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Abstract

The demand for durable, oxidation-resistant coatings for high-temperature tooling requires an understanding of interme-
tallic phase formation and thermal stability. Intermetallic coatings are being explored more for use in high-temperature
and chemically aggressive applications. The effect of thermal treatment on Fe/Al and Ni/Al coatings deposited by thermal
spraying on grey cast iron substrates was investigated with emphasis on composition, microstructure and intermetallic
phase formation. Annealing experiments at different temperatures provided insight into solid state diffusion processes.
During annealing, interdiffusion between the coating and substrate components led to the formation of homogeneous
intermetallic phases on the surface. The results showed that both chemical composition and annealing parameters in
ence the hardness of thermally sprayed coatings. Temperature and duration were found to haveaatsefféct on
intermetallic phase formation. For Fe/Al coatings, annealing at 700°C resulted in the formation of Feglantkie

metallic compounds, whereas at 1000°C only the FeAl phase remained. In Ni/Al coatings, annealing at 700°C resulted in
the formation of multiple phases, includingAii NiAl, and NjAls, while at 1000°C only the NiAl phase was present.
Optimization of thermal treatment processes can sianitly improve the mechanical and chemical properties of coat-

ings, making them suitable for a wide range of applications in industries.
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Introduction coating is highly relevant for industry as it sigoantly

Electri L idel loved ¢ tenhance:s the performance of low-cost materials, making
ectric arc spraying I a widely employed process for I.?ﬁem suitable for demanding applications. These coatings

protection of ferrous materials, aiming to enhance SEVisfow great promise in extending the service life of metallic
life and performance. Compared to other thermal Spray'ﬂ%ling that is in direct contact with molten glass.

techniques such as plasma spraying, arc spraying Offers1ntermetal|ics represent a distinct category of materials

several advant_ages mcludmg high depos_|t|0nc|ehcy, that possess a unigue combination of metallic and ceramic
ease _(_)f_operanon, and relatlvely_ low eqw_pment CJOZStS'properties. Unlike conventional disordered alloys, interme-
_By utlllzmg pre-alloyed or core wiresled W't_h powder, tallics exhibit an ordered atomic arrangement. Within an
intermetallic and alloy coatings can be fabricated throuﬁﬁlermetallic structure, atoms are interconnected through a

an electric arc spraying process. Moreover, spraying dncf%rtimbination of metallic contributions, as well as covalent/

ent wires simultaneously allows the development of Coqhnic bonds, in contrast to the predominantly metallic

ings with s_uperior p_roperties whe_n compar_ed to _ﬂb%nding in conventional non-ordered all&ys.
substrate without coatifgThese coatings combine desir- Nickel and iron aluminides, distinguished by their sub-

able qualities of two d|f_ferent m_atenals, _result_lng "tantial aluminum contents and elevated melting points,
enhanced performanéa/arious studies have investigate

the deposition of coatings using arc spraying processes,
for example stainless steel/Al and Ti/Al systéthdt
focuses on the effects of thermal treatment on Fe/Al a

Ni/Al coatings applied by thermal spraying to gray cas _
iron substrates. It provides new insights into how annealiCorreSpondIng author:
-1tp g Ug/e Glatzel, Metals and Alloys, University of Bayreuth, Prof.-Rudiger-

temperature and duration affect intermetallic phaggmann-str. 1, 95447 Bayreuth, Germany.
formation, microstructure and mechanical properties. Theail: uwe.glatzel@uni-bayreuth.de

tals and Alloys, University of Bayreuth, Bayreuth, Germany
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Figure 1. Binary phase diagram of NifAl
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Figure 2. Binary phase diagram of FéfAl

offer exceptional resistance to oxidation at high temperma-wide range of compositional stability, high elastic stiff-
tures ranging 1100°C up to 1400°C, as in the case foess, relatively low density and exceptional oxidation
NiAl.8 Figure 1 shows the binary phase diagram of thesistance at temperatures above 1330°C.

