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Abstract

In this paper, the effect of hafnium, titanium, and molybdenum addition on the microstructure and properties
of the aluminide layers deposited by using a chemical vapor deposition process on IN 713C nickel superalloy
substrate was discussed. A multi-component aluminide diffusion layer containing Ni—Al, AI-Ti—Ni, and hafnium-
rich phases was successfully formed by aluminizing IN 713C nickel superalloy. Subsequently performed cor-
rosion resistance tests confirmed the beneficial effect of the aluminide layer deposited on IN 713C as compared
to substrate material. Anticipating improved mechanical response of coated material, density functional theory
calculations were performed. It was found that a single Hf/Ti/Mo atom prefers to be positioned within the Al
sublattice in the NiAl, and Ni;Al phases. This justifies the presence of the experimentally observed Ni;Hf phase
in the Hf-enriched IN 713C. The Hf modification effects on the NiAl, and Ni;Al were further discussed based
on the changes of the elastic constants Cy, bulk modulus B, and shear modulus G. The presence of Hf in NiAl
causes a decrease of phase’s C,, and C,, values, and increase in the C,; value. It was found that Hf modification
of the Ni;Al causes a decrease in the C;; values and a slight decrease of phase’s B/G ratio, indicating a less ductile
character of modified phase decohesion.
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1 Introduction

The IN 713C nickel-based superalloy was strategically selected for this study due to its widespread use in
high-temperature, high-stress environments—particularly in the aerospace sector, where it is utilized for turbine
blades, vanes, and rotors in jet engines [1-3]. This material offers a combination of superior casting properties,
high-temperature oxidation resistance, and creep strength [1, 4], which are essential for maintaining structural
integrity under extreme operating conditions such as those experienced in gas turbines, where combustion gases
can reach temperatures up to 1650 °C [5]. However, despite its inherent advantages, IN 713C is still susceptible to
electrochemical and hydrogen-induced corrosion, especially when exposed to aggressive environments involving
moisture, sulfur compounds (e.g., Na,SO,), and prolonged low-frequency operation [6]. Such conditions acceler-
ate intergranular cracking, reduce ductility, and compromise the service life of critical components. The decision
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to further enhance IN 713C’s corrosion and mechanical resistance using aluminide coatings via the chemical
vapor deposition (CVD) method aligns with emerging surface engineering approaches aimed at extending the
longevity of nickel superalloys under corrosive conditions. In particular, the introduction of hafnium, titanium,
and molybdenum dopants is informed by prior evidence showing that these elements can influence phase stability
and improve mechanical performance when introduced into Ni—Al intermetallic matrices. The suitability of IN
713C for such modifications is also supported by its well-documented behavior under high-temperature defor-
mation, oxidation, and microstructural evolution, which provides a strong baseline for evaluating the effects of
additional surface treatments.

Additionally, the literature supports the potential of aluminide coatings doped with various elements as prom-
ising candidates for research on advanced barrier coatings, further enhancing the corrosion resistance of nickel-
based superalloys in demanding environments [7—10]. Electrochemical corrosion is the most critical factor affect-
ing the durability and performance of these materials and numerous studies have examined the degradation of
hot turbine components [11-18] and the effectiveness of protective surface treatments [19-24]. Low-temperature
corrosion processes further shorten the service life of aircraft engines. At high temperatures, oxidation occurs
due to sulfur from aviation fuel, leading to the development of microcracks. As a result, even protective surface
coatings with hydrocarbons from technical oils cannot fully prevent electrochemical corrosion. Additionally, as
an aircraft engine cools, moisture may form and, combined with unburnt fuel, can damage both the protective
coating and the substrate material. Electrochemical corrosion is particularly harmful to aircraft engines operating
at low frequency or those with extended periods of inactivity. Thus, oil-based surface protection becomes inef-
fective when foreign particles containing sulfur and hydrogen are present. Oxygen and hydrogen further acceler-
ate corrosion, even when the surface is coated with oil or when foreign bodies detach, exposing the underlying
material to the aggressive environment. It is worth emphasizing that hydrogen-induced damage is a well-known
cause of failure in Inconel components. Hydrogen exposure leads to intracrystalline cracking in nickel and its
alloys, reducing their plasticity. This phenomenon is commonly observed in modern nickel superalloys, such as
the Ni—Cr—Fe type (IN 718) [25]. The extent of damage is influenced by the degree of hydrogen saturation along
grain boundaries, which is directly related to the number of dislocations in the material that trap hydrogen [26].
Furthermore, an increase in dislocations, commonly occurring under high-temperature creep conditions [27],
enhances hydrogen saturation, and accelerates the degradation of nickel-based alloys in hydrogen-rich environ-
ments. This saturation is influenced by factors such as hydrogen gas pressure, cathode potential, and the presence
of hydrogen permeation promoters. Given the detrimental effects of low-temperature corrosion, improving the
corrosion resistance of nickel alloys can be achieved through surface engineering techniques, such as applying
protective layers using CVD methods [28, 29]. Existing studies have explored hydrogen’s impact on the degrada-
tion of protective coatings [30, 31] and nickel alloys like IN 718 and IN 625 [32]. However, there is no literature
available on the effect of hydrogen on the corrosion resistance of the IN 713C nickel alloy in its as-received state
or with a protective coating.

