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Abstract
The article presents a study of the tribocorrosion phenomenon and its effects on Inconel 718 alloy produced conventionally 
by extrusion and additively manufactured using the laser powder bed fusion method. In addition, the samples were subjected 
to a heat treatment process to change their properties. The research was carried out using the pin-on-disk method in 3.5% 
NaCl. Based on the study, it was found that the material made with additive technology is more resistant to tribocorrosion 
phenomenon, and the difference from conventionally made material is about 50%. The synergistic effect between friction 
and corrosion (ΔZ) occurred. However, heat treatment in the AA-2 variant ensures higher hardness and reduces purely 
mechanical wear (ZM) and the synergy effect (ΔZ).
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1  Introduction

The 3D printing technology has revolutionized the manu-
facturing industry because it allows to produce complex 3D 
objects using various materials [1, 2]. Additive manufac-
turing (AM) technology for metal alloys is currently well 
established, with laser powder bed fusion (LPBF) being the 
most widely used and mature method [3]. However, several 
other AM methods offer unique advantages and applica-
tions, including electron beam melting (EBM) [3], binder 
jetting (BJ) [4], and directed energy deposition (DED) [5, 6]. 
Additive technology allows for manufacturing objects with 

excellent mechanical properties, such as aerospace compo-
nents [7], automotive parts [8], and medical implants [9] 
from different materials (stainless steel, titanium, aluminum 
alloys, and nickel-based superalloys [10]).

Inconel 718 (IN718) is a commonly used nickel-based 
alloy that exhibits excellent mechanical properties, high-
temperature resistance, and good corrosion resistance 
[11–13]. It finds extensive applications in various indus-
tries where strength, corrosion resistance, and reliability 
are desirable. Inconel 718 alloy is used in the aerospace 
industry (turbine blades, discs, combustion chamber) [14], 
gas turbines and power generation (i.e., nuclear reactors) 
[15], oil and gas industry (wellhead equipment and valves) 
[16], automotive industry (engines in racing cars, turbo-
charger) [17], and medical industry (implants, surgical 
instruments) [18]. Such high potential applications of the 
IN718 make it necessary to study its properties, especially 
under difficult operating conditions. One of the destruc-
tive effects on machine components is the phenomenon 
of tribocorrosion. An important factor necessary for the 
occurrence of tribocorrosion is the fact that the frictional 
cooperation of machine elements takes place in a corro-
sive environment. In many industries (food, oil, mining) 
the media used (processed products, raw materials) are 
electrolytes. The occurrence of tribocorrosion depends on 
many factors, such as the type of material, environmental 
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conditions, the type and intensity of mechanical loads, and 
the presence of chemical substances.

Tribocorrosion is the simultaneous occurrence of both 
tribological phenomena (related to friction, wear, and lubri-
cation) and corrosion in a material during its operation 
[19–21]. It is a complex interaction that arises when a mate-
rial is exposed to both mechanical wear or frictional forces 
and corrosive environments. The combined effect of tribo-
logical and corrosive factors can lead to accelerated material 
degradation, which is often more severe than the sum of 
individual tribological or corrosion processes [22]. Tribo-
corrosion can result in increased wear rates, surface damage, 
material loss, changes in surface roughness, increased fric-
tion, and reduced mechanical performance [23–25].

The presence of a highly corrosive environment can sig-
nificantly increase the loss of metal due to abrasive wear 
[26]. Studies on additively manufactured IN718 alloy indi-
cate that from the point of view of corrosion resistance, man-
ufacturing parameters, especially scan speed, are important 
[27]. Research shows [28–30] that the properties of nickel-
based alloys, including hardness, phase precipitation kinet-
ics, and corrosion resistance, can be modified through heat 
treatment. A recent study revealed that the corrosion resist-
ance of IN718 can be greatly improved by solution annealing 
treatment at 1020 °C, which reduces corrosion microcracks 
[28].

Investigation of the tribocorrosion behavior of IN625 
in seawater confirmed that the wear of this material was 
caused by a synergistic effect (which accounts for 86% of 
total material loss) between mechanical wear and corrosion 
[31]. Other studies have led to the conclusion that additive 
manufacturing technology has higher passivation capacity 
and lower susceptibility to cracking compared to wrought 
materials due to almost constant current density during the 
passive period for AM material [32]. A limited study of 
the tribocorrosion process additively manufactured IN718 
[33] showed that the corrosive environment increases the 
wear of the test samples by less than 30%. The above test 
results do not explain the effect of heat treatments on fric-
tion resistance in corrosive environments for the additively 
manufactured IN718 material. Furthermore, no comparison 
of the results of the study of the tribocorrosion process of 
the IN718 material made by conventional methods and 3D 
printing technology was encountered.

The main objective of the research presented in the article 
was a comparative evaluation of the resistance to tribocor-
rosion in a 3.5% NaCl solution of IN718 material obtained 
by the conventional manufacturing process and the laser 
powder bed fusion method, taking into account the influ-
ence of two variants of heat treatment. In addition, research 
results allow for identifying the relationship between the 
intensity of the tribocorrosion and the structure as well as 
the properties of IN718 produced by different manufacturing 

techniques and varied heat treatment parameters. The heat 
treatment parameters were selected based on the IN718 
casting data sheet, which includes applicable heat treatment 
steps. An important novelty of the research presented in the 
article is the comparison of IN718, which was produced by 
different methods (conventional process and LPBF method) 
and subjected to different heat treatment processes in terms 
of resistance to tribocorrosion. As shown in the literature 
review, there is a lack of information on the phenomenon 
of tribocorrosion for IN718 material made with LPBF 
technology and after heat treatment. There is also a lack 
of knowledge regarding the comparison of tribocorrosion 
resistance for IN718 material produced by different methods. 
The following sections of the article detail the test method-
ology, including the preparation of the samples with heat 
treatment, the method used to evaluate tribocorrosion, and 
wear results (quantitative – volumetric wear and qualitative 
– SEM images of the surface after tribocorrosion wear). A 
detailed discussion of the results in relation to the literature 
is included, and the conclusion also presents directions for 
further research.