Ni/Al-system. The Ni/Al system containge intermetallic Fe-based intermetallic alloy materials, speaily FeAl,
phases. Among these, tBeNiAl phase is characterized byhave gained signcant attention due to their favorable wear
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Figure 3. a) Schematic diagram of the electric arc spraying process, b) Thermal spray process facility at Neue Materialien Bayreuth
GmbH, Bayreuth, Germany.

and corrosion properties at high temperatéfésn alumi- microhardness, cohesion strength, oxide composition,
nides have become a preferred choice over stainless sééemental diffusion, and bonding strengff® However,
and other superalloys due to their lower densities. In colfimited attention has been given to the microstructure and
parison to nickel aluminides iron aluminum system havweechanical properties of Ni-Al and Fe-Al coatings
reduced costs, attributed among other factors to the abapplied with electric arc spraying after different heat
dance of raw materiafg.Figure 2 shows the binary phasereatments.
diagram of the Fe/Al-system. The Fe/Al system contains This study aims to investigate the chemical composition
the following equilibrium phasé% Fe/Al melt, a solid of Al-based alloy coatings after different heat treatments
solution of aluminum in bcc iron, a solid solution of irorand evaluate the impact of the formed intermetallic com-
in fcc aluminum, the ordered solid solutionss&leand pounds on coating performance. Studying the changes of
FeAl, and the intermetallic compounds FgAleAls and microstructure and mechanical properties of these coatings
FeAl. At elevated temperatures (160232°C), the after various heat treatments provides a comprehensive
e-FesAlg phasé® and the solid solution of aluminum inunderstanding of the materials and their behavior at ele-
fcc iron remain stable. g&l and FeAl, which have a vated temperatures.
high iron content, continue to offer oxidizing rﬁ%;tance,
as well as good tribological and strength prope : .
While the deposition process plays a crucial role, posMa‘te”aIS and methods
treatment techniques can further enhance the propertieJiofee wires, Aluminum (>99 wt.% Al., <1 wt.% Cr), Iron
coatings. Previous research explored the effects of héat.57 wt.% Fe, 1.45wt.% Mn, 0.9 wt.% Si, 0.08 wt.%
treatment on the properties of arc-sprayed Mg-Al, Fe-AT) and Nickel (>99 wt.% Ni), were selected for thermal
and Al coatings, demonstrating improvements igpraying. Aluminum wires with two diameters (2.0 mm,



Hartbauer et al. 931

a)

Embedding material {

Coating 4 & Oxides”

Grey cast iron with s
lamellar graphite {

Figure 4. a) SEM images in SE mode of the cross-section of an as-sprayed Ni/Al-coating, b) EDS quantitative element mapping of N
and Al on the cross-section of an as-sprayed Ni/Al-coating. Point A indicates Ni-rich regions, while point B corresponds to Al-rich
areas.

1.2 mm) were used in combination with a 1.0 mm iron wir@d00°C for 1 h, a temperature below the critical eutectoid
and a 1.6 mm nickel wire, respectively. For wire arc spragransformation point of 723°C, which is sigonant for the
ing Fe or Ni wire served as the anode, while the Al wire @agey cast iron substrate. The second heat treatment involved
the cathode. The coating was deposited onto lamellar geey extended heat treatment at 700°C for 64 h. This pro-
cast iron sheet substrate (EN GJL-250) measuring 50 rfonged exposure below the critical temperature allowed
x40 mmx 5 mm. Prior to the spraying process, the sulfer gradual diffusion of alloying elements and a more
strate was sand blasted with corundum particles tmiform microstructure. In the third heat treatment, the
enhance the adhesion between the substrate and gshmples were heated to 1000°C for 16 h to accelerate the
coating. The surface was then cleaned using ethanol. diffusion processes. This higher temperature provided suf-
Figure 3 shows the fabrication of the specimen usingient thermal energy to promote sigeant atomic mobil-
System Model 9935 CoArc arc spraying equipment froity, enhancing the redistribution of elements and enabling
Praxair. The arc-spraying process uses an electric arpladse transformations.
the tip to melt wires, and the resulting molten or semi- Cross-sections were prepared using metallographic
molten material is propelled onto a sandblasted substratethods: cutting, mechanical grinding and polishing. The
with a surface roughness @f =3.5+ 0.3 um by a high- polished surfaces were examined using optical microscope
velocity gas stream, forming a coating. The arc-sprayiigeiss Axioplan 2, Zeiss, Germany). Digital micrographs
system typically consists of a compressed gas supplyware taken with an Olympus CCD. In addition, a scanning
wire feed mechanism, an arc-spray gun, a spray controlielectron microscope (Zeiss 1540 XB, Zeiss, Germany)
and a power supply. The process parameters are at 5@4ulipped with energy dispersive spectroscopy (EDS) was
28V, 300 kPa at a spray distance of 150 mm, & used to obtain information about the chemical composition.
process gas and substrate temperature at room temperuay diffraction (XRD) analysis was conducted to deter-
were maintained. mine the phases of the coatings using a Bruker D8
The heat treatment process was designed to investigatecovery A25 diffractometer from Bruker AXS GmbH
the effects of temperature and duration on the microstrwgth monochromatic Cu & radiation. The samples were
ture and elemental diffusion of the material. Three differestanned from 40° to 90° with a step size of 0.02°. Each
heat treatments were usedst, the samples were held astep had 0.5 s X-ray acquisition time.
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Figure 5. SEM images in SE mode of the cross-section of the interface of the as-sprayed Ni/Al-coating.
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Figure 6. a) SEM images in SE mode of the cross-section of an as-sprayed Fe/Al-coating, b) EDS quantitative element mapping of Fe
and Al on the cross-section of an as-sprayed Fe/Al-coating. Point C indicates Fe-rich regions, while point D corresponds to Al-rich
areas.