To address the lack of data concerning the behavior of IN 713C nickel superalloy in hydrogen-rich corrosive
environments—particularly with protective coatings—this study proposes the development of a novel Ni—Al-
based surface layer modified with hafnium (Hf), titanium (Ti), and molybdenum (Mo). The application of CVD
enables precise control over the composition and structure of the coating, facilitating the formation of a multi-
component diffusion layer with potentially enhanced protective properties. This approach directly extends the
findings from our prior work [6], in which aluminide layers enriched with zirconium (Zr) and chromium (Cr) were
deposited on IN 713C substrates using the same CVD methodology. That study demonstrated that the incorpora-
tion of selected alloying elements into the aluminide layer can significantly alter its microstructure and improve
its resistance to corrosion and mechanical degradation. However, the previous research focused primarily on the
structural integrity and oxidation resistance of the Zr- and Cr-modified layers, without addressing the implica-
tions of hydrogen exposure—a critical factor in turbine engine applications where hydrogen embrittlement can
compromise material reliability. In the present work, we build upon these foundational insights by introducing
Hf, Ti, and Mo, which are known to influence phase stability, corrosion mechanisms, and hydrogen interactions
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in nickel-based systems. Additionally, we integrate density functional theory (DFT) calculations to complement
the experimental observations, offering atomic-scale insight into the substitution behavior, and mechanical con-
sequences of these dopants within NiAl and NisAl phases. By combining surface engineering with first-principles
modeling, this study aims to provide a more comprehensive understanding of how multi-element aluminide coat-
ings can be optimized for hydrogen-rich service environments. This dual experimental-computational approach
marks a significant advancement over prior work and addresses an important gap in the literature regarding IN
713C alloy corrosion behavior under dual exposure to halides and hydrogen.

2 Research methodology
2.1 Materials and coating deposition details

Aluminide layers modified with Hf were deposited on a substrate of IN 713C nickel superalloy by using the
CVD method. IN 713C is characterized by hardness of 358HV 10, yield strength of 664 MPa, tensile strength of
819 MPa, elongation of 7.9% and Young modulus of 200 GPa [33]. The chemical composition of the superalloy
is given in Table 1.

Prior to aluminization, the surfaces of the IN 713C nickel superalloy specimens were firstly ground using sand-
paper, then activated by sandblasting and rinsed in acetone in an ultrasonic cleaner. The aluminization was carried
out at a temperature of 1040 °C under a reduced pressure of 150 mbar, in two stages. The first stage consisted
of 1 h of exposure to AlCl; in hydrogen. The modification of the aluminization process using hafnium involved
the application of an additional external generator containing hafnium granules. The hafnium was activated by
the flow of HCI and hydrogen. In the last stage, the outer zone of the layer was modified by hatnium vapors for
30 min only. The microstructures of the formed layers were observed using a Hitachi SU70 scanning electron
microscope with SE and BSE detectors equipped with a Thermo Noran attachment for chemical composition
analysis. To gain more information about the structure of the top layer, TEM observations were performed. The
specimens were cut in cross-section from the layer zone and prepared using a Gatan commercial precision ion
polishing system with a beam voltage of 4 V directed at an angle of 10° to the specimen surface. X-ray diffraction
(XRD) measurements were executed at room temperature using a Bruker D8 Advance diffractometer with a Cu
anode (Cu Ka=0.154056 nm) and a parallel beam configuration operating at 40 kV and 40 mA, respectively. The
measurements were made in an (@ — 26) setup with a constant w angle of 2° between the direction of the incom-
ing beam and the specimen surface. XRD diffraction patterns were recorded in a 2@ range of 20°-100°, with a
step size of 0.05° and an acquisition time of 5 s. The XRD patterns were analyzed using Bruker EVA software
and the PDF-2 database (from the International Centre for Diffraction Data).

2.2 Corrosion test

The corrosion resistance tests of IN 713C nickel superalloy in the initial state, with a CVD-produced aluminide
layer, and after saturation with cathodic hydrogen were performed using the impedance (EIS) and potentiodynamic
(LSV) methods on AutoLab PGTSTAT 100 potentiostat in a solution of 0.1 M NaCl+0.1 M N,SO, (pH 6.35) at
room temperature (Fig. 1). Before the electrochemical examinations, the specimens were exposed to a corrosive
solution under electroless conditions for the time required for their corrosion potential stabilization (about 1 h).

