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INDUCTION ASSISTED ALUMINIZING OF 316L AND INCONEL 718
ALLOYS

SUMMARY

This doctoral study encompasses the application of three different aluminizing
methods hot-dip aluminizing (HDA), slurry aluminizing (SA), and pack aluminizing
(PA) on AISI 316L stainless steel, Inconel 718 (IN718) superalloy, and IN718
produced by Cold Spray Additive Manufacturing (CSAM), along with the
enhancement of these coatings through rapid induction heating. The common objective
of all studies is to determine the effectiveness of induction heating in accelerating the
formation of aluminide phases within very short durations and to evaluate the resulting
coatings in terms of their microstructural, mechanical, tribological, and high-
temperature oxidation behaviors.

In the first stage of the thesis, wear and high-temperature oxidation behavior of AISI
316L stainless steel (SS) subjected to two distinct aluminizing processes hot-dip
aluminizing (HDA) and slurry aluminizing (SA) both followed by rapid induction
heating was investigated. The objective was to assess the efficiency of short-time
induction heating as a diffusion treatment and to compare the resulting structural and
functional properties of the coatings. Microstructural characterization was carried out
using SEM, XRD, and EBSD, while mechanical and tribological properties were
evaluated by nanoindentation and wear testing. The HDA coating exhibited a uniform
outer morphology, whereas the SA coating developed a lamellar structure due to
localized thermal gradients during induction heating. Despite these morphological
differences, both coatings consisted of Fe:Als, FeAl, and a-Fe (Al) phases. The SA
coating demonstrated a higher surface hardness (13.2 GPa vs. 10.8 GPa for HDA) and
a lower coefficient of friction (0.40 vs. 0.52), resulting in a markedly lower wear rate
(3.2 x 10> mm?*/N-m vs. 6.5 x 10> mm?/N-m). Isothermal oxidation at 1000 °C for 24
h and 96 h revealed that both coatings transformed toward a protective a-Fe (Al) matrix
with a continuous Al:Os scale. However, the coating thickness increased more
significantly in the SA samples from 35 pum to 400 um after 96 h compared to 230 um
for HDA, indicating superior Al diffusion kinetics in the SA process. Overall, the SA
process combined with rapid induction heating exhibited superior wear resistance
compared to the HDA route, whereas the HDA process combined with the same
thermal treatment demonstrated enhanced oxidation resistance relative to the SA.

In the second stage of the thesis, the effect of very fast induction heating for two
competitive and cost effective aluminizing process, namely, HDA and SA of IN718
superalloy was compared. Each process produced well adhered coating layers, which
comprise two or more layers. Morphological, structural and chemical characterizations
of each layer were extensively studied, and formation mechanisms of the coatings were
discussed in comparison to each other. The HDA process performed in a molten Al-
11 wt. Si bath at 700 °C formed a 120 um coating layer, mostly comprising of NiAlz.
The induction heating for 20 s at 1000 °C increased the coating thickness more than
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two times (250 pm), transformed the aluminides to Ni2Alz, made the elemental
distribution more uniform within the coatings, and also formed CrSi, precipitates,
which might be beneficial for an improved oxidation resistance. In the SA process, the
induction heating forms a coating of 43 um in thickness, which is more uniform than
the HDA coatings, and also comprises of two layers having Ni2Als and NiAl type
aluminides. EBSD examination revealed that the SA coating has a uniform grain size
and random grain orientation, which are promising for improved oxidation resistance.
Evaluation of the results in comparison to each other provided a better understanding
of the effect of induction heating on different aluminizing processes. For example, a
coating uniformity similar to that of the SA coating can be achieved only after the
application of the induction heating in the HDA coatings. Also, the SA process assisted
with the induction heating can be applied to various substrates without subjected them
to a high temperature for a long time, and would be a promising method for partial and
complete aluminizing of Ni-based substrates.

In the third stage of the thesis, the development of aluminide coatings using a Pack
Induction Aluminizing (PI1A) process on IN718 superalloy, which was produced by
CSAM, was investigated. Benefit of the proposed method is to significantly reduce the
aluminizing time, from a few hours as for the conventional furnace aluminizing
conducted in a furnace to a few ten minutes as for the prosed method. The research
also aimed to characterize the resulting coating's microstructure, phase evolution, and
tribological performance in comparison to the conventional pack aluminizing furnace.
The results confirmed the formation of a dense, dual-layer aluminide coating that grew
in thickness from approximately 10 um to 19 um with the increase in process time
from 5 min to 10 min, respectively. XRD and EDS analyses identified the coating's
primary constituents as aluminum-rich intermetallics, with an outer layer of
Ni(Fe,Cr)Al: and an inner layer of Nix(Fe,Cr)Als, characteristic of a high-activity
aluminizing process. The PIA treatment significantly enhanced the tribological
properties of the IN718 substrate. It reduces friction coefficient, and improves wear
resistance reducing the wear track depth by over 80% for the samples treated for the
process durations of 10 and 15 min, as compared to the uncoated alloy. These findings
demonstrate that the PIA method is a highly effective and rapid technique for
producing protective, high-performance aluminide coatings on IN718 superalloy.
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316L VE INCONEL 718 ALASIMLARININ INDUKSiYON DESTEKLI
ALUMINYUM KAPLAMA YONTEMIYLE KAPLANMASI

OZET

Bu doktora c¢alismasinda, AISI 316L paslanmaz ¢eligi, konvansiyonel yontemlerle
tiretilmis Inconel 718 (IN718) siiperalasimi ve soguk piiskiirtme eklemeli imalat
yontemiyle tiretilmis IN718 alasimi lizerinde indiiksiyon destekli aliiminyumlama
islemlerinin etkisi sistematik olarak incelenmistir. Caligmanin temel amaci, geleneksel
aliminyumlama ve diflizyon tavlama islemlerinde saatler mertebesinde siiren
islemlerin, indiiksiyon 1sitmanin sagladigi yiiksek 1sitma hizi ve lokalize enerji girdisi
sayesinde saniyeler veya dakikalar seviyesine indirilebilecegini gostermek ve bu kisa
stireli islemler sonucunda olusan kaplamalarin mikroyapisal, mekanik, tribolojik ve
yiiksek sicaklik oksidasyon davraniglarini ortaya koymaktir. Bu kapsamda sicak
daldirma aliiminyumlama, bulamag (slurry) aliiminyumlama ve kutu aliiminyumlama
olmak {izere Ui¢ farkli aliminyumlama yaklasimi ele alinmis; bu yontemlerin farkli
altlk malzemelerde kaplama olusum mekanizmasi, faz gelisimi ve performans
tizerindeki etkileri karsilastirmali olarak degerlendirilmistir.

Tezin ilk asamasinda, AISI 316L paslanmaz ¢elik iizerine sicak daldirma
aliminyumlama ve bulamag¢ aliiminyumlama islemleri uygulanmis, ardindan kisa
siireli indiiksiyon 1sitma ile kaplamalarin difiizyon davranisi gelistirilmistir. Bu
boliimde temel amag, indiiksiyon 1sitmanin AISI 316L c¢eligi iizerinde bir difiizyon
tavlama yontemi olarak ne derece etkili oldugunu belirlemek ve iki farkl
aliminyumlama yonteminin kaplama yapis1 ile asinma ve oksidasyon performansi
tizerindeki etkilerini karsilasgtirmaktir. Kaplamalarin mikroyapisal 6zellikleri SEM,
XRD ve EBSD analizleriyle incelenmis; mekanik ve tribolojik davraniglari ise
nanoindentasyon ve aginma testleriyle degerlendirilmistir. Elde edilen sonugclar, her iki
yontemde de althik malzemeye iyi baglanmis aliiminat kaplamalarin olustugunu
gostermistir. Sicak daldirma aliiminyumlama sonucunda daha homojen ve nispeten
diizgiin bir dis yilizey morfolojisi elde edilirken, slurry aliiminyumlama sonrasi
indiiksiyon 1sitma sirasinda olusan lokal sicaklik gradyanlarinin etkisiyle daha lamelli
ve karmagik bir kaplama yapist meydana gelmistir. AISI 3161 numunelerde olusan
kaplamalar genel olarak Fe:Als, FeAl ve a-Fe(Al) fazlarindan meydana gelmistir. Bu
fazlar, aliiminyumun ¢elik ylizeyine difiizyonu ve demir ile reaksiyonu sonucunda
Olusan klasik Fe-Al esash aliminat yapilarla uyumludur. Bununla birlikte, kaplama
morfolojisi ve faz dagilimi uygulanan alliminyumlama yontemine bagli olarak belirgin
sekilde degismistir. Bulama¢ aliiminyumlama ile elde edilen kaplamalarda daha
yiiksek yiizey sertligi, daha diisiik siirtlinme katsayis1 ve daha diisiik asinma orani elde
edilmistir. Ozellikle slurry kaplamalarda 6lgiilen yaklasik 13.2 GPa seviyesindeki
sertlik degeri, sicak daldirma yontemiyle elde edilen kaplamalara kiyasla daha yiiksek
bir mekanik direng saglandigini gostermistir. Benzer sekilde, bulamag kaplamalarda
siirtinme katsayisinin yaklasik 0.40 seviyesine diismesi ve aginma oraninin belirgin
sekilde azalmasi, lamelli yapinin ve yliksek sertlikteki aliiminat fazlarin aginma direnci
tizerinde olumlu etki yaptigmi ortaya koymustur. Buna karsilik sicak daldirma
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kaplamalar1 daha diizgiin ve siirekli bir yiizey morfolojisi sundugundan, yiiksek
sicaklik oksidasyonu agisindan daha kararli bir davranis sergilemistir. Bu asamada
gerceklestirilen 1000 °C’de 24 ve 96 saatlik izotermal oksidasyon testleri, her iki
kaplama tlriiniin de yiiksek sicaklikta Onemli bir faz donisimii gegirdigini
gostermistir. Oksidasyon sonrasi kaplama yapilarinda Al bakimindan zengin fazlarin
zamanla a-Fe(Al) esasli bir matrise doniistiigii ve ylizeyde koruyucu nitelikte ince bir
ALOs tabakasinin olustugu belirlenmistir. Bu koruyucu oksit tabakasi, altlik
malzemenin yiiksek sicaklikta oksitlenmesini sinirlandirmis ve 6zellikle Fe esash
oksitlerin olusumunu engellemistir. Bununla birlikte, bulamag kaplamalarda kaplama
kalinliginin 96 saat sonunda yaklasik 400 um seviyesine ulasmasi, bu yontemde
aliminyum difiizyonunun daha etkin gerceklestigini gostermistir. Sicak daldirma
kaplamalarinda ise kaplama kalinlig1 yaklagik 230 um’ye ulagmistir. Bu sonuglar,
bulamag¢ aliiminyumlama ve indiiksiyon 1sitma kombinasyonunun asinma dayanimi
acisindan avantajli oldugunu, sicak daldirma aliiminyumlama ve indiiksiyon 1sitma
kombinasyonunun ise oksidasyon dayanimi agisindan daha kararli bir yap1 sundugunu
ortaya koymustur.

Tezin ikinci asamasinda, konvansiyonel olarak tiretilmis IN718 siiperalagimi iizerinde
sicak daldirma aliiminyumlama ve bulama¢ aliiminyumlama yontemleri
karsilagtirmali olarak incelenmistir. IN718, yiiksek sicaklik dayanimi ve mekanik
ozellikleri nedeniyle havacilik, enerji ve ileri miihendislik uygulamalarinda yaygin
olarak kullanilan bir nikel esasl siiperalasimdir. Ancak bu alasimin yiiksek sicaklik
oksidasyonu ve ylizey asinmasi gibi kosullar altinda daha uzun siireli kullanilabilmesi
icin ylizey Ozelliklerinin gelistirilmesi onem tagimaktadir. Bu kapsamda, tez
calismasinin ikinci boliimiinde indiiksiyon 1sitmanin Ni-Al esasli alliiminat
kaplamalarin olusumu tizerindeki etkisi degerlendirilmis ve kisa stireli islemlerle
yiiksek sicaklik uygulamalart i¢in uygun kaplama yapilarmin elde edilip
edilemeyecegi arastirilmistir. Sicak daldirma aliiminyumlama islemi, Al-%11 Si
iceren banyoda 700 °C’de gerceklestirilmis ve islem sonucunda yaklasik 120 pm
kalinliginda, biiytik 6l¢iide NiAls fazindan olusan bir kaplama tabakasi elde edilmistir.
Bu kaplama, indiiksiyon 1sitma sonrasinda belirgin sekilde kalinlagmis ve yaklasik 250
um seviyesine ulagmistir. Ayni zamanda, baslangicta Al bakimindan daha zengin olan
NiAl fazinin, indiiksiyon 1sitma ile birlikte Ni2Als fazina doniistiigii belirlenmistir. Bu
dontisiim, indiiksiyon 1sitmanin yalnizca kaplama kalinligini artirmakla kalmadigini,
ayn1 zamanda kaplama igerisindeki element dagilimini daha homojen héle getirerek
faz evrimini de yonlendirdigini gostermektedir. Ayrica kaplama igerisinde CrSiz
cokeltilerinin olugmasi, krom ve silisyumun difiizyon siirecine katildigini ve bu
cokeltilerin  yliksek sicaklik oksidasyon direncine katki saglayabilecegini
distindiirmektedir.

Tezin liglincli asamasinda, soguk piiskiirtme eklemeli imalat yontemiyle tiretilmis
IN718 alagimi ilizerinde kutu aliiminyumlama islemi indiiksiyon 1sitma ile birlikte
uygulanmistir. Soguk piiskiirtme eklemeli imalat yontemiyle {iretilen malzemeler,
iiretim dogas1 geregi konvansiyonel dovme alasimlara kiyasla farkli porozite, tane
yapisi, deformasyon ge¢misi ve yiizey ozellikleri gosterebilmektedir. Bu nedenle, bu
tiir malzemeler iizerinde uygulanacak ylizey islemlerinin etkisinin ayrica incelenmesi
gerekmektedir. Bu boliimde Onerilen kutu indiiksiyon aliiminyumlama ydntemi,
geleneksel firinli kutu aliiminyumlama islemlerinde birkag saat siiren proses siiresini
yalnizca birka¢ dakikaya indirmeyi hedeflemistir. Boylece eklemeli imalatla tiretilmis
IN718 alasiminin yiizeyinde kisa siirede aliiminat kaplama olusturulmasi ve bu
kaplamanin tribolojik performansa etkisinin degerlendirilmesi amag¢lanmistir. Elde
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edilen sonuglar, iglem siiresinin 5 dakikadan 10 dakikaya cikarilmasiyla kaplama
kalinligiin yaklasik 10 um’den 19 um’ye yiikseldigini ve yogun, ¢ift katmanl bir
aliminat kaplama yapisinin olustugunu gostermistir. XRD ve EDS analizleri, dis
katmanin agirlikli olarak Ni(Fe,Cr)Als, i¢ katmanin ise Nix(Fe,Cr)Als fazlarindan
meydana geldigini ortaya koymustur. Bu faz yapisi, yiiksek aktivite aliiminyumlama
kosullarinda beklenen Al bakimindan zengin nikel aliiminat fazlariyla uyumludur.
Kaplama yapisinin ¢ift katmanli olmasi, ylizeyden althiga dogru gelisen Al
konsantrasyon gradyanmi ve karsilikli element diflizyonunun bir sonucu olarak
degerlendirilmistir. indiiksiyon 1sitmanin sagladig1 hizli 1s1l gevrim, ¢ok kisa siirelerde
alliminyumun ylizeye tasinmasini ve nikel esasl altlikla reaksiyona girerek aliiminat
fazlar1 olusturmasin1 miimkiin kilmistir. Kutu indiiksiyon aliiminyumlama islemi,
soguk piiskiirtme ile tiretilmis IN718 althigin tribolojik performansini da belirgin
sekilde iyilestirmistir. Kaplamasiz numuneye kiyasla kaplanmis numunelerde
stirtlinme katsayis1 diismiis, ozellikle 10 ve 15 dakikalik islem siirelerinde asinma izi
derinligi %80°den fazla azalmistir. Bu sonug, yiizeyde olugan sert ve yogun aliiminat
tabakanin kars1 yiizeyle temas sirasinda altligi korudugunu ve aginma mekanizmasini
sinirlandirdigint gostermektedir. Bununla birlikte, islem siiresinin artmasiyla kaplama
kalinlig1 ve faz dagilimi degismis, bu da tribolojik davranis lizerinde dogrudan etkili
olmustur. Bu bolimde elde edilen bulgular, kutu indiiksiyon aliiminyumlama
yonteminin yalnizca konvansiyonel alagimlar icin degil, ayn1 zamanda eklemeli
imalatla Uiretilmis nikel esasl siiperalasimlar i¢in de uygulanabilir ve etkili bir ylizey
miihendisligi yaklasimi oldugunu gostermektedir.