2 � Research methodology

2.1 � Samples

To produce laser powder bed fused samples, the argon-
atomized Inconel 718 powder is supplied by SLM Solu-
tions Group AG, Germany. The powder size distribution 
is confirmed using the HELOS H3776 and RODOS/T4/R4 
laser diffraction system from Sympatec GmbH, Germany. 
The powder morphology is confirmed with the use of an 
EVO MA25 SEM microscope (Carl Zeiss AG, Germany). 
The chemical composition was checked using the X-ray 
fluorescence (XRF) spectrometer SPECTRO XEPOS from 
METEK, Germany. The nominal powder size distribution 
is 10–45 µm, while the measured distribution is x10 = 22.63 
µm, x50 = 34.88 µm, and x90 = 50.30 µm. The powder parti-
cles are mainly spherical and spheroidal, with a small num-
ber of satellites. The chemical composition of the powder is 
within the standard limits of ASTM-F3055-14a and ASTM 
B637 (Table 1).

Rod Inconel 718 samples are delivered by Carpenter 
Technology Corporation in the form of a 1 m long, 12.7 mm 
dia. rod. Rod specification is according to the AMS 5662 
standard. Rod samples are produced by an extrusion process 
and supplied in the annealed condition, i.e., held at 955 °C 
for 1 h and quenched in water. The chemical composition of 
the rod samples is also shown in Table 1.

LPBF samples are fabricated using the SLM 280 2.0 
Dual PBF-LB/M machine from SLM Solutions Group AG. 
Reduced build volume is used together with a 98 mm × 98 
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mm × 15 mm Inconel 625 build plate. The building plate 
is heated to 200 °C, and the temperature is maintained 
throughout the process. Technical argon (class 4.6) is 
used as a process gas. To fabricate samples, a 700 W laser 
source with a 100 µm spot size is used. Previously tested 
and optimized process parameters are used: 300 W laser 
power, 1300 mm/s scanning speed, 120 µm hatch distance, 
and 30 µm layer thickness. The chosen scanning strategy 
is “Stripes,” which divides the scanned cross-section into 
7 mm wide sections, scanned subsequently. Each layer, the 
scanning vectors’ direction, and the division of the cross 
section into stripes are rotated by 67°.

Both the LPBF and rod samples are cut into 40 mm 
bars prior to heat treatment (step 2 in Fig. 1) and into 
5-mm discs after heat treatment (step 3 in Fig. 1) to pre-
pare samples for the tribocorrosion test. The schematic 

representation of the sample preparation is shown in 
Fig. 1.

Both laser powder bed fused and Rod Inconel 718 sam-
ples are subjected to post-process heat treatment (HT) which 
parameters were selected based on the IN718 casting data 
sheet that includes applicable heat treatment steps. Samples 
are divided into 4 groups: LPBF-1, LPBF-2, ROD-1, and 
ROD-2. Therefore, there are two different heat treatment 
routes for two materials. To heat treat the samples, the TAV 
H3S 1600 high-temperature vacuum furnace from TAV Vac-
uum Furnaces SPA, Italy, is used. Samples are processed 
under an atmosphere of technical argon (class 4.6). The heat 
treatment variants used for all sample groups are summa-
rized in Table 2 and Fig. 2.

LPBF-1 and LPBF-2 samples are stress relieved (SR) 
while remaining on the build plate. After the process, the 

Table 1   Chemical composition 
of Inconel 718 powder and rod 
used in the study [% wt.]

Type Ni Cr Fe Mo Nb Ti Al Ta Co C Mn Si P

Powder 55.30 16.30 18.35 3.03 5.05 0.85 0.52 0.37 0.08 0.04 0.02 0.04 0.05
Rod 53.20 18.40 17.8 2.91 5.26 0.90 0.54 0.01 0.42 0.03 0.07 0.07 0.01

Fig. 1   Schematic representation 
of sample preparation and sam-
ple series used in the study: 1a, 
1b, 2, 3—production steps for 
samples manufactured by LPBF 
and conventional methods

Table 2   Heat treatment variants 
for the LPBF-ed and Rod 
Inconel 718 sample series used 
in the study

*as delivered by Carpenter Technology Corp
SR stress relief annealing (LPBF)/annealing (ROD), Simulated HIP time and temperature used to hot iso-
statically press Inconel 718 according to ASTM F3055-14a standard, SA solution annealing, AA artificial 
aging, FC furnace cooling, WQ water quenching, AQ argon quenching, AC argon cooling

Type LPBF-1 LPBF-2 ROD-1 ROD-2

Material LPBF-ed IN718 LPBF-ed IN718 Rod Inconel 718 Rod Inconel 718
SR 1065 °C/1 h/FC 1065 °C/1 h/FC 955 °C/1 h/WQ* 955 °C/1 h/WQ*
Simulated HIP 1150 °C/4 h/FC 1150 °C/4 h/FC 1150 °C/4 h/FC 1150 °C/4 h/FC
SA 1100 °C/1 h/AQ 1100 °C/1 h /AQ 1100 °C/1 h/AQ 1100 °C/1 h/AQ
AA-1 720 °C/8 h/FC to 

