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Abstract: An attempt has been made to study the effects bEdwosion studies on Inconel-625 substrates
with Nickel Chromium, Aluminum Oxide, and Tungst@&arbide coatings using plasma arc spray technique.
Hot corrosion studies were conducted on an uncoateohel-625 as well as coated samples in moltén sa
environment (Ng50, - 60%V,0s5) at 900°C to simulate aggressive conditions entwad in industrial
applications. The samples were also subjected taxadation through a series of repetitive heatimgl cooling
stages. The corrosion rates were determined frenetiperiments and compared to judge the suitalifithe
coatings. Techniques like X-Ray Diffraction (XRDgcanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Analysis (EDAX) were used to cltaesize the corrosion products.

Keywords: Plasma Spray, Super Alloy, Hot Corrosion.

1. Introduction

Materials are often exposed to hot corrosive emwrents in industrial applications and are subject t
degradation over time ultimately resulting in fadu Since aggressive environments are very common i
industries, it is necessary to use materials thatsustain high temperatures and perform satisfyctehile
providing a better service life. Hot corrosion ikigh-temperature analog of agueous atmospheriosion. A
thin film deposit of fused salt on an alloy surféwe hot oxidizing gas causes accelerated comdgitetics.

A superalloy is an alloy that exhibits excellentamanical strength and resistance to creep at bigpératures,
good surface stability and corrosion and oxidatiesistance. Superalloy development has relied yeani
both chemical and process innovations and has teeen primarily by the aerospace and power indestr
Inconel-625 is a Ni-Cr-Mo alloy and a trademarkspécial metals Corporation. Inconel-625 is usedt$anigh
strength, excellent fabricability (including joighand outstanding corrosion resistance. Servicgégatures
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range from cryogenic to 1800°F (982°C). Coatingsvjole a way of extending the limits of use of miterat
the upper end of their performance capabilities.

A combination of Ni-Cr coating is corrosion-resigtand has a high melting point of about 1400°GCNivire

is used because of its ability to withstand thénhemperatures that occur when clay work is fired kiln. In
the experiment Ni—Cr alloy powder was sprayed afebateels by the cold spray process, which reduit a
dense adherent and oxide free coatings on thessidielCr cold spray coatings were found to havaeiiantly
higher Micro-hardness in comparison with SA 51&lkst¢l]. The cold sprayed Ni—Cr coating on two etiént
substrates when subjected to hot corrosion is§B8a+V,0s environment at 900°C was found to be successful
in maintaining its adherence with the substratelstéhe oxide scales were also found to be irgadtthere
was no indication of spalling in both the casesl]l2Sidhu et al.[5], found high velocity oxy-fuebating
spraying (HVOF) sprayed NiCrBSi coatings to be @ffe in imparting hot corrosion resistance to
Supernickel-75 in a coal fired boiler environméltie formation of oxides of chromium and cobalt, apthels

of cobalt—chromium (CoG®, and nickel-chromium (NiGO,) for the alloy might be responsible for best
performance of this coating.

Whereas alumina coating is serves as for a braagkraf advanced ceramic products and as an agéemt i
chemical processing. AD; is an electrical insulator but has a relativelghhihermal conductivity for a ceramic
material. Metallic aluminum is very reactive wittmspheric oxygen and a thin passivation layedwhaum
oxide (4 nm thickness) forms on any exposed alumisurface. Harpreet Singh et al. [6] investigatexhot
corrosion behavior of HVOF-sprayed NiCrBSi coatimgsNi and Fe-based Superalloys in8@,-60% \,Os
environment at 900°C. In this experiment Iron isirfd to have a relatively higher concentration ribar
coating—substrate interface which indicates itgudibn behavior from the substrate to the coatifige
presence of vanadium and sulfur below the top dodieates that they have penetrated along the deoies.
The authors [7-9] also reported that the higheliggeof the bare superalloy could be because eésestrain
developed by precipitation of f&; from the liquid phase during cooling period ofrthal cycles and inter-
diffusion of intermediate layers of iron oxide. Theacks might have allowed the aggressive liquidsghto
reach the metal substrate. Gurrappa et al. [9)e hasted a variety of MCrAlY-type coatings witHfeient
alloying elements in the presence of sodium chéoadd vanadium containing environments. Resultsaled
that NiCoCrAlY coating exhibited maximum life tim@mong the coatings studied. The results also redeal
that presence of trace elements in the coatingceztiaoating life significantly.