Tez genelinde elde edilen bulgular birlikte degerlendirildiginde, indiiksiyon 1sitmanin
aliminyumlama islemlerinde yalnizca bir 1s1 kaynagi olarak degil, ayn1 zamanda
difiizyon kinetigini hizlandiran ve kaplama gelisimini yonlendiren etkili bir proses
aract olarak kullanilabilecegi ortaya konmustur. Geleneksel diflizyon tavlama
islemlerinde uzun siirelerde gergeklesen faz doniisiimleri ve kaplama biiylimesi,
indiiksiyon 1sitmanin sagladigi hizli ve lokalize 1s1 girdisi sayesinde ¢ok daha kisa
sirelerde elde edilmistir. AISI 316L paslanmaz celikte Fe-Al esashi aliiminid
kaplamalar, IN718 siiperalagiminda ise Ni-Al esasli aliiminat kaplamalar basariyla
gelistirilmistir. Ayrica, soguk piiskiirtme eklemeli imalat yontemiyle tiretilmis IN718
tizerinde kutu indiiksiyon aliiminyumlama igleminin uygulanabilirligi gosterilerek, bu
yontemin yeni nesil liretim teknikleriyle birlikte kullanilabilecek potansiyele sahip
oldugu ortaya konmustur. Sonug¢ olarak, bu tez calismasi indiiksiyon destekli
aliminyumlamanin AISI 316L paslanmaz ¢elik, konvansiyonel IN718 ve soguk
puskiirtme eklemeli imalat yontemiyle iiretilmis IN718 alasimlari i¢in hizli, enerji
verimli ve yiiksek performansli bir yiizey miihendisligi yontemi olarak
kullanilabilecegini gostermistir. Kisa siireli indiiksiyon 1sitma altinda uygulanan sicak
daldirma, bulamag ve kutu aliiminyumlama islemleri; kaplama olusum mekanizmalari,
faz  gelisimi ve fonksiyonel performans agisindan kapsamli  bigimde
degerlendirilmistir. Elde edilen sonuglar, islem siiresinin saatler mertebesinden
saniyeler veya dakikalar seviyesine indirilebilecegini, buna ragmen altlik malzemeye
1yi baglanmis ve diflizyon kontrollii aliiminat kaplamalarin olusturulabilecegini ortaya
koymustur. Indiiksiyon 1sitmanin sagladig: yiiksek 1sitma hizlar ve lokalize 1s1l etki,
atomik diflizyonu belirgin sekilde hizlandirmis; ayni zamanda altlik malzemelerde
istenmeyen mikroyapisal bozulmalarin olusmasini sinirlamistir.  Bu nedenle
indiiksiyon destekli aliiminyumlama, &zellikle yiiksek sicaklikta ¢aligan miihendislik
malzemeleri i¢in hem proses verimliligi hem de yiizey performansi bakimindan
gelecek vadeden bir yontem olarak degerlendirilebilir.
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1. INTRODUCTION

The service life of metallic materials in industrial applications is often governed not
only by their bulk properties, but also by their surface characteristics. Surface-
dominated degradation mechanisms such as wear, oxidation, corrosion, and high-
temperature phase instability can lead to significant performance losses in critical
components used in the energy, defense, petrochemical, and aerospace sectors.
Therefore, surface engineering has become a central strategy in modern materials
science, serving both performance enhancement and cost-reduction objectives. The
development of this field has undergone a long evolutionary trajectory, starting from
early pack cementation practices and progressing toward today’s diffusion-controlled

coating technologies.

Diffusion coatings are among the oldest and most reliable methods in surface
engineering. Rather than depositing an external film, these coatings rely on the
formation of new phases within the substrate surface region through solid-state
diffusion of alloying elements at elevated temperatures. Atomic diffusion processes,
governed by Fick’s laws, create a metallurgical bond between the coating and
substrate, providing superior high-temperature strength, oxidation resistance, and
adhesion stability. However, a major disadvantage of conventional diffusion coatings
is the requirement for long-duration high-temperature treatments, which increase

energy consumption and reduce processing efficiency in industrial environments.

In this context, aluminizing introducing Al into the surface to form aluminide phases
stands out as one of the most effective protection methods for high-temperature
applications. Intermetallic phases such as NiAl and Ni2Als form a stable a-Al.Os scale
that offers exceptional resistance to oxidation and sulfidation. For this reason,
aluminizing is widely used in jet engine turbine blades, refinery reformer tubes, power
plant components, chemical processing equipment, and metallic parts where the
balance between wear and oxidation resistance is critical. Although the three main

aluminizing methods SA, HDA and PA have long been used in industry, the diffusion



heat treatment required in all these routes typically lasts for several hours, posing a

major limitation.

Recent advancements have introduced new approaches in terms of processing speed,
energy efficiency, and thermal control. One such approach is induction-assisted
aluminizing, which has gained attention due to its ability to reduce coating times to the
order of minutes and significantly accelerate diffusion kinetics through rapid heating
rates. Induction heating generates heat directly within the material via electromagnetic
induction, enabling a rapid and homogeneous thermal cycle. Consequently, diffusion
stages that normally require hours in conventional furnaces can be completed within
minutes. This not only reduces energy consumption but also considerably shortens

maintenance and coating durations in industrial applications.

In this doctoral thesis, induction-assisted aluminizing was applied using three different
aluminizing routes (slurry, hot-dip, and pack) on three material systems: AISI 316L
stainless steel, IN718 superalloy, and IN718 produced by CSAM. The microstructural
evolution, phase formation, diffusion behavior, wear performance, and oxidation

resistance of the resulting coatings were comprehensively investigated.



2. RESEARCH OBJECTIVES

2.1 Enhanced Wear and Oxidation Resistance of AISI 316L Stainless Steel via
Slurry and Hot-Dip Aluminizing Assisted by Rapid Induction Heating

This study examines the behavior of aluminide coatings produced on AISI 316L
stainless steel through HDA and SA, both followed by rapid induction heating. The
main objective is to determine whether short induction cycles can effectively act as an
alternative to long conventional diffusion treatments. Microstructural evolution of the
coatings was assessed using SEM, XRD and EBSD. Both aluminizing routes generated
similar phases but exhibited distinct morphological features. The hot-dip method
produced a more uniform and compact outer layer, while the slurry method developed
a lamellar morphology due to localized thermal gradients during induction heating.
Nanoindentation results indicated that the slurry coatings achieved higher hardness.
Tribological tests showed that slurry aluminizing resulted in a lower friction
coefficient and significantly improved wear resistance. Oxidation experiments
demonstrated that both coatings could form a protective alumina scale at high
temperatures. The slurry route exhibited a faster aluminum diffusion response under
induction conditions. Overall, slurry combined with induction heating performed
better in terms of wear resistance, whereas hot-dip combined with induction heating

showed superior oxidation performance.

2.2 Induction Assisted Hot-Dip and Slurry Aluminizing of Inconel 718

This study explores the influence of rapid induction heating on aluminide coatings
produced by HDA and SA on conventionally forged IN718 superalloy. The objective
is to clarify how extremely short heating durations affect phase transformations and
coating uniformity. The hot-dip process initially formed an aluminide layer rich in
aluminum-based intermetallics. Induction heating transformed this coating into a
thicker, more diffusion-driven structure with a different dominant phase. Elemental
gradients became more uniform after the induction step. Under the same thermal

conditions, slurry aluminizing generated a thinner but more homogeneous bilayer



structure. EBSD analysis revealed that slurry coatings exhibited finer grains and
random crystallographic orientation. These features are advantageous for long-term
oxidation resistance. Comparative evaluation showed that achieving the uniformity
obtained in slurry coatings was possible in hot-dip coatings only after applying
induction heating. The study demonstrated that induction heating significantly
accelerates diffusion and phase evolution in both aluminizing methods for Ni-based

superalloys.

2.3 Pack Aluminizing by Induction Heating: Application to Inconel 718
Produced by Cold Spray Additive Manufacturing

This study focuses on the development of aluminide coatings on cold-sprayed IN718
using the pack induction aluminizing method. The aim is to create a rapid aluminizing
process capable of reducing treatment time from hours to only minutes. The PIA route
successfully produced dense and well-defined multilayer aluminide coatings within a
very short duration. Microstructural analysis revealed an upper intermetallic layer
enriched in aluminum and a lower layer composed of a distinct aluminide phase
characteristic of high-activity pack processes. Coating thickness increased
progressively with longer induction exposure. The identified phases confirmed the
accelerated diffusion behavior enabled by induction heating. Tribological evaluation
showed that the coatings significantly reduced friction. Wear testing demonstrated
substantial protection of the substrate, with markedly lower wear damage compared to
the uncoated material. The findings indicate that PIA is a fast, energy-efficient, and
highly effective method for producing high-performance aluminide coatings on

additively manufactured IN718.



3. ENHANCED WEAR AND OXIDATION RESISTANCE OF AISI 316L
STAINLESS STEEL VIA SLURRY AND HOT-DIP ALUMINIZING
ASSITED BY RAPID INDUCTION HEATING!

3.1 Introduction

AISI 316L is a commonly used stainless steel in petrochemistry, nuclear and aerospace
applications due to its superior corrosion resistance resulting from stable oxide layer
(mainly Cr203) on the surface. It also exhibits excellent formability characteristics
resulting from high strain hardening exponent. It is used up to a mid-temperature of
450 °C requiring high oxidation resistance. Further increasing the temperature leads to
deterioration of mechanical properties because of formation of detrimental sigma
phase [1], and loss of surface properties such as oxidation resistance [2]. Because 316L
SS is widely used in various engineering applications, it is desirable to have good
tribological properties as well, when in contact with other engineering components.
However, its wear properties are not satisfactory due to its low hardness and low yield
strength, and hence need to be improved by surface modifications. In this context,
nitriding and carburizing are primarily effective in improving surface hardness and
wear resistance, but offer limited protection against oxidation [3]. On the other hand,
thermal spray coatings can offer good oxidation resistance at high temperatures, and
also improve wear resistance, but they lack of adhesion strength with the substrate [4].
Thus, in order to combine both improved wear and oxidation resistance with a good
adhesion to the substrate, aluminide coatings are promising surface processes to
protect the surface of 316L stainless steel against wear and oxidation in severe

industrial environments.

Aluminizing can be performed by many ways including hot dip aluminizing (HDA)
HDA [5], slurry aluminizing (SA) SA [6], pack aluminizing (PA) PA [7] and chemical

1This chapter is based on the article: Karakas, A., Balci, E. and Baydogan, M. (2025). Enhanced Wear
and Oxidation Resistance of AISI 316L Stainless Steel via Slurry and Hot-Dip Aluminizing Assisted
by Rapid Induction Heating, Langmuir, 41(48), 0743-7463. https://d0i:10.1021/acs.langmuir.5c04513



vapor deposition (CVD) [8]. HDA, SA and PA processes are relatively easy to
implement in terms of required equipment and ease of applicability, while CVD is
more expensive because it needs to have a highly sophisticated equipment. Depending
on the Al source, process temperature and time, various aluminide phases form, and
thus the final properties of the coatings can be significantly varied. In order to achieve
at the desired properties, tailoring the process parameters are of vital importance. There
are studies in the literature investigating the wear and oxidation behavior of 316L SS
after aluminizing. Yuan et al [9] reported the formation of (Fe,Cr,Ni)Als and
(Fe,Cr,Ni)Als type aluminides after HDA process performed in a molten bath of pure
Al, while Al-(Fe,Cr).Si phase was formed in molten Al-Si bath. After diffusion
annealing at 900 °C for 3 h, the surface layer was transformed into (Fe,Cr,N1)Al type
aluminide. Majumdar et al [10] determined that a Fe>Als type aluminide formed on the
surface of 316 SS after pack aluminizing at 450-700 °C for 4 to 16 h, and this layer
was transformed into a FeAl/Fe(Al)-based aluminide layer by diffusion annealing at
1050 °C for 1.5 h. Wang et al. [11] formed a FeAl-based coating layer on 316L SS
through slurry aluminizing with diffusion annealing at 980 °C for 5 h in an Ar
atmosphere, which was found to be significantly enhanced the oxidation resistance at
high temperatures. In the HDA and PA processes, diffusion annealing is commonly
applied to modify the aluminide coatings as a post process. On the other hand, SA can
only be achieved by diffusion annealing because this process is carried out by spraying
the slurry onto the surface at room temperature and an annealing is necessarily required

for the formation of aluminide layers.

Compared with conventional furnace diffusion annealing, rapid induction-assisted
aluminizing provides substantial advantages in terms of energy efficiency,
sustainability, and process control. Induction heating minimizes the processing time
from several hours to only a few seconds and confines the heat to the near-surface
region, thereby reducing the total energy consumption by more than an order of
magnitude. The localized and short-duration heating also prevents grain coarsening
and preserves the mechanical integrity of the substrate, which is particularly beneficial
for large or geometrically complex components [12]. From an environmental
perspective, the significant reduction in heating time and electrical energy demand
translates directly into lower CO: emissions, aligning with global decarbonization

goals in manufacturing. These merits highlight the industrial relevance of rapid



induction-assisted aluminizing, especially for components operating under severe
environments such as petrochemical heat-exchanger tubes, turbine blades, and
aerospace engine parts, where both oxidation resistance and sustainable processing are
crucial. For example, Takesue et al [13] nitrided titanium gr2 alloy with induction
heating at 900 °C for 3 min, while conventional nitriding process takes more than 10
h. Chen et al [14] applied induction heating to bioactive alkali-treated titanium and
they observed that induction heated samples have higher adhesion strength than
conventional heated sample. Hu et al. [15] carried out induction heating with pack
chromizing and they observed that wear resistance and hardness are higher than
conventional chromized samples. Yang et al. [16] used induction heating for cold spray
deposition instead of conventional heating, they achieved similar microstructure with

induction heating within minutes.

Although numerous studies have been conducted on aluminizing of 316L stainless
steels, and utilizing induction as a heating method in various thermochemical
processes, to our knowledge, no study has combined aluminizing with induction
heating on 316 stainless steel. This study was undertaken to address this gap. To this
end, two commonly used aluminizing processes, the HDA and SA methods, were
implemented using induction heating applied for a very short time. This rapid
induction heating also aimed to minimize the substrate heating time to prevent loss of
strength. After the aluminizing process was performed and the morphological,
microstructural, and crystallographic properties were characterized, wear and
oxidation tests were also conducted to evaluate the performance of the aluminizing

processes in service environments.

3.2 Experimental Methods

3.2.1 Hot dip and slurry aluminizing

316L round bars supplied in the diameter of 30 mm were cut into 15 mm thick samples.
Prior to the aluminizing processes, the sample surfaces were ground with 320-grit
sandpaper for 2 min, thereafter undergoing ultrasonic cleaning in ethanol for 5 min,
and subsequently rinsed with acetone to achieve optimal surface cleanliness. In the
HDA process, the samples were immersed in a graphite crucible containing molten Al-
11 wt.% Si alloy maintained at a temperature of 700 °C for 9 min, followed by removal

from the bath and cooling in still air until reaching ambient temperature. They were



subsequently annealed by induction heating at 1000 °C for 20 s (these samples referred
as HDA samples). In the SA method, the slurry was formulated by dissolving a binder
in a solvent (55 wt.%) and integrating aluminum microparticles (45 wt.) with an
average particle size ranging from 30 to 35 pm (Nanografi, 99.9% purity). The solvent
utilized was a mixture of polyvinyl butyral (PVB) and methyl ethyl ketone in a 1:10
mass ratio. All constituents were meticulously combined using a magnetic stirrer for a
period of 1 h, followed by ball milling for 24 h to ensure the attainment of a uniform
slurry. The resultant slurry was subsequently applied to the surfaces by air brushing.
Slurry deposit was calculated as 18 mg/cm? by weighing the samples before and after
the spraying. After drying the samples at the room temperature they were subjected to
induction heating at 1000 °C for 20 s to form an aluminide coating, and cooled to the

room temperature in air afterwards (these samples referred as SA samples).

3.2.2 Induction heating

The induction heating was conducted using a coil shown in Fig. 3.1 (model RT-
380M50, manufactured by Reterm Induction Heating Limited, TUR), which operates
at a maximum power of 50 kW and a maximum frequency of 20 kHz.

Figure 3.1 : General view of induction heating equipment.

The suitable helical coil was chosen according to the geometrical configuration and
dimensions of the samples, ensuring a separation of 10 mm between the coil and the
sample. In order to mitigate the risk of overheating, the induction coil was perpetually
cooled through the utilization of a water circulation apparatus. The induction current
was calibrated to elevate the temperatures of the samples from ambient conditions to
1000 °C at a rate of 50 °C/s. Temperature was monitored by a pyrometer during the
heating. Upon attaining the designated temperature, the coated samples were
maintained at this elevated temperature for 20 s, and cooled to the room temperature.