620 °C/10 h/AC
- 720 °C/8 h/FC to 

620 °C/10 h/AC
-

AA-2 - 760 °C/8 h /AC - 760 °C/8 h/AC
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samples were cooled down with a furnace (FC), still under 
an argon atmosphere. The rod samples were delivered 
annealed. Therefore, SR is not performed for the rod sam-
ples. The second step of HT is simulated HIP, performed to 
mimic the time and temperature used for hot isostatic press-
ing (HIP) of critical Inconel 718 parts as per the ASTM-
F3055-14a standard. After simulated HIP, the samples are 
also cooled in the furnace. The third HT step is solution 
annealing, after the SA process, the samples are cooled in 
the furnace at 10 bar abs with fan-assisted argon circulation 
(AQ–argon quenching). After the same HIP and SA, two 
different artificial aging routes are utilized. Route number 
1 (AA-1) is used to heat-treat LPBF-1 and ROD-1 samples, 
and route number 2 (AA-2) is used to heat-treat LPBF-2 and 
ROD-2 samples. Rod samples undergo the same simulated 
HIP-SA-AA processes to maintain comparability against 
laser powder bed fused material.

2.2 � Research methodology

The microstructure of the samples was examined using a 
MIRA-3 scanning electron microscope from TESCAN 
(Brno, Czech Republic). Cross sections of the specimens 
were observed using both secondary electrons (SE) and 
backscattered electrons (BSE) at various levels of magni-
fication. Before the observation, all samples were ground 
with sandpapers of different grit sizes ranging from 80 to 
2000. Then, the polishing in a diamond suspension was used 
in order to reduce polishing time. Finally, for polishing, the 

deagglomerated gamma-alumina powder 0.05 µm in diam-
eter was used. In the last step, the specimens were sub-
jected to a 20-s etching process using Kalling’s solution. 
The chemical composition of the specimens was analyzed 
using energy dispersive spectroscopy (EDS). For this pur-
pose, an Ultim Max energy dispersive spectrometer from 
Oxford Instruments in High Wycombe, UK, was used. The 
Aztec Energy Live Standard software was used to analyze 
the measurements of element content. Point analysis was 
used to determine the composition of the elements, while 
EDS mapping was used to investigate chemical separation.

Microhardness tests were conducted on the cross-sections 
of the samples. Measurements were performed for each 
material, and the results, along with the arithmetic average, 
are presented in the subsequent section of the article. The 
FM-810 microhardness tester from Future-Tech in Kawasaki, 
Japan, was used for this study. The tester was equipped with 
FT-Zero software for automatic indentation measurement. 
The microhardness tests were carried out with an indenta-
tion load of 50 g, and the loading time for each test was 15 s.

The study of the tribocorrosion process was carried 
out using a ball-on-plate model node and a dedicated 
stand presented in papers [34, 35]. The test stand for 
tribocorrosion research is shown in Fig. 3. The study 
used disc-shaped samples with a diameter of 16 mm 
(additively manufactured material) and 12 mm (material 
produced by conventional technology) and a thickness 
of 8 mm. The samples prepared in this way were placed 
in a special holder inside a chamber with a corrosive 

Fig. 2   Scheme of heat treatment 
process considering solu-
tion annealing (SA) step after 
simulated HIP and the type of 
artificial aging (AA); cooling 
types according to Table 2: a 
AA-1, b AA-2

Fig. 3   Test stand for tribocorro-
sion research: a scheme, b view 
of the test chamber; 1 – linear 
guideway, 2 – applied weight, 3 
– drive, 4 – reference electrode, 
5 – counter electrode (wound 
platinum wire), 6 – ball, 7 – 
specimen (working electrode), 8 
– PVC cell, 9 – stand (table)
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environment. The model environment was 3.5% NaCl 
(approximately 60 ml). A 7.0 mm diameter aluminum 
oxide ball was used as a counter-sample. The tests 
involving wear testing lasted about 40 min and consisted 
of 7200 displacements of the ball along the surface of 
the sample. The ball slid at an average speed of about 18 
mm/s in a reciprocating motion over a distance of 6 mm. 
The tests were carried out with a ball loading force of 
approximately 10N, which guarantees an initial contact 
zone pressure of 1600 MPa.

The volumetric loss of material was determined based 
on profilometric measurements of the wear trace. These 
measurements were taken at the halfway point of friction 
after the tests were completed. The volumetric wear of 
the sample served as an indicator of its wear resistance.

To monitor the electrochemical parameters at the tested 
joint, an ATLAS 9833 potentiostat with three electrodes 
was used. The electrochemical parameters included the 
open-circuit potential (OCP) and the determination of 
polarization curves. The reference electrode used was a 
calomel electrode (SCE), while the auxiliary electrode 
was a platinum grid. To prevent any interference, the 
sample area outside the wear mark was shielded with a 
non-conductive strip.

The study of IN718 was designed to identify the com-
bined effect of friction and corrosion (ΔZ) on the over-
all material loss during tribocorrosion (ZT). According 
to the general concept, tribocorrosion wear consists of 
three components:

where ZM represents the loss of material solely caused 
by mechanical actions, and ZK represents the loss of mate-
rial solely caused by corrosive influences.