Tungsten carbide coating is containing equal pafrteingsten and carbon atoms. At high temperatWes
decomposes to tungsten and carbon and this carr deecing high-temperature thermal spray as in high
velocity oxygen fuel (HVOF) and high energy plasid&P) methods. Oxidation of WC starts at 500—600C.
is resistant to acids and is only attacked by Hyaac acid/nitric acid mixtures above room temguere.
According to the Harpreet Singh et al. [6] plasmpeag technique can be used to develop coatingg@fANY,
Ni—20Cr, etc., on a ferrous based alloy. NiCrAating provided the best protection to the baseyalahesh

et al.[1, 4], reported that the rapid increasehmnass gain during the initial period of expodorenolten salt
environment at 900°C may be due to the rapid ddfusf oxygen through the molten salt layer. Agkagan

et al. [10-12Jfound that corrosion involving a B&aQO,-V,0s combination resulted in formation of Ng®;s and
NaV3;0g deposits. The molten salt was very corrosive ammleased the acidic solubility of the protective
oxides.

Little work has been published on hot corrosiordigsi on plasma arc spray coated Inconel-625 suéstvath
Nickel Chromium, Aluminum Oxide, and Tungsten Cdebpowders. The objective of the present research
work is, therefore, to characterize the plasmaspray coated Inconel-625 in air and molten saltrenments.

The superalloys selected for this study have beecuped commercially to find suitable protectivaatiogs for
extending life of the Inconel 625 at the upper ehtheir performance capabilities. This alloy haplications

in steam boilers, furnace equipment, heat excharayed piping in the chemical industry, reformerd baffle
plates/tubes in fertilizer plants. The hot corrodemples have been characterized using the combined
techniques of optical X-ray diffraction (XRD) and&®ning Electron Microscopy/Energy-Dispersive Asay
(SEM/EDAX).
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2. Experiments

The Inconel 625 superalloys used as substrate iaatar this study and the nominal chemical comipasiof

the substrate materials is reported in Table 1. §peximens, each measuring approximately 15x15x5 mm
were cut from the alloy sheets, polished with S&pgrs down to 180 grit and subsequently grit bthsteh
alumina powders (Grit 45) before development ofdbatings by plasma arc spraying process. Comntigrcia
available Ni-Cr, Al203 and WC powders was usedhis study. Standard spray parameters were used for
depositing the Stellite-6 coatings. All the procpasameters, including the spray distance, wer¢ ¢@pstant
throughout coating process. The specimens weredaukh compressed air jets during and after sprayihe
employed spraying parameters are given in Tabl&e .doating thickness has been estimated to be droun
70um and the photographs of coated and un-coateples are given in Fig 1.

Thermo-gravimetric study was performed in a mokaft (NaSO, - 60%V,0s) environment consisting of 25
cycles on all the samples. A layer of N&,—60%V,0swith a uniform thickness of about 3-5 mgfcmas
applied on the surface of the samples after prefgead 200°C for 1 hour. Preheating was done taiens
removal of any moisture. Silica based boats andiloies were used to contain the samples. Heatirgdeae
in a tubular type furnace at a temperature of 9ACh cycle comprised of a 2 hour heating perididvied
by 25 minutes of cooling in air at room temperatditee weights of the different specimens were medrafter
physical observation at the end of each cycle hp of an electronic balance had sensitivity afifdg. Scales
and deposits, if any, were also included in weidgtermination. The kinetics of corrosion was thalt@ated
from the weight measurements. This process wastegeavith another set of samples but instead obkem
salt environment the samples were directly subjedte air oxidation. After completion of the thermo-
gravimetric studies, the samples were analyzedyus$RD, SEM and EDAX techniques.

Table 1. Chemical composition of Inconel-625
Element Ni Cr Fe Mo Nb+Ta C Mn S P S Al Ti Co
Wit% 58 2 5 10 4.5 0.10 050 050 0.02 0.02 040 0.40001

Table 2. The process parameters of the plasma arc spraystgm

Parameter Value
Flow Rate / Argon Gas (Ipm) 90
Flow Rate / Hydrogen Gas(lpm) 18
Current(Amperes) 500
Voltage(Volts) 65
Powder Feed(grams/min) 45
Spray Distance(inches) 3

(d)
Figurel Photograph of (a) un-coated; (b) WC; (c) Ni-Cr &Al,Oscoated Inconel-625 substrate.
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Figure 2. Photograph of hot corroded samples at 9000C &@arycles. (a) NEr
coated after molten salt corrosion; (b) tlated samples after molten
corrosion(c) Ni-Cr coated air oxidation; (d) Un-btec air oxidation; (e) NGr
coated after air oxidation(f) ADs; coated after Air Oxidation; (g) WC coated
oxidation; (h) Un-coated air oxidation.