3.2.3 Nanoindentation

Nanoindentation tests were performed on the cross-sections of the coatings and the
substrate using a CSM nanoindentation tester equipped with a Berkovich indenter. A
maximum indentation load of 100 mN was applied with a loading and unloading speed
of 500 mN/min. The maximum load was maintained for 10 s, and each measurement
was repeated three times for each coating layer and the substrate to ensure
reproducibility. Young’s modulus of the coatings were calculated using the Oliver &
Pharr method [17], and elastic recovery was determined from the loading — unloading

curves of the indentation through Eq 3.1.

hmax_ hr

Elastic Recovery (%) = —*¢—x100 (3.1)

where hmax IS maximum indentation depth during loading, h: is residual depth after

unloading.

3.2.4 Wear test

Reciprocating wear tests were performed on the surface of the aluminized samples at
room temperature with a relative humidity of 40-45 %. In the wear tests, the
counterface was an Al:Os ball with a diameter of 6 mm. The normal load, sliding
velocity, stroke length, and total sliding distance were 3 N, 10 mm/s, 5 mm, and 50 m,
respectively. During the wear tests the friction force were continuously monitored by
means of load cell, and then was divided by the normal load to calculate the friction
coefficient. Following the wear tests, the wear tracks were scanned by using a 2-D
surface profilometer (Veeco Dektak 6M) to measure worn volume (mm?), which were
then divided by the normal load (N), and the total sliding distance (m) to calculate the
wear rate in the unit of mm*Nm. The worn surfaces were examined by SEM to

compare the samples, and to evaluate the dominant wear mechanisms.

3.2.5 Oxidation tests

Oxidation tests were performed at 1000°C for 24 and 96 h in an open-atmosphere
electrical furnace to evaluate the isothermal oxidation behavior of the samples. The
specimens were weighed before and after the oxidation using a balance with an
accuracy of 0.01 mg to calculate the weight change per unit area of the samples.

Following the oxidation, the cross-sections of the samples were prepared in the



conventional manner, and examined by SEM after etching. XRD analysis was also
conducted to identify the post oxidation phases on the surface.

3.3 Characterization

Cross-sections of the samples after aluminizing, induction heating, and oxidation
processes, were embedded in bakelite, subsequently ground using emery papers, and
polished with 1 um diamond paste in the conventional manner. After etching with
oxalic acid for 1 min, the microstructures were examined by a scanning electron
microscope (SEM — Thermofisher Quatro) functioning at 25 kV, which was outfitted
with an X-ray energy-dispersive spectroscopy (EDS) detector. The analysis of electron
backscattered diffraction (EBSD) was executed on an SEM (Tescan MAIA3 XMU)
that was equipped with an EBSD detector operating at 20 kV and 6.4 nA, utilizing a
step size of 0.09 um. To facilitate the EBSD analysis, the samples were polished using
a vibratory polisher (Mikrotest MVP) at a frequency of 60 Hz for a duration of 2 h in
colloidal silica. Qualitative phase analysis was conducted through X-ray Diffraction
(XRD) utilizing a Rigaku D-Max 2200 PCI instrument (Cu Ka radiation, A=0.15418

nm) across 20 angles ranging from 20 to 80° at a scanning rate of 2°/min.

3.4 Results and Discussion

3.4.1 Micrographs of HDA and SA samples

Cross-sectional SEM micrographs and corresponding EDS analysis of the HDA and
SA samples are given in Fig. 3.2. Both samples have 35 um thick coatings comprising
of three layers that can be classified into outer (OL), mid (ML) and inner (IL) layers.
They are differentiated from each other according to the contrast difference as seen in
the backscattered SEM micrographs in Fig. 3.2a and b. It was observed that ML and
IL of both coatings were quite similar in thickness, morphology and contrast.
However, there are significant variations in the OL of the coatings. First of all, OL of
the HDA sample was more uniform, and OL-ML interface is protruded (Fig. 3.2a),
while the OL of the SA sample has a lamellar structure, and the interface was wavy
(Fig. 3.2b). Line EDS analysis along the white line seen in Figs. 3.2c and d reveal that
the outer layers are rich in Al and Fe in both samples. However, their distribution

within this layer is different, namely, Al content decreases, and Fe content increases
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in the SA sample, while they are relatively constant over this layer in the HDA sample.
This is attributed to the initial coating structure before the induction heating. In the
HDA sample, the Fe;Als layer has been already formed during the immersion to the
molten Al-Si bath [18], therefore, an initially formed coating has been subjected to the
induction heating encouraging the solid state diffusion [19]. The induction heating,
which facilities electromigration and joule heating provide inward diffusion of Al and
outward diffusion of Fe [20], resulting an decreasing content of Al towards the inner
layers, and decreasing content of Fe towards the surface [20]. On the other hand, in
the case of the SA sample, there is no initially formed coating at all. It was just a
deposited slurry before the induction heating.
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Figure 3.2 : Cross-sectional SEM micrographs and corresponding EDS analyses of
aluminized samples: (a,c) HDA, (b,d) SA.

It is widely accepted that two successive mechanisms are responsible for the coating
formation in slurry aluminizing, such as dissolution and solid state diffusion [21]. This
emphasizes the fact that all coating formation, which consists of dissolution of the
substrate elements to the melt, and solid-state diffusion afterwards, takes place during
the induction heating that lasts only 20 s. Within this very short period of time,
interdiffusion of the elements cannot be so fast, thus the resulting elemental contents
must have been largely the result of the initial dissolution stage. Consequently, Al and
Fe contents are less uniform in the SA coating. Similarly, for the formation of lamellar
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structure in the OL of SA process, the work by Guo et al. [22] can provide a reasonable
understanding. In their work, they studied the branching mechanism during binary
eutectic directional growth by the phase-field crystal model, and found that
heterogeneous nucleation due to decreasing the temperature, interfacial energy, or
lattice-mismatch could stimulate lamellar branching. In the SA sample, because of the
non-uniform distribution of the elements during the initial dissolution as stated earlier,
could be result in the lamellar formation. In the study of Sharma et al. [23]. it was also
observed that lamellar morphology of FeAls structure was formed after plasma spray
Al coating on the surface of pure iron, and diffusion annealing with laser afterwards.
The lamellar morphology was thought to be arisen from short-time laser induced after
the coating. Similarly, Novak et al. [24]. showed that lamellar FeAl and FeAl:Sis

structures were formed after reactive sintering of Fe-Al-Si powders.

The aluminide phases change through the coating thickness depending on decreasing
Al and increasing Fe content. In both samples, since OL is rich in aluminum, it consists
of Fe2Als phase, but it transforms into FeAl in ML, and a-Fe (Al) in IL. It is compatible
with the work of Majumdar et al. [25], who observed that Fe Als formation at the
outermost, FeAl in the mid layer, and a-Fe (Al) layers in the inner layer after pack
aluminizing of 316L alloy at 900 °C for 6 h. It was observed that ML and IL of both
samples have different type of aluminides, and are free from any apparent
discontinuity at the interfaces, and in this respect, they presented a functional graded
coating structure [26]. Formation sequence of iron aluminides according to their free
energies from low to high is given as; Fe>Als > FeAlz > FeAl, > FeAl > FesAl. Since
Fe>Als has the lowest free energy, it is the first phase formed during the initial
immersion of the HDA process [27]. In the SA process, on the other hand, the
dissolution of the elements to the melt and the formation of Fe.Als layer take place
simultaneously during the induction heating lasting 20 s. As the diffusion continues
during the induction heating towards the inner layers, where Al content gradually
decreases, the FeAl layer secondly forms, and finally a-Fe (Al) forms. The formation
of a-Fe (Al) is attributed to the fact that Al is a ferrite forming element. Since Si atoms
are present in the molten bath in the HDA process, and Si has been already detected in
the EDS analysis, a Si containing phase such as FeAl,Si is also expected [28], which
will be shown later by EBSD analysis along with the presence of Fe2Als. In this

context, the ML and IL layers of the HDA and SA samples are almost identical. It was
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observed that Fe>Als and FeAl>Si phases formed a uniform structure together in the
OL of the HDA sample, while a lamellar structure of Fe,Als was observed in the OL

of the SA sample.

3.4.2 XRD and EBSD characterizations

XRD analysis are indicated in Fig. 3.3 of both aluminized sample and consistent with
EDS results. There are common phases of both samples which are Fe>Als and FeAl.
The HDA sample contains also FeAl>Si phase which is distributed very closely with
Fe>Als in the microstructure which could be realized with EBSD color maps as
indicated in Fig. 3.4.
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Figure 3.3 : XRD patterns of the HDA and SA samples.

In the HDA sample, the presence of FeAl2Si phase, in conjunction with the Fe;Als
phase, was observed. While the OL in the HDA sample appeared as smooth and single
phase layer in the SEM micrograph, FeAl,Si phase was observed in the XRD analysis,
and its morphology and orientation were determined in the EBSD analysis. In the study
of Cheng et al. [29], Fe:Als and Fe>(Al,Si)s phases were formed when the samples
were annealed at 750 °C for 48 h after the HDA process, which was similar to the
morphology of the OL of the HDA sample in the present study. EBSD color map of
the SA sample revealed that OL is not only composed of Fe,Als, but also FeAl is
present as indicated in Figure 3.4d. In the present study, it was found that different
aluminizing methods showed a major difference in the microstructure of the OL, but

not in the ML and IL. In the inverse pole figure (IPF) maps obtained from EBSD, it
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was seen that texturing was observed in the 001 and 101 directions of the OL of SA
sample. This is consistent with the color maps, because the Fe>Als phase mostly
formed in the 001 direction, which is the characteristic texturing for Fe;Als. This phase
grows in the 001 direction because it has orthorhombic crystal structure, and Al atoms

diffuse most rapidly in this direction [30].

substrate

Figure 3.4 : EBSD analysis of aluminized coatings: (a, b) band contrast maps, (c, d)
phase maps, (e, f) inverse pole figure (IPF) maps for HDA and SA samples,
respectively.

The OL of the HDA sample is formed by the sequential arrangement and uniform
distribution of FeAl>Si and Fe>Als phases in very fine submicron sizes. Due to their
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low sizes, it is not possible to observe the texturing in the magnification performed by
EBSD. The ML and ILs of both samples have similar structures, both are colored the
same (in red color) in the color maps. In the phase diagram pertaining to the Fe-Al
system, the FeAl phase is characterized by a B2 structure, while the a-Fe (Al) phase
is defined by an A2 structure. Both of these phases are derived from the body-centered
cubic (bcc) lattice and can persist over a broad spectrum of compositions.
Consequently, EBSD measurements were insufficient to distinguish between these
two distinct phases, which possess an identical lattice structure and exhibit comparable

lattice parameters (FeAl 4 2.91 A and a-Fe (Al) ' 2.86 A) [25].

3.4.3 Nanoindentation

Loading and unloading curves of the aluminized samples, and the substrate are
presented in Fig. 3.5. Indentation hardness and Young’s modulus of each coating layer
and the substrate were calculated by the Oliver Pharr method [17], and elastic recovery
of the samples was determined by Eq. (3.1). The calculate values are given in Table
3.1. In both aluminizing methods, there was a decrease in the hardness from the surface
to the substrate, depending on the formation of various aluminides and a-Fe layers due
to the decreasing Al content. It presents a functional graded effect, reduces the
delamination of the coating by reducing the stress concentration and the driving force
for the crack formation. The hardness of OL and ML of the SA sample are higher than
those of the HDA sample due to the morphological and structural differences as
already discussed in the previous subsection. The hardness of IL of both samples are
quite similar, as expected, because they have the same structures of a-Fe (Al), and the
morphologies. However, o-Fe layers are two times higher than the substrate y-Fe
(austenitic 316L SS). This is attributed to the fact that a-Fe (Al) crystal structure
creates lattice distortion in y-Fe region, and a-Fe (Al) was strengthened by solid
solution strengthening by Al. These two factors make a-Fe (Al) more strengthened
than y-Fe after aluminizing of 316L SS [31]. Young’s modulus of the coating layers
was calculated to be in the range of 207 - 230 GPa. There was not a clear correlation
among the Young’s modulus, the coating layers and the aluminizing process.
However, it is noted that the coating layers have 3.5 to 15 % higher Young’s modulus
than that of the substrate. On the other hand, elastic recovery means that the ability of

material returns to its original shape when the applied force is removed [32]. The SA
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sample has a higher elastic recovery value than the HDA sample (Table 3.1). It can be
concluded that the values of hardness and elastic recovery are highly influenced by the

local microstructural, chemical and morphological features.
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Figure 3.5 : Load-unload curves obtained by nanoindentation: (a) HDA, (b) SA.

Table 3.1 : Nanoindentation test results of the HDA and the SA samples.

] H (GPa) Elastic Recovery (%) Young’s Modulus (GPa)
Coating Layers
HDA SA HDA SA HDA SA
Outer Layer 7.9+0.2 13.2+0.2 14.9 24.3 210 207
Mid-layer 6.9+0.7 9.6+04 13.0 15.2 225 231
Inner-layer 55+0.1 49+04 9.4 9.2 228 221
Substrate 22+03 22+0.1 4.6 5.6 199 199

3.4.4 Wear test

The wear track profiles, as illustrated in Fig. 3.6, demonstrated that the SA sample
exhibited a reduced wear loss in comparison to the HDA sample, with both aluminized
samples have significantly lower wear loss than the substrate. The wear rates of the
samples were calculated in the unit of mm3/Nm as mentioned in Section 2.4. They
showed that the HDA and the SA samples have almost 7 and 10 times higher wear
resistance (in terms of reciprocal of the wear rate) than the substrate, respectively.
Also, the SA sample has an approximately 50% higher wear resistance than the HDA
sample. It is well known that wear resistance can be influenced by hardness and
Young’s modulus. Elastic recovery can also affect the wear rate because higher elastic
recovery reduces plastic work [33]. In the present study, hardness and elastic recovery
varied depending on the location of the coating layers and the aluminizing process,
while the calculated values of Young’s modulus did not exhibit a clear correlation with

the coating layer and the type of aluminizing process, as stated earlier.
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Figure 3.6 : 2-D profilometer of the wear track of the samples.

When the maximum depth in the wear tracks for both samples is considered, it is seen
that this is almost 7 um in the SA sample, and 20 um in the HDA sample. This shows
that the counter face ball of the wear test remained in the coating layer during the wear
test of the SA sample (with approximately 12 um thick OL), while it reached up to the
mid layer in the HDA sample (with approximately 17 um thick OL). Therefore, higher
wear resistance of the SA sample can be reasonably correlated to both its higher
hardness (Fig. 3.7a) and higher elastic recovery (Fig. 3.7b) in the OL. These figure
shows a reasonable trend between the wear rate, hardness and elastic recovery, i.e. as
the hardness and elastic recovery increase, the lower is the wear rate. In other words,
increasing hardness and elastic recovery increases wear resistance. Keeping in mind
that both hardness and elastic recovery affect the wear rate, in order to obtain a more
clear correlation among them, we combined these two important surface related
properties in terms of ratio of hardness to elastic recovery. As seen in Fig. 3.7c, this
ratio (hardness to elastic recovery) reveals a clear linear correlation with the wear rate
giving a high correlation coefficient (R?=0.9978). When the ratio of hardness to elastic
recovery increases, the higher is the wear resistance. The unit of this ratio is
Nmm/mm?, which is the unit of toughness as energy consumed per unit volume. This
emphasizes that the wear rate can be correlated by toughness, which can be determined
by hardness and elastic recovery in the indentation tests. This also implies the fact that
lamellar morphology of the outer layer in the SA sample has a higher hardness to
elastic recovery ratio, in turn, results in a higher wear resistance than the HDA samples

with almost equal thickness and phase content.
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Figure 3.7 : Correlation between (a) hardness, (b) elastic recovery, and (c)
hardness/elastic recovery ratio with wear rate.

Another significant aspect can be ascribed to the lamellar morphology of the SA
coating, which augmented wear resistance, as the toughness of the coating was
enhanced by the lamellar structure, as evidenced by the research conducted by Gao et
al. [34]. Additionally, lamellar structures impede the initiation of cracks and contribute
to superior wear resistance by complicating the propagation of cracks [35]. It can be
inferred that the toughness of the coating on the SA sample exceeds that of the HDA
sample, as the elastic recovery of the SA sample is superior to that of the HDA sample
[33]. This should also be noted that, in stainless steel aluminizing, the coating
morphology can have a significant effect in addition to coating composition, and the
SA process that can be realized within very short period of time assisted by the
induction is promising in enhancing wear resistance of the stainless steels used in the

present study.

