis of the sample produced by ECAS technique 
using commercial In718 powder is given in Fig. 7. The 
precipitate phase showing homogeneous distribution on the 
matrix is seen from the high-magnification microstructure 
image. It can be seen that the matrix phase (zone 1) is 
very close to the expected chemical composition and also 
contains oxygen. In region number 2, it was determined 
that the amount of Ni and Fe, which are the main elements 
that make up Inconel 718, decreased significantly, and the 
amounts of Al and Nb increased.

EDS analysis of both powder mixtures produced by 
the conventional PM method is given in Figs. 8 and 9. It 
was observed that the samples, which were heat treated 
after production, generally consisted of an equiaxed and 
rodlike grain structure. EDS analysis was taken from 2 
different points on different grain structures. It is seen 
from the EDS analysis results taken from the equiaxed 
phase (region 1) of the sample obtained with the elemental 
powder mixture using the conventional PM method that 
it has a composition close to the sample produced with 
ECAS. According to the results obtained from phase 2, 
which is the rodlike appearance, it was determined that the 

Fig. 5   SEM micrographs from 
the fractured surfaces of the 
In 718 samples produced by a 
ECAS using elemental mixed 
powder, b PM using elemental 
mixed powder, c ECAS using 
commercial mixed powder, d 
PM using commercial mixed 
powder

(a) (b)

(d)(c)
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amount of Ni increased while the amount of Fe decreased 
considerably. It is seen that the sample produced by the 
conventional PM method using commercial powders is 
close to a similar composition, the amount of Nb and 

Mo is relatively low, and the amount of Fe decreases in 
the same way in the rodlike phase, and the amount of Cr 
increases. In addition, the oxygen content was not found in 
the samples obtained with conventional PM. Zhu et al. [19] 

Fig. 6   EDS analysis of the In 
718 sample produced by ECAS 
technique using an elemental 
powder mixture
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interpreted the rodlike structure of the samples produced 
by the conventional PM method as columnar dendrites and 
emphasized that it was due to temperature gradients during 
the solidification process. Considering that the preferred 
temperature in the conventional PM method is close to the 

melting temperature of these materials, it is thought to be 
a similar situation.

X-ray diffraction method was used to detect the phases 
formed in Inconel 718 superalloys, produced under 
similar conditions with ECAS and conventional PM 

Fig. 8   EDS analysis of 
the sample produced by 
conventional PM method using 
elemental powder mixture
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methods, using a homogeneous mixture prepared from 
elemental powders and commercial In718 powders and 
heat treated. XRD diffraction analyses of sintered Inconel 
718 superalloy are given in Fig. 10.

It was determined that the peaks of the Inconel 718 
gamma (γ) matrix were obtained in the XRD patterns of 
the samples after production. In both production methods 
using elemental powder mixture, the presence of the C2O3 
peak was determined as well as the matrix phase. While the 
oxygen content of the elemental powder mixture was 6.3% 
in SEM–EDS analysis, it was found to be approximately 
2% in Commercial In718. For this reason, it is thought that 
the C2O3 peak occurs due to the high oxygen content in the 
productions using an elemental powder mixture. No C2O3 
peak was found in the samples made at the end of a similar 
production process using commercial In718 powder.

δ, MC and C2O3 phases were determined in the XRD 
patterns after the double-aging process to improve the 
mechanical and high-temperature properties such as strength 
and hardness of the produced samples. XRD diffraction 
analysis of Inconel 718 superalloy after heat treatment is 
given in Fig. 11.

While the precipitate phases defined in the literature were 
reached in the samples produced by both methods using 
elemental powders, the MC phase could not be detected in 
the production made with ECAS using commercial powder, 
and the precipitates were determined with low peak intensity 
in the sample produced with conventional PM. In literature 
reviews, it has been reported that while δ and NbC precipi-
tate phases are easily detected after heat treatment in some 
studies [20, 21], it is difficult to detect precipitate phases 
by X-ray in some studies [22]. However, it is stated that 
the presence of precipitates can be indirectly determined by 
changes in the patterns of the matrix phase [23].