3.Results

3.1. Physical Observation
3.1.1. Molten Salt Environment

In case of the uncoated Inconel-625 sample, misdlisg was observed after the completion of th&Eyle.
Brownish grey scales appeared on the surface pypskib to deposition of as hand turned darker iorcover
time. The amount of sputtering increased progressiand it was observed that the surface was bexpmi
coarser with the progress of study. About 0.12degfosits were obtained by the end of the corrastiody. The
Ni-Cr coated Inconel 625 sample appeared slightisker in color after completion of thé'dycle. Greenish
yellow scales were observed on the surface of da by the time théXycle was completed. There was a
minor increase in the quantity of scales duringdtigrse of experiment. However, no spalling or tgputg was
observed until the end of the corrosion study. Ebating on the specimen was intact and adherentliaimd
show any tendency of crack formation. The WC co#étednel 625 exhibited minor spalling after comjget
of the F' cycle. By the time the"8cycle was completed, the surface was found to baiged a little while the
coating was found to be disintegrated by the erti@® cycle. In case of the Aluminum Oxide coated sample
sputtering was observed during tH8 &cle and the coating was found to be disintegratethe end of the"®
cycle.

3.1.2. Air Oxidation M ode

In case of the uncoated Inconel-625 sample spadimd) sputtering was observed after completion ef4h
cycle. Greyish scales appeared on the surfaceedidht and the scales turned dark in color withcthese of
the study. In case of the Ni-Cr coated Inconel-62Bple no spalling or sputtering was observed. Kewe
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greenish yellow scales appeared on the surfacheoboat after the completion of 4ycle. The Aluminum
oxide and Tungsten Carbide coatings, however wetesunstained beyond 7 cycles and were found to be
disintegrated

3.2 Corrosion Kinetics

The coated samples as well as the samples aftecdnaision studies are represented in Fig G&phs of
weight change per unit area versus number of cyaleglotted for the bare and coated samples uoiterg
corrosion in molten salt and air oxidation modelse Tveight change consists of a weight gain owinth&
formation of the oxide scales and a weight loss tduthe suspected spalling and fluxing of the oddales.
The net weight change of the specimens in the givefironment represents the combined effects cfetlvro
processes. The coated specimen i.e. Ni-Cr coatmhéh 625 has shown less weight gain than the tedoa
bare substrate. (Weight change/arem) number of cycles plot for coated and uncoatedples are shown in
Fig 3-7 to establish the parabolic rate law of tmtrosion. The plot for the bare Superalloy shotwseovable
deviations from the parabolic path, while the fuattons in data are quite less for coated speci@eerall, the
coated sample was found to have followed nearlgtpaic behavior up to 23 cycles.

The parabolic rate constan ks calculated by a linear least-square algoritoma tfunction in the form of

(AW/A)? = kp x t, where\W/A is the weight gain perunit surface area (mdjcamd t is the hot corrosion time
in seconds. The parabolic rate constanisftk the uncoated and Ni-Cr coated Inconel-625@asare shown

in Table 3.
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Figure 3. Comparison of Weight gain/area for the uncoatetiRlasma spray
coated Ni—Cr Inconel-625 samples subjected to diwbsion in Molten Salt and
Air Oxidation Modes.
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Figure 5. Comparison of\Weight change/area vs. number oksyglot for the
uncoated and Plasma spray coated Ni—Cr Inconek6Bfected to hot corrosion in
airat 900°C for 25 cycles.

Table 3. Calculated valued of Parabolic Rate constat&" ¢ cmi* s%)

Sample Remarks Corroson Mode
Molten Salt Air Oxidation
Ni-Cr coated | nconel-625 0.04 0.105

Un-coated | ncondl-625 3.949 3.224
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Figure 6. (Weight change/area)2 vs. number of cycles ploPfasma spray coated Ni—
Cr Inconel-625 subjected to hot corrosion at 90f#fiC5 cycles.
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Figure7. (Weight change/area)2 vs. number of cycles plouhcoatedinconel-625
subjected to hot corrosion at 900°C for 25 cycles.
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3.3 X-Ray Diffraction Analysis