Table 1 Chemical composition of the IN 713C nickel superalloy

Element Cr Al Ti Nb Mo Fe W C Ni

% mass 14.8 12.3 1.2 1.5 2.6 0.5 0.8 0.12 Bal.
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Fig.1 Schematic diagram of the electrical equivalent circuit used in the tests. Rs environmental resistance, R/ dielectric
layer resistance/outer zone, R2 double layer resistance (= charge transfer resistance through the double layer, CPE I dielec-
tric layer capacitance, CPE2 double layer capacitance

The impedance tests were performed in a three-electrode system [test electrode—reference electrode (saturated
SCE calomel electrode)—auxiliary electrode (platinum)] within a frequency range of 1010~ Hz, where the
sinusoidal signal amplitude was equal to 10 mV at an open circuit potential. The impedance spectra were ana-
lyzed using the Baukamp EQUIVCRT program. To analyze the spectra obtained, an equivalent circuit was used
having two R(Q[R(RQ)]) time constants as are commonly applied in electrochemical analyses of coatings [34].
The selection of equivalent circuit for the impedance spectra obtained was conditioned by the corrosion damage,
the presence of the coating, and the slightest errors in matching the elements of the system (determined by the
least squares method). The determined spectra were rendered in the form of Bode plots. Potentiodynamic tests
were conducted in an identical three-electrode system at a potential of 1000 mV. The material was polarized at a
potential change rate of 0.2 mV/s. IN 713C, both in the initial state and with a CVD-produced aluminide layer,
were saturated with hydrogen using the cathodic hydrogen charging (50 mA/cm?, 6 h, room temperature) to
induce accelerated hydrogen degradation. A solution of 0.5 M H,SO, with the addition of 1 mg/dm? As,O; was
used to promote hydrogen permeation.

2.3 DFT calculations

DFT calculations were executed using the Vienna Ab initio Simulation Package (VASP) [35, 36]. Cutoff energy
equal to 400 eV, and the Monkhorst—Pack mesh [37] of k points in the Brillouin zone, with a k-mesh spacing of
0.15 A= was used. To evaluate the impact of the alloying additives on the electronic and mechanical properties
of the NiAl, its 2 x 2 X 2 supercells with 16 atomic sites were constructed, with a single Ni or Al atom replaced
with an Hf/Ti/Mo atom. This resulted in a substituent concentration of 6.25 at.%. The FCC-based structures were
generated analogously, resulting in a 3.125 at.% concentration of Hf/Ti/Mo. All DFT calculations were performed
with collinear spin-polarization.

To determine the energetically preferred position of Hf/Ti/Mo in the NiAl and Ni;Al phases, the structures
were subjected to full cell relaxation with force components relaxed to 10~ eV/A, and the total energies were
converged to 107> eV. Two possible nodal positions (Ni and Al sublattices) were examined for each substituent.
Based on the calculated energies of the examined structures, the defect formation energy E; was established,
using the equation [38]:

Ef = Emodiﬁed - Eperfect + 2 Hi
i

where E, ogifieds Eperfect Hi are the energy of the modified intermetallic structure (with the added atom), the energy
of pure (unmodified) NiAl or Ni;Al phase, and the chemical potential of the added Hf/Ti/Mo (—) or removed
Ni/Al (+) atom, respectively. In this work, y; of Ni and Al was calculated separately for NiAl, and NijAl, using
Widom-type substitution [39]. Because of the high computational cost, the y; of Hf/Ti/Mo was assumed to be
equal to the energy per atom in each element’s ground state. Such simplification does not influence the determina-
tion of preferable substitute positioning and provides accurate results for the purpose of this study.

After the determination of the preferred substitute positioning, the elastic properties of the relaxed structures

were computed using a finite differences approach, with ions being displaced in each direction by positive and
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negative displacement. The width of subsequent displacements of each ion was equal to 0.015 A. Obtained matrix
of elastic constants C;; was used to calculate bulk modulus B and shear modulus G, according to the equations:
C,+2C
p= -1 i 12

Cj1 —Cp+3Cy
5

GV:

_ 5[(C11 - C12) X C44]
© [4Cy, +3(Cyy - Cy)]

G =Gyry = 5
where subindexes: V, R, and V-R-H denote the Voigt, Reuss, and Hill averaging procedures, respectively [40-42].
The values of B and G were then used to determine the plasticity of the materials using the Pugh plasticity cri-
terion B/G [43].

3 Experimental results
3.1 Characteristics of the layers

The morphology of the aluminide layer formed on the substrate of nickel alloy IN 713C after CVD process was
shown in Fig. 2a. The surface image of the layer obtained using SEM in backscattered electron (BSE) contrast
suggests a multi-component structure. Fine particles and bright-colored microareas, well integrated into the sur-
face of the dark-colored region are observed. Chemical composition analysis performed using energy dispersive
spectroscopy (EDS) in microareas revealed that the bright areas predominantly contain hafnium at approximately
70% by mass.

Conversely, the dark areas predominantly contain nickel at 82% by mass, aluminum at 10.8% by mass, and
lower amounts of titanium, niobium, and chromium. The cross-section of the layer is presented in Fig. 2b. The
visible grains are defective and exhibit a columnar-like structure. The formed layer, approximately 8 pm thick,
exhibits a complex structure. The outer zone of the layer, approximately 2—3 pm thick, is homogeneous. Below
this zone, a darker, aluminum-rich zone with fine hafnium precipitates is visible. The multi-component structure
of the layer could be clearly observed based on elemental distribution maps (Fig. 2c).

The maps presented in Fig. 2c depicting the distribution of elements in the cross-section of the layer confirm
the presence of hafnium islets on the layer surface. The absence of a continuous zone on the layer’s surface is
likely caused by the relatively short introduction time (30 min) of hafnium alone into the layer. These distribution
maps indicate that the outer zone of the layer is relatively homogeneous, containing a constant and relatively high
nickel content compared to aluminum, suggesting that the phases present in this zone are nickel-rich.