Cr and Ni in Inconel 718 superalloy; γ matrix phase with 
a face-centered cubic crystal lattice structure, Nb; The γ″ 
(Ni3Nb) main precipitate phase with body-centered tetrago-
nal crystal structure dispersed in the γ matrix and Ti and Al 
form the γ′ phase, which is Ni3(Al, Ti) intermetallic precipi-
tate with face-centered cubic structure. The orthorhombic 
δ phase and MC type carbides (M mostly Nb, Ti) precipi-
tated at the grain boundaries improve the creep properties 
of Inconel 718. Also, Al and Cr; Al2O3 and Cr2O3 form a 
protective layer on the surface in the form of oxide films 
[24, 25]. It is reported that γ″ precipitate will be formed 
in the first aging step at 720 °C of double-aging heat treat-
ment applied to Inconel 718 superalloy, and γ′ precipitate 
will be formed in the second aging process at 620 °C [26]. 
Since the γ″ and γ′ phase peaks have values very close to 
the diffraction peak of the γ phase [20], they are very dif-
ficult to detect in XRD patterns after heat treatment. While 
the lattice parameter of the γ″ phase in the DO22 (regular 
tetragonal, Pearson symbol; tI8) structure is a = 0.3624 and 
c = 0.7406 nm, the lattice parameter of the γ′ phase in the 
L12 (regular YMK, Pearson symbol; cP4) structure is a = 0. 
It has values of 0.3690 nm. The diffraction plane, interplan-
etary distance, diffraction angle and relative density of the 
γ′ and γ″ phases are given in Table 3.

Since the precipitate phases formed after the heat 
treatment cannot be easily detected in the XRD patterns of 
the superalloys produced and heat treated, the mechanical 
properties of the samples after the heat treatment are 
examined or DSC analyses are performed [27, 28]. In the 
present study, DSC analysis was performed on the samples 
obtained by using two different production methods and 
two different powders, and it was determined whether a 
precipitate phase was formed or not. DSC analyses taken 
from the produced samples after heat treatment are given 
in Fig. 12. From the DSC analysis results, it is seen that the 
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precipitate phases are formed in the samples at very close 
temperatures.

The relative densities of the samples produced and heat 
treated were determined according to the Archimedes’ prin-
ciple and are given in Table 4.

The relative densities of the samples produced with 
elemental powders were over 98%, and it was determined that 
the most concentrated sample in this group was the sample 
obtained with ECAS (98.96%). The commercial powder is in 
a narrow range (57.02–118.6 µm) and generally in spherical 

form, while the elemental powders that make up the mixture 
are amorphous and sharp-edged, with a wide grain size range 
(8.19–111.1 µm). It is thought that the relative densities of 
the samples produced using elemental powder are higher 
than the samples produced with commercial In718 powder, 
due to the wide size distribution of the elemental powders 
and the additional exothermic reaction temperature released. 
Although there is agglomeration after the mixing process 
applied in the planetary mill, it maintains its irregular 
shape. Although this situation seems to be a disadvantage 
compared to commercial powder, it is known that complex 
shaped powders have more ability to form bonding points 
after pressing and are effective in breaking the oxide layer 
that may form on the surface of neighboring particles with 
its sharp-edged structure [29].

Determining the hardness values of the samples is 
very important in terms of giving information about their 
mechanical properties. The hardness measurements of the 
samples before and after the heat treatment were made using 
the Vickers hardness tip in the microhardness device and the 
hardness values found are given in Table 5. While the hard-
ness values of all samples produced before the heat treatment 
were in the range of 200–245 HV0.5, it was determined that 
it changed between 285–344 HV0.5 after the heat treatment. 
It was observed that the hardness values increased in paral-
lel with the increase in relative density. It was determined 
that the intensity of the precipitate phase peaks in the XRD 

Table 3   Diffraction plane 
(hkl), interplanar distance 
(d), diffraction angle (2θ) and 
relative density (I) of γ′ and γ″ 
phases [20]

VS very strong, S strong, W weak, VW very weak

γ″ phase γ′ phase

hkl d 2θ I hkl d 2θ P

101 3.262 27.34 5 100 3.600 24.73 W
110 2.561 35.04 1 110 2.546 35.26 W
112 2.107 42.92 100 111 2.079 43.54 VS
103 2.040 44.41 – 200 1.800 50.72 S
004 1.852 49.20 16 210 1.610 57.22 VW
200 1.812 50.36 31 211 1.470 63.28 VW
202 1.627 56.57 1 220 1.273 74.56 S
211 1.587 58.13 1 300 1.200 79.95 VW
204 1.294 73.13 18 310 1.138 85.25 VW
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Fig. 12   DSC analyses of the produced samples after heat treatment