The XRD analysis was carried out on a Bruker AX8Advance Diffractometer with Cudradiation. The
XRD patterns of the samples are shown in Fig 8XRD patterns of hot corroded Ni-Cr coated sample
revealed presence of NiO, Ny, and CyO;. Several weak phases of;8ivere also identified. Bare alloy
Inconel-625 was found to haveBg, CrO;, FeVQ, FeV,04, NiCrO,4 and NiO as the major phases. Traces of
WO, and WQ was found in the WC coated sample besides theesyafl Nickel and Chromium while NifD,

and other oxides of Nickel and Chromium were fotmcave been formed in the Aluminum Oxide coated
sample. The various phases identified with the XRialysis for both bare and coated samples are piexén
Table 4.
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Figure 8. XRD Pattern of Ni-Cr coated Inconel-625 prior tt korrosion.
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Figure 11. XRD Pattern of AI203 coated Inconel-625 after tmtrosion in Molten
Salt Environment.
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Figure 12. XRD Pattern of WC coated Inconel-625 prior to botrosion.
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Figure 14. XRD Pattern of uncoated Inconel-625 specimen gadrot corrosion.
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Figure 15. XRD Pattern of uncoated Inconel-625 after hot@sion in Molten
Salt Environment.

Table 4. Major and Minor Phases detected by XRD Analysieraforrosion study

Description Major phases Minor phases
Uncoated Inconel-625 Cr,O3, NiCr,O4, NIO FeO;, FeVQ, Fe\LO,
Ni-Cr coated Inconel-625 NiO, NiCr,O, and CsO;  NisC
WC coated Inconel-625 WO;,WO, Cnr03, NiCr,O4, NiO, CoCpO,4
Al,O; coated Inconel-625 NiAl,O,4, Al,O5 Cr03, NiO, NICrO,,
3.4 SEM/EDAX Analysis

SEM micrographs with EDAX analysis at selected poievealed nature of the samples after corrodigays

In case of bare Inconel-625 alloy, large numbersnaéll pores were seen on the surface of the speciihe
major oxides formed on the surface were those gd{and NiCpO,along with a small percentage of NiO. The
scales formed on the uncoated Inconel 625 sampleahaugh surface with embedded ash grains. Blpotss
observed on the scale were the regions from whespested spallation of the scales might have oeduand
these regions were found to be rich in@®galong with ash deposits and little amounts of Fg\Wa\,0, and
Cr,0s. Presence of E®;, FeVQ, andFeVO, in the surface indicated their outward diffusioon the substrate
though the coatings. Continuous, uniform and adttemeide scales rich in NiO, Nigld, and CgOswere found
on the Ni-Cr coated Inconel-625 sample without amdication of crack formation.SEM Micrographs along
with EDAX of the different samples are shown in E&319.
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Figure 16. SEM/EDAX of Ni-Cr coated Inconel-625 after coriasin molten
salt.



Arivazhagan N et a//Int.J. ChemTech Res.2014,6(1),pp 416-431.

cps/eV

5 i Na

C I8 Ni Al

Figure 17. SEM / EDAX of Al203 coated Inconel-625 after cagian in molten salt.

C1.64%

04244

%
Na 1.33

%
Al 43.67

oL

Cr

keV

427



Arivazhagan N et a//Int.J. ChemTech Res.2014,6(1),pp 416-431.

P

o,

‘t*’f;;‘"‘ r-‘#-:_ 2
. L, ":."-'h- :

—

=
= il

N

[

cps/eV
6:
: W 60.21 %
£ 026.41%
1 C09.84%
= C2.64%
47 Na 0.9 %
2L | I Ni 8.67 %
- i Cr2.05% cr Ni w

o

keV

Figure 18. SEM/EDAX of WC coated Inconel-625 afterrosion in molten salt

428



Arivazhagan N et a//Int.J. ChemTech Res.2014,6(1),pp 416-431. 429

; cps/eV
10—_
. Cr 40.93
) 029.05
J&i Fe Nb 5.59
sf LIS Fe 4.98
1 IEx Al Nb Gr Fe Ni C1.05
) Al 0.17
o]
T T T T | T Ll T T [ L) L) T | T T T | L] T T T " T T T T | T T T T
1 2 3 4 5 6 7 8 9 10

keV
Figure19. SEM/EDAX of uncoated Inconel-625 after corrosiomolten Salt.

4. Discussion

It was observed that all specimens (coated andatedp were prone to weight gain upon exposure gh hi
temperaturesHig 3-7). Although weight gain was high initially, it gotveled over time and change in weight
was comparatively less in the later stages. Thigl iaprease in mass during initial periods of expesmay be
due to rapid diffusion of oxygen through the molgatt layers. Coatings are generally sacrificiahéture and
act as a reservoir for the formation of oxidespinsls and are prone to rapid oxidation duringitiiiéal stages.

