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Abstract
The paper presents a comparison of microhardness, fatigue and high temperature corrosion of Inconel 740H nickel alloy 
in its as-received state and the same material with nitrided surface layers. The nitrided layers were produced using tradi-
tional glow discharge nitriding (specimens nitriding on the cathode potential) and an active screen (specimens nitriding at 
the plasma potential). A microstructure of the layers was characterized through the scanning electron microscopy, X-ray 
energy dispersive spectroscopy and X-ray diffraction analysis. Mechanical properties of the nitrided Inconel 740H alloy 
were examined using microhardness measurements and standard fatigue tests. It was found that Inconel 740H with a nitrided 
surface exhibited an improved fatigue response of 50 MPa in the whole range of stress amplitudes from 350 to 650 MPa 
and almost 325% increase of hardness for plasma modified surface and 250% for cathode modified surface. Additionally, 
the application of cathode nitriding enhanced the corrosion resistance of the alloy in question and effectively protected it 
against a high temperature oxidation.
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1  Introduction

Inconel 740H is an austenitic nickel–chromium-based 
superalloy, which is well suited for service under extreme 
conditions (pressure and heat) due to its superior oxidation-
corrosion-resistance related to its microstructure strength-
ened with γ’ phase and alloying elements such as cobalt and 
molybdenum. Additionally, a high content of the chromium 
ensures its oxidation resistance in a vapor water environ-
ment and temperature up to 750 °C which results from the 

formation of chromium oxide Cr2O3 scale. Such properties 
and high pressure resistance (up to 35 MPa) made Inconel 
740H an ideal candidate for application in the aggressive 
environments, such as steam cycles [1]. A supplementary 
feature, that distinguishes Inconel 740H from the other 
nickel-based alloys is its increased creep resistance due to 
its homogeneous chemical composition. Unlike a major-
ity of superalloys, this alloy does not have TCP phases that 
significantly reduces a strength of the materials. Therefore, 
the precipitation-strengthened Inconel 740H is suitable for 
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applications in the advanced ultra-supercritical (A-USC) 
power plants with the steam conditions of 750 °C/35 MPa 
and supercritical CO2 feed systems. As a consequence, it can 
significantly reduce a boiler production costs using thinner 
walls [2]. It should be mentioned, that materials dedicated 
to the superheater/reheater should have an outstanding oxi-
dation resistance. According to the literature, 60% of boiler 
failures occurred due to the steam oxidation and coal-ash 
corrosion [5]. Among the main reasons of the nickel-based 
alloys failure due to a high temperature corrosion, one can 
indicate a loss of the surface strength, crack initiation, deal-
loying and component failure [6]. Such mechanisms are 
associated with the occurrence of specific oxides: Cr2O3, 
NiCr2O4, and NiFe2O4 (Inconel 718) [7], Cr2O3 and NiCr2O4 
(Inconel 625) [8], NiCr2O4, Cr2O3 and TiO2 (Inconel 625 [9] 
and Inconel 740H [10]). However, the oxidation behaviour 
and its mechanism for the nitrided Inconel 740H nickel alloy 
at 1000 °C were not investigated as yet.

Plasma nitriding belongs to the thermo-chemical treat-
ments, that improve the surface properties of materials. It 
is performed under high voltage conditions and reduced 
nitrogen pressure up to 10–2 Pa. Traditional glow discharge 
nitriding processes are performed at the cathode potential, 
where the nitrided element is the cathode. In such case, the 
edge effect has a significant impact on the diffusion and 
nucleation of the new phase as the oxide layer from the 
surface of the workpieces is removed in the first stage of 
the process. However, the main problems associated to this 
process is the production of homogeneous layers on ele-
ments of complex shapes and sharp edges or small holes. In 
a large part of these areas, the edge effect causes a change in 
thickness of the nitrided layer. To eliminate the edge effect, 
glow-discharge nitriding is used in a pulsed plasma or at the 
plasma potential, using active screens that enable the forma-
tion of a homogeneous nitride layer on the entire surface of 
the workpiece. The proper selection of the process param-
eters enables to obtain a coating with the assumed structure, 
properties and a continuous zone of nitrides or the diffusion 
zone itself [11]. Plasma nitriding significantly increases the 
hardness of the surface, which leads to an improvement of 
the tribological wear resistance. Additionally, compressive 
stress components in the near-surface zone enhancing the 
fatigue strength of the element. The reduction of cycle time, 
relatively low temperature (450–550 °C) and pore-free sur-
face [12, 13] are the other advantages distinguishing this 
process over the conventional methods for surface modifi-
cation. Plasma nitriding can improve the hardness and wear 
resistance of many materials being applied in the automo-
tive and aviation industry including aluminium [14] and 
titanium alloys [15]. Aluminium alloys are widely used in 
the production of cars and their suspensions to reduce their 
weight and subsequently decrease CO2 emissions. Despite 
the high strength-to-weight ratio, these materials have a low 