Friction coefficient variation of the samples with the sliding distance are given in Fig.
3.8. The SA sample has a lower average friction coefficient compared to the HDA
sample and the substrate. It should be recalled that the SA sample has a higher elastic
recovery than that of the HDA sample in the outer layer. Since the total depth of the
wear track is within the outer layer for the SA sample, and within outer and mid-layers
for the HDA sample, the friction coefficient of the samples can also be reasonably
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correlated with the elastic recovery of the layers. A higher elastic recovery means a
reduced plastic deformation. Since it is very well known that one of major factors
affecting friction coefficient is plastic deformation, as the plastic deformation
increases, the higher is the friction coefficient [36]. Finally, the lower friction
coefficient of the SA sample is correlated with its higher elastic recovery determined
by the indentation tests.
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Figure 3.8 : Variation of friction coefficient with the sliding distance.

There are various aluminum coating techniques reported in the literature to enhance
the surface properties of steels such as oxidation, corrosion, and wear resistance.
Examples include thermal spraying, friction welding, and arc spraying welding. In the
study by Riastuti et al.[37], an aluminum coating was applied to 316L stainless steel
using the thermal spray method, followed by wear testing. The coating exhibited a
hardness of 96 HB and a wear volume of 0.0132 mm?, which are considerably lower
than the values obtained in the present study. Similarly, in the work of Sahoo et al.[38],
the surface of 316L steel was coated with an Al6063 alloy using friction welding,
resulting in a relatively low hardness value of about 138 HV. In both studies, surface
hardness could potentially be increased through diffusion annealing due to aluminide
formation; however, this process is sometimes avoided to prevent damage to the
substrate microstructure. From this perspective, the advantage of the induction heating
method becomes evident it enables diffusion annealing within the coating layer while
preserving the microstructure of the base material. In another study, Zhou et al.[39]
coated the surface of carbon steel with aluminum using the arc spraying method.
Because the as-sprayed coatings exhibited low hardness, subsequent diffusion
annealing was performed at different temperatures. After annealing at 800 °C and 900

°C, aluminide phases formed, but Kirkendall porosities also developed, which
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decreased the wear resistance. In the current study, due to the extremely rapid nature
of induction heating, such void formation did not occur.

3.4.5 Wear track examinations

SEM images of the wear tracks are given in Fig. 3.9. It is seen that there are dark
colored oxide regions on the surface of both samples in the worn surfaces. This shows
that the oxidative wear mechanism is active in both samples [40]. In addition, the
cracks seen in both coated samples (Fig. 3.7 b and c¢) show that the fatigue type wear
mechanism is also active in these samples. Due to the repetitive movement of the
counter ball, both thermal and mechanical stresses to which the material is exposed
cause the formation of thermo-mechanical cracks. In the continuation of the test, these
cracks form a network and cause delamination by separating from the surface in those
areas [33,41]. In addition, the bright areas seen on the wear surface of the coated
samples show that the Fe-Al based coating layer is still present on the surface. In the
EDS analysis on these bright zones, there are still high amount of Fe and Al which is
characteristics for the aluminide coatings. This situation is consistent with the wear

track depth values determined by the surface profilometer.

Figure 3.9 : SEM micrographs of wear tracks: (a) substrate, (b) SA, (c) HDA.

The SEM-EDS mapping analysis provides insights into the elemental composition of
the worn surfaces. This analysis helps in understanding the distribution of elements
such as oxygen, aluminum and iron, which are crucial for determining the phases
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present on the wear surfaces. The presence of oxide regions and cracking patterns
suggests that both oxidative and fatigue wear mechanisms significantly influence the
wear behavior of the coatings. These findings highlight the complex interactions
between mechanical and chemical processes during wear. In addition, the groove
structure seen in the light-colored areas of the samples shows that the abrasive wear
mechanism caused by plastic deformation is also effective. The presence of plastic
deformation marks on the wear surface of the high hardness brittle Fe-Al based
intermetallic phases obtained after the coating process is due to the presence of ductile

FeAl intermetallic in the coating layer.

=50 (I

Figure 3.10 : EDS mapping analyses of the wear tracks for aluminized samples: (a)

SEM image of the HDA sample, (b) SEM image of the SA sample, (c—e) elemental

mappings of Fe, Al, and O for the HDA sample, (f-h) elemental mappings of Fe, Al
and O for the SA sample.
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Figure 3.10 shows the EDS mapping analyses in the wear tracks of the SA and HDA
samples. In both samples, Al and O elements are intensely present in the regions
defined as oxides, which are seen as dark regions in the wear tracks. In addition to Al

and O, Fe and Cr also exist in these oxide regions for the both samples.

3.4.6 Oxidation tests

Figure 3.11 shows the evolution of the specific weight change (weight change per unit
area of the sample) of the 316L substrate, the SA and the HDA samples after 100 h of
isothermal exposure at 1000 °C in air. Since oxide layer formation on the sample
increases its weight, a lower weight change indicates a higher oxidation resistance. It
is noted that the specific weight changes were very low for the aluminized samples, in
particular, 2.5 mg/cm? in the SA sample, and 2 mg/cm? in the HDA sample. This shows
that aluminizing process regardless of the process type significantly enhances the
oxidation resistance of the 316 SS (with a weight loss of 200 mg/cm?). In conventional
high-temperature oxidation tests, surface oxide formation typically results in a
measurable weight gain, and the oxidation resistance is commonly assessed on the
basis of this increase. In contrast, during the present study, the oxides generated on the
surface exhibited poor adherence and spalled off in a scale-like manner, leading to a
net weight loss rather than the expected weight gain. In the study conducted by Lakakh
et al., the high-temperature oxidation test of Cr/Ni austenitic stainless steel revealed a
net weight loss, as oxide scales spalled off from the surface. Consequently, the

oxidation resistance was evaluated on the basis of this weight loss [42].
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Figure 3.11 : Variation of the weight change with time after the oxidation tests.
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Figures 3.12 present the cross sectional SEM micrographs after isothermal oxidation
tests. The results indicate a progressive increase in coating thickness with prolonged
oxidation exposure. Specifically, in the HDA sample, the initial coating thickness of
35 um increased to 65 um after 24 h of exposure, and further increased to 230 um after
96 h as indicated in Fig. 3.12a and 3.12b. On the other hand, in the SA sample, the
coating thickness increased from 35 pm to 130 um after 24 h of exposure, and reached
400 pum after 96 h as indicated in Fig. 3.12c and Fig 3.12d. This increase in thickness
suggests that the oxidation process facilitated diffusion-driven layer growth,

resembling the effects of diffusion annealing.

As mentioned above, during the thermal oxidation tests conducted at 1000 °C, Al
atoms within the aluminide phases such as Fe:Als and FeAl in the coating layer tended
to diffuse inward, gradually forming aluminide phases richer in iron and eventually
reaching the a-Fe(Al) phase. Since the thermal oxidation test acts as a kind of diffusion
annealing, an increase in coating thickness occurred in the samples, and these increases
differ between SA and HDA specimens. The results show that the SA sample exhibits
a higher coating thickness than the HDA sample, and this difference is believed to
stem from two main reasons. First, as revealed by the EBSD analysis results, the SA
sample contains more phase boundaries, which provide greater pathways for atomic
transfer; therefore, Al diffusion is expected to be more pronounced in the SA sample
[43]. Second, the HDA process takes place in an Al-Si bath, and this is thought to be
related to the diffused Si atoms. HDA processes are typically performed in Al-Si baths
because Si atoms lower the eutectic temperature. Si atoms occupy the (001) plane in
the Fe2Als crystal structure, and the Si atoms located on this plane restrict the diffusion
of Al atoms [44]. Consequently, Si-containing HDA processes tend to result in
relatively thinner coating layers. Similarly, during the oxidation test, the existing Si
atoms within the aluminide phases are believed to limit Al diffusion, leading to a
thinner coating in the HDA sample compared to the SA sample.

Additionally, the oxidation tests led to the formation of porosities within the coating
with the porosity level increasing with the increase in the oxidation time. This porosity
formation is attributed to the development of Kirkendall voids, which arise due to
differences in the diffusion coefficients of various phases during phase transformations
within the coating layer. For both samples, no oxide formation was observed after 24

hours of oxidation testing. However, after 96 hours, oxide formation was detected on
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the surface at levels of approximately 5-10 pm, which was identified as alumina based
on the EDS analysis results shown in Fig. 3.12f. Additionally, in the higher-
magnification image of the HDA96 sample in Fig. 3.12¢, Fes(Cr,Ni)Al islands were
observed within the a-Fe(Al) matrix. These observations indicate that phase
transformations continuously occurred during the oxidation test. As the test
progressed, Fe-rich aluminide phases formed and, by the end of 96 hours, these Fe-
rich aluminides had transformed into a-Fe (Al), while some Fes(Cr,Ni)Al phases that
had not yet converted to a-Fe (Al) remained in the structure. XRD analysis (Fig. 3.13)
confirmed that the Fe2Als and FeAl phases, which were initially presented before the

oxidation tests, were almost not detected after the tests.
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Figure 3.12 : Cross-sectional SEM images after oxidation tests: (a) HDA-24 h, (b)
HDA-96 h, (c) SA-24 h, (d) SA-96 h, (e) higher magnification of HDA-96 h, (f)
corresponding EDS analysis.

Fig. 3.13 shows the XRD analysis results after oxidation tests. It was observed that the
Fe,Als and FeAl phases in the structure before the test were almost completely

transformed into a-Fe (Al) phase even after 24h. As mentioned earlier in Section 3.1,
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the oxidation test functioned almost like diffusion annealing and provided phase
transformation. Alumina peaks were also observed after 96 h, as a thin alumina layer

was observed on the surface by EDS mapping analysis (Fig. 3.12f).
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Figure 3.13 : XRD analysis results after oxidation tests; a) HDA and b) SA.

Fig. 3.14 shows a schematic representation of the results of the oxidation tests. The
phase transformations, morphology changes and layer thicknesses of the coating layers
after the application of aluminizing processes, induction heat treatment and oxidation
tests are schematized to summarize the entire test procedure. HDA sample surface
shows melt aluminum residue and aluminum-rich iron aluminide layer formed during
the hot dip process (Figure 3.14a). On the SA sample surface (Figure 3.14b), there is
a layer of aluminum held by physical bonding. After the induction heating, both
samples have similar inner and middle layers and the outer layers are different (Figure
3.14c and d). Figure 3.14e, f, g and h show the microstructure after 24 and 96 h
oxidation tests and schematize that the matrix is a-Fe (Al) and the thickness of the

coating layer increases with increasing time.

Oxidation tests revealed that the HDA and SA samples exhibited significantly
improved oxidation resistance, because there is not observed any iron oxide formation
at the surface, only thin adherent Al.O3 (aluminum oxide) layer was occurred. Al.O3
is more stable than Cr,Og, therefore, it can resist to aggressive environment more than
Cr203. Unlike the findings of Xi et al. [45], where a double oxide film structure (Fe2O3
in the outer layer, FeCr,O4 in the inner layer) was observed at 316L surface after
oxidation test. This indicates that the oxidation mechanism in HDA and SA oxidized
samples are predominantly governed by the formation of stable Al>Oz layers,

providing effective protection against high-temperature oxidation.
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Figure 3.14 : Schematic representation of coating evolution before and after
oxidation: (a,c,e,g) HDA and (b,d,f,h) SA samples.

3.5 Conclusions

In this study, the wear and high-temperature oxidation behaviors of AISI 316L SS
were comprehensively investigated after being coated via two different aluminizing
methods HDA and SA followed by a short-duration induction heat treatment at
1000 °C for 20s. The aim was to evaluate the effectiveness of short-time induction

heating as an alternative to conventional diffusion annealing and to compare the
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resulting microstructural, mechanical, and tribological performance of both coating
methods. The results revealed that both aluminizing techniques formed functional
gradient aluminide layers composed primarily of Fe:Als, FeAl, and Fe(Al) phases.
However, the outermost layer morphology and mechanical performance differed
significantly depending on the coating method. The SA samples developed a lamellar
Fe:Als-rich outer layer with significantly higher hardness (13.2 GPa) and elastic
recovery compared to the smoother FeAl.Si-rich outer layer of the HDA samples.
Nanoindentation and wear tests revealed that the ratio of hardness to elastic recovery
can be well correlated with the wear rate with a high level of correlation coefficient.
The wear tests also demonstrated that SA-treated samples had a notably lower
coefficient of friction (~0.4) and wear depth (~7 um), as opposed to the HDA-treated
ones (~0.65 and ~20 um, respectively). This enhancement is attributed to the unique
lamellar microstructure induced by the slurry process and rapid diffusion via induction
heating, which together hinder crack initiation and propagation under cyclic loading.
Oxidation experiments conducted at 1000 °C for up to 96 h showed that both coatings
effectively suppressed the formation of iron oxides and facilitated the transformation
of intermetallic phases into a protective a-Fe (Al) matrix. A very thin, adherent Al>Os
layer was consistently observed on the surface of both SA and HDA samples,
functioning as a diffusion barrier and significantly enhancing oxidation resistance.
Notably, SA coatings reached a greater final thickness (400 pm) after oxidation due to
more extensive phase transformation and diffusion-driven growth. The combination
of slurry aluminizing and short-term induction heating emerges as a promising surface
modification strategy for SSs exposed to high temperatures. It offers a high-
performance, energy-efficient, and time-saving alternative to conventional thermal
treatments. Moreover, the ability to form graded coatings with tailored mechanical and
oxidation-resistant properties positions this technique as a strong candidate for future
applications in harsh service environments, such as petrochemical reactors, turbine
components, and high-efficiency heat exchangers. In conclusion, this work not only
establishes the superior performance of the SA process assisted with the induction
heating in terms of wear and oxidation resistance, but also underlines the potential of
integrating advanced rapid heating technologies with conventional coating methods to
engineer robust and multifunctional surface layers on austenitic SS. Future studies may
explore scalability of the proposed process to a larger products, long-term cyclic

oxidation behavior, and compatibility with other alloy systems.
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4. INDUCTION ASSISTED HOT-DIP AND SLURRY ALUMINIZING OF
INCONEL 7182

4.1 Introduction

IN718, a Ni-Fe based superalloy, is widely used in high-temperature applications such
as gas turbines and aerospace engines due to its excellent mechanical properties and
stability. During use at high temperatures, oxidation resistance is also required to
ensure longevity of the superalloy [46-48]. Therefore, various thermochemical based
surface modification techniques have been adapted to improve its oxidation resistance.
Aluminizing is one technique using for this purpose, which is based on the formation
of aluminide layers on the surface. Because this method is a thermochemical treatment
controlled by diffusion, temperature and time are the key parameters to determine the

type and morphology of the aluminide layers [48,49].

Aluminizing can be applied in liquid (hot-dip aluminizing), solid (slurry or pack
aluminizing), or gaseous environments (chemical vapor deposition), which have some
advantages and disadvantages over each other. Hot dip aluminizing (HDA), slurry
aluminizing (SA), and pack aluminizing (PA) are more economical methods than
chemical vapor deposition (CVD), which requires a highly sophisticated equipment
[49-51]. In HDA process, a substrate is immersed into a molten aluminium bath
containing pure Al or Al-Si alloy for relatively short time (less than 10 min), and
intermetallic compound containing aluminium, called aluminide, is formed on the
surface. Slurry aluminizing uses a mixture containing aluminium particles and a
binder, called slurry, which is sprayed onto the substrate surface. This method is
advantageous due to its ability to produce uniform coatings with good adhesion and

controlled thickness in large parts [52].

2This chapter is based on the article: Karakas, A., Balci, E. and Baydogan, M. (2025). Induction Assisted
Hot-Dip Aluminizing of Inconel 718, Mater. Res. Express 12 (2025), https://doi:10.1088/2053-
1591/ae22c5
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Types of aluminide phases mainly depend on the main elements coming from the
substrate itself, and their stoichiometry is related with the aluminizing parameters such
as temperature, time and aluminizing methods as well as distance from the substrate-
coating interface. For example, in a nickel base alloy, as in this study, nickel
aluminides with different stoichiometry (NiAlz, Ni2Alz, NiAl or NizAl) are formed
[53]. Depending on the diffusivity of Al and Ni, aluminizing processes can be called a
high activity or low activity aluminizing. In a high activity aluminizing in Ni-based
alloys, inward diffusion of Al takes place and aluminium rich aluminides are formed,
while a low activity aluminizing encourages the formation of Ni-rich aluminides due
to outward diffusion of Ni. Similarly, aluminizing of a steel produces iron aluminides
such as FeAls, FeoAls and FeAl [54]. Previous studies have shown that HDA can
significantly enhance the lifespan of Ni-based alloys in harsh environments [55,56].
SA process is also very effective to enhance oxidation resistance improving high-
temperature performance of Ni-based alloys [52,57].

Since the SA process, being a sprayed method, is performed at room temperature, the
slurry is not transformed into aluminide just after the spraying. Therefore, it needs
performing a further diffusion annealing after spraying to be able to form aluminide
on the surface. On the other hand, aluminides can even form during HDA because the
process is already performed in a molten aluminium bath at an elevated temperature.
However, in this process, some Al may remain untransformed on the surface due to
immersion in the molten bath, which also requires further diffusion annealing to be

transformed into aluminides.