The analyzed outer zone of the layer presented in Fig. 2 differs significantly in aluminum concentration from
the aluminide layer produced using the CVD method in the works [44, 45], where the outer zones of the studied
aluminide layers were much richer in aluminum. Since different materials were used as substrates in the cited
works and significantly longer aluminization process time were used, it is difficult to clearly state that in the last
phase of aluminization, lasting stage of 30 min, the process of introducing hafnium into the layer itself reduced
the aluminum content in its outer zone. Therefore, in the further part of the work, DFT calculations were carried
out to explain how adding hafnium affects the phase composition of the intermetallic layer formed from the Ni—-Al
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Fig.2 Morphology (a), spectrograms from surface (b) and cross-section of the aluminide layer produced on IN 713C
through CVD method with distribution of the chemical elements (c)

system. Below this zone, there is an increased concentration of aluminum and fine hafnium precipitates (Fig. 2).
The microareas rich in chromium observed in the inner sub-layer are due to the low solubility of this element
(approximately 10 at.% at a temperature of 1423 K) in the -NiAl intermetallic phase [46] and the diffusion of
nickel towards the surface.

3.2 Phase composition analysis

X-ray diffraction (XRD) was employed to analyze the phase composition of the layer (Fig. 3). Since the experi-
ment was conducted with a constant primary beam angle of 2°, the X-rays penetrated and interacted with the
material’s crystal lattice in a minimal volume, compared to the Bragg—Bentano configuration. The results revealed
a range of intensity peaks, including reflections from the substrate material, specifically the (y) matrix and the
phase reinforcing the IN 713C alloy—y’. The layer’s characteristic structure, as shown in Fig. 3, is typical of alu-
minized layers, further confirming the diffusive nature of the applied process. This diffusion affects the diffraction
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pattern, where the chemical composition of the identified phases is often non-stoichiometric. The diffraction peaks
were observed to be asymmetric, indicating the co-existence of multiple phases in the same region. This phase
overlap, combined with the non-stoichiometric nature of the composition, complicates the analysis and precise
attribution of peaks to specific phases. Nevertheless, the presence of intermetallic phases from the Ni—Al and
Al-Ti—-Ni systems, as well as hafnium-containing phases such as Ni;Hf (hexagonal structure, Space Group 136:
P42/mnm), AL,Hf; (tetragonal structure, Space Group 194: P63/mmc), and a non-stoichiometric AI-Hf-Ni phase,
was confirmed. The peak positions also suggest that the chromium-rich precipitates seen in Fig. 2 may form the
intermetallic phase AlyCrs (trigonal crystal system, Space Group R3m: R). In conclusion, the deposition process
was successfully applied, and the layer’s effectiveness was further validated through corrosion resistance testing.

To deepen the insight into the complex phase composition of the aluminide layer, a quantitative phase analysis
(QPA) was carried out using Rietveld refinement of the X-ray diffraction (XRD) patterns. The refinement was
performed using the Bruker TOPAS software package. A pseudo-Voigt function was employed to fit the diffraction
profiles, with the background modeled using a Chebyshev polynomial. Instrumental broadening was calibrated
using a LaB standard. The refinement parameters included lattice constants, phase scale factors, and profile shape
parameters. The crystalline phases identified in the qualitative XRD analysis (NiAl, NisHf, Al-Ti-Ni, Al,Hfj,
and AlyCrs) were used as input structural models. The Rietveld analysis yielded a good agreement between the
measured and calculated diffraction patterns (Rwp < 10%), confirming the presence of a multi-phase structure in
the surface-modified layer. The estimated weight fractions of the detected crystalline phases are summarized as
follows: NiAl (~36 wt%), NisHf (~27 wt%), Al-Ti—Ni ternary phase (~ 16 wt%), ALLHf; (~ 12 wt%), and AlgCr;
(~6 wt%), with the remaining fraction attributed to residual y/y" matrix components from the substrate. These
results correlate well with the SEM/EDS data, which showed Ni- and Hf-rich regions interspersed within the
aluminide matrix. The predominance of NiAl and Ni;Hf is consistent with the thermodynamic stability of these
phases at the aluminization temperature (1040 °C) and supports the DFT results indicating a strong energetic
preference for Hf substitution into the Al sublattice of NiAl and Ni;Al. This substitution mechanism contrib-
utes to the stabilization of the Ni;Hf phase, which likely forms via local compositional enrichment during the
post-aluminization hafnium exposure. The Al-Ti-Ni phase presence, although less pronounced, reflects partial
incorporation of Ti from the base alloy or vapor phase, forming a solid solution with NiAl under CVD conditions.
Similarly, the Al,Hf; phase—an Hf-rich intermetallic compound—accounts for the bright islets observed in BSE
micrographs and the localized hafnium enrichment confirmed by EDS. Interestingly, the presence of the AlgCr5
phase, albeit in a small fraction, is indicative of chromium segregation during diffusion and its low solubility
in the NiAl matrix. This finding aligns with the elemental maps showing Cr enrichment near the inner sublayer
and may point to early-stage spinodal decomposition or precipitation hardening phenomena. Quantifying these
phases allows for a more nuanced understanding of the layer’s mechanical and electrochemical performance. For
example, the significant fraction of Ni;Hf—a phase with higher hardness but lower ductility than Ni;Al—explains
the slightly reduced B/G ratio obtained from DFT calculations. Likewise, the formation of multiple intermetallics
with varying electrochemical activity contributes to the observed heterogeneity in impedance spectra, particularly
under hydrogen exposure.