resistance to tribological wear. Surface treatments processes 
such as plasma nitriding enable to obtain high surface hard-
ness and improved wear resistance. Other light-weight mate-
rials characterized by a high strength and corrosion resist-
ance are titanium alloys, however, at rapid wear. A number 
of advantages of these materials make them attractive candi-
dates for the aviation, automotive and biomedicine. Plasma 
nitriding is often used to increase the tribological properties 
of titanium alloys leading simultaneously to a reduction of 
mechanical strength due to formation of the brittle layers and 
unfavourable microstructural changes [16]. The wear resist-
ance tests are also carrying out on the plasma nitrided nickel 
alloys. The results captured after conducting the pin-on-disk 
tests on the Inconel 718 alloy allow to conclude, that for 
longer duration of the plasma nitriding process duration, the 
enhanced tribological properties can be obtained [17]. Better 
wear resistance is associated to increased thickness, rough-
ness and hardness of the CrN layer formed [18]. Nickel-
based alloys, due to their superior properties, are widely 
used for elements operating in the extreme environments. 
However, despite an excellent high temperature resistance, 
they are characterized by the reduction of fatigue strength 
[19]. The occurrence of high vibrations during the opera-
tion of elements requires from the materials not only the 
high static strength, but also, a good fatigue resistance [20]. 
The extensive application of the nickel-based alloys for 
gas turbines and different elements working in the aviation 
and power engineering enforce to find a new techniques to 
improve their fatigue properties [25], especially during a 
high temperature performance [21]. Although the positive 
effect of nitriding on fatigue strength was reported for steels 
[22] and titanium alloys [23], only a limited data can be 
found for the nickel superalloys. Moreover, the research on 
corrosion resistance of the Inconel 740H nickel superalloy 
with a CrN layer produced in the process of impulse plasma 
nitriding [24] showed, that the CrN, Cr2N layer of 4.5 μm 
thick functions as an inhomogeneous cathodic coating, 
which in chloride environments (0.1NaCl + H) intensifies 
pitting corrosion of the material. In chloride-less environ-
ments (0.1 M Na2SO4), the nitride layer does not affect sub-
stantially the rate of the alloy corrosion.

Hence, the plasma nitriding technology was proposed in 
this paper to enhance the fatigue response and high tempera-
ture corrosion resistance of Inconel 740H. The material was 
subjected to cyclic loading to determine its fatigue behav-
iour under a wide range of stress amplitudes. Subsequently, 
the heat resistance of Inconel 740H with a modified surface 
was investigated during exposure to 1000 °C for 100 h in an 
air atmosphere. A microstructure evolution of the nitrided 
surface was monitored using scanning electron microscopy 
(SEM), and subsequently analysed, to provide a deeper 
understanding of the oxidation behaviour of Inconel 740H 
with modified surface due to nitriding.



Archives of Civil and Mechanical Engineering           (2022) 22:57 	

1 3

Page 3 of 15     57 

2 � Materials and methods

Inconel 740H of the chemical composition presented in 
Table 1 was investigated in this research. The specimens 
were firstly machined in a Computer Numerical Con-
trol (CNC) lathe machine to ensure surface finish. Then, 
they were subjected to glow discharge nitriding process 
(Fig. 1a) in two different states of potential: the cathode 
and plasma potential (active screen), however, under the 
same conditions, i.e., nitrogen–hydrogen atmosphere 
(25%-N2 + 75%-H2) at 570 °C for 8 h.