Conventional diffusion annealing methods, typically involving furnace heating,
require long heating times up to several hours. It is time-consuming and energy-
intensive, and might affect the substrate’s microstructure during long term holding at
an elevated temperature. To overcome these shortcomings, recent advancements have
introduced induction heating as an alternative diffusion annealing method. It utilizes
electromagnetic fields to directly heat the material, resulting in a rapid temperature
increase and focuses energy directly on the material, minimizing heat loss to the
surroundings. It offers several advantages over conventional furnace heating,
including faster heating rates, better energy efficiency and local heating within seconds
[47,58,59]. The shorter processing time and precise temperature control of induction

heating result in reduced thermal exposure of the substrate [58-60].
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Previous studies concerning induction heating have shown that it can enhance the
diffusion kinetics and improve the microstructural characteristics of aluminide
coatings on different materials. Several studies have compared the performance of
induction heating with conventional furnace heating. For instance, Hu et al [60]
performed pack chromizing of AISI 5140 steel using induction and furnace heating in
comparison with each other. They reported that induction heating provided a thicker
coating, a stronger interface and better wear properties than those obtained with
conventional furnace chromizing. Takesue et al [61] used in gas blow induction
heating (GBIH) in nitriding of a Ti6Al4V alloy to heat the sample. They found that
nitrogen diffusion layer could be obtained in a short time and surface hardness
increased with the increase in the process temperatures. In a recent study by Bauer et
al [62], Alloy 800 was diffusion annealed by induction heating at a temperature range
of 700 and 1000 °C after slurry aluminizing. They reported that (Fe,Cr,Ni)Al diffusion
coatings could be formed for all temperatures on the surface with their relative

thickness changing depending on the temperature.

Summarized works in the literature revealed that induction heating has been used as a
fast heating method in various applications, and make it a promising technique for the
diffusion annealing after aluminizing. On the other hand, little work has been devoted
to induction heating for the purpose of diffusion annealing of an aluminized sample.
This work, therefore aimed to demonstrate effect of fast induction heating by
comparing the characteristics of two competitive aluminizing process, namely HDA
and SA processes on the elementel distributions, types of the formed phases, and

integrity of the interfaces between the coating layers on IN718 superalloy.

4.2 Experimental Methods

4.2.1 Hot dip and slurry aluminizing

IN718 round bars, whose nominal chemical composition was given in Table 4.1, were
used in the present study. The bars supplied in AMS 5662 condition with the diameter

of 30 mm, and were cut into 15 mm thick round samples.
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Table 4.1 : Chemical composition of IN718 substrate.

Elements wt. %
C 0.08
Mn 0.25
Cr 18.24
Si 0.23
S 0.002
P 0.004
Fe 16.29
Mo 3.01
Co 0.8
Nb 5.27
Ti 0.83
Al 0.87
Ni Balance

The samples were divided into three groups for the following processes. The first
group was only hot dip aluminized (referred as HDA sample). The second group was
hot dip aluminized followed by induction heating (referred as HDA+Induction
sample). The third group was slurry aluminized assisted by induction heating (referred
as SA+Induction sample). Because the coating cannot form just after spraying the
slurry without the induction heating, there is no sample group that can be addressed as

“SA sample”.

Prior to the aluminizing processes, the surface was ground first with 320 grit sandpaper
for 2 min, ultrasonically cleaned in ethanol for 5 min and then rinsed with acetone. For
the HDA process, the samples were immersed in a graphite crucible filled with molten
Al-11 wt. % Si alloy at 700 °C for 9 min and pulled out from the molten bath and
cooled in still air to the room temperature. For the slurry aluminizing, the slurry was
prepared as composed of a binder solved in a solvent (55 wt.%) and microparticles of
aluminum (45 wt. %) with an average size of 30-35 um (Nanografi, 99.9 % pure). The
solvent was a mixture of polyvinyl butyral (PVB) and methyl ethyl ketone with a mass
ratio 1:10. All components were mixed in a beaker with a magnetic stirrer system for
1h. The mixture was then ball milled for 24 h to obtain the slurry. The slurry was then
sprayed with an airbrush to the samples, and then allowed to dry in ambient air. The
amount of slurry sprayed was 24 mg/cm?. It was determined by weighing the sample
before and after the slurry application. After the induction heating, there was a little
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particulate material seen on the SA sample. It was easily removed from the surface by
a gentle air spraying before further characterization works.

4.2.2 Induction heating

Induction heating equipment (model RT-380M50, manufactured by Reterm Induction
Heating Limited, TUR) with a maximum power of 50 kW and maximum frequency of
20 kHz was used as the heat source for diffusion annealing (Figure 4.1).

Figure 4.1 : General view of induction heating.

Depending on the shape and size of the samples, the appropriate helical coil was used,
and the distance between the coil and the sample was 10 mm. The induction coil was
being cooled with water circulating system during the heating to prevent overheating.
The induction current was set to heat the sample from room temperature to 1000 °C
with a heating rate of 50 °C/s. The temperature was measured by a pyrometer. After
reaching the desired temperature, the coated samples were hold at this temperature for

20 s, and cooled in air to the room temperature.

4.2.3 Characterization

After the aluminizing and diffusion annealing processes by the induction heating were
completed, cross sections of the samples were mounted in bakelite, ground by emery
papers and polished with 1 pum diamond paste using the conventional procedure, and
etched with Kalling 2 solution (5 g CuCl2 + 100 mL HCI + 100 mL ethanol) for 10 s.
Microstructural examinations were conducted using a scanning electron microscope
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(SEM — Thermofisher Quatro) operating at 25 kV, equipped with an X-ray energy-
dispersive spectroscopy (EDS) detector. Electron backscattered diffraction (EBSD)
analysis was conducted on an SEM (Tescan MAIA3 XMU) equipped with an EBSD
detector operating at 20 kV and 6.4 nA with a step size of 0.09 um, Qualitative phase
analysis was made by an X-ray Diffractometer (XRD) using a Rigaku D-Max 2200
PCI device (Cu Ka radiation, A = 0.15418 nm) between 20 angles of 20 and 90° with

a scanning rate of 2 °C/min.

4.3 Results and Discussion

4.3.1 Hot dip aluminizing (HDA sample)

Figure 4.2a shows cross sectional SEM micrograph of the HDA sample without the
induction heating. Total coating thickness is 120 um, and the substrate coating
interface is flat indicating a uniform dissolution and interdiffusion along the interface,
which immediately start just after the immersion. It also indicates that the coating has
three separate layers, namely, the outer layer, the mid-layer, and the inner layer
(interdiffusion layer, IDL). The outer layer is 35 um thick. Although mostly Al and Si
occupy the outer layer as shown by the line EDS analysis (Figure 4.2b) performed
along the entire coating, the outer layer does not have the characteristic microstructure
of Al-11 wt. % Si alloy forming the molten bath. It shows that dissolution and diffusion
have already affected the outer layer and result in the redistribution of the elements
Beside the line EDS analysis, EDS mapping analyses were also performed to
demonstrate the elemental distribution along the coating. Figure 4.2c and d clearly
show the accumulation of Al and Si near the surface with the former was significantly
higher. This is attributed to that Si has a higher melting point (1414 °C) than Al (660
°C), and therefore its inward diffusion is less likely with respect to that of Al at a lower
temperature [63]. These elements also exist in the entire coating in a decreasing
amount as compared to the surface. On the other hand, while Cr and Fe were present
in the substrate with approximately 18 wt. % and 16 wt. %, respectively, their contents
were approximately 6-10 at. % for each in the mid- and inner layers of the coating
while their contents are lower in the outer layer. In contrast, Ni spots in the EDS
mapping (Figure 4.2e) decorate mainly the outer and inner layers, leaving the mid-
layer Ni deficient. It also reveals that location of Ni is completely opposite to the

locations of Cr and Fe in the mid- and the inner layers, indicating that Ni is present at
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the expense of Cr and Fe, and vice versa. This can be seen clearly from the EDS line
analysis in Figure 4.2b as well as the EDS mapping analyses in Figure 4.2e to g. For
example, at a depth of 60 um from the surface, Cr and Fe contents are about 9 at. %
where Ni content significantly drops. Similarly, at a depth of 110 um, Ni content
increases to 13.7 at. %, however, at the same point, Cr and Fe contents again exhibited
adrop. Cr and Fe are the substrate elements. Presence of them in the mid- and the inner
layers, and their lower amounts in the outer layer show that they could not reach to the
outer layer by the outward diffusion. Instead they must have been dissolved at the
beginning of the HDA process when the substrate was in first contact with the molten
Al-11 wt. % Si bath. At the same time, Ni outward diffusion takes place towards the
outer layer (along 120 um of the entire coating from the substrate) leaving the mid
layer Ni deficient, and relatively rich in Cr and Fe as well [64]. It is also worth noting
that Cr and Si do not occupy the same locations of the coating in the HDA sample
despite they both present in the entire coating. It means that these two elements do not
form any silicide phase within the coating. As will be shown later by EDS mapping
analyses, however, after the induction heating, Cr and Si concentrated in the same
regions in the HDA+Induction sample to form a silicide phase. This clearly suggests
that presence of these elements during the HDA process is not enough to form a silicide
phase, and further heating is required for its formation, which will then be achieved by

the induction heating in the HDA+Induction sample.

In order to further characterize the HDA coating, all three layers (the outer, the mid-
and the inner layers) were examined and analyzed in detail. Higher magnification SEM
micrographs of the outer layer can be characterized with black and gray areas with the
latter has a lamellar morphology (Figure 4.3a). EDS point analysis (Figure 4.3b) shows
that black areas contain mainly Al (91.9 at. %) with lower Si (1.3 at. %). Small amount
of oxygen was also detected indicating that the elements might be oxidized during the
HDA process. In the gray lamellar areas, in addition to Al and Si, substrate elements
such as Ni, Cr, Fe and Nb were also detected whose contents varied depending on the
location. This shows that during the HDA process, Ni, Cr, Fe and Nb coming from the
substrate can exist in the outer layer with the contents of 11.8, 2.4, 1.3 and 1.1 at. %,

respectively.

35



—+— Al ——S§i ——(Cr —+—Fe ——Ni

Outer layer Mid-layer Inner layer
1004 | : II i

Element content ( at. %)

F——50pm —

T R SRR i L 50 i 4

Figure 4.2 : EDS mapping analysis of the main elements in the HDA sample; (a)
Cross sectional SEM micrographs of the sample. (b) Line EDS analysis from the
surface, (c-g) EDS mapping analysis of Al, Si, Ni, Cr and Fe, respectively.

The mid-layer of the HDA coating is 73 um thick (Figure 4.3c). In this layer, the black
and gray areas still exist, with the latter has a higher volume fraction than in the outer
layer. EDS analysis (Figure 4.3d) indicates that the gray lamellar areas are rich in Al

and Si (60.3 at. % and 18.9 at. %, respectively) in addition to some Cr and Fe as
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previously shown by the EDS line analysis. Their contents are higher as compared to
the outer layer. Enlarged view of the gray lamellar areas is presented in Figure 4.3e.
This morphology is similar to that observed during hot dip aluminizing of Fe-Cr-B
cast steel by Zhang et al [65], and might be due to the formation of various interfaces
during the dissolution of elements at the beginning of the HDA process. We also
performed a line EDS analysis over the lamellar morphology within the gray area
(Figure 4.3f). This analysis showed that Al and Si are the main elements in this area
with an Al content of around 60 at. %, and Si content of around 20 at. % in addition to
Fe and Cr. However, it is noted that Ni content is very low in the gray lamellar area
(1.2 at. %). It is also noted that Al and Si contents slightly change in the expense of
each other, and brighter lamella corresponds to a relatively higher Si contents than its
content in the molten metal (11 wt. %). As will be shown later by XRD analysis,
however, no Si related phase was observed in the HDA sample in the form of silicide
or aluminide. This suggests that Si precipitation might occur in a lamellar form during
the HDA process when it is not incorporated in the aluminide coating. In the mid layer,
there are also white precipitates with an equiaxed or plate morphology (Points 1 and 4
in Figure 4.3c). EDS analysis (Figure 4.3d) taken from these precipitates revealed that
Ni is concentrated in these precipitates instead of being present in the gray lamellar

area, and the white precipitates have a stoichiometry of NiAls type nickel aluminide.

The inner layer, namely, interdiffusion layer (IDL), is the closest layer to the substrate
with a thickness of 12 um. The interface is well adhered to the substrate and free from
any discontinuity (Figure 4.3g). The lamellar morphology is dominant over this layer,
and Si content (around 18 at. %) is quite high indicating the inward diffusion of Si.
There is no black Al-rich region in this layer as a result of the reduced content of Al
towards the substrate, with respect to its contents in the outer and the mid layers.
Elemental distributions within this layer are rather uniform with Al, Si, Ni, Cr and Fe
contents of 57, 17, 13, 6 and 6 at. %, respectively (Figure 4.3h). This analysis also
confirms that Ni(Fe)Als type aluminide form in the inner layer IDL as a result of
inward diffusion of Al. When we compare the lamellar morphology in the outer, the
mid- and the inner layers, it is seen that the distinct feature of the lamellar region is
that it forms in regions where Al and Si contents are significantly high and, this does
not depend on the Ni content.
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Figure 4.3 : SEM micrographs and corresponding points EDS analysis of the coating
layers in the HDA sample. (a-b) the outer layer, (c-d) the mid layer, (e-f) lamellar
morphology within the mid layer, (g-h) the inner layer.

Since the total coating thickness is 120 um in the HDA sample, which inhibits the
penetration of X-rays through the coating thickness, sequential grinding (40 um and
100 um in two passes) was performed for phase identification in each individual layer

(the outer, the mid- and the inner layers). Figure 4.4 shows XRD patterns of each layer
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of the HDA coating. As shown, all patterns are similar to each other with no obvious
difference among them. The coating layers comprise Al and Si rich phases, NiAlz type
aluminide and some small oxide peaks belonging to Cr and Fe. This agrees with the
previous EDS analysis revealing the presence of oxygen, and confirms that oxides

form during the HDA process.
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Figure 4.4 : XRD patterns of the inner, mid and outer layers in the HDA sample
after sequential grinding from the surface.

4.3.2 Hot dip aluminizing + Induction heating (HDA+Induction sample)

Figure 4.5 shows cross sectional SEM micrographs of the HDA+Induction sample
after the induction heating for 20 s. The HDA+Induction sample has a coating layer of
250 pm in total indicating that even short time induction heating increased the coating
thickness more than two times as a result of further diffusion provided by the induction
heating (Figure 4.5a). It was previously reported that [66] a 200 um coating thickness
was formed when Inconel 718 superalloy was furnace annealed at 700 °C for 10 h after
hot dip aluminizing. The coating thickness of the present HDA+Induction sample is
250 um and higher than the reported thickness in the literature. It shows that 25 %
thickness increment in the coating could be achieved when diffusion annealing is
performed by the short time induction heating (20 s) with respect to conventional
furnace heating taking longer durations (10 h). The observed thickening of the coating
through the induction heating can be attributed to the fact that induction heating can

heat the sample based on Joule heating and Eddy currents induced within the material.
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This situation is advantageous when compared to conventional furnace heating, which
relies on radiation within the furnace chamber. During the induction heating, heat is
produced by the mechanism of Joule heating, while the Eddy currents can provide
electromigration, which is atomic movement due to the current flow through the
coating [58]. Therefore, the induction heating can significantly contribute the
enhanced diffusion of the atoms resulting in the thickening of the coating.

The HDA+Induction sample has four layers with different morphologies which are
separated from each other by well-defined borders, as shown in Figure 4.5a. The
thickness of each layer from the outer surface is 70 um, 125 um, 45 um and finally 10
um. EDS line analysis show the elemental distribution from the outer surface in Figure
4.5b. It is noted that Al content is mostly higher than Ni content revealing the formation
of Al-rich aluminides by the induction heating. However, towards the substrate (layers
IV and V) Al decreases and Ni increases indicating the formation of Ni-rich
aluminides. In addition, as observed in the HDA sample without induction heating
(Figure 4.2b), it is observed that in the HDA+Induction sample, the Al and Ni contents
in the middle layer of the coating (Layer II) are lower in the regions where Si, Cr, and
Nb contents are high and, vice versa. This indicates that these elements (Si, Cr, and
Nb) have a tendency to form a new phase, namely silicide phase, which will be
confirmed by EDS and XRD analysis later, as a result of limited solubility of these
elements in Ni2Alz and NiAl [67].
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Figure 4.5 : (a) Cross sectional SEM micrograph of the HDA+Induction coating and
(b) line EDS analysis results of the coating.