The corrosion-only component (ZK) is a result of elec-
trochemical processes occurring on the sample’s surface 
when immersed in the electrolyte under static conditions, 
without frictional interactions. The value of the ZK com-
ponent was determined using Faraday’s equation, taking 
into account the corrosion current density and the test 
duration. The purely mechanical component (ZM) was 
determined through an independent experiment. The 
sample wear was tested in a 3.5% NaCl environment, 
but under cathodic polarization conditions to eliminate 
electrochemical processes on the sample surface while 
maintaining the lubricating properties of the environment. 
The difference (ΔZ=ZT − ZM − ZK) was ultimately used 
to quantify the interaction between friction and corrosion.

Following the tribocorrosion tests, an analysis of the 
surface condition was conducted. The authors of the 
study focused on determining the wear mechanism and 
the amount of wear of the tested materials.

(1)Z
T

= Z
M

+ Z
K

+△Z

3 � Results of research

3.1 � Microstructure and microhardness

Figure 4 shows the microstructure of the Inconel 718 
specimen both in the form of a rod as well as an addi-
tively manufactured sample, all after heat treatment pro-
cesses for variants AA-1 and AA-2. The microstructure of 
Inconel 718 alloy in the form of rod (ROD-1 and ROD-2) 
is characterized by a larger grain size than the microstruc-
ture obtained during the additive manufacturing process 
(LPBF-1 and LPBF-2). Due to the high temperature of 
the SR, HIP, and SA steps, the LPBF-1 and LPBF-2 sam-
ples lack the typical LPBF microstructure, described in 
detail in our previous study [36], exhibiting equiaxed γ 
grains, accompanied by twin boundaries. The grain size 
of Inconel 718 in the form of rod also shown in our previ-
ous study was comparable to its additively manufactured 
counterpart. Nevertheless, due to the same heat treatment, 
it suffered a significant grain size growth. As studies show 
[37–39], the LPBF-fabricated Inconel 718 manufactured 
by LPBF is resistant to grain growth at high temperatures 
and soaking times up to 1180 °C and 12 h. The size of the 
precipitates observed in the area of grains is influenced 
by the applied type of heat treatment. The artificial aging 
processes for Inconel 718 in the form of a rod were com-
pared. It can be seen that as a result of the AA-1 opera-
tion (aging at 720 °C/8 h and then at 620 °C/10 h), grains 
with more niobium and titanium carbide precipitates were 
obtained (Fig. 4a). For specimens made in additive manu-
facturing technology, a similar dependence artificial aging 
influence on microstructure was observed (Fig. 4c). To 
identify the types of precipitates, a chemical composition 
study was carried out using qualitative (Fig. 5) and quan-
titative (Fig. 6, Table 3) EDS analysis. Figure 5 presents 
images of microstructures in contrast to secondary elec-
trons (SE) with additional EDS mapping of element dis-
tribution in the analyzed area. Nickel (as the main Inconel 
alloy component), carbon, titanium, molybdenum, and 
niobium (components of carbide precipitates) were con-
sidered. Based on the qualitative analysis, it was found 
that the precipitate was probably niobium and titanium 
carbides. Carbides are expected because it is recognized 
that initial microsegregation in LPBF-processed Inconel 
718 results in the formation of (Nb, Ti)C carbides during 
the early stages of high-temperature homogenization [39]. 
These carbides are beneficial because they inhibit grain 
growth via the Zener pinning effect. Moreover, it is impor-
tant to note that the microstructural examination of the 
additively produced samples did not reveal common LPBF 
defects such as lack of fusion (LOF) porosity. The selec-
tion of sample cross-sections for microstructural studies 
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and tribocorrosion tests was deliberate to avoid subsurface 
defects. The LPBF process parameters and machine setup 
used in this study were identical to those used in reference 
[39], where Inconel 718 samples produced by LPBF exhib-
ited LOF porosity primarily at the subsurface as shown by 
computed tomography reconstructions. In addition, our 
approach is consistent with the intended simulated HIP 
conditions designed for post-LPBF densification, which 
are intended to be replicated by our heat treatment route 
(see Table 2).

Due to very fine carbide precipitates (observed mainly 
in the grain and on the grain boundaries), spot tests of the 
chemical composition were carried out using the EDS 
method (Fig. 6, Table 3). Characteristic places of the micro-
structure were analyzed and marked by number: 1—larger 
precipitates, 2—smaller precipitates, and 3—matrix. The 
results obtained are presented in Table 3. Nitrogen, which 
favors the formation of carbonitrides, was also included in 
the EDS point analysis. In carbonitrides, part of the carbon 
content is replaced by nitrogen. Carbides and carbonitrides 
are formed by the strong tendency of C, N, and elements 
such as Ti and Nb to segregate during solidification. The 

larger precipitates were enriched in niobium, whereas the 
smaller ones within the grains exhibited higher concentra-
tions of titanium and nitrogen. This observation corresponds 
with findings from Inconel 625 welds [42], where intergran-
ular, small NbC-type precipitates were found to be carboni-
trides with cores rich in Ti and N, maintaining a consistent 
crystallographic structure despite compositional differences. 
The presence of nitrogen and titanium facilitates their nucle-
ation during solidification, with niobium diffusion contribut-
ing to precipitate growth during subsequent heat treatment. 
This was particularly evident for Inconel 718 delivered in the 
form of a rod, where the precipitates had larger dimensions. 
The measurement of precipitations obtained during artifi-
cial aging for specimens made in additive manufacturing 
technology was somewhat difficult due to their very small 
dimensions. Hence, the presented results are a certain aver-
age value from the carbide present there and the substrate 
of the Inconel 718 alloy. The measurements made at point 
3 corresponded to the chemical composition of the Inconel 
718 alloy. Additionally, EDS mapping of niobium from the 
area marked in Fig. 4 was compiled to confirm the presented 
relationships in Fig. 7.