Fatigue tests were performed on the MTS 858 testing 
machine, with an axial force range of ± 25 kN and twist-
ing moment range of ± 200 Nm, controlled by a TestStar 
II using such software as TestWare-SX v. 4.0D and 790.20 
Fatigue Test Application. The fatigue tests were force con-
trolled with zero mean level and a constant stress amplitude 
with a frequency of 20 Hz in the range of stress amplitude 
from ± 350 to ± 650 MPa. A geometry of the fatigue speci-
men is presented in Fig. 1b. The MTS 634.31F-24 trans-
verse extensometer with a gauge of 10 mm was calibrated 
to strain measurement in the range of 0 ÷ 0.1 mm/mm and 
0 ÷ 0.3 mm/mm. Before testing of the specimens from each 
successive series, the extensometer was calibrated and the 
test parameters were optimized for a single specimen from 
the series. Microhardness measurements were performed at 
the Vickers method and Schimadzu HMV-G hardness tester 

using loading force of 50 gf (0.49 N) for a dwell time of 10 s. 
Six cathode and six plasma surface modified specimens in 
the form of 6.5 mm × 6.5 mm × 4 mm cuboids with initial 
weight of 1.3 g were subjected to the heat resistance test at 
1000 °C for 100 h in air atmosphere. Each specific speci-
men was removed from the furnace after 1, 5, 15, 20, 50 and 
100 h to measure its weight and dimensions using precise 
micrometer screw gauge and laboratory scale, respectively. 
In the next step, the microstructural analysis was performed 
using Quanta 3D FEG field emission scanning electron 
microscope (SEM) and Nikon ECLIPSE MA-200 optical 
microscope (OM). An effect of the heat treatment scale of 
specimen on its surface for modified and unmodified sec-
tions was analysed on grounded and mechanically polished 
cross sections using SEM operated at 20 kV with energy-
dispersive X-ray spectroscopy (EDS) detector. Such detector 
was also used to perform a qualitative chemical composition 
analysis. The phase structure of the base material was deter-
mined using the X-ray diffraction method in the 2Θ system, 
while the phase composition of the nitrided layer was ana-
lyzed by the grazing incidence X-ray diffraction (GI XRD) 
technique based on the Co Kα1 radiation (λ = 1.78892 Å) 
applying a Rigaku Ultima IV system with parallel beam 
mode of radiation. An oxidation kinetics was determined 
by mass gain and measurements of the scale after a specific 
time of the heat treatment. The thickness (width) of diffusion 
zone was determined by the increased content of aluminium 
and was measured during SEM observations.

Table 1   Chemical composition of Inconel 740H in the as-received state

Element N O Al Nb Ti Fe C Mn Si Cu S P Cr Co Ni

Wt.% 00.17 01.50 01.29 01.19 01.25 00.45 00.03 00.10 00.10 00.14 00.01 00.01 22.66 20.12 bal

Fig. 1   Scheme of the reaction 
chamber for glow-discharge 
treatments (a); engineering 
drawing of the specimen for 
fatigue testing (b)
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3 � Results and discussion

3.1 � Microstructural characterization of nitrided 
layers

Figure 2 shows the cross-sections of the layers produced 
in the process of glow discharge nitriding at the cathode 
and plasma potential at temperature of 570 °C and dura-
tion of 8 h. The microscopic observations shown, that the 
thickness of the nitrided layer at the cathode and plasma 
potentials were similar and approx. 12 µm thick. Below 

all produced layers, the austenitic matrix with numerous 
annealing twins and single primary precipitates is clearly 
seen. The microstructure is composed by grains with a size 
between 50 and 100 μm.

The slight difference in the surface topography shown 
in Fig. 3 results from the technology of the glow discharge 
nitriding process. The layer generated at the cathode poten-
tial (Fig. 3a) has a characteristically developed surface with 
visible particles well adhered to the layer surface. In the case 
of layer produced using the plasma potential (Fig. 3b), the 
surface of layer is less developed due to the limited cathode 
sputtering phenomenon.