3.3 Corrosion resistance tests

The results of the corrosion resistance tests performed on IN 713C nickel superalloy in the initial state (IS) and
with an aluminide layer are presented in Fig. 4a and c. The impedance spectra after cathodic hydrogenation are
presented in Fig. 4b and d. In all cases, the presence of two time constants is observed, indicating two electro-
chemical processes taking place on the material surface.

In the initial material, the presence of two time constants is caused by high microstructural heterogeneity,
in which equiaxed grains of dendrite cores and inter-dendritic areas can be distinguished. Dendritic structures
consist of y’ precipitates surrounded by matrix channels, while the enrichment of inter-dendritic spaces with
carbide-forming elements may lead to the production of, among others, y/y’ eutectics or MC-type carbides
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Fig.4 Impedance spectra of IN713C nickel superalloy in the initial state (a), with an aluminide layer (c¢), and after
cathodic hydrogenation (b, d). Solid line—data, dotted line—fitting

enriched in Nb [6]. It can be assumed that the observed two capacitive peaks with significant coincidence
describe the electrochemical parameters of the dendrite zone and inter-dendritic areas. The ‘n’ parameter
of the analyzed areas indicates the presence of passive areas (n=1) surrounded by passive-active areas
(n=0.88). The aluminization process significantly increased the corrosion resistance of the material with a
notable increase in the electrochemical heterogeneity of the substrate (Fig. 5). The resistance to charge transfer
through the double layer (resistance R,) increased from 88 to 366k Q cm?. This is evidenced by the presence
of a clearly marked additional capacitive peak occurring in the low-frequency range. The ‘n’ parameter of the
produced dielectric layer (Table 2) is typical for passive-active metallic layers subjected to local corrosion.
It can be assumed that the places initiating corrosion are areas enriched in hafnium compounds (increasing

Fig.5 Potentiodynamic curves of IN 713C nickel superal- 100000
loy: in the initial state before (A) and (B) after cathodic 10000
hydrogenation, with aluminide layer before (C) and after
cathodic hydrogenation (D)

[

o
S

0.01

0.001

-400 -200 0 200 400 600 800 1000
Potential, Egc(mV)

€\ Springer Archives of Civil and Mechanical Engineering (2026) 26:5


https://doi.org/10.1007/s43452-025-01350-z

5

Page 9 of 17

https://doi.org/10.1007/s43452-025-01350-z

QuI[ uonE[NOTED AY) puek sjurod BIEp PAINSEIW USIMIAq SUOTIRIAIP JO sarenbs Jo wns—(%) JOIIT

10381821 21nd ® se soAryeq FJD Y ‘0 =u uaym I[Iym ‘Toj1oeded aind © se soaeyeq D oY) ‘I =u
uayMm Jey) Sunou ypiom st Iy ' 0} ¢ woij SurSuer juejsuod [eorridwe ue {(g4D) Juowale aseyd jueisuod jo suonodsyradur Jo JUAOLe0d 1 Juawale aseyd jueisuod jo Ayoedes 400 ‘our)sisar y

A 1L°0 70 88°0 N woneussoIpAy

7'C 0T XLLY 0¢ OTXYL9 (S X JWI/]) 2420g I191Je 19KR] SpruI

L1 H01X09°¢ 901 OIXTITY (Fuogs) ¥ -nfe PIm HETL NI

80 IL°0 90 L8°0 N

Sl OIXT¥T £ 0-0TXT9Y (-8 X Juoyg) T4y 10Ke] op1u

8’1 01 X99°¢ 79 OIX0LY (Fwow) ¥ -wanpe yim 9erL NI

€91 80 L0 80

0’19 =01 X8L°¢ (e 01 XGC'T N voneuaSoIpAy

8°0¢C HIXET¢E I'v1 ;01 X86'C (j—uS X JWO/) 2204 106 pue dqeIs
(Fwow) ¥ [eRIUL Ur HET/ NI