Table 4   Calculated densities of the samples

Material Density/g cm−3 Theoretical 
density/g cm−3

Relative 
density/%

Elemental ECAS 8.106 8.192 98.96
Elemental PM 8.065 98.46
Commercial ECAS 8.050 8.220 97.94
Commercial PM 8.025 97.63

Table 5   Hardness values of the samples

Material The sample (HV0.5) After heat 
treatment 
(HV0.5)

Elemental ECAS 245 ± 13 344 ± 41
Elemental PM 214 ± 17 331 ± 32
Commercial ECAS 208 ± 11 314 ± 11
Commercial PM 200 ± 6 285 ± 17
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pattern of the samples produced by the ECAS method using 
the elemental powder mixture, after double-aging heat treat-
ment, was higher than the other samples and these samples 
had the highest hardness and density values.

It is known that the hardness of Inconel 718 superalloy, 
produced in a wide composition range, varies in the range of 
30–40 HRC (285–388 HV) depending on the applied aging 
heat treatment temperature and time. Qin et al. [30] reported 
the hardness values obtained from 3 different regions of 
Inconel 718 superalloy obtained by using vacuum injection 
melting, electro slag melting and vacuum arc melting 
techniques after heat treatment as 37.3 HRC, 41.67 HRC and 
44.2 HRC. Tucho et al. [31] reported that the hardness values 
of the samples they produced by selective laser melting were 
in the range of 207–304 HV, depending on the heat treatment 
temperature and duration. The corrosion properties of the 
produced and heat-treated samples were determined by the 
time-dependent mass changes of the samples exposed to 
the hot corrosion environment and by extrapolation to the 
corrosion potential of the Tafel zones electrochemically. 
Inconel 718 superalloys find wide use in gas turbine engines 
as “Low Cost High-temperature Construction Materials” 
[32, 33]. Gas turbine engines are exposed to hot corrosion 
damage as a result of the formation of Na2SO4 and V2O5 
salts that melt at low temperatures (950 °C) of impurities 
such as Na, S and V in their fuels. In this study, mass % 40 
Na2SO4 + 60% V2O5 mixed corrosive salt environment was 
prepared by simulating the service conditions of gas turbine 
engines in order to determine the hot corrosion behavior 
of In718 samples, which is defined as a high-temperature 
material. The samples, which were produced with two 
different methods using two different initial powders and 
carried out double-aging heat treatment, were buried in this 

salt mixture and kept at temperatures of 650 °C, 750 °C and 
850 °C for 1, 3, 5, 10, 20 and 30 h. In this way, the corrosion 
rate was determined from the mass change with isothermal 
hot corrosion studies.

In Fig.  13, mass changes of samples produced by 
ECAS method using commercial In718 powders are given 
depending on temperature and time. It is seen that the 
mass change of the samples increases with the increase 
in temperature and time. At the end of the sample's 30-h 
isothermal hot corrosion experiments, the mass changes 
at 650, 750 and 850 °C temperatures were determined as 
approximately 4.5, 6 and 6.5 mg/cm2, respectively.

The mass changes of the samples produced by the 
conventional PM method using commercial In718 powders, 
depending on temperature and time, are given in Fig. 14. It 
is observed that there is no spalling in the samples exposed 
to hot corrosion at temperatures of 650 °C and 750 °C. 
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However, while an increase in mass was observed in the 
sample exposed to hot corrosion at 850 °C until the 10th 
hour, it was observed that after the 10th hour, with the 
spallage of the layers formed on the surface as a result of 
corrosion, a serious decrease in mass occurred.

The mass changes of the samples produced with the 
ECAS method and conventional PM technique using the 
elemental powder mixture, depending on the temperature 
and time, are given in Figs. 15 and 16. It was observed that 
the mass change curves for both groups of samples changed 
in accordance with the parabolic change with the increase 
in temperature and time.

The hot corrosion behavior of the samples produced 
using two different production methods and two different 
powder mixtures at constant temperatures of 650, 750 and 
850 °C, depending on the time, were compared. While the 
mass change of the samples produced by the ECAS method 
using the elemental powder mixture was the least at all test 
temperatures, the mass change of the samples produced by 
the conventional PM method from commercial powders was 

determined to be the highest at 650 and 750 °C. In addi-
tion, when the hot corrosion temperature for this material 
is increased to 850 °C, it has been observed that the layer 
thicknesses formed on the surface at the end of the test 
period of 10 h and its mass decreases significantly with the 
spalling. Calculations for the commercial PM sample are 
based on a corrosion time of 10 h.