Fig. 4   Microstructure of tested 
material; SE image: a ROD-1, b 
ROD-2, c LPBF-1, d LPBF-2
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Fig. 5   Microstructure of tested 
material; SE/EDS image: a 
ROD-1, b ROD-2, c LPBF-1, d 
LPBF-2
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No other precipitates common to Inconel 718, such as 
Laves or δ phases, were found. The LPBF process param-
eters and machine setup used in this study (linear energy 
density below 0.30 J/mm and volumetric below 100 J/mm3) 
are identical to those used in references [39, 43]. This results 
in Laves phase particles in the as-built condition that are 

smaller and less numerous than in other studies [43]. The 
purpose of high-temperature solution annealing is to prevent 
the precipitation of undesirable phases, namely Laves and δ 
phases. After SA at 1100 °C/1 h, the microstructure showed 
no evidence of solute microsegregation, δ, or Laves phases, 
although it showed inhomogeneity due to grain boundary 

Fig. 6   Microstructure with 
marked area of measured 
chemical composition of EDS 
method: a ROD-1, b ROD-2, c 
LPBF-1, d LPBF-2

Table 3   Chemical composition 
by the EDS method for the areas 
marked in Fig. 6 [wt.%]

Designation No Ni Fe Cr Nb Mo Ti C N

ROD-1 1 2.1 1.1 0.7 73.2 0.4 7.7 14.2 0.6
2 15.5 6.2 7.8 7.9 1.4 44.1 3.9 13.3
3 55.1 16.8 16.5 4.4 2.7 0.9 3.4 0.3

ROD-2 1 0.1 0.8 0.5 73.3 0.1 7.2 14.0 4.0
2 23.5 7.6 7.6 17.5 1.4 29.7 2.6 10.2
3 54.5 16.8 17.2 4.7 2.6 0.8 3.3 0.2

LPBF-1 1 1.7 0.9 0.9 65.5 0.0 9.3 20.5 1.3
2 43.6 14.2 13.6 16.8 2.0 2.1 7.1 0.5
3 52.0 17.5 17.4 4.5 3.0 0.8 4.4 0.4

LPBF-2 1 1.4 1.8 0.6 71.9 0.0 9.4 14.3 0.6
2 14.6 5.7 6.0 52.6 1.4 6.8 12.2 0.8
3 46.0 15.5 15.6 7.8 2.9 5.0 5.2 1.9
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diffusion of Nb, which also resulted in carbide coarsening. 
The cooling rate after SA of 140 °C/min, similar to the ref-
erence [39], was chosen to inhibit the precipitation of these 
phases in the homogenized alloy, as supported by previous 
results.

Table 4 presents the microhardness results for the ana-
lyzed samples. Based on the results, it should be stated 
that the samples after heat treatment were characterized by 
different average microhardness values. The highest hard-
ness was characterized by a sample made by additive man-
ufacturing according to the AA-2 heat treatment variant. 
Contrary, the lowest average hardness was obtained for the 
bar (ROD-2) subjected to heat treatment according to the 
AA-2 variant. The best properties of Inconel in the form of 
a rod were obtained as a result of heat treatment consisting 

of double aging (variant AA-1). As a result, an increased 
number of fine carbide precipitates was obtained. In the 
case of aging according to the AA-2 variant, no large 
amount of precipitates was observed in the microstructure, 
which could have contributed to lower microhardness. In 
the case of samples made using the additive method, the 
use of one- or two-stage aging resulted in the formation of 
numerous small precipitates. However, in the microstruc-
ture of the alloy aged according to the AA-2 variant, there 
were additionally larger NbC carbide precipitates, which 
could have an impact on the final microhardness. The aim 
of the research was to trace the changes occurring with 
two aging possibilities and two methods of obtaining the 
Inconel alloy (conventional method and printing method). 
Based on the presented research, it can be concluded that 
in the case of an additively manufactured alloy, it will be 
beneficial to use a one-stage aging process, also for eco-
nomic and energy-intensive reasons. The increase in the 
microhardness of the alloy is confirmed by the EDS map-
ping results for niobium presented in Fig. 7, where larger 
NbC precipitations are visible.

Fig. 7   EDS mapping of 
niobium from the area marked 
in Fig. 4 and additionally 
presented in Fig. 6: a ROD-1, b 
ROD-2, c LPBF-1, d LPBF-2

Table 4   Average microhardness values for all samples

HV0.05 ROD-1 ROD-2 LPBF-1 LPBF-2

Value 539 501 508 545
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3.2 � Tribocorrosion test results

3.2.1 � Potentiodynamic polarization curves and wear 
volume

Figure 8 presents the polarization curves of the tested 
materials in 3.5% NaCl. On the basis of these character-
istics, using the Tafel method and AtlasLab software, the 
corrosion potential (Ecorr) and corrosion current density 
(icorr) were determined. The obtained results are shown 
in Table 5. Higher values of the corrosion current density 
indicate slightly worse resistance of the additively manu-
factured material to corrosion in 3.5% NaCl under static 
conditions (without friction). The relationship applies to 
both heat treatment variants.