Evaluation of the coating porosity involved analyzingrorce-depth curves were recorded during loading and
cross-sectional images using ImageJ software. Up to tamoading, and the Martens hardness was calculated auto-
scanning electron microscopy (SEM) images were takeratically. Multiple measurements were taken across each
to calculate the average porosity of the coatings. sample, and the average values with standard deviations

The Martens hardness (HM) of the samples was megere reported.
sured using a Fisherscope HM2000 microhardness tester
from Helmut Fischer GmbH. Samples were prepared WitEQesultS and discussion
grinding and polishing to achieve aat, smooth, and
clean surface. Measurements were performed withFeyure 4(a) shows a cross-section micrograph obtained by
maximum load of 0.1 N and a test duration of 5sSEM in secondary electron mode (SE) of an as-sprayed
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Figure 7. a) SEM micrograph in SE mode of the cross-section of the Fe/Al-coating treated at 700°C for 1 h, b) EDS element mappings
of Al and Fe on the same area of the sample. Point E indicates Al-richer regions, while point F corresponds to Fe-richer areas.

Ni/Al coating. The cross-sectional morphology consists ofturing ight and upon impact. This is the result of their
layered structure of alternating splats appearing light greyposure to ambient oxygen during the thermal spraying
(marked A) and dark grey (marked B) forming a coatingprocess.

Spray coating defects, such as pores and the inclusion ofFigure 6(a) shows the cross-section of the as-sprayed
oxides within the coating are present. The selected spragating from the Fe/Al system, which also has alternating
ing parameters result in coatings thicknesses ranging freplats, with some appearing light grey (marked C) and
100 um to 300 um reaching up to 400 pm, with individuatthers dark grey (marked D). Analogue to the Ni/
splat thicknesses between 10 um and 20 um. Visuaksystem the Fe/Al-coating has similar defects, such as
inspection of the cross-section indicates that thpmres and oxide inclusions. The resulting coating thickness
as-sprayed coatings adhere well to the grey cast iron sigalso in a similar range as the Ni/Al counterparts between
strate. Figure 4(b) shows EDS mapping of Ni and Al oh00 to 300 um. The thickness of the splats is between
the cross-section of the as-sprayed Ni/Al-coating. Thl® um and 20 um. Based on the visual analysis of the cross-
analysis shows, that the light grey area, marked A §ection, the as-sprayed coatings have good adherence to the
Figure 4(a) is rich in Ni with a nickel content of 84 grey cast iron substrate.