Fig. 2   The cross-section of CrN layers obtained on Inconel 740H superalloy after nitriding using the cathode (a) and plasma potential (b) (OM)

Fig. 3   Surfaces of nitrided layers formed on Inconel 740H nickel alloy substrate using the cathode (a) and plasma potential (b) (SEM)
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XRD patterns of Inconel 740H under three conditions are 
shown in Fig. 4. Figure 4a presents the X-ray spectrum taken 
from a polished specimen prior to the nitriding process, 
where the peaks of the alloy matrix consisted mainly chro-
mium, cobalt and nickel are revealed. X-ray phase analysis 
performed in the angular range from 40° to 120° exhibited 
the presence of chromium, niobium and titanium nitrides in 
the layers (Fig. 4b, c). Several peaks from titanium, niobium 
and chromium nitrides were found on the cathode nitrided 
surface of Inconel 740H (Fig. 4b). The presence of nitrides 
is associated to the infiltration of the N element during the 
nitriding process. Each nitride was identified by a different 
intensity for the same angle, regardless nitriding methodol-
ogy used: titanium nitrides; niobium nitrides; and chromium 
nitrides were found for 44°, 50°, 72° and 75°; 49°, 71°, 86°, 
91° and 113°; and 47°, 55°, 80° and 102°, respectively. The 
peaks from chromium cobalt nickel phase of the nitrided 
sample were lower in intensity in comparison to the as-
received material (Fig. 4a) as the presence of nitrided layer 

weakens the matrix X-ray signal response. The intensity of 
titanium, niobium and chromium nitrides is related to the 
diffusion rate of each element during nitriding process per-
formed at temperature of 570 °C for 8 h.

3.2 � Effect of Inconel 740H nitridation on its fatigue 
response and microhardness profile

An effect of nitridation on the mechanical properties of 
the Inconel 740H was investigated in the standard fatigue 
tests and microhardness measurements. The results of 
experiments exhibited, that nitridation enhances a stress 
response of the Inconel 740H specimens at the temperature 
of 23 °C (Fig. 5a). A positive effect of nitridation on the 
fatigue response was reported for many structural materi-
als. Genel et al. [20] found, that the fatigue limit increases 
with an increasing depth of the nitrided layers. Their studies 
evidenced, that nitriding led to 12% increase of the fatigue 
strength of AISI 4140 steel. De Castro et al. [23] reported, 

Fig. 4   X-ray diffractogram of the as-received Inconel 740H (a), cathode nitrided surface (b) and plasma nitrided surface (c)
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that the plasma nitriding enhanced the fatigue behaviour of 
the Ti-6Al-4V alloy. The extended fatigue life was attributed 
to the compressive residual stress in the nitrided layers and 
in the nitrogen diffusion zone, which significantly inhibited 
crack nucleation at the titanium surface. In the comprehen-
sive review of the nitriding effect on the fatigue strength 
of structural alloys elaborated by Teren’ev et al. [21], the 
general reason of fatigue strength increase at the high cycle 
fatigue was attributed to the creation of stronger surface 
layer, compressive residual macroscopic stresses and micro-
stresses after surface modification process.

The effect of nitridation on the fatigue behaviour of 
Inconel type materials was not studied efficiently in the 
recent literature. Yamane et al. [24] reported, that enhance-
ment of the Inconel 718 fatigue strength at room temperature 
was mainly caused due to the suppression of crack initiation 
by the compound layer. Thus, it could be concluded, that the 
nitridation process positively affected the fatigue behaviour 
of Inconel 740H. An increase of the fatigue strength was 
observed in a wide range of strain amplitudes taken into 
account.

The microhardness profile of the nitrided Inconel 740H 
was presented in Fig. 5b. One can indicate that increased 
hardness of the surface (~ 1000 HV0.05) is characteristic 
for the nitrided surfaces, since the formation of hard nitrides 
in the sublayer provides enhanced hardness and toughness 
of the material. It should be also mentioned, that the nitrid-
ing process produces a diffusion layer of 10–100 μm thick 
in which the nitrogen atoms occupy interstitial sites in the 
crystalline lattice of the substrate material, and subsequently, 
results on development of the lattice expansion effect. Such 
expansion leads to the compressive stresses generation that 
are responsible for a superior toughness and wear resistance 
properties [26]. The hardness gradually decreased to 400 
HV0.05 towards the substrate material.