The wear resistance test results are presented in Table 6. 
Primary tests were carried out under tribocorrosion con-
ditions, specifically at the natural corrosion potential. 
Additional tests were performed with cathodic potential 
polarization, approximately −900 mV (SCE). The wear 
observed in the samples under these conditions corre-
sponds to the mechanical component (ZM) of the tribo-
corrosion wear. The volume of the wear trace served as a 
measure of the material’s ability to withstand the destruc-
tive process. Table 6 also provides an assessment of the 
synergistic effect of friction and corrosion (ΔZ) and its 
contribution to the overall tribocorrosion wear. In Fig. 9, 
examples of wear trace profiles for tested materials are 

Fig. 8   Polarization curves of the tested materials (3.5% NaCl, 5 
mV/s)

Table 5   Corrosion potential (Ecorr) and corrosion current density 
(icorr)

Parameters ROD-1 LPBF-1 ROD-2 LPBF-2

Ecorr, mV 
(SCE)

−294 ± 12 −406 ± 15 −380 ± 14 −495 ± 16

icorr, µA/cm2 0.93 ± 0.09 1.44 ± 0.15 2.82 ± 0.25 4.65 ± 0.28

Table 6   Experimental research 
results

Material/ 
type of aging

Material loss in the 
tribocorrosion (ZT)

Mechanical 
component (ZM)

Corrosion 
component 
(ZK)

Synergistic effect (ΔZ) ΔZ/ZT

[mm3] ⋅10−3 [mm3] 10−3 [mm3] 10−3 [mm3] 10−3 [%]

ROD-1 1.68 ± 0.12 0.78 ± 0.10 0.0011 0.89 53
LPBF-1 1.57 ± 0.11 0.92 ± 0.10 0.0017 0.65 41
ROD-2 2.04 ± 0.16 1.19 ± 0.13 0.0037 0.84 41
LPBF-2 1.27 ± 0.10 0.74 ± 0.10 0.0051 0.53 42

Fig. 9   Wear profiles of the 
tested materials after tests: a 
only mechanical wear, b tribo-
corrosion
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displayed, showcasing the effects of tribocorrosion and 
only mechanical conditions.

The tribocorrosion wear (ZT) of the IN718 material pro-
duced by the conventional process is 0.00168 mm3 for the 
ROD-1 heat treatment variant and 0.00204 mm3 for the 
ROD-2 heat treatment variant. In the case of specimens 
made by the laser powder bed fusion method, smaller mate-
rial losses were found. The wear was equal to 0.00157 mm3 
for the LPBF-1 heat treatment variant and 0.00127 mm3 for 
the LPBF-2 heat treatment variant, respectively.

Pure mechanical wear (ZM) of the tested materials was in 
the range of 0.00074–0.00119 mm3. The lowest value was 
found for the IN718 variant marked LPBF-2. On the other 
hand, the highest value was estimated for IN718 produced by 
the conventional technique and marked ROD-2 (and the cor-
responding heat treatment variant). For all analyzed variants 
of IN718 material, a clear synergistic effect of friction and 
corrosion was found (ΔZ). According to the data in Table 6, 
it ranged from 41 to 50%.

During the study of the tribocorrosion process, the value 
of the potential in the system was monitored. Changes in 
potential observed during tribocorrosion tests are charac-
teristic of materials that exhibit passivation. When frictional 
interactions are initiated in the contact area between the 
sample and the counter-sample, a layer of passive oxides is 
removed from the material surface. This results in a decrease 
in potential. As soon as frictional excitations cease, the 
potential increases again due to the effective restoration of 
the passive layer over the entire surface of the wear trace.

3.2.2 � Surface condition and chemical composition analysis 
after tribocorrosion tests

Figure 10 shows a scheme for selecting the site for the anal-
ysis of the surface condition after wear tests. The spot of 
a visible wear trace in the central part of the sample was 
marked by number 1. The area for detailed analysis of the 

surface after wear was marked by a yellow square marked 2. 
The area for qualitative chemical composition analysis using 
the EDS method was marked by a yellow square marked 3.

Figures 11, 12, 13, and 14 show the surface condition 
of the samples after wear tests and EDS mapping of the 
individual element distribution. Figure 10 shows a compari-
son of the sample surfaces after mechanical wear for AA-1 
aging (stage 1: 720 °C/8 h, stage 2: 620 °C/10 h) of Inconel 
718 alloy produced by conventional technique (Fig. 11a) 
and additive manufacturing technology (Fig. 11b). For both 
specimens, characteristic grooves can be seen on the wear 
surface. For the LPBF-1 sample, smaller changes caused 
by the counter-sample can be observed. It can be assumed 
that fine particles evenly distributed in the microstructure 
contributed to this. In Fig. 11, the wear surface is shown in 
two types of electron contrast (SE and BSE) and with the 
EDS mapping. Significant elements included in the Inconel 
718 alloy such as Ni, Cr, Fe, C, and Nb were analyzed. They 
form tribocorrosion-reinforcing precipitates in the alloy in 
the form of niobium carbides, as well as oxygen-forming 
oxides which are associated with surface oxidation of the 
samples. On the wear surface, especially for LPBF samples, 
a large amount of fine niobium carbides is visible, which, 
due to their presence, inhibits the intensity of material wear.

