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Abstract This research investigates and compares the corrosion behavior of nanocrystalline cobalt high-speed
steel (HSS M35) and amorphous titanium coatings deposited on a Monel 400 alloy substrate using the Electro-
Spark Deposition (ESD) method. The coatings were produced under two different input energy levels (capacitances
of 100 and 300 puF). Microstructural analysis revealed that the high-speed steel coating possessed a nanocrystalline
structure comprising an austenitic (Ni, 3Fe) phase and carbide nanoparticles, whereas the titanium coating, owing
to ultra-rapid cooling and alloying with substrate elements (Ni, Cu), formed an amorphous structure.
Potentiodynamic polarization tests in 3.5 wt.% NaCl solution indicated a significant enhancement in corrosion
resistance for both coatings compared to the bare Monel 400 substrate. The corrosion current density (icorr) of the
amorphous titanium coating (0.006 pA/cm?) was approximately 1.5 times lower than that of the nanocrystalline
high-speed steel coating (0.009 nA/cm?) and about 70 times lower than the uncoated substrate (0.42 pA/cm?). The
superior performance of the amorphous coating is attributed to the absence of grain boundaries and crystalline
defects, as well as its ability to form a uniform and stable passive layer. Additionally, the nanostructured HSS
coating, with a thickness of 95 um, effectively protects the substrate from the aggressive medium, thereby
improving corrosion resistance. Considering the superior performance of the amorphous titanium coating in

corrosion tests, it is recommended for marine applications where corrosion resistance is a critical requirement.
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1. INTRODUCTION

Monel 400 is a solid-solution Ni—Cu alloy with high
strength, toughness over a wide temperature range, and
excellent corrosion resistance in seawater, hydrofluoric
acid, and many aggressive media. These properties have
made it widely used in marine and chemical industries
for wvalves, pumps, fasteners, pipelines, and heat
exchangers (Devendranath et al., 2012).

To further improve wear, corrosion, and thermal
fatigue resistance, nanostructured and amorphous
coatings have been increasingly applied in advanced
industries. Among various deposition techniques,
Electro-Spark Deposition (ESD) is attractive due to its
rapid melting and solidification, localized heat input,
and strong metallurgical bonding. The extremely high
cooling rate of ESD favors the formation of fine-
grained, nanocrystalline, or amorphous coatings with
good adhesion and surface properties (Bach et al., 2006;
Welsh, 1958).

Previous studies have shown that ESD can produce
amorphous, nanocrystalline, or hybrid structures with
enhanced hardness, wear, and oxidation resistance,
though challenges such as microcracks and porosity
remain. Electrode composition and dielectric conditions
strongly influence the resulting phases, enabling in-situ
formation of nitrides, borides, or amorphous structure.

In this work, titanium and high-speed steel
electrodes were used to deposit coatings on Monel 400,
aiming to compare the corrosion behavior of amorphous
and nanostructured layers.

2. MATERIALS AND METHODS

Electro-spark deposition (ESD) was employed to
deposit coatings on Monel 400 substrates (2 x 2 X
0.2 cm®). Commercially pure titanium (grade 2) and
cobalt-bearing high-speed steel (HSS M35) electrodes
with a diameter of 1 mm were prepared by electrical
discharge machining (EDM). The Monel 400 substrates
were polished with SiC papers, ultrasonically cleaned in
acetone, and used as cathodes, while the electrodes
served as anodes. Deposition was performed under an
argon shielding gas (99.9% purity, 10 L/min flow) at a
constant voltage of 75 V, using two different capacitor
discharge energies (100 and 300 pF).

The cross-sectional microstructure of the coatings
was examined using SEM and FE-SEM coupled with
EDS, and phase identification was conducted by XRD
with Cu-Ka radiation. Surface roughness was measured
with a Taylor/Hobson profilometer, and microhardness
was determined by Vickers indentation under a 50 g load
for 15s. Corrosion behavior of coated and uncoated
Monel 400 samples was evaluated by potentiodynamic
polarization tests in 3.5 wt.% NaCl solution at room
temperature, using a conventional three-electrode cell
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with a platinum counter electrode, a saturated calomel
reference electrode, and the coated specimen as the
working electrode. Prior to testing, samples were
immersed for one hour to stabilize the open-circuit
potential, and polarization scans were performed from
OCP-200mV to OCP+1000mV at a scan rate of
1 mV/s.