Micrographs of the fracture surface of nitrided Inconel 
740 were presented in Fig. 6. Typical fatigue fracture surface 

morphologies were observed for all nitrided specimens 
regardless of the nitriding technique: initiation area with 
radial streaks along the crack propagation direction and a 
relatively flat surface (I), propagation area with dimples zone 
and microvoids (II) and instantaneous fracture area (III). A 
morphologically and dimensionally homogeneous layer of 
adhesive nature obtained in the cathodic or plasma nitrid-
ing process could be observed for all specimens (Fig. 6). 
The crack initiation areas were observed in the peripheral 
zones, at the edge of the specimen, i.e., in the area of stress 
concentration, where the sub-surface defects or non-metallic 
inclusions were found for example (zone denoted as “I” in 
Fig. 6). The propagation area characterized by microvoids 
consisted also the secondary cracks, which were formed due 
to jointing pores. The ductile fracture surfaces, of a greater 
share of the trans-crystalline fracture as well as fine morpho-
logical cavities in the form of craters and non-metallic inclu-
sions (carbides) were observed for each specimen. Cleavage 
steps, parallel to the direction of crack propagation, tend to 
move together and, as a consequence, form the so-called 
"river patterns".

3.3 � Effect of the cathode nitriding of Inconel 740H 
on its oxidation behaviour

Inconel 740H subjected to the cathode plasma nitriding 
treatment was characterized by the enhanced fatigue perfor-
mance at room temperature. Since such material is dedicated 
to high temperature applications, specimens were subjected 
to the heat resistance test at 1000 °C for 100 h in an air 
atmosphere. The cross-sectional view of the specimen after 
5 h revealed, that a significantly thicker scale was formed 
on the surface in the as-received state (Fig. 7a). Such scale 
was characterized by 10% lower content of the cobalt in 
comparison to the nitrided specimen and higher content of 
oxide (Table 2). The unmodified surface was therefore more 
susceptible for oxidation and a thicker sublayer was formed. 

Fig. 5   The S–N curve for Inconel 740H under different surface conditions (a); microhardness profiles (b)
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It was noticed, that the nitrided surface was much resistant 
to microstructural changes as almost two times smaller area 
of elements diffusion was observed (Fig. 7b). Such diffu-
sion zones are characterized by an increased content of alu-
minium, since a relatively high temperature results on the 
diffusion of its atoms to the surface. It has to be mentioned 
however, that a tight chromium oxide sublayer protects the 
substrate against oxidation and diffusion of aluminium atoms 
to the surface.

Extension of annealing time up to 50 h significantly 
affected the thickness of chromium oxide layer resulting on 
its increase from 7 to 20 µm for the nitrided surface (Fig. 8b) 
and from 9 to 25 µm for the unmodified surface in com-
parison to 5 h of high temperature exposure (Fig. 8a). The 
chemical composition of the oxide layer remained stable, 
however, the content of aluminium in the diffusion zone 
was more than twice times higher (Table 3). One should 
notice, that the thickness of the diffusion zone increased sig-
nificantly from 7 to 65 µm for the nitrided surface and from 
15 to 90 µm for the unmodified surface. A relatively long 
time of anealing led to the further diffusion of aluminium 
atoms to the surface, but still was inhibited by the chromium 
oxide. The protective scale formed on the nitrided surface 
contained nitrogen and oxygen enriched, which may indi-
cate a formation of titanium, chromium and cobalt oxides 
and nitrides. It should be highlighted, that nitriding itself 
led to the difussion of nitrogen resulting in formation of 
nitrides not only on the material surface, but also within 
material volume. Chemical composition analysis performed 
in diffusion zone revealed titanium nitrides (Fig. 8c, d). The 
presence of such nitrides may explain the relatively high 
hardness measured in the diffusion zone (Fig. 5b) as this 
refractory compound with superior properties significantely 
strenghten the matrix material.