It has been proposed by Arivazhagan et al.[13] ithdihe temperature range of 900°C, the®@ and \\0Os
will combine to formNaV@Q, as represented below, while having a melting tpafit10°C.

NaSO, +V,052>2NaVvVos(l)+ SO, + (1/2) G
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This NaVQ acts as a catalyst and also serves as an oxygeer ¢a the base alloy. Through the open pores
present on the surface, Nay®ill lead to the rapid oxidation of the base eletsen form a protective oxide
scale. There may also be simultaneous dissolutid@rf; in the molten salt due to the reaction as per the
equation shown below.

Cr,0; +4NaVvG; +(3/2)0> 2NaCrO, +2V,05

During the subsequent cycles, formation of oxidey inlock the diffusion of corrosive species by aowgthe
pores. In case of the uncoated alloy, Iron was dotanhave diffused from the surface and was sulesgtyu
oxidized to FgO;. Compounds like FeVgand FeVO, were also formed. From SEM/EDAX analysis presences
of small pores were seen on the surface of the &iéwg (after corrosion study) thereby indicatingspible
escape of vaporized phases (Fig 16-19). These pareselp corroding species to easily penetrate timt
substrate and cause damage. Intensive spallintgspgtof the uncoated alloy can be attributedeteese strain
developed due to the precipitation of,Ggfrom the liquid phase and inter-diffusion of intexdiate layers of
iron. Further, the presence of different phasea thin layer might have imposed severe strain enfitm,
which resulted in cracking and peeling of the scale cracks may have allowed the aggressive ligphase to
reach the metal substrate. Titanium, Iron and ¢obave a high affinity towards oxygen, so it showad
tendency to diffuse outward from the substrateughothe coating and formed an oxide layer at tipentost
part of the scale. However after initial hours @pasure, oxides of chromium and silicon that migate
possibly formed at the splat boundaries could feoted as diffusion barriers and restricted alloweamicother
species in the scale—substrate interface. In chsbeoNi-Cr coated Inconel-625 it was observed tttat
greenish-yellow oxide scales were intact with tlvatmg and spalling was almost negligible. The gige
color of the scale may be due to the presence Of Mieight gain per unit area observed in uncoatedriel-
625 sample was found to be less than that of Nigated Inconel-625 sample. However, Ni-Cr coatirag w
found to give protection against spalling and sputy in aggressive environment of J8&, - 60%V,0s at
900°C.The XRD analysis of the Ni-Cr-coated samptidated formation of NiO, @Dz NiCr,O, and spinels of
nickel and chromium (lgi 8-15). Very low porosity and the flat splat struetwof the Plasma Arc coatings
usually contribute towards developing hot corrosiesistance of coated specimens. Due to denselaind f
structure of the coatings, the distance from thegting surface to coating/substrate interface isgdly very
long. This helps in providing protection against horrosion. The WC and AD; coatings have shown least
resistance among the coatings studied which maatthibuted to extensive spalling of the oxide ssaad the
coating itself. Maximum cracking/spalling was obsel in WC coated sample whereas it was least (almos
negligible) in case of Ni-Cr coating. Spalling ofGMand ALO; coatings may be ascribed to different values of
thermal expansion coefficients of the coatings #ugdsubstrate. Further, the corrosive environmeuatdchave
quickly reached the base metal through cracksl|tiegin adhesion loss and subsequent spallingetbating.

5. Conclusion

In the present work, hot corrosion behavior of Rlassprayed coatings on Inconel-625 in aggressive
environment of Ng50O, - 60%V,0sat 900°C has been investigated and the followingkmsions are made:-

a) The Plasma Arc spray process can be used sucdgssfdeposit Ni-Cr coatings on Inconel-625.

b) Aluminum Oxide and Tungsten Carbide coatings hafased to adhere to Inconel-625 substrate on
exposure to high temperatures possibly due to lagances in coefficient of thermal expansions.

c) The uncoated superalloy has shown intensive sgadimd sputtering during hot corrosion studies in
aggressive environment of p&0O, -60%V,0sat 900°C.

d) There is perceptible diffusion of elements likenimnd cobalt from the uncoated Inconel-625 sulestrat
to the surface as confirmed by XRD and EDAX techei

e) Ni-Cr coating was found to give protection agasyslling and sputtering in aggressive environmént o
NaSQO, - 60%V,0sat 900°C. This could be due to the formation of Nz, which might have blocked
the diffusion of corrosive species into the sulistra

f) The oxides of chromium and nickel might have cdmiied for blocking the transport of degrading
species and provided hot corrosion resistance.
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