3. RESULTS AND DISCUSSION

ESD successfully produced nanocrystalline HSS and
amorphous Ti coatings on Monel 400. As shown in
Figure 1, increasing the capacitor capacity from 100 to
300 pF raised the energy input, resulting in thicker HSS
coatings (up to ~95 um) with higher hardness (889 HV),
but also increasing the risk of defects such as
delamination. In contrast, lower energy input favored
rapid solidification, promoting the formation of an
amorphous structure in Ti coatings, although this was
accompanied by the appearance of microcracks (Ivanov,
2018; Kolomeichenko et al., 2015).
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Figure 1. SEM images of HSS coating on the Monel 400
deposited under the voltage of 75 V and capacitance of (a)
300 and (b) 100 pF.

Microstructural analysis (Figure 2) revealed that the
HSS coatings consisted of a nanocrystalline Ni—Fe
austenitic matrix containing finely dispersed carbide
nanoparticles, whereas the Ti coatings exhibited fully
amorphous or amorphous/nano-hybrid structures,
resulting from rapid quenching and alloying with Ni and
Cu from the substrate. Surface roughness measurements
indicated that the amorphous Ti coatings had higher
roughness compared to the nanocrystalline HSS layers
(Lietal., 2019).
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Figure 2. XRD patterns of Monel 400, HSS coating on
Monel 400 and Ti coating on Monel 400 deposited under the
capacitance of 300 pF.

Potentiodynamic polarization (PDP) curves obtained
in 3.5wt.% NaCl solution (Figure 3) demonstrated a
significant improvement in corrosion resistance for both
coatings compared to bare Monel 400. The corrosion

potential (Ecorr) shifted from —0.30 V for the substrate
to -0.18V for HSS and -0.10V for Ti.
Correspondingly, the corrosion current density (icorr)
decreased from 0.42 pA/cm? for the substrate to
0.009 pA/cm? for HSS and 0.006 pA/cm? for Ti. The
superior performance of the amorphous Ti coating—
approximately 70 times better than the uncoated
substrate and notably higher than that of HSS—is
attributed to the absence of grain boundaries and
crystalline defects, as well as the formation of a uniform,
stable, and adherent passive oxide film (Al-Abboodi et
al., 2021; Krolikowski, 2015; Zander & Kgster, 2004).
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Figure 3. PP curves of Monel 400, HSS coating on Monel
400, and Ti coating on Monel 400 deposited under the
capacitance of 300 pF in 3.5 wt.% NaCl solution.

4. CONCLUSION

In this study, nanocrystalline HSS and amorphous Ti
coatings were successfully deposited on Monel 400
using electro-spark deposition. Increasing the energy
input enhanced the thickness and hardness of HSS
coatings, whereas lower energy input promoted the
formation of an amorphous phase in Ti coatings.
Microstructural analyses confirmed a nanocrystalline
Ni-Fe austenitic matrix with dispersed carbides in HSS
coatings and fully amorphous structures in Ti coatings,
resulting from rapid quenching and alloying with
substrate elements. Corrosion tests demonstrated that
both coatings significantly improved the corrosion
resistance of Monel 400, with the amorphous Ti layer
exhibiting the highest performance. Its superior
protection—nearly 70 times greater than the uncoated
substrate and notably better than HSS—was attributed
to the absence of grain boundaries and crystalline
defects, as well as the formation of a stable, adherent
passive oxide film.
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4. X-ray diffraction
5. Open circuit potential

1. Scanning Electron Microscope
2. Field Emission Scanning Electron Microscopy
3. Energy Dispersive Spectroscopy
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3. Hall-Petch effect