(S ! 0 88°0 N

€99 »-0IXTH'T 60 01 XL9°E (S X W07 3204 amIs

TeT 01 XT8'8 (9Y OIX66'1 (FwoE) ¥ [eRIuL ur 5T/ NI

(%) Jo1g 19A®[ 9[qnOp L1 (%) Joug QUOZ IO (%) Jotrg 19Ae] 01091

(51593 Qouepaduur) §)$9) UOISOIIOD [BITWAYDI0IIOJS ) JO SI[NSAI JO Arewrwuns g ajqel

pringer

Qs

5

(2026) 26

ineering

Archives of Civil and Mechanical Eng


https://doi.org/10.1007/s43452-025-01350-z

5 Page 10 of 17 https://doi.org/10.1007/s43452-025-01350-z

T?.ble 31 Su;nilnary Eocp Ecorr Enp ]corr )

of results o .t e . (MmV gep) MVgep) @mMVge) (MA/cmY)

electrochemical corrosion

tests (potenti()dynamic IN 713C (initial state) -90 — 115 660 5.1x1072

tests) IN 713C (initial state after hydrogenation) - 130 — 145 390 34x1072
IN 713C with an aluminide layer - 65 -50 480 2.3x1072
IN 713C with an aluminide layer after hydrogenation - 40 - 60 470 41x1072

Ep» Open circuit potential; E,,,

tial

corrosion potential; /., corrosion current density; E“p, breakdown poten-

orr?

the local dielectric permittivity) or a cavity in the rough aluminide layer. In these places, there are conditions
favorable for corrosion of the metallic electrode (n=0.70).

On the other hand, the cathodic hydrogen saturation process (50 mA/cm?/6 h) reduced the corrosion resist-
ance in both analyzed cases. The charge transfer resistance through the double layer (R,) of the IN 713C nickel
superalloy in the initial state decreased from 88 to 32k Qcm?, and in the case of the dielectric layer from 366 up
to 36k Qcm’.

The presence of dissolved hydrogen in the nickel alloy resulted in a deterioration of its mechanical properties
through loss of ductility and tensile strength. The formed aluminide layer did not protect the substrate against the
unfavorable effects of hydrogen, as evidenced by a decrease in the value of the charge transfer resistance through
the double layer and a negative change in the values of the electrochemical parameters of the dielectric layer. An
increase in the capacitance of the dielectric layer indicates a decrease in its thickness.

Figure 5 shows the potentiodynamic curves of the tested materials. In the case of an aluminide coating, due to
the presence of hafnium in the coating, which has a strong affinity for oxygen [47], a shift of corrosion potentials
towards the anodic side was observed. On the other hand, the presence of Al and Ti compounds enhances the
corrosion resistance of the substrate. Additionally, the presence of hafnium oxide may undergo intense electro-
chemical corrosion in acidic and alkaline environments due to its amphoteric nature. In the case of neutral solu-
tions, precipitates rich in Hf (due to their low electronegativity of £=1.3) may react with other elements of the
coating creating microcells inducing galvanic corrosion, thus reducing the durability of the aluminide layer. The
reduction in the passive range (AEnp= — 180 mV) is caused by both a significant increase in the roughness of
the aluminide layer as well as the presence of a passive layer of hafnium oxides, which in the presence of halide
ions (C17, F~, Br7) is susceptible to pitting corrosion. The obtained results, presented in Table 3, are consistent
with literature data [48] indicating the negative impact of Hf on the corrosion resistance of nickel-based alloys.
The results presented confirm the adverse impact of cathodic hydrogenation on both the IN 713C nickel alloy in
the initial state and on the quality of the aluminide layer produced by using CVD. It was deduced, that one of the
factors determining the detrimental effect of hydrogenation on the quality of the layer is the type of crystal lattice
[31]. With the connections of the same type of crystal cell of similar diffusion and hydrogen solubility coeffi-
cients, the aluminide layer exhibits better performance in an environment containing hydrogen. However, if the
crystallographic cells differ, the adverse impact of the presence of hydrogen occurs. The absorption of hydrogen
by hafnium to form ternary hydride is a commonly observed phenomenon, and their presence negatively affects
the mechanical and electrochemical properties of nickel alloys.

Although the addition of hafnium was not successful in terms of enhancement of corrosion resistance, the
presence of Al and Ti compounds in the coating improved the corrosion resistance of the substrate. Therefore,
it was concluded, that CVD could be recommended as an additional surface treatment process that increases the
corrosion resistance of IN 713C alloy. Since beneficial effects of CVD application for material protection were
confirmed, further analysis of substrate material with layer was performed with special emphasis on its mechani-
cal response as compared to its as-received state.

The corrosion mechanism of the IN 713C nickel superalloy, particularly after modification with a hafnium-
doped aluminide layer, involves multiple complex interactions at the microstructural and electrochemical levels.
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In its native state, IN 713C is vulnerable to electrochemical corrosion due to the heterogeneous nature of its den-
dritic structure, which fosters galvanic coupling between y/y’ phases and carbides. The introduction of CI™ and
SO,>" anions in the corrosive medium promotes the breakdown of passive films, accelerating localized corrosion.
Upon deposition of the aluminide layer, a protective barrier composed predominantly of Ni—Al intermetallics
and Hf-rich phases is established. These phases initially enhance resistance by providing a diffusion barrier to
oxygen and corrosive species. However, due to the amphoteric nature of HfO,, its stability in neutral or halide-
rich environments is compromised. The presence of hafnium can form galvanic couples with surrounding Ni—Al
or Al-Ti—Ni intermetallics, acting as cathodic sites and initiating pitting corrosion. Moreover, cathodic hydrogen
charging results in the absorption of hydrogen into both the substrate and the coating. Hf, being a strong hydrogen
getter, contributes to the formation of brittle hydride phases (e.g., HfH,), which act as crack initiation sites and
degrade mechanical integrity. This is consistent with known embrittlement mechanisms in Ni-based superalloys,
where hydrogen accumulates at grain boundaries and dislocation cores, facilitating intergranular fracture. The
heterogeneity introduced by hafnium-containing inclusions exacerbates this process, leading to early decohesion
and reduced corrosion resistance.