3.4 � Effect of the plasma nitriding of Inconel 740H 
on its oxidation behaviour

In the second part of the experimental program an effect 
of the plasma nitriding was studied. The surface of Inconel 
740H subjected to the plasma nitriding treatment after 5-h 
high temperature exposure was characterized by the brittle, 
almost 7 µm thick, chromium oxide layer with an increased 
content of the titanium and niobium (Fig. 9, Table 4). The 
chromium oxide-based sublayer of 8  µm thickness and 
27-µm-thick diffusion zone were formed near the surface. 
The increased content of aluminium was found in the diffu-
sion zone. It should be noticed, however, that the brittle scale 
was not able to fully protect the substrate against the high 
temperature exposure. As a consequence, the diffusion zone 
was thicker for the nitrided material by almost 10 µm. How-
ever, a distribution of elements near the surface remained 
similar to those observed for the cathode nitrided.

Extension of the homogenization time up to 50 h led to 
a significant increase of the chromium oxide zone thick-
ness in the unnitrided zone by 10 µm and a total increase of 
the thickness over the entire zone by 45%. The significant 
content of nickel (44%) and oxide (18%) could be found in 
the scale of the plasma nitrided Inconel 740H subjected to 
the high temperature aneealing. The diffusion of nickel was 
successfully inhibited by the chromium oxide sublayer, how-
ever, the diffusion zone was grown considerably to almost 
150 µm (Fig. 10a). On the other hand, in the nitrided sur-
face, the entire zone of the chromium oxide layer thickness 
increased from 7 to 20 µm exhibiting the same tendency as 
that for the cathode nitriding observed. The scale of 10 µm 
was characterized by an increased content of the nickel 
(Fig. 10b, Table 5). It should be noted however, that the 
thickness of the sublayer formed was considerably lower 
than that for the plasma nitrided material obtained without 
any heat treatment application. Additionally, the diffusion 
zone was almost three times thicker in comparison to that 
of the unmodified Inconel 740H.

3.5 � Effect of the nitriding technique on oxidation 
and mechanical response of Inconel 740H alloy

Nitriding is the well-known technology, that can improve 
the hardness, wear and corrosion resistance of surfaces. It 
was found, that Inconel 740H subjected to the nitriding can 
be characterized by almost 260% improvement of surface 
hardness in the case of the cathode nitride process usage 
and 230% for the plasma nitrided one (Fig. 5b). Addition-
ally, a hardness enhancement for the plasma nitrided Inconel 
740H was observed not only for the surface, but also in some 
distance from the edge of the modified surface. It may prove 
the higher effectiveness of the plasma nitriding over cath-
ode one. Similar response was reported by Xue et al. [26]. 
They have shown the significant enhancement of hardness 
of the nitrided layer formed on Inconel 718 surface. It was 
equal to 1810 HV0.01 and was 352% higher than that for 
the substrate material. Maniee et al. [27] shown, that the hot 
wall plasma nitriding at 450 °C could enhance the surface 
hardness, wear and corrosion resistance of Inconel 718. In 
this study, the maximum value of surface hardness equal 
to 1600 HV0.05 was obtained for the specimen nitrided at 
500 °C. Such value was around four times harder than the 
untreated sample (418 HV0.05). Zhang et al. [28] used the 
low temperature gas nitriding to improve hardness and sur-
face roughness for the same type of alloy. It was reported, 
that ultrasonic nanocrystal surface modification followed by 
low-temperature gas nitriding increased the surface hardness 
of the Inconel 718 by 190%. Borowski et al. [29] studied 
hardness, frictional wear resistance, fatigue strength and 
corrosion resistance of Inconel 625 modified using glow 
discharge-assisted nitriding. In this study, a hardness of 
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nitrided surface of 1480 HV0.05 was obtained (compared 
with 380HV0.05 of untreated Inconel 625).