3 at.%, whereas the dark grey area (marked B) is com-Figure 6(b) shows EDS mapping of Fe and Al on the
posed 955at.% Al. Figure 5 shows the interfacecross-section of the as-sprayed Fe/Al-coating. In compari-
between an Ni splat of the Ni/Al coating and the gregon to Figure 2(b) the light grey area (marked C) was
cast iron substrate, as depicted in Figure 4(a). Streskasd to be enriched with Fe (356 at.% on average).
developed at the interface between the substrate and The dark grey area (marked D), on the other hand, consists
coating due to the difference in thermal expansion coefof 96+ 1 at.% Al.

cients during cooling. The codfient of thermal expan-  Figure 7(a) shows the microstructure and Figure 7(b) the
sion of the substrate material is approximately2D®% EDS element mapping results on the same area in the Ni/
lower than that of the coating materials (nickel, iron andll-coating after being heat-treated at 700°C for 1 h.
aluminium)?*?2 These thermal stresses contributed to In detail, the dark grey area (marked E) is predominantly
the formation of microcracks in the interfacial regiorcomposed of Al, while the light grey area exhibited (marked
Additionally, oxide inclusions were ideng&d, which can F) Ni-rich splats. Diffusion takes place and results in a
be attributed to the oxidation of molten metal particlegduced concentration gradient. The average Al in the
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Figure 8. SEM images of the Ni/Al-coating after treatment at 700°C for 64 h in a) SE mode b) in BSE mode; chemical composition of
the different regions according to EDS by c) point analysis, and d) line scan.

dark grey area is 644 at.%, whereas the Ni content in theophases, which can be camed by correlating with phase
light grey area is at an average of/8 at.%. These varia- diagrams and are relevant for mechanical performance
tions point toward the formation of distinct intermetalli@nd oxidation resistance.
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Figure 9. a) SEM image in SE mode of the cross-section of a Ni/Al-coating heat-treated at 1000°C for 16 h, b) EDS analysis as
guantitative element mapping of Ni, Al and Fe.

Figure 8(a) shows a SEM micrograph in SE mode of the Figure 10(a) shows the cross-sectional SEM micrograph
cross-section of the Ni/Al-coating after heat-treatméf@@it in SE mode of a Fe/Al-coating after annealing at 1000°C for
C for 64 h. While the SE image shows only slight differencds h. Similar to the Ni/Al-coating after annealing under the
in grey scale, the image obtained in backscattered electsame conditions, only one phase can be idedti
mode (BSE) in Figure 8(b) at a higher magnaition together Figure 10(b) shows the quantitative distribution of elements
with the point analysis and line scan results (Figures 8(c) andthe same region as depicted in Figure 10(a), with the
8(d), respectively) showing differences in the elements distemposition consisting of 541 at.% iron and 49
bution Within the analyzed areas (marked by the letters frdnat.% aluminum. The element distribution also shows the
G to M in Figure 8) Ni and Al contents vary signantly. diffusion of aluminum into the grey cast iron substrate.
While the areas marked by G and M contain 57 at.% and Figure 11 shows the XRD spectrum of the Ni/Al coating
56 at.% Al respectively, the area marked with K contains asthe as-sprayed condition as well as after heat treatment at
much as 64 at.% Ni. The areas marked by H, | and L hav@0°C for 1 h, at 700°C for 64 h and at 1000°C for 16 h.
more similar content of both elements. These results suggesFigure 12 shows the XRD pattern for the same condi-
that different Ni/Al phases might have been formed duririgpns in Fe/Al-System.
the heat treatment at 700°C for 64 h. Table 1 lists all phases detected by XRD.

Figure 9(a) shows the cross-sectional micrograph of theThe microstructure of the as-sprayed coatings analyzed
Ni/Al-coating after annealing at 1000°C for 16 h obtainebdy SEM, showing a lamellar structure containing light
by SEM in SE mode. After annealing under these conditiora)d dark grey areas, is typical for an electric arc sprayed
the coatings have a single phase homogeneously distributeghting with more than one matefaiThe boundaries of
Figure 9(b) shows the quantitative element distribution of thigese areas are clearly distinguishable. Boundaries
same area shown in Figure 9(a). The coating is composedefween splats are visible in the cross-sectional micro-
53+ 2 at.% nickel and 4% 1 at.% aluminum. graphs. This is a characteristic feature of thermal spray
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Figure 10. a) SEM image in SE mode of cross-section of a Fe/Al-coating after treatment at 1000°C for 16 h, b) EDS analysis as
guantitative element mapping of Al and Fe.