The present study demonstrates that the deposition of an Hf-doped aluminide layer via the CVD method
substantially modifies both the microstructure and corrosion performance of the IN 713C nickel superalloy. The
formation of distinct phases such as Ni;Hf, Al,Hf5, and non-stoichiometric AI-Hf-Ni compounds in the outermost
layer reflects the incorporation of Hf primarily in the Al sublattice of the NiAl and Ni;Al phases, as confirmed by
DFT calculations. The mechanical implications of these substitutions are notable. The DFT results suggest that
Hf doping marginally reduces the B/G ratio in Ni;Al, implying a more brittle decohesion mode. Conversely, Mo
doping was found to enhance plasticity by significantly increasing the B/G ratio. From a mechanical perspective,
these changes suggest trade-offs between corrosion performance and mechanical robustness, which must be care-
fully balanced for aerospace applications. Similar conclusions can be drawn for materials joined using welding
techniques, where the optimization of properties between corrosion resistance and mechanical strength is crucial
[49, 50]. Electrochemical measurements indicate that while the aluminide coating enhances the initial corrosion
resistance by forming a diffusion barrier and stabilizing the passive film, its performance degrades significantly
under hydrogenating conditions. The drop in charge transfer resistance and the emergence of more capacitive
behavior suggest hydrogen permeation and subsequent breakdown of the passive layer. The localized increase
in dielectric constant near Hf-rich inclusions supports the notion of galvanic interactions and pitting initiation in
these areas. This aligns with studies highlighting the amphoteric and reactive nature of hafnium oxides in neutral
to mildly acidic media. Importantly, while the presence of Hf was not universally beneficial for corrosion resist-
ance—particularly in hydrogen-rich environments—it did contribute to the formation of phases with potentially
favorable high-temperature oxidation behavior. Therefore, the selection of dopants in aluminide coatings should

Table4 Summary of

. " Base structure Compound E; (eV)
calculations using the
DFT method of the defect NiAl Ni,HfAlg —5.486
formation energy (Ey) in NigAlHf —11.280
systems with Hf/Ti/Mo Ni, TiAlg —2.029
subst%tuqon (preferrec.i NigALTi —~7.095
substitutions marked in .
Ni;MoAlg - 8435
bold)
NigAl,Mo - 11.757
Ni, Al Ni,;Hf Al - 8.820
Ni,, Al Hf —11.255
Ni,;TiAlg - 4.827
Ni,,Al,Ti — 6.806
Ni,sMoAly ~9.656
Ni,,Al,Mo —11.954
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Table 5 Summary Property  NiAl  NiAl(exp)  NiAl NiAl  Ni,Al (exp.)  NiAl
of elastic properties (48] (DFT-literature) * (50, 51] (DFT-literature)
calculated using the DFT [31, 49] [50, 52]
method for the perfect
structures of NiAl and o 198 199 209, 200 246 230, 221 230, 228
Ni,Al C 140 137 135, 131 151 150, 146 139, 160

Cyy 118 116 118, 117 131 131, 124 123, 124

B 159 156 160, 154 183 177, 171 169, 171

G 68 74, 68 87 82,77 83,74

BIG 235 2.16,2.26 2.10 2.17,2.22 2.05,2.48

C;, B, and G values are expressed in GPa

Properties derived from our own research are in bold, while literature data are in normal font. However, if
this is unnecessary, pleaserequest a font change

consider both their thermodynamic site preferences and their chemical reactivity under service-specific condi-
tions. Future work could explore ternary or quaternary modifications, possibly integrating rare earth or noble
metals to stabilize the passive layer while mitigating the galvanic effects introduced by Hf.

3.4 DFT calculations

The calculated E; values of Hf/Ti/Mo substitution in the NiAl and Ni;Al phases are given in Table 4. Negative E;
means that the formation of a defect is energetically favorable, and vice versa. The lower E;, the more stable the
structure is. Based on the results presented in Table 4, one can conclude that Hf, Ti, and Mo preferably occupy
the Al position in both investigated intermetallic phases. This is in agreement with other ab initio studies of NiAl
[51], and Ni;Al [52] phases. The DFT-determined site preference of Hf can explain the phase composition of the
experimentally manufactured alloy, described in the previous Sections. As visible in Fig. 3, the Hf enrichment
of IN 713C led to the Ni;Hf phase formation. Interestingly, this phase has the same stechiometry as the Ni;Al
present in the unmodified alloy. Those observations can lead to the conclusion that the Ni;Hf phase may be a
result of the substitution of Al atoms by Hf in the Ni;Al phase.

In the next step, the elastic constants of the NiAl and Ni;Al single crystals were calculated. The results are
presented in Table 5. A comparison between the current DFT results, the experimental data, and the DFT calcu-
lations performed by other authors exposes excellent agreement. To keep the clarity of presentation, only some
literature data was compared [53-56].