In order to determine the hot corrosion behavior of the 
samples, parabolic rate constant (kp) values were calculated 
and given in Table 6. It is known that there is an inverse 
relationship between the parabolic rate constant and the 
corrosion behavior of the material. Therefore, among the 
samples exposed to hot corrosion at 650, 750 and 850 °C, 
the commercial In718 PM sample had the worst corrosion 
behavior, while the elemental Inconel 718 ECAS sample had 
the best corrosion behavior. Figures 17–19 show parabolic 
rate constants (kp) of hot worn samples at 650 °C, parabolic 
rate constants (kp) of hot worn samples at 750 °C and 850 °C 
rate constants of hot worn samples (kp) parabolic rate con
stants.

Kamal et al. [34] investigated the hot corrosion behavior 
of Superfer 800H superalloy in Na2SO4 + 60%V2O5 hot salt 
solution at 900 °C and determined kp values as 1.684 after 
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Table 6   Calculated parabolic 
rate constant (kp) values of the 
samples

Material 650 °C 750 °C 850 °C

kp R2 kp R2 kp R2

Elemental Inconel 718 ECAS 0.52 0.96 0.61 0.93 0.76 0.93
Elemental Inconel 718 PM 1.06 0.96 1.61 0.96 2.33 0.89
Commercial In718 ECAS 2.23 0.89 3.72 0.95 4.97 0.95
Commercial In718 PM 7.02 0.94 9.57 0.94 6.56 0.99
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10 cycles, 2.931 after 20 cycles and 2.437 g2cm−4s2 after 35 
cycles. The elements that make up the chemical composition 
of Superfer 800H superalloy are similar to those of Inconel 
718 superalloy and the amount of Cr it contains is the same, 
and it does not contain Nb and Mo alloying elements. It is 
known that the main element providing the hot corrosion 
resistance of superalloys is Cr, but Ti, Al and Nb elements 
play an important role in increasing the hot corrosion 
resistance [35]. Therefore, it is thought that the reason why 
the corrosion resistance obtained in this study is higher 
compared to the Superfer 800H superalloy is the Nb content 
it contains.

Studies in recent years indicate that the hot corrosion 
resistance of materials designed for use in gas turbines 
can be increased by improving the surface properties of 
especially superalloys with coatings [36]. Kamal et  al. 

[37] in their study on the hot corrosion behavior of Cr3C2 
NiCr coated and uncoated Superni 718 superalloy with 
D-gun thermal spray process in Na2SO4 + 60V2O5 hot salt 
solution at 900 °C, when the ratio of time dependent mass 
change to surface area is examined, the sample becomes 
parabolic up to 25 cycles. However, after 25 cycles, a rapid 
decrease in mass was observed. It has been determined that 
the same material exhibits good corrosion resistance up to 
50 cycles after Cr3C2–NiCr coating process and then loses 
its properties. When the kp values were examined, it was 
determined that the coated sample was 2.29 and the uncoated 
sample was 6.874 g2cm−4s2. Electrochemical corrosion tests 
of the samples obtained by two different production methods 
using elemental powder mixture and commercial powder 
were carried out using three electrode technique in a solution 
medium of 3.5 mass% NaCl and 10 mass% NaNO3 solution. 
Before the electrochemical corrosion experiments, the 
samples' open circuit potentials (OCP) against the reference 
electrode were determined after a waiting period of 1800s 
at a scanning speed of 5 mV/sec between −1 V and 1 V 
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Table 7   Tafel analysis results of samples in 3.5% NaCl solution

Material Ecorr/mV Icorr/mA cm−2 Corrosion 
rate/mpy

Elemental ECAS  − 0.2838 1.28 45.59
Elemental PM  − 0.3112 1.35 65.93
Commercial ECAS  − 0.3306 1.47 76.09
Commercial PM  − 0.3498 1.52 77.82