coatings, resulting from the irregular overlap of metal dréermation of NiAl. Finally, NgAl is formed by further dif-
plets?* EDS analysis shows that the light grey area fsision of nickef®2°
enriched in nickel for the Ni/Al coating and iron for the During temperature-induced diffusion, the formation of
Fe/Al coating, while the dark grey area is aluminum richreAl and FgAl intermetallic compounds takes place at
In electric arc spraying, the splats are formed when thev temperatures and short tinf@sThese phases arise
molten tip of each wire is propelled towards the substradtem the FgAls phase, which is rstly formed, due to its
surface. As the tips are not in contact, the molten metal dfaster nucleation and growth compared to FeAl, geAl
plets formed from one wire have minimal contact with thend FeA4.3"3? The transformation into the FeAl phase is
droplets from the other wire until the droplets hit the sulgoverned by the diffusion of Fe atoms into theAle
strate, where they cool rapidly, preventing diffusion. layer at elevated temperatuf@3\hen the melting point
Posterior heat treatment of the coatings was usedaaluminum is surpassed, Al diffuses into Fe, forming
enable diffusion, aiming at the formation of intermetallithe FgAls phase and, subsequently, the FeAl angAFe
phases. Diffusion processes show an exponential depeintermetallic phase¥. This reaction becomes dominant at
ence with the temperature, as described by the Arrhentamperatures around 1000°C, whereby a single-phase
equation. This occurs due to the heightened kinefi@Al structure can form after a few hodfs.
energy of particles when the temperature increases.In the Ni/Al and Fe/Al binary systems, the formation of
Moreover, since diffusion processes are time-dependéntermetallic phases during heat treatment is accompanied
the duration of the heat treatment is relevant for the forniay distinct changes in the crystalline structure, ascted
tion of different phase® Above the melting point of alu- in the lattice parameters. In the Ni/Al system, the most com-
minum, the reaction mechanisms are determined by thenly observed phases are NiAl (B2 structure)AN(L1
formation of NiAk. With increasing temperature, thestructure) and NAIls (orthorhombic). NiAl has a cubic B2
mobility of the Aluminum atoms increases, resulting in structure with a lattice parameter of around 2.88 A, whereas
faster formation of the intermetallic phase. Solid phase dii;Al has a slightly larger lattice parameter of approxi-
fusion of the nickel atoms then leads to the formation ofately 3.56 A due to its Llordered structur® Ni.Als
Ni»Al3.2” Through continuous diffusion of further nickelcrystallizes in an hexagonal structure with reported lattice
atoms, the amount of Bl continues to increase, whileparameters of approximately=4.04 A andc=4.88 A3°
that of NiAl; decreases. Subsequently, the diffusion of addthese structures contribute to the improved hardness and
itional nickel atoms into the BAl; phase leads to oxidation resistance observed after annealing. In the Fe/Al
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Figure 11. X-ray diffraction patterns of the Ni/Al coating in the as-sprayed condition and after heat treatments at 700°C for 1 h, 700°
C for 64 h, and 1000°C for 16 h.