Enlarged SEM micrographs and EDS points analysis of each layer in the
HDA+Induction sample were presented in Figure 4.6a and b. The micrographs were
backscattered electron images, which are capable of revealing elements based on their
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atomic weights, and helps evaluating the distribution of the elements. In the outer layer
(Layer I in Figure 4.5a), the contents of all elements significantly vary depending on
the location. As a result, light gray areas (Point 1 in Figure 4.6a) are (Ni,Fe)2Als based
on the EDS analysis, and the dark gray areas (Point 2 in Figure 4.6a) are (Ni,Fe)Als.
There is also a white phase (Points 3 in Figure 4.6a) in the form of polygonal or plate
shape precipitates. They have significantly higher Si, Cr and Nb (36.4, 27.2 and 11.8
at. %, respectively) with a slightly higher Si content than Cr. The former comes from
the Al-11 wt. % Si alloy in which the HDA process was performed, and the latter
comes from the substrate itself. Beside Cr and Si, other elements were also counted by
EDS detector due to spot size of the electron beam. In the white precipitates, Al, Ni
and Fe contents are relatively lower (3.5 Al, 0.9 Ni, 2.6 Fe, in at. %, respectively). This
observation is well agreement with the line EDS analysis in Figure 4.5b, which shows
that Al and Ni variations are in contrast to those of Si, Cr, and Nb. This is further
confirmed by EDS mapping analyses (Figure 4.7). Considering that Al and Ni form
nickel aluminides after the induction heating, which will be shown later by XRD
analysis, it is very obvious that the nickel aluminides formed after the induction
heating do not contain Si, Cr, and Nb. Instead, these three elements form a new silicide
phase with each other. This is attributed to limited solubility of these elements in nickel
aluminides [67]. Cr has a stronger affinity for Si than Al. Also, Mo and Cr silicides
generally have more negative AG® values than Nb silicides. However, in the white
precipitates, Mo content is quite low (Figure 4.6b). This increases the probability of
Cr silicides formation [63]. Based on the element contents in the EDS analysis,
formation of CrSi; phase is likely. As we mentioned in Section 3.1, Cr and Si do not
occupy the same locations in the HDA sample. However, they concentrated in the

same locations after the induction heating (in the HDA+Induction sample).

F (b)
Elements Point 1 Point 2 Point 3
(in at.%)  |(Light gray) (Dark gray) (White precipitates)
(6] | 37 | 59 14.1
Al 502 618 3.5
Si | 54 | 6.l 36.4
Cr | 30 | 75 27.2
Fe 83 | 117 2.6
Ni | 294 | 63 0.9
Nb 00 | 01 11.8
Mo 0.1 0.5 1.1

Figure 4.6 : (a) Cross sectional SEM micrograph of the outer layer of the
HDA+Induction sample, and (b) the EDS point analyses for the points shown in (a).
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Figure 4.7 : EDS mapping analyses of the outer layer in the HDA+Induction sample.
(@) Cross sectional SEM micrographs of the sample. (b-f) EDS mapping analysis of
Al, Ni, Cr, Si and Nb, respectively.

Formation of silicide phase becomes possible due to the additional heat provided
through the mechanism of Joule heating during the induction heating [58]. Efficiency
of the induction heating can be demonstrated by the penetration depth. It is defined as
the depth at which eddy currents decrease to approximately 86 % of their maximum

value at the surface, and can be expressed by Eq. (4.1) [68]:

§ =503 /ﬁ (4.1)

6 is the current penetration depth (m),

where,

F is the frequency of the current in the induction coil (20,000 Hz),
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p is the electrical resistivity of Inconel 718 (1.250 x10° Q.m),
U Is the relative magnetic permeability of Inconel 718 (1.0011).

For the present study, the penetration depth is found as 3.97 x10° m (3.97 mm). The
coating thicknesses than have been reached in the present study were 120 um for the
HDA sample, and 250 um for the HDA+Induction sample. It shows that the
penetration depth of the Eddy currents provided by the induction heating is
significantly higher than the coating thickness, and thus the induction heating can
significantly affect the coating layers. In the view point of performance of silicide
phases during service, Sekido et al [69] investigated the oxidation behavior of cast Nb-
Cr-Si alloys and reported that Cr addition to NbSi> increases the oxidation resistance
of the alloy, while a binary NbSi> has a poor oxidation resistance, when it is lower than
the solubility limit of NbSio. It is therefore, formation of the CrSi> phase in-situ after
the induction heating of the HDA sample might have a potentiality to affect the
oxidation behavior of the Inconel 718 superalloy, which is one of the main motivations

of aluminizing studies, and thus worth studying in detail in a future investigation.

In the second layer from the outer surface (Layer Il in Figure 4.5a), there are light and
dark gray regions (Figure 4.8a). These can be assigned as (Ni,Fe).Als, and (Ni,Fe)Als,
respectively, based on points EDS analysis. It should be noted that there are still Si,
Cr, and Nb rich white precipitates in this layer. However, they are in the form of tiny
needles in contrast to their polygonal or plate like morphology in the outer layer. Si
and Cr contents in the needles are also lower than those in the precipitates in the outer
layer. Relatively lower contents of such elements in this layer lead to the formation of
the thinner morphology and smaller size of the white phase. It indicates that the
morphology of the Cr silicide phase strongly depends on the contents of the elements
in the coating layers. The inner layers of the coatings (Layers 1l and IV in Figure 4.5a)
are shown in Figure 4.8c. Existing phases are (Ni,Fe)2Alz (dark gray, Point 1), CrSi»
(white phase, Point 2). EDS analysis also shows that Al and Ni contents are very close
to each other in the IDL layer (Point 3), as also indicated by line EDS analysis in Figure
4.5b. However, NiAl formation in this layer was not seen, as will be confirmed by

XRD analysis later in Figure 4.9.

Overall results of the HDA process before and after the induction heating show that it

is a high activity process during which inwards diffusion of Al and Si is more

43



significant than the outward diffusion of Ni in a low activity process [70]. A main
advantage of the high activity process is the prevention of the formation of Kirkendall
porosities [71]. It was confirmed by the absence of any Kirkendall porosity in either
the HDA and the HDA+Induction samples in the present study. Based on the contrast
difference revealed by the back scattered electron detector, it should also be mentioned
that distribution of the elements within the coating is rather uniform. When the cross
sections before and after the induction heating are compared (Figure 4.2a vs Figure
4.5a), it can be seen that short time induction heating encourages the formation of
CrSi, phase as the white precipitate and significantly affected its distribution, size and
morphology within the coating. That is, as the distance from the surface increases,
CrSi2 phase get thinner and finally, it becomes tiny needles in the mid- and the inner

layers of the coating.
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Figure 4.8 : (a-b) Cross sectional SEM micrographs in the HDA+Induction sample

and the corresponding EDS analyses of the points shown on the SEM micrographs.
(a-b) Layer Il in Figure 5a, (c-d) Layers Il and IV in Figure 5a.

Similar to the HDA samples without the induction heating, the HDA+Induction
sample was also sequentially grinded (100 um and 220 pum in two passes) to identify
the phases in each individual layer. Figure 4.9 shows XRD patterns of each layer of
the coating. It is seen that NiAlz and Ni>Als are the main aluminide phases as Al-rich
aluminides. Although near-equiatomic contents of Al and Ni were detected by EDS
analysis, no NiAl peaks were observed by XRD analysis. In addition to various forms
of nickel aluminides, it was also confirmed the formation of CrSi; phase which appears
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as the white polygonal and plate shape precipitates in the outer layer, and in the form
of tiny needles in the mid and the inner layers, where Si and Cr contents are relatively

lower.
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Figure 4.9 : XRD patterns of the HDA+Induction sample after sequential grinding
from the surface.

4.3.3 Slurry aluminizing with Induction heating (SA +Induction sample)

Figure 4.10a shows cross sectional SEM micrograph of the slurry aluminized sample.
Total coating thickness is 43 um. It shows that slurry aluminizing with the induction
heating produces approximately six times thinner coating than that of HDA+Induction
process (with a thickness of 250 um). Goral et al. [72] reported the formation of similar
thickness coating (~40 um) by a low activity CVD process on Inconel 713 alloy, while
the slurry aluminizing in the same work resulted in a thicker coating (~60 um). The
coating produced by the slurry aluminizing in this study comprised two distinct layers
such as outer layer with a thickness of 18 um, and an inner layer of 25 pum in thickness.
When compared to higher number of layers in the HDA and HDA+Induction coatings,
the SA sample has less coating layers, suggesting that a more uniform coating could
be formed with less morphological and elemental variations in slurry aluminizing. The
outer layer has an island like morphology with brighter domains of 8-10 um in size in

a darker matrix. The inner layer of the coating is dense, and rather uniform in
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appearance. The coating also does not contain any Kirkendall porosity, which occurs
on the side of the element having higher diffusivity during interdiffusion. This
indicates that interdiffusion takes place in almost equal rates between the substrate-
coating interface and between the layers as well. A more uniform and a denser inner
layer can be attributed to that Al particles within the slurry has been uniformly
distributed and effective interdiffusion could be maintained by the induction heating
along the interface. As previously mentioned, the combined effects of Joule heating
and Eddy currents provide by the induction heating [58] could melt the Al particles in
the slurry, ignite self-propagating high temperature synthesis, and the solid state
diffusion taking place within the coating results in the rapid coating formation on the
surface of Inconel 718 superalloy. This has been led to the formation of a well-adhered
aluminide layer. Each layer of the slurry aluminized coating was examined by SEM-
EDS to reveal the elementel distribution and to identify possible phases within the

coatings.

(b)

Elements Point 1 Point 2 Point 3
(in at. %) (bright) _ (dark) | (IDL)
0] 49 | 54 | 21
Al 53.7 | 589 52.6
Si 0.4 .06 | 08
Cr 5.7 . 60 | 83
Fe 7.6 6.5 8.4
Ni 27.3 | 201 | 265
Nb 0.2 1.3 0.6
30 um Mo 0.2 0.7 0.4

LA

Figure 4.10 : (a) Cross sectional SEM micrographs of the SA sample (b) EDS
analyses of the points shown in (a).

Figure 4.10b shows that Point 1 (bright), Point 2 (dark) and Point 3 (inner layer) seen
in Figure 4.5a contain (in at. %) 50-60 Al, 6-8 Cr, 6.5-8.5 Fe, 20-27 Ni suggesting that
the coating has mainly Ni2Als. Despite the fact that existence of dark and bright
sections, main elements coming from the slurry and the substrate are almost equal in
content, and distributed uniformly in the coating. This shows that the substrate
elements such as Ni, Fe and Cr dissolve in the molten Al. This is compatible with the
reported mechanism of the SA process where the Al particles in the slurry melt first,
wetting the substrate surface, then the aluminide coating (Ni2Alz) forms through self-
propagating high temperature synthesis [73,74], finally subsequent solid state
diffusion results in the final structure of the coating. Therefore, as seen in the line EDS
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analysis (Figure 4.11), Al content is much higher than Ni content revealing Al-rich
aluminides are dominant in the most of the coating. Towards the coating-substrate
interface, Ni content is higher than Al content within 5 um from the interface,
indicating that Ni rich phases can even form toward the substrate — coating interface.
This observation is compatible with that was reported by Kepa et al. [75] for a slurry
aluminized pure Ni substrate followed by a short time heat treatment. Cr can form
another phase with Al as reported by Sarraf et al [76] for reactive air aluminizing of
In738LC. Small amount of oxygen within the coating is the results of Al oxidation
during the heating [62]. Because the heating time is very short, oxide formation must
have been very limited allowing to inward diffusion of more Al. Uniform distribution
of the elements in the coating also show that, in addition to inward diffusion of Al,
outward diffusion of Ni, Fe, and Cr are possible, and absence of any Kirkendall
porosity within the coating is attributed to that both inward and outward diffusion take

place at nearly equal rates.
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Figure 4.11 : Line EDS analysis through the coating thickness in the slurry
aluminized sample.

XRD pattern of the SA coating is given in Figure 4.12. Various form of aluminides
such as NiAlsz, and Ni2Als exist, along with AICr> as the intermetallic formed by the

substrate elements. XRD pattern is compatible with the suggestions of the EDS
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analysis. It should be noted that even though formation sequence of nickel aluminides
is NiAlz, Ni2Alz, NizAl and NiAl [77], in the present study, there is no peak assigned
as NiszAl. It is reasonable when considering the maximum atomic ratio of Ni is about

50 %, which is less than required for the formation of NizAl.

& NijAl, (03-065-3454)
A AICr, (03-065-6360)
o NiAlL (03-065-2418)

Intensity (a.u.)

20 (°)

Figure 4.12 : XRD patterns of the SA sample after the induction heating.

Figure 4.13 shows the EBSD (Electron Backscatter Diffraction) analysis of the SA
sample, which revealed the presence of NiAl within the coating layer. However, no
other phases could be assigned in the EBSD analysis. It should be mentioned that grain
size is mostly uniform within the coating with finer grains detected at the substrate
coating interface. Also, no preferred orientation for the grains was noticed. Wang et al
[78] recently reported that oxide morphology depends on grain orientation for Haynes
230 alloy. From this point of view, in addition to their effects on morphological and
structural properties, tailored properties of slurry and induction heating parameters
might also potentially affect the crystal orientations and hence the service performance

of the coating such as oxidation resistance.
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Figure 4.13 : Cross sectional phase colour map of the SA sample.

4.4 Comparison of the Coatings

The HDA, the HDA+Induction, and the SA+Induction sample are compared in this
section. Such an attempt would be informative even though the former uses a molten
Al-11 wt. % Si bath while the latter uses a slurry containing pure Al particles. Because
the processes have several similarities and dissimilarities, they resulted in structural
and morphological differences. These are elemental distribution in the coatings,
coating thickness, type of the formed phases, and appearance of the substrate-coating

interface.

In the view point of elemental distribution, EDS mapping analysis show that Cr and
Fe mostly occupy the mid- and the inner layers of the HDA sample, while their
contents are relatively low in the outer layer. The contents of Cr and Fe become more
uniform due to further diffusion provided by the induction heating (in the
HDA+Induction sample). At the same time, Cr and Si form CrSi> whose morphology
varies from polygonal or plate-like to needle-like form as Cr and Si content decrease
with increasing distance from the surface. For the hot dip aluminizing processes, Al
content is always higher than Ni indicating that Al-rich nickel aluminides mainly form.
For the HDA coating, the Al-rich aluminide is NiAls. After the induction heating, in
the HDA+Induction sample, Ni>Als also form. In the SA coatings, however, towards
the substrate a Ni rich aluminide, NiAl, can even form in addition to NiAlz and Ni2Als.
In the view point of distributions of the substrate elements, Cr and Fe distributed
uniformly and exist in the level of 6-8.5 at. % throughout the entire SA coating. It is
attributed to the fact that HDA and SA have different mechanisms although they
resemble to each other at the initial stages of the processes. In the former, the substrate
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iIs immersed in a molten bath at 700 °C where interfacial reactions between the
substrate elements and the molten metal are initiated, and the elements dissolve to the
molten metal. At the same time, Al inward diffusion and Ni outward diffusion take
place with the latter is limited as evidenced by EDS point and mapping analysis
(Figures 4.2b and 4.2¢). This mechanism is responsible for the presence of Cr and Si
in the mid- and the inner layers of the HDA coatings. Then a solid state diffusion takes
place during the induction heating. It provides more diffusion and redistributes the
elements within the coating, i.e., the outward diffusion of Ni, Cr and Fe resulting their
more uniform distribution towards the outer layer (Figure 4.5b). However, in the SA
process, the substrate was sprayed first by the slurry at room temperature, and the
sprayed substrate is then subjected to high temperature provided by the induction
heating. Therefore, in the SA process, the sprayed substrate experiences a high
temperature once, only during the induction heating. During this heating, melting of
Al within the slurry takes place first, and Al melt wets the substrate. The substrate
elements dissolve in the molten Al. In this respect, the initial stage of the SA process
resembles to the initial stage of the HDA process in the view point of dissolution of
the elements. Afterwards, self-propagating high temperature synthesis forms the
coating in the SA process, and finally solid state diffusion finalizes the coating in its
final form. This explains the observed difference in the coating thickness between the
HDA+Induction coating and the SA coating. In the former, there is a coating which
has been already formed during the HDA process (120 um thick), and the induction
heating providing further diffusion allows the coating to become thicker (250 pum). In
the latter, coating formation and diffusion take place only within 20 s resulting a
thinner coating (43 um). In this limited duration, a significant outward diffusion of Ni
is unlikely. However, there is significant Ni content (20.1 - 26.5 at. % as shown in
Figure 4.10b) throughout the SA coating. Thus, Ni must have been dissolved in the
first stage, namely during the dissolution, in the SA process. It should also be
considered that the SA coating has always higher Ni content than the HDA coating (as
shown in Figure 4.10b and Figure 4.2b, respectively). However, the HDA+Induction
coating has similar Ni content with the SA coating (as shown in Figure 4.5b and Figure
10b, respectively). This suggests that the induction heating in the SA process, which
heated the sample up to 1000 °C, can provide more rapid dissolution and more uniform

distribution of the elements than that of the HDA process performed at 700 °C, and a
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coating uniformity similar to that of the SA coating for Ni, Fe and Cr can be achieved
in HDA coatings only after the application of the induction heating. Regarding the
effect of coating thickness, ASTM B875-16 is the standard related to the aluminizing
of nickel-based superalloys, which specifies that the coating layer must have a
minimum thickness of 25 um and be free of voids. While a lower limit for thickness
is defined, no upper limit is specified. However, literature data indicate that increasing
thickness increases the risk of void formation within the coating. For example, in the
study by Cheng et al. [79], hot-dip aluminizing was applied for different durations,
resulting in samples with varying coating thicknesses. It was observed that as the
thickness increased, the prevalence of Kirkendall voids also increased. Therefore, the
optimal coating thickness is often determined according to the expected performance
requirements, such as oxidation, erosion, or wear resistance. In the work of Castaieda
et al. [80], the samples with coating thicknesses in the range of 8-80 um demonstrated
improved oxidation resistance with increasing thickness. Conversely, in the study of
Kopec et al. [81], fatigue tests on MAR-M247 alloys coated by CVD aluminizing with
thicknesses of 20 and 40 pm revealed no significant influence of coating thickness on
fatigue strength. The present study focuses on the structural characteristics of IN718
alloy coated by two different aluminizing methods, without conducting performance
tests. To clearly evaluate the influence of coating thickness on oxidation resistance,
thermal shock behaviour, static or dynamic loading conditions, and wear resistance,

further dedicated testing is required.