1. Zener Pinning
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2. Delamination

1. Transition zone



\\—Y; g(\f'fﬁlﬁ)c‘“ UL;..Z c\\f 4)33 C-éf;ﬁ 6udjju})‘ymtm/h_sw}§ d‘}ﬁjﬁb‘j}é T\

I s e iy Mo S5 O S
L 5550 ol Al oo plses (Sype) olai g 5 Glkbanh
Sl ralyoplys S e eSOy gel 5B gL @ g8
Sz LSS & 2w Ni/Cu 5 Ti (55585 31 5o
5 L g sy pl S 558 e S Yl S
i 1y G Silaen) S isn! Gosk Sl S S
Liuetal.. ) duas oo o 5 1, g0l Sl gyplil 503 S

(2007

(T a3 o 5 sk OF 52 88 ooz i i 3505

bds bz e Rl 5 (BB assT e al
by LIS Gl s el kS Ol |y (Ty) (glaind
w &S (AT =Ty - Ty) b 55 cpl o ahols Wb gl
A3l S Ol el o g ma (3L gal 65 shoa)
Ll e 5 oS JegS |y exsdeme ol ogslesUl
.(Hasanabadi et al., 2015) &S . Joges 1) L;)'Lﬂg_é)}ﬂ

Lile ilod s oS Ty sl was 53 & s 5 IS sla|
oo ool lansl GLTL 5 oS- gl (s sl
Sl B 0l 5 @55 psslis o5l S S| S S
3 AS e e b S 6 SO Ll il oS >
SLaails L 5 g3l Aol b el cpl 3l g Jises OF s
S a0 SalS L S S | 655k
S i Dol i 4 bs e 6,5 F Jodr e 5L
Sl e Sl w5l sal Csa U by
Al s ediS O gy D3 )l 3 g s i (5 5k
L 15 ) il b OF (65,51 oS o 51 (slalai o
5 SXa b sl S8 L el (a3 Xy
Lay sy K85 4 e (DB 8 s Bala A
)sO.:\..)Juda&\}l\)dﬁ))omojwbajy@udi
Gkl 1S L ad, dul b b (i 55 oS cud Js
ol b gt Y s e s Tme 5 S S o5k
Loy ol sk Slmio sbuly 55 bux g sl
OV G340 oS15) A2l 5L kil g opl slias TS o
ool 5 S5 slaeslil a4 S oo b oIS 8 Sl 5l L3

U’\MSL.;‘J:"‘)J}}Jf&l}d@jé:;))?ﬁ?ﬁb‘h’f

Asadi et. al, 2021; ) cul ol oLl BCC 5L &) yoas
.(Habibi & Samadi, 2023

Sbsy oo el 5l o LT Se A IS s

;».;SJJ ol ol Ajb\f" J-’j-‘ S » oMJL«&\ rﬁtﬁ;

el S S s J.:SLT skl b¢ e oy VA 5 IS

L o T R LR e o e o o o
0 10 ]

0 10
um pm Cu um

N by shais el SIEDS ot pJUT 5 Soa A JS03

Voo uF O3l b LYo Lse 655 edddlasl pyilis
59 o5l b w55 5l e 5SSO O a5
IS s e el 5B S8 6 e (3le3UT S
el o3Il vl Lol (gulS Lele a4y gl (sla3UT
O P PIPTIIT TS PI I ER P VR Y C B |
o gl AYVpm e sl ol ples (Urban etal., 2022)
SNl VYA pm s el plad 5 VYO pm IS
6oL KVl o 25 Cu 5 Ni LTi a3l o3l a5 LG
évbéj}l{&i&&i,ﬁ.ﬁd:bal&i);b
das gl st 5 il glaslul L Lmv.?l Ol e Ll sz
el o5 68 el b Blheys el sl
23R Dpmen S Jeod ala L L AS ol L5
el S s bl sl sl Bl SOl (B
(el e Ti-Cu 5 Ti-Ni slagsl i (sl Bt 5 5
JS s KK b Ky 4 shtd bl baasl g0l
4 g ol 75 WJlpll 0 Sl B n S S

L;\ﬂvﬁ;”@ww,;&butsmdg oo b o

2. Negative Heat of Mixing

1. Atomic Size Mismatch
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