Figure 12 shows a comparison of the surfaces of samples 
after one-stage aging marked as AA-2 and after mechanical 
wear for the Inconel 718 alloy produced by the conventional 
method (Fig. 12a) and by additive manufacturing technology 
(Fig. 12b). On the surface of the ROD-2 sample, there are 
clear traces of surface wear in the form of grooves (fissures) 
and chipping/tearing out caused by the work of the rub-
bing pair. In the case of the LPBF-2 specimen, the changes 
caused by friction were less intense.

Figures 13 and 14 show the wear surface of specimens 
after tribocorrosion tests. Figure 13 shows a comparison of 
the surface of the specimens after tribocorrosion and aging 
according to the variant AA-1 for the Inconel 718 alloy 

Fig. 10   Scheme for selecting a 
place of surface analysis after 
wear tests: 1—wear trace of 
specimen; 2—magnification 
area of wear trace, 3—area of 
EDS chemical analysis
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produced by the conventional method (Fig. 13a) and additive 
manufacturing technology (Fig. 13b). In the case of the influ-
ence of an additional corrosive agent, which was the NaCl 
solution, greater changes caused by the wear process were 
visible. In addition to traces of surface wear in the form of 
ditches, numerous chippings can also be observed. Chipping 
marks may become a source of additional defects and may 
be the result of damage to the friction pair. Notches, surface 
defects, and oxides can also accelerate crack nucleation.

Figure  14 shows a comparison of the wear surfaces 
of Inconel 718 specimens produced by the conventional 
method (Fig. 14a) and the LPBF method (Fig. 14b) sub-
jected to aging at 760 °C/8 h and then tribocorrosion. It 
can be seen that the effect of the corrosive medium caused 
greater changes than without this medium (see Fig. 12). 
The surface condition after mechanical wear of the LPBF-2 
specimen is much better than that of the LPBF-1 specimen 
after the tribocorrosion tests.

Fig. 11   The wear surface of specimen after mechanical wear test: a ROD-1, b LPBF-1
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In summary, it can be concluded that the clearly visible 
parallel grooves indicate abrasion as the dominant material 
removal mechanism. In the case of samples produced con-
ventionally (ROD-1, ROD-2), deeper grooves and chipping 
are visible in the middle of the wear trace. A deeper groove 
in the middle of the wear trace may be caused by the abrasive 
action of the wear particles. In the case of material obtained 
by the classical technique (ROD), the structure with larger 
grains can generate larger wear particles. In the middle part 

of the wear trace (sphere of contact between the ball and the 
sample), the greatest unit pressures prevail, which is conducive 
to more intensive mechanical removal of material (especially 
in the presence of abrasive). For samples subjected to tribo-
corrosion, traces of abrasive wear with local material tears are 
visible (LPBF-1, ROD-2). The mildest forms of tribocorrosive 
wear were observed for the LPBF-2 material. This material 
showed the lowest quantitative wear under tribocorrosion con-
ditions (Table 5). Detailed results of point EDS analysis after 

Fig. 12   The wear surface of specimen after mechanical wear test: a ROD-2, b LPBF-2
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tribocorrosion tests are presented in Fig. 15 and in Table 7. It 
can be noticed that increased oxygen content in the areas of 
pits and chips was found.

4 � Result analysis

The purely mechanical wear (ZM) of the tested materials is 
determined by their hardness (Table 4). The highest material 
loss was found for samples with the lowest hardness (IN718 

marked as ROD-2). The dependence of mechanical wear 
on material hardness is consistent with the Archard model 
describing the abrasive wear process. Such mechanisms of 
material removal (micro-scraping) under conditions of fric-
tional-only interactions were observed on the wear traces of 
all tested IN718 variants (Fig. 12).

Tribocorrosion wear (ZT) no longer shows such a clear 
relationship with material hardness. In the case of the AA-1 
heat treatment variant, the IN718 material produced by 
the classic technique (ROD-1) achieves a slightly higher 

Fig. 13   The wear surface of specimen after tribocorrosion wear test: a ROD-1, b LPBF-1
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hardness (by about 6%) than the printed material (LPBF-1). 
The IN718 produced by conventional process also exhibits 
better corrosion resistance in 3.5% NaCl (Table 6). Despite 
these advantages, a higher material loss under tribocorrosion 
conditions was found for IN718 marked as ROD-1.

The results presented in Table 6 indicate that tribocorro-
sion wear is determined by the synergistic effect of friction 
and corrosion (ΔZ). In the analyzed process, this effect can 
be associated with the fact that friction has an intensifying 

effect on the electrochemical processes occurring on the 
material surface in the contact area between the sample and 
the counter-sample. Such a mechanism of interactions in the 
studied frictional association is illustrated by the waveforms 
of potential changes shown in Fig. 16.

The removal of the passive layer and the electrochemical 
processes associated with the attempt to partially rebuild 
it under the conditions of cyclic frictional interactions of 
the sample and the counter-sample can determine the value 

Fig. 14   The wear surface of specimen after tribocorrosion wear test: a ROD-2, b LPBF-2
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of the synergistic effect (ΔZ). The hardness of the mate-
rial determines the area of the actual contact surface and, 
consequently, the value of mechanical wear and the area 
of removal of the passive layer (exposing the surface of the 
base material). On the other hand, the structure of the mate-
rial can affect the rate of reconstruction of the passive layer 

and the associated wear of the base material due to electro-
chemical processes.