4.5 Conclusions

Two commonly used aluminizing processes, hot dip aluminizing and slurry
aluminizing on Inconel 718 superalloy were investigated in this study. Short time
induction heating was utilized after hot dipping in the HDA processes, and after the
slurry application in the SA process. Thus, three different coated samples were
produced such as HDA sample, HDA+Induction sample, and SA+Induction sample.
Although the HDA and the SA processes have different mechanisms in the view point
of coating formation, and the aluminium sources used in the processes are different,
such as molten Al-Si bath for the HDA process, and pure Al powder for the SA
process, the initial stage of both processes, namely the dissolution of the substrate

elements into the melt, is similar to each other in many respects. The obtained results
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showed that all coatings were well adhered to the substrate without any apparent crack
or Kirkendall porosity, as a promising characteristic for the service performance of the
coatings. The HDA process was dominated by the dissolution of substrate elements
such as Ni, Cr and Fe, inward diffusion of Al, and outward diffusion of Ni, resulting
of NiAlz and Ni2Alz aluminides being the former was the dominant phase. After the
application of the induction heating (the HDA+Induction sample), solid state diffusion
rearranges the elements within the coating leading to the formation of more Ni2Als,
increased the coating thickness from 120 um to 250 um, and resulted in the formation
of CrSiz phase within the coatings. It is also noted that the morphology of the silicide
phase changed from polygonal or plate-like morphology to needle-like morphology
with increasing distance from the surface. In the SA sample, the significant differences
with respect to the HDA, and HDA+Induction samples are the reduced thickness (43
um), a denser IDL layer and more uniform element distribution within the coating.
Although the major aluminide phase was still Ni>Als, the SA process also allowed the
formation of Ni-rich aluminide such as NiAl at the substrate coating interface. It should
be emphasized that the SA process could produce such a dense and more uniform
coating within very short period of time (20 s). Overall results highlighted remarkable
subjects for future research for both process in combination with the short time
induction heating. These are silicide formation in the HDA+Induction sample, and the
formation of a uniform and a dense coating in the SA sample. When taking into
account the previous works reporting that Cr addition increases oxidation resistance of
Nb-silicides. It would be worth studying the effect of silicide formation on the
oxidation behavior of Inconel 718 superalloy. Also, the SA process, being a versatile
technique, which can be applied to various substrates without subjected them to a high
temperature for a long time, would be a promising aluminizing method to protect the

Ni-based substrates against oxidation.
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5. PACK ALUMINIZING BY INDUCTION HEATING: APPLICATION TO
INCONEL 718 PRODUCED BY COLD SPRAY ADDITIVE
MANUFACTURING?

5.1 Introduction

IN718 is a nickel-based superalloy widely used in aerospace and power generation due
to its excellent high-temperature strength and creep resistance resulting from the
precipitation—strengthened mechanism. IN718 alloy is primarily produced using a
combination of special melting techniques such as vacuum induction melting, forging
methods, and precision heat treatment processes [82]. Recently, the CSAM process
has attracted significant interest as a viable, alternative production technique for IN718
alloy [83]. The high deposition efficiency, reduced porosity, and minimal thermal
distortion achieved with the CSAM process offer significant potential for reducing
material waste and carbon emissions in conventional machining operations. CSAM
enables the deposition of materials at temperatures well below their melting points.
Due to its unique capabilities, CSAM deposition is increasingly accepted as both an
additive manufacturing and repair technology. CSAM can be considered a rapid
manufacturing process capable of producing individual components without size
constraints and applicable to a wide range of materials, including IN718 alloy [84].
However, recent studies reveal the need to develop more controlled and toolpath-
optimized manufacturing strategies to improve the limited geometric accuracy of
CSAM, which stems from the nature of the particle deposition process [85].
Furthermore, in the study of Garfias et al. [86], significant improvements in
coating/substrate adhesion were reported when the IN718 substrate was heated before
deposition, further highlighting the importance of thermal management in the CSAM

process.

3This chapter is based on the article: Karakas, A., Balci, E. and Baydogan, M. (2026). Pack Aluminizing
by Induction Heating: Application to Inconel 718 Produced by Cold Spray Additive Manufacturing,
Mater. Res. Express 13 (2026), https://doi: 10.1088/2053-1591/ae3711
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IN718 becomes susceptible to accelerated oxidation and spallation above 700 °C
[87,88]. Various surface engineering techniques have been developed to improve the
surface integrity of IN718 under these conditions, and among these, aluminide
coatings are considered one of the most effective protective strategies. Aluminide
coatings operate on the principle of forming thermodynamically stable nickel-
aluminum intermetallics (e.g., NiAls, Ni2Als, NiAl) that support the formation of a
slow-growing, dense, and adherent a-Al.Oz layer during high-temperature exposure.
This oxide layer acts as a diffusion barrier, preventing further oxidation and
minimizing the loss of alloying elements, particularly chromium and nickel, which are

otherwise depleted during conventional scale formation involving Cr.Oz and NiO [89].

Among aluminizing methods, pack aluminizing stands out due to its cost-
effectiveness, scalability, and ability to produce high-quality coatings with adjustable
thickness and phase composition. In the pack aluminizing process, a powder mixture
containing aluminum as the source, an inert filler, and a halide-based activator such as
AIClz is prepared. Solid-state diffusion of aluminum is then achieved on the substrate
surface placed within this powder mixture. The process is typically carried out in the
temperature range of 600-700 °C for low-temperature aluminizing and 1000-1100 °C
for high-temperature aluminizing; higher temperatures promote deeper diffusion and
the formation of more stable aluminide phases [90-92]. However, prolonged exposure
to such high temperatures can lead to grain growth, precipitate coarsening, and even
the formation of detrimental phases such as & (NisNb) or Laves phases in IN718, which

can seriously affect the mechanical integrity of the component [93].

Previous studies on the aluminizing of IN718 have shown a strong correlation between
process parameters and coating performance. For example, in the study by Kumar et
al. [94], IN718 samples were coated using the pack aluminizing process at 900 °C for
5 h, resulting in the formation of Ni2Als and NiAl-based coating layers. Subsequently,
high-temperature corrosion tests were performed at 700 °C for 5 h. They found that
the aluminized surface reduced hot corrosion by approximately 50% compared to the
untreated alloy. However, conventional pack aluminizing, which is typically
performed by prolonged heating in a furnace, involves significant energy consumption
and exposes the part to high temperatures for an extended period. This might limit the
process's use in industrial applications involving complex geometries or thermal

sensitivity, and can undesirably alter the microstructure of the substrate. In contrast,
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induction heating provides a localized and rapid thermal input, allowing the process to
be completed in a significantly shorter time. For example, Hu et al. [97] used induction
heating during pack chromizing of AISI 5140 steel and demonstrated that induction
heating can be successfully used for pack chromizing due to the rapid completion of
the process and the lack of detrimental effects on the substrate microstructure. This
technique not only increases energy efficiency and shortens overall processing time
but also minimizes detrimental microstructural changes associated with prolonged
high-temperature exposure [31,96]. Induction heating offers potential advantages for
the pack aluminizing process; however, to our knowledge, there is no published study
in the literature systematically investigating the application of induction heating in the
pack aluminizing of IN718. Therefore, considering that long durations of several hours
in conventional furnace aluminizing can lead to detrimental effects on the substrate,
this study aims to investigate the microstructure and tribological performance of
aluminide coatings formed by applying shorter PIA processes of 5, 10, and 15 min on
CSAM-fabricated IN718 superalloy.

5.2 Experimental

5.2.1 Material and coating processes

The CSAM process employed in this study was performed using a high-pressure
industrial cold spray system. Cylindrical aluminum rods with dimensions of 60 mm in
diameter and 300 mm were used as the substrate material. The IN718 coating was
deposited to the aluminum substrate under a nitrogen atmosphere using a combined
rotating and reciprocating tool path. During this process, the aluminum rods rotated
continuously around its long axis, while the spray nozzle moved axially back and forth
between two predetermined positions. The powder coating material was commercial
IN718 powder with an average particle size of 20 um. The spraying distance was 30
mm. After the cold spraying process, the IN718 coated sample was immersed in a
caustic bath to dissolve and remove the aluminum substrate. IN718 surface was then
cleaned, sandblasted, and prepared for the pack aluminizing processes to ensure proper
adhesion of the coating. The chemical composition of the IN718 sample investigated

is given in Table 5.1.
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Table 5.1 : Chemical composition of IN718 sample.

Elements C Mn Cr Fe Mo Co Nb Ti Al Ni

wt.% 0.08 025 1824 1629 3.01 08 527 083 0.87 Balance

The aluminide coatings were produced using the pack aluminizing process. The pack
mixture consisted of pure aluminum powder (25% wt., <45 pm, 99.5% purity) used as
the aluminum source, AICIlz powder (5% wt., <45 pum, 98% purity) used as the
activator, and Al2O3 powder (70% wt., <45 um, 99% purity) used as an inert filler to
prevent sintering and agglomeration of the powder. In this study, samples were

embedded into the powder mixture in a sealed retort.

Induction heating equipment (model RT-380M50, manufactured by Reterm Induction
Heating Limited, TUR) with a maximum power of 50 kW and maximum frequency of
20 kHz was used as the heat source for diffusion annealing. Depending on the shape
and size of the samples, the appropriate helical coil was used, and the distance between
the coil and the sample was 10 mm. The induction coil was being cooled with water
circulating system during the heating to prevent overheating. The induction current
was set to heat the sample from room temperature to approximately 1000 °C with a
heating rate of 50 °C/sec. The temperature was measured by a pyrometer. After
reaching the desired temperature, the coated samples were hold at this temperature for
5, 10, and 15 min (hereafter referred as PIA5, PIA10, and PIA15, respectively), and
cooled in air to the room temperature. Schematic illustration and photograph of pack

aluminizing with induction heating process are indicated in Figure 5.1.

Sample

Induction
coil

Pack mixture

Figure 5.1 : (a) Shematic illustration and (b) photograph of pack aluminizing with
induction heating process.
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5.2.2 Characterization

After the induction assisted pack aluminizing were performed, cross sections of the
samples were mounted in bakelite, ground by emery papers, polished with 1 pm
diamond paste in a conventional manner, and etched with Kalling2 solution (5 g CuCl>
+ 100 mL HCI + 100 mL ethanol) for a few seconds. Microstructural examinations
were conducted using a scanning electron microscope (SEM — Thermofisher Quatro)
operating at 25 kV, equipped with an X-ray energy-dispersive spectroscopy (EDS)
detector. Qualitative phase analysis was made by X-ray Diffraction (XRD) using a
Rigaku D-Max 2200 PCI device (Cu Ka radiation, A =0.15418 nm) between 26 angles
of 20 and 90° with a scanning rate of 2 °C/min. To evaluate the coatings’ adhesion to
the substrate, Rockwell C adhesion tests (with a diamond cone indenter having 0.2 mm
tip radius under a load of 150 kg) were conducted, and the coatings’ surface were

examined by an optical microscope against crack and delamination.

Dry sliding wear tests of the uncoated and the coated samples were conducted utilizing
a reciprocating wear testing apparatus (Tribotech Oscillating Tribotester), an Al>.O3
ball with a diameter of 6 mm was used as counterface material. The wear tests were
performed under dry sliding conditions at room temperature, with a load of 3 N, a
sliding speed of 10 mm/s, a stroke length of 5 mm, and a total sliding distance of 50
m. Friction coefficient was recorded continuously during the tests. After the tests, the
wear tracks were scanned by a two-dimensional surface profilometer (Veeco Dektak
6M) to evaluate the worn volume. It was then used to calculate the wear rate in the
unit of mm%*Nm by also considering the normal load and the sliding distance.
Subsequent to the tests, the worn surfaces were examined by using a scanning electron

microscopy (SEM, Hitachi TM-1000) to determine the wear mechanism.

5.3 Results and Discussion

5.3.1 Microstructural examinations and phase composition

Figure 5.2 shows the microstructure of the IN718 sample produced with CSAM before
the PIA process. It can be observed that it has a dentritic microstructure and there are
voids at the interparticle regions. Since the IN718 powders used in the CSAM process
are produced by atomization method, their microstructure is formed in a dendritic

structure and gaps may form between the particles during the plastic deformation of
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the powders during the cold spray process. For these two reasons, a dendritic and
porous microstructure is formed after CSAM [98,99]. Cross sectional SEM
micrographs of the aluminized samples in Figure 3 shows that the substrate has a
dendritic structure and therefore the induction heat treatment does not change the

microstructure of the substrate.

5.00E-2 Pa 20.00 kV 5.0

Figure 5.2 : SEM micrograph of IN718 sample produced by CSAM.

As seen in the micrographs in Figure 5.3, the PIA process successfully produced dense
and adherent aluminide coatings on the IN718 substrate for all PIA times. The coating
thickness was found to be approximately 10 pm in the PIAS sample and approximately
19 um in the PIA10 sample, thus increasing as the coating time increased up to 10 min,
while remaining constant at approximately 19 pm in the PIA15 sample. The SEM
micrographs in Figure 5.3b and c reveal the presence of a distinct bilayer structure
within the coating in the PIA10 and the PIA15 samples. EDS analysis was used to
determine the composition of these layers. The outer layer (dark region) was found to
be rich in aluminum, with a composition of approximately (in at. %) 74.5% Al, 15.5%
Ni, 4.5% Fe, and 5.5% Cr, corresponding to the Ni(Fe,Cr)Alz phase. The inner layer
(white region) contained a lower concentration of aluminum, with a composition of
approximately (in at. %) 60.4 Al, 24.6 Ni, 7.3 Fe, and 7.7 Cr, corresponding to the
Niz(Fe,Cr)AlL: phase for both samples. These Al-rich phases are characteristics of a
high-activity, low-temperature pack aluminizing process, where coating growth is
controlled by the inward diffusion of aluminum into the substrate. Aluminizing
process is divided into low activity and high activity processes according to the
temperature used. NiAl-based (high temperature aluminizing) [100] coating layers are
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obtained by outward diffusion of Ni when low activity process is applied, and Ni>Als-
based [101] coating layers are obtained by inward diffusion of Al when high activity
process is applied. On the other hand, the aluminizing process in this study was carried
out at a high temperature of 1000 °C, the resulting coating morphology and phase
composition are typical for a low-temperature high activity process, as the dominant
phases were Al-rich intermetallics, such as Ni2Als and NiAlsz. This is attributed to the
short induction heating time, particularly 10 min process, which limited the diffusion
of nickel atoms towards the surface. With increasing aluminizing time from 10 min to
15 min, no significant changes were observed in the coating thickness, phase
composition, or morphology, suggesting that the system had already reached a
kinetically stable configuration. This observation suggests that within 10-15 min
during the induction heating, Ni-rich aluminide phases (e.g., NiAl, NisAl) did not have
sufficient time to nucleate and grow. Although the processing temperature (1000 °C)
Is thermodynamically sufficient to overcome the activation energy barrier for the
formation of Ni-rich phases [102], the diffusion-controlled kinetics at such short
durations prevented their development. It was initially estimated that process durations
of 10-15 min would be insufficient to form aluminide coatings at 1000 °C under
conventional furnace-based pack aluminizing conditions. However, it was
hypothesized that the additional mechanisms activated during induction heating such
as localized Joule heating and electromigration could enhance diffusion kinetics and
enable the formation of aluminide phases even within this limited time interval [20].
As a result, the phases such as Ni2Alz and NiAlz that could typically form at 600—
700 °C after several hours were observed to form within just 10 min under the
induction heating. Thevand et al. [103] observed the formation of Ni2Als and NiAls at
phases on pure nickel after 1.5 h of pack aluminizing at 1050 °C. Similarly, Jopek et
al. [104] reported the dominance of Ni>Alz in the coating of MAR-M247 alloy treated
at 950 °C for 4 h. These results suggest that phase formation is governed not solely by
temperature, but also by time-dependent diffusion kinetics, which are strongly

influenced by the heating method used.
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Figure 5.3 : Cross sectional SEM micrographs of the coatings for (a) PIA5, (b)
PIA10 and (c) PIA15 samples.