system, FeAl crystallises in a B2 structure with a lattice panxidation in- ight, upon impact, and after deposition onto
ameter close to 2.90 A, similar to NiAl. In contrast;/e the substrate. The presence of oxide layers separating the
adopts a D@structure with a lattice parameter of aroundprayed deposits inhibits the formation of intermetallic
5.78 A. FeAls forms an orthorhombic structure withphases in the as-sprayed coatings by acting as diffusion bar-
typical lattice parameters af=7.67 A, b=6.40 A andc riers® The presence of pores in the coatings is due to par-
=4.20 A3" The XRD re ex positions and intensities meatially melted particles, which c&n achieve full
sured in this study are in good agreement with the knowdeformation, and the entrapment of gas within the molten
lattice parameters of these intermetallic phases. The pd®plets during solidication®°
ence of reex con rms the successful formation of these Figure 13 shows the results of the microhardness tests. The
ordered phases after annealing. The absence or cigni plotted values represent the averageftefen measurements
reduction of signals associated with pure Ni, Fe or Al aftéaken across the entire thickness of the coating. Signi
heat treatment at 1000°C for 16 h indicates that the interdi&riation in hardness was observed depending on the speci
fusion process is complete. Slight shifts in the positions afea of the coating. The as-sprayed coating exhibited lower
some of the peaks suggest the presence of residual stretstens hardness compared to the annealed coatings. In
or minor deviations in the stoichiometry of the formeterms of absolute values, the microhardness of the Ni/Al coat-
phases. These could be caused by non-uniform diffusimgs was slightly higher than that of the Fe/Al coatings.
or local compositional gradients within the sprayed coatings. An increase in microhardness occurs during annealing of
The coating also contains oxygen in the form of oxidethe as-sprayed coatings. This is consistent with the results
During the spraying process, molten droplets experienaethe SEM/EDS and XRD analyses, which evidenced the
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Figure 12. X-ray diffraction patterns of the Fe/Al coating in the as-sprayed condition and after heat treatments at 700°C for 1 h, 700°

C for 64 h, and 1000°C for 16 h.

Table 1. Phases in the thermal sprayed coatings as-sprayed and after different heat treatmered loletRD analysis

as sprayed annealed at 700°C for 1 h annealed at 700°C for 64 h annealed at 1000°C for 16 h
Ni/Al Ni Ni Ni —

— NizAl NizAl —

— NiAl NiAl NiAl

— NiAl; NiAl3 —

Al Al Al —
Fe/Al Fe Fe Fe —

_ FeAl FeAl —

— FeAl FeAl FeAl

— FeAls FeAls —

Al Al Al —

formation of

intermetallic phases.

In contrast

téormation of an intermetallic phase and subsequent harden-

co-electrodeposited NAl composites, in which the add-ing during annealin§’ Existing literature on the hardness of

ition of aluminium reduced hardness due to the preserintermetallic phases describes that the intermetallic phases
of ductile particles and weak interfacial bonding, thieave greater hardness compared to the constituent eléfents.
thermal spraying process investigated here led to thkeerefore, the formation of intermetallic phases is the cause of
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Figure 13. Microhardness of the cross-section of the as-sprayed coatings and the annealed coatings.

the increase in hardness values. The hardness of the NBAIh, four times longer time, this cannot be achieved, since
intermetallic phases is between 1.5 to 6 times higher thdifferent intermetallic phases and even the individual
the hardness of Ni and 6 to 20 times higher than the hardnesstals remain present. The formation of intermetallic
of AL.**** Analogue for the Fe/Al-systems, which accordinghases results in reaction-induced shrinkage, which increases
to the available literature can form intermetallic phases witie porosity and reduces the internal adhesion of the splats as
hardness values 1.5 to 8 times higher than the value forwell as the adhesion to the substrate. Relative to each other,
and 6 to 27 times higher than the value foPAf” As the both material systems analyzed show a comparable micro-
intermetallic phases in the coating are unevenly distributethucture before and after heat treatment as well as similar
this results in a high standard deviation in heat treategide formation and hardness values.

samples. At 1000°C, the intermetallic phase in the coating

is more homogeneous, which means that the scatter of Awknowledgements
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were characterized by elemental distribution, formeldne data supporting thendings of this study are available
phases and hardness. The microstructure of the as—sprq}ée& request

coatings is composed of clusters of individual metals, du '
to the lack of mixing ar_ld interdiff_usion during Sprayin.g[Peclaration of con flicting interests
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(50:50 at.%) and FeAl (50:50 at.%), heat treatment wa§€ authors declared no potential ciots of interest with
necessary. An increase in temperature and treatment tigRPect to the research, authorship, and/or publication of
favors the formation of intermetallic phases. However, tifs article.

in uence of temperature is more sigr@nt than the inu- _ )

ence of time. After annealing at 1000°C for 16 h, Ethical approval and informed consent statement

uniform element distribution with a single intermetalli@his article does not contain any studies with human or
phase is obtained, whereas after treatment at 700°C doimal participants.
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