1.0

0.5

0.0

– 0.5

– 1.0

Elemental ECAS

Elemental PM

Commerical ECAS

Commerical PM

1E-5 1E-4 1E-3 0.01 0.1 1

P
ot

en
tia

l/V
 v

s 
S

C
e

Log/current density,I/mA/cm2

Fig. 20   Tafel curves of the samples in 3.5% NaCl solution after heat 
treatment
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in order to stabilize the system. After OCP measurements, 
Tafel curves were obtained with 0.5 mV s−1 scanning speed 
between −1 V and + 1 V, Icorr, Ecorr and corrosion rate 
were determined. The samples were obtained as a result of 
the production of Elemental Inconel 718 powder mixture by 

ECAS and PM methods and commercial In718 ready-made 
powders by ECAS and PM methods. Corrosion potentials 
in 3.5% NaCl solution were measured as − 0.2838 mV, − 
0.3112 mV, − 0.3306 mV and − 0.3498 mV, respectively. 
Corrosion current densities due to these potentials were 

Fig. 21   SEM–EDS analyses of 
samples in 3.5 mass.% NaCl 
solution a elemental ECAS, b 
elemental PM, c commercial 
ECAS, d commercial PM
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calculated as 1.28 mA, 1.35 mA, 1.47 mA and 1.52 mA, 
respectively, using the Gamry device. The Tafel approach 
was applied in the calculations. The obtained corrosion 
value is given in Table 7. The closeness of the Ecorr values 
obtained from the Tafel curves to zero and the low current 
(Icorr) values mean that the corrosion resistance of the 
material is high.

In Fig. 20, it was seen that the sample prepared by using 
an elemental powder mixture and produced by the ECAS 
method had a higher corrosion potential and lower corrosion 
current density compared to the other samples, and the 
corrosion rate of this sample was lower than the other 
samples. In general, the samples produced with elemental 
powder mixture exhibit better corrosion resistance than 
those obtained with commercial powder, and it has been 
determined that the highest corrosion rate and therefore the 
lowest corrosion resistance are obtained in the commercial 
PM sample.

The microstructure changes and elemental analyses of 
the samples after the corrosion tests carried out in 3.5 
mass% NaCl solution were carried out by SEM–EDS 

analysis examinations and are shown in Fig. 21a–d. It 
was observed that the samples produced by both methods 
using commercial powder were more corroded than those 
obtained with elemental powders. It was observed that 
elemental ECAS sample was less affected by corrosion by 
maintaining its surface integrity. When the samples are 
ranked from best to worst in terms of corrosion properties, 
it is seen from the EDS analyses taken from the samples 
that the amount of Nb decreases toward the worst sample.

Corrosion tests of the samples in mass %10 NaNO3 
solution were also carried out under similar conditions. 
Corrosion potentials of the samples obtained as a result of 
the production of elemental Inconel 718 powder mixture 
by ECAS and PM methods and Commercial In718 
commercial powders by ECAS and PM methods were 
measured as −0.188  mV, −0.202  mV, −0.146  mV and 
−0.550 mV, respectively. Corrosion current densities due 
to these potentials were calculated as 0.93 mA, 1.08 mA, 
1.41 mA and 5.56 mA, respectively, using the Gamry device. 
When the corrosion behavior of the samples in this solution 
environment is compared, it was determined that the sample 
exhibiting the best corrosion resistance was the elemental 
ECAS sample, as in all corrosive environments, as a result 
of the potential value being closer to zero and the corrosion 
current having a lower value. In Fig. 22, Tafel curves of the 
samples in 10% by mass NaNO3 solution after heat treatment 
are given. In Table 8, Tafel analysis results of samples by 
mass are given in 10% NaNO3 solution.

After the corrosion tests using mass.%10 NaNO3 solution 
as the corrosive medium, the microstructure changes and 
elemental analyses of the samples were made by SEM–EDS 
analysis examinations and are shown in Fig. 23a–d. From 
the microstructural examinations, it was observed that the 
samples were corroded and a cracked corrosion layer was 
formed on their surfaces. It has been determined that the 
amount of corrosion products and cracks formed on the 
surface of the elemental ECAS sample is less than the others. 
From the EDS analyses of the samples, it was determined 
that a dense oxide layer of mass. % 50 was formed on the 
surfaces.