In terms of the corrosion resistance, both the plasma 
and cathode nitriding can be characterized by a progressive 
increase of weight gain up to 50 h of annealing (Fig. 11). A 
loss of the relative weight gain for 100 h was associated with 
the brittleness of scale formed, that fall off from the surface. 
It should be mentioned however, that for the plasma nitrided 
specimens, both the relative weight gain and thickness of the 
chromium-rich scale were steadily growing up to 0.5% for 
50 h (Fig. 11a, c), while the nitriding depth remained at the 
stable level of about 100 µm. The microscopic observations 
of this particular scale identified the uniform distribution 
of the chromium rich layer and nitriding depth after 50 and 
100 h (Fig. 12a, c). It may suggest, that the scale formed 
on the plasma nitrided surface has better protective proper-
ties. On the other hand, the cathode nitrided specimens were 
characterized by considerable relative weight increase even 
after 5 h of annealing, which remained at a stable level of 
0.7–0.9% till the scale fell off from the surface (Fig. 11a). 
The loss of protective scale led to an increase of the diffu-
sion zone thickness in which nitrides were found (Figs. 8c, 
d, 11b, 12d), which indicates, that the cathode nitriding may 
not be suitable for high temperature applications.

According to Pilarska et al. [30], an increase of the nitrid-
ing depth result from the ion energy acting on the nitrided 
substrate. It was reported, that during cathode nitriding, 
the substrate surface was bombarded by a high energy ions 
whose values were cathode polarization voltage dependent. 
Under the plasma potential nitriding conditions however, 
the ions had significantly lower energy resulting from the 
smaller size of the floating potential. It was concluded, that 
the complementary potential enhances the polarity of the 
workpiece with respect to plasma potential nitriding. Such 
behaviour led to the nitriding process intensification, and 
thus, a subsequent increase in the concentration of nitrogen 
in the surface layer was observed.

It should be mentioned however, that both of the nitrid-
ing techniques applied in this research enable a slight 
reduction of the thickness of chromium-rich scale in 

comparison to the as-received material (Fig. 11c). The 
positive effect of nitriding on the corrosion resistance of 
nickel-based alloys was also indicated in the literature. 
Xue et al. [26] reported a significant improvement in the 
erosion-corrosion resistance (almost 80.3%) if compared 
to the as-received Inconel 718. Such improvement was 
associated to the chromium nitride found on the surface. 
The same nitrides were found on the surface of nitrided 
Inconel 740H, as presented in Fig. 4. It could be con-
cluded, that these nitrides along with titanium nitrides 
effectively improve the mechanical properties of Inconel 
740H including fatigue parameters and hardness.

Taking above observations into account it can be con-
cluded, that the nitriding technology is widely used to 
improve the properties of Inconel alloys. One can state, that 
the cathode and plasma nitriding technology presented in 
this paper could be successfully applied for fatigue and high 
temperature corrosion enhancement of Inconel 740H.

4 � Conclusions

In this paper, the mechanical properties of the nitrided 
Inconel 740H alloy were examined using microhardness 
measurements and standard fatigue tests. The nitrided 
Inconel 740H exhibited the significant improvement of 
fatigue response of order equal to 50 MPa in the whole range 
of stress amplitudes from 350 to 650 MPa, and almost 230% 
increase of hardness for the plasma modified surface and 
260% in the case of cathode modified surface. Addition-
ally, an application of the nitriding enhances the corrosion 
resistance of Inconel 740H by the effective protection of its 
surface against the high temperature oxidation. The rela-
tive weight gain for the cathode nitrided Inconel 740H was 
greater and faster than for the plasma nitrided, which was 
attributed to the higher efficiency of the nitridation method. 
The thickness of the plasma nitrided layer stabilizes itself 
after about 50 h of annealing at the level of 100 µm, and 
for such temperature it was 50% lower than that obtained 
for the cathode nitride Inconel 740H. The stability of the 
nitrided layer thickness corresponded to the stabilization of 
the chromium oxide during the high temperature annealing 
at 1000 °C either for 50 or 100 h.

Fig. 6   The cathode nitrided Inconel 740H fatigue fracture surfaces 
for stress amplitude equal to 600  MPa (a) and 700  MPa (b); the 
plasma nitrided Inconel 740H fatigue fracture surfaces for stress 
amplitude equal to 600 MPa (c) and 700 MPa (d) (SEM)

◂
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Fig. 7   The cross-sectional views of: a the cathode nitrided Inconel 740H; b as-received material after 5 h annealing at 1000 °C (SEM)

Table 2   Chemical composition 
of the specific regions of 
cathode nitrided Inconel 
740H (1, 2, 3) and as-received 
material after 5 h annealing at 
1000 °C (4, 5, 6, 7)