Subsequently, the corresponding elastic properties of the most stable (with the lowest E}) substitutions were
calculated, namely, those were the NiAl-based bcc structures NigAl;Hf, NigAl,Ti, NigAl;Mo, and the Ni;Al-based
fce Ni,, Al,Hf, Ni,,Al,;Ti, Ni,,Al;Mo. The results for the substituted alloys are given in Table 5. The components
of the C,,, and Cy, elastic constant matrix calculated for Ni,,Al;Hf are in very good agreement with the DFT

Table 6 .Summary' of NiAl-based Ni;Al-based

the elastic properties

calculated using the DFT NigAl,Hf NigAl,Ti NigAlMo Ni,,AlHf Ni,,AlHf Ni,,Al, Ti Ni,,Al;Mo

method for systems with [53]

tP}Ilf/ Tlﬂ\f’lo S‘ébsm‘,ltt}on mf c, 216 197 187 236 244 250 244

e preferred positions o
. . 131 137 1 137 1 152 151

the crystal lattice for NiAl- i 3 3 56 3 38 X X

and NiSAl-based structures Cy 103 109 106 125 122 129 131
B 159 157 167 170 187 185 182
G 72 65 50 86 80 88 86
BIG 2.21 2.41 3.31 1.97 2.32 2.11 2.11

Cl:,., B and G values are expressed in GPa
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computation performed independently by Kim et al. [S7]. While comparing the effect of examined substitutions
on NiAl- and Ni;Al-based structures, one can conclude that neither of those compounds is more prone to undergo
significant changes in their elastic properties. The relative changes of the C;; values in both intermetallic phases
have a similar range of magnitudes. However, each Hf/Ti/Mo-substituted structure has different characteristics.
One should observe, an increase in the C;; value for the NigAl Hf structure, accompanied by a decrease in the
C,, and C,, values. On the other hand, the Mo-modified NiAl structure had a higher C,, value, while the C,,
and C,, values decreased, in comparison with the perfect NiAl phase. The substitution of Ti practically did not
change the C,, and C,, values, while the C,, value exhibited the most significant decrease.

The comparison of the Hf-substituted structure with the perfect Ni;Al data (Table 6), exposed that Hf substi-
tution had a negligible impact on the elastic constants of this intermetallic phase, resulting in a slight decrease
of its C; values. On the other hand, the presence of Ti and Mo did not affect the elastic properties of the phase
notably. The highest changes of the bulk modulus B were observed for Mo substitution in NiAl phase and Hf-
modified Ni;Al. Moreover, the addition of Mo to the NiAl structure significantly affected the shear modulus G
of the structure. The significant decrease of G value means lower resistance of the Mo-modified NiAl phase to
deformation under the shear stress. These observations suggest that the Hf alloy doping may affect its ductility,
which was further verified by evaluating the Pugh plasticity criterion expressed as the B/G ratio [43]. This criterion
can be used to anticipate the plasticity of ceramics, intermetallic phases, and metals. The B/G ratio (where B is
the strength of the chemical bonds and G is their resistance to shear without elongation) defines the susceptibility
of a material to dislocation generation. A low B/G value means that the structure undergoes decohesion before
the required strain is achieved, whereas a high value indicates that the material can be plastically deformed. The
critical B/G value, below which a material undergoes brittle fracture, is about 1.75. Above such value, it may
undergo plastic deformation. Therefore, the higher the B/G ratio, the more ductile the material is.

In all of the examined structures, the B/G ratio was higher than 1.75, meaning that those phases might undergo
plastic deformation. In the case of the Mo-modified NiAl structure, the most significant change represented by
41% increase in the B/G ratio was observed. Therefore, the addition of Mo to NiAl results in a significant increase
in phase’s plasticity. Furthermore, the substitution of Hf in the NiAl, and Ni;Al resulted in a slight decrease in
their B/G ratio, meaning less ductile character at the decohesion of the modified alloy.

4 Conclusions
Based on the research conducted, the following conclusions can be formulated:

1. The corrosion resistance tests confirmed the beneficial effect of the aluminide layer on the corrosion resistance
enhancement of the IN 713C nickel superalloy substrate. It was also found that the process of hydrogenation
degraded the aluminide layer and significantly reduced the corrosion resistance of the IN 713C substrate.

2. The comparison of the defect formation energies revealed that a single Hf/Ti/Mo atom prefers to occupy
the Al sublattice in the NiAl, and Ni;Al phases. This result justifies the presence of the Ni,Hf phase in the
experimentally manufactured Hf-enriched IN 713C. The energetically stable Hf/Ti/Mo-doped NiAl and Ni;Al
structures had altered elastic properties from the perfect intermetallics. Hf enrichment of NiAl results in the
decrease of phase’s C;, and C,, values, and an increase in the C,; value. For the Ni;Al phase, the Hf doping
results in the C; value decrease, and a slight decrease of phase’s B/G ratio. Based on that one can conclude
that the Hf-enriched alloy surface may be more suspectable for the brittle decohesion, than the unmodified
IN 713C.
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