Figure 5.4 presents the appearance of the coatings’ surfaces after the Rockwell C
adhesion tests, which were examined to evaluate the adhesion strength of the coating-
substrate in a qualilitative manner, based on ths standar comparison charts given in
elsewhere [87,105]. The PIA5 sample was assigned as HF3 due to limited
circumferential cracks around the indent. The adhesion strength of the PIA10 sample
was evaluated as HY4 due to the circumferential cracks and partial delamination. For
the PIA15 sample, it is seen that more delamination exists in addition to the
circumeferential cracks, therefore we assigned this sample as HF5. HF1 to HF4 are
acceptable in the view point of coating adhesion, while HF5 and HF 6 are not
acceptable. Accordingly, we concluded that PIA5 and PIA10 samples have an

acceptable level of coating adhesion.
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(a) PIA5, (b) PIA10, and (c) PIAL5.

During the aluminizing process, increasing thermal conditions and extended exposure
time promote the decomposition of the aluminizing medium, releasing reactive
aluminum species. These aluminum atoms continuously diffuse into the substrate,

where they subsequently participate in further chemical reactions (5.1) and (5.2) [106]:
3[Al] + Ni — NiAls (5.1)
[Ni] + NiAlz — Ni2Alz (5.2)

According to thermodynamic data, the Gibbs free energy of formation for the
compounds involved in reactions of NiAls and Ni2Als are quantified as -1.319
eV/atom, -0.613 eV/atom, respectively. The presence of negative Gibbs free energy
values indicates the thermodynamic favorability and spontaneity of these reactions
under the stipulated conditions [107]. Due to its lower Gibbs free energy, the NiAls
phase is thermodynamically expected to form prior to other aluminide phases. In this
study, both NiAls and Ni>Als phases were observed to coexist within the coating. EDS
analyses revealed that Ni>Alz was predominantly located near the substrate interface,
whereas NiAlz became more concentrated towards the outer surface. This
compositional gradient suggests a sequential phase formation pathway governed not
only by thermodynamic stability, but also by diffusion-controlled kinetics. The inward

diffusion of aluminum and the outward diffusion of nickel during the aluminizing
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process likely contributed to this layered distribution. Grimme et al. [108] performed
pack aluminizing to IN718 alloy at two different temperatures, forming Ni2Alz and
NiAl type aluminides in the coatings. They also conducted wear tests of the samples,
and found that both phases increased the wear resistance of the alloy exhibiting similar
wear behaviour at room temperature. Doleker et al. [109] formed NiAlz on the surface
of Inconel 601 alloy by pack aluminizing at 700 °C for 4 h, and conducted wear and
oxidation tests. They observed that aluminium-rich NiAls phase increased wear and
oxidation resistance of the alloy. As reported in various studies, aluminum-rich nickel
aluminide phases such as NiAlz and Ni2Alz contribute to enhanced wear resistance of
the coated samples. This improvement is primarily attributed to the high hardness of
these intermetallic compounds, which reduce material loss during sliding or abrasive
contact. XRD patterns of the samples given in Figure 5.5 confirm the EDS analyses
results. XRD peaks corresponding to Ni2Alz and NiAlsz are dominant, along with AICr»

and NiFeAls phases for all samples.
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Figure 5.5 : XRD patterns of the samples.
5.3.2 Tribological properties

Figure 5.6 shows the cross-sectional profiles of the wear tracks. These profiles clearly
reveal the enhanced wear resistance provided by the coatings. The uncoated sample
exhibits by far the deepest wear track. The wear track depth reaches approximately 35
um. This indicates that the IN718 alloy undergoes significant wear under these test

conditions when uncoated. All aluminized samples demonstrated dramatically higher
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wear resistance compared to the uncoated sample. The PIA5 sample has a wear track
depth of approximately 15 pm. The wear depth is significantly reduced compared to
the uncoated sample. The PIA10 sample has a wear track depth of approximately 5
um. The PIA15 sample shows a wear depth of approximately 5-10 pm. Wear rate of
the samples was also calculated by considering worn volume, normal load and the
sliding distance, and given in Figure 5.7 in comparison to hardness of the samples. The
aluminized samples with higher hardness have a lower wear rate (higher wear
resistance) than the substrate. It is clear that pack aluminizing assisted with the
induction heating significantly improved the wear resistance of IN718 alloy fabricated
by cold spray additive manufacturing. Among the aluminized samples, PIA10 sample
(10 min induction heated sample) exhibits the lowest wear rate. Standard deviations of
the hardness values are slightly higher than those of the wear rate, and for the
aluminized samples, no simple correlation is observed between the wear rate and the
hardness. When the cross-sectional coating images in Figure 5.3 are evaluated together
with the 2D profilometer data in Figure 5.6, it is observed that the coating in the PIAS
sample has partially detached or diminished in certain regions. This will be further
supported by the worn surface morphology to be shown later in Figure 5.9b, where
deep grooves similar to those found on the uncoated material and spalling are clearly
visible. In contrast, for the PIA10 and PIA15 samples, the wear tracks remain confined
within the coating layer, indicating that the coating integrity was preserved during the

wear process.
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Figure 5.6 : Wear track profiles of the samples.
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Figure 5.8 represents the friction coefficient variation with the sliding distance for the
uncoated and the aluminized IN718 samples. The uncoated sample starts with a
friction coefficient of approximately 0.3, rapidly rises, then reach steady state in the
range of 0.6-0.7 and continues with oscillations. The PIA5 starts around 0.3, quickly
rises to about 0.5, and then reach steady state in the range of 0.5-0.651 values with the
fluctuations. It is observed that the friction coefficient is generally slightly lower
compared to the uncoated sample. The PIA10 starts from around 0.3 and rapidly
increases, exhibiting a relatively more stable friction behavior in the 0.5-0.6 range and
it shows fewer oscillations compared to the other samples. The PIA15 starts with low
friction but shows sudden increases reaching above 0.6-0.7 and significant oscillations

as the test progresses.
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Figure 5.8 : Variation of the friction coefficients with the sliding distance.

The uncoated sample starts with a friction coefficient of approximately 0.3, rapidly

rises, then reachs steady state around 0.6, and then exhibits fluctuations in the range of
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0.6-0.7 until the end of the test. The PIAS5 starts around 0.3, rapidly rises to about 0.6,
and then reach steady state with some fluctuations in the range of 0.5-0.6. It is observed
that the friction coefficient of the PIA5 sample is slightly lower than that of the
uncoated sample. The PIA10 starts from around 0.3 and rapidly increases, exhibiting
a relatively more stable friction behavior in the range of 0.5-0.6. The PI1A15 starts with
a low friction coefficient of 0.3, increase to 0.6 at 20" m of the sliding distance, and
finally reaches to the friction coefficient of the uncoated alloy with some fluctuations.
Overall, the aluminized coatings are shown to slightly decrease the friction coefficient
of the uncoated IN718, which might be attributed to the formation of hard Ni-Al based
aluminides on the surface. The fluctuations in the friction coefficient might be
attributed to stick-slip mechanism during the continuous movement of the counterface
ball on the surface. Wear debris entrapping in between the counterface ball and the
sample’s surface results in three body abrasion with corresponding rise in the friction
coefficient, and subsequent removal of the debris between the surfaces leads to
decrease in the friction coefficient. These reperated action exhibits a fluctuation in the

friction behaviour of the samples.

Worn surface SEM images of the samples are shown in Figure 5.9. The uncoated
sample (Figure 5.9a and e) shows intense oxide and deep grooves. This shows that
oxidation takes place during sliding as a result of heat generated by friction during
reciprocating motion. Oxide formation and deep grooves in in the uncoated IN718
sample indicates that the dominat wear mechansims are oxidation and abrasive wear.
Spalling, grooves and cracks are observed on the wear surface of PIA5 sample. The
cracks on the wear surface are caused by the tensile and compressive stresses caused
by the repetitive movements of the counter ball and indicate that the fatigue wear
mechanism is active in addition to abrasive wear. The spalling areas are caused by the
hard and brittle Ni-Al based intermetallic compounds in the coating layer that first
cracks and then separate from the surface during the test. The worn surfaces of the
PIA10 and PIA15 samples are more uniform in appearance, as compared to the worn
surface of the PIAS sample. It is due to the fact that the wear is penetrated into the
substrate in the PIA5 sample because the coating thickness is around 10 um whereas
the wear track depth is around 15 um. Because the coating thickness is less in the PIAS
sample, more brittle NiAlsz layers near the outer surface would result in a deeper wear

track.
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Figure 5.9 : Worn surface SEM images. (a,e) Uncoated, (b,f) PIA5, (c,g) PIA10 and
(d,h) P1A15 samples.

Figure 5.10 presents the cross-sectional SEM images of the wear tracks of the samples.
As observed in Figure 5.10a, the coating layer on the PIA5 sample has completely
disappeared, and the higher-magnification image in Figure 10d reveals the occurrence
of brittle fracture in the substrate. As shown in Figures 5.10b,c,e and f, the PIA10 and
PIA15 samples exhibited similar subsurface wear damage. In both samples, lateral
cracks are observed within the wear tracks. These cracks tend to propagate along the
interface between two distinct sublayers of the coating and appear to form an
interconnected network. This cracking behavior is attributed to a fatigue wear
mechanism, where repeated mechanical stress induced by the counterbody leads to

stress accumulation and crack initiation.
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Figure 5.10 : Cross sectional SEM images of the worn tracks. (a) PIA5, (b) PIA10,
(c) PIA15 (low magnification), (d) PIAS5, (e) PIA10, (f) PIAL5 (high magnification).
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5.4 Conclusion

This study demonstrated the successful formation of aluminide coatings on IN718
produced with CSAM substrates using a Pack Induction Aluminizing (P1A) process at
1000 °C for durations of 5, 10, and 15 min. The process yielded dense, adherent dual-
layer coatings predominantly composed of NiAlz and Ni>Als phases. Despite the high
process temperature, the short diffusion times preserved the substrate microstructure
while enabling the formation of Al-rich intermetallics typical of high-activity, low-
temperature aluminizing. The coating thickness increased from ~10 um for 5 min to
~19 pm for 10 min, and then achieved at stabilization for 15 min of process time. XRD
and EDS analyses confirmed the compositional gradient and phase distribution across
the coating. The rapid formation of NiAls and Ni2Alz phases, which typically require
several hours at lower temperatures, was attributed to the enhanced diffusion Kinetics
facilitated by induction heating, likely supported by localized Joule heating and
electromigration effects. Tribological evaluations revealed substantial improvements
in friction and wear resistance. The PIA10 and PIA15 samples exhibited shallow wear
tracks as compared to the uncoated substrate. SEM investigations confirmed that the
coatings exhibit lateral cracks within the coating layers, suggesting fatigue-driven
wear mechanisms. Overall, this work highlights the potential of PIA as a time-efficient
and thermally controlled surface engineering method for CSAM-produced IN718
components. By enabling the formation of protective aluminide coatings within
minutes, this technique offers a compelling alternative to conventional long-duration
thermal treatments, particularly for geometrically complex or thermally sensitive

components intended for high-temperature service.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This doctoral thesis systematically investigated induction-assisted aluminizing as a
rapid, energy-efficient, and high-performance surface engineering approach for AlSI
316L stainless steel, conventionally forged IN718, and CSAM IN718 alloys. Three
aluminizing routes HDA, SA and PA were examined under short-duration induction
heating, and their effects on coating formation mechanisms, phase evolution, and

functional performance were comprehensively evaluated.

One of the most significant outcomes of this thesis is the demonstration that induction
heating can effectively replace conventional long-duration diffusion annealing,
reducing process times from several hours to seconds or minutes while still enabling
the formation of well-bonded, diffusion-controlled aluminide coatings. The rapid
heating rates and localized thermal input associated with induction heating were shown
to significantly accelerate atomic diffusion without inducing detrimental

microstructural degradation in the substrate materials.

For AISI 316L stainless steel, both HDA and SA routes assisted by induction heating
produced functionally graded aluminide coatings composed mainly of Fe.Als, FeAl,
and a-Fe(Al) phases. Despite having similar phase constituents, the two processes
resulted in markedly different outer-layer morphologies. The HDA route generated a
relatively smooth and compact Fe:Als/FeAlL:Si-rich outer layer, whereas the SA route
produced a distinctive lamellar Fe.Als-dominated structure. Nanoindentation and
tribological analyses revealed that the lamellar morphology formed by the SA process
led to significantly higher surface hardness, enhanced elastic recovery, and superior
wear resistance. A strong linear correlation was established between the wear rate and
the ratio of hardness to elastic recovery, indicating that coating toughness plays a
decisive role in governing wear behavior. High-temperature oxidation tests conducted
at 1000 °C confirmed that both coatings effectively suppressed iron-oxide formation

and promoted the development of a thin, adherent Al.Os scale. While SA coatings
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exhibited greater diffusion-driven thickness growth during oxidation, HDA coatings
demonstrated slightly superior oxidation stability due to the diffusion-retarding

influence of Si.

For conventionally forged IN718, induction-assisted HDA and SA processes were
shown to significantly modify coating uniformity, phase distribution, and elemental
gradients. Induction heating transformed initially Al-rich intermetallic layers into
thicker and more diffusion-controlled aluminide structures, primarily consisting of
Ni2Als and NiAl phases. The SA process yielded thinner but more homogeneous
coatings with fine grain size and random crystallographic orientation, as confirmed by
EBSD analysis—features that are favorable for long-term oxidation resistance. In
contrast, HDA coatings achieved comparable uniformity only after induction heating.
These findings highlight the critical role of induction heating in tailoring coating
architecture and phase evolution, particularly for Ni-based superalloys where precise
control of diffusion kinetics is essential.

For CSAM-produced IN718, the proposed PIA method proved to be a highly effective
and time-efficient alternative to conventional furnace pack aluminizing. Dense, dual-
layer aluminide coatings characteristic of high-activity aluminizing were successfully
formed within minutes. The coatings consisted of an outer Ni(Fe,Cr)Als layer and an
inner Niz(Fe,Cr)Al layer, with thickness increasing systematically with processing
time. Tribological testing demonstrated a substantial reduction in friction coefficient
and an improvement in wear resistance exceeding 80% compared to the uncoated
alloy. These results confirm that PIA is particularly well-suited for additively
manufactured components, where minimizing thermal exposure while achieving high-

performance surface protection is crucial.

Overall, this thesis establishes that induction-assisted aluminizing is a versatile,
scalable, and industrially relevant surface modification strategy. By combining
conventional aluminizing routes with rapid induction heating, it is possible to engineer
diffusion-bonded, graded aluminide coatings with tailored microstructures and
superior wear and oxidation performance, while significantly reducing energy

consumption and processing time.
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6.2 Recommendations for Future Work

Based on the findings of this thesis, several recommendations can be made for future

research and technological development:

1.

Long-term cyclic oxidation and thermal fatigue studies: While isothermal
oxidation behavior was extensively investigated, future studies should focus
on cyclic oxidation and thermal fatigue conditions to better simulate real

service environments, particularly for aerospace and energy applications.

Residual stress and adhesion strength analysis: The rapid thermal cycles
associated with induction heating may induce unique residual stress states
within the coatings. Advanced techniques such as X-ray stress analysis or
micro-cantilever testing could provide deeper insight into coating adhesion and

failure mechanisms.

Process scalability and complex geometry evaluation: Further work is
recommended to assess the applicability of induction-assisted aluminizing on
large-scale or geometrically complex components, including tubes, blades, and

near-net-shape additively manufactured parts.

Extension to other alloy systems: The methodology developed in this thesis
can be extended to other high-temperature alloys, such as ferritic-martensitic
steels, cobalt-based superalloys, high-entropy alloys and duplex stainless
steels, to explore the broader applicability of induction-assisted diffusion

coatings.

Multifunctional coating design: Future research may also consider
combining aluminizing with secondary alloying elements (e.g., Cr, Si, or
reactive elements) to further enhance oxidation resistance, wear performance,

or hot corrosion behavior.

In conclusion, this doctoral study demonstrates that induction-assisted aluminizing

represents a significant advancement in diffusion-based surface engineering, offering

a powerful combination of performance enhancement, processing efficiency, and

sustainability. The insights gained from this work provide a strong scientific and

technological foundation for the development of next-generation protective coatings

for demanding industrial applications.
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