IN718 produced by the laser powder bed fusion method 
has a more homogeneous and fine-grained structure (com-
pared to the material produced by the conventional method). 
In the work of [40, 41], it was found that a large proportion 

Fig. 15   Areas for chemical 
composition (EDS) study after 
tribocorrosion tests: a ROD-1, b 
ROD-2, c LPBF-1, d LPBF-2

Table 7   Chemical composition 
(EDS) for areas marked in 
Fig. 15 [wt.%]

Designation No Ni Fe Cr Nb Mo Ti C O

ROD-1 1 57.2 10.1 10.9 3.4 2.6 0.7 8.2 7.0
2 53.1 16.0 15.9 4.6 2.8 0.9 4.5 2.2
3 57.7 14.2 14.0 3.8 2.3 0.8 5.4 1.8

ROD-2 1 50.7 16.3 16.5 4.6 2.9 0.9 4.6 3.5
2 46.7 13.5 15.3 5.1 2.9 0.8 7.3 8.3
3 47.0 15.3 16.8 4.8 2.9 0.9 5.6 6.8

LPBF-1 1 51.2 13.8 14.2 3.8 2.5 0.8 9.5 4.2
2 55.4 13.6 13.1 4.2 2.6 0.7 6.9 3.5
3 50.2 13.4 13.6 6.7 2.6 0.9 10.2 2.4

LPBF-2 1 46.4 15.1 14.2 9.7 2.5 1.3 10.0 0.9
2 51.0 14.9 16.0 4.0 2.8 0.7 9.6 1.2
3 41.8 15.8 16.9 4.2 2.6 0.9 13.0 4.8
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of fine grains in the structure of the material allows bet-
ter corrosion resistance in a passive environment. Such a 
mechanism for IN718 obtained by the printing technique 
was confirmed by the authors in an earlier publication for 
the non-heat-treated material, LPBF printed material [36].

The passive layer formed on the surface of the LPBF-1 
additively manufactured material is more compact (due to 
the fine-grained structure of the material) and should provide 
a protective barrier to the corrosive environment sooner. 
This factor reduces the tribocorrosion wear of the printed 
material. As a result, the LPBF-1 printed and heat-treated 
material with lower hardness (with higher mechanical wear 
and worse corrosion resistance under static conditions) 
shows better tribocorrosion resistance than the ROD-1 heat-
treated variant of the material.

For heat-treated samples of the ROD-2 and LPBF-2 vari-
ants, the additively manufactured material has a significantly 

higher hardness than the ROD-2 material (by approximately 
16%). Consequently, the tribocorrosion wear of the LPBF-2 
material is more than 60% less than that of the ROD-2 mate-
rial. The high hardness results in a smaller actual contact 
area between the sample and the counter-sample. There is 
also less surface area for mechanical separation of the sub-
strate material and removal of the passive layer. In addition, 
the electrochemical processes involved in the restoration of 
this layer are less intense (due to the fine-grained structure 
of the printed material).

The results show that among the analyzed variants of the 
material, the best resistance to tribocorrosion in 3.5% NaCl 
is provided by IN718 obtained by laser powder bed fusion 
and heat-treated according to the LPBF-2 variant, includ-
ing the final step of artificial aging at 760 °C for 8 h, is not 
the standardized aging procedure, as in ASTM F3055-14a 
(2021), AMS 2774, and AMS 5662 standards (LPBF-1 was 
aged according to those standards). This LPBF-2 material 
combines the advantages of

•	 manufacturing techniques—laser powder bed fusion 
method provides a more homogeneous and fine-grained 
structure after high-temperature heat treatment, which 
contributes to a more compact passive layer and earlier 
recovery (with less corrosion of the material) and

•	 heat treatment—heat treatment in the ROD-2 and 
LPBF-2 variants provides higher hardness; higher hard-
ness reduces purely mechanical wear (ZM) and synergis-
tic effect (ΔZ) due to reduced material surface exposed in 
frictional contact between the sample and counter-sample 
(smaller area for electrochemical interactions).

In summary, to better illustrate the differences resulting 
from studies on the tribocorrosion process, the average mate-
rial loss during the tribocorrosion test for each sample is 
presented in Fig. 17.

Fig. 16   Potential change during tribocorrosion test

Fig. 17   Average material loss 
in the tribocorrosion test for all 
samples
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5 � Conclusion

Considering the results of the research, the following con-
clusions can be made:

•	 The more fine-grained structure of the additive-manu-
factured IN718 material after heat treatment than that of 
the cast material results in less wear of the samples when 
they are exposed to mechanical factors and the corrosive 
environment—3.5% NaCl.

•	 Due to the more homogeneous and fine-grained structure 
of the printed material, the passive layer formed on the 
surface is more compact and provides a protective barrier 
for the corrosive environment faster (it reduces material 
loss caused by electrochemical processes).

•	 A large number of fine niobium carbides were found on 
the surface of the additively produced material. Their 
presence reduces the intensity of abrasive wear.

•	 During the tests of IN718 samples, there was a syner-
gistic effect between friction and corrosion (ΔZ) which 
resulted in greater material loss during tribocorrosion 
wear than during mechanical interaction alone.

•	 The lowest tribocorrosion wear was achieved for the 
LPBF-2 sample which indicates heat treatment variant 
AA-2 for the additively manufactured IN718, especially 
the one that will be exposed to difficult operating con-
ditions (friction and corrosion at the same time). Heat 
treatment in the AA-2 variant ensures greater hard-
ness and, consequently, reduced purely mechanical 
wear (ZM) and the synergy effect (ΔZ). With increas-
ing hardness, the surface of the material exposed in the 
frictional contact of the sample and the counter-sample 
decreases (the area for frictional and electrochemical 
interactions is smaller).
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