When the corrosion behavior of the samples in solutions 
was examined based on the electrochemical corrosion 
environments, it was observed that the samples other than 
the commercial PM sample gave better results in the NaNO3 
environment. While the corrosion rate of elemental ECAS 
sample is 45.59 mpy in NaCl environment, its rate is 10.56 
mpy in NaNO3 environment. While the corrosion rates of 
elemental PM and commercial ECAS samples, which exhibit 
similar properties, were 65.93 and 76.09 mpy in NaCl 
environment, respectively, the corrosion rates in NaNO3 
environment were determined as 30.27 mpy and 70.31 
mpy, respectively. It is thought that the δ and Cr2O3 phases 
precipitated after the heat treatment are the reason why the 
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Fig. 22   Tafel curves of the samples in mass.% 10 NaNO3 solution 
after heat treatment

Table 8   Tafel analysis results of samples in mass.%10 NaNO3 
solution

Material Icorr/A cm−2 Ecorr/V Corrosion 
rate/mpy

Elemental ECAS 0.93  − 0.188 10.56
Elemental PM 1.08  − 0.202 30.27
Commercial ECAS 1.41  − 0.246 70.31
Commercial PM 5.65  − 0.550 152.27
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sample, which was prepared using an elemental powder 
mixture and produced by the ECAS method, exhibited 
better corrosion behavior compared to the other samples. 
You et al. [38], in their study on Inconel 718 superalloy, 
emphasized that the γ′ and γ″ phases affect the corrosion 
resistance negatively and the δ phase has the property of 
increasing the corrosion resistance.

Conclusions

In this study, Inconel 718 powder mixtures obtained from 
the market as a commercial product and prepared from ele-
mental powders were produced by conventional powder met-
allurgy (1300 °C/4 h) and electric current-assisted sintering 
(1700-2300A/10 min) methods. Then heat treatment consist-
ing of a double-aging step was carried out. The following 
results were obtained from the characterization studies:

Fig. 23   SEM–EDS analyses of 
samples in 10% mass.% NaNO3 
solution a elemental ECAS, b 
elemental PM, c commercial 
ECAS, d commercial PM
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•	 The γ, δ, MC and C2O3 precipitate phase peaks defined in 
the literature were detected in the samples produced by 
both methods using elemental powders from XRD stud-
ies. However, the MC phase peak could not be detected 
in the production made with ECAS using commercial 
powder, and it was observed that the peak intensities of 
these precipitates were weakened in the sample produced 
with conventional PM.

•	 The relative densities of elemental ECAS, elemental PM, 
commercial ECAS and commercial PM samples were 
calculated as 98.96%, 98.46%, 97.94% and 97.63%, 
respectively. While the microhardness values of the 
produced samples were 245 ± 13 HV0.5, 214 ± 17 HV0.5, 
208 ± 11 HV0.5 and 200 ± 6 HV0.5 before heat treatment, 
after heat treatment, it was determined as 344 ± 41 HV0.5, 
331 ± 32 HV0.5, 314 ± 11 HV0.5 and 285 ± 17 HV0.5.

•	 Corrosion behavior of samples isothermal hot corro-
sion in 40%Na2SO4 + 60%V2O5 salt environment at 
temperatures of 650, 750 and 850 °C for 1, 3, 5, 10, 20 
and 30 h and 3.5 mass% NaCl and 10 mass% NaNO3 
solutions with the help of electrochemical corrosion 
tests. After electrochemical corrosion with 3.5 mass% 
NaCl solution, the corrosion rates of elemental ECAS, 
elemental PM, commercial ECAS and commercial PM 
samples were determined as 45.59 mpy, 65.93 mpy, 
76.09 mpy and 77.82 mpy, respectively the corrosion 
rates in 10% mass% NaNO3 solution were determined 
as 10.96 mpy, 30.27 mpy, 70.31 mpy and 152.27 mpy, 
respectively. Parabolic rate constant (kp) values of these 
samples after hot corrosion are, respectively, 0.52, 
1.06, 2.23 and 7.02 g2cm−4s2 for 650 °C; 0.61, 2.47, 
4.41 and 9.57 g2cm−4s2 for 750 °C; and 0.93, 0.89, 0.95 
and 0.99 g2cm−4s2 for 850 °C.

•	 When the results were evaluated in general, it was 
determined that the samples produced with the ECAS 
technique using elemental powders had the best results.

•	 This material group is promising as stable high temper-
ature building materials when produced with the ECAS 
technique. It is conceivable that performance behavior 
under service conditions can be improved with ceramic 
coatings similar to ZrO2.
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