Element N O Al Nb Ti Cr Co Ni

1 00.65 13.54 00.18 00.15 00.25 01.81 26.84 56.58
2 02.77 26.92 00.31 00.42 01.05 67.20 00.35 00.98
3 00.58 05.62 03.33 01.15 00.64 16.25 20.13 52.30
4 01.00 15.99 00.11 00.22 00.21 02.08 17.95 62.45
5 02.00 21.85 01.47 02.79 03.40 35.27 19.25 13.97
6 02.91 24.46 00.36 01.20 01.75 67.63 00.41 00.70
7 01.04 03.61 04.57 01.18 01.18 12.21 21.87 54.96
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Fig. 8   The cross-sectional views of: a the cathode nitrided Inconel 740H (1, 2, 3, 4); b as-received material after 50 h annealing at 1000 °C (5, 6, 
7, 8); c enlarged diffusion area; d chemical composition of titanium nitride (SEM)

Table 3   Chemical composition 
of the specific regions of the 
cathode nitrided Inconel 740H 
(1, 2, 3, 4) and the as-received 
material after 50 h annealing at 
1000 °C (5, 6, 7, 8)

Element N O Al Nb Ti Cr Co Ni

1 03.41 30.98 00.87 03.07 08.71 14.48 14.96 23.52
2 03.04 26.38 00.08 00.39 01.18 67.68 00.42 00.83
3 01.21 04.79 07.47 01.57 00.93 12.51 20.77 50.76
4 01.51 01.85 00.42 01.90 01.97 17.70 21.25 53.40
5 01.87 15.74 00.51 00.98 02.92 09.36 11.71 56.91
6 02.81 26.16 00.17 00.57 01.31 68.07 00.27 00.63
7 01.12 05.44 10.25 01.48 00.17 09.25 20.62 51.67
8 01.56 02.02 00.65 01.64 02.57 19.57 20.22 51.77
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Fig. 9   The cross-sectional view of: a the plasma nitrided Inconel 740H (1, 2, 3); b as-received material after 5 h annealing at 1000 °C (4, 5, 6) 
(SEM)

Table 4   Chemical composition 
of the specific regions of plasma 
nitrided Inconel 740H (1, 2, 3) 
and the as-received material 
after 5 h annealing at 1000 °C 
(4, 5, 6)

Element N O Al Nb Ti Cr Co Ni

1 02.69 25.09 01.37 06.13 03.68 37.52 12.19 11.33
2 02.79 26.38 00.34 00.83 01.39 67.06 00.32 00.89
3 00.62 02.63 02.82 01.80 02.00 16.53 21.17 52.44
4 01.89 20.11 00.67 01.21 01.53 10.81 17.81 45.96
5 02.98 25.18 00.36 00.86 02.29 67.35 00.04 00.94
6 00.10 02.49 06.02 01.60 00.83 11.54 22.59 54.83

Fig. 10   The cross-sectional view of: a the plasma nitrided Inconel 740H; b as-received material after 50 h annealing at 1000 °C (SEM)
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Table 5   Chemical composition 
of the specific regions of the 
plasma nitrided Inconel 740H 
and the as-received material 
after 50 h annealing at 1000 °C

Element N O Al Nb Ti Cr Co Ni

1 02.12 18.03 00.70 02.01 04.14 13.73 14.78 44.50
2 02.74 24.88 00.18 00.16 01.46 68.03 00.76 01.78
3 01.12 04.81 04.50 02.54 01.31 14.66 20.89 50.17
4 02.13 17.34 00.10 00.23 00.50 01.84 16.78 61.09
5 02.88 26.83 00.17 01.50 02.38 64.96 00.33 00.95
6 01.66 08.10 05.08 02.91 04.29 16.86 17.78 43.31
7 02.25 07.27 08.46 01.60 10.26 13.12 16.86 40.17

Fig. 11   The comparison of relative weight gain for the plasma and 
cathode nitrided Inconel 740H after annealing at 1000  °C (a); the 
comparison of diffusion zone thickness (b) and thickness of chro-

mium-rich scale (c) for the cathode nitrided, plasma nitrided Inconel 
740H and as-received Inconel 740H after annealing at 